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ABSTRACT

Impulse Radio (IR) Ultra-wideband (UWB) communication is an attractive potential
technology for low-power, low-complexity, and high-speed communications in short range
links. One of the main challenges it faces is the highly frequency-selective multipath
channel, which generates hundreds of overlapped copies of the transmitted pulse with
different delays and amplitudes. In collecting the energy of these multipath components,
conventional Rake receivers suffer from high implementation and computational costs due
to channel estimation. To circumvent the problem, several non-coherent receivers, energy
detection (ED) based receivers, are proposed; however, they come at the cost of degraded
performance when narrowband interferences (NBIs) are present.

In this dissertation, we present low-complexity, high-performance, non-coherent
receiver designs that i) avoid the expensive channel estimation; ii) lower the hardware
implement complexity with the use of nonlinear signal processing techniques; and iii)
improve the error performance by considering practical imperfections.

Firstly, we propose a Kurtosis Detection (KD) operator to replace the square operator in
conventional ED; without high sampling rates, the KD based receiver achieves better
performances.

Secondly, we propose another nonlinear signal processing technique, variance detection
(VD), to mitigate NBI effect on the ED-based IR-UWB systems. The lognormal
distribution model is introduced and used for derivation of the analytical BER of the VD-
based receiver.

Thirdly, we propose a unified framework, generalized nonlinear detection (GND), to
generalize existing nonlinear detection technologies and further optimize the performances.
Our results show that the GND-based receivers have better system performance and
stronger ability to resist NBIs than the existing nonlinear detection algorithms.

Finally, a blind NBI mitigation technique with a square law (SL) device is presented to
mitigate the NBI effects. Our results show that the SL technique can significantly improve
the signal-to-interference ratio of the received UWB signal without any prior knowledge
of the NBI, and can be implemented in hardware easily; therefore, the proposed SL
technique is an implementable and highly effective blind NBI mitigation technique for ED-
based IR-UWB systems.
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CHAPTER 1 INTRODUCTION

This thesis mainly focuses on investigation of the properties of the Impulse Radio
Ultra-wideband (IR-UWB) nonlinear signal processing technologies and improvement the
Bit-Error-Rate (BER) performance of conventional Energy Detection (ED) based IR-UWB
systems. This chapter introduces the research background of the thesis, and then reviews
the state-of-art IR-UWB nonlinear signal processing technologies. Research objectives,

contributions, and organization of this thesis are also presented.

1.1 MOTIVATIONS

IR-UWB communications use a very large bandwidth to transmit signals at a very low
power spectral density. According to the definition from the Federal Communications
Commission (FCC) in the United States, the bandwidth of a UWB communication occupies
at least 500 MHz or a fractional bandwidth exceeding 20% [1]. The huge signaling
bandwidth reveals several attractive features of UWB communications, including the
potential high-data-rate communications, the fine resolution ranging, and the possibility of
low-complexity devices. Due to these merits, UWB communications have wide interest as
an enabling technique that provides low-power and low-complexity UWB transmissions
in a huge unlicensed band [2]. For example, IEEE Standard 802.15.4a-2007 [3] has
regulated UWB communications with maximum 27.24 Mbps transmission within 10
meters in a single UWB channel, and IEEE Standard 802.15.4g-2012 [4] makes it an ideal
candidate for low cost, low power consumption and low data rate applications in wireless

body area networks.



By transmitting ultra-short pulses at a very low-power spectral density, the IR-UWB

is one of the most popular signals in UWB communications. However, transmitting short
duration pulses introduces a challenge in the receiver design. In a multipath environment,
received IR UWB signals may consist of a large amount of resolvable multipath
components (MPCs) that need to be tracked and estimated [1]. Using the well-known Rake
receiver [5] to process those MPCs often leads to an unacceptably high system complexity.

To address the issue and to capture signal energy from more MPCs with low system
complexity, in recent years, a group of energy detection based transceiver technologies
have been proposed. These include an on-off keying transceiver [6], pulse position
modulation (PPM) ED transceiver [7] frequency-shifted reference (FSR) transceiver [8],
code-shifted reference (CSR) transceiver [9], and differential CSR (DCSR) transceiver
[10]. Unlike the Rake receiver that detects specific waveforms from the received IR UWB
signals, the ED based receivers detect energy from the received IR-UWB signals. Hence,
they do not need to track and estimate MPCs.

However, the ED based receivers cannot distinguish noise and interferences from the
desired IR-UWB signals. Energy of noise and interferences is also collected and considered
as signal energy. Consequently, compared with the Rake receiver, the ED based receivers
are more vulnerable to noise and interferences [11] [12]. Meanwhile, due to the wide
bandwidth of IR-UWB systems, the received IR-UWB signals are typically corrupted by
wideband Additive White Gaussian Noise (AWGN) or strong narrowband interferences
(NBIs). Therefore, advanced signal processing technologies must be applied in conjunction
with the ED based receivers to mitigate destructive effects of AWGN and NBIs.

Most present signal processing technologies proposed for IR-UWB receivers, such as
digital interference cancelation techniques [13] and analog notch filter bank [14], are

straightforward derivatives of those developed for narrowband wireless transceivers. Those
2



technologies neither take advantages of the wideband feature of IR-UWB signals nor have
low complexity that comes with potential uses of carrier-less UWB impulses. Thus, the
present UWB signal processing technologies can hardly be employed in the ED based
receivers with low complexity and low power consumption.

To overcome this problem, non-traditional signal processing technologies, which can
fully utilize the special characteristics of IR-UWB signals, need to be explored. To this end,
nonlinear signal processing technologies have emerged as promising techniques.

To the best of our knowledge, the initial attempt to employ a nonlinear signal
processing technology in ED based IR-UWB receivers was proposed in [15], where two
nonlinear devices, called Fourth-order detection (FD) and kurtosis detector (KD), are used
to replace the second-order operator in conventional ED with the forth-order operator. The
simulation results in [15] show the FD and KD based receivers have a superior BER
performance than that of the conventional ED-based receivers. This feature makes the FD
or KD technology well suitable for processing IR-UWB signals. Although the FD and the
KD based receivers do not require explicit channel estimation and enable simple receiver
structures, they exhibit considerable error performance degradation when NBIs present in
the received IR-UWB signals.

To achieve dynamic NBI mitigation with a low system complexity, we propose the use
of another nonlinear signal processing technique, variance detector (VD) [16] to improve
the system performance of IR-UWB receivers. The effects of NBI on the performance of
the proposed VD-based receivers are assessed through computer simulations. The
simulation results validate that VD receiver has an inherent robustness to NBI existing in
IR-UWB signals. Furthermore, the proposed VD receiver does not require high sampling
rates and there is only a slight increase in receiver complexity as compared to conventional

ED-based receivers. Therefore, the VD-based receiver is another preferred nonlinear

3



detection technology for IR-UWB systems. However, because of the difficulties in
analyzing stochastic processes involving nonlinearity, no systematical approaches have
been developed to characterize the NBI mitigation performance of the VD based detection
technology [16].

Other attempts to employ a nonlinear signal processing technology in ED based IR-
UWRB receivers have also been proposed in recent years, such as Teager-Kaiser operator
(TKO) [17], Square Law (SL) technology [18]. As shown in [17] and [18], when a signal
with a frequency band between fi and f> is sent into a TKO or SL, the frequency band of
the output signal falls in between DC and f>— fi. A NBI is then shifted to a frequency band
close to DC and hence can be removed easily with a high pass filter (HPF) in TKO or band
pass filter (BPF) in SL. Further work has been carried out to identify the limitations of the
TKO or SL technology and improve its performance [19] [20].

In all, motivated by the observations above, we see that presently most signal
processing technologies employed in impulse radio UWB transceivers are straightforward
derivatives of those designed for conventional wireless narrowband transceivers. They
appear not to take full advantage of some special features offered by the impulse radio
UWRB transceivers, such as ultra-wide bandwidth and very short duration pulses. To move
beyond this shortcoming, in this thesis, nonlinear signal processing technologies, in
particular, the Kurtosis detector, TK operator, the SL operator and variance detector, are
employed and studied. It is found that nonlinear signal processing technologies can
mitigate destructive effects caused by both narrowband interferences and wideband noises
and hence can significantly improve the BER performance. In other words, the use of
nonlinear signal processing technologies is a ground-breaking innovation and presents a

potentially new horizon for research and development of UWB systems. This thesis is



intended to move along this direction and is expected to make original contributions in the

arca.

1.2 OBJECTIVES

The goal of this thesis is to solve the above-mentioned problems present in the
conventional energy detection based impulse radio UWB systems. More specifically, the
objectives are given as follows:

a) Avoid the stringent channel estimation by exploiting non-coherent detection;

b) Maintain the simple hardware structure of the non-coherent receivers;

c) Lower the computational and hardware complexity of the existing detectors by
employing nonlinear signal processing techniques; and

d) Improve the error performance of the non-coherent receivers by taking account of

practical imperfections, e.g., channel multipath effects, and narrowband interference.

1.3 ORGANIZATION

The rest of the dissertation is organized as follows:

Chapter 2 gives a brief introduction to UWB communications and presents the existing
UWRB receiver designs and their complexity-performance trade-offs.

Chapter 3 proposes a kurtosis detector with low complexity and a better performance.

Chapter 4 shows another new nonlinear detector, variance detector, and develops a log-
normal stochastic model to analyze its BER performance with and without NBIs.

Chapter 5 develops a unified framework, denoted as generalized nonlinear detection,
to encompass existing nonlinear detection technologies as well as further optimize the

performance of nonlinear detection for IR-UWB receivers.
5



Chapter 6 studies a square-law based energy detector for impulse radio UWB systems
to improve the IR-UWB system performance and NBI mitigation ability.

Chapter 7 concludes the dissertation and proposes some future research topics.



CHAPTER 2 BACKGROUND

The background information of UWB communications and the existing work on UWB
receiver designs are presented in this chapter. Specifically, the Section 2.1 describes the
main characteristics of UWB communications, which have great impacts on UWB receiver
designs. A brief literature reviews of the existing receiver designs and their complexity-

performance trade-off is given in Section 2.2 and Section 2.3.

2.1 OVERVIEW OF UWB COMMUNICATIONS

IR-UWB has emerged as a strong candidate solution for low power and low complexity
applications, such as the IEEE 802.15.4a and IEEE 802.15.6 standard wireless personal
area networks [3] [4]. This rather new technology is assigned the frequency band of 3.1
GHz to 10.6 GHz by the FCC, where it is permitted to coexist with the other wireless
communication systems without requiring a license. However, as a result of the very large
bandwidth of UWB communications, the spectrum of UWB systems inevitably overlays
those of the existing narrowband or wideband signals, e.g., GSM, GPS, and WiFi, resulting
in interference. To avoid the mutual interference with the existing signals, the transmission
power of UWB communications has to be limited at a very low level (usually at the noise
floor). As shown in Fig. 1, the FCC spectral mask for indoor UWB commercial systems,
which allows the operation of UWB systems over an up to 7.5 GHz bandwidth, is limited

less than the noise floor (-40 dBm/MHz).
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Figure 1 The FCC spectral mask for indoor UWB communications

To exploit the large bandwidth of UWB communications with a low complexity, IR-
UWB transmits the users’ information with low-power ultra-short pulses. Since the
transmitted pulses are low power, each information symbol is conveyed over Nf pulses
such that the receiver can collect enough energy. Each pulse is transmitted within a frame
with duration T; > Tp. A pulse position modulation (PPM) is applied for each pulse in
each frame to carry the information of the desired symbol. For a binary IR-UWB
transmission with a sequence of information symbols d; € {0,1}, the transmitted signal is

w Nl
s0)=\E, 3 2 pl=iT, =T, ~d0) @1
— i
where p() is an energy normalized UWB pulse with a duration of 7}, a center frequency f.

and a bandwidth BW. E; is the transmitted energy per frame. The starting time of the ;"

transmitted pulse is either at j7ywhere d;= 0 or j7y+ 0 where d;= 1, and each symbol
8



duration, 7§, Nypulses are transmitted so 75 = N/Ty. For the sake of simplification, in this
thesis, we make Ny= 1. Furthermore, to eliminate inter-frame-interference (IFI) and to
maintain the orthogonality of the received symbols, the frame duration is chosen such that
Ty> 6 + T, + Tn, where 0 is the PPM time offset and 7, is the maximum excess delay of

the channel.

0.9 T T T T T

08#
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Figure 2 A realization of the channel impulse response of the IEEE802.15.4a CM1 channel model

After the signal is transmitted, the receiver will obtain the signal that is mainly distorted
by two effects: 7) the high frequency-selective UWB fading channel; and ii) the AWGN.
Because of the large bandwidth of the transmitted pulse, the UWB channel is high
frequency selective, where the receiver can observe hundreds of overlapped copies of the

transmitted pulse with different delays and amplitudes. The delays and amplitudes of these



MPCs can be well characterized by the well-known Saleh-Valenzuela (S-V) channel model

in which the channel impulse response is modeled as
L
h(t)=Y a,5(t-1)). 2.2)
1=0

where L is the total number of multipath components, and d(¢) is a Dirac Delta function.
Each multipath component is with gain o; and delay 7;. Fig. 2 depicts a realization of the
IEEES802.15.4a channel impulse response [3] based on the S-V channel model. From Fig.

2, we observe hundreds of MPCs and that the maximum excess delay 7, can be up to 300#s.
2.2 EXISTING RECEIVER DESIGNS

This section gives a brief overview of the existing UWB receiver designs and their
complexity-performance trade-offs. We use the transmission model in Eq. (2.1), the
channel model in Eq. (2.2), and the corresponding received signal model as

r(0) =[s()* h(t) +n(t) +i(0)]* h, (1)

0

Nyl
= > q(r=iT,~jT, ~d,5)+ a(0).

i=—0 j=0

2.3)

where /4(¢) is an ideal band-pass filter with bandwidth BW at radio frequency front in the
receiver, q(t) = \/E p(&)*h(2)*h,(?) is the received UWB pulse, and n(#) and i(¢) stand

for the AWGN with zero mean and two-sided power spectral density (PSD) No/2, and
interferences passing through the BPF, respectively. Note that (¢) = [n(¢) + i(?)] * hq?) is

the sum of noises and interference; when no interferences are present, w(¢) = n(t) * hdt).
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2.2.1 Coherent Receiver

After passing through the multipath channel, as shown in Fig. 3, the received IR UWB
signals may consist of a large amount of resolvable MPCs, which makes the receiver design
suffer a challenge due to the completed channel impulse response that needs to be tracked

and estimated.

t(ns) t(ns)

(a) The transmitted IR-UWB pulse (b) The received IR-UWB pulse

Figure 3 The received impulse radio UWB signals consisting of many multipath components.

