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Abstract

This Thesis examines low complexity receiver structures for impulse-radio (IR) ultra-wideband
(UWB) systems to be used in wireless sensor network applications. Such applications require
radio communication solutions characterized by low cost, low complexity hardware and low
power consumption to provide very long battery life.

Analysis of several auto-correlation receiver (AcR) structures is performed in the presence of
additive white Gaussian noise to identify receiver structures that offer a good compromise
between implementation complexity and data communication performance.

The classes of receiver that demonstrate the best complexity/performance trade-off are shown
to be the AcR utilising transmitted-reference with binary pulse amplitude modulation signaling,
and the energy detector (ED) utilising binary pulse position modulation. The analysis of these two
schemes is extended to consider multipath fading channels. Numerically integrable bit error rate
probability (BEP) expressions are derived in order to evaluate the receivers' performance in the
presence of fading distributions characterized by closed form characteristic functions. Simulations
utilising widely accepted UWB channel models are then used to evaluate the BEP in different
indoor environments.

Since UWB systems share frequency spectrum with many narrowband (NB) systems, and need
to coexist with other UWB systems, the performance of low complexity receivers can be seriously
affected by interference. In the presence of NB interference, two cases have been considered: 1)
single NB interference, where the interfering node is located at a fixed distance from the receiver,
and 2) multiple NB interference, where the interfering nodes are scattered according to a spatial
Poisson process. When considering UWB interference, the case of multiple sources of interference
has been considered. For both the multiple NB and the multiple UWB interference cases, the
model derived considers several interference parameters, which can be integrated into BEP
formulations for quick performance evaluations. The framework is sufficiently simple to allow
tractable analysis and can serve as a guideline for the design of heterogeneous networks where
coexistence between UWB systems and NB systems is of importance.

The very large bandwidth of UWB signals offers an unprecedented possibility for accurate
ranging operations. Signal leading-edge estimation algorithms based on average maximum
likelihood estimators are derived considering different multipath channel fading distributions.
Suboptimal solutions are proposed and investigated in order to support ranging capabilities in low
complexity receiver structures. The ability to identify line-of-sight and non-line-of-sight
conditions with the ED-based receiver is also addressed.

An example of an IR-UWB low complexity transceiver based on ED for sensor network
applications is proposed in this Thesis. Ad-hoc solutions for pulse transmission, synchronization
and data detection are developed.

Keywords: auto-correlation receiver, detection, energy detector, estimation, impulse
radio, interference, UWB
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List of symbol and abbreviations

super-script | is used to identify parameters related to the multiple UWB
interferers

jth element of a bipolar random sequence ofktieuser
stable distributed random variable

fractional bandwidth

jth element of a TH random sequence of kiteuser
radio link distance

ith transmitted data symbol of tikéh user

ith transmitted data symbol of tm¢h interferer

energy per bit

integrated energy per bit

energy per pulse

UWB signal central frequency

3 dB upper end of the signhal bandwidth

3 dB lower end of the signal bandwidth

NB signal central frequency

reference modulation parameter

complex Gaussian random variable

Gaussian random variable

frequency-dependent receiver antenna gain
frequency-dependent transmitter antenna gain
multipath channel component

transmitted power of each NB interferer

average received NB interference power (single interferer case)
path loss at 1 meter

path loss at 10 meter

shape parameter of a Gamma distribution

fading parameter in the presence of Nakagami fading
noise signal at the output of the BPZF

samples of a band-limited AWGN process

noise spectral density
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Nobit
Nh
Np
NF
p(t)
Pn
P(f)

Pe
PE(}NBI)

piNBIS)

puwB)
Pa
PI
Prx(f)

