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Abstract

Ultra wide-band is considered to be one of the most promising short range wireless
communication technologies. This is due to its high data rate capability, very fine
time-domain resolution allowing for location and tracking applications, resistance
to dense multi-path environment and jamming. Despite its enviable benefits, the
unlicensed usage of a very wide spectrum that overlaps with the spectra of narrow-
band technologies brings about interference related concerns. Therefore, significant
researches have been carried out to quantify the interference issue in both sides.

This thesis investigates the impact of in-band narrowband interference signals
on the performance of impulse radio ultra wide-band communication systems and
proposes a mitigation technique to solve such problem.

The thesis presents bit error rate analyses for impulse radio, when subjected to
narrowband interference over Log-normal fading as well as the IEEE802. 15.3a fading
channel models.

We modeled the narrowband interference signal as the standard IEEE802.11a
wireless local area network, which is considered one of the main threats to ultra
wide-band communication systems. It is shown that the presence of narrowband
interference signal can severely deteriorate the performance of impulse radio ultra
wideband communication systems.

To this end, an interference canceller scheme is proposed and its average bit error
rate performance is investigated in various channel models. The studied channel
models are the additive white Gaussian noise, Nakagami-m, Log-normal flat and
frequency selective fading channels in addition to the ultra wide-band channel models
developed by the IEEE802. 15.3a task group.

A noticeable performance enhancement to UWB communication systems can be
achieved with the use of the interference canceller scheme. Specifically, for an average
probability of symbol error equals to 0.05, the signal to noise ratio degradation is
reduced to be less than 6 dB at bit error rate equals to 1 x 10~4 in AWGN channel.
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While in a Log-normal flat fading channel, the degradation is less than 2 dB at
bit error rate = 1 x ICT3. In the CMl IEEE802. 15.3a UWB channel model, the
degradation is less than 3 dB at bit error rate equals to 1 x 10~3.

The effectiveness of all these analytical performance evaluations of the canceller
scheme are supported by simulation. The performance of the proposed canceller
scheme is also investigated in various scenarios of operation such as the presence of
symbol timing error and the presence of multiple narrowband interference signals.
The impact of multiple access interference on the performance of such canceller is
also presented.

Finally, we gave a comparison with the performance obtained by using a "Notch
filter" based case, characterized by different quality factors. The comparison is done
in two scenarios: perfectly tuned and de-tuned notch filter.
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Chapter 1

Introduction

1.1 Research Motivation

The appeal of UWB signalling for communications has been more recent and attracts
a lot of attention globally. Several application areas have emerged for UWB, includ-
ing: low rate with precise ranging wireless sensor networks, extremely high spatial
resolution radar systems and high rate wireless USB-like communications between
computer components or wireless links among components of entertainment systems
(DVD player and TV) for short range data communication (< 10m).

Due to the restrictions imposed on the UWB transmitted power by the Federal
Communications Commission (FCC) agency in addition to its wide operating spec-
trum, the UWB signal has very low spectral density so that it provides minimal
interference with other narrowband communication systems, and makes it possible
for UWB systems to share the already assigned spectrum resources with the existing
narrowband wireless communication systems.

UWB communication may be achieved in the form of a single band impulse radio
(IR) or a multi-band (orthogonal frequency division multiplexing (OFDM)) commu-
nication system. The multi-band OFDM based communication system combines the
OFDM technique with the multi-band approach as the spectrum is divided into sev-
eral sub-bands each with a bandwidth of 528 MHz. The information is interleaved

across these sub-bands and then transmitted through multi-carrier OFDM technique.
The impulse radio technique transmits pulses with the duration of sub-nanoseconds,
which spread the energy from near DC to a few gigahertz without using a frequency
carrier. In our research we focused on IR-UWB communication systems.

UWB may at times be vulnerable to interference from narrowband systems. To

1
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explain, due to the wide operating band of UWB impulse radio communication sys-
tems, many narrowband signals may exist in the UWB operating range, such as the
standard IEEE802.11a wireless local area network (WLAN). These narrow band sig-
nals may exhibit higher power spectral density (PSD) levels compared to the PSD of
UWB signals as seen by a UWB receiver, and so one would expect a degradation of
the UWB bit error rate (BER) performance.

In order to enhance the UWB BER performance and achieve the goal of high
data rate communication, it is important to mitigate the interference caused by high
power narrowband signals. For these reasons the topic of narrowband interference
(NBI) mitigation in UWB communication systems has attracted attention for the
past few years and still attracts much interest.

The main motivation for the research work described in this thesis is to investi-

gate the impact of high power NBI signals on IR-UWB communication systems in
various UWB channel models and to examine methods to reduce the system BER
degradation.

1.2 Thesis Contributions

The main contributions of this research can be summarized as follows:

1. An interference canceller technique is proposed to mitigate the effect of NBI on
IR-UWB communication systems, where the BER performance of such canceller
scheme is presented using an analytical approach over various UWB channel
models and validated with the aid of simulation.

2. It has been shown that in order to analyze the BER performance of the UWB
communication system, while using the interference canceller scheme, we need
to have analytic expressions for the average BER performance of the IR-UWB
communication system in the presence of single and multiple tone interferers.
Such formulas are required for various UWB channel models and have been
analytically derived. Specifically:

• The average BER performance of a time hopping pulse position modulation
(TH-PPM) UWB system in the presence of a single tone NBI signal in a
Log-normal frequency selective fading channel is presented (see section
5.1).
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• The average BER performance of IR-UWB communication systems in the
presence of NBI signal modeled as sum of N tone interferers in a Log-
normal flat fading channel is presented (see section 5.2).

• The average BER performance of a direct sequence binary phase shift
keying (DS-BPSK) UWB system in the presence of NBI signal modeled
as the standard IEEE802.11a WLAN in the IEEE802.15.3a UWB channel

models is presented (see section 5.3).

3. The performance of the canceller scheme is investigated in different scenarios of
operation such as the capability of the canceller scheme to mitigate the impact
of multiple NBI signals (see section 6.1), the impact of symbol timing error (see
section 6.2) and the impact of MAI under perfect and imperfect power control
scenarios (see section 6.3). In addition, the average BER performance of the
interference canceller scheme is compared with the performance enhancement
obtained by using a notch filter specified with different quality factors. This
comparison is done in two scenarios: perfectly tuned and de-tuned notch filter
(see section 6.4).

1.3 General Assumptions and Shortcomings
Throughout our thesis we have used the following assumptions unless otherwise
stated.

• For the desired UWB Signal:
The intended environment is the indoor UWB environment, the UWB signal
is modeled as an IR-UWB signal1. The used UWB pulses are the second or
the six derivative Gaussian pulses according to the NBI signal model and its
corresponding center frequency. The UWB signal bandwidth is nearly 6 GHz
and the UWB signal data rate equals to 100 Mbps. We assumed that we operate
in a perfect channel estimation, single user and synchronization scenarios.

• For the NBI signal:
The NBI signal is modeled as the standard OFDM based IEEE802.11a WLAN
signal with center frequency equals to 5.745 GHz and bandwidth equals to 20

1 Modeled as a time hopping pulse position modulation or a direct sequence binary phase shift
keying.
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MHz. The NBI channel is modeled as a Rayleigh flat or a frequency selective
fading channel. The NBI signal is characterized by a power spectral density
which is much higher than the power spectral density of the UWB signal. We
assumed that we operate in the presence of a single NBI signal.

The shortcomings in our research arise due to either the simplification of the analyses
or due to the fact that in our proposal to mitigate the impact of high power NBI
signal on the performance of IR-UWB communication system we focused on the NBI
signal itself and on the performance of the narrowband receiver which demodulates
the NBI signal2. To this end, the thesis shortcoming which will be covered in our
future work can be summarized in the following points:

• The effect of UWB pulse shape imperfection was not addressed, we assumed
that there is no distortion will occur to the UWB pulse before or during its
reception.

• The impact of inter-symbol, inter-path and inter-chip interferences which had
been addressed before [13] and [14] were not addressed.

• In our research we had investigated the capability of the canceller scheme to
mitigate the impact of the presence of two WLAN NBI signals simultaneously,
however the problem of in-band inter-modulation was not addressed.

1.4 Thesis Organization
The remainder of this research is organized as follows. Chapter 2 briefly presents
the basics of a UWB communication system and its associated data modulation and
multiple access communication schemes. The UWB pulse shape, the used UWB prop-
agation channel and its characteristics, in addition to a view on the global regulations
on UWB are presented. This chapter also discusses the different sources of interfer-
ence that could affect the performance of the UWB communication system. Finally,
a literature review on the already used NBI suppression techniques is presented.

Chapter 3 presents the idea and the analytical representation of the proposed
interference canceller scheme. Initially, the impact of UWB interference on the per-
formance of a narrowband receiver is analyzed. A BER performance analysis of the

2 The idea and the analysis of the proposed interference canceller scheme will be emphasized in
chapter 3.
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IR-UWB communication system using the canceller scheme in AWGN channel envi-
ronment is presented. The NBI signal is modeled as the standard IEEE802.11a signal.
The BER performance of IR-UWB communication systems using the canceller scheme
in a Nakagami-m flat fading channel environment is presented as well.

Chapter 4 presents the derived analytic formulas that investigate the performance
of IR-UWB communication system in the presence of high power NBI signals in
different fading channel environments. The analytic evaluation of the average BER
performance of the interference canceller scheme in such fading channels is also done
with the aid of these derived analytic formulas.

Chapter 5 presents the procedures taken to simulate the canceller scheme. The
simulation results of the performance of the canceller scheme under various channel
environments are also presented.

Chapter 6 presents an investigation to the performance effectiveness of the inter-
ference canceller scheme measured in different scenarios of operation. Its performance
is also compared with the performance provided by the use of a notch filter.
Finally, chapter 7 concludes this thesis by outlining major findings. Some future work
is also suggested.



Chapter 2

Literature Review

2.1 Introduction

UWB technology was developed mainly for military purposes specially as a radar
because UWB pulses could penetrate through walls and propagate beneath ground
surfaces. Recently, UWB has been redirected to be used in other applications like
precision localization, medical applications, target sensor data collection, tracking ap-
plications, and of course for communication applications. UWB technology is different
from conventional narrowband wireless transmission technology. This difference arises
from the fact that narrowband signals broadcast on dedicated frequencies, whereas
UWB spreads signals across a very wide range of frequencies.

The most important concern in UWB system design is to minimize the possible
interference to and from narrowband systems that are overlaid by UWB signals.
Many systems such as the Global Positioning System (GPS), code division multiple
access (CDMA), IEEE802.11b and IEEE802.11a WLANs etc., currently exist in or
near the UWB frequency spectrum. Note that, the IEEE802.11b system operates at
the unlicensed 2.4 GHz band and the IEEE802.11a system operates at the unlicensed
5 GHz band.

2.2 UWB Communication Background
The FCC gives definitions to UWB, wideband and narrowband signals and differ-
entiate among them by means of what is called "signal fractional bandwidth". A
narrowband signal has a fractional bandwidth less than 1%, whereas a wideband has

6
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a fractional bandwidth in the range 1% to 20% [15]. A UWB is defined as any elec-
tromagnetic signal waveform that has an instantaneous fractional bandwidth greater
than 20% with respect to its center frequency. The fractional bandwidth is given by:

Fractional B.W. = ^H ~ ^ (2.1)
Jc

where fH and fL are the upper and lower 10 dB points of the transmitted signal
power spectrum respectively. Also, according to the FCC UWB rulings, the signal is
characterized as UWB if the signal bandwidth is 500 MHz or more.

UWB has a number of features that make it attractive for consumer commu-

nications applications. In particular, UWB systems

1. have a noise-like signal spectrum.

2. can coexist with the operating narrowband signals.

3. are resistant to dense multi-path and jamming.

4. have very fine time-domain resolution allowing for location and tracking appli-
cations.

5. have the potential to support high data rates.

The low output power over a large bandwidth and the pseudo-random character-
istics of the transmitted signal causes the UWB signal spectrum to be noise-like and
hence the interception and detection of a UWB is a difficult task, hence, the low
power, noise-like UWB signal can coexist with other narrowband operating services
without causing a significant interference.

A UWB receiver can resolve multi-path components that are approximately
"1/bandwidth" apart in the delay domain. This implies that the number of multi-
path components, distinguishable by the receiver, could be very high. This makes
the UWB signal resistant to severe multi-path propagation and jamming/interference,
but also makes the construction of UWB receivers more difficult. IR-UWB systems
can exploit Rake receivers, which use separate correlators to receive the different
multi-path components.
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The feature of high ratio of the transmitted UWB signal bandwidth to the in-
formation signal bandwidth makes it very attractive to be used as multiple access
communication systems. In order to overcome catastrophic collisions in multiple
access systems, UWB technology is accompanied with one of the spread spectrum
techniques like time Hopping (TH) and direct sequence (DS) [16].

The transmission of very narrow pulses makes UWB systems potentially able to
offer accurate timing precision. Together with the material penetration property,
UWB signals can be used in short-range radar applications such as rescue and anti-
crime operations, as well as in the mining industry.

Finally, UWB signals can be transmitted with high data rates, which can be
considered the most important aspect from user's and commercial manufacturer's
point of view. Higher data rates bring the ability to establish new applications and
devices to the market.

It is worth mentioning that, while current chip-sets are continually being improved,
most UWB communication applications are targeting the range of 100 Mbps to 500
Mbps [17]. This UWB data rate is roughly the equivalent of wired Ethernet to 500
times the speed of Bluetooth, around 50 times the speed of the 802.11b, or 10 times
the 802.11a wireless local area network (LAN) standards.

Table 2.1 shows a comparison of indoor UWB data rate with other wireless stan-
dards.

Table 2.1: A comparison of indoor UWB data rate with other wireless standards.

Standard Data rate (Mbps)
Bluetooth (Version 1.2)

IEEE802.11b 11

IEEE802.11g 20

IEEE802.11a 54

UWB at distance 10m 110

UWB at distance 4m 200

UWB, USB 2.0 480
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2.3 Data Modulation and Multiple Access
Schemes

2.3.1 Data Modulation Methods

There are several basic methods of modulation used with UWB systems, which include
both orthogonal and antipodal schemes. Modulation schemes can be classified into
two main categories: time-based represented by pulse position modulation (PPM)
and shape-based represented by on-off keying, pulse amplitude modulation, Bi-phase
modulation and pulse shape modulation.

2.3.1.1 On-Off Keying

The first modulation scheme under the shape-based category is called the on-off keying
(OOK) scheme, where the absence or the presence of a pulse signifies the digital
information of 0 or 1 respectively. We can define the transmitted binary modulated
signal Su(t) as [18].

Su(t) = dj ? p(t) (2.2)
where p(t) is the pulse waveform and j G 0, 1.

0, j=0;

dj can be defined as

dj = < (2.3)
1, J=I.

The presence of multi-path is considered the major problem of OOK, because
echoes of the original or other pulses make it difficult to determine the absence of a
pulse. Figure 2.1 depicts the OOK modulation scheme for "0" and "1" bits.

2.3.1.2 Pulse Amplitude Modulation

The second modulation scheme is called pulse amplitude modulation (PAM) where
the amplitude of the pulse varies to contain digital information, where dj in equation
(2.2) can take on positive values greater than zero. For 2 levels PAM:
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mulinimi ?

Figure 2.1: OOK for "0" and "1" bits
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dj =
1, J=O;

2, j=l.

Figure 2.2 depicts the 2-PAM modulation scheme for "0" and "1" bits.

(2.4)

IHN I III ìli I I II I

Figure 2.2: 2-PAM for "0" and "1" bits

Generally, PAM is not the preferred modulation scheme for most short range com-
munication, because an amplitude-modulated signal which has a smaller amplitude
is more susceptible to noise interference than its larger amplitude counterpart. Fur-
thermore, the higher amplitude pulse requires more power to be transmitted .

2.3.1.3 Bi-Phase Modulation

It can be defined as a kind of shape modulation presented using the two antipodal
pulses. It is simply interpreted as the inversion of a particular pulse shape.
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dj can be written as

dj =
-1, J=O;

+1, j=i.

Figure 2.3 depicts the Bi-phase modulation scheme for "0" and "1" bits.

(2.5)

[IHIIIIIIIMI III illuni il I i ii iii i h ii

????GGGG?? II

Figure 2.3: Bi-phase modulation for "0" and "1" bits

2.3.1.4 Pulse Shape Modulation

In pulse shape modulation (PSM) technique different pulse shapes are used to repre-
sent information bits. This requires a suitable set of pulses to be used. It is based
mainly on using orthogonal pulse waveforms to represent "0" and "1".
The transmitted signal can be written as
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Su{t) = (1 - dj) x po(t) + dj ? P1 (i) (2.6)

where dj € 0,1 and po(t), pi(t) are orthogonal pulses.
Wavelets [19], modified Hermite polynomial functions (MHPF) [20], and prolate

spheroidal wave functions (PSWF) [19] have been proposed as pulse sets for PSM
systems and all exhibit orthogonal properties. Optimum detection at the receiver is
achieved by the orthogonality of these pulses, also the ability to assign each user with
its own orthogonal pulse which leads to achieving multiple access property.

2.3.1.5 Pulse Position Modulation

In pulse position modulation (PPM), the chosen bit to be transmitted influences the
position of the UWB pulse. That means the pulse representing the information bit
"1" is delayed in time by the amount d, whereas the pulse representing the information
bit "0" is not shifted in time [16]. The signal can be represented as follows:

Su(t) = p{t - ddj) (2.7)

where dj takes the following values

dj=\ 0, j=0;
(2.8)

1, 3=1.

The value of d may be chosen according to the autocorrelation characteristics of
the pulse. The autocorrelation function is defined as

/OO

p(t) x p(t + r)dr (2.9)
-CXD

The optimum value of the shift d is the one that satisfies the following equation [21]
/OO

?(t) ? p(t + ôopt)dr = 0 (2.10)
-OO

The advantages of PPM mainly arise from its simplicity and the ease with which
the delay may be controlled. If we make a comparison between PPM and bi-phase
modulation we will notice that the latter is an antipodal modulation method, whereas
PPM, when separated by one pulse width delay for each pulse position, is an orthogo-
nal modulation method so, bi phase modulation achieves 3-dB gain in power efficiency
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Figure 2.4: PPM modulation scheme for "0" and "1" bits

compared to PPM.
Figure 2.4 depicts the PPM modulation scheme for "0" and "1" bits, where bit

"1" is delayed by d whereas bit "0" is set at the nominal time.

2.3.2 Multiple Access Methods
In the following we will briefly introduce the main two techniques used as multiple
access techniques in UWB systems.
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2.3.2.1 Direct Sequence UWB

DS-UWB scheme uses sequences of UWB pulses1, where a user in the system is
assigned a unique pseudo random code sequence that controls the randomness of the
UWB pulses. A data bit is then used to modulate this sequence of UWB pulses.

For the pulse amplitude modulation and on-off keying modulation, the data signal
for the kth user can be written as

oo JVC-1

^W= S S dfc^p{t-jTb-nTc) (2.11)
j=— oo n=0

where for a DS-UWB system:

• p(t) is the shape of the transmitted pulse with pulse width Tm.

• Tc is the DS chip duration.

• Cn is the DS spreading code sequence.

• vVc is the number of chips per information bit.

• Tb is the bit duration.

• dj is the transmitted jth binary data bit and composed of equally likely symbols
(or bits).

The DS code is used to change the polarity of the pulse in one information bit. The
pseudo random sequence has values "-1, +1" and the data bit duration Tb = NCTC.

Figure 2.5 shows a sample of the DS-BPSK-UWB signal waveform, where Nc = 5
chip/bit.

2.3.2.2 Time Hopping UWB

By combining PPM technique along with TH multiple access method we will get a
simple UWB transmitter system. This system is the most common in the literature.
This approach allows the use of a matched filter, while the optimum time shift depends
on the cross-correlation properties of the pulses used. A single template pulse is
required for reception, and the complexity of this system resides in providing accurate

1 In UWB systems, the very narrow pulse waveform takes the role of the chip in a spread spectrum
system.
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Figure 2.5: Sample of UWB DS-BPSK Waveform for two bits (1,0 respectively)
(Nc = 5 chip/bit)
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timing for the generation of the transmitted sequence and subsequent reception.
The modulated data stream of the TH-PPM system for the kth user can be written
as follows

oo N3-I

S(fe)(¿)= S S v{t-jTb-nTf-cfTc-5df) (2.12)
j'=— oo n=0

where

• p(t) is the shape of the transmitted pulse with pulse width Tm.