The well-known Rake receiver [5] applies a perfect match filter, which has a full
channel information, ¢(f) to collect all the energies of the MPCs and estimates the i

information symbol within the j frame period as

rlj]= sgn( jOT’ q(t)r(t)dt) . (2.4)
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Although the ideal Rake receiver achieves the optimal error performance, the Rake
receiver faces several challenges in practice: /) The Rake receiver requires perfect channel
state information, which incurs an extremely high sampling rate and the intensive
computational cost for estimating the amplitudes and delays of the MPCs. ii) The Rake
receiver may suffer from error performance degradation because of the channel estimation
error [21]. iii) As shown in Fig. 4, the Rake receiver requires high implementation cost on

many Rake fingers constructed g(?).

‘ Signal Waveform '

Attenuator
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s
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Figure 4 Rake receiver model for processing the multipath components of impulse radio UWB signal.

2.2.2 Non-coherent Receiver

Unlike coherent receivers, which detect specific waveforms from the received IR UWB
signals, non-coherent receivers detect signal energy from the received IR-UWB signals. It
does not need to track and estimate channel MPCs, so non-coherent receivers have a low
complexity and low cost system structure. For IR-UWB systems, non-coherent reception

schemes can be divided into two types: autocorrelation and energy detection.

12



* Transmitted Reference Receiver

The typical autocorrelation reception scheme is Transmitted Reference (TR) [22],
which is shown in Fig. 5. The TR receiver sends a reference pulse along with the data-
modulated pulse for each frame as

w Nl
s0= 3 X pU~iT,~jT))+ (D" pli~il, =T, ~T,). (2.5)
i—o j=
where the first pulse is used to generate a noisy channel template and the second pulse is
delayed with 7,. To avoid inter-pulse interference (IPI), 74> T+ Tpand Tr> Ta+ T+ Tp
must be set. The corresponding received signal for a TR transmission is given by
o Nyl

r0)=Y Y qt—il, — jT,)+(-1)" q(t —iT, - jT, - T,) + a(t) . (2.6)

i=—0 j=0

Figure 5 The transmitted reference receiver.

At the receiver, the TR receiver is simply an autocorrelation receiver, which estimates
the i information symbol within the j frame period by correlating the reference signals

with the data-modulated pulses as
. 7,
i il=sen [} ror(e-T,)a). Xy

13



where 0 < 7, < Ty denotes integration interval. Note that, since two pulses are transmitted
in one frame and 7y is set smaller than the multipath channel coherence time, these two
pulses can be viewed as passing through a same channel multipath fading at the receiver.
Furthermore, the perfect channel template ¢(7) for the ideal Rake receiver in Eq. (2.4) is
replaced by the noisy channel template 7(z—74) for TR transmission, therefore, TR receiver
does not require any channel estimation and has a much lower system complexity.
Although the TR receiver does not require explicit channel estimation, compared to the
ideal Rake receiver, the TR method exhibits several drawbacks: i) The TR method requires
two pulses per frame, which increases transmission power and decreases data rate, yielding
lower spectral efficiency. ii) The error performance of the TR receiver is severely degraded
by the noisy channel template. ii7) It requires a delay element with ultra-wide bandwidth to
provide the delayed version of the IR-UWB signals, which is very difficult to realize in the

low complexity and low power IR-UWB systems, especially at the integrated circuit level.

» Frequency Shifted Reference

To remove the delay element in the TR-UWB receiver, a slight frequency shifted
reference (FSR) UWB scheme was proposed to deal with the issue of TR-UWB. The FSR
UWB scheme separates the reference signal and data signal in the frequency domain rather

than in the time domain, in which the transmitted signal is given by

s(t) = i Z p(z‘—z’TY —j]})+(—1)d/ p(t—iTS —ij)cos(27rf0t) , (2.8)

where fo = 1/T s the frequency shift of the data signal relative to the reference. To make

the reference and data sequence pulses experience the same distortion channel, the
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frequency offset between them needs to be smaller than the channel coherent bandwidth
[8] [23]. The corresponding received signal for a FSR transmission is

s(t)y=> 2 q(t—iT, = jT,)+(-1)" q(t~iT, - jT, )cosQr fit) + @ (t).  (2.9)

i=—0 j=0

Lowpass
Filter

V2 cos (27 it )

Figure 6 The frequency-shifted receiver.

In the receiver side, as shown in Fig 6, the reference pulse sequence is shifted by the
same set of frequency tones to detect the information bits from the data pulse sequences

within the j” frame period as
r[j]=sgn (J.OL I”Z(Z‘)COS(zﬂ'fol‘)) , (2.10)

where 0 < 7, < Trdenotes integration interval. Since the separation of the reference pulse
sequence and the data pulse sequences is implemented in frequency domain instead of time
domain, the FSR UWB receiver does not require any delay element.

However, because analog frequency tones are employed to shift the IR-UWB signals,
not only the complexity to implement the FSR UWB system is relatively high, but also its
performance is affected by frequency errors caused by oscillator mismatch, phase errors

caused by multipath fading, and amplitude errors caused by nonlinear amplifiers [9].
15



» Conventional Energy Detection Receiver

ED is another popular non-coherent reception technology [24]- [26]. As shown in Fig.
7, the ED- based receiver consists of a low pass noise amplifier, a BPF to limit the noise
and the adjacent-channel interference, and a square law device followed by an integrator.
The ED measures the energy associated with the received signal over a specified time
duration and bandwidth. This measurement is then compared with an appropriately
selected threshold to decide the presence or the absence of the IR-UWB pulse with j frame

period,
nli= [ r (e @.11)

where 7(¢) is the received signal in Eq. (2.3) for the i” information symbol within the ;"

frame period, and 77 is the integration window over the specified time duration.

Figure 7 Conventional energy detection receiver model.

Note that, the ED technology does not require any channel estimation, time delay
element or frequency shifted operator, so the ED based receiver has a simple structure and
a low implement complexity. Since the integration time is usually fixed at the pulse repeat
period 77 it has a much lower sampling rate, usually, it is just in MHz level. These features
make the ED technology well suitable for the low-cost applications.
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Figure 8 UWB power spectral corrupted by strong narrowband interference

However, the ED technology exhibits considerable error performance degradation
compared to the coherent receiver. First, the ED technology cannot distinguish noise and
interferences from the desired IR-UWB signals. Energy of noise and interferences is also
collected and considered as signal energy, which makes the ED based receivers more
vulnerable to noise and interferences [11] [12]. Furthermore, due to the wide bandwidth of
IR-UWB systems, the received IR-UWB signals are typically corrupted by wideband
AWGN or NBIs, shown in Figure 8. Typically, the power of these NBIs can be up to a few
tens of dBs [1]. More significantly, in carrier modulated wideband systems, the received
signal is down-converted to the baseband and sampled above the Nyquist rate, which
allows numerous efficient NBI suppression algorithms based on the digital signal
processing techniques. However, in IR-UWB, sampling the received signal at the Nyquist
rate requires an extremely high sampling frequency, which is not possible with the existing
technology. In addition to the high sampling rate, the ADC must support a very large
dynamic range to resolve the signal from the strong NBIs. Currently, such ADCs are far

from practical. Thus, many of the NBI suppression techniques applied to other wideband
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systems are either not applicable for IR-UWB, or complexities of these methods are too

great for the IR-UWB receiver requirements.

2.3 RECEIVER DESIGNS BASED ON NONLINEAR SIGNAL PROCESSING TECHNOLOGY

To overcome these problems of the ED based receivers, in recent years, some
researchers tried to get a better system performance by improving the RF analog signal
processing circuit, and proposed some new receivers, such as FD [15], KD [15] and TKO
[17]. The common feature of these technologies is the slightly added analog signal
processing units which keep the advantages of simple structure in the conventional ED
based receivers. Since the added analog signal processing circuits are nonlinear devices,
these new IR-UWB technologies are denoted as nonlinear signal processing technologies

in this thesis.

2.3.1 Four-order Detection-based Receiver

Timing at ¢ = L,

l¢ N

4
Analog Part

Figure 9 The FD based receiver for IR-UWB systems
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In order to improve the system performance of the conventional ED based receiver, [27]
proposed an improved energy detection based receiver by replacing the square law device
in ED with an arbitrary positive p-order operator; and [15] proposed another FD based
receiver. As shown in Fig. 9, it is seen that the FD based receiver has a similar structure
with the ED based receiver. In the FD based receiver, first, the receiver signal is sent to
two square law devices, after passing the BPF at the RF front, to get the four-order signal,
#*(¢), and then integrated by an integrator over a specified time duration to get the four-

order statistics. Finally, the data is recovered by comparing the statistics with a decision

threshold.

2.3.2 Kurtosis Detection-based Receiver

Kurtosis, also known as kurtosis coefficient, is used to characterize the peak value at
the location of mean in the statistical probability density distribution curve. In the
communication signal processing, by use of kurtosis the signal can be divided into three
types: Gaussian signal, Super-Gaussian and Sub-Gaussian signals [28]. For a real signal

x(?), its kurtosis is defined as [28]

K(0)=E[x']-3(Ex1) . 2.12)
or
K(x):Lét]z—3 . (2.13)
(ELx])

Using the definition above, a signal with the kurtosis of zero is a Gaussian signal; a
signal with the positive kurtosis is a super-Gaussian signal; and a signal with a negative

kurtosis is the sub-Gaussian signal. Compared with the probability density function (PDF)
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of Gaussian signal, the PDF of the super-Gaussian signal has a higher and narrower peak;

while the sub-Gaussian signal PDF has a lower and wider peak.
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Figure 10 The KD based receiver for IR-UWB systems

Since the IR-UWB signal is an impulse signal, it has a positive kurtosis, while noise
signal has a zero-kurtosis value. Motivated by this observation, the kurtosis is proposed to
detect IR-UWB signal in [15], and the KD based receiver is shown in Fig. 10. From Fig.
10, it is seen that the KD based receiver consists of two branches: the upper branch and the
lower branch. The upper branch has a similar structure to the ED based receiver, it
measures the signal energy; while the lower branch is similar to FD, which measures the
four-order statistics of signal. By using Eq. (2.12), the kurtosis of signal can be obtained

with a specified time duration to recover the transmitted bits.
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CHAPTER 3 KURTOSIS DETECTOR FOR IMPULSE RADIO
UWB SIGNALS

IR-UWB receivers based on KD can achieve much better performance than those based
on ED. However, when NBIs are present, the existing KD- based receivers have serious
performance degradation. In this chapter, a modified KD (MKD) is proposed to improve
the NBI mitigation ability of the receiver. Computer simulation results show that although
the BER performances of the MKD-based receiver are marginally lower than those of the
KD-based receiver when no NBI is present, the MKD-based receiver can achieve much

better BER performance when NBIs are present.

3.1 INTRODUCTION

ED is a non-coherent detector to detect IR-UWB signals, which utilizes a square law
device followed by an integrator to capture the energy of received IR-UWB pulses for bit
information detection [29]. The complexity of ED-based receivers is much lower than that
of Rake receivers, but the performance of ED-based receivers is inferior as well, because
the ED cannot distinguish the energy of noise and interferences from that of IR-UWB
signals [30]. Recently, another non-coherent detector, denoted as KD, is proposed to
improve the BER performance of ED-based receivers [15]. In a KD-based receiver, the
square law device is replaced by a nonlinear kurtosis operator. Simulation results in [15]
showed that KD-based receivers have a better BER performance than ED-based receivers

in AWGN Channel.
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However, none of the existing research on KD-based receivers have considered the
destructive effects of NBIs. In the real world, due to their ultra-wide bandwidth, IR-UWB
systems have to coexist with many narrowband wireless systems, such as IEEE 802.11a
wireless local area network (WLAN) [31]. Thus, with a high probability, NBIs exist in
received IR-UWB signals. Those NBIs can seriously degrade the performance of KD-
based receivers. In order to improve the NBI mitigation ability of KD-based receivers, in
this chapter, a MKD is proposed, which allows KD-based receivers achieving much better

BER performance when strong NBIs are present.

The organization of the chapter is as follows. In section 3.2, the signal model of an IR-
UWRB system with binary PPM is presented. Then the receiver structures of the ED-, KD-
and MKD-based receivers are described. In section 3.3, the performances of the three
receivers are evaluated through computer simulations and the simulation results are

discussed. Finally, conclusions are given in section 3.4.

3.2 SYSTEM MODEL AND RECEIVER STRUCTURE

In an IR-UWB system with BPPM, the transmitted UWB signal can be expressed

as

s =E, 3 pli—JT,~d ). G.1)

where p(f) is a normalized UWB pulse with a duration of 7}, Esis the transmitted energy

per symbol, Tis the symbol duration, and 6 =7, /2 is the BPPM shift to differentiate 0

and 1. In the same equation, d; € {0,1} is the information bit transmitted in the ;" symbol,
which determines the starting time of the transmitted pulse either at j7s or j7s + J. The

received UWB signal can be expressed as
22



r(0)=\E, i q(t—jT, —d &) +n(0)+i(t), (3.2)

where n(?) is an AWGN with a two-side power spectral density S, ( f ) =N,/2,i(t)is NBI,

and ¢q(¢) is the received UWB pulse given by ¢(¢) = p(¢)*h(t). Here h(¢) presents multipath
channels and * is linear convolution. In this chapter, we assume that no inter-pulse-
interference (IPI) exists, i.e. the duration of ¢(¢) is less than 0.

In IR-UWB receivers, the received UWB signal is first filtered by a BPF to remove

out-of-band noise and interferences. We denote the signal after passing through the BPF as

#(b).

3.2.1 Energy Detector

In an ED-based receiver, the decision variables are obtained as follows

iTs+Tm ~

Zeajo = [, PO dt, (3.3)
iTo+8+Tp

Zoaj1 = [y POt (3.4)

where the sub-indices “ed,j0”” and “ed,j1” denote signal energy collected from the first and
the second integration interval, respectively. The length of the integration interval, T,
varies from 7, in an AWGN channel to7}/2 in a severe multipath channel.

The bit detection in an ED-based receiver is made in comparison to the energy collected

over two integration intervals, i.e.,

(3.5)
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3.2.2 Kurtosis Detector

A kurtosis detector based receiver is shown in Fig. 10 where kurtosis is a statistical
quantity indicating the non-Gaussian characteristic of a random variable [32]. The kurtosis

definition used is given by [15]:

kurt(x):E{x‘*}—3[E{x2}}2 , (3.6)
where E(-) denotes the expected value of a variable.