Prx (f)
q(ED)

averaged noise spectral density

maximum allowable integer shift

number of pulses per symbol

noise figure

transmitted UWB pulse

complex value of thath sample phase component

magnitude of the frequency responsex(t) at the frequency

error probability function

error probability function in the presence of a single NB interferer
error probability function in the presence of multiple NB interferers
error probability function in the presence of multiple UWB interferers
probability of false alarm

transmitted power of each UWB interferer

frequency-dependent received power

frequency-dependent transmitted power

degrees of freedom of the Chi-squared distributed decision variable for
the ED

degrees of freedom of the Chi-squared distributed decision variable for
the AcR

received signal at the output of the BPZF

complex value of thath received signal sample

data rate

auto-correlation function of the functioirt)

distance between thregh NB transmitter and the UWB receiver
radius of a circle

transmitted signal

alpha-stable distribution

complex alpha-stable distribution

integration time

channel excess delay

pulse repetition period

average pulse repetition period for ED

average pulse repetition period for AcR

duration of the received signal

integration time



To

Tr
Tsmall

Yuws

r()
o(+)
éoa
6[0&
Atoa
6h

AS()

Aglgat(')

observation time

pulse duration

delay between the reference pulse and the modulated pulse

integration time for the threshold-crossing and maximum selection al-
gorithm for time-of-arrival estimation

uncertainty time

vector composed by the samples of title received UWB interference
signal

mth component of the vect(ﬁlf?

output of the channel impulse response filter

signal bandwidth

circularly symmetric random variable

characteristic exponent of the unidimensional alpha stable random vari-
able

amplitude of the fading associated with the single NB interferer
amplitude of the fading associated with tfitl interferer

skewness parameter of the unidimensional alpha stable random variable
dispersion parameter of the unidimensional alpha stable random vari-
able

dispersion parameter of the unidimensional random variable represent-
ing the aggregate interference in the presence of multiple UWB interfer-
ers

Gamma function

Diract function

integer part of\oa/Tp

estimate ofa

fractional part 0f\oa/Tp

modulation delay for the PPM

delay of the received signal

decay factor of the power delay profile

phase of the fading associated with tiik interferer

spatial density of the interferers

averaged maximum likelihood estimator function in the presence of
complex Gaussian fading

suboptimal averaged maximum likelihood estimator function in the pres-
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ence of complex Gaussian fading

suboptimal averaged maximum likelihood estimator function in the pres-
ence of complex Gaussian fading

suboptimal averaged maximum likelihood estimator function in the pres-
ence of complex Gaussian fading

suboptimal averaged maximum likelihood estimator function in the pres-
ence of complex Gaussian fading

generalized maximum likelihood estimator function

improved generalized maximum likelihood estimator function

averaged maximum likelihood estimator function in the presence of
Nakagami fading

averaged maximum likelihood estimator function in the presence of
Log-normal fading

average power of thigh multipath component in the presence of Nak-
agami fading

shape parameter of a Gamma distribution

location parameter of the unidimensional alpha stable random variable
non-centrality parameter of the a Chi-squared distributed random vari-
ableYgp 1 in the presence of a single NB interferer

non-centrality parameter of the a Chi-squared distributed random vari-
ableYgp in the presence of a single NB interferer

non-centrality parameter of the a Chi-squared distributed random vari-
ableYygr 1 in the presence of a single NB interferer

non-centrality parameter of the a Chi-squared distributed random vari-
ableYygr 2 in the presence of a single NB interferer

non-centrality parameter of the a Chi-squared distributed random vari-
ableYgp 1in the presence of multiple NB interferers

non-centrality parameter of the a Chi-squared distributed random vari-
ableYgp2in the presence of multiple NB interferers

non-centrality parameter of the a Chi-squared distributed random vari-
ableYyr 1in the presence of multiple NB interferers

non-centrality parameter of the a Chi-squared distributed random vari-
ableYygr 2 in the presence of multiple NB interferers

non-centrality parameter of the a Chi-squared distributed random vari-
ableYgp 1 in the presence of multiple UWB interferers



(UWB)
H YED,2

(UWB)
K YTR,1

(UWB)
K YTR2

T
Tj
Tn

&n(Aroa)
&n(roa)