• Tc is the TH chip width.

• Cj is the TH code G {0, 1, . . . , Nh - 1}, such that an additional time shift of CjTc
is introduced when the jth pulse is transmitted.

• N8 is the number of pulses transmitted per bit2.

• Tf is the TH frame duration (T/ = NhTc), where the bit duration can be
represented as Tb = N3Tf.

• d[j/Nsi is the jth binary data bit transmitted and composed of equally likely
symbols (or bits).

• Finally, d is the modulation index (the time shift added to a pulse with an
optimal value of 20% of a pulse width) [22].

For PAM the information signal can be writhen as

oo N3-I

S(k)(t) = S S df x P(* - M - nTf - CfT0) (2.13)

while for pulse shaping modulation, it can be written as

oo JVS-1

S(fc)(i)= S S P^{t-JTb-nTf-cfTc) (2.14)
j=—oo n=0

Figure 2.6 shows a sample of the TH-PPM-UWB signal waveform, where N3 = 5
pulse/bit, Nh = 3.

2 Generated by the Code Repetition Coder (see chapter 4) .
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Figure 2.6: Sample of UWB TH-PPM Waveform for two bits (1,0 respectively) (Ns
= 5 pulse/bit, Nh = 3)
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2.4 UWB Pulse Shape
In a UWB system, the choice of the pulse shape affects the choice of the receiver
bandwidth, the bit error rate performance and the performance in multi-path prop-
agation environments. A variety of pulse shapes has been proposed for UWB im-
pulse radio systems. Examples of pulse shapes include the Gaussian pulse, Gaussian
mono-cycles, orthogonal modified Hermite pulses, orthogonal prolate spheroidal wave
functions, and the Manchester mono-cycle [23] and [24].
In our work, we focused on using the Gaussian pulse and its derivatives. The Gaussian
pulse has the form

p0(t) = exp -2p(—) (2.15)
where rp, is the pulse shaping factor.
The time and the frequency representations of the ni/l-order Gaussian mono-cycle are
given by [25]

L«/2j

Pn(t) = (-1)?(3?+1/2)]?,(p)-1/4ß-a^ ? J^
k=0

/_-[\k2n+l/4-2kan/2+l/4-k-i-n-2k

{n-2k)\k\y/{2n-l)\\ (2.16)

PnU) = (-1)" in2 (2p)"+1/4 -(n/2+1/4)

\/(2n-l)!! fexp -TrVYa (2.17)

where a = ¿72, and (2n - 1)!! = (2n-l)x(2n-3)x. . .x3xl.
Two derivatives of the Gaussian mono-cycle have been used in our research, the

second and the six derivative to comply with the FCC spectral mask.
A second derivative Gaussian pulse can be written as

p(t) = e 4tt — exp 2tt —
2?

(2.18)

For a Gaussian mono-cycle with energy 1/NS, e can be written as
The six derivative Gaussian pulse can be written as [27]

e =
3iVsr„ [21].

P(t) =1
640

231iV,rp
1- 12p 16p2 64

15'
-p" exp -2p

t

'?

(2.19)



CHAPTER 2. LITERATURE REVIEW 20

It was reported in [2O]3 that the differentiation of the Gaussian pulse influences the
UWB energy spectral density as well both peak energy frequency and the bandwidth
of the UWB pulse4 . The peak energy frequency is given by

fpeak = V^ ? (2.20)

Figure 2.7 depicts the relation between the peak energy frequency fpeak, the order of
differentiation n, and the pulse shaping factor t?. While figure 2.8 depicts the relation

? 10
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15ih derivative
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1st derivative
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pulse shaping factor [s] 10'»

Figure 2.7: The impact of varying the pulse shaping factor on the peak energy
frequency value for the first 15 derivatives of the UWB Gaussian pulse.

between the -10 dB bandwidth, the order of differentiation n, and the pulse shaping
factor Tp. It can be seen that the differentiation process can be considered as a mean

3 Chapter one page 12.
The UWB -10 dB bandwidth increases with increasing the differentiator order.
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Figure 2.8: The impact of varying the pulse shaping factor on the -10 dB bandwidth
value for the first 15 derivatives of the UWB Gaussian pulse.
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to move energy to high frequency bands and to comply with the FCC part 15 limit.
Table 2.2 depicts the -10 dB bandwidth relation with the Gaussian pulse order of
differentiation ? and the Gaussian pulse standard deviation s [I]. The pulse shaping
factor Tp = 2^/ps.

Table 2.2: The -10 dB bandwidth relation with the Gaussian pulse order of differ-
entiation and the Gaussian pulse standard deviation [I].

? -10 dB B.W.

1 0.32/s
2 0.33/s
3 0.33/s
4 0.34/s
5 0.34/s

2.5 UWB Propagation Channel
The time resolution of the UWB channel is in the order of a nanosecond based on

several GHz bandwidth of a UWB signal. Various fading models have been presented
based on significant data collection efforts such as [28]:

• Nakagami distribution has been suggested by [29] for bins with large delays.

• Rice distribution has been suggested by [30] for bins with small delays in Line-
of-sight (LOS) situations. It is shown in [31] that it best fit measurement results
in an office environment.

• Log-normal distribution has been suggested by [32]. It is shown that this ap-
proach has the advantage that the fading statistics of the small-scale and the
large-scale variations have the same form.

In most indoor environments, objects are not distributed uniformly in space but rather
are clustered. The clustering of objects can be, in a first approximation, translated
into clustering of multi-path components. To this end, the IEEE802. 15.3a Working
Group for Wireless Personal Area Networks, and its channel modeling subcommittee
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proposed a channel model for UWB systems in 2003 [32]. This channel model is based
on the clustering phenomenon observed in several channel measurements.

The multi-path indoor fading model is a modified version of the popular
Saleh-Valenzuela (S-V) channel model [33], where multi-path components arrive
in clusters. A Log-normal distribution is employed rather than a Rayleigh distri-
bution for the multi-path gain magnitude, since UWB observations show that the
Log-normal distribution seems to better fit the measurement data. In addition, in-
dependent fading is assumed for each cluster as well as for each ray within the cluster.

The multi-path model consists of the following discrete time impulse response
L ?

h(t)=Xj2^ak,eS{t-Te-Tkit) (2.21)
=0 fc=0

where aktt is the multi-path gain coefficient for cluster I and ray k, Te is the delay
of the Ith cluster, rk¿ is the delay of the kih ray relative to the arrival time of the
Ith cluster, and X represents the Log-normal shadowing. The number of clusters and
rays in the multi-path fading model is denoted as L and K, respectively, which are
fixed for a given model.

By definition, we have T0¡e = 0. The distribution of cluster-arrival time and the
ray-arrival time are given by

P(TVT^i) = AeXp

p(rk,e/rk-i,e) = Aexp

-A(Ti-T^1)

- ?(t? -Tfc_i^)

> 0

,k>0

(2.22)

(2.23)

where A is the cluster arrival rate and ? is the ray arrival rate 5.
The channel coefficients are defined as follows:

<*k,t — Pk,e(eßk,e

\&ßk,t\ = 1?(µ?+??+"2)/20
The arrival rate of paths within each cluster.

(2.24)

(2.25)
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where nx oc Normal(0,a^) and n2 oc Normal(0,tf|) are independent and correspond to
the fading on each cluster and ray respectively, s? and s2 are the standard deviation
of cluster and ray Log-normal fading terms respectively (dB).

E[tteßk,e\2}=\ßo,o\2e~T</re-^ (2.26)

|/??,?|2 is the mean energy of the first path of the first cluster, and p^j is equiprobable
±1 to account for signal inversion due to reflections. £¿ is the fading associated with
the £th cluster, and ßk/ is the fading associated with the kth ray of the ith cluster.
µ? is given by [2]

101?(1/30,?12)-10G,/G-10t?/7 (s2 + a¡) In(IO)^ = mÖÖ) 20 (2·27)
where G and 7 are the cluster and ray decay factors respectively.
The log-normal shadowing is characterized as

20 log10(X) oc Normal(0, s2) (2.28)

where s? is the standard deviation of Log-normal shadowing term for total multi-path
realization (dB).
Based on the average distance between the transmitter and the receiver and whether
there is a LOS component or not, four different channel implementations are suggested
as follows:

• CMl: LOS model for 0-4m.

• CM2: None-Line-of-Sight (NLOS) model for 0-4m.
• CM3: NLOS model for 4-1Om.

• CM4: Extreme (very high multi-path) NLOS model 4-1Om.

Table 2.3 depicts the IEEE suggestion to the set of values for the IEEE UWB
channel models parameter settings [2]6. These values were tuned to fit some of the
measurement data submitted to the IEEE.

Appendix B, Page (225)
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Table 2.3: Parameter Settings for the IEEE UWB Channel Model [2].

Scenario A(l/ns) X(l/ns) G ? ax(dB) s?{??) s2(??)
CMl (LOS 0-4m) 0.0233 2.5 7.1 4.3 3 3.3941 3.3941

CM2 (NLOS 0-4m) 0.4 0.5 5.5 6.7 3 3.3941 3.3941

CM3 (NLOS 4-1Om) 0.0667 2.1 14 7.9 3 3.3941 3.3941

CM4 (Extreme NLOS) 0.0667 2.1 24 12 3 3.3941 3.3941

2.6 Global Regulations on UWB

2.6.1 UWB regulations in the United States

One of the important issues for UWB communications is frequency allocation. The
FCC specifies a set of rules to control harmful interference from UWB devices while
allowing emission between 3.1 and 10.6 GHz. The UWB Emission limits are given
in terms of equivalent isotropically radiated power (EIRP). According to the FCC
regulations, the maximum EIRP in any direction should not exceed -41.3 dBm/MHz7.

Note that, the FCC emission limits for UWB indoor and outdoor communication
systems differ as depicted in figure 2.9.

2.6.2 UWB regulations in the European Union
In Europe, the organizations involved in the regulation of UWB are ETSI (Euro-
pean Technical Standard Institute) and CEPT (European Conference of Postal and
Telecommunications Administration). They made a final decision at the beginning
of 2007 for UWB regulations. The spectrum mask imposed by the European Com-
mission is shown in figure 2.10 for indoor UWB communications. By comparing the
European and FCC spectral masks, it can be noted that the European approach to
UWB emission is more restrictive than FCC, and only in the band 6-8.5 GHz does
it have the same emission level as the FCC.

7 This emission limit is the part 15 limit, which is identical to the limit for unintentional radiators.
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Figure 2.9: FCC UWB Indoor and Outdoor emission Masks [4].
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Figure 2.10: European UWB emission Mask [4].
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2.6.3 UWB regulations in Japan
The Japanese UWB emission mask for indoor devices has two operating bands; from
3.4 to 4.8 GHz and from 7.25 to 10.25 GHz. If the UWB transmitter uses detect and
avoid mechanisms that monitor possible licensed devices in its vicinity, it is permitted
to operate between 3.4 and 4.8 GHz as shown in figure 2.11 [4]. It should be noted
that operation between 7.25 and 10.25 GHz is admissible also without the use of the
detect and avoid mechanism.

Q.
K
Qj -75

3.4GHj I 4.8 SHz WSGfti ; J0 »

¦90 ¦¦t ? ? i-

-Japan Indoor Emission Mask

Frequency [Hz]

Figure 2.11: Japan UWB Indoor emission Mask [4].
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2.7 Types of Interference
The desired UWB user is subjected to the effect of interference from other users or
other operating wireless services. As a result, the performance of a UWB system is
influenced by the effect of interference in a way much more than thermal noise. In
the following, we are going to present the different kinds of interference that could
influence the operation of UWB systems.

2.7.1 Multiple Access Interference

Wireless communication systems encounter many problems to achieve a given quality
of service (QoS), yet one of the most challenging problems is to accommodate
as many users as possible in a finite amount of spectrum in accordance with the
predetermined QoS. In order to solve such dilemma a multiple access scheme must
be used to allow multiple users to share the same transmitting band in the same time.

The major multiple access techniques are: 1) frequency division multiple ac-
cess (FDMA), where each user is assigned a different frequency slot. 2) time division
multiple access (TDMA), where each user is assigned a different time slot. 3) CDMA,
a unique spreading pseudo random code is used to spread the user signal. In practice,
CDMA can accommodate more users than the other two types even in theory it
shows that all the three have the same capacity [34].

The MAI is caused by the simultaneous presence of multiple UWB user signals.
The MAI is modeled as the sum of other UWB user signals transmitting through the
channel. These interfering signals are assumed to have the same basic characteristics
as the desired user but with different signature.
In [35], an analytical method for statistical modeling of MAI, in TH-PPM, TH-
PAM and DS-PAM UWB systems operating in AWGN channels had been introduced.
Based on this method, BER formulas had been evaluated. General expressions for the
BER performance in Log-normal fading multi-path channels had been also reported.

In [36], an accurate mathematical model explaining important features of the
probability density function (PDF) of the MAI in TH-UWB systems was presented.
The performances of several non-linear UWB receivers were also compared to each
other and to the optimal benchmark8. It was found that the p-order metric receiver

8 The optimal receiver is achieved using the maximum a posteriori rule.
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[37] and the myriad filter detector [38] outperform all the other receivers and their
performances are near the optimal performance.

2.7.2 Inter Symbol Interference

It is well known that at high data rates, some portion of the transmitted symbol
energy unavoidably leaks into the following symbols, a fact which is known as inter-
symbol interference (ISI). ISI is one of the major factors degrading the detection
performance of UWB systems. Therefore, for a successful implementation of high
data rate UWB communications, it is compulsory to suppress ISI [39].

A filter is usually used in the receiver to compensate for the effect of distortion
caused by both the channel and the transmitter. This filter is known as an "equalizing
filter".

In [40] and [41], several Rake receivers including the all-Rake (ARake) receiver and
selective-Rake (SRake) receiver were proposed for UWB reception and numerical
results were provided to show the differences among these Rake receivers. It was
shown in [42] that the SRake receiver can achieve better performance than the ARake
receiver when ISI exists in the system and the DS-BPSK has the least susceptibility for
ISI when compared to TH-PPM scheme. Further, the sensitivity of the performances
of the Rake receivers to the number of Rake fingers is examined and the results show
that 25-finger Rake receivers are required for good reception.

In [13], the bit error rate performance of the Rake reception of binary signals over
the IEEE 802.15.3a UWB channel model is evaluated in the presence of ISI, inter-path
interference, and inter-chip interference. A more accurate method is introduced by
using the characteristic function of the interference and the AWGN instead of using
Gaussian approximation for the PDF of the total disturbance.

In [14] a Rake receiver with recursive least squares equalizer for TH-UWB systems
is proposed to mitigate the impact of ISI. Based on IEEE UWB channel models, it
was shown that the proposed receiver scheme can eliminate the ISI effectively and
improve the performance of the TH-UWB system under ISI.

2.7.3 Narrowband Interference

UWB signal is characterized by its huge bandwidth; this means that the UWB signal
shares this bandwidth with many narrowband signals. Narrowband signals may
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exhibit a high PSD levels compared to the PSD of UWB signals as seen by a UWB
receiver. Thus, many near band and in-band narrowband signals could degrade the
performance of a UWB communication system.

In [27] and [43] the coexistence between the UWB system along with these
narrowband operating services had been investigated, where the impact of interfer-
ence from and to UWB system have been addressed. As presented in [44] and [45],
the BER performance of the UWB receivers is greatly degraded due to the impact of
NBI signals. The high processing gain of the UWB signal can only suppress a given
amount of interference; if the level of interference becomes too great, the system will
not function properly.

It can be seen that there exist many of the operating narrowband signals near the
UWB bandwidth that may effect the UWB system operation such as GPS, where the
Ll-band and L2-band are operating in 1.575 GHz and 1.227 GHz respectively [46],
universal mobile telephone service (UMTS) is another narrowband signal that uses
frequency-division duplex (FDD) as a duplexing concept, the FDD uplink and
downlink bands are between 1.92 .. . 1.98 GHz and 2.11 .. . 2.17 GHz respectively [47],
wideband code division multiple access where it uses time-division duplex (TDD) as a
duplexing concept, and the two separate TDD bands are located between 1.9 ... 1.92
GHz and 2.01 ... 2.025 GHz [48]. Finally, the IEEE802.11b WLAN that operates
in the 2.4 GHz band and uses the Direct-sequence spread spectrum modulation
technique.

One of the main threats that operates within the UWB bandwidth is the
presence of IEEE802.11a WLAN systems as they affect the performance of UWB
systems [49]. The IEEE801.11a standard is based on the OFDM modulation scheme
having a bandwidth of approximately 20 MHz. The modulation scheme ranges from
BPSK up to 64-QAM. Together with a variable error-coding rate, OFDM modulation
allows the data rate to be adapted from 6 Mbit/s to 54 Mbit/s, depending on the
propagation channel conditions.

Figure 2.12 depicts the operating narrowband interférer threats over the FCC
UWB spectral mask for communication systems.



CHAPTER 2. LITERATURE REVIEW 32

TX. A
Signal
Power

PCS

GPS

ISM Band
IEEE802.11b
IEEE802.11g
Bluetooth
Home RF
Cordless
Phones

UNl-ISM Band

IEEE802.Ha
HiperUN

Satellite
FCC part IS LWl
HOdSm/MH!

UWB

16 1.9 2.4 3.1 4 5 10.6 »
f (GHz)

Figure 2.12: Narrowband interference threats over the FCC UWB spectral mask
for communication systems [5].
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The received UWB signal that includes all these types of interferences can be written
as

r(t) = Suwb(t) + INBi(t) + Iisi(t) + IMAI(t) + n(t) (2.29)

where n(t) is the AWGN, Suwb(t) is the desired UWB signal, INBi{t) is the interference
from narrowband operating services, Imai^) is the interference due to the presence
of UWB multiple access signals, and I¡si{t) is the interference resulting from ISI.

2.8 Survey of NBI Suppression Techniques
In this section, a survey of some of the already used interference cancellation tech-
niques is presented. It had been stated that the presence of NBI signals may de-
teriorate the performance of IR-UWB communication systems. Therefore, in order
to solve such problem; the UWB system could either employ NBI suppression tech-
niques to improve its performance or could avoid transmission over the frequencies of
strong narrowband interferers. These two methodologies are briefly presented in the
following sub-sections and summarized at the end of the chapter.

2.8.1 NBI Avoidance Techniques
Effective techniques that are able to mitigate NBI need to be developed, along with
the need of low complexity in both hardware and computation. Other limitations
such as low-power and low-cost transceiver design in many UWB applications can
also be considered. One approach to deal with NBI is to avoid the transmission of
the UWB signal over the frequencies of possible strong narrowband interferers.

By properly designing the transmitted UWB waveform, NBI can be avoided at
the UWB receiver. The UWB transmitter can adjust its transmission parameters
appropriately if the statistics of the NBI are known. In the following sub-sections, we
are going to presents some techniques that are used to avoid strong NBI signals.

2.8.1.1 Pulse Shaping Technique

Pulse shaping technique provides a means for the avoidance of NBI signals. For a bi-
nary pulse position modulated TH-UWB signal, the transmitted signal was presented
in equation (2.12). The NBI is often modeled as a single tone interférer, which can
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be written as

i(t) = a\/27Îcos(27r/ci + &) (2.30)
where a is the channel gain coefficient, /¿ is the average power, /c is the center
frequency of the sinusoid, and f? is the phase.

Since the coherence bandwidth of the channel is much larger than the bandwidth
of the narrowband signal, the time domain samples of the NBI are highly correlated
with each other. Therefore, the correlation function is of primary interest for the
analysis of the narrowband signals and it can be written for a single tone interférer
as

Rì{t) = ha2 cos(2tt/cr) (2.31)
The resulting correlation matrix for the kth and Ith interference samples are [50]

[Ri]k/ = WaIi\a\2\Pr(fc)\2[sin(irfcS)]2cos^fc(Tk - re)] (2.32)

where N3 is the number of pulses per information bit, \Pr(fc)\2 is the power spectral
density of the received signal at the center frequency fc, d is the PPM modulation
index, rk and re are the propagation delays for the kth and £th path, respectively.
It is clear from the previous equations that the effect of interference is directly
related to the spectral characteristics of the receiver template pulse waveform. That
means, if the transmission at the frequencies where NBI is present can be avoided,
the influence of interference on the received signal can be mitigated significantly.
Therefore, by designing the transmitted pulse shape properly, such that the trans-
mission at some specific frequencies is omitted, NBI avoidance can be achieved.