Correspondingly, as shown in Fig. 10, the decision variables in a KD-based receiver

are calculated as follows:

1 (jTs+Tm g 3 ( (JTs*+Tm oo 2
Zeajo =7 fip, MO A~ (ijsS " dt) ’ S
- 1 jTs+8+Tim f4(t) dt — i( JTs+6+Tm f’z(t) dt)z (3 8)
kdj1 = 7 Jirovs T2 \JjTs+5 ' ’

Similar to ED-based receivers, the bit detection of a KD-based receiver is made by

comparing Ziajo with Ziaji:

~ {0: Zra,jo > Zka,j1 (3.9)
1, Zrajo < Zkaj1 - '

3.2.3 The Proposed Modified Kurtosis Detector

Computer simulations shown in the following section indicate that when strong NBIs
are present, the KD-based receivers as shown in Fig. 10 have serious performance
degradation. In order to improve the NBI mitigation ability of KD-based receivers, we

propose to use another definition for kurtosis:

kurt(x) =E{x4}/[E{x2}T (3.10)
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With this new definition, we have modified the KD to calculate the decision variables

as follows:
1 (jTs+Tm - 1 iTs+Tpm - 2
Zomieajo = [E () dt] /[ﬁ( e (2 dt) ] (.11)
1 (jTs+8+Tm 1 iTs+8+T, 2
Zinkea,j1 = [ﬂ s RO dt]/ [ﬁ( s T dt) ] (3.12)

3.3 PERFORMANCE EVALUATION AND DISCUSSIONS

In order to thoroughly investigate the NBI mitigation ability of the MKD, the ED-, KD-,
and MKD-based receivers were simulated over AWGN channel in with-NBI and without-
NBI scenarios. The system parameters for the computer simulations were set to be 7, =
20ns, Ts= 100ns, T, = 50ns, and 6 = 50ns. Moreover, the bandwidth of NBI was set at

6MHz and the central frequency was set at SGHz.
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Figure 11 BERs of ED-, KD-, and MKD-based receivers for IR-UWB signals without NBI
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First, when no NBI is present, the BER performances of the ED-, KD-, and MKD-based
receivers have been evaluated through computer simulations, and the results are shown in
Fig. 11. Obviously, both the KD- and MKD-based receivers can achieve better BER
performances than the ED-based receiver. The higher the signal-to-noise ratio (SNR), i.e.,
Ew/No, the larger the performance improvement. In comparison with the KD-based receiver,

the MKD-based receiver has a marginal performance degradation.

BER
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Figure 12 BERs of ED-, KD- and MKD-based receivers with a strong NBI (SIR = 0dB).

Second, we have investigated the NBI mitigation ability of the three receivers. As
shown in Fig. 12, when a strong NBI is present, for example, the signal-to-interference rate
(SIR) is equal to 0dB, error floor of the ED-based receiver occurs at 1.2x1072, that of the
KD-based receiver occurs at 5.0x1072, and that of the MDK-based receiver occurs at 5.0 X
107°. The MKD-based receiver has a much lower error floor than the other two receivers.

From Fig. 13, it can be seen that regardless of the SIR value, the MKD-based receiver can
26



always achieve a considerable performance improvement over the ED- and KD-based
receivers. In other words, the MKD-based receiver has an inherent ability to mitigate the

destructive effects caused by NBI.
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Figure 13 BERs of ED-, KD- and MKD-based receivers versus SIR (Ew/No = 32dB).

3.4 CONCLUSION

NBIs can seriously degrade the performance of ED- and KD-based IR-UWB receivers.
In this chapter, a new MKD-based receiver is proposed to mitigate destructive effects
caused by NBIs. Simulation results show that although the BER performances of the MKD-
based receiver are marginally lower than those of the KD-based receiver when no NBI is
present, the MKD-based receiver can achieve much better BER performance when NBIs
are present. Therefore, the MKD-based receiver is a preferred detection technology for IR-
UWB systems.
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CHAPTER 4 ON THE VARIANCE-BASED DETECTION FOR
IMPULSE RADIO UWB SYSTEMS

A variance detection (VD)! based IR-UWB system has a potential of mitigating NBI,
even in multipath environments. However, as a highly nonlinear system which involves
fourth-order multiplications, comprehensive analysis and evaluations of its performances
have not been seen so far. In this chapter, we address the issues by developing a log-normal
random distribution model for the VD-based IR-UWB receiver and deriving the analytical
bit-error-rate formulas for the system in both AWGN and CM1 multipath channels with
and without NBIs for the first time. Furthermore, through both theoretical analysis and
simulations, we show that the presented VD-based receivers can outperform the
conventional energy-detection based and the fourth-order detection based receivers and
have a stronger inherent ability to mitigate destructive performance degradation caused by
strong NBIs. This makes the VD-based IR-UWB system a good candidate as a non-

coherent IR-UWB receiver for low power and low complexity applications.

4.1 INTRODUCTION

An appealing characteristic of impulse radio ultra-wideband (IR-UWB) systems is that
they can utilize a very large frequency bandwidth (greater than S00MHz) without a license

as long as transmitted IR-UWB pulses have a very low power spectrum density (not higher

! This chapter is mainly based on our published papers [33] and [16], which are A. Yang, Z. Xu, H. Nie, Z.
Chen, “On the Variance-based Detection for Impulse Radio UWB systems,” published on /EEE transaction
on Wireless communication, vol. 15, no.12, pp. 8249-8259, Dec., 2016, and A. Yang, H. Nie, Z. Xu and Z.
Chen, “Variance detection for non-coherent impulse radio UWB receivers,” in IEEE Computing, Networking,
and Communications Conference, pp. 529-533, Feb. 2014.
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than -41.3dBm/MHz). Furthermore, IR-UWB pulses can be radiated with or without a
carrier, which simplifies the IR-UWB system structure and makes it a strong candidate for
low power and low complexity applications, such as the IEEE 802.15.4a wireless personal
area network [3] and IEEE 802.15.6 standard wireless personal area network [4]. However,
transmitting very short duration IR-UWB pulses presents a couple of challenges at the
receiver end due to the fact that the received IR-UWB signals, after going through a UWB
channel, may have a large number of resolvable multipath components [34].

To tackle the above problem, various receiver structures for the IR-UWB systems have
been proposed. Among them are the coherent receivers [24] such as Rake receivers (which
are optimum receivers in theory). With the coherent receivers, overall UWB channel
responses need to be accurately estimated. However, channel estimation is a non-trivial task
in IR-UWB systems as it involves intensive signal with a sampling rate at Gigahertz (GHz)
level [21] [35]. As an alternative to the coherent receivers, non-coherent energy-detection
(ED) based transceivers have emerged for low complexity and low power applications; they
include on-off keying transceiver [36], pulse position modulation ED (PPM-ED) transceiver
[7], frequency-shifted reference transceiver [37], code-shifted reference transceiver [38],
and differential code-shifted reference transceiver [39]. These ED-based transceivers detect
the presence of a signal by measuring its energy and comparing the measured energy with
a predetermined or reference threshold. The measurement and comparison requires no
channel information; therefore, the ED-based transceivers can be of simple structures with
much lower sampling rates than those with the coherent receivers.

However, in comparison with the coherent receivers, the ED-based receivers do
encounter a few problems. Due to the large transmission bandwidth of IR-UWB systems

that span across the frequency bands of other existing narrowband wireless systems, the ED-
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based receivers take in the narrowband signals from the existing wireless systems and have
them as narrowband interferences (NBIs). These NBIs, together with noises, can corrupt
the received IR-UWB signals and lead to serious performance degradation for the ED-based
receivers. To mitigate this destructive effect, various techniques have then been developed;
they include use of notch filters in the receiver [14], digital interference cancellation [13],
and weighted energy detection [40]. While these techniques can improve performance of
the ED-based receivers, they come at the expense of added complexities undesirable for
practical systems, such as a large number of integrators, high sampling rates, and large
power consumptions.

To circumvent the above problems and achieve good performances with low system
complexity, researchers tried to replace the square operation in conventional ED-based
receivers with a higher order operation, such as fourth-order detection (FD) [15], and
variance-detection (VD) [16]. The VD recovers information bits by measuring the variance
of the squared received signal. In a VD system, the NBI is shifted to a frequency band close
to DC through the square operation; and then suppressed by a “DC-remover” operator,
resulting in improved the system performance. The computer simulations in our previous
research show that the VD-based receivers can achieve a much better performance than the
conventional ED-based and FD-based receivers with and without the presences of NBIs
[16]. Since the VD-based technique does not need any prior knowledge of NBI, it can meet
the requirement of low complexity and low power consumption for the IR-UWB system.

However, as the VD-based receiver is a highly nonlinear system which uses a fourth-
order multiplication, the theoretical analysis of system performance, especially with NBIs,
becomes quite challenging due to the unknown of the probability density function (PDF) of

the statistics. The conventional Gaussian distribution model, which is usually used in non-
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coherent IR-UWB system analysis, becomes inaccurate for the four-order statistics within
a limit integration time. In [41] a Generalized Extreme Value (GEV) distribution model
with three parameters is proposed for approximating the four-order statistics, and
simulations show the GEV model fits the PDF well, but the parameter estimation is
challenging. In [42], a Gamma distribution with two parameters is used for a high-order
statistic; however, the simulation results show a larger approximation error as the signal-to-
noise ratio (SNR) becomes high. Furthermore, both models do not consider NBI.

In this chapter, we resolve the above issues by developing a log-normal stochastic
distribution model for the statistics of VD-based detector. With the model, we derive the
theoretical bit-error-rate formula for the VD-based receiver in both AWGN and multipath
channels with and without NBIs, and we then verify the validity of the theoretical analysis
with computer simulations.

The original contributions of this chapter are in three aspects. Firstly, by developing a
log-normal random distribution model and exploiting a discrete signal analysis approach, a
systematic theoretical framework of analyzing the system performance for the VD-based
receiver is proposed; it presents an efficient way to evaluate the performance of the VD-
based receivers and other nonlinear receivers. Secondly, the analytical BER formulas for
the VD-based receivers are derived for both AWGN and dense multipath channel conditions
with and without NBIs for the first time. Last but not the least, the mechanism and
performance of VD technology are studied and clarified; they prove the effectiveness of the
VD-based IR-UWB systems in mitigating the negative impacts of the NBIs.

The organization of the chapter is as follows. Section 4.2 describes the system structure
of the proposed VD-based receiver. Section 4.3 presents the VD-based detection algorithm

and the log-normal model we develop. Section 4.4 analyzes the theoretical performances of
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the proposed VD-based receiver. Section 4.5 presents various simulation results to verify
the validity of theoretical analysis as well as evaluate the overall BER performance. Finally,

the conclusions of this paper are given in Section 4.6.

4.2 THE PROPOSED VARIANCE-DETECTION BASED RECEIVER

In this section, we first present the IR-UWB signal and the channel model considered

by this chapter, and then the structure of the VD based IR-UWB receiver.

4.2.1 The UWB Signal and Channel Model Used

Without loss of generality, a single-user binary pulse position modulated (BPPM) IR-
UWRB signaling system [7] is considered as an example. The transmitted BPPM IR-UWB

signal s(f), which 1s in the frequency band of 3.1GHz to 10.6GHz, can be written as:
s(t)=\E, > p(t-jT,~d,T,/2), @.1)
J=—00©

where d; €{0,1} are independent binary information symbols, p(#) is a normalized UWB
pulse with a duration of 7, a center frequency f. and a bandwidth BW. T is the pulse
repetition interval or frame time, and Ej is the transmitted energy per frame. The starting
time of the /™ transmitted pulse is either at j7; where d;/=0 or jTy+ T;/2 where d;=1.

The CM1 multipath channels defined by IEEE 802.15.4a [43] are considered in this

paper and the associated impulse response 4(%) is given by:

L-1
h(t)=> e 6(t-1,), (4.2)
=0
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where L is the total number of multipath components, and d6(¢) is a Dirac Delta function.
Each multipath component is with gain @; and delay 7;. To prevent the inter-symbol
interference and to maintain the orthogonality of the received symbols, we set the PPM

offset larger than the maximum delay spread of the channel [7], i.e. Tf/2 > T, + 7;,_1.

4.2.2 The VD-based Receiver Structure

Y— Lna —— Brr 5[0 W

Figure 14 The proposed VD-based receiver for a BPPM IR-UWB system. Two samples are detected over
the " symbol time: the first sample vy[j] is measured from #y;= jT;+1y to ty; +7T; within the first half of the
j™ symbol frame time; while the second sample v1[j] is measured from ¢;,=jT;+ Ty/2 + 79 to t;; + T; within
the second half of the /" symbol frame time. 1y is the delay of the first received pulse component.

Fig. 14 shows the structure of the proposed VD-based IR-UWB receiver. As usual, a
low-noise amplifier (LNA) followed by a band-pass filter (BPF) in cascade is placed at the
front end of the receiver to amplify the weak signal and then remove unwanted out-of-band
signals, noises and interferences. Denote the combined impulse response of the amplifier
and the filter as /4f). After passing through the multipath channel, the LNA, and the BPF,

the filtered signal, 7(¢), can be expressed as:
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r(t) = i q(t—jT,—d, T, |2)+n(t)+i(¢)
m (4.3)
=2 q(t=jT,=d, T, [2)+w(),

where n(¢) and i(¢) are noises and interferences passing through the BPF, and q(t)=\/E_b
p(H)xh(t)xhy(t). The filtered signal r(¢) is sent to a square law device to generate the squared
IR-UWRB signal y(f)=r%(f). Note that w(f)=n(f)+i(f) is the sum of noises and interference;
when no interferences are present, w(t)=n(t).

¥(?) is then sent to the proposed variance detector to measure two “variance” samples

over the j time frame:

t. . +T, t . +T 2
. 1 ij 1 i.j 7 .
vlil=— | yz(f)df—[7 [ y(t)dt] , i=0,1. (4.4)
I ti,j

1 4

For the first sample vy [/, to j = jTf + 7o, (Within the first half of the ;" frame time) and
for the second sample vy [j], t; ; = jTy + T¢/2 4 7, (within the second half of the j*
frame time). Here 7y is the delay of wireless channel, and 77 is the integration time, which
varies from 7, (when an AWGN channel is considered) to 77/2 (when a multipath fading
channel with severe delay spread is considered).

Finally, with the two samples, the j™ information bit is recovered according to the

following measurement:

i - {o, when Z}” =v,[j1-v,[j1<0, 45)

1, when Z}” =v,[j]-v,[/120.
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4.3 NONLINEAR DETECTION ALGORITHMS AND COMPARISONS

In this section, we will present the VD-based detection algorithm and its comparison
with the other nonlinear detection algorithms, then the stochastic model for vi[/], which is
the variance detection output of the proposed receiver.

Without loss of generality, we assume a transmission with perfect synchronization of
the integration window, no ISI and no IP1. Moreover, assume that the j information bit is
one, i.e. d;= 1. Thus, the UWB pulse is at the second half of the j frame time. Then, based
on (4.3), the received signal, 7(¢), within the first half of the j frame time (between jTy+ 7o

to jTy+ 1o+ T7), can then be expressed as
Fio (=W, (1) (4.6)
where 7;0(¢) is the notation of (¢) within the first half of the j” frame time, and wyo(?) is the

received noise and interferences within the same time period. Then rj(¢) is sent to the

squared device and becomes yjo(?):

Vo) =r () =w3 (1), (4.7)
where yj0(?) is the notation of y(¢) within the first half of the j frame time.