A/D
AcR
ALT

non-centrality parameter of the a Chi-squared distributed random vari-
ableYgp,2 in the presence of multiple UWB interferers

non-centrality parameter of the a Chi-squared distributed random vari-
ableYrr 1 in the presence of multiple UWB interferers

non-centrality parameter of the a Chi-squared distributed random vari-
ableYrr 2 in the presence of multiple UWB interferers

time delay of thdth multipath component

delay of theith interferer

random variable which accounts for the asynchronism between the in-
terferers

amplitude decay factor

signal energy in theth integration interval as a function éfa

estimate of the signal energy in thth integration interval as a function

of the jth hypothesis

estimate of the total received signal energy

estimated noise variance

standard deviation of the variable’s logarithm in the presence of Log-
normal fading

shadowing parameter of the interferer

CRLB of the signal timing estimation variance

cross-correlation matrix

random phase

characteristic function

aggregate interference signal

nth interference signal at the UWB receiver

complex vector composed by the samples of the aggregate interference
taken over a single time frame of the received signal

vector composed by the samples of the aggregate interference taken over
a single time frame of the received signal

mth element of the vectdﬂj

vector composed by the samples of the aggregate interference taken over
an entire symbol of the received signal

analogue to digital

auto-correlation receiver

alternate transmission scheme
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AML average maximum likelihood

ASIC application-specific integrated circuit

AWGN additive white gaussian noise

BiCMOS bipolar complementary metal oxide semiconductor
BEP bit error probability

BPAM binary pulse amplitude modulation

BPPM binary pulse position modulation

BPZF bandpass zonal filter

CDMA code division multiple access

CF characteristic function

CM1 IEEE 802.15.4a channel model 1

CMm2 IEEE 802.15.4a channel model 2

CM3 IEEE 802.15.4a channel model 3

CM4 IEEE 802.15.4a channel model 4

CMOS complementary metal oxide semiconductor
CRLB Cramer-Rao lower bound

DB doublet based transmission scheme

DAA detection and avoidance

DLL digital locked loop

DS-CDMA  direct sequence code division multiple access
EC European Commission

ED energy detector

FCC Federal Communication Commission

GPS global positioning system

GSM Global System for Mobile communications
HDR high data rate

HDTV high definition television

IEEE institute of electrical and electronics engineer
GML generalized maximum likelihood

IGML improved generalized maximum likelihood

IPI inter-pulse interference (also called intra-symbol interference)
IR impulse radio

IR-UWB impulse radio ultra-wideband

isi called intra-symbol interference

LDR low-data-rate
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LGW locally generated waveform

LNA low noise amplifier

MAX maximum selection

MB multi-band

mTR modulated transmitted reference

ML maximum likelihood

NB narrowband

NBI narrowband interference

NLOS non-line of sight

OFDM orthogonal frequency multiplexing

OOK on-off keying

PDA personal digital assistant

PAM pulse amplitude modulation

PPM pulse position modulation

RF radio frequency

SIR signal-to-interference ratio

SIRy signal-to-interference ratio defined by the ratio between the received
UWB signal power and the interference transmitted power

SNR signal-to-noise ratio

SR single reference transmission scheme

SW sliding window

TC threshold crossing

TDMA time division multiple access

TH time hopping

ToA time-of-arrival

TR transmitted reference

RF radio frequency

UMTS Universal Mobile Telecommunications System

uwB ultra-wideband

VGA variable gain amplifier

wWB wideband

WCDMA wideband code division multiple access

WLAN wireless local area network

WPAN wireless personal area network

E{-} expectation
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real part

imaginary part
logarithmic function
defined as
approximately equal to
similar to
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1 Introduction