One of the excellent examples for the implementation of this approach is the
Gaussian doublet [51]. A Gaussian doublet consists of a pair of narrow Gaussian
pulses with opposite polarities for representing one bit. The power spectral density
of the doublet exhibits nulls at certain frequencies related to the time delay between
the doublet two pulses.

Another approach of NBI avoidance with the aid of pulse shaping has been
suggested in [52], where they introduced a "coded Gaussian mono-cycle pulse" in
which Gaussian mono-cycles are weighted, delayed and summed in accordance with
a designed codeword. The designed Gaussian mono-cycles generate a spectral null at
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the frequencies being used by existing narrowband interferers.

Several research studies have addressed the pulse shaping technique in order to
mitigate the NBI impact on the UWB system. For example, in [53] and [54] UWB
pulse design using PSWF, which can notch the NBI signal, are proposed but the pulse
is quite difficult to be generated.

2.8.1.2 Multi-carrier Approach

A well-known example of this approach is the OFDM technique, where narrowband
interferes affect some carriers in the OFDM spectrum which in turn affect the infor-
mation that is transmitted over these frequencies. If the interfered carriers can be
identified, transmission over these carriers can be avoided.

As presented in [55] and [56], mitigating the impact of NBI on the performance of
a pulse based UWB receiver is achieved by means of a multi-carrier template wave.
The NBI signal is modeled as a multi-band frequency hopping pattern. Detection
to the interference band is initially done, and then the NBI mitigation is achieved,
where the interfered sub-carriers can be eliminated.

In such cases, the receiver should have the ability to identify the interfered
carriers and to report them to the transmitter that in return adjusts its transmission
accordingly.

In order to achieve this, the interference characteristics need to be constant for a
certain period of time. As if it changed very fast, the transmitter will wrongly adjust
its parameters.

Another drawback of this approach is when the number of NBI signals increases.
Then, the number of interfered carriers that need to be avoided will be increased as
well, which will reduce the system's throughput.

2.8.1.3 Multi-band Approach

Multi-band approach can be another way of avoiding NBI signals. The idea of the
multi-band technique is based on dividing the UWB spectrum into smaller sub-bands
instead of using the whole 7.5 GHz UWB bandwidth.

Optimization of the system performance can be achieved by the suitable com-
bination of these sub-bands. In such cases information on each of the sub-bands
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can be transmitted using either single-carrier (pulse-based) or multi-carrier OFDM
techniques.

Figure 2.13 shows some of the proposed multi-band schemes. The pulse-based
approach uses dual-band, the lower band occupies the spectrum from 3.1 GHz to 4.85
GHz, and the upper band occupies the spectrum from 6.2 GHz to 9.7 GHz. Due to
the potential existence of the interference sources IEEE802.11a, which operates at
the 5 GHz frequency band, the spectrum in between the upper and the lower bands
is not used for UWB transmission. In case of the OFDM-based multi-band approach
the three lower band channels are mandatory and set for initial deployments. The
upper bands are optional and for future use, where they are expected to be included
in the system gradually by the improvement of the radio frequency technology.

2.8.2 Physical NBI Avoidance Techniques
In addition to the previously mentioned approaches, physical solutions can also be
considered for avoiding NBI, such as using antenna design. By intentionally adding a
narrowband resonant structure to the antenna, frequency notches will be created [57]
and [58]. In [8], two antennas are presented, where one antenna is designed for single
band-notch with a separated strip to cover the 5.15-5.825 GHz band. The second
antenna is designed for dual band-notches using two separated strips to cover the
5.15-5.35 GHz band and 5.725-5.825 GHz band. Figure 2.14 depicts configurations of
both the single and dual band notches UWB antenna.
This technique is more economical than the explicit notch filtering method since it
does not require additional notch filters. It is necessary to note that the performance
of the antenna is reduced with increasing number of notches. Thus, we can conclude
that the frequency notched antenna does not perform well in the presence of numerous
simultaneously existing narrowband interferers.

2.8.3 NBI Cancellation Techniques
The main limitation on the previously mentioned NBI avoidance approaches is their
dependency on the exact knowledge about narrowband interferers. Accurate informa-
tion about the center frequency of the interference is necessary to be effective for the
NBI avoidance techniques. Also, in the presence of large number of narrowband inter-
ferers, these avoidance approaches become impractical. In the following, an overview
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Dual band-notches (Top view).

Single band-notch (a- top view andb- bottom view).

Figure 2.14: Configuration of the single and dual band notches UWB antenna [8]
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of the second category of NBI mitigation techniques known as "NBI Cancellation" is
presented.

2.8.3.1 Frequency Domain Techniques

These techniques relay largely on a notch filter in the receiver side. Notch filters
can be used to suppress NBI if an accurate estimation about the frequencies of the
powerful narrowband interferers is accomplished [59].

As presented in [60], to combat interference in multi-band OFDM UWB systems,
an analog notch filter is designed to be included after down-conversion and low-pass
filtering in the UWB receive chain. The filter utilizes digital center frequency control,
and an analog least-mean-square control for minimizing the interference amplitude.
The center frequency was measured to be tunable from 1.6 to 278 MHz, and the
bandwidth was maintained around 23 MHz throughout the tuning range.
However, the main drawback of the frequency domain approach lies on the fact
that they are useful only when the received signal9, exhibits stationary behavior.
However, in the scenario of a time-varying received signal, methods known as the
"time - frequency" approaches that analyze the frequency content taking the tempo-
ral changes into account are required.

2.8.3.2 Time - Frequency Domain Techniques

The wavelet transform is the most commonly employed time-frequency domain tech-
nique for interference suppression. The wavelet transform is based on the use of
basis functions, and the express of any time domain signal as a combination of these
functions. However, these basis functions (wavelets) are time limited10. Hence, the
wavelet transform is able to represent the time local characteristics of signals.
As suggested in [61] by representing the UWB transmission waveform as wavelet
packet coefficients and by selectively removing those coefficients whose spectral foot-
print lie in or close to the interference zones, the effect of interference on the UWB
system is mitigated.

Obviously, this method is quite similar to the multi-carrier approach in NBI avoid-
ance techniques. Another method employing wavelet transform is presented in [62]

9 The superposition of the UWB signal and NBI from various sources.
10 These wavelets are different from the complex exponentials used by the Fourier transform.
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and [63]. This time the processing is done in the receiver side, by applying notch
filtering on the interfered frequencies.

Although the discrete wavelet transform can be considered a very useful tool for
eliminating NBI, the inability of current analog to digital converters to sample the
UWB signals at the Nyquist rate sets a practical limit on the feasibility of this method.

2.8.3.3 Time Domain Techniques

As presented in [64], the interference can be considered as a narrow-band process,
so its future values (and, in particular, its current value) can be predicted from
past values. Hence, the current value, once predicted, can be subtracted from the
incoming signal, leaving a waveform comprised primarily of the wideband signal and
the thermal noise.

Time domain techniques can be classified into linear and nonlinear techniques.
The linear techniques employ transversal filters in order to obtain an estimate of
the received signal depending on the model assumptions and previous samples [65].
In [66] a NBI cancellation unit has been presented, where it estimates and regenerates
the interference then eliminates it by subtracting to a delay version of the received
signal. The estimation of the interference is achieved with the aid of a least mean
squares (LMS) algorithm along with a multiple tap LMS filter.

Whereas, the non-linear techniques, such as the "adaptive prediction filters" [67],
in which a notch to the interference frequency is created by the adaptation algorithm
once the interference is detected. However, the drawback of this technique appears
if the source of interference vanishes suddenly, the receiver continues notching the
desired signal.

2.8.3.4 Minimum Mean Square Error Combining

The well-known Rake receiver is mostly used to intercept UWB signals with the
aid of maximal ratio combiner (MRC) as a combining technique. However, in the
presence of NBI, and since the NBI samples are correlated, MRC is no longer the
optimum method to be used. Alternatively, Minimum Mean Square Error (MMSE)
combining techniques can be used and it depends on varying the weights of the Rake
fingers in such a way that the mean square error between the required and actual
outputs is minimized [68]. However, by using the MMSE technique the computational
complexity will be increased dramatically.
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Chapter 3

The Interference Canceller Scheme (ICS)

3.1 Introduction

In this chapter, we propose a novel cancellation technique to mitigate the impact of
the narrow band interfering signals on IR-UWB receiver system. The ICS attempts
to subtract the interfering signal from the incoming received signal. Assuming that
the UWB receiver is subjected to a single high power NBI signal, the interference
canceller operates by: 1) the incoming received signal will be split into two paths.
In the first path (the NBI path) an attempt to demodulate the NBI signal from the
incoming received signal is done. 2) The output from the demodulation process will
pass through the second stage that regenerates the NBI signal. 3) The regenerated
NBI signal will be multiplied by the NBI channel estimate prior to its subtraction
from the incoming received signal in the second path (the incoming received signal
path) at the input of the UWB receiver.
If the demodulation process is successful and the NBI channel model is perfectly
known, the NBI signal can be perfectly suppressed from the incoming received signal
and the reception of the UWB signal can be achieved as if there was no interference.

Figure 3.1 depicts a simplified schematic model of the proposed ICS. The performance
of such canceller scheme is addressed thoroughly taking into consideration the UWB
channel models, multiple access interference and symbol timing errors. The case of
multiple NBI is also considered. The ICS performance is compared to the performance
enhancement based on the use of a notch filter.

Note that, the UWB signal at the input of the NBI receiver can be considered as

42
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Figure 3.1: A general block diagram of the ICS.
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an interfering signal1 and its influence on the ability of the narrowband receiver to
demodulate efficiently the NBI signal must be investigated.

3.2 The Impact of UWB Interference on Narrow-
band Receiver

Before we analyze the performance of such canceller scheme, we initially investigate
the impact of UWB signal on the performance of a narrowband receiver. The nar-
rowband signal is modeled as the standard OFDM based IEEE802.11a WLAN. The
UWB signal can be considered as an additional interfering noise signal along with the
AWGN at the input of the narrowband receiver. This additional noise may affect the
performance of the narrowband receiver2 .
The signal to noise plus interference ratio (SNIR) at the input of the OFDM based
NBI receiver3 can be written as

UWB-AWGN

SNIR I = ^^J OFDM \(No + ^)Bofdm (3.1)

where Bofdm is the OFDM narrowband signal bandwidth and Buwb is the UWB
bandwidth ?» 1/Tm, where Tm is the UWB pulse duration.

Equation (3.1) can be further rearranged as:

(snir)V / OFDM

UWB-AWGN EbY1 , ((SIR)+NI \ Bofdrniv°/ OFDM-AWGN \ J t
(3.2)

SIR is the average signal to interference power ratio, defined as:
Q

SIR = uw , where Suwb is the UWB signal power and S0fdm is the OFDM^*ofdm
narrowband signal power.

The influence of the UWB interference on the probability of symbol error of a
1 It can be considered as an additional AWGN, which can increase the noise floor of the NBI

receiver.
2 A deterioration in the performance of the narrowband receiver leads to a deterioration in the

overall performance of the canceller scheme.
3 The NBI OFDM receiver is the first stage of the ICS.
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quadrature phase shift keying (QPSK) OFDM modulated system is depicted in
figure 3.2 for different signal to interference ratios (SIR0 = S0fdm/Suwb) as seen by
the OFDM narrowband receiver.

A SNR degradation is expected to reach up to 3 dB at BER = 1 ? IO"3 for a
SIR0 = -10 dB. Note that, when the SIR0 > 0 dB, the impact of UWB signal on
the performance of the OFDM narrowband system can be neglected.
In order to validate our analytic results, we followed the same approach presented
in [69]. The performance of OFDM narrowband receiver in the presence of UWB
interference is evaluated and depicted in figure 3.3. The BER performance of the
OFDM narrowband receiver in AWGN channel is evaluated assuming the standard
Gaussian approximation (SGA) hypothesis for an Energy per Bit, E0 to the noise
spectral density, N0 ratio, E0/N0 = 10 dB, and for different SIR0 ratios.

We can conclude from these figures that the UWB interference signal could
degrade the performance of the OFDM narrowband receiver, especially when the
UWB interference power is greater than the OFDM narrowband signal power.
However, the impact of the UWB interference signal decreases for large OFDM
narrowband signal power and can be neglected.

3.3 Performance of the ICS in AWGN Channel

In this section, the performance of the ICS is evaluated in AWGN channel environ-
ment. Assuming that we operate under perfect channel estimation conditions4, the
narrowband receiver probability of symbol error can be summarized into one of the
following cases:

Case 1: No Symbol Errors

Assuming successfully demodulating the NBI signal, this means that the narrow-
band receiver produces no symbol errors. The demodulated bits/symbols will pass
through the second stage, which is responsible for regenerating the NBI signal. As
expected the NBI signal will be cancelled efficiently at the input of the UWB receiver.

The BER performance of a UWB system using the canceller scheme in this case
can be considered equivalent to the BER performance of a UWB system operating in

4 For both the desired UWB and NBI channel models.
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rowband system in AWGN channel in the presence of UWB interference signal
and Buwb/Bofdm = 125.
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AWGN channel in absence of interference. It can be written as

(Pe) uwb-AWGN Q f'1-) (3.3)

where ? is the correlation coefficient between the two UWB pulses, p(t) and p(t — d)
for the two bits (0,1) respectively, ? can be defined as [9]5

/OO

p{t)p(t - 8)dt
•oo

(3.4)

The value of ? ranges between [-1,1], where ? = — 1 corresponds to the antipodal
modulation, ? = 0 corresponds to the orthogonal modulation, and ? E (0,1], and ? G

Chapter 9, Page (375), equation (9-18).
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[-1,O) corresponds to modulation schemes that are inferior and superior to orthogonal
modulation.

Case 2 : Multiple Symbol Errors

The second case is where the narrowband receiver produces multiple symbol er-
rors6. The BER performance of the canceller scheme can be written as

s ? yes _ / pAWGN\ (-1 _ pe=l _ pe=2 _ _ pe=e' \V e'uwb \ e—uwb ) \ e-ofdm e-ofdm " ' " e-ofdm) , .(3.5)
, (pi \ (pe=l ) -L (p2 \ (Pe=2 ) 4- + (Pe' Ì ipe=e' ?' \ e—uwb) V e—ofdm/ ' \ e—uwb/ \ e—ofdm/ ' ' ' ' ' \ e—uwb) \ e—ofdm)

where (Pe_uwb) and {P£-Uwb) are ^^e probabilities of error of the UWB system in
the presence of two and e' tone interferers respectively. {P^-ofdw) an(^ (^e-ofdm) are
the probabilities of occurring two and e' symbol errors in a block of length N=52
respectively.

The probability that the NBI receiver produces "e" symbol errors over a block
of "N" symbols is given by [70]

where "N" can be interpreted for an OFDM NBI signal as the number of the OFDM
data sub-carriers, and "P" , is the probability of symbol error.

For a QPSK OFDM-based NBI signal, the probability of symbol error is given
by [39]

pOFDM = 2Q 2Eh
N0 Q¿

2Eh
N,O (3.7)

Figure (3.4) presents the probability that the NBI receiver produces "e = 1" symbol
error over a block of "N" symbols for different (Eb/N0) and at different SIRs = 0,
and -20 dB.

Figure 3.5 shows the probability of symbol errors (e=l, 5, 10, 15 and 20) in a
Multiple symbol errors mean two or more symbol errors in a block of length N.
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block of length N = 52 at a SIR = 0 dB.
We can conclude from this figure that the probability of multiple symbol errors

for the OFDM narrowband receiver is highly dependent on "e"; for e > 15, this
probability is negligible.

3.4 IR-UWB Performance in the Presence of NBI
in AWGN Channel

The performance of IR-UWB communication systems in the presence of iV¿ tone
interferers has been evaluated in AWGN channel in [71]. In particular, they derived
closed-form bit-error probability expressions for UWB systems in the presence of NBI
signal in various UWB channel models, by approximating narrowband interferers as
independent asynchronous tone interferers. In the case of TH-PPM, the probability
of error is given by [71]:

^qK/# -a-.) ??/,G?-p^?
Sm(W7

exp

No *' } 'J0 £J °\ V C Tb (1-?)2
?2 Nn 1
2 Eb {? -?) du (3.8)

where C = Eb/Tb is the desired received power, J0 (?) is the 0th order Bessel function
of the first kind and In/C is the average SIR corresponding to the nth interférer at
frequency /„.
|M(/)| is the transfer function of the UWB matched filter, which depends on the
used pulse waveform. |M(/)| can be evaluated as

M(/) = F.T.{p(t0 - i) - p(t0 - t - d)}
(3.9)

= F.T.{m{t0 - 1)}

where F. T. denotes the Fourier Transform, p(t) is the UWB pulse waveform, t0 is the
sampling instant and m(t) is the UWB correlation mask.
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For a TH-PPM system, the transfer function \M(f)\ is given by [2

M(f) = 2-\P(f)\-\sin(nfô)\-

whereas for a DS-BPSK modulation scheme, it can be written as [27

S exp[j27rf(kTf + ckTc)\
fc=0

(3.10)

M(/) = 2- |P(/)|
Na-\

S ck ¦ exp[j2nfkTf]
k=0

(3.11)

where P(f) is the fourier Transform of the pulse p(t).
For a second derivative Gaussian mono-cycle, p(t) can be written as

p(t) = e 1 - 4p — exp 2p —
2?

(3.12)

where e is introduced to normalize the energy of the pulses. For a Gaussian mono-
cycle with energy 1/NS, e 3Nsrp [21].

The Fourier Transform of the received UWB pulse waveform is given by:

PU) = SNSTP ^2̂Z2 exp Í -^ (3.13)

It has been suggested in [27] that the standard IEEE802.11a NBI signal can be ap-
proximated as sum of Ni tone interferers.

Equation (3.8) can be rewritten to include the number of interfering tones N1 as

p-« ?^·(1_?) +1/'G
?,

i-IU ?\
1 \M(fn)

n=l

sin(cj)
?

• exp -

SIR N1 · T6 (1 - ?)2
?2 Nn 1
2 Eb (1-?) dui (3.14)

We assume that the IEEE802.11a NBI signal operates in the U-NII upper band with
center frequency /c = 5.745 GHz and approximated by iV¿ = 52 data sub-carriers
with carrier spacing ?/ = 0.3125 MHz. Figure 3.6 depicts the probability of error
for the TH-PPM system in the presence of the standard IEEE802.11a NBI signal.
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A "6th" derivative Gaussian mono-cycle is used, which is given by ['of]

m- ' 640
23IiV5T1,

i-i^iiv+^r-î-V-^^"
7P/ V7P/ 15 exp -2p

t^2

(3.15)
where rp = 0.192 ns, Ns = 4 pulses per information bit, a frame duration Tf = 100
ns, a correlation parameter ? = -0.824, a pulse position offset d = 0.068 ns, for a user
with TH sequence {ck} = {0, 10, 5, 20} and chip duration Tc = 0.5 ns.
Its Fourier Transform can be written as [27]

™=3a""'ví4^) (3i6)
Figure 3.6 shows how the UWB system is affected by the IEEE802.11a interference
at different SIRs. The SNR degradation is expected to reach up to 4 dB by changing
the SIR from 0 dB to -25 dB at BER = 1 ? IO"3 for a UWB data rate equals to 2.5
Mbps.

When the NBI receiver introduces one symbol error, the BER probability of the UWB
system can be evaluated using equation (3.14) and choosing (JV¿ = 1). By substituting
in equation (3.5), the BER probability of the canceller scheme is calculated and shown
in figure 3.7.

In this figure, the performance of the canceller scheme is compared with the
performance of a UWB system under the impact of the IEEE802.11a NBI at SIRs =
-20 and -25 dB. It can be seen that the ICS mitigates the impact of the NBI signal
and enhances the performance of the UWB communication system. For a SIR = -25
dB and at BER = 1 ? IO"4, the SNR degradation is reduced by 10 dB with the use
of the canceller scheme.