In a similar way, the received signal, 7(¢), within the second half the j” frame time

(between jTy+Ty/2+ 1 and jTr+T7/2+w+17) can be expressed as:

ra(@)=q,@O)+w; @), (4.8)
where 7;1(£) is the notation of 7(f) within the second half the /" frame time, and w;1(¢) is the
received noises and interferences and g;i1(¢) is the received UWB pulse in the same time

period. Correspondingly, () within the second half of the j* frame time can be obtained

as follows:
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yjl(t) = rjzl (t) = q121(t) + sz'l(t) +2qj1(t)wj1(t) 5 (4.9)
where ;1(¢) is the notation of y(f) within the second half of the ;" frame time.

In the above equations, qf, (#) is the UWB term, 2q,, (1)w;,(?) is the cross-term, and
wjz.1 (¢) is the noise/interference term, in which w, (t) with i=0,1 is given by:
w, (1) =n(1)+1,(1). (4.10)

When no interferences are present, i, (¢)=0.

4.4.1 ED-based Detection Algorithm

In order to detect the UWB pulse in the received signal, the ED-based detection

algorithm measures the “mean” of the squared signal y(?), i.e. the energy of r(z), as follows,

4 i +T; 4 i +T;

1 1
Zy=— | yoydt=— [ y,(dt, i=0,1, (4.11)
T[ li T[ lij
and the j information bits is then recovered according to the following rule:

j {o, whenZ, =2, -2, <0, “.12)

I, whenZ,=27,-7,>0.

4.4.2 FD-based Detection Algorithm

By replacing the “mean” operator in ED-based detection algorithm, the FD-based
detection algorithm measures the “energy” of the squared signal )(z), i.e. the four-order

power of 7(¢), as follows,
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4+ 4+

' 2 1 2 .
Z, = v (t)dt:f [ v, i=0.1, (4.13)

1
T

t

and recovers the information bits as the same rule in (4.12).

4.4.3 The Proposed VD-based Detection Algorithm

While in the VD-based detection algorithm, instead of measuring the “mean” or the
“energy” of the squared signal y(¢), the signal “variance”, as shown in Fig. 14, is measured

as follows,

Iy,

2
t 4T, t, +T,
1 i 1 it
Vi=o | y%t)dz{; ] y(r)dt]
I ¢
Y (4.14)

17 17 :

2 .
=— (2 dt-|—[», (t)dt}, i=0,1,
Tll ! {T,! ’

where Vj; is the notation of v;[j] (i.e. Eq. (4.4)). From (4.14), we can see that, unlike the

FD-based detection algorithm of (4.13), the VD-based detection algorithm of (4.14) has

2
the second term of DC, [Tl ) OTI yﬁ(t)dt] , on the right-hand side which is substracted or
1

removed, further improving the system performance.

In order to explore the rationale behind the proposed VD-based detectors, we first
present the power spectrums of the received signal () and the squared signal y(¢) as
depicted in Fig. 15. The squared signal y(¢) of (4.9) consists of three terms: the UWB term,
the cross-term and the noise/interference term. In frequency domain, the UWB term is
located in [0,BW] and [2f. — BW,2f.+ BW], the NBI term is in [0,BW;] and [2fi— BW},2f;+
BWi), the noise term is in [0,BW] and [2f.— BW,2f.+ BW], and the cross-terms are in [0, |f-

= fil + (BW + BW)/2], [0,BW], [fe+ fi— (BW + BWp/2,fc + fi+ (BW + BW);)/2] and [2f. —
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BW,2f.+ BW]. Here fiis the NBI center frequency and BW;is its bandwidth. It should be
noted that y(¢) has a strong DC component of NBI/noise, which is generated by noise/NBI

term in (4.9). It degrades the system performance.

5.(f) 5,(/)
s [ Juws

| Noise A L

_ NEl Cross-Term
The strong DC component
of NBI / noise

£
/ 2f;
0 7 0 BW 2f( —BW 2f, +BW f

Figure 15 Power spectrums of the received signal r(t) (left) and the squared signal y(t) (right) in VD-based
receivers.

With the above observation, we have the further notes on the VD operations.

(i) The proposed VD-based detector has an inherent ability to mitigate NBI and noise.
With the help of “DC-remover”, the proposed VD-based detector can mitigate the
strong DC component of noise/NBI, and improve system performance. It is quite
different from the ED-based detection. The ED-based detection algorithms detect
the DC component, i.e. the mean in (4.11), while the FD-based detection algorithms
detect all the energy of y(7) including DC component.

(ii) The DC-remover in the VD-based detector suppresses NBI blindly regardless of its
center frequency location. As shown in Fig. 15, after passing through a square

operator, the strong NBI component in received signal 7(¢) is moved from its center
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frequency, f;, to DC, and then is removed by the DC-remover without any prior
information.

(iii) The complexity increase to measure the variance instead of the mean of () is not
significant. As shown in Fig. 14, the upper signal flow in the VD is to measure the
mean of y(f), which is needed by every ED-based receiver, and only the lower signal
flow is the added signal processing unit to measure the variance of y(¢). Luckily, this
added unit can be easily implemented with an analog square law device and an

integrator, and the integration output only needs to be sampled at symbol rate.

4.3.4 The Stochastic Model for the VD Output

In order to derive a theoretical formula for the BER performance of the VD-based
receivers, the stochastic characteristics of the samples outputted by the VD must be
analyzed first. In most existing ED-based receivers, the samples outputted by the ED are
approximated with a Gaussian random distribution. However, because fourth-order
multiplications are involved for manipulating the received IR-UWB signal in the proposed
VD, approximating the VD output with a Gaussian random distribution becomes inaccurate.
We investigated, through empirical simulations, a group of random distributions that can
be fully determined with their mean and variance for the proposed VD-based receiver. The
empirical results are shown in Fig. 16 for the cumulative distribution function (CDF) of

the two variances, Vjoand Vi, in the AWGN channel and a multipath channel.
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Figure 16 Probability plots for the cumulative distribution functions (CDF) obtained by simulations with (a)
the AWGN channel and (b) CM1 channel and their comparisons with other known distributions. BW = 2
GHz, Ey/Ny = 16 dB (left), and T;= 200 ns.

It is clear that approximating Vj(i = 0 or 1) with a Gaussian distribution will have large
discrepancy either in the head portion (small values) or the tail portion (large values) of V..
Alternatively, the Gamma distribution can better approximate V;in the head portion of Vj;;

however, in the tail portion of Vj;, the Gamma distribution will have large deviation. On
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the other hand, the Log-normal distribution can accurately approximate Vj; in a wide
probability range from 0.0001 to 0.9999, and the approximated error becomes smaller as
signal-to-noise ratio increases. Therefore, the stochastic model of the variances can be

established to be of the log-normal distribution, which is expressed as:

Iy (U) = U[)’\l/ﬁ exp{_(ln;g;a) }, v>0, (4.15)

where a and f, respectively, refer to the location and scale parameters of the log-normal
distribution.

Eq. (4.15) lays the foundations for further performance analysis of the VD-based IR-
UWRB transceiver systems. In the next section, it is used to find the bit-error-rate of the

proposed VD-based receiver.

4.4 BIT-ERROR-RATE OF THE VD-BASED RECEIVER

In this section, the performance of the proposed VD-based UWB receiver is evaluated.
Based on the definitions in Section 4.3, the conditional error probability Pej) of VD-based

receivers for a given propagation channel /(¢) is given by

Py = POP(V, 2V, |d, = 0,h())

, (4.16)
+P)P(V, <V, |d, =1h())

where P(Vj1 > Viold;= 0,h(?)) is the probability that Vj1 > Vjo when 0 is sent in the j frame,

and P(Vj1 < Vjold;= 1,h(%)) is the probability that V1 < Vjo when 1 is sent in the j* frame.
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As dj € {0,1} are equiprobable binary information bits and P(Vj; = Vjold; =
0, h(t))=P(Vj; < Vjold; = 1,h(t)) for a symmetry binary communication system, the

(4.16) can be simplified as

L :P(le <V ld; :Ul(l)), (4.17)

e

where Vj1 and Vj can be approximated with the Log-normal distribution, derived from

(4.15), In(Vj1) and In(Vjo) will be of Gaussian distribution. Therefore, the change-of-

variable technique described in [44] can be applied and (4.17) can be reformulated as:

P = P[ln(VL1 )<in(V,,)ld, = l,h(t)]

(4.18)
= P[G <0|d, = Lh(t)],

where

G” =mn(V,)-In(V,). (4.19)

Since In(¥}1) and In(¥jo) can be approximated as Gaussian distribution, G;'” will be

of Gaussian distribution. Therefore, the PDF of G;"” can be expressed as:

1 - 202
VD xX,m,,0, = € £, 4.20
ij. ‘djzl,h(t)( g g) O'g\/g ( )

where m, is the expectation of G;-/D , as shown in Appendix I, m, can be approximated by
m,=E(G")~m[E(v,)/E(V,)], (4.21)

and oﬁ is the variance of GJI./D with

0'§ = Var(G]'./D) = Var(ln(le ))+ Var(ln(VjO)) . (4.22)
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To compute (4.22), the following approximation for a random variable X is applied

[56]:

Var[ f(X)]~ LMI Var[X], (4.23)

dX

where f(X) is a second-order differentiable function with its expectation, E[X], and

variance, Var[X], being finite.
Application of (4.23) to (4.22) reads
ol ~Var(V,, )| E*(V,,)+Var(V,,) E*(V,,)- (4.24)
Finally, combining (4.20), (4.21) and (4.24), P, () can be given by

Py, =P(G” <0]d, =1,h(1))

=J-—ooij'-/D‘dj=1,h(t) (x Mg, 0 )dx (4.25)

[e)/s0)] )
\/Var(I/j1>/E2( j1)+Var(V10)/E2(VjO)

where Q(.) is the O-function defined in [22] that are applicable to both AWGN and CM1

~0

channels.
As seen from (4.7), (4.9) and (4.14), V;; involves up to fourth order moment of a

random signal 7;(¢). Therefore, derivation of E{V;;} and Var{V;;} become very challenging.
By exploiting a discrete signal analysis approach, E{V;;} and Var{V;;} are derived with a
series of painstaking but tractable stochastic analysis as follow.

Assume that the bandwidth of y(¢) is BW, which covers from DC to BW. For an IR-

UWRB signal, typically L=T; x BW,>>1. With sampling theorem, y(¢) is then expressed as

Y0y = S yft-kT), (4.26)
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where yir = y(kTs) is the sample of y(¢) at time =kT;, Ts =

1 . .. .
aw, is the digital sampling

period, and ¢(t) = sin(nt/T;)/(nt/Ts) . Substituting (4.26) to (4.14), V; can be
approximated by

1 N-1 1

l 2
Vi Nﬁ; v (KT, —F(Zy,,(km)
)——[Zr%kmj (4.27)
)

where N = T, /T, is the number of the samples taken within the integration time interval

T1. rjik = rji(kT5) 1s the notation of 7;;(t) at sampling time 7 = kT.

4.4.1 The Derivation of Expectation, £[ V]

From (4.27), the expectation of Vj;is given by

k=0 k=M k=0 k=M
l M-1 N-1
B A (4.28)
N Jik Jik
k=0 k=M
1 M-1M-1 N-1 N-1 M-1N-1
2 2 2 2 2 2
- N2 E z z rjlkrjll + lekwjll + 2 rjlkwjl[ ’
k=0 [=0 k=M I=M k=0 I=M

where wjix = wji(kTy) is the sampled value of wji(¢) at the sampled time ¢ = k7T and M = (T,
+ 71-1)/Ts 1s the number of the samples of the received pulse g;ji(¢). Since 771s chosen to be
larger than the pulse duration 7), +7;-1, it is clear that M < N. In addition, ;i1 = wj;1 for M <
k < N — 1 since it falls outside the duration of symbol g;().

By using the Appendix B, E[V};] in (4.28) can be found as
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| MON_M=2) 0 2M(NM) oo (NZM)(MA2NZ2) o )
N N N

In the above equations, o,1°= o,°+0,> where o,°= LT p(t) * h(t) = he(t) 2 dt is the
q q q Tq 70 f

variance of the received signal ¢;1(£) (i.e. the received signal power at receiver) and o,0°=0,°

because of no signal presents (i.e. gjo(f) =0). ow’= o.>+0 with 62 = NyBW being the
variance of the noises n(f) and 6 = P, being the variance of the interference i(¢) with a

power of P;.

4.4.2 The Derivation of Variance, Var[ V]
The variance Var{V;;} can be expressed as

var{v,|=E{V:}-E*{V,}, (4.30)

Jl

where E{V;;} has been found as (4.29) and E{V;”} is derived by:

el -5 el -5
SN e

By using the method shown in Appendix C and the moment theorem [23], we get the

(4.31)

variance in (4.30) as follows,
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Var{v,}=E{V;|-E*{V,}
= %(6M3N—18M2N2 +18MN* —6N* —5M°> —60N°
—108M*N +216MN* +53M* + 60N +48M )- o,

+%M(N-M)(M—3N+2)-a602

i w

8 (4.32)
+FM(N—M)(N+ 2)-clc!

r w

16
—FM(N—M)(M+2N—2)-0206

+$((N—M)(6M2N—12MN2 +6N’

—SM?*—2MN +103N* =53M +53N+48))-a8

w2

i=0,1.

Based on (4.29) and (4.32), the analytical BER formula in (4.25) of the proposed VD-based
IR UWB system can be obtained. The theoretical results presented in this paper can be used
in the scenarios of NBI present and not present. If NBI is not present, the BER can be

simply computed analytically by setting P;= 0.

4.5 PERFORMANCE EVALUATION

In order to thoroughly assess the performance of the proposed VD-based receiver and
validate the analytical results derived in the previous section, Monte Carlo simulations
were employed to evaluate the BER performance and NBI mitigation ability of the
proposed VD-based detector in both with- and without-NBI scenarios. Performance
comparisons with the other nonlinear detection based receivers, conventional ED-based
detector, and the FD-based detector [15] as well as with Rake receiver (which is the ideal

receiver) are also given in this section.
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In the following simulations, a BPPM IR-UWB modulation scheme is used as an
example. The transmitted signal as defined by (4.1) contains a UWB pulse p(#) which is

compliant with IEEE 802.15.4a proposed standard and has the shape

sin(;zt/Tp)

p(t):W~K(t,77)-cos(27rfct) (4.33)

where K(t,7) is the Kaiser window with a parameter 7 = 5.44. The pulse has a duration of
T,=20ns, a bandwidth of 2GHz, and a center frequency of f.=4.1GHz.