1.1 UWSB history

Wireless connectivity has enabled a new mobile lifestyle with significant enhanced con-
venience for mobile computing users. Consumers will soon demand the same conve-
nience throughout their digital home, connecting their PCs, personal digital recorders
and players, digital camcorders and digital cameras, high-definition TVs (HDTVSs),
gaming systems, personal digital assistants (PDAs), and cell phones to each other in
a wireless personal area network (WPAN)[1]. But today’s wireless local area network
(WLAN) and WPAN technologies cannot meet the needs of tomorrow’s connectivity
with a host of emerging consumer electronic devices that require high bandwidth. New
technologies are required to meet the needs of high-speed WPANSs. Due to the natural
development of communications technology, the lower regions of the frequency spec-
trum are the most heavily used by existing wireless systems. In order to find new
available spectrum, wireless carrier based systems such as wideband code-division-
multiple-access (WCDMA) and wireless local-area-network (WLAN) have moved to
even higher frequencies requiring the use of high frequency oscillators that are able to
provide periodic signals of the order of several gigahertz. These oscillators no longer
present a challenge from the design and the implementation point of view; however, the
power consumption required by the radio-frequency (RF) components of such carrier
based communication systems cannot be considered trivial for portable devices. Issues
related to power consumption and low complexity (cost) are even more crucial for the
emerging wireless application of sensor networks. If sensor networks need to operate in
spectrum regions above 3 GHz, the power consumption of carrier based systems would
make their implementation very difficult.

Ultra-wideband (UWB) systems based on impulse-radio (IR) transmission offer a
solution for the bandwidth, cost, power consumption, and physical size requirements
of next-generation consumer electronic devices. UWB can provide wireless connec-
tivity with consistently high data rates across multiple devices within the digital home
and the office thanks to the very large bandwidth. The use of short pulses of the order
of a few nanoseconds produces a baseband signal which can occupy significant parts
of the spectrum in the 1-10 GHz region depending on the pulse shape. The baseband
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nature of the IR signal allows reduced complexity of the Rigetaf both transmitter

and receiver since up-conversion and down-conversion of the signal are not required.
This translates to reduced complexity of the transceiver and also a significant saving
in power consumption. The combination of low-power and very large bandwidth also
means that it is possible to have transmission with very low spectral density, with levels
at or below the noise floor. The extremely low power spectral density of UWB systems
supports operation in a spectral overlay fashion with other systems where the UWB
systems represent a very small interference power.

One of the first examples of a wireless system demonstrated by Gugliermo Mar-
coni in 1897 can be considered to be based on UWB signaling since Marconi’s earliest
spark-gap transmitters occupied a large portion of spectrum, from very low frequencies
up to a relatively high-frequency band. However, the benefits of large bandwidth and
the capability of implementing multi-user systems provided by electromagnetic pulses
were not considered at that time. The impulse concept was first introduced in 1963 by
Ross [2] who described a linear time invariant system by its response to an impulsive
excitation (as also proposed by Papoulis in 1962 [3]). However, signals with bandwidth
of the order of several gigahertz found their application when the IR technique was in-
troduced for the first time in radar applications [4]. The use of radio signals with very
short temporal duration are particularly suited to radar systems since they can provide
extremely fine accuracy for the estimate of target distance and for the shape of the tar-
geted object [5-7]. The use of IR techniques in radio communication was introduced
by Fullerton who carried out experiments and filed the first patent applications for com-
munication systems based on time modulated radio impulses in 1987 [8]. Fullerton was
also the founder of Time Domain Corporation which was the first company to produce
a UWB chipset in 1999. In the academic community, Scholtz was the first to demon-
strate the potential of this technique. In the introduction of [9] written in 1993 when al-
most all research attention was directed toward code-division multiple-access (CDMA)
systems, Scholtz stat&€8he current emphasis on constant-envelope spread-spectrum
modulations has caused engineers to ignore one design which has considerable poten-
tial, namely time-hopping. The technology for generating and receiving pulses of the
order of a nanosecond or less in width, similar in shape to one cycle of a sine wave, is
available. These monocycles can be received by correlation detection virtually at the
antenna terminals, making a relatively low-cost receiver possiblétee years later,
two new works were published by Win dealing with multi-user capacity of the time-
hopping-IR (TH-IR) technique [10] and with the analogue/digital implementation of IR
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based systems [11]. From this point, UWB was no longer exailisithe domain of
academia with interest increasing from industry. The needs of regulation for this type
of carrier-less transmission prompted the U.S. Federal Communications Commission
(FCC) to release the First Report and Order in 2002 covering commercial use of UWB
[12]. In the FCC report, the definition of a UWB signal is related to the fractional
bandwidth of the signal which is expressed as