It is worth mentioning that, the NBI receiver average probability of OFDM
symbol error (av. Pse) can be considered as one of the main factors that controls
the performance of such canceller scheme. By manipulating this parameter we can
evaluate the ICS performance.

The performance of the ICS is depicted in figure 3.8 when the NBI demodulator
introduces multiple symbol errors e = 1 : iVi; N1 G [2,52] and for an av. Pse = 0.1.
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The data rate for the UWB system is Rb = 100 Mbps, with the same parameters
stated previously at different SIR ratios 0, -15 and -20 dB. It can be seen that, for
a SIR = -15 dB, the performance of the UWB communication system is severely
deteriorated by the presence of the NBI signal. However, the SNR degradation is
reduced to be less than 3 dB at BER = 1 x 10"5 with the use of the ICS.

3.5 Performance of the ICS in Nakagami-m Flat
Fading Channels

The performance of the canceller scheme is analyzed under the assumption of flat
fading. The performance of a UWB system in the presence of NBI approximated
by "Ni" tones in a flat fading environment for both the desired UWB and interfer-
ence signals is evaluated in [71]. It was assumed that the UWB signal undergoes a
Nakagami-m fading, whereas the narrowband interferers originate from other sources,
which could be affected by Rayleigh fading.
It was reported in [71] that these tones with arbitrary amplitudes and frequencies have
independent Rayleigh fading tone by tone. The average BER of the UWB system
under the assumption of perfect channel estimation is given by

P·= ^rvV'X ("i" .fl(m,m+lAm+l;-g) (3.17)2y/nr{m+l) \ ? J ?

where 2F\(., .; .; .) is the Gauss hypergeometric function [72] 7, m > 0.5 is the fading
parameter that controls the severity of the fading conditions. G(.) is the gamma
function and ? is the average SNIR, which is given by:

"-{e* ?-, + (?^^57?G??G^^? (3·18)
Where \M(f)\ can be represented by equation (3.10) for a second derivative Gaussian
pulse.

7 Page 1010, Equation (9.14).
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For integer values of m, the UWB average BER performance can be simplified as [71]

PP =
m

1 + —
V

m— I

S
j=o

(m-l+j)!
I)Ki)![m

m
1 + —

V
(3.19)

Figure 3.9 depicts the performance of a TH-PPM system in the presence of the
IEEE802.11a interference signal in a Nakagami-m flat fading channel. Different values
of the Nakagami fading parameter m and different UWB data rates (Rb = 25 Mbps
and 100 Mbps) at SIR = -10 dB have been used. As expected, the performance of
the TH-PPM system is severely degraded by the presence of NBI and fading on the
desired UWB signal.
Figures 3.10 and 3.11 depict a comparison between the performance of the TH-PPM
system with/without the use of the canceller scheme at different SIRs for an av. Pse
equals to 0.1 for a Nakagami fading parameter m = 2 and 8 respectively.

It can be seen that for m = 2 and for Rb = 25 Mbps, the SNR degradation is
reduced to be less than 2 dB at BER = 1 x 10"3, whereas for Rb = 100 Mbps, the
degradation is reduced to be less than 4 dB at BER = 5 x 1O-3. When the Nakagami
fading parameter m = 8, the SNR degradation is expected to be less than 1 dB at
BER = 1 x IO-4 and less than 2 dB at BER = 1 x 10"3 for UWB data rates 25 Mbps
and 100 Mbps respectively.

3.6 Summary of the ICS BER Performance
In this section, we present a summary of the BER performance of the ICS based on
evaluating its performance at different values of the NBI receiver average probability
of OFDM symbol error.

Figure 3.12 depicts the BER performance of the ICS in AWGN channel envi-
ronment and for SIR = -20 dB. It can be seen that, although the UWB system is
completely jammed by the NBI signal, the canceller scheme can efficiently suppress
the impact of such NBI signal at an av. Pse = 1 x 10"3. In this case, the perfor-
mance of the UWB system with the ICS is equivalent to the performance of a UWB
system as if there was no interference. For an av. Pse = 0.05, the SNR degradation
is reduced8 to be less than 2.5 dB at BER = 1 ? 10"3.

8 In comparison with the UWB performance in the presence of NBI without the use of the ICS.
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Figure 3.9: BER performance of a UWB system in presence of IEEE802.11a NBI
signal for different data rates and different values of the Nakagami fading pa-
rameter m, SIR= -10 dB.

Figure 3.13 depicts also the BER performance of the ICS in a Nakagami-m flat fading
channel with fading parameter m = 2. It can be seen that, the impact of NBI can be
mitigated with the use of the ICS at an av. Pse = 1 x 10~3. While, for an av. Pse =
0.05, the SNR degradation is reduced to be less than 4 dB at BER = 1 ? IO-2.
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Chapter 4

Simulation of the ICS

In this chapter, the simulation procedures and blocks that had been used to simu-
late the performance of the ICS in various fading channels environments is presented.
Initially, the main simulation blocks for both the desired UWB and NBI systems are
presented. Subsequently, the simulation blocks of the ICS are presented. Finally,
comparisons between the obtained analytical results and the simulation ones in dif-
ferent channel environments are presented. Through this chapter, all the simulation
results were achieved with the aid of the Matlab software code1.

4.1 Simulation of the IR-UWB Communication

System

4.1.1 TH-PPM Transmission Scheme

The transmission block diagram of the TH-PPM-UWB system is depicted in figure 4.1
[9] , where the blocks that constitute the simulation block diagram can be summarized
as:

• Code Repetition Coder:

The binary transmitted sequence a = (. . . , ?0,a?,a2, . . .) is generated at the
required information rate, Rb = —- bits/sec. This binary sequence enters the
code repetition coder block, which is responsible for producing redundancy by
repeating each bit according to the required number of pulses transmitted per
bit Ns.

1 Matlab version 7.5.0.342 (R2007L·).
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Figure 4.1: The Block diagram of the TH-PPM-UWB Transmission System [9].

The output from the code repetition coder block will be in the form, b =
(. . . , b0, . . . , b0, ¿>i, . . . , 6i, b2, . . . , O2, . . .), at a rate = — bits/sec.Li

• Transmission Coder:

The transmission coder block is responsible for generating a new sequence d, by
applying the pseudo random periodic integer valued c to the binary sequence
b. The pseudo random code has a period Np. The generic form of the new
sequence d can be written as

dj = CjTc + bjS (4.1)

• PPM Modulator:

This block generates unit Dirac pulses at times jT/ + cfTc + bjô. Another shift
is introduced by the PPM modulator that is bjS. This shift is usually much less
than the TH shift c[Tc except for C7 = 0.

• Pulse Shaper:

The final block is the pulse shaper, which is simply a filter with impulse response
w(t) that has to be chosen carefully as it affects the power spectral density of
the UWB transmitted signal. The most adapted pulse shapes are modeled as
higher derivatives of a Gaussian pulse to meet the FCC spectral mask.
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The signal at the output of the pulse shaping filter can be written as
OO

s(t) = J2w(t- JTf + cjtc + w) (4·2)
j=-oo

4.1.2 DS-BPSK Transmission Scheme

The transmission scheme for the UWB system with DS-BPSK modulation is
depicted in figure 4.2 and can be summarized as2:

Code
Repetition

Coder

Binary to
±1

sequence

Transmission

Bînarr

SmTO

BPSK Modulator

Pulse Shaper

Figure 4.2: The Block diagram of the DS-BPSK-UWB Transmission System

— Binary to ±1 Converter:
This block converts the input binary stream sequence into +1 and -1 series.

— Transmission Coder:

The transmission coder applies the binary code sequence c that is com-
posed of ±l's and period Np to the input sequence d to generate a new
sequence (g = d· c).

— BPSK Modulator:

It generates a sequence of unit Dirac pulses at a rate of —- pulses/sec,
which are located at times jTf.

2 The code repetition coder and the pulse shaper blocks have the same function as presented in
the TH modulation scheme.
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4.1.3 IR-UWB Reception Scheme

It is well known that the optimum receiver for the AWGN channel is a Matched
Filter, which composed of a correlator and a detector. The optimum detector
applies the Maximum likelihood (ML) criterion among the M possible trans-
mitted waveforms.

The block diagram of the reception scheme of the UWB system is depicted in
figure 4.3.

ifi)
'»/', Z {Z>0 A=O

{Z<0 A = 1J*
A

'Estimated

Í bit
Correlation Mask

raft- t)

Figure 4.3: A single correlator UWB receiver scheme.

The depicted receiver scheme consists of a single correlator, where the incoming
received signal is multiplied by the correlation mask m(t -t), t is the channel
time delay.

The correlation mask for the TH-PPM system in AWGN channel can be written
as:

m(t) =p(t-T- C3T0) -p(t-r- c3Tc - Ò) (4.3)
whereas, for the DS-BPSK system the correlation mask can be written as:

m{t) = c3p{t - r) (4.4)
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The output of the correlator is given by:

Z = a ¦ Si + n, i = 0, 1 (4.5)

with

S0 = —?/?~? and sx =
S0 = +?/?~? and Si =

HL for a TH-PPM ;

% for a DS-BPSK .
where Ep is the transmitted energy per pulse, a is the channel gain and ? is a Gaussian
random variable with zero mean and variance N0/2.
Table 4.1 shows the used values of the simulated UWB parameters, unless otherwise
stated.

Table 4.1: The used UWB simulated parameters value.

Parameter Symbol Value

Pulse Shaping Factor 0.192 ns

Pulse width T 0.5 ns

PPM delay 0.062ns

Chip width Tr 1 ns

Number of users N, 1

Frame width Tf 4, 8, 10 and 16 ns
Number of pulses per frame Nx 1, 2 and 4

The UWB pulses correlation coefficient -0.824

Sampling rate fs 50GHz

Order of differentiation ? 6

Figure 4.4 depicts a comparison between the simulation and analytical results to
evaluate the BER performance of a TH-PPM system. It can be seen that a good
agreement between the two results is achieved, in which we can conclude the validation
of the simulation experiment.

Figure 4.5 also depicts this comparison in addition to the confidence interval of the
simulation results.
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Figure 4.4: Simulation and Analytical evaluation of the BER performance of the
TH-PPM system.
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Figure 4.5: Simulation and Analytical evaluation of the BER performance of the
TH-PPM system, showing the confidence interval of the simulation results.
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4.1.4 Simulation of the IEEE802. 15.3a UWB Propagation
Channel

A convenient model that characterizes multi-path fading channel is the discrete im-
pulse response model suggested by [73]. In this model the time axis is divided into
small time intervals "bins" , which are assumed to contain either one or no multi-path
component.

The impulse response can be written as

Nm

h(t) = ^ an s(t - ??t) (4-6)
n=l

where, N7n is the maximum number of bins considered within a single observation
interval, and ?t is the time duration of the bin.

In order to understand the performance of a UWB system in the IEEE802. 15.3a
channel models, simulations of the discrete time channel impulse response presented
in equation (4.6) in the IEEE802. 15.3a UWB four channel models (CMl, CM2, CM3,
and CM4) are depicted in figures 4.6 and 4.7. It can be seen from figure 4.6 that as
expected for the CMl (LOS 0 - 4 m) channel model, the first multi-path component
gives the highest contribution of energy. The presence of different clusters is also
not evident. For the CM2 (NLOS O - 4 m) channel model, also as expected it can be
observed that the first ray does not convey the highest energy, where the strongest
rays arrive at the receiver after reflections or diffractions.

Whereas, in figure 4.7, it can be seen that for the CM3 (NLOS 4 - 10 m) channel
model, where we can notice the presence of pulses in a time interval that is much
longer than what has been presented in the CMl and the CM2 channel models. For
the CM4 (Extremely NLOS 4 - 10 m) channel model, we can evident the presence
of time dispersion of the transmitted energy, where a considerable concentration of
received energy even after 50 ns from reception of the first contribution is observed.
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Figure 4.6: A realization of the discrete time impulse response for the CMl and the
CM2 channel models.
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Figure 4.7: A realization of the discrete time impulse response for the CM3 and the
CM4 channel models.
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4.2 Simulation of the Standard IEEE802.11a

WLAN System

4.2.1 Transmitter

The simulation blocks of the standard IEEE802.11a WLAN transmission scheme is

depicted in figure 4.8 [10], where it can be summarized as follows:

— Data Generator block

A random binary serial data is generated with length equal to Nca -ns-km,
where Nca is the number of NBI sub-carriers, km is the modulation level,
ns is the number of symbols transmitted per packet in one loop.

— Serial to parallel Converter
The input serial data is converted into a parallel data vectors according to
the number of used sub-channels.

— Modulation

The standard IEEE802.11a WLAN uses many modulation schemes like
BPSK, QPSK, 16QAM, and 64QAM. In our simulation experiments we
used a coherent QPSK modulation scheme.

— Data Mapping and IFFT Circuit
According to the IEEE802.11a system standards, a data mapping tech-
nique is used in order to leave a group of frequencies at the lower and
upper parts of the available bandwidth without modulation, so that avoid
adjacent channel interference. The data mapping technique is depicted in
figure 4.9.
Assuming a 64-point IFFT is used, it can be seen that sub-carrier 0 and
sub-carriers 27-37 are left unmodulated "Null value" . The coefficients 1 to

26 are mapped to the same numbered IFFT inputs, while the coefficients
26 to 1 are copied into IFFT inputs 38 to 63.

— Guard Interval Insertion

After performing an IFFT, the output is cyclically extended to the desired
length. This is done with the aid of a guard interval (GI) insertion circuit
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to eliminate the impact of ISI caused by multi-path fading. The duration
of the GI is 800 ns, with a sampling rate equals to 20 Msamples/s. The
last 16 samples of each symbol3 is inserted in the front. The frame format
is depicted in figure 4.10.

Pilot Symbol Aided Modulation
In order to compensate the effect of multi-path fading and the fluctuation of
the amplitude and phase, pilot symbols are inserted at fixed time intervals.
These pilot symbols are used to estimate the channel characteristics. The
pilot carriers will be inserted in all frequencies at a known time period4 to
accommodate for the independence of fading fluctuation.

Pilot Data

JpHmWnHMHMMmHMPgBK

Generated

Serial to

Parallel

Conveller

Serial to

Parallel Modulation
mapping

Converter

Power level
Detection

Noise level
Adjustment

Gaussian
Noise

Generation

Channel

l(t) + n(t)

Interval

Insertion

Parallel to
Serial

Converter

Figure 4.8: Simulation blocks of the NBI IEEE802.11a transmission scheme [10].

3 The length of the guard interval is 16 samples.
4 This technique of pilot insertion is called a "Block-type pilot arrangement" .
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Figure 4.10: Frame format of the simulated WLAN IEEE802.11a system.
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4.2.2 Receiver

The receiver block diagram of the IEEE802.11a system is depicted in figure 4.11,
where the incoming received data will initially pass through a GI removal block in
order to remove the GI. After that the signal will be serial to parallel converted on
the frequency axis in which we will get 64 sub-channels for 64-points FFT.

Pilot Data

Removal

r(t)

Guard

Interval

Removal

: ? Serial to

Parallel

Converter

sÈttÈÉË

Demodulation

I Demapping

Channel estimation &
Fading

Compensation

lliliiiil

Parallel to
Serial

Converter

I
BER

Calculation

Figure 4.11: Reception Scheme of the WLAN IEEE802.11a narrow band system [10]

In a fading channel environment, channel estimation must be accomplished to com-
pensate the effect of the channel on the incoming received signal. In case of perfect
channel estimation, a de-mapping process is held on the data, followed by a demod-
ulation process. The demodulated data will be parallel to serial converted before the
BER performance is determined.

Table 4.2 shows the used parameters value of the simulated IEEE802.11a NBI signal.
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Table 4.2: The used IEEE802.11a simulated parameters value.

Parameter Symbol Value

Symbol duration T, 4 /LiS
Number of parallel channels Nn 52

Symbol rate 250 kHz

sub-carriers spacing frequency Af 312.5 kHz

Guard interval duration GI 800 ns

Sampling rate 20MHz

FFT length 64

Figure 4.12 depicts a comparison between the simulated and analytical performances
of the IEEE802.11a system in AWGN channel environment. The confidence interval
of the simulated results at each point is shown.
The difference between the simulated curve and the analytic one results from the
power lost due to the GI removal process, which can be calculated as:

shift = -101og10 1 guard interval length\
symbol length J (4.7)

This shift equals to 0.969 dB according to the values associated for both the GI and
symbol intervals.

4.2.3 Simulation of the NBI Channel

The NBI channel has been modeled as a frequency selective Rayleigh fading channel,
where the mathematical model of the channel can be presented as follows [H]:
The field can be represented as a superposition of plane waves:

E(t) = Re T(t) exp {iuct)
where

N

T(t) = E0^cn exp
n=l

i(u)mt cos an + f?)

(4.8)

(4.9)
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Figure 4.12: Comparison between the simulated and analytical performances of the
IEEE802.11a system in AWGN channel, showing the confidence interval for the
simulated results.

where cuc is the carrier frequency of the transmitted signal, N is the number of plane
waves, wm is the maximum doppler shift and JS0Cn is the real amplitude of the nth
wave.

1 2p?
For a uniformly distributed arrival angles, c? = — and Qn = , ? = 1, 2, . . . , N.

Let N/2 be an odd integer, the signal can be represented as [11]

T{t) =
En No

^E
n=l

[uimt cos a?+f?) ? -i\uimt cos a„+0-„j +

[?t??+f?) , -i[u:mt+<t>-N) U.= Kf-1) (4io>
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The factor \/2 has been used so that the total power in E(t) will be unchanged. If
N is large enough we may invoke the central limit theorem to conclude that T(t)
is approximated as a complex Gaussian process and \T\ is Rayleigh as desired. As
stated in [11], the Rayleigh approximation is quite good for N > 6.
Figure 4.13 depicts the realization scheme of the previously mentioned mathematical
model. N0 low frequency oscillators with frequencies equals to the doppler shifts

/2p?\
u;mcos ( —— J, ? = 1, 2, . . . , N0 plus one with frequency ujm are used to generate
signals that are frequency shifted from the carrier frequency uc using modulation
methods.

Note that, the phases ß? are chosen appropriately so that the probability distribution
of the resultant phase is as close as possible to a uniform distribution, — . Thus,2p

p? p

TV' a= 4'
Cj(t) and Cq(ì) are the in-phase and quadrature components respectively, which are
approximately Gaussian random processes.
The Rayleigh distributed output faded signal can be written as

y(t) = Cj(t) cos(uct) + CQ{t) sm(uct). (4.11)

4.3 Simulation of the ICS

Figure 4.14 depicts the simulation blocks of the canceller scheme. The simulation
steps can be summarized as follows:

1. The NBI signal is generated5, interpolated6 and multiplied by the NBI
channel fading coefficients.

2. The IR-UWB signal is generated7 and multiplied by the UWB channel
fading coefficients.

3. The UWB signal power is measured by a power level detection block, where
the noise power can be adjusted during the Gaussian noise generation

5 As presented in figure 4.8.
6 According to the sampling rate of the UWB signal.
7 As presented in figure 4.1 or figure 4.2 according to the desired modulation type.
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Figure 4.14: Simulation block diagram of the Canceller scheme.

process8 according to the required SNR level.
4. In the NBI receiver path, the incoming received signal is intercepted by

the NBI receiver9, so that the NBI signal can be demodulated.
5. The output from the demodulation process will be used to regenerate the

NBI signal, which will be multiplied by the NBI channel estimate prior to
its subtraction from the incoming received signal.

6. The output from the subtraction process will be passed through the UWB
receiver, so that the transmitted bits can be estimated.

The thermal noise generated in the UWB receiver.
9 As presented in figure 4.11.



Chapter 5

BER Analysis in Various UWB Channel
Models

In chapter (3), we noticed that the performance of the canceller scheme depends on
the performance of a UWB system in the presence of NBI signals1. To investigate
the performance of a UWB system in various channel models, using the ICS, we need
to have analytic expressions for the BER performance of the UWB system in the
presence of single or multiple tone interferers.

This chapter presents the analytical formulas, which were used later to evaluate the
BER performance of the ICS under various fading channel models.