The duration of the BPPM frame, T is set as 400ns, and the integration interval, 77, is
set at 200ns at the receiver unless otherwise specified. In addition, an NBI is considered to
have a bandwidth of 20MHz and a center frequency 3.5GHz, and a perfect synchronization

is assumed.

4.5.1 In the Absence of NBI

When no NBI is present (i.e. P;= 0), the BER improvement offered by the VD based
receiver was thoroughly computed in AWGN channel and IEEE 802.15.4a CM1 multipath
channels [43], respectively.

First, we investigate the effect of /(f) on the BER performance of the VD-based
receivers. The channel multipath phenomenon does influence the performance. To clearly

explain the influence, we define a channel parameter as follows:
(¢)dt - h* (t)dt
1 J. )d ( J. )d J L L s
oC al —
L-173
J‘ awgn t)dt - J.hawgn t)dt
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where /(¢) is a normalized impulse response of the multipath channel, given by (4.2), with
gain oy and total multipath number L. For the AWGN channel /44,01(?), the gain ;s set as
oo=1and oy=0, [ € {1,2,....L — 1}. In the VD-based system, the parameter is the ratio of
the variance of 4%(¢) to the variance of #%4en(£), which measures the proportion of the power
of strong multipath components in 4(¢). As seen from (4.34), 0 < I" < 1 for multipath

channels and I" = 1 for AWGN channel.
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10 ‘ . .

2. ED in both AWGN
and Multipath channels

r t VD in Multipath
x e ¢
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@10 F o &
r e . VD in AWGN
e channel

Figure 17 The multipath effect on BER performances of VD- and ED- based receivers. Ex/Ny= 15 dB.

Fig. 17 shows the BER performance under different multipath conditions from IEEE
802.15.4a CM1 channel model. The multipath does degrade the BER performance. The
larger I' (less multipath), the better BER performance; when I' = 1 (i.e. AWGN channel),
VD gets the best performance. The larger I' means that the received pulse power is more
concentrated on a few strong multipath components. The VD can detect this better by

measuring its variance than ED (since ED detects the total multipath energy which is
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constant for all the difference channels). Therefore, the VD-based receiver has a better
performance than ED in both AWGN and multipath channel conditions.

Next, we investigate the effect of /(f) on our proposed theoretical analysis. Fig. 18
shows the theoretical and simulation results of BER in different multipath channels. As
shown in the figure, the theoretical results match the simulation results well. The
approximated error decreases as E»/No increases; this is because the cross-term of signal by
noise/interference in (4.9) becomes smaller with the increasing of E»/No and the actual
distribution of Vj; moves closer towards log-normal distribution as shown in Fig. 16.
Furthermore, in comparisons with the ED- based receiver, the VD- based receiver has a
E»/Noimprovement of 2 ~ 5dB at the BER=10"*in different multipath channels. The larger

I', the better performance improvement.

Theory Eq. (25)
— ED with all the T

Sim.: VD with I'=0.02
Sim.: VD with T=0.05 |
Sim.: VD with I'=0.09 [::
Sim.: VD with I'=0.16
Sim.: VD with I'=0.20
Sim.: VD with I'=0.30
Sim.: VD with '=1.00 [::
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-
o
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N
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Figure 18 BER performances for the VD- and ED- based receivers with different multipath channel
conditions.
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4.5.2 In the Presence of NBI
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Figure 19 BER performances of the VD-based and ED-based receivers in AWGN (left) and multipath CM 1
(right) channels with different NBIs. The solid lines are the theoretical results of (4.25), and circular and
square dots are the simulation results.

50



Figs. 19, 20, 21 and 22 present the results when NBI is present.

Fig. 19 is obtained when signal-to-interference ratio (SIR) is varied from 0dB, to -3dB
and to -6dB. It shows that the BER performance of the conventional ED-based receiver is
unacceptably poor, while the VD-based receiver can still achieve decent BER performance
even when SIR is lower than 0dB under both the AWGN channels and the CM1 channel

conditions.

BER
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Figure 20 NBI mitigation performances of the VD-based and ED-based receivers in AWGN and multipath
CM1 channels. The solid lines are the theoretical results of (4.25), and circular and square dots are the

simulations results.

Fig. 20 shows the results when the SIR is changed and E»/No is fixed at 32dB and 16dB,
respectively. As compared with the ED-based receivers at BER of 107, the VD-based
receivers can achieve a NBI performance improvement of 8dB in CMI1 and 10dB in

AWGN for E»/Np of 32dB. In other words, the ED-based receiver is vulnerable to NBI,
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while the VD-based receiver has an inherent ability to mitigate the destructive effects

caused by NBL

4.5.3 Comparison with the FD-based Receiver

The proposed VD-based receiver was also compared with the FD-based receiver [15].
Fig. 21 and Fig. 22 show the BER results with different receivers. The ideal receiver, the

full Rake receiver, was also simulated and its results are shown for reference.

Bit-Error-Rate ( BER )

—6— CM1: FD
10| —e—cm1:vD
—B— AWGN: FD
—®— AWGN: VD
— & — CM1&AWGN: ED

10 12 14 16 18
E, /N, (dB) E, /N, (dB)

Figure 21 The BERs of the VD-, FD- and ED-based receivers under AWGN and multipath CM1 channel
conditions without NBI (left) or with NBI (right). 77 = 200 ns, SIR= -3 dB.

From the Fig. 21, we can see that the VD-based receiver has a marginally better
performance than the FD-based receiver when NBI does not exist; however, it performs

better than the FD-based receiver when an NBI of -3dB is present.
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Fig. 22 shows the impact of different interference levels or SIRs. The conventional ED-
based receiver has the worst performance and surely the ideal coherent Rake-based receiver
has the best performance. In all cases, the proposed VD-based receiver is superior to the

FD- and ED- based receivers.

Bit-Error-Rate (BER)

107 ¥ it

-5 0 5
SIR (dB)

Figure 22 The impact of the NBI on BERs of the VD-, ED-, FD- and Rake-based receivers. Eb/No =32 dB,
T; =200 ns, BW;=20M Hz, f;=3.326 GHz, under CM1 channel condition.

4.6 CONCLUSION

In this chapter, we present a non-coherent IR-UWB system based on VD technology
and then evaluate its performances analytically and empirically. We find and show that the
log-normal model is the best-fit model for the VD-based detection. With the log-normal
model, the analytical formula for the BER of the VD-based system with and without NBI
in both AWGN and CM1 channels has been derived for the first time. Our results show

that as compared with the conventional ED-based receiver, the proposed VD- based
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receiver can achieve a much better BER performance. In particular, unlike the conventional
ED-based receiver which is vulnerable to NBI, the VD-based receiver has an inherent
ability to mitigate the destructive effects caused by strong NBI. Therefore, the VD-based
receiver is recommended as a preferred detection technology for IR -UWB systems. Finally,
our initial results show that the performance of the VD-based receiver can degrade
significantly due to multipath effects. Further analysis on the effect of multipath and new

techniques to mitigate them deserve further investigation and research.
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CHAPTER S A UNIFYING GENERALIZED NONLINEAR
DETECTIONS FOR IMPULSE RADIO UWB SYSTEMS

In this chapter, based on our published paper [16], [61] and [62], a unified framework,
denoted as the Generalized Nonlinear Detector (GND), is developed to encompass existing
nonlinear detection technologies as well as further optimize the performance of nonlinear
detection for non-coherent IR-UWB receivers. Computer simulations show that
independent of absence or presence of NBIs, the GND-based receivers can achieve much
better BER performance than the ED based receivers under both AWGN and multipath
channels. Furthermore, as compared to the existing nonlinear detection algorithms, the
GND algorithm with a well selected value always has the best BER performance and the

strongest ability to resist NBIs.

5.1 INTRODUCTION

Using short duration pulses to carry information, IR-UWB technologies have the
advantages of low complexity, high achievable data rates, low power consumption, and
good time-domain resolution, which make it emerge as a strong candidate for low
complexity and low power applications, such as wireless personal area network (WPAN),
wireless body area network (WBAN), and wireless sensor network [45-48]. The IR UWB
approach has been selected by the IEEE WPAN standard 802.15.4a in 2007 [48], and the
IEEE WPAN standard 802.15.6 standard in 2012 [49]. However, the received IR UWB
signals may consist of a large amount of resolvable MPCs [50], which makes the design of
IR UWB receiver become a challenging work. Using traditional coherent detection

approaches, such as the Rake receiver, to process those MPCs often leads to an unacceptably
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high system complexity [9]. To capture signal energy from more MPCs with low system
complexity, a group of non-coherent ED based transceiver technologies have been proposed,
such as, on-off keying (OOK) transceiver [6], PPM-ED transceiver [ 7], FSR transceiver [8],
CSR transceiver [9], and DCSR transceiver [10].

As compared to a coherent receiver, the ED-based receivers are more vulnerable to noise
and interferences [18], because the detectors in the ED-based receivers cannot distinguish
noise and interferences from the desired UWB signals, thus the energy of noise and
interferences is collected and processed as signal energy as well. Meanwhile, due to the wide
bandwidth of IR UWB systems, the received IR UWB signals are typically corrupted by not
only wideband AWGN but also strong NBIs. Therefore, various advanced signal processing
technologies have been developed to mitigate the destructive effects of AWGN and NBIs
[15]. For example, to achieve a better performance as well as maintain low system
complexity, some recent researches replace the square-law operation in the ED-based
receivers with higher order nonlinear operations, such as kurtosis detection [15], fourth-
order detection [15] and variance detection [16]. Computers simulations show that those
nonlinear detection technologies can considerably mitigate the destructive effects of AWGN
and NBIs.

In this chapter, we have developed a unified framework, denoted as generalized
nonlinear detection (GND), to encompass the existing nonlinear detection technologies as
well as further optimize the performance of nonlinear detection. In the KD, the nonlinear

detection output is given by [15]:

1 % 3[4 2
K:—J.r“(t)dt——z{jrz(t)dt:l . (5.1)
Ty T | %
In the FD, the nonlinear detection output is given by [15]:
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1%,
F:FI ! r(t)dt . (5.2)

In the VD, the nonlinear detection output is given by [16]:

U, T
V:E!r (t)d —F{jr (t)dt} . (5.3)

1 0

In the proposed GND, a common system parameter f is applied to unify those nonlinear

detectors into a unified framework:

T, T, 2
G= Ti [ (@)t - %{ | rz(t)dt} , (5.4)
Io0 1 0

where =3 for the KD, =0 for the FD, and =1 for the VD. Furthermore, by exploring the
effect of § value on the performance of the GND, we found that the optimal value for f is
not 0, 1, or 3, but a value around 2.2. Independent of the value of f, unlike the ED-based
receivers, which are vulnerable to NBIs, the GND-based receiver has an inherent ability to
mitigate the destructive effects caused by strong NBIs.

The organization of the paper is as follows. In Section 5.2, the system structure of a
GND-based receiver for a binary pulse position modulated (BPPM) IR-UWB system is
described. Section 5.3 presents in detail the comparisons between the GND-based detection
algorithm and the ED-based detection algorithm. In section 5.4, through computer
simulations, the bit-error rate (BER) performance of the proposed GND-based receiver is

thoroughly investigated and compared with the ED-based receiver. Finally, the conclusions

of this paper are given in Section 5.5.
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Figure 23 System structure of a GND-based receiver for a BPPM IR-UWB system

5.2 SYSTEM CONFIGURATION OF GND-BASED RECEIVER

In a GND-based receiver, as shown in Fig. 23, demodulation is based on the signal
measured over a specific time interval (0 < ¢ < T7). First, at the RF front end, the received
IR-UWB signal is amplified by a low noise amplifier (LNA) and filtered by the BPF to
remove out-of-band noise and interferences. Then the filtered signal, denoted by 7(7), is sent
to a square law device to get the squared IR-UWB signal y(¢). Next, the proposed GND is

employed to measure the value of Gjo over the time interval from jT; + 74 to jT; + 7o +
T, and that of G;; over the time jTf + 7o + T /2 to jTf + 1o + Tf/2 + T;, where the

value of Gj; is obtained by:

JTs+tg+iTp /24T,

ﬂ JTs+g+iTp 24T, 2
| yz(t)a’t—F{ | y(t)dt}, i=0,1 (5.5)

JTs+g+iT /2 1 JTs+7g+iT, /2

Ji

Nﬂl'_‘

In the above equation, the adjustable parameter £ allows us not only to unify the existing

nonlinear detectors (5 = 3 for the KD [15], f = 0 for the FD [15], and f = 1 for the VD
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[35]), but also to optimize the value of B for a better performance. Finally, the ;™
information bit is recovered with the following rule:

. [0, z =G -G, <0,
4:{ / e (5.6)

GND
L, Z™=G,~G,20.

Jjo =

5.3 DETECTION ALGORITHM COMPARISONS

In order to compare the GND-based detection algorithm with the ED-based detection
algorithm, without loss of generality, the case of di=1 is considered in this section. Thus,

for the time interval from jTr + 7y to jTf + 7o + T}, 7(2) is given by:

rjO(t):njO(t)_'_ijO(t)’ (5.7)

and after passing a square device, y(?) is given by:
. 2
Vo) =[n,0+i,(1)], (5.8)
Similarly, for the time interval from jTr + 7o + Tz—f tojTy + 79 + % + T;, r(¢) is given by:

rjl(t):(](t)+nj1(t)+ij1(t)a (5.9)

and y(¢) is given by:
VO = O+[n, 0 +i,()] +2q0[n, 0 +i,(1)]. (5.10)

In the above equation, g2(t) is the UWB term, [njl (t) + ijl(t)]z is the noise/interference
term, and 2q(t) [njl(t) + ijl(t)] is the cross-term between UWB signal and

noise/interference. Furthermore, ij; (t) = 0 and i;(t) = 0 if no NBI is present.

5.3.1 ED-based Detection Algorithm

In the ED-based detection algorithm, the energy of #(¢) is measured as follows:
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JTs+g+iT /24T,

E. = j y(t)dt, i=0,1, (5.11)

Jl
JTs+ro+iT, /2

and the jth information bit is recovered according to the following rule:

(5.12)

J

. [0, ZP=E, -E, <O,
, ZP=E,~E,>0.

jo =
For the case of d=1, according to (5.11), (5.13), (5.14), and (5.15), the decision variable,

ZFP, can be derived as follows:

z" = quz(t)deT q(t)(n, () +i, (¢))dt
‘ ’ (5.13)

I

{T(nﬂ(zwﬂ (1)) de= [ (n,o(0+i,0 (1)) df}

0 0

From the above equation, we can conclude that the value of Z JED is adversely effected by

T T
both the noise/interference term, l:J‘ (”_/1 (O +i), (t))2 dt — j (njo D+, (1))2 dt:l , and the
0 0

T
cross-term, 2 J. q(t)(njl(t)ﬂ'jl (t))dt , which make the BER performance of ED-based
0

receivers poor.