S T
Bf?ZfH‘f‘fL? (1)

where f_ and fy are the lower and upper end (3 dB points) of the signal spectrum,
respectively. UWB signals are those that have a fractional bandwidth greater than 20
percent. The spectral mask defined by the FCC for commercial use of UWB essentially
provides two separate spectral regions which may be used for UWB transmission, one
in the lower part of the spectrum in the range of 0-900 MHz and the other in the range
of 3.1-10.6 GHz with a maximum power spectral density of -41.3 dBm/MHz. The Eu-
ropean Commission Committee (ECC) published the first draft of a European UWB
spectral mask [13] in February 2007 allowing unlicensed UWB transmission with a
power spectral density of -41.3 dBm/MHz from 6 to 10 GHz. More strict rules are
imposed for transmission in the lower band of 4.2-4.8 GHz where only time limited
transmissions are allowed and detection-and-avoidance (DDA) techniques are required
in UWB transmitters in order to permit transmission only when no other systems are
using the spectrum (starting in 2010). It should be noted that the FCC considers UWB
transmission to be those radio signals with a minimum bandwidth of 500 MHz, while
for the ECC the minimum bandwidth is 50 MHz. Both the FCC and ECC spectral
masks are presented in Fig. 1.
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UWB Emission Limit
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Fig. 1. UWB emission limit.

The IR technique is not the only means to generate signals which satisfy the UWB
definition. Multi-band (MB) techniques can readily be used to create UWB signals.
Thanks to the maturity of orthogonal frequency division multiplexing (OFDM) technol-
ogy, the MB-OFDM technique proposed by the WiMedia Alliance [14] lead to rapid
commercialization with initial applications targeting replacement of the USB cables
with UWB wireless USB. The IR and MB-OFDM approaches represented the main
candidate proposals in the IEEE 802.15.3a standardization group. The failure of the
standardization group to endorse a single UWB technlogy signalled a defeat for high-
data-rate (HDR) application based on IR.

Where IR techniques seem to have more chance to succeed is in low-data-rate
(LDR) applications since OFDM-based systems require intensive signal processing and
consequently are not suitable for low power consumption applications. In the advanced
work being performed by IEEE 802.15 Low Rate Alternative PHY Task Group (TG4a)
for WPANSs [15], the IR technique has been chosen as one possible air interface. The
principal interest of this task group is in providing communications and high precision
ranging / location capability (1 metre accuracy or better), high aggregate throughput,
as well as adding scalability to data rates, longer range, and lower power consumption
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and cost [16]. A multitude of applications can benefit fromrsaghysical layer. Other

than WPAN, possible scenarios include sensor positioning and identification networks,
wireless outdoor sensor networks, wireless body area networks, and wireless indoor
tags networks.

1.2 Motivation

The initial interest in exploiting UWB systems can be summarized by two well known
formulas. The first is the Shannon capacity formula expressed as

C=WIog,(1+SNR, @)

where the capacity increases logarithmically with the SNR and linearly with the band-
widthW. The second formulais the Cramer-Rao lower bound (CRLB) which expresses
the lower bound of the signal timing estimation variance as

1
% = SN VENR 3)

The high capacity provided by UWB signals can offer a solution to high data rate ap-
plications such as HDTV. The very high temporal accuracy can offer high precision in
location and tracking capabilities, and can find application particularly in indoor envi-
ronments where GPS is less reliable. Other appealing characteristics inherent to the
IR-UWB technique are the possibility to have low cost and low power consumption
devices. These characteristics arise from the essentially baseband nature of the signal
transmission. Unlike conventional radio systems, the UWB transmitter produces a very
short time domain pulse that is able to propagate without the need for an additional RF
mixing stage. The very wide bandwidth of the UWB signal implies that the signal spans
frequencies commonly used as carrier frequencies. The signal propagates well without
the need for additional up-conversion. This also means that a local oscillator can be
omitted from the receiver chain. In order to exploit the potential of UWB expressed
by the two formulas above, high complexity receivers are required if common digital
signal processing techniques are employed. However, the advantages in the RF design
offered by IR-UWB have promoted research into sub-optimal receiver algorithms with
reduced complexity for relatively low data rate solutions. Among the most common
sub-optimal solutions, the implementation of non-coherent receivers which do not per-
form channel estimation has attracted wide interest. Performance of low complexity
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non-coherent receivers is limited by the noise enhancempitat of this type of re-
ceiver; however, they remain interesting solutions for several scenarios, especially in
sensor network applications and LDR personal area networks where cost and power
consumption of each terminal are required to be very low.