5.1 BER Analysis of a UWB System in the Pres-
ence of NBI in Log-normal Multi-path Fading
Channels

In this section, an approximate analytical closed form expression for the BER perfor-
mance of a TH-PPM system in the presence of NBI signal in Log-normal multi-path
fading channels is evaluated [74].
A binary communication system in a single user case is considered. For a matched
filter reception, the transmitted desired signal of a TH-PPM can be written in the

1 As presented in equation (3.5), where the NBI signal is modeled as multiple tone interferers.

83
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form2 [16]
OO

Sppuit) = y/Fb S p(t - jTf - CjTc - 5dWN.\) (5.1)
J = -OO

The narrowband interférer I(t) is assumed to be a single tone signal. I(t) can be
written as

I{t) = V2Icos(2nflt + F? (5.2)
where /¿ is the interférer frequency, f? is a random variable (R.V.) considered to be
uniformly distributed over the interval [0,2p) and I is the transmitted power of the
interférer.

The impulse response of the multi-path channel for the UWB signal is mod-
eled as:

L

hs(t) = S aeS(t - T1) (5.3)
where L is the number of paths, a¿ is the multi-path fading coefficient of the £th path,
<5(.) is the Kronecker Delta and r¿ is the delay corresponding to the Ith path.
The channel fading coefficients a¡¿ can be defined as [2]

ae = Pißt (5.4)

where pe is a discrete R.V., pe G { — 1, +1} with equal probability to account for pulse
inversion due to reflection and [3¿ is the fading associated with the Ith path.

For the narrowband interférer the channel impulse response can be written
as

hi{t) = aiS(t - ?) (5.5)

where a¡ is the Rayleigh distributed channel gain and r¿ is the corresponding time
delay.

2 Parameters of this equation are previously presented in equation (2.12).
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The overall received signal r(t) can be written as

L oo

r (*) = S S a¿ · V^ ¦ Pit - re - jTf - c3Tc - 5d[3/Nsì )
e=o j=-oo

+ U1 ¦ V2I ¦ cos(2nfi(t - TA + f? + ?(?) (5.6)

where n(t) is the AWGN signal with two sided power spectral density N0/2.

Without loss of generality, we will assume that the desired signal channel im-
pulse response hB{t) is normalized such that E[a2s] = 1, E[.] denotes the expectation

L

operator and a2s = Vj aj.
e=o

Figure 5.1 depicts a schematic model for a UWB receiver with multiple tone
interferers and additive noise and the associate fading channels for both the UWB
and the NBI signals.

5.1.1 Performance Evaluation

It is assumed that the desired UWB signal undergoes Log-normal fading, whereas the
NBI interférer signal is affected by Rayleigh fading. We also assume that the channel
is perfectly known at the receiver.
The UWB correlation mask can be written as

L

m'(t) = ^2a¿-m(t) (5.7)

where m(t) is given by

Ht) = P(t - jTf -re- CjTc) - p(t - jTf -Te- c3Tc - d) (5.8)

The Rake receiver is simply matched to the received signal so its transfer function
can be written as suggested in [71]

|tf(/)| = |M(/)|.|tf.(/,a,t)| (5.9)
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Figure 5.1: Schematic model for a UWB receiver system with a single tone interférer,
additive noise and the associate fading channels.
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Where M(f) represents the Fourier Transform of m(t). For a TH-PPM UWB system,
M(/), is given by equation (3.10).
The second term Ha(f,a,t) is the Fourier Transform of the UWB signal channel
impulse response hs(t) which can be written as

L

|i/8(/,a,t)| = J> · exp ( - j27ifre ) (5.10)
e=o

where a and t are random vectors representing the path gains and its corresponding
time delays respectively.

Under the assumption of perfect synchronization, the decision statistic can be
written as

^, p'P7+i)
Z ^= S / r{t)-m{t)dt (5.11)

Z = Sppm + IN + n (5.12)

where Sppm, In and ? are the desired signal, interference and noise components re-
spectively.

Sppm = y/E~b(l - ?)a28 (5.13)
The interference term I^ can be written as

IN = aiy/2i-\M{n) J -\Ha{fi, a, t) | cos(^) (5.14)

The phase term [arg[H(fi)} + 2p/?(? — r¿)] is included within the random phase f^
conditioned on the R.V. [|M(/¿)| · \Hs(fi,a, t)|]. In can be considered conditionally
Gaussian with variance [I ¦ |M(/,)|2 · |ifs(/j,a,t)|2].
The variance of the noise can be written as

s2? = N0(I - ?)a? (5.15)

The total disturbance due to the NBI plus noise is also conditionally Gaussian with
variance

s2?? = / · |M(/,)|2 · |#sCA,a,t)|2 + s2? (5.16)
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The conditional BER, conditioned on (a, t) can be written as

Pe|a,t = Q(V7(a,t)) (5.17)
where „

ar

Eb(l-g) ^ SIR-Tbil-Q)2a2
In order to evaluate the BER, we will initially average over the random time delays
t for a fixed path gains a and then we average over the path gains a. We will define
a new R.V. ? = |i/a(/¿, a, t)\2 that depends on the random vector t with fixed path
gains a.
The conditional BER can be rewritten as

Pe1^aX) = Q(Vl(X)) (5-19)
where

a?

**> - N. , '|?(/.)?.?— (6'20)?„(1-?) + SIR-Th-(l-Qf-al
As presented in [75] this expectation can be averaged over the R.V. ? by means of
"Perturbation Theory'" to find an approximation to this expectation without the need
of integration (Stirling formula). This expansion is done in central differences up to
the third order to have

, ? ?(µ + 2h) - 2?(µ + h) + 2?{µ -h)- ?(µ - 2h)+ _ _ (5.21)

where

^(a) = Et[|ii5(/,,a,t)|2]
a2(a) = Et[IH8(Zu a, t)|2-M(a)]2 (5-22)
v(a.) = Et[\Hs(fu a, t)|2-M(a)]3

Equation (5.22) represents the first, second and third central moments respectively.
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As shown in [71] these moments can be approximated as follows

Ma) = al
a2(a) = (l-w)-a*s (5-23)
v(a) = (2 - 6t? + 4y) · of

L
3where t? =N^ O| and y =^^ O

O^ is the normalized power del
delay profile; O^ is given by [59]
O^ is the normalized power delay profile of the channel. For an exponential power

2-, ?-ß??(-e')O, = E[ai\ = 1 _ exp(_¿;} «p[-(¿ - 1)e'] (5.24)
where e' is the decay rate.
Note that, this normalization of the power delay profile implies that the sum of the

L

attenuation power of all paths is one ( Yj O^ = 1 J .
The conditional BER over a can be written as

N

Pe|a~]Tò„-Q(y7(<7na2)) (5.25)
71=1

where N is the number of terms in the expansion. For the third order expansion
(N = 4). The weights bn and qn are:
b = (1/6 + M', 2/3, 1/6 - 2M',M') and q = (0,1,1 + VZP,1 + 2\/3P),

1 — 3t? + 2y , . „M' = -= y— and P = I- w).18\/3(1 - w)W
L

Now, equation (5.25) depends only on the term (a2s = /_Jaf).
It has been reported in [76] that a2s can be considered as a Log-normally distributed
R.V.. By averaging equation (5.25) over a2, the BER can be written as

roo N

Pe ~ / J2bn ¦ Q{ ^1(Qn ¦ a2s) )f(as)das (5.26)"^0 71=1



CHAPTER 5. BER ANALYSIS IN VARIOUS UWB CHANNEL MODELS 90

where f(as) is the PDF of as, normally distributed with mean µt and variance s2.
f(as) can be written as

f(as) asar\/2iv exp
-(ln(as) - µt?

2s2 (5.27)

Parameters (ßk,Vk) are usually introduced to characterize a Log-normal distribution
in wireless communications, where as presented in [76] ßk = ?µt, ak = Xa7. and
? = 10//n(10). The parameter ok, known as the dB spread, and its value ranges
between 6 and 12 dB for most of the wireless communication systems [76], and
between 2 and 5 dB for the UWB communication systems

While exact closed-form expressions for the Log-normal sum PDF are unknown,
several analytical approximation methods exist in the literature [77], [78], and [79].
A closed form approximation of the average probability of error over a Log-normal
fading channel is presented in [8O]3. The Log-normally distributed random variable
a2s can be averaged by following the same approach suggested in [80].
Finally, the average BER performance of a UWB system in the presence of NBI can
be evaluated as

N

Pe^Y^bn Vo

n=l 2ps,
exp

W0(J0 ¦ e^a2/2)
s?

Vi ¦
W0(lo ¦ e^a2r/2) »72-1

+

W0(T0 · e^al/2) (5.28)

where W0 is the Lambert W function, N > 1 and ?0 , ^1 , and ?2 are parameters to
adjust the tightness of the approximation.
The values of ?0 , ^1 , and ?2 are related to the dB-spread as follows:
For ak e [2,6), they are given by [80]:

Vo =

Vi =

Vi =

0.06516 (ak + 24.47)
0.06708 (ak - 18.7231)

0.03162 (ak - 17.001)

2.5959,

+ 2.7904,

+ 0.662.

3 Presented in this paper in equation (31).
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and for ak G [6, 12]

<

?0 = 0.258 (ak - 6) + 1.345,
2

? V2 =

and,

0.0592 (ak - 21.5)

0.02646 (ak - 20.07)

H- 2.9046,

+ 0.6434.

?=( N° + \m)\2-in ) (529)7o \Eb{i- Q) + sm-Tb. {?- ??) {0-¿9)
5.1.2 Analytical Validation

The performance of a TH-PPM system in a frequency selective Log-normal fading
channel has been evaluated using the analytic expression presented in equation (5.28).
In order to validate our analytic evaluation, a comparison with the analytical results
obtained in [71], which are based on a Nakagami-m distribution is accomplished.
This comparison is done on the basis that, if the two distributions can coincide
with each other, the same result should be obtained from the analytical expression
presented in [71] and our derived analytical expression.

As reported in [81] and [82], for high values of the Nakagami-m parameter, it is
widely accepted that this distribution may be used to approximate the Log-normal
distribution. Figures 5.2 and 5.3 show selections of the Nakagami [Nakagami(m,Q)]
and the Log-normal [Logn(^,r,ar)] PDFs, which illustrate this relationship for low
(m = 4, 8, and 10) and high (m = 20, and 75) Nakagami-m distribution fading
parameter values along with their corresponding Log-normal parameters (µG,sG)
values respectively.

It can be seen that for a value of the Nakagami fading parameter m > 20,
the two distributions are very similar. The validation of our analytic result will
be achieved in a flat fading channel with the previously mentioned (low and high)
values of the Nakagami-m fading parameter and their corresponding Log-normal
parameters values.
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Figure 5.2: PDF relation between Nakagami-m and Log-normal distributions for
Low values of m.
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Figure 5.3: PDF relation between Nakagami-m and Log-normal distributions for
high values of m.
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For these values of the Log-normal parameters, the dB spread value is out of
its practical range [2,12] and the average BER presented in equation (5.28) will have
to be modified in order to keep the tightness with the analytic expression presented
in equation (5.26) as close as possible.
The average BER in a flat fading channel for the new dB spread values will be
evaluated by following the same approach suggested in [80] , where the values of the
variables N, b and q will be equal to one. It is given by

Vo
2psG

exp

where

W0{2i0 ¦ e2^ ¦ s2)

70 =

4s?

Nn
+

Vi-
W0(Ii0 ,2µG

12sG2
W0(2j'0

s?

=2µG

WUi.
Eb(ì - ?) SIR -T6-(I- ?)2

??2 — 1

s:
(5.30)

(5.31)

In [71], the average BER performance for a UWB system in a Nakagami-m fiat fading
was given by:

P.= G(m

2yßT(m + ?t(^) 2Îl(m,m + > + li~)"m\m

lì 1 (5.32)

where ? can be written as

?
Nn

+ WU)Y
E6(I-*?) SIR-Tb-(l-Qf (5.33)

In the following figures, a second derivative Gaussian received pulse is used with
values: tp = 0.5 ns, Ns = 2 pulses/bit, a frame duration Tf = 100 ns, a PPM
time shift d = 0.3 ns, the correlation parameter ? = -0.587, a TH code sequence
C0 = C1 = 0, the chip width T0 = 1.5 ns, and finally, the interférer frequency /¿ =
2.412 GHz.

Figure 5.4 depicts the BER performance of a TH-PPM system in the presence of
NBI, SIR = -10 dB for different values of m evaluated by equation (5.32), as expected
the performance is severely degraded by the presence of fading on the desired signal.
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Figure 5.4: TH-PPM BER performance in a Nakagami-m flat fading channel for
different values of m and SIR = -10 dB.

Figures 5.5 and 5.6 depict this comparison in a flat fading channel in the presence of
a single tone interférer at SIR = -10 dB, for low and high values of the Nakagami-m
parameter and their corresponding Log-normal parameters respectively.
It can be seen that, the two analytic formulas show similar behavior for high values
of the Nakagami fading parameter m, whereas for the low-values the output results
from the two analytic formulas differ.

The performance of the TH-PPM system for different SIRs is depicted in fig-
ure 5.7 for (m=75). It can be seen that, a good agrément is accomplished between
the two analytic formulas. To this end, we can conclude the validation of our derived
analytical formula.
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Figure 5.5: TH-PPM BER performance in the presence of a single tone interférer
(SIR = -10 dB), for (m=4, ryo=0.07, ^=1.3569, ^=0.9146), (m=8, r?o=0.04,
?7i=1.2927, r?2=0.9289), and (m=10, r?o=0.034, Ty1=I. 2914, ?2 = 0.9281).
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Figure 5.6: TH-PPM BER performance in the presence of a single tone interférer
(SIR = -10 dB), for (m=20, t??=0.0205, Ty1=I. 2289, 7/2=0.9427), and (m=75,
77o=0.0102, Tj1=I. 1844,í72=0.9526).
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Figure 5.7: TH-PPM performance in a flat fading channel, with a single tone inter-
férer under Log-normal and Nakagami-m distributions for m=75.



CHAPTER 5. BER ANALYSIS IN VARIOUS UWB CHANNEL MODELS 99

5.1.3 Numerical Results

With the consideration of the practical values of the dB spread [2-5 dB] for UWB
communication systems, the performance of the TH-PPM system in the presence of
a single tone interférer in a Log-normal flat fading channel with (µG = 0, st = 0.921)
is evaluated and depicted in figure 5.8. It is shown that, the SNR degradation is
expected to reach up to 5 dB by increasing the SIR from 0 to -15 dB at BER =
2 x IO"2.

Figure 5.9 depicts the BER performance of a TH-PPM system in a frequency selective
fading channel for L = 8 paths, Logn(0. 25,0.5296), and a decay rate ??e = 1/3. The
BER performance is evaluated in the presence of a single tone interférer using the
closed form approximation presented in equation (5.28).
Validation to our results is achieved by making a comparison with BER performance
of a UWB system obtained by averaging over the Q-function presented in equation
(5.26). It can be seen that, the two results are in a good agreement with each other
at different SIRs. The SNR degradation at a BER = 1 ? IO-2 is expected to be less
than 4 dB for a SIR = -20 dB.

Finally, figure 5.10 depicts the effect of changing the dB-spread value on the
performance of the TH-PPM system at different SIRs (-10, and -15 dB).
It is shown that, increasing the dB-spread value from (2 dB to 5 dB) leads to a SNR
degradation of 4 and 5 dB for SIR = -10 and -15 dB respectively at a BER = 1 ? IO-2.

5.2 BER Analysis of a UWB system in the Pres-
ence of NBI in Log-normal Flat Fading Chan-
nels

In this section, the performance of a UWB system in a Log-normal flat fading
channel in the presence of NBI is evaluated [83]. The UWB propagation chan-
nel is characterized by large number of multi-path components, which implies
that the UWB channel can not be modeled as a flat fading channel. However,
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Figure 5.8: TH-PPM performance in the presence of a single tone interférer in a
flat fading channel, Logn(0,0.921).
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Figure 5.9: TH-PPM performance in the presence of a single tone interférer in a fre-
quency selective fading channel, L = 8 paths, Logn(0. 25, 0.5296) using relations
between equation (5.26) and equation (5.28).
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Figure 5.10: The effect of changing the dB spread values on the performance of the
TH-PPM system in presence of a single tone interférer in a frequency selective
fading channel, L = 8 paths and µt = 0.25.
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some wireless systems that use the UWB technology such as the wireless sensor
networks are characterized by size and energy constraints. These constraints are
imposed on each node that necessitate the use of simple devices. The use of a
finger Rake receiver can be considered as a sub-optimal solution for simple and low
cost communication systems. In this case the channel can be modeled as a flat fading.

For a single user binary communication system and a matched filter reception,
the transmitted UWB signal can be written either in the form of a TH-PPM or in
the form of a DS-BPSK as

OO

SpPM(t) = y/Wb S p(t ~ jTf - C3T0 - 5d[j/Nsi ) (5.34)
j=-oo

OO

SDs(t) = VË~b S dj ¦ Cj ¦ p(t - jTb - nTc) (5.35)
j=-oo

The NBI signal I(t) is assumed to be the sum of Ni tones. I(t) can be written as
Ni

/(*) = X) \f2I~n cos(2nfnt + f?) (5.36)
n=l

where fn is the nth interférer frequency, f? is the phase that can be considered as a
random variable uniformly distributed over the interval [0,2p), and In is the trans-
mitted power of the nth tone signal.
The impulse response of the UWB system in a flat fading channel is given by [20]

ha(t) = aa6(t - T3) (5.37)

where as is the channel gain coefficient and rs is the channel time delay.
The channel impulse response for NBI can be written as

hi{t) = a??d{? - Tn) (5.38)

where aln is the Rayleigh distributed channel gain and Tn is the corresponding time
delay.
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The overall received signal r(t) can be written as

r(t) = sd(t)+in(t)+n(t) (5.39)

where n(t) is the AWGN with two sided power spectral density N0/2.
For a TH-PPM system, the desired signal sd(t) — SpPM(t) * hs(t) can be written as

OO

sd(t) = J2 a* y/Ëb P(< - JTf - cjTo - 5dU/N*i ) (5.40)
j=-oo

while the interference in(t) = I(t) * /i¿(í) can be written as

in(t) = Y^a1n \pñ~n cos(2nfn(t - Tn) + f?) (5.41)
71 = 1

Without loss of generality, it is assumed that the UWB signal channel impulse re-
sponse hs{t) and the interférer channel gains a¡n are normalized so that E[a2s] = 1
with a2s = J^0 h2s{t)dt and ü^afJ = 1, where E[.] denotes the expectation operator.

5.2.1 Performance Evaluation

Assuming that the desired signal amplitude undergoes a Log-normal flat fading,
whereas the NBI interference signal is affected by Rayleigh fading and the chan-
nel is perfectly known at the matched filter receiver.
The correlation mask can be written as

m\t) = as ¦ m(t) (5.42)

where m(t) is presented in equation (5.8).
For a TH-PPM system the transfer function of the matched filter receiver M(f) is
presented in equation (3.10), while for a DS-BPSK UWB system; M(f) is given by

\M(f)\ = 2 P(/) I J2 ckeMJ^fkTf) (5.43)
fc=0

With the consideration of perfect synchronization with the UWB signal, the decision
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statistic can be written as

J=-oo JJTf

Z = Sppm + In + ? (5.45)

oo fj(Tf + l)Z= S / r(t)-m(t)dt (5.44)

where Sppm, In and ? are the desired UWB signal, interference and noise components
respectively.