5.3.2 GND-based Detection Algorithm

In the GND-based detection algorithm, the Gj; value of 7(7) is measured as follows:

1 JTs+70+iT /24T, ﬁ JTs+tg+iTp /24T, 2
_ 4 _ 2
Gy == [ ra - [ rwoa|, (5.14)
I jTg+ro+iT, /2 1 JTs+70+iT, /2

i=0,1
For the case of di=1, according to (5.7), (5.9), and (5.14), the decision variable, Z]-GIV D can
be derived as follows:
GND GND GND GND
Z7 =8""+ NI+ C (5.15)
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where SfNP is the UWB term given by:
T, 7, 2
S = Ti, { q*(t)d —Tifz[ l qz(t)dt} (5.16)
NIFNP is the noise/interference term given by:

NiE Z%{T[n,-mwﬂiﬂ O - s, dt}

(CGND

and C; is the cross-term term given by:

€2 = 2 [ 0L, (O a2 [0, 0124, ()
+%:|jq(t)[nﬂ(t)+iﬂ(Z)le-—|:jq0) ny(O)+i, (1) ]t T
-%zqz(t)dzz[nﬂ(r)w(t)Tdf (5.18)
—‘;—/fz q2<r>dzT gm0+, (1) ]de

T

2B {0+, (1 dzjq(t)[ ny(0)+i, (1) ]t

Because both g(t) and [njl(t) + iy (t)] have a zero mean, and they are independent with

(CGND

each other, ;""" can be approximated by

oM ~ jq(z) n,(0)+i, (1)] dt- jq (r)dtj n, () +i, ()] di. (519

Typically, the value of fOT "q%(t) [njl(t)+ij1(t)]2dt is larger than that

of fOT' q?(t)dt fOTI AGEIT (t)]zdt, and hence when f is set at a proper value, C/” is
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a positive value. Thus, unlike the cross-term in the ED-based detection algorithm, which

could be a negative value and has an adverse effect on the value of Z ]ED , the cross-term in

the GND-based detection algorithm has a positive effect on the value of , and hence

Z]_GND
the newly proposed GND-based detection algorithm can achieve much better performance
than the ED-based detection algorithm, especially when strong AWGN and/or NBI is
present.

Furthermore, from (5.19) we can conclude that as the value of S increases from zero, the

absolute value of NIjGND decreases, and hence the adverse effect of NI]-GND on Z]-GND 1S
mitigated. Therefore, although the values of ZJ-GND and CJ-GN D decrease as well when f

increases, a well selected value of § can allow the GND-based receiver achieving better

BER performance than the FD, the KD, and the VD technologies.

5.4 PARAMETER OPTIMIZATION AND PERFORMANCE EVALUATION

In order to evaluate the optimal value for f and thoroughly investigate the BER
performance and NBI mitigation ability of the GND-based receivers, various computer
simulations have been undertaken in both with-NBI and without-NBI scenarios. In the
computer simulations, the BPPM IR-UWB modulation scheme is used as an example for
the case study. In the BPPM IR-UWB modulation scheme, UWB pulses with a duration of
T,=20ns, a bandwidth of BW=2GHz, and a center frequency of 4.1GHz is used as the
transmitted signal. The duration of the BPPM frame is set as 7/=400ns and 77 is fixed at
200ns in the receiver. In addition, an NBI with bandwidth 20MHz and center frequency
3.5GHz is applied. In the computer simulations, it is assumed that a perfect synchronization

1s achieved.
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5.4.1 Parameter Optimization

In order to evaluate the effect of 5 on the BER performance of the GND-based receivers,
various simulations have been undertaken to obtain the BERs of the system as a function
of f ranging from 0 to 4, under an AWGN channel and the IEEE802.15.4a CM1 multipath
channels [51]. During the simulations, E»/Ny is fixed at 15dB for the AWGN channel and
17dB for the CM1 channels and a strong NBI with SIR equal to -3dB is added. From the
simulation results shown in Fig. 24, we can conclude that with the value of f increasing,
the BERs of the GND-based receivers decrease initially and then increase; more
specifically, the optimal value for f appears at around 2.2. In other words, the existing
nonlinear detectors (f =0 for the FD, § =1 for the VD, and f =3 for the KD) are far away
from an optimal nonlinear detector, and a well selected value can further improve the BER

performance of IR-UWB receivers based on nonlinear signal processing technologies.
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Figure 24 BER performance of the GND-based receivers as a function of .
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5.4.2 In the Absence of NBI

When no NBI was presented, the BER improvement offered by the GND-based receiver
was thoroughly investigated under an AWGN channel and the IEEE 802.15.4a CM1
multipath channels, respectively, and the obtained simulation results are shown in Fig. 25.
Obviously, under both the AWGN channel and the CM1 multipath channels, all nonlinear
detection based receivers can achieve much better BER performance than the ED-based
receiver, and the higher the SNR, i.e. E»/No, the greater the performance improvement.
Furthermore, the GND-based receiver with a well selected f value always has the best BER

performance.
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Figure 25 BER performance of the GND- and ED-based receivers under AWGN and CM1 channels without
NBI.
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5.4.3 In the Presence of NBI

In order to investigate the NBI mitigation ability of the GND-based receivers, more
simulations have been undertaken for the scenarios when a strong NBI is present. During
the simulations, the NBI is set to have a stronger power than the IR-UWB signals, i.e., SIR
= —3dB. With the presence of the NBI, the BER performance of the GND-based receivers
and that of the ED-based receiver have been investigated as a function of Ep/No and the

obtained simulation results are shown in Fig. 26.
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Figure 26 BER performance of the GND- and ED-based receivers under AWGN and CM1 channels with a
strong NBI of STR=-3 dB

As shown in Fig. 26, when a strong NBI is present, the BER performance of the ED-
based receiver becomes unacceptably poor. Meanwhile, all nonlinear detection based
receivers still can achieve decent BER performance under both the AWGN channels and

the CM1 channels. Not surprisingly, the GND- based receiver with a well selected value
65



again has the best BER performance, and the higher SNR, the greater the performance

improvement.
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Figure 27 BER performance degradations caused by a strong NBI.

In order to demonstrate the inherent ability of the GND-based receiver on mitigating
the destructive effects caused by a strong NBI, the degradations in BER performance
caused by a strong NBI are illustrated in Fig. 27 for both the GND-based receiver with f =
2.2 and the ED-based receiver. Obviously, the ED-based receiver does not have the ability
to resist a strong NBI and has serious degradations in BER performance when a strong NBI
is present. On the contrary, the GND-based receiver shows an excellent ability for
mitigating the destructive effects caused by a strong NBI. For example, at BER = 107, a
strong NBI with SIR = —3dB only degrades the performance of the GND-based receiver by
less than 0.5dB under an AWGN channel and less than 1dB under the CM1 multipath

channels.
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5.5 CONCLUSION

In this chapter, a unified framework, denoted as GND, is developed to encompass the
existing nonlinear detection technologies as well as further optimize the performance of
nonlinear detection for non-coherent IR-UWB receivers. By thoroughly exploring the
effect of value on the performance of the GND, we found that the optimal value for f is not
0, 1, or 3, but a value around 2.2. Independent of the value of 8, the GND based receiver
can achieve a much better BER performance under both AWGN and multipath channels.
Furthermore, unlike the conventional ED-based receiver, which is vulnerable to NBI, the
GND-based receiver has an inherent ability to mitigate the destructive effects caused by a
strong NBI. Therefore, the GND-based receivers can be considered a preferred detection

technology for IR-UWB systems.
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CHAPTER 6 SQUARE LAW BASED NONLINEAR SIGNAL
PROCESSING TECHNIQUES FOR UWB IMPULSE RADIOS

In this chapter, based on our published paper [57] and the reference paper [56], a novel
NBI mitigation technique, multiband square law (MSL), is presented for the ED-based IR-
UWRB receivers. By using a group of band-pass filters, the received signal processed by the
MSL device is separated into multiple sub-bands, and then the sub-band with serious NBI
will be omitted to improve the NBI mitigation performance. Simulation results show that
without any NBI prior knowledge, the proposed MSL based technique can significantly
improve the signal-to-interference ratio (SIR) of the received IR-UWB signal and the
system performance of the ED-based receivers when one or two NBIs present(s).
Furthermore, unlike the Teager-Kaiser operator (TKO) technique, which is difficult to
implement in hardware since that the differential operators are carried out in a bandwidth
of at least S00MHz, the MSL technique can be implemented with commercially available
products and achieve the same performance as the TKO technique [56]. Thus, the MSL
technology is an implementable and high effective blind NBI mitigation technology for the

ED-based IR-UWB systems.

6.1 INTRODUCTION

The ED-based non-coherent IR-UWB receiver has the potential advantages of low
power consumption and low processing complexity, which make it an ideal candidate for
low cost, low power consumption and low data rate applications, such as the IEEE
802.15.4a and IEEE 802.15.6 standard wireless personal area networks [45] [46]. This

rather new technology is assigned the frequency band of 3.1 GHz to 10.6 GHz by the FCC,
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where it is permitted to coexist with the other wireless communication systems without
requiring a license. This permission, however, is valid under the condition that the
transmitted UWB signal has a very low power spectral density (not higher than -
41.3dBm/MHz). Due to the restraint on their transmission power level, the UWB systems
unavoidably suffers from the interference caused by the coexisting narrowband systems
which transmit at much higher power levels. This NBI can sometimes be so effective that
the IR-UWB communication is totally jammed. Therefore, IR-UWB receivers must have

a high processing gain to cope with these NBIs.

However, NBI processing in IR-UWB receiver design is a more challenging problem.
First, comparing the licensed wideband systems, such as CDMA, the unlicensed IR-UWB
extends a much wider frequency band, while transmitting less power. This forces the IR-
UWB systems to coexist with a higher number of powerful interferers. Typically, the power
of these NBIs can be up to a few tens of dBs [45]. More significantly, in carrier modulated
wideband systems, the received signal is down-converted to the baseband and sampled
above the Nyquist rate, which allows numerous efficient NBI suppression algorithms based
on the digital signal processing techniques. However, in IR-UWB, the desired signal is
already in the baseband, sampling the received signal at the Nyquist rate requires an
extremely high sampling frequency, which is not possible with the existing technology. In
addition to the high sampling rate, the ADC must support a very large dynamic range to
resolve the signal from the strong NBIs. Currently, such ADCs are far from being practical
[52]. An alternative is to apply notch filtering before the signal detector; however, this
method requires a number of narrowband analog filter banks. Since the frequency and
power of the narrowband interferers can vary, employing analog filtering adds complexity,

cost, and size to the IR-UWB receivers. As a result, many of the NBI suppression
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techniques applied to other wideband systems are either not applicable for IR-UWB, or
complexities of these methods are too great for the IR-UWB receiver requirements.

Given the low complexity requirements in both hardware and computation, and
considering the other limitations such as low-power and low-cost transceiver design,
recently, nonlinear signal processing technologies, which can fully utilize the special
characteristics of IR-UWB signals, have been explored for the ED-based receivers to
improve the system performance and the NBI mitigation abilities. The Teager-Kaiser
technique use a nonlinear device TKO and a high pass filter (HPF) to remove an NBI before
the IR-UWB signals are detected. As shown in [19], when a signal with a frequency band
between f1 and f2 is sent into a TKO, the frequency band of the output signal falls in between
DC and f>- fi. An NBI is then shifted to a frequency band close to DC and hence can be
removed easily with a HPF. However, the TKO technology is very difficult to implement
in hardware [56]. Therefore, another novel nonlinear signal processing technology, called
the square law (SL) technique is proposed by using a SL device with a BPF instead of a
TKO with a HPF [56]. Since those techniques do not need any prior knowledge of the NBI,
it attracts an increasing attention in recent years [19-20, 53-57].

In our following investigation, we find that the SL technique can work well in just only
one NBI exists. However, when two or more NBI exist, the SL technique has a poor NBI
mitigation performance, as the crossing component of multiple NBIs cannot be shifted to
a low frequency band close to DC by the SL device, this strong component seriously
degrades the system performance. To address this problem, in this chapter, a novel
nonlinear signal processing technology, MSL, is proposed to improve the NBI mitigation

ability of the conventional SL technology when two or more NBI present.
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The organization of the chapter is as follows. Sections 6.2, 6.3 and 6.4 describe two
new nonlinear processing technologies for the ED -based IR-UWB systems, and section
6.5 presents the proposed MSL technique. Sections 6.6 analyze and verify, through
computer simulations, the analytically predicted performances of the proposed receiver.

Finally, the conclusions of this chapter are given in section 6.7.

6.2 TEAGER-KAISER TECHNIQUE

The initial attempt to employ a nonlinear signal processing technology in the ED-based
IR-UWB receivers was proposed in [19], where a nonlinear device with a HPF, called TKO,
are used to remove a NBI before the IR-UWB signals are detected by an OOK receiver. As

shown in [20], if the input of the TKO is x(z), the output of the TKO is then:

‘P[x(t)]z[).c(t)J —x(t);(t) , (6.1)

. - 2
where x(¢) :%x(t) and x(z) :%x(t) are the first and second order derivate of x(¢),
t

respectively. By processing with the TKO, the signal frequency band between fi and /> is
then transferred to a frequency band between DC and f> —f1. If a NBI presents in IR-UWB
signal, the NBI is then shifted to a frequency band close to DC and hence can be removed
easily with a HPF. This feature makes the TKO technology well suitable for processing

NBI in IR-UWB signals as it does not need any prior knowledge of the NBI.

6.3 THE SQUARE LAW TECHNIQUE

Although the TKO technology can considerably improve the NBI mitigation ability of
the ED based IR UWB receivers, it is very difficult to implement in hardware [18]. To
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solve this issue, another similar nonlinear processing operator, denoted the SL operator,
was systematically introduced for the ED-based receivers. In the SL operator, it uses a SL
device with a BPF instead of a TKO with a HPF to mitigate the NBI effects. With the help
of the SL operator, the NBI coexisting with IR-UWB signal can be converted to a low
frequency band and then suppressed by a BPF. Since the SL devices are commercial readily

available, the implementation of the SL technology will be relatively easy.

Bandpass
Filter
BPF2

Figure 28 The structure of the SL technology for UWB impulse radios
As shown in Fig. 28, the SL operator, denoted y (-), on input signal x(¢) can be defined
by
yO) =y [x(O]=x*(O)*hy(2) , (6.2)
where />(f) is the impulse response of the cascaded band-pass filter (i.e. BPF2) with a

frequency response

Lo fis|fs s

6.3
0, others, (63)

Hz(f)z{

where f1 and f> are the low and up cut-off frequencies of the filter, respectively.