Thanks to the very large bandwidth of UWB signals, the power spectral density of
the transmitted signals are very low with correspondingly low interference to other sys-
tems sharing part of the UWB spectrum. This characteristic convinced the regulatory
institutions in a number of countries to allow unlicensed UWB transmission under cer-
tain power limitations. Consequently, wide proliferation of low-cost UWB devices is
expected, leading to the need of UWB devices to coexist with narrowband (NB) systems
and other UWB devices belonging to uncoordinated networks (for example in WBAN).

The motivation of this Thesis is to provide a framework to allow analysis of differ-
ent low complexity IR-UWB solutions in typical UWB channel conditions and account
for the presence of geographically distributed interferers. Ranging issues are also ad-
dressed within the scope of estimation algorithms which can be implemented in the
analogue domain. Most of the work presented in this Thesis has been driven by the
need to develop a physical layer for low data rate communication systems with ranging
capabilities, based on low complexity and low power consumption transceivers.

1.3 Author’s contribution

Original work by the author addresses several aspects of the UWB communication
systems and is captured in a number of publications referenced in this section. Low-
complexity receiver structures and algorithms for data detection and signal delay esti-
mation are proposed and analyzed in typical UWB channel conditions. Furthermore,
a model for the interference arising from both narrowband (NB) and UWB systems
is proposed and the impact on non-coherent UWB receivers is performed. Within the
larger development framework leading to the development of an energy detection based
UWB ASIC at the Centre for Wireless Communication (CWC), the author focussed on
solutions for signal transmission, synchronization and delay estimation.

In the area of data detection, the focus was on first identifying low complexity re-
ceiver solutions particularly reviewing differentimplementations of the auto-correlation
receiver (AcR). The performance of the different types of AcR structures were ana-
lyzed by the derivation of signal-to-noise ratio at the decision block in the presence
of an AWGN channel. The performance of the candidate solutions which can be char-
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acterized as non-coherent, is then compared in the presértmionel fading using
closed-form BEP expressions and numerically integrable BEP formulas [17, 18].

In order to address the interference problem, the author focussed on the derivation
of an appropriate interference model which takes into account several interference pa-
rameters and which can also be integrated into BEP formulations. The framework is
simple enough to allow tractable analysis and can serve as a guideline for the design of
heterogeneous networks where coexistence between UWB systems and NB systems is
of importance [19-21].

The large bandwidth offered by UWB signal can potentially offer very high tempo-
ral resolution which offers unprecedented possibilities in terms of ranging estimation.
The author derives several averaged maximum likelihood estimators of the received sig-
nal leading edge operating in different types of channel fading and proposes sub-optimal
solutions which, beside their low-complexity, can provide good accuracy [22, 23].

In the area of synchronization procedure, the author focussed on an ad-hoc solution
which was implemented in a low-complexity UWB CMOS ASIC with a receiver based
on energy detection [24—28]. The synchronization operates on a periodic transmission
of a burst of radio impulses composed of a sequence of pulses very close to each other
[29].