Sppm = y/Ë~b{l - ?)a] (5.46)
The interference term In can be written as

Ni

In = S «/„ V^iñl M(/n)| cos(0n) (5.47)
t?=1

Each term a¡n cos (f?) is a zero mean Gaussian R.V. with variance -. Thus, the
N1

interference term In can be considered conditionally Gaussian with variance N, ^n '
n=l

\M{fn)\2 ¦
The variance of the noise can be written as

s2? = N0(I - ?)a] (5.48)

The total disturbance due to the NBI plus noise can be considered conditionally
r Ni 1Gaussian with variance ^, In · \M(fn)\2 + s? .
n=\

The conditional BER conditioned on as can be written as

Pe]as= Q[^Ml) (5.49)
where

7 = "^ (5.50)_N0 + E^JM(Zn)I2
Eb(l-g) SIR-N^T0-[I-Qf -a2

Since as is Log-normally distributed, then a2 is Log-normally distributed as well. The
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BER expression is obtained by averaging equation (5.49) over a2s as
/•oc

Pe - / Q(VaFy) · f{as)dasJo
(5.51)

where f(as) is the PDF of as, which is normally distributed with mean µt and
variance s2. f(as) can be written as

tf ? 1 ( -\ln(as) - µt)2f(a») = ^= exP [ 2^2Q-S0Y V 27G (5.52)

In order to calculate (5.51), we will present the Q-function by the Craig's formula as

Q{x) = - / exp ( 2sin2(</>) ?f

Pe =
1 ?
p

exp
o

ah
2 sin (0)/ a3sG?/2p

1 / [??(aß) - µG]2 \exp — das

(5.53)

#(5.54)

By letting ? = ^z—1S Pe will become

p Jo

y/20
r

exp -p./-™ - \ 2 sin2 (ci))
7

¦ exp 2y2xar + 2µG dx d(j> (5.55)

The inner integral in equation (5.55) can be approximated by a Gauss-Hermite series
expansion to become

N

pS>???? 2sin2(0)i=l

7
2 |N exp 2? 26¿ar + 2µG (5.56)

where u^ and &¿ are the weights and the associated roots of the Hermite polynomial
respectively where Wi and 6¿ are found in [84] . N are the number of samples points
to use for this approximation.
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By substituting equation (5.56) into equation (5.55) we will get

Pe =
N

S Wi
1 ?

7G

which can be rewritten as

exp
7

2sin2(<¿>) exp(2v2¿wr + 2µG) ?f (5.57)

JV

v 1=1

Wi Q ?/7 · ß??(2?/2??st. + 2µt) (5.58)

5.2.2 Numerical Results

Now, the analytical expression developed in the previous section (equation 5.58) is
used to evaluate the performance of both the TH-PPM and DS-BPSK UWB systems
under the impact of a single tone interférer in a Log-normal flat fading channel. A
second derivative Gaussian received pulse with the same values suggested in [71] is
considered, where for a TH-PPM scheme: Tf = 100 ns, t? = 0.5 ns, d = 0.3 ns. and
Ns = 2 pulses/bit. The correlation parameter ? = -0.587 and Tc = 1.5 ns. A user
with a TH sequence of all zeros, i.e. C0=- Cx = 0. The interférer frequency /¿ = 2.412
GHz.

Figure 5.11 depicts the performance of the TH-PPM system in the presence of a single
tone interférer at different SIRs. The evaluation of the closed form approximation
presented in equation (5.58) is compared with the analytic results obtained by aver-
aging over the Q-function presented in equation (5.51). The derived analytic results
are also validated with the aid of simulation. It can be seen that a good agreement
among these results is accomplished.

Figure 5.12 depicts the effect of changing the dB-spread value on the performance of
the TH-PPM system at SIR = -10 dB. The SNR degradation is expected to reach up
to 10 dB at BER = 2 ? 10~2 by increasing the value of the dB-spread from 2 dB to
5 dB.

For a DS-BPSK-UWB system, by considering the same values taken in the TH-PPM
case except: the frame duration Tf = 25 ns, Nc = 8 chip/bit, so we will obtain the
same bit duration Tb = 200 ns in both cases. The chip code cfc = (— l)fc,k = l,...,A^c.
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Figure 5.11: BER performance of the TH-PPM system in a Log-normal flat fading
channel in the presence of a single tone interférer compared with the analytic
result of equation (5.51), dB-spread = 3 dB. Analytic results are also compared
with simulation.
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Figure 5.12: BER performance of the TH-PPM system in the presence of a single
tone interférer at different dB-spread values [2-5 dB]. Analytic results are also
compared with simulation.
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Figure 5.13: BER performance of the DS-BPSK system in a Log-normal flat fading
channel in the presence of a single tone interférer, dB-spread = 3 dB. Analytic
results are compared with simulation and with the analytic results obtained
from equation (5.51).
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Figure 5.13 depicts the performance of such system in the presence of a single tone
interférer. By comparing these results with the results presented in figure 5.11, it can
be seen that the DS system outperforms the TH one in the presence of interference
in a Log-normal flat fading channel.
The impact of the presence of two tone interferers on the performance of a TH-PPM
system is depicted in figure 5.14 and compared with the single tone case.
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Figure 5.14: Single tone versus two tone interferers impact on the TH-PPM system.
dB-spread = 3 dB.
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5.3 BER Analysis of a UWB system in the Pres-
ence of NBI in the IEEE802. 15.3a UWB Chan-
nel Models

In this section, the BER performance of the Rake reception of the UWB signal in the
presence of NBI in the IEEE802. 15.3a UWB channel models is evaluated [85]. The
NBI signal is modeled as the standard IEEE802.11a WLAN, where this multi-carrier
based interference signal is approximated as sum of iV¿ tone interferers.
A single user in a binary communication system is considered. The transmitted UWB
signal is modeled as a DS-BPSK signal, which can be written as [26]

CXD JVC-1

SDs(t)= S Y.brCmú-p{t-jTb-mTc) (5.59)
j=—oo m=0

/OO

p2(t)dt, with a
-OO

1 f°°normalized autocorrelation function R(k) = — / p{t)p(t - n)dt.

The NBI signal I(t) can be approximated by N1 tone interferers4 as suggested
in [27]

7W = ? J^ S 008(2p? + F?) (5.60)
where f? are independent and identically distributed (i.i.d.) random phases due to
modulation and i.i.d. symbols and I is the total transmitted power of the interference.

According to [28], it had been recognized in many UWB multi-path channel
investigations that multi-path components tend to arrive in clusters of rays. The
most popular way to reflect this mathematically is the S-V multi-path channel model
and its modifications [86]. The discrete time impulse response of the multi-path

4 The JV¿ tone interferers are equivalent to the number of the OFDM data sub-carriers.
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UWB channel is given by [28]
L ?

h*(t) = SS aW ' S(t ~Te- rM) (5.61)
I=O /c=0

where i is the cluster index, and k is the ray index within a cluster, the total number
of clusters and rays are donated by L and K respectively. ak,e is the multi-path fading
coefficient of the of the kth ray within the Ith cluster and d(.) is the Kronecker Delta.
The arrival time of the ith cluster is denoted by 7), and that of the kih ray within the
Ith cluster is denoted by Tki.
It was reported in [87], that the arrival time of clusters and rays are modeled by a
Poisson distribution, thus the PDF of T1 for the CMl channel model (line-of-sight
"LOS"), where a LOS component arrives at time 0, can be written as

Pt1 = A- e™ ¦ P^ (5.62)
Whereas, for the CM2, CM3 and CM4 (Non-line-of-sight "NLOS") channel models,
the PDF can be written as

Pt1=A- e(-At> · {-? (5.63)
where ? is the cluster average arrival rate, the PDF of rk¡e can be written as

where for k = 0, t0,¿ = 0. ? is the ray arrival rate.
The channel fading coefficients ak¿ can be defined as [2]

ak,i = Pk,e(eßk,e (5.65)

pk¿ is a discrete R.V., pk¡e G {-1,+1} with equal probability to account for
pulse inversion due to reflection, ?( and /?M, stand for the fading associated with
the £th cluster and the kth ray within the £th cluster respectively. The product
iißk,t can be considered as a random variable that is Log-normally distributed [5]
2OlOg10(^Aw) oc ?(µ??,s? + s|), where µ? is presented in equation (2.27).



CHAPTER 5. BER ANALYSIS IN VARIOUS UWB CHANNEL MODELS 114

For the narrowband interférer, the channel impulse response can be written
as

hi(t) = S aInô(t - Tn) (5.66)
71=0

where a¡n are the Rayleigh distributed channel gains and Tn are the corresponding
time delays.
The overall received signal r(t) can be written as

r(t) = Sr(t) + Ii(t) + n(t) (5-67)
L K

where the desired received UWB signal Sr(t) = ¿, /^ak,e ' Sos{t — Tg — Tk ¿) and
e=o fc=o

n(t) is the noise signal with zero mean and variance s?.
The received NBI signal /¿(i) can be written as

FuNl~lh{t) = Jj^ S ocIn cos [2p/„(? - Tn) + f?] (5.68)
5.3.1 Performance Evaluation

The performance of the DS-BPSK system in the presence of NBI in a frequency
selective fading channel is evaluated. The UWB signal undergoes Log-normal fading,
whereas the NBI signal is affected by Rayleigh fading. Assuming that the channel
is perfectly known and in order to clarify the role of NBI on the performance
the UWB system we assume that there is no inter-symbol interference, inter-path
interference, or inter-chip interference, where their impact have been presented in [13].

In the MRC Rake receiver, the received signal of the jth data symbol is corre-
lated with the correlation mask m'(t), which can be written as

L ?

m'{t) = YU2a^-m(t) (5·69)
e=o k=o

For a DS-BPSK system M(f) is the F. T. of m(t) as represented in equation (5.43),
where Cm = (— I)"1, m = 0, . . . , 7VC — 1, and P(f) is the Fourier Transform of the
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UWB pulse p(t), which can be modeled as the six derivative Gaussian pulse as
presented in equation (3.15).

With the consideration of perfect synchronization with the UWB signal, the
decision statistic can be written as

Z= J2 / r(t)-m'(t)dt
¿ >Jppm ? In r Tb

(5.70)

(5.71)
where Spprn, in and ? are the desired signal, interference and noise components re-
spectively.

L ?

SPPm = NCEP Y^ J2 |aM|2 (5.72)
• Statistics of the UWB Signal

It was suggested in [88], that the mean of the desired UWB signal component in the
CMl LOS channels can be written as

E{Sppm} = NcEpß0t0(l + TA)(l + jX). [i-(_IA_)L+1 V1 + 7A; (5.73)

whereas, for NLOS channels (CM2, CM3 and CM4) E[SpP7n) can be calculated as

(5.74)E[SpP7n) = ?0??ß0,0(G?)(1 + 7?) · [l - (r^X)L+1+ .

The second order moment of Sppm is given by [88]
LKLK

11 + 7?;

E[SIp7n) = N-cEl S S S S E«C 4,,) (5.75)
e=o k=o e'=o k'=o

where E{a\t ¦ a\,v) can be evaluated for two cases: the first one is where {t = £'),

E(ale-al,r)=ßloexp (In IQ)V12
100 E(£,£,k,k'), k>k' (5.76)



CHAPTER 5. BER ANALYSIS IN VARIOUS UWB CHANNEL MODELS 116

«—> - {^y{^y{^y{my ™
For (A;' > A;), we just switch k' with k. The second case, where (t 7^ £') one has

E(alJt-al^ = ßl0E(t,i,k + tiiQ)i £>? (5.78)

For the scenario where (£' > £), we just switch £' with Í.

As suggested in [88] and [89], the UWB signal component, Sppm, can be well
approximated by a Log-normal distributed R.V. that can be well characterized
by 101Og10(SpP7n) oc ?(µ3,s\
method [76]

where according to the Wilkinson approximation

Vs = 1 /-,^ ln10 ,_ EP(S1ppmj

s? = -^-1?2_ 100 , ( E2(Sppm)
(5.79)

s (In 10)2 \ E(SC1J J'
• Statistics of the Interference

The interférer term i„ can be written as

I2IN-1??=\? — Sa??·\?(??)\·\?„(??,&,?,?)\?a&{f?) (5.80)N nn=0

L K

Let the R.V. ? = ¿. /_, a? ' e ^h'e, where we can define f^,? = 2p/'(T¿ + t^).
e=o fc=o

As depicted in table 2.3, the average cluster plus ray arrival time through the
IEEE UWB channel models ranges between [15 - 43] ns, while the OFDM based
IEEE802.11a NBI; operates in the U-NII 5 GHz radio bands. The product f(Te+Tk¡e),
will be much greater than unity. This suggests the assumption of considering f^? as
i.i.d. R.V.s uniformly distributed over [?,2p).
We can consider the phase term [arg[H(fn)] + 2p/?(? — Tn)] is included within the
random phase f?.

The interference term in is conditionally Gaussian [N(O, s?)], conditioned on the R.V.
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, JV-I

[\M(fn)\ ¦ |#e(/n,a,t)|] with variance s\ = - ^T !Mt/*)!2 ¦ \Ha(fn,a,t)\2.N
71=0

The total disturbance due to the NBI plus noise is also conditionally Gaussian with
variance, [af + s%\

L ?

By letting as = ^^ ak¡¿, the conditional BER conditioned on (a, t) can be written
NrE„a]_

r2'as Pe|a,t = g(V7vM) ), where 7(a,t) = ?^
By considering a R.V. ? = \Hs(fn, a,t)\ and under the assumption of fixed but
arbitrary path gains a averaging over the R.V. ? can be approximated with the aid
of "Stirling formula" as suggested in [75].

The statistics of ipk¿ for a fixed a can be evaluated as [71]

//(a) = a?a
a2(a) = (1 - w)a* (5.81)
? (a) = {2-6w + 4y)abs

LK LK

For a normalized power dispersion profile Nfc>£, t? = V] V] H^ and y = V^ V tt3ke,
e=o k=o £=o fc=o

where Nfc)¿ = E{a%¿).
The conditional BER over the path gains a can be written as

N

Pe|a~^on-Q(v/7(g„o2)) (5.82)
71 = 1

N is the number of terms in the expansion. The weights b and q are:

b= [1/6 + ^,2/3,1/6-26,6],
q=[0,l,l + V3 6,l + 2\/3£2],

(5.83)

6 = l-3w + 2y / 18^(1 - w)
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By averaging equation (5.82) over a, the BER can be written as
/•CXI

Pe ~ / Pe\x-f(x)dX (5.84)
where /(?) is the PDF given by

? In(IO) V2vn7s2 L 2s52 J

5.3.2 Numerical Results

A six derivative Gaussian received pulse is used with values: rp = 0.192 ns and a bit
duration T6=200 ns. Assuming /30j0 = 1, s? = s2 = 3.3941 dB, L = 2 clusters, K =
20 rays/cluster.
The IEEE802.11a NBI signal will operate at the upper U-NII band with center
frequency = 5.745 GHz, and the frequency spacing between the carriers ?/ = 0.3125
MHz.

Figures 5.15 and 5.16 depict the performance of a MRC Rake receiver for the
DS-UWB system in presence of the standard IEEE802.11a NBI signal in the CMl,
and the CM4 IEEE channel models respectively at different SIRs.
SNR degradation of 4 dB, and 12 dB is expected in the CMl and the CM4 channel
models respectively at BER = 3 x 1O-2 by changing the SIR from 0 dB to 30 dB.

A validation to the derived analytical results is achieved in two scenarios: the
first, a comparison with the results obtained by simulating the performance of the
DS-UWB system in presence of the IEEE802.11a NBI signal in the CMl and the
CM4 for SIR = 0, -15, -20 and -30 dB is depicted in figure 5.17.
The second, a comparison with the simulation experiment suggested in [12] in the
CMl channel model for 10-fingers MRC Rake receiver is depicted in figure 5.18.
In this simulation experiment, the DS-UWB system is subjected to "8" interfering
WLAN channels5.

From these figures it can be seen that a good agreement with the simulation results
in both cases is achieved , where we can conclude the validation of the derived
analytical formula.

The total interference power level is the same in both cases.
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Figure 5.15: BER performance of the MRC-Rake receiver in presence of
IEEE802.11a in the CMl channel model, L = 2, K = 20 for different SIRs.

Figure 5.19 depicts the effect of changing the number of the Rake receiver fingers
on the performance of the UWB system in the CMl, and the CM4 channel models
at SIR = -30 dB. As expected it can be seen that, by increasing the number of the
Rake fingers from 5 to 20 the SNR degradation is reduced by 4 dB and 6 dB in the
CMl and the CM4 channel models respectively at a BER « 6 x 10"2 at the expense
of increasing the system complexity.
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Figure 5.16: BER performance of the MRC-Rake receiver in presence of
IEEE802.11a in the CM4 channel model, L = 2, K = 20 for different SIRs.
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Figure 5.17: Simulation versus analytic evaluation of the BER performance of the
MRC-Rake receiver in the presence of IEEE802.11a in the CMl and the CM4
channel models.
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Figure 5.18: A comparison between the derived analytic performance presented in
equation (5.84) (in presence of a single WLAN NBI signal) and the simulation
experiment presented in [12] in the CMl channel model in presence of "8"
interfering WLAN channels and for ??-fingers MRC Rake receiver (the total
interference power is the same in both cases).
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5.4 Performance of the ICS in Various UWB

Channel Models

With the assumption of perfect channel estimation conditions for both the UWB and
NBI signals, the performance of the ICS is evaluated with the aid of the previously
presented formulas6 in various fading channel environments .

5.4.1 ICS Performance in a Log-normal Flat Fading Channel

The BER performance of the canceller scheme in a Log-normal flat fading channel
can be evaluated as

(PYCS = pWOI Wl pe=l _ pe=2 _ _ pe=e'? e) uwb \ e-uwbl \? re-ofdm e-ofdm ¦ ¦ · re-ofdm

^e-uwb) ? e-ofdmJ + · ¦ ¦ + \^e-uwbJ ? e-ofdm) (5-86)
where P^wb ^s ^ne probability of the UWB system in a Log-normal flat fading
channel in the absence of NBI, Pf_uwb is the probability of the UWB system in the
presence of e' tone interferers7 and P^-ofdm ls the NBI receiver probability of sym-
bol error for e' error symbols in a block of N symbols in a Rayleigh flat fading channel.

Figure 5.20 depicts the BER performance of the canceller scheme at SIR =
-10 dB and the dB-spread value is 3 dB. As presented in this figure, for an av. Pse
equals to 1 x 10~3, the canceller can perfectly suppress the impact of the IEEE802.11a
WLAN system interference on the UWB system. Whereas, for an av. Pse = 0.05,
the SNR degradation is reduced to be less than 2 dB at a BER = 1 ? 10~3, where
we can conclude the capability of the ICS to mitigate the impact of a NBI signal on
the IR-UWB communication system in such fading channel environment.

6 Formulas evaluate the BER performances of UWB system in various fading channel models.
7 It can be evaluated by using equation (5.58).
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Figure 5.20: ICS BER performance in the presence of the IEEE802.11a NBI in a
Log-normal flat fading channel, SIR = -10 dB.
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5.4.2 ICS Performance in the IEEE802. 15.3a UWB Channel
Models

The performance of the ICS in the IEEE802. 15.3a UWB fading channel models in
the presence of the standard IEEE802.11a NBI can be evaluated by the substitution
of equation (5.84) into equation (5.86).
The terms in equation (5.86) can be defined as: P%L°¿h is the probability of the
DS-BPSK system in the absence of NBI, Pf_uwb is the probability of the UWB
system in the IEEE802. 15.3a UWB fading channel models in the presence of e' tone
interferes8 and P^'fdm is the NBI receiver probability of symbol error for é error
symbols in a block of length N symbols in a Rayleigh fading channel.

Figures 5.21 and 5.22 depict the BER performance of a DS-BPSK system
with the aid of the ICS in the CMl and the CM4 channel models respectively.
The used numerical values are: Tb =16 ns, and t? = 0.192 ns. Assuming /?00 = 1,
Ct1 = s2 = 3.3941 dB and the number of receiving clusters L = 2 with the number of
receiving rays within a cluster K= 20 at SIR = -20 dB.

From these figures it can be seen that, due to the presence of NBI, the performance
a DS-UWB system is severely degraded. However, with the use of the canceller
scheme, the impact of interference can be completely suppressed at an av. Pse =
1 x 10"3. For an av. Pse = 0.05, the SNR degradation is expected to be less than 3
dB at BER = 1 ? IO"3 in the CMl channel model and less than 4 dB in the CM4
channel model at BER = 2 ? IO"3.

5.5 Comparison between the ICS Analytical and
Simulation Results

In this section, a comparison between the simulated performances of the ICS and
the obtained analytical ones will be presented.
Figure 5.23 depicts this comparison in AWGN channel and some of the obtained

8 It can be evaluated by using equation (5.84).
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Figure 5.21: ICS BER performance in the CMl channel model, SIR = -20 dB.
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Figure 5.22: ICS BER performance in the CM4 channel model, SIR = -20 dB.
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analytical results presented in chapter 39, evaluated at SIR = -20 dB.
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Figure 5.23: Simulation and analytical performance comparison of the ICS in
AWGN channel, SIR = -20 dB.