6.4 TWO PROPOSITIONS FOR THE SQUARE LAW TECHNIQUE

To develop the proposed detector in the next sections, we first define two propositions
as follows:
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Proposition 1: Suppose the input to a SL operator x(¢) is composed of three different
components

x(t) = x1(t) + x,(t) + x3(t) 2 x4 + x5 + x5, (6.4)

where x1, x2, x3 is the notation of xi(¢), x2(¢), and x3(¢). By substituting (6.4) to (6.2), the

output of the SL operator can be given by

w[x(t)] = l//[x1 +x, +x3]

(6.5)
=y[x|+v[x]+v[x]+w. [x +x,+x],
where the cross-term y_ [x, +x, +x,] is defined as
v, [x1 + X, +x3] :2[x1x2 +X,X, +)c1x3]>!<h2 , (6.6)

where 4, is the notation of 42(¢), and * is a convolution operation.

Proposition 2: If the input, x(7), is a zero-mean narrowband random process with a

power spectral density (PSD)

B

P, f - 2~*g|f|sfc+

0, others,

B

X .
b

2 6.7)

S.(f)=

where B, and f. are the bandwidth and center frequency of the random process, respectively.
Then the output of SL operator can be given by

BX
5

v [x()] = () *hy(6) =0, if f;>B,, and f, <2f.— (6.8)

Proof: see Appendix D.

The result from proposition 2 can be exploited to mitigate NBI regardless of its center
frequency in any location of signal frequency range. Since compared with the center
frequency, f., of an IR-UWB signal, the NBI bandwidth, By, is so small, then applying the

BPF2, the NBI can be easily removed by (6.8).
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6.5 THE PROPOSED MULTIBAND SQUARE LAW TECHNIQUE

In this section, based on the SL technique discussed in section 6.3 and 6.4, we will
present a novel NBI mitigation technique, MSL, for the ED-based IR-UWB systems, and
then its NBI mitigation performance analysis. Without loss of generality, we assume a

transmission with perfect synchronization of the integration window, no ISI and no IPL.

BPF 1

|
|
lyl(f)}ffn(.)zdtj_{%e ],
I \ 70
|
| ~

P2 |20, [y ‘—>E>‘ e}»
| §
| : :
|
|
|
|

o KD Gy

Figure 29 The structure of energy detector based on the MSL technique for UWB impulse radios.

[ Digital Signal Processing ]

To mitigate NBI in the received IR-UWB signal, as shown in Fig. 29, we proposed an
energy detector based on the MSL technique in [57]. As usual, the received IR-UWB signal
is amplified by a low noise amplifier and filtered by a band-pass filter (BPF) to remove the
out-of-band noise and interferences. Then the filtered signal #(¢) is fed to the MSL device
to get M separated sub-band-limited signals y1(?), y2(?), ..., yu(?). Subsequently, the signal
energy over each sub-band is collected by an energy detector with integration time of 77.
Finally, these collected energies are sent to a digital signal processing unit to retrieve user’s
information bits. Since this technique does not need any prior knowledge of the NBI, it

leads to designs of low cost and low complexity ED-based IR-UWB receivers.
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For each symbol duration, the demodulation is based on the signal energy collected
over a specific time interval (0 < ¢ < 77), which is determined by the delay spread of a
multipath channel. When the UWB pulse is transmitted, the received signal r(¢), after the

BPF, can be given by

r(t)=p0)+n(t)+i(t),0<r<T, , (6.9)
where n(¢) is the background noise and p(?) is the received UWB pulse with a bandwidth
of B and an energy of E, given by

p(t)y=a(t)cos2rf.t, (6.10)

where a(?) is the baseband equivalent of p(¢) and f: is the center frequency of p(¢). Typically,
B <<f. for a IR-UWB system operating in the 3.1-10.6GHz frequency band. Furthermore,
in order to analyze the SIR improvement offered by the MSL technique, the NBI, i(?), is
modeled with a wide-sense stationary, zero-mean Gaussian band-pass random process [58]
with the following autocorrelation function (ACF)

sinzB,r

R(t) = E[i(t +7)i(t)] = P, cos2zf.r, 6.11)

T
and the power spectral density (PSD)

B, B.
P ——L<|fI<fi+—=
): i ‘f; 2 |f| f;+2 ’

0, others ,

S (f (6.12)

where B;, fi and P; are the bandwidth, the center frequency, and amplitude of PSD,
respectively.
By sending the filtered signal 7(¢) to the MSL operator, the output in the m™ sub-band,

ym(t), m=1, 2, ..., M, according the proposition 1, can be expressed by
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+w(n)+w(i)+ ,n,1), when the NBIs present;
ym(t)z{l//(q) v (n)+v (i)+y. (¢.ni) p 613

w(q)+w(n)+w.(q.n), when no NBI presents;

where the (i) is a strong NBI component. According the proposition 2, it can be removed

by the SL operator,
w(i)=(t)*h, (1)=0, (6.14)

as the condition of fi > B;and f>= B is chosen. Thus, the y,(¢) in (6.13) can be obtained by

(6.15)

0= w(q)+w(n)+w.(gni), when the NBIs presents;
It = w(q)+v(n)+w.(g.n), whennoNBIpresents;

It should be noted that, comparing with (5.10), the yu(?) in (6.15) has no any strong NBI
component, i.e. y(i), hence the SL operator technology can significantly improve the NBI
mitigation performance of the ED-based IR-UWB systems.

To evaluate the NBI mitigation performance of the proposed MSL technique, as

examples, we will focus on the following two special cases.

6.5.1 NBI Mitigation When One NBI Presents

When one NBI presents in a IR-UWB signal, the proposed MSL technique becomes the
SL technique in [56], i.e. M=1, as shown in Fig. 28. Typically, the power of the NBI is
much higher than that of the background noise; hence, when the NBI is present, the effect
of the background noise can be omitted in the SIR improvement analysis for the sake of

simplicity. The SIR of 7(¢) over 0 <t < T;is given by

SIR. = E% 7 (6.16)

After the SL technique is applied, the squared signal s(), is written as
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s(=r’(t)=p* @)+ (O +2p@)i(r), 0<t<T,, (6.17)
where we denote p?(¢) as the UWB term, i*(¢) as the NBI term, and 2p(¢)i(¢) as the cross-
term.

As shown in Fig. 30, in frequency domain, the UWB term in (6.17) is located in [0, B]
and [2f. — B,2f. — B] frequency bands, the NBI term is in [0, BI] and [2f;— B, 2f;+ Bi], and
the cross-term is in [0, |fo — fi| + (B + By)/2] and [fc + fi— (B + By/2, fc + fi+ (B + Bi)/2].
Therefore, when the BPF2 with a pass-band of [f,,B] is used to filter s(¢), the whole NBI
term can be removed if f, > B, and consequently the filter output, y(¢), can have much
higher SIR than the original signal, »(¢). It should be noted that the SL technique does not

require any prior knowledge about the NBI except an estimation on the widest possible

bandwidth of the NBI to set f, at that value [56].

Signal UWB
| Pogwer L NBI
Cross-term 2 f] +B Je
-« BI

K"‘}F Filter Bank 2fc - B \1: 2fc +B
| %\ﬂ\/ ?

Figure 30 Power spectrum of the received signal after the SL processing when one NBI presents.

The analysis for the exact SIR of y(¢) is given in [56]. We assume the BPF2 is an ideal

band-pass filter with a frequency response

H(f):{l’ £, <|f]<B |

) (6.18)
0, otherwise
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From (6.10) and (6.17), when the SL technology is used, the energy of the UWB term p*(f)

in (6.17) is given by

18 2

£, =2l A o 619

where A(f) is the Fourier transform (FT) of the a(¢) in (6.10). Meanwhile, the average
energy, E;, of the NBI term i*(¢) in (6.17) is derived by

0, f, 2B,

E =P ’ 2
(EIJ (B]_fp) TI’ fp<BI'
I

(6.20)

Usually, the UWB pulse p(#) and the NBI i(¢) are independent, the average energy, E, i, of

the cross-term 2p(¢)i(¢) in (6.17) can be approximated by
E =[S, (N & =R 40 -8 4 +anf Jr. 621)

where Af = |f, — f;| and §p,i(f) is the average energy spectrum of the cross term.

Finally, from (6.19), (6.20), and (6.21), the SIR of y(¢) over [0, 77] can be derived by [56]

Ll o
- Jp - ; , fp 2 B] ,
B[ A =anf s+ o] Jr
SIR,, = L = 1 cB )
E+E,, EL A(f)xA(S) df
5 i , fp <B,.
P 2 B 2 2
(BI,] (B~1,) T+R], [[4C/ = AN +|4Cr+ o)
(6.22)
For an example, if we consider the following UWB pulse,
sin(z Bt)
(1) = 2BE, —7Z'Bl cos(27rfct), 0<r<T, (6.23)

0, otherwise.
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where 7}, is the pulse duration time. By substituting (6.23) into (6.22), the output SIR of

¥(?), after the SL device, is obtained by

__E,(B-/)
3PB(B-2f,

SL

3 f,>B,. (6.24)

By comparing (6.25) with (6.16), the SIR improvement offered by the SL technology,
denoted as Gs;, can be derived by
SIR,  T,(B-f,) 1

G = = ~ — B, BZ . 6.25
* SIR, 3B(B-2f,) 3 Ty (6.23)

Due to the wideband feature of IR-UWB systems, T;B > 1, the SL technology can achieve
a significant SIR improvement for the ED-based IR-UWB receivers. For example, when B

= 500MHz and 77=200ns, the SIR improvement, Gs;, is around 15.2dB.

6.5.2 NBI Mitigation When Two NBIs Present

When the received signal 1s disrupted by two or more strong NBIs, the proposed MSL
technique, as shown in Fig. 29, is applied to improve the NBI mitigation performance of

the SL technique.

A. The Output Analysis for the SL Technique with Two NBI presents

For the sake of simplicity, in this section, we omit the effect of the background noise (as
the powers of the NBIs are much higher than that of the background noise), and consider
the case of two NBIs presents as an example.

According to the proposition 1 and the proposition 2, the output signal y(¢), after the SL

device, is then written by
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y(f)=l//(p)+l//(l',)+l//(i2)+(//c(p,il,i2)
v(p)+v. (p.isi,) (6.26)

P (0)+2[p ()i (1) + P ()i (1) +ii (1) (1) ] (1),

where i1(t) and i,(t) are the two NBIs with center frequency f; , f;, and bandwidth
By, By,. The two NBIs are in the frequency band [f;, 1, fi, u] and [f, 1, f1, u], Tespectively.
When the two NBIs pass through the SL device, a very strong interference component
i1 (t)i,(t) * h(t) is produced in y(¢) as shown in (6.26). This strong component seriously

degrades the NBI mitigation performance of the SL technique, as it cannot be shifted to a

low frequency band close to DC by the SL device.

B. Filter Bank Design and Signal Combining

A Max[B, , B, | UWB

7] NBI
k‘(ﬁm _ffm ) - (flﬂz _f}u )

) .
] BPF Filter Bank 2f.-B
3 - \

Figure 31 The power spectrum density of the received signal after SL processing when two NBI
present.

In the proposed MSL technique, a group of band-pass filters is designed after the square
law device to further improve the NBI mitigation performance. As shown in Fig. 31, after

passing through the SL device, the two NBI components are re-located at the frequency

range of i) DC, ii)) DC to the max value of [f,, gy — fi,0, fi,u — fi,,L] - iii) [f,z,L -

from fiom — ]CILL], iv)[Zf,LL, 2f11,H]a and v) [ZfIZ,L, ZfIZ,H]- If a multiband BPFs with the
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passing band of the max of [f;, y — f1, 1, fi,,u — fi,.L] tO fi,L — fi,m- a0d fr, p — f1,L 1O B
is applied, the most energy of NBIs can be removed.

Based on the spectrum analysis above, the filter bank design is required 7) to remove the
band between DC and the max of (By,, By,), the band of [f1, , — f1, u, fi,,n — f1,,1], and i)
the band of [B, +o0]. Generally, the powers of the two strong NBIs are much higher than
that of UWB and noise component, thus the terms of the sub-band disrupted by NBIs will
have a higher energy than those of other sub-bands. Therefore, to mitigate the NBIs and
their cross terms, the sub-band disrupted by NBIs and their cross terms must be detected
by comparing the signal energy of each sub-band. Then the signal energy of the disrupted

sub-band will be omitted for retrieving information bits.

6.6 SIMULATION AND DISCUSSION

In this section, using an ED-based binary pulse position modulation (BPPM) UWB
system as an example, based on the proposed MSL-based receiver architecture for M=3
and M=1 (i.e. the SL technique), computer simulations have been carried out to verify the
validity of the theoretical analysis on the SIR improvement as well as investigate the NBI
mitigation performance offered by the MSL technique.

In the simulations, the transmitted IR-UWB pulses have a waveform defined by (6.10)
with B = 499.2MHz and f.= 3.9936GHz. The duration of a BPPM frame is 400ns, and the
time shift to differentiate 1 from 0 is 200ns. Correspondingly 77is fixed at 200ns in the
receiver. In addition, an NBI with bandwidth B;= 6MHz and center frequency f;=3.9GHz

is applied. The BPF2 is designed by cascading a high pass filter (HPF) with a low pass
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filter (LPF). The cut-off frequency of the LPF is B = 499.2MHz and that of the HPF is f, =

2MHz or 6MHz. Both the LPF and the HPF are implemented with Butterworth filters.

A. No NBI Presents

Fig. 32 shows the simulation results without NBI present and their comparisons with the
SL-based ED and the conventional ED-based detectors. From the Fig. 32 we have the
following conclusions: i) regardless of Gaussian or multipath channel, the proposed MSL
technique can considerably improve both the SNR and the BER performance of IR-UWB
system; ii) the performance improvement under multipath channel is less than that under
Gaussian channel; iii) the MSL technique has a inferior performance compared with the
SL technique; iv) Omitting any one sub-band of the MSL based receiver will lead to a little
deterioration on the BER performance, moreover, omitting the frequency band closer to

DC cause the more deterioration.

TP I I
| —A—EDin AWGN & CM3 | ]
.| —6— SL-MED without Ch. 1 |
107! |5 SL-MED without Ch. 2| |
AL —6— SL-MED without Ch. 3 |13
B —%— SL-ED [ ]
1072
x
&0
1073
107
107°

E/N, (dB)

Figure 32 The BER performance of the ED-, SL-, and MSL- based receivers without NBI present.
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B. One NBI Presents

As shown in Fig. 33, the SIR improvements offered by the SL and TKO techniques are
investigated through theoretical analysis and computer simulations under both AWGN
channel and multipath channels [56]. Clearly, for all scenarios, the SL technique can
achieve the same NBI mitigation performance as the TKO technique. Furthermore, the SIR
improvement under multipath channels is less than that under AWGN channel, as in the
multipath channel the FT of UWB pulse in (6.23) is no longer a flat spectrum in AWGN

channel, and hence E, given by (6.19) has a reduced value.