1.4 Outline of the thesis

This Thesis is organized as follows: Chapter 2 presents a comprehensive overview of
previous and parallel work related to UWB systems which relate to the discussion de-
veloped in later chapters; in Chapter 3, the data detection problem is analyzed by com-
paring the performance of targeted low complexity receiver solutions. The analysis is
then extended to fading channels using closed form BEP expressions and numerically
integrable BEP formulas. In this chapter, a pulse compression technique is also intro-
duced and its benefits in terms of BEP are shown. Chapter 4 focuses on time-of-arrival
estimation with low complexity receivers. An initial statistical foundation of the pro-
posed techniques is derived within a simplified signal model. Then the performance of
several low complexity solutions are compared considering the IEEE 802.15.4a channel
models. Due to its importance in ranging and in providing a measure of the confidence
of the measured distance, a LOS/NLOS identification algorithm based on the temporal
distribution of the signal energy is proposed. Chapter 5 focusses on deriving closed
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form expressions for BEP considering NB and UWB interfererke® both cases, the
statistical model is based on an alpha-stable distribution which assumes interference
is generated by multiple interferers spatially distributed according to a Poisson point
process. The beginning of this chapter offers a short review of univariate and multi-
variate stable distributions. Chapter 6 presents the design of an UWB sensor network
system based on an UWB CMOS ASIC developed at the CWC. The physical layer of
the UWB system is based on the pulse compression technique and on an energy detec-
tion receiver structure. Chapter 7 concludes the Thesis with a summary of the results
and a discussion of potential areas for future work.
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2 Prior and parallel work on IR-UWB

During the past few years, UWB has been one of the most attractive topics for the
wireless research community. After the pioneering studies related to radar application
based on radio impulses [30], the first patent application [8] of Fullerton and the theo-
retical work of Scholtz [9] introduced the use of IR for communications purposes. In
the paper by Scholtz, it is clear to see how UWB benefits from earlier research into
spread spectrum. The use of very narrow pulses allows the application of the CDMA
technique at the time domain level through the time-hopping technique. The interest
in applications of UWB grew thanks to the work of Win [11, 31-34]. These stud-
ies provided the basic understanding of the effect of time hopping and scrambling of
pulses on the frequency spectrum of the IR based signal and they underlined the po-
tential offered by the degree of diversity provided by the channel impulse response of
UWB signals. Starting from this theoretical basis, research on IR technology focussed
on channel modeling, on the coexistence of UWB with other systems and on defining
receiver architectures for high data rate (HDR) and low data rate (LDR) systems with
ranging capabilities. The extremely wide bandwidth of UWB signals offered new chal-
lenges for modeling the propagation channel. In [35], Molish gives a general overview
of UWB signal propagation is offered. The author shows how the frequency selectivity
of the propagation process causes fundamental differences between UWB channels and
"conventional" (widewband) channels. The first “standard” channel models available
where those developed by the IEEE 802.15.3a group dedicated to higher speed physi-
cal layer extension for high rate wireless personal area networks (WPAN) [36]. These
channel models are a modified version of the pre-existing wideband indoor channel
models of Saleh and Valunzuela [37] developed to address communication ranges up to
10 meters. Within another working group, the IEEE 802.15.4a, dedicated to low data
rate communications, several channel models [38] have been proposed in order to cover
communication ranges up to 30 meters in different indoor and outdoor environments.
These quickly became widely accepted among researchers. However, they are charac-
terized by log-normal fading of the amplitude of each multipath component and so are
not easy to handle mathematically. In [39], the authors show that Nakagami fading of-
fers a good fit to the fading of each UWB channel component. The importance of this
work lays in the fact that the Nakagami distribution is more mathematically tractable.
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Other significant works related to IR channel modeling aréj here a UWB space-
variant multipath channel model for indoor communications is proposed; [41], where
the authors investigate the value of the time decay constant of the channel power delay
profile; and [42], where a second order auto-regressive model with random parameters
is proposed in order to approximate the UWB channel frequency response obtained
from a wide measurement campaign. Another issue raised by the use of UWB signals
is the path-loss model which describes the signal power attenuation as a function of
distance. In [43, 44], the authors focus on path-loss and time dispersion parameters
proposing a statistical model for the path-loss exponent. A new dual slope path-loss
model for UWB signals is presented in [45, 46]. In these papers, the path-loss model
is derived considering different power loss coefficients for each multipath component
in order to account for the extra attenuation due to the reflections experienced