From this figure it can be seen that, although the IEEE802.11a interference can
severely deteriorate the performance of the TH-PPM system, the NBI impact on
such victim systems can be completely suppressed with the aid of the ICS at an av.
Pse equals to 1 x 10"3. The SNR degradation is expected to be less than 1 dB and
5 dB at a BER = 1 x 10~4, for an av. Pse = 0.05.

Figure 5.24 depicts the simulated performance of the ICS versus the analytical
one in a Nakagami-m flat fading channel, for a Nakagami fading parameter m=2 and
SIR = -20 dB.

9 As presented in figure 3.12.
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Figure 5.24: Simulation and analytical performance comparison of the ICS in a
Nakagami-m flat fading channel, m=2 and SIR = -20 dB.

The simulation and analytical results of the ICS in a Log-normal flat fading channel
is depicted in figure 5.25 at SIR = -10 dB and dB-spread = 3 dB.

From all these figures, it can be seen that the simulation and the analytical results
are in a good agreement, in which we can conclude the validation of the obtained
analytical results.



CHAPTER 5. BER ANALYSIS IN VARIOUS UWB CHANNEL MODELS 131

10

4 ITO + NBL SIR = -1OdB

?« i ?

AnMlC ICS. w. P 0.050 se

Stai ICS, av. P -0.05
seUJ

CO

+

0

Allah* ICS. av. P =le-3
se

UWB Lowoimal lai fading, dB spread = JdB1 no Werterettce
<- UWB^IEEEJOiIIaNBI

-?-AnaPS.av.P = 1Mw se UVmsoIiiterfereBce

4- Sim PS, av. P = 1e-3ì se /Ana PS. av. P =0.05
se Sta ICS. av. P =ìe-3

Pill G 1 I G ] 1 1
O 2 4 6 d IO 12 14 16 18 20

W8>

Figure 5.25: Simulation and analytical performance comparison of the ICS in a
Log-normal flat fading channel, dB-spread = 3 dB and SIR = -10 dB.



Chapter 6

ICS Performance in Various Scenarios

In this chapter, the performance of the ICS is investigated in different scenarios of
operation such as: 1) the presence of multiple WLAN NBI signals. 2) The presence
of symbol timing errors between the regenerated interference signal and the received
NBI signal at the input of the subtraction process. 3) The presence of MAI. 4) A
performance comparison with one of the used canceller schemes "notch filter" .

6.1 ICS Performance in the Presence of Multiple
NBI Signals

The capability of the canceller scheme to mitigate the impact of two WLAN NBI
signals is investigated. Figure 6.1 depicts a schematic diagram of the ICS in the
presence of two IEEE802.11a WLAN NBI signals. The ICS attempts to demodulate
and to regenerate each NBI signal individually. The regenerated IEEE802.11a NBI
signals are subtracted from the received signal at the input of the UWB receiver.
The WLAN NBI signals were simulated with center frequencies 5.22 GHz and 5.745
GHz. The data rate of the UWB system is 100 Mbps.
Figure 6.2 depicts the impact of the presence of one and two NBI signals on the
performance of a TH-PPM system in AWGN channel in addition to the ICS BER
performance in both cases evaluated at an av. Pse = 0.1 and SIR = -15 dB.

It can be seen that, an additional SNR degradation in the BER performance of the
ICS, due to the presence of two NBI signals, is expected to reach up to 1 dB at BER
= 1 ? IO"2.

132
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Figure 6.1: The ICS in the presence of two NBI signals.
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Figure 6.2: BER performance of the ICS in the presence of one and two NBI WLAN
signals in AWGN channel, SIR = -15 dB.
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Figure 6.3 depicts a comparison between the BER performances of the canceller
scheme in a Log-normal flat fading channel in the presence of one and two NBI
WLANs, the dB-spread value is 3 dB and the SIR = -10 dB.
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Figure 6.3: BER performance of the ICS in the presence of two NBI WLANs in a
Log-normal flat fading channel, SIR = -10 dB.

It can be seen that, an additional SNR degradation in the ICS performance is expected
to be less than 2 dB at BER = 1 ? IO-2.

Figures 6.4 and 6.5 depict the BER performance of the ICS in the CMl and the CM4
channel models respectively.
It has been shown that, in the CMl channel model, there is an additional SNR
degradation in the ICS BER performance equals to 2 dB at BER = 1 ? IO"4. Whereas,
in the CM4 channel model, the additional SNR degradation is expected to be less
than 3 dB at BER = 1 ? 10~3.
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Figure 6.4: ICS BER performance in the presence of one and two NBI WLANs in
the CMl channel model.

6.2 ICS Performance in the Presence of Symbol
Timing Error

In this section, the BER performance of the canceller scheme is investigated in the
presence of symbol timing error (timing misalignment error) between the regenerated
NBI signal and the received NBI signal at the input of the subtraction process.
The NBI signal simulated frame format was depicted in figure 4.10, where there exists
a pilot symbol in the beginning of each frame in order to estimate the NBI channel.
The NBI simulated parameters can be represented as follows:
The sampling frequency is 20 MHz1, the symbol period (4µß ? 80 samples) and the

1 The UWB sampling frequency is 50 GHz.
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Figure 6.5: ICS BER performance in the presence of one and two NBI WLANs in
the CM4 channel model.

duration of the GI is 800 ns = 16 samples. The useful symbol period is 3.2/xs = 64
samples.

Figure 6.6 depicts the BER performance of the ICS in AWGN channel when: 1) the
misalignment equals to 1000 samples (0.5%)2. 2) the misalignment equals to 2000
samples (1%). It can be seen that, for the 0.5% misalignment and SIR = -15 dB, an
additional SNR is expected to reach up to 2 dB at BER = 1 ? IO"3. Whereas for
the 1% misalignment, the additional SNR is expected to reach up to 3.5 dB at BER
= 2 ? IO"2.

Figure 6.7 depicts the ICS performance in a Log-normal flat fading channel,
the av. Pse = 0.1, dB-spread value = 2 dB and SIR = -15 dB. It can be seen that for

The timing error is measured with respect to the NBI symbol duration.



CHAPTER 6. ICS PERFORMANCE IN VARIOUS SCENARIOS 138

ITVB + NBL SIR=JSdBJ y
?·*·

?

? <- ?

ICS,MisaIip¡neot = M*

i

m?«
ICS, Mlsaüsuimeit = 0.5%

IWB, no Interference / \ : ''·,,

?:::::::::::::::::::;:::::::::::::::::::::]::::::::::::::::::::

------ UWB AWGN, no lnteiference [ ? r ? i \ i í N;-?- UWB + NBI1SIR = -1MB : ? ? i i ? ?
¦¦D-lCSSim..PeifeclAlipment,av.Pse=fl.1 :::::b::::::::::::::::::::ï::::::::::::::::::::;:::::::::::::::::::::!::::::::::::::~^
¦¦?¦iCSSim,Misaignmeí=a5% iiiriíriirr ::::::::iii:izi:i::i;zr"iii:rrrrrrr::ri:ir:"iirr:iii::ri:iii:ii:-ir:irrirrrii::::t:r:::iii:ii::ii:ii::diri:zr:ii:riririi:ii:Îriirim:rir::irr:i:^
¦O-ics Sm. i*ssisnmat=i% :::::|?::??~:p:::::::: :iTr:i:7::ri::rr:rrr:ii::rr^:rT:r:: ::?:::::::::::|:::::?::??::???::::::|:::::::::::::::::???:^??::::::::???::::::::|t::::::::::?:::??:::?? ==!—I 1 1 I I I I

O I 2 3 4 5 6 7 8 9 10

Figure 6.6: BER performance of the canceller scheme in the presence of symbol
timing error in AWGN channel.

a timing misalignment error equals to 0.5%, there is an additional SNR degradation
equals to 2 dB at BER = 3 x IO-3, whereas, for a timing misalignment error equals
to 1% there is an additional SNR degradation equals to 4 dB at BER = 5 x ICT2.
Figures 6.8 and 6.9 depict this impact in the CMl and the CM4 channel models
respectively for a SIR = -20 dB. It can be seen that for a timing misalignment error
equals to 0.5% at BER = 1 ? IO"2, there are 3 dB and 4 dB additional SNR degradation
at an av. Pse = 0.1 for the CMl and the CM4 channel models respectively. For a
timing misalignment error equals to 1% at BER = 2 ? IO"2, there are 4 dB and 8 dB
additional SNR degradation in the CMl and the CM4 channel models respectively.

io4

10'5



CHAPTER 6. ICS PERFORMANCE IN VARIOUS SCENARIOS 139

i ^^-¿.;: [ 2^-I ; "\^··-..:? ~"T""'"~
TU^

:^?"?-»„?..^... T,
..................-4

ICS,MlsaHgomtiit=l»4

::::::::::::3k

. ICS, MbdguKDt = 0.5W . .

................. r>---< ; -?« «h,-. ·?.·.·*,??... .1. -

.................1 .\. i i :^ife^._J:::::":"""4??¥?, «o Interferes«:. \ : *""$¦—...

: ICS, Perfect AHgmneiit:

—- IJWB, no Interference
-$-UWB + NH,SR = -15dB
-i-ICS,avPse = 01
¦ ¦# ¦ ICS, Sim. Misaügnmert = 0.5%
¦ ? ¦ CS, Sim. Misalignmenl = 1%

2

W«i

Figure 6.7: Timing error impact in a Log-normal flat fading channel, dB-spread
2 dB and SIR = -15 dB.

6.3 ICS Performance in the Presence of MAI

As stated in chapter 2, a multiple access communication system is the system which
capable of providing different users the ability to share the same physical medium
for transmitting and receiving different data flows. In the next subsection, we will
describe the ICS performance in AWGN channel in the presence of both MAI and
NBI signals for two scenarios: perfect and imperfect power control.
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Figure 6.8: Symbol Timing error in the CMl channel model.

6.3.1 AWGN Channel Environment

6.3.1.1 Perfect Power Control

Based on the SGA hypothesis and assuming that the desired user is the first user, the
BER performance of a TH-PPM system in the presence of MAI in AWGN channel is
given by [9]

Pe = c?(W) (6.1)
where ? is the signal to interference plus noise ratio, ? can be written as

E1(i)

Nn (l-<?) + (1 - Q? ¦ IR

n=2 ^RX

? -1

(6.2)
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Figure 6.9: Symbol Timing error in the CM4 channel model.
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E{RX and E^x are the received energies for the desired user and the nth interfering user
respectively. Under the simplifying hypothesis of perfect power control, for example,
that is, all terms E^x are equal for i = 1, . . ., Nu. The relation between these two
terms can be described as:

n=2 ^RX

where Nu is the total number of transmitting users, ? is the correlation coefficient
between the TH-PPM transmitted pulses presented in equation (3.4), jR
7h < 1, and s2? is given by [9]

NsTf

s2
M p(t - r) · m(t)dt dr (6.4)

where m(t) is the UWB correlation mask.
In the case of orthogonal pulses, s2? can be simplified as

R20(r)dr (6.5)
¦Tm

R0(t) is the autocorrelation function of the UWB signal defined by

pTmRo(t)= / p(t - t) ¦ p(t)dt (6.6)
Figure 6.10 depicts the performance of a TH-PPM system in the presence of MAI
for different number of users (Nu = 5, 10 and 20 users). Assuming a six derivative
Gaussian pulse is used with the following parameters: T7n = 0.5 ns, tp = 0.192 ns, d
= 0.068 ns and Rb = 20 Mbps.

The SNR degradation, due to MAI, is expected to reach up to 4 dB at a BER =
1 x IO"4.

The performance of a UWB system in the presence of both NBI and MAI
signals is evaluated. The NBI is modeled as the standard IEEE802.11a signal, and
as presented in chapter 3, it can be approximated as sum of Ni tone interferers, with



CHAPTER 6. ICS PERFORMANCE IN VARIOUS SCENARIOS 143

UJ
ß

::::.^?a

Q * , TH PPM, MAJ (20usm)

.Q '

UWB, no Interference

ài:
------ UWB-AWGN
"S" TH-PPM, MAI (5 users)
"0"TH-PPM, MAI (IO users)
'"?" TH-PPM, MAI (20 users)

? ^....THPPM,MAi(ioiisets);;;;;;.::Î;;;;^;;
a*-

::§;:
rTH-PPM,MAI(S«sers): •¦•f »... :·:::*:-:?:,

0 5

!Eb/N0)[dB]

Figure 6.10: BER performance of a TH-PPM system in the presence of MAI
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variance
N1

The NBI SIR term can be defined as

N1 ln=l

5//W - SIR- Ni-(I- g)* (6-8)
In the presence of NBI and MAI signals, ? can be rewritten as

1H = E¡1] _ \ -1 + / {l-Q?-lR \ -1 +{ SIR -Ni-(I- gf
n=2 1^RX

(6.9)
Figure 6.11 depicts the impact of both the NBI signal and MAI on the performance
of a TH-PPM system for SIR = -15 and -20 dB and for different number of users 5,
10 and 20 users.

It can be seen that in the presence of 20 users and SIR = -15 dB, an additional SNR
degradation, due to NBI, is expected to reach up to 5 dB at a BER = 2 ? IO-3.

The BER performance of the ICS in the presence of both the MAI and NBI
can be written as

(p\ics _ (pAWGN) (-, _ pe=l _ pe=2 _ _ pe=e' \V e/ UWB \ e-uwb I V e-ofdm e-ofdm ¦ · · re-ofdm)
_, (pi \ (pe=l \ , (p2 \ (pe=2 \ ,

' V e—uwbj V e—ofdmj ' V e—uwb) \ e-ofdmj < · ' ¦

+ (p:'-uwb) (p¡-eóSdm) (6.10)
where P^^bN is the BER performance of a UWB system in AWGN channel in the
absence of NBI and the presence of MAI3, P^fdm, . . ., -Peer0e/dm are the NBI receiver
probabilities of OFDM symbol error when there are one, . . ., and e' symbol errors
occurred in a block of length N respectively4 and Pl_uwb,. ¦ ., Pe-Uwb are *ne BER
performances of a UWB system in the presence of a single, . . ., and e' tone interferers
respectively along with the presence of MAI5.

3 It could be evaluated using equations (6.1 and 6.2).
4 It could be evaluated using equations (3.6 and 3.7).
5 It could be evaluated using equations (6.8 and 6.9).
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Figure 6.11: BER performance of a TH-PPM system in the presence of MAI and
NBI signals

Figures 6.12 and 6.13 depict the BER performance of the ICS in the presence of the
IEEE802.11a NBI signal with SIR = -20 dB, and MAI at different number of users
(5, 10 and 20) for an av. Pse equals to 0.01 and 0.1 respectively. It can be seen that
for Nu = 20 user, the SNR degradation, with the use of the ICS, is reduced to be less
than 3 dB and 9 dB respectively at BER = 1 ? 10~4.

6.3.1.2 Imperfect Power Control

The impact of the presence of imperfect power control (IPC) MAI on the performance
of the ICS will be investigated. The relation between the received energies of the
interfered users to the received energy of the desired user6 in the following case study

6 Assuming that the first user is the desired user and Nu = 20 users.
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can be written as [90]:

^RX — ^RX ~ ^RX ~~ 111RX'

Uj)V — UBV — ^RX — 1^RX — Z%X)
,(1)

JRX

p(9)
JRX

yRX

p(10) (11) _ „(12)ERX 2?(1)
RX'

F(13) _ „(14) _ „(15) _ „(16) _ ??(1)•CJpv — ÛRV — ^RX — ^RX — or/ñX'JHX yñX

„(17) _ „(18)^RX - ^1RX EiS = È$$ = 4£&.

(6.11)

Figure 6.14 depicts a comparison between the performance of a TH-PPM system in
the presence of 20 users in PPC and IPC MAI. It can be seen that an additional SNR
degradation, due to IPC MAI, is expected to be less than 6 dB at BER = 2 x 10~3.
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Figure 6.14: Comparison between the BER performances of a TH-PPM system in
the presence of PPC and IPC MAI.
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The impact of NBI along with the presence of MAI on the performance of a TH-PPM
system in both PPC and IPC MAI is depicted in figure 6.15 for SIR = -10 dB and
-20 dB.

10
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Figure 6.15: Comparison between the BER performances of a TH-PPM UWB
system in the presence of NBI along with PPC and IPC MAI for 20 users.

The canceller efficiency in the presence of PPC and IPC MAI is depicted in figures
6.16 and 6.17 for SIR = -20 dB and the av. Pse is equal to 0.01 and 0.1 respectively.
In figure 6.16 it can be seen that the SNR degradation is reduced to be less than 3
dB at BER = 1 ? 10~4 in PPC MAI and less than 8 dB at BER = 1 ? IO"3 in IPC
MAI. In figure 6.17 the SNR degradation is reduced to be less than 4 dB at BER =
1 x IO"3 in PPC MAI and less than 5 dB at BER = 1 ? IO"2 in IPC MAI.
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6.3.2 Nakagami-m and Log-normal Flat Fading Channels
6.3.2.1 Perfect Power Control

In this section, the BER performance of an IR-UWB system using the ICS in the
presence of MAI in both Nakagami-m and Log-normal flat fading channels is pre-
sented.

The BER performance of a TH-PPM system in the presence of NBI and MAI
impacts in a Nakagami-m flat fading channel can be evaluated using equation (3.17),
where the variable ? is represented in equation (6.9).

Figure 6.18 depicts the performance of a TH-PPM system in the presence of
both MAI and NBI with Rb = 20 Mbps, m = 2, SIR = -10 dB and -20 dB. It can be
seen that at SIR = -10 dB, the SNR degradation is expected to be less than 2 dB,
3 dB and 8 dB for number of users Nu = 5, 10 and 20 users respectively at BER =
1 x 10"2.
Figures 6.19 and 6.20 depict the BER performance of the ICS in the presence
of MAI and SIR = -20 dB at an av. Pse equals to 0.01 and 0.1 respectively.

It can be seen that, the SNR degradation is reduced to be 1 dB and 2 dB for
an av. Pse equals to 0.01 and 0.1 respectively at BER = 1 x 10^2 and for Nu = 5 users.

For a Log-normal flat fading channel, figure 6.21 depicts the performance of
the TH-PPM system in the presence of both MAI and NBI with SIR = -10 and -20
dB and dB-spread equals to 2 dB. It can be seen that for SIR = -10 dB, the SNR
degradation is expected to reach up to 2 dB, 3 dB and 10 dB for Nu = 5, 10 and 20
users respectively at BER « 6 x 10~3.
The performance of the ICS is depicted in figures 6.22 and 6.23 for an av. Pse equals
to 0.01 and 0.1 respectively and SIR = -20 dB. It can be seen that for an av. Pse =
0.01, the SNR degradation is expected to be less than 2 dB and 4 dB at Nu = 5 and
10 users respectively and at BER = 1 x 10~3.

6.3.2.2 Imperfect Power Control

A comparison between the performances of the TH-PPM in PPC and IPC MAI is
depicted in figure 6.24 for SIR = -10 dB and -20 dB, Nu = 20 users and a Nakagami
fading parameter m =2. It can see that, an additional SNR degradation, due to IPC
MAI, is expected to be less than 6 dB at BER = 3 x 10~2.
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Figure 6.19: ICS BER performance in the presence of PPC MAI and NBI in a
Nakagami-m fiat fading channel, m = 2, SIR = -20 dB and av. Pse = 0.01.
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Figure 6.20: ICS BER performance in the presence of PPC MAI and NBI in a
Nakagami-m flat fading channel, m = 2, SIR — -20 dB and av. Pse = 0.1.
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Figure 6.21: BER performance of a TH-PPM system in the presence of PPC MAI
and NBI in a Log-normal flat fading channel.
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Figure 6.22: ICS BER performance in the presence of PPC MAI and NBI in a
Log-normal flat fading channel, av. Pse = 0.01, dB-spread = 2 dB and SIR =
-20 dB.
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Figure 6.23: ICS BER performance in the presence of PPC MAI and NBI in a
Log-normal flat fading channel, av. Pse = 0.1, dB-spread = 2 dB and SIR =
-20 dB.
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Figure 6.24: BER performance comparison of a TH-PPM system in PPC and IPC
MAI in the presence of NBI in a Nakagami-m flat fading channel, Nu = 20 users
and m=2.
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Figures 6.25 and 6.26 depict the ICS BER performance in PPC and IPC MAI for an
av. Pse equals to 0.01 and 0.1 respectively.
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Figure 6.25: ICS BER performance in PPC and IPC MAI in a Nakagami-m flat
fading channel, av. Pse = 0.01, Nu = 20 users and m=2.