24 T T T 24 T T T
—6— Simu: TKO+HPF(6MHz) —+— Theo: SL+BPF(6MHz)
93| —2— Simu: TKO+HPF2MHz) | | gal| @ Simu:SLIBPF(6MHz)| |
: : E —*— Theo: SL+BPF(2MHz)
: : : A Simu: SL+BPF(2MHz)
20 .......... ......... ......... ......... m .......... T EEEEEEEE .........
ABF e AWGN | ... ......... 18F s AWGN IR

channel

10 ..................................
Y. SN CM1 e, e & Jomr | e
channel : channel :
6 ! 1 1 6 ! 1 1
-3 — 0 4 B -8 —4 0 4 8
SRB{dB) SRB{dB)

Figure 33 SIR improvement offered by TKO and the MSL techniques for M=1 [56] ©2012 IEEE.

Fig. 34 shows the BER performance offered by the SL and the TKO techniques when
a strong NBI presents and the channel SNR fixed at E»/No=19dB in both AWGN and CM1
channels. We can see that the SL technique has the same performance as the TKO technique,

and they can significantly improve the BER performance of the ED-based UWB receiver
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when a strong NBI is present. In particular, at BER= 1073, the ED-based receiver requires
a SIR higher than 5dB, while when the SL technique with f,= 6MHz is applied, the required

SIR is relaxed to —6.8dB under AWGN channel and —2.8dB under the CM1 channels.

BPPM-ED(AWGN) ]
O BPPM-ED(CM1) ]

O | = TKO+HPFQMHZ) ||
[0 SL+BPF(ZMHz)
TKO+HPF(6MHz)
DN /A SLABPF(6MHZ)
lem o [UTENG s
channel |.... A PP

..................................................................

| AWGN
10-3 . channel |

—-12 -10 -8 —& —4 -2 0 2 4 [
SR (aB)

Figure 34 BER performance of the ED-based BPPM receiver employing the SL or TKO technique [56]
©2012 IEEE.

C. Two NBIs present

Fig. 35 shows the BER performance improvement offered by the MSL based technique
with two strong NBIs present. Clearly, the proposed MSL technique can significantly
mitigate the destructive effect of two NBIs on the performance of the ED-based receivers.
When two NBIs present, the BER performance of the conventional ED-based receiver is
unacceptably poor, and both SL- and MSL- based ED receivers have better performances.

Moreover, comparing with the SL based receiver, the proposed MSL based receiver has a
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superior performance when two strong NBI presents and a similar performance (less than

0.2dB worse) when one strong NBI presents.

BER

| — A — ED with 1 NBI & 2 NBls
. — * —_ SL-ED With 2 NBls ......................................
— #® — SL-MED with 2 NBls
10'3 —-| —®— SL-MED with 1 NBI e SEEEE S P PR EEEE N -
['| —%— SL-ED with 1 NBIs

12

Figure 35 BER performance improvement in a multipath channel with two strong NBIs present for M=3.
The SIR of two strong NBIs are set by -10 dB with a center frequency 3.9 GHz and 4.1GHz, respectively.

6.7 CONCLUSION

In this chapter, a new blind NBI mitigation technique, MSL, is proposed to mitigate
destructive effects of an NBI on ED-based UWB receivers. Through theoretical analysis
and computer simulations, we find that without requiring any NBI prior knowledge, the SL
and the proposed MSL techniques can significantly improve the SIR of the received UWB
pulses, and can make the ED-based receivers have a better BER performance in AWGN
and multipath channels with/without NBI presents. Furthermore, when comparing with the
SL technique, the proposed MSL technique has a better NBI mitigation performance when

two or more NBI present and has the similar performance when one NBI or no NBI presents.
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As a prior-ED NBI mitigation technique, the SL or MSL technique can be employed jointly
with posterior-ED NBI mitigation techniques [59] to further improve the performance of
ED-based IR-UWB ranging systems. Therefore, the proposed MSL technique provides an
implementable, highly effective and low complexity solution for IR-UWB communications

under strong NBI environments.
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS

In this dissertation, nonlinear signal processing techniques have been analyzed and

proposed for IR-UWB systems, and future works in this area are provided.

7.1 CONCLUSION

We proposed the use of a nonlinear signal processing technique, VD technology, to
replace the conventional square law device to achieve better BER performance. We
evaluate its performances analytically and empirically, and find that the log-normal model
is the best-fit model for the VD-based detection. With the log-normal model, the analytical
formula for the BER of the VD-based system with and without NBI in both AWGN and
CMI1 channels have been derived. Our results show that as compared with the conventional
ED-based receiver, the proposed VD- based receiver can achieve a much better BER
performance. It does not require high sampling rates and there is only a slight increase in
receiver complexity as compared to conventional ED-based receivers. Our simulation
results indicate that the VD based receiver can be a preferred nonlinear detection

technology for IR-UWB systems.

For the MSL nonlinear signal processing technologies, we analyzed and verified its
NBI mitigation performance, and have shown that without requiring any prior knowledge
of the NBI, the MSL technique can significantly improve the SIR of the received UWB
pulses, and hence can improve the BER performance of the ED-based UWB receivers.
Furthermore, computer simulations show that the proposed MSL technique has the same
NBI mitigation performance as the TKO technique and is easy to implement in hardware,

therefore, the proposed MSL technique is an implementable and highly effective blind NBI
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mitigation technique for ED-based IR-UWB receivers that demand low complexity and

low power consumption.

7.2 RECOMMENDATIONS FOR FUTURE WORK

The use of nonlinear signal processing technologies presents a potentially new horizon

for research and development of the ED based impulse radio UWB systems. However,

nonlinear signal processing technologies also offer a number of challenges to be addressed

and opportunities to explore for commercial applications. These challenges and

opportunities are recommended as indicated below.

()

(i)

Theoretical analysis for SL technology

Our initial theoretical analysis of the SL technology focused on frequency spectra or
SNR. Some important analysis, for example BER performance, has to be completed
with computer simulation. In addition, further understanding of the related
operational principles and physics are still needed, in order to design the optimal

systems.

The combination of SL technique with other NBI mitigation techniques

The proposed SL technique is a highly effective blind NBI mitigation technique for
ED-based IR-UWB receivers that are of low complexity and low power consumption.
It may be employed jointly with other NBI mitigation techniques to further improve

the performance of ED-based IR-UWB ranging systems.

(iii) Multipath effects mitigation techniques for VD- based receivers

Our initial results in chapter 4 show that the performance of the VD-based receiver

can degrade significantly due to multipath effects; further analysis on the effect of
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multipath and new techniques to mitigate them deserve further investigation and
research.

(iv) High order nonlinear signal processing technologies
Based on our work so far, high order nonlinear detectors may be explored for impulse
radio UWB communications. For example, the four-order detector and kurtosis
detector. Our initial study found that the high order variance detector may have a
better BER performance. Further work to exploit these high order nonlinear signal

processing technologies should be carried out.
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APPENDIX A  Proof of the Approximation of G;*°

In this appendix, the approximation of the expectation of G;'? in (4.21) is derived. From

(4.19) and section 4.2, we have known

E[GP]=E|In(V,)]|-E[In(V,)], (A1)
and V; obeys the log-normal distribution with a location parameter
o =E[1n(l/ﬁ)] =In(E[V, ]) L { VW[[Z ]]] (A.2)

Var [Vﬂ}

Ev,]

Suppose X = , by applying the Taylor series expansion, we have

—_1)\" ,ntl
ln(1+x): (l)x :x—%x2+%x3—..., (A.3)

Taking the first order approximation, we get

(A.4)

E[ln(Vﬁ)]zln(E[Vﬁ])_E. Ez[Vﬁ] .
Substituting (A.4) to (A.1), we obtain

Var|V, | Var|V,

el )[fel ) (a4 - | s

Since the term 1[Var[ ] [ ”]
2 2V ] ELV]
w))-

than the term ln( [ ) (

] denoted as term (2), in (A.5) is much smaller

denoted as term (1), (as shown in Fig. 36), (A.5)

can be approximated as
E[GP |=m(E[V,])-In(E[V,, ]). (A.6)
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]—B-- term (1) in AWGN |-
“|—©o—- term (2) in AWGN |-
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Figure 36 The values of the first and second terms in (A.5) with both AWGN and multipath CM1 channels.
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APPENDIX B  Derivation of the Approximation of £[V;]

In this appendix, the expectations of rju?, wiu?, riu’riu’, wiu® wii?, and s’ wyi in (4.28)
are derived. Variable 7 is if a zero mean with normal distribution. By using Isserlis’
theorem [60], these expectations can be derived as follows:

1

{Z ,,k} MZ[ {],k}+E2{],k}+E2{ﬂk}]:3M-afi, (B.1)

k=0

where 0. =E {rﬁk}, i=0,1 is the variance of r,, in the J™ frame;

1M-1 M-1 M-1 -1
{Z Z Viir? 111} E{ /lk}+ z E{ V! /zl} (B.2)
k=0 k=0 1=0,l#k

Assume that the variable 7,4 and r;;” are independent (to simplify the analysis). Then
E{le‘kzrj‘jzz} ZE{Vj,'kZ} E{l”jl‘zz} = O':'l. if k#1[.Then

-1 M-1
E{ 2 ]Z,} (M*+2M)o0;, . (B.3)
k

=0 /=0

Similarly, the expectations of variables wji*, wji’ wji’, and rju’wyi’ can be found as:

{leﬂk} ZE{ Wi |=3(N-M) o) (B.4)

k=M k=M
N-1 N-1
E{ wiw, t=(M*+N*=2NM +2N -2M ) o, (B.5)
k=M =M
and
-1 N-1
E{ r]k jll} N M) rt w’ (B6)
k=0 =M

2 2
where o, = E{w.

ﬂ.k} ,1=0,1 is the variance of w, in the ;" frame.
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APPENDIX C  Derivation of the Approximation of E[V;?]

In this appendix, E{V;} in (4.31) are derived. The first term in (4.31) can be expanded

— N-1 1 M-1M-1 4 4 1 N-1 N-1 . 4
Z P+ 2, W R ADIDIE Sy Wik Wjit
k=0 N k=0 =0 N k=M =M

as

k=M
(C.1)
2 M-1N-1
4 4
+ N2 E ViaeWian (>
k=0 I=M
the second term can be expanded as
- N-1 1 M-1M-1M-1M-1
2 2.2 2
z jlk + lek N4 E Z rjlkrjllrjzmrjm
k=0 k=M k=0 =0 m=0 n=0
N-1 N=1 N-1 N-I
—1 E
+ N4 W]tkw]zletmwjm
k=M =M m=M n=M
4 M-1M-1M~1 N-1
2. 2.2 2
Sev 2D IDID I IRt (€2)
N k=0 [=0 m=0 n=M
6 M-1M-1 N-1 N-1
+ E Z 2 2.2 2
N4 rjik rjll lem ij
k=0 =0 m=M n=M
4 M-1N-1 N-1 N-1
2.2 2 2
+ N4 E rjikwjiIWjim jin [ ?
k=0 =M m=M n=M
and the last term as
2 M- N-1 M- N-1 2 2 M-1M-1M-1
4 4 2 2 _ 4 2 2
_FE Z Vit 24 Wik Vi ¥ 2 Wik | (= _FE Z Tk it jim
k=0 k=M k=0 k=M k=0 =0 m=0
o) M-1N-1 N-1 D . 4 e
_FE Z T Wit W jim _FE Z T jit W jim
k=0 I=M m=M k=0 =0 m=
N-1 M-1M-1 1 M-1M-1
T2 W RN
N3 Wjik,/"jill/_'jim N3 W]zkw/zlezm
k=M 1=0 m=0 k=M 1=0 m=0
N-1 M-1 N-1
4 E 4 2 2
N Wil 5uWiim (-
k=M 1=0 m=M
(C.3)

In order to evaluate (C.1), (C.2), and (C.3), the following equations or identities are

used:
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k=0 [=0 k=0 =0kl k=0
M-1 M-l M1
= E{GVEE + 2 ElE (C4)
k=0 1=0,k=/ k=0
=(9M> +96M )o?,

M-1 M-1 M1 M-1M-1
E{ éﬁéﬁ}% fee ©3)

k=0 [=0, k=0 [=0,
1#k 1#k
M-1M-1M-1 M-1M-1M-1 M-1
2 g2 g2 g2
+6 E{g&EN+E EiEiens
k=0 [=0, m=0 k=0 [=0, m=0, n=0,
I1#k m#l £k m#l, n#k,
m#=k m#=k n#l,
n<m

=(M* +12M° +44M° +48M ) o,

(C.6)

where { & } are zero-mean independent normal random variables, and 0'52 =E {f,f} is the

variance of &. Following the identities of (C.4) - (C.6) and Appendix II, the equations of
(C.1) - (C.3) can be obtained.
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APPENDIX D  Proof of Proposition 2

In this appendix, the proposition 2 in section 6.4 is derived.

By substituting the zero-mean Gaussian narrowband random process, x(¢), with a PSD

in (6.7), to (6.2), the output signal, after the SL device, y(f), can be written by
w(t) = x2(t) * ha(2), (D.1)

where /A2(7) is the impulse response of the cascaded bandpass filter in (6.3).

In frequency domain, the power spectrum density (PSD) of y(¢) in (D.1) is given by
Sy(f) = |H2(H)PSe(f). (D.2)

where Hx(f) is frequency response of bandpass filter /2(f), and Sw(f) is the PSD of x(¢)

expressed by

S.(f)=[RO] 5(/)+S.(f)*S.(f)

1 (D.3)
S N*S.(N[8(F+2£)+(f -21)]

where R(0) is the value at 7 = 0 of the autocorrelation function, R«(z) of x(¢) given by

sin(nB 1)

R (7)= E[x(t + r)x(t)] =P cosQr f.7) , (D.4)

where P, f., and B, are, the power, the center frequency, and the bandwidth of x(¢),
respectively.
In order to get the output signal y(¢) in (D.1), the Hx(f) is rewritten as

L fis|flsf

D.5
0, others, D-5)

Hz(f)={

where f1 and f are the low and up cut-off frequencies of the filter, respectively.

By substituting (D.5) and (D.3) to (D.2), S)(f) is obtained by
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S,(f)=0, if f;>B,, and f, <2f. —%. (D.6)

It is should be noted that (D.6) can be held as the PSD in (D.3) is located out of the

. B
filter in (D.5) once filter parameters f; > Byand f, <2f, — ?x are chosen.
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