It can be seen that the additional SNR degradation, due to IPC MAI, is expected
to be be less than 5 dB at BER = 1 ? IO"2 and less than 4 dB at BER = 3 ? 10~2
for an av. Pse = 0.01 and 0.1 respectively.

In a Log-normal flat fading channel the performance of the ICS is depicted in
figures 6.27 and 6.28 for dB spread = 2 dB and av. Pse = 0.01 and 0.1 respectively.
It can be seen that the additional SNR degradation is expected to be less than 3 dB
at BER = 1 x IO-2 and less than 6 dB at BER = 2 ? IO-2 for an av. Pse = 0.01 and
0.1 respectively.
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Figure 6.26: ICS BER performance in PPC and IPC MAI in a Nakagami-m flat
fading channel, av. Pse = 0.1, Nu = 20 users and m=2.
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Figure 6.27: ICS BER performance in the presence of PPC and IPC MAI in a
Log-normal flat fading channel, av. Pse = 0.01 and Nu = 20 users.
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Figure 6.28: ICS BER performance in the presence of PPC and IPC MAI in a
Log-normal flat fading channel, av. Pse = 0.1 and Nu = 20 users.
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6.3.3 In the IEEE802.15.3a UWB Channel Models

The impact of the presence of MAI on the ICS is investigated under the following
assumptions: the number of clusters L = 2 and the number of rays within each cluster
K = 20. The UWB data rate is 100 Mbps, rp = 0.192 ns and the NBI is modeled as
the standard IEEE802.11a signal operating at center frequency /¿ = 5.745 GHz.

6.3.3.1 Perfect Power Control

The performance of a UWB system in the presence of NBI in the IEEE802.15.3a
channel models was presented in chapter (4)7. In order to add the impact of MAI,
the conditional BER conditioned on (a;t) will be modified as

Pe|a,t = Q(V7(a,t)) (6.12)
where

NrE„a*_
TMAI7(a,t)= 2 ;?G2 · i6'13)

<,, = ? (1'g)l:7i, ? (ß·»)
s? ¦ Rb ¦ S

Nu „(?)ERX

f(i)n=2 111RX

Figures 6.29 and 6.30 depict the BER performance of a DS-BPSK system in the
presence of both NBI and PPC MAI for different number of users (Nu = 5, 10 and
20) and SIR = -15 dB in the CMl and the CM4 channel models respectively. It can
be seen that and for Nu = 5 users, an additional SNR degradation is expected to
reach up to 4 dB and 8 dB, due to NBI, in the CMl and the CM4 channel models
respectively.

Figures 6.31 and 6.32 depict the ICS BER performance in the CMl and the
CM4 channel models respectively for av. Pse equals to 0.05 and 0.1, SIR = -20 dB
and for different number users (Nu = 10 and 20 users).

It can be seen that, in the CMl channel model for an av. Pse = 0.05 and for
Nu = 10 and 20 users respectively, the additional SNR degradation is expected to
reach up to 1.56 dB and 4.13 dB at BER = 1 ? IO-3. Whereas, for an av. Pse =

As presented in equations (5.82) - (5.85).
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Figure 6.29: BER performance of the DS-BPSK system in the presence of NBI and
PPC MAI in the CMl channel model.
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Figure 6.30: BER performance of the DS-BPSK-UWB in the presence of NBI and
PPC MAI in the CM4 channel model.
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Figure 6.31: BER performance of the ICS in the presence of NBI and PPC MAI in
the CMl channel model and SIR = -20 dB.

0.1, the additional SNR degradation is expected to reach up to 2.13 dB and 6.69 dB
respectively at BER = 2 ? IO-2.

In the CM4 channel model, for Nu = 10 and 20 users respectively, the additional
SNR degradation at an av. Pse = 0.05 is expected to reach up to 1.79 dB and 4.75
dB at BER = 3 x IO"2 and at an av. Pse = 0.1 is expected to reach up to 2.46 dB
and 8 dB at BER = 5 ? 10~2.

6.3.3.2 Imperfect Power Control

The impact of IPC MAI on the performance of the ICS is depicted in figures (6.33)
and (6.34) in the CMl and the CM4 channel models respectively for an av. Pse =
0.05, SIR = -20 dB and for Nu = 20 users. It can be seen that in the CMl model, an
additional SNR degradation is expected to reach up to 3.64 dB at BER = 3 x 10"3,
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Figure 6.32: BER performance of the ICS in the presence of NBI and PPC MAI in
the CM4 channel model and SIR = -20 dB.

whereas in the CM4 channel model, the additional SNR degradation is expected to
reach up to 5 dB at BER = 7 x KT3.

6.4 Performance Comparison with a Notch Filter
Based Case

The performance effectiveness of the ICS is analyzed by making a comparison with
the performance obtained by using a notch filter. This comparison is done under the
following assumptions: the UWB channel is modeled as the IEEE802. 15.3a CMl and
CM4 channel models, the number of clusters L = 2 and the number of rays within
each cluster K = 20. The UWB data rate is 100 Mbps and SIR = -15 dB. The notch
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Figure 6.33: ICS performance in the presence of PPC and IPC MAI in the CMl
channel model and SIR = -20 dB.

filter was simulated as a resonator with quality factor (Q = 35 and 100). The 3 dB
bandwidth of the notch filter with the previous quality factors will be 165 MHz and
57 MHz respectively for a WLAN NBI signal with center frequency = 5.745 GHz.

The comparison is done in two scenarios: 1) the notch filter is assumed perfectly
tuned to the center frequency of the NBI signal. 2) The notch filter is de-tuned
and there is a shift between the center frequency of the NBI signal and the notch
frequency.

Figures 6.35 and 6.36 depict this comparison in the CMl and the CM4 channel
models respectively. It can be seen that in both channel models, the ICS with av.
pse = 0.05 and 0.1 outperforms the notch filter with Q=35.

Whereas, the notch filter with Q=IOO outperforms the ICS in both channel models
(for av. Pse = 0.1, the ICS SNR degradation is less than 4 dB at BER = 1 ? IO'4
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Figure 6.34: ICS performance in the presence of PPC and IPC MAI in the CM4
channel model and SIR = -20 dB.

and less than 2 dB at BER = 1 ? IO"3 in the CMl and the CM4 channel models
respectively) .

Finally, figures 6.37 and 6.38 depict this comparison for a de-tuned notch filter in
the CMl and the CM4 channel models respectively. The notch frequency is shifted
from the center frequency of the NBI signal by 40 MHz and 60 MHz with a notch
filter has a quality factor Q = 100. It can be seen that the ICS with an av. Pse = 0.1
outperforms the de-tuned notch filter in both the CMl and the CM4 channel models.
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Figure 6.35: Performance comparison with a notch filter in the CMl channel model
and SIR = -15 dB.

6.5 IEEE802.11n Interference on IR-UWB Sys-
tems

In our previous work, we had focused on modeling the NBI signal as the OFDM
based IEEE802.11a WLAN. However, in the following subsections we will try to in-
vestigate the impact of another model of the NBI signal, which is the OFDM based
IEEE802.11n WLAN on the performance of UWB system. We will start by giving an
overview of the IEEE802.11n standards, followed by depicting its impact on the per-
formance of a TH-PPM UWB system, assuming we are operating in AWGN channel
environment.
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Figure 6.36: Performance comparison with a notch filter in the CM4 channel model
and SIR = -15 dB.

6.5.1 Overview of the IEEE802.11n Standard

The IEEE802.11n system is an extension of the IEEE802.il standards for wireless
local area networks. The 802.11 task group focused on increasing the peak through-
put8, which can be achieved either by increasing the peak data rate, improving the
medium access control (MAC) layers or both.

The IEEE802.11n amendment describes enhancements to both the physical and
MAC layers. Focusing on the modifications to the physical layer, specifically:

1. The use of two 20 MHz bandwidth streams "channel bonding".

2. The use of multiple transmit and receive antennas, which can either be used for
8 Their initial goal was to achieve 100 Mbps net throughput, after subtracting all the overhead

for protocol management features like preambles, inter-frame spacing, and acknowledgments.
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Figure 6.37: Performance comparison with a de-tuned notch filter in the CMl
channel model, Q = 100 and SIR = -15 dB.

spatial diversity or alternatively as a Multiple-Input Multiple-Output (MIMO)
system.

3. The use of improved bit and frame encoding techniques.

4. Beamforming is suggested to extend the effective range and create more robust
coverage.

5. Reduces the Guard Interval from 800 nanoseconds to 400 nanoseconds. This
small change increases the symbol rate by 10 percent.

6. More available spectrum as the IEEE802.11n supports both 2.4 GHz and 5 GHz
bands.
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Figure 6.38: Performance comparison with a de-tuned notch filter in the CM4
channel model, Q = 100 and SIR = -15 dB.

Table 6.1 summarizes the specifications of both IEEE802.11a and IEEE802.11n
WLAN systems.

The 40 MHz channel allocations for the IEEE802.11n in the 5 GHz frequency
band is depicted in table 6.2.

It is worth mentioning that, 20 MHz channel allocation also exist for the 802.1In
systems as described in Section 17.3.8.3 in the 802.11 standards [91] as recommended
in the draft in Section 20.3.1.4 [3].

Figure 6.39 depicts the data mapping technique that is suggested for the IEEE802.11n
WLAN 40 MHz channel, where the channel is divided into 128 sub-carriers. The
signal is transmitted on sub-carriers -58 to -2 and 2 to 58. Sub-carriers "0 and 1" in
addition to sub-carriers "59-70" are left unmodulated "Null value" .
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Table 6.1: Specifications of the IEEE802.11a/n Systems.

Characteristics IEEE802.11a IEEE802.11n

Standardization Standard Two Proposals
WWiSE & TGnSync

Net Throughput 54 Mbps goal (greater than 100Mbps)
Operating Band 5 GHz 2.4 GHz and 5 GHz

Channel Bandwidth 20MHz 20 and/or 40 MHz
Info. Sub-Carriers 52 56 (20 MHz) or 108 (40 MHz)

Pilot Tones 4 (20 MHz) or 6 (40 MHz)
Frequency Spacing 0.3125 MHz 0.3125 MHz

Modulation OFDM OFDM

Code Rate 2/3 and 3/4 2/3, 3/4 and 5/6
Guard Interval 800 ns 400 ns or 800 ns

Antenna Single MIMO

Table 6.2: Summary of IEEE802.11n 40 MHz Channel Allocation in the 5 GHz
Frequency Band [3].

Region Band (GHz) Frequencies (MHz)
US/Europe 5.15-5.25 5180, 5200, 5220, 5240

US/Europe 5.25-5.35 5260, 5280, 5300, 5320
US/Europe 5.50-5.70 5500, 5520, 5540, 5560, 5580

US 5.725-5.825

5600, 5620, 5640, 5660, 5680
5745, 5765, 5785, 5805
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Figure 6.39: Data mapping scheme for the IEEE802.11n WLAN.
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6.6 IEEE802.11n Interference Analysis
In this section, the effect of interference on IR-UWB communication systems due to
the presence of the IEEE802.11n WLAN system is evaluated.

In order to evaluate such impact in AWGN environment, we followed the same
approach as presented in [92] . It has been shown that the assumption of sum of tone
interferers is a good approximation for an OFDM interférer.

The BER performance of an IR-UWB system in the presence of NBI signal, mod-
eled as the IEEE802.11n9 can be evaluated as [92]

•expi --

* = «lV^-(1-fi) J+17^o !-ljMn/^^-ü^
-Q) .

(6.15)
Figure 6.40 depicts a comparison between the performance of a TH-PPM UWB

system in the presence of the Wi-Fi802.11a and its performance in the presence of
the Wi-Fi802.11n NBI signal, with values: T6 = 10 ns, ? = -0.824, d = 0.068 ns, t?
= 0.192 ns, and SIR = 0, -5, -10 and -15 dB.

It can be seen that, the same impact can be achieved by the presence of either
the Wi-Fi802.a or Wi-Fi802.n WLAN on a TH-PPM UWB system. Thus, we can
conclude that in the presence of the IEEE802.11n WLAN NBI signal; the canceller
scheme can provide the same performance enhancement to IR-UWB communication
systems as was provided in the scenario of the presence of the IEEE802.11a WLAN
NBI signal.

9 The IEEE802.11n is approximated as the sum of JV¿ tone interferers.
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Chapter 7

Conclusions and Suggestions for Future
Work

7.1 Conclusion and Summary
The work presented in the thesis investigates the impact of narrowband interference
signals on the performance of impulse radio ultra wide-band communication systems.
The importance of this investigation arises from the fact that the deployment of UWB
systems, which may overlap with several frequency bands allocated to narrowband
radio-communication services, requires the coexistence with these narrowband radio
systems with the assurance of minimum mutual interference.

However, due to the power restrictions imposed on the UWB communication
systems by FCC, the narrowband services that operate in or near the operating band
of the UWB systems may exhibit higher PSD levels when compared to the PSD of
the UWB systems as seen by a UWB receiver. Thus, one would expect degradation
on the BER performance of the UWB system.

To this end, we investigated the impact of NBI signals on the performance of
IR-UWB communication systems in various UWB channel models. A tractable
analytical BER closed form expression had been developed for a TH-PPM system
in the presence of NBI signal modeled as a single tone interférer in a Log-normal
frequency selective fading channel.
It had been shown that deterioration in the UWB BER performance is expected due
to the presence of NBI signal. Degradation on the performance of the UWB system
is also noticeable by increasing the dB-spread value within the range dedicated for
UWB communication systems.

179
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An analytical closed form expression for predicting the BER performance of
TH-PPM and DS-BPSK UWB systems in the presence of multiple tone interferers
in a Log-normal flat fading channel using a Gaussian Hermite quadrature expansion
had been derived. It had been shown also that the DS-BPSK system outperforms
the TH-PPM system, as measured by the average BER.

The BER performance of a DS-BPSK system in the presence of the standard
WLAN IEEE802.11a signal in the IEEE802. 15.3a UWB channel models had been
analytically derived. It had been shown that the performance of the DS-UWB
system can severely deteriorated due to the presence of the IEEE802.11a interference
signal. It had been shown also that an enhancement in the performance of the UWB
system is expected by increasing the number of the Rake receiver fingers at the
expense of increasing the system complexity.

This thesis also proposes an interference cancellation scheme that is capable of
suppressing the impact of such interference and enhancing the performance of IR-
UWB communication systems. This cancellation scheme attempts to demodulate and
to regenerate the standard WLAN OFDM based IEEE802.11a interference signal so it
can be subtracted from the incoming received signal at the input of the UWB receiver.

In order to thoroughly analyze the performance of such canceller scheme, the
performance of the OFDM NBI receiver has been initially addressed. The impact of
UWB signal on the performance of the narrowband receiver had been investigated,
where it had been shown that the UWB interference signal could severely deteriorate
the performance of the narrowband receiver, especially when the UWB signal power
is greater than the narrowband signal power. However, the impact of the UWB
interference signal decreases for large narrowband signal power and can be neglected.
It had been shown also that the probability of multiple symbol errors for the OFDM
narrowband receiver is highly dependent on the number of error symbols in a block
of length N symbols.

The effectiveness of the interference cancellation scheme in mitigating the im-
pact of NBI signal on the performance of IR-UWB systems has been measured in
various UWB channel models such as the AWGN environment, Nakagami-m and
Log-normal flat fading channels and the IEEE802. 15.3a UWB fading channel models.
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The obtained analytical results are validated with the aid of simulation.

The performance of the interference cancellation scheme had been also investi-
gated in different scenarios of operation, such as the impact of the presence of symbol
misalignment timing error between the regenerated NBI signal and the incoming
received NBI signal at the input of the subtraction process. It had been shown
that for a timing misalignment error equals to 1% of the NBI symbol duration the
canceller scheme performance had been degraded.

The capability of the canceller scheme to mitigate the interference generated
from the presence of two WLAN NBI signals had been also investigated. It
had been shown the capability of the canceller scheme to mitigate such inter-
ference with an additional SNR equals to 2 dB at BER = 1 ? IO"4 and 3 dB at
BER = 1 ? ??"3 in the CMl and the CM4 IEEE802.15.3a channel models respectively.

The impact of the presence of MAI on the performance of the proposed can-
celler scheme had been also investigated assuming the operation in perfect and
imperfect power control scenarios for the interfering users. It had been shown that
the performance of the canceller scheme could be affected by increasing the number
of interfering user.

Finally, in order to measure the effectiveness of such canceller scheme, its per-
formance had been compared with the performance obtained by using a notch filter
characterized by different values of its quality factor in the IEEE802. 15.3a UWB
channel models. The comparison is achieved in two cases, perfectly tuned and
de-tuned notch filter1. It had been shown that for a perfectly tuned notch filter,
the canceller scheme outperforms the notch filter with a quality factor Q equals to
35. For Q equals to 100, the notch filter outperforms the proposed canceller scheme.
However, in a de-tuned scenario the canceller scheme outperforms the notch filter.

1 With respect to the center frequency of the NBI signal.
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7.2 Suggestions for Future Research
1. It has been shown that, the performance analysis for UWB systems has been

obtained with a perfect synchronization assumption. As known, UWB systems
transmit information using extremely short pulses on hostile channels, for which
perfect synchronization is very difficult to achieve. On the other hand, imperfect
synchronization of a UWB system will seriously deteriorate its performance. It
is of interest to investigate the performance of both UWB systems and such
canceller scheme in imperfect synchronization environment.

2. The UWB communication systems are characterized by providing very high
data rates. In high data rate systems, it may be impossible to prevent leakage of
multi-paths among symbols in both coherent and non-coherent UWB receivers.
Many literatures have investigated the impact of inter symbol interference on
the performance of coherent and non-coherent UWB receivers. However, the
impact of inter symbol interference on the error rate performance of the canceller
scheme has not been addressed and it is worth to be investigated.

3. Through our research, the impact of multiple access interference on the perfor-
mance of the canceller scheme has been investigated, where the multiple access
interference was assumed to have a Gaussian distribution. However, this as-
sumption cannot give accurate results even when a large number of interferers
are present. It is of interest to investigate a more appropriate statistical model
for the multiple access interference, showing its impact on the performance of
such canceller scheme.

4. Although the single-band impulse radio is the original proposal for UWB com-
munications, multi-band UWB systems have also attracted much interest be-
cause of their advantages. Particularly, multi-carrier, multi-band systems use
OFDM techniques to transmit the information on each of the sub-bands gain
more attention because of nice properties of OFDM. It is of interest to investi-
gate the effectiveness of the canceller scheme to mitigate the impact of NBI on
the performance of the multi-band UWB systems.

5. The operation of the proposed interference canceller scheme was achieved as-
suming perfect channel estimation for both the desired UWB and the NBI
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signals. It is of interest to investigate the effect of imperfect channel estimation
for both signals on the performance of such canceller scheme.

6. It has been shown the capability of the canceller scheme to suppress the impact
of NBI signals, assuming that these NBI signals have an OFDM based struc-
ture such as the standard IEEE802.11a WLAN signals. Since the idea of the
canceller scheme is based on demodulating and regenerating the NBI signal.
Several problems in OFDM based signals are worthy of investigation. OFDM
resistance to frequency selective fading comes at the price of greater inter-carrier
interference from its own sub-band transmissions and greater sensitivity to dy-
namic range. All these problems and their impact on the canceller performance
need to be carefully investigated.

7. It has been shown that the cancellation strategy of the NBI signal is based
on a full tone cancellation. However, due to the nature of the NBI channel
environment, channel fade could differ from tone to tone leading to the fact
that some tones could be affected by deep fade more than others. It is of
interest to adopt a more convenient cancellation technique, and thus improve
the canceller BER performance.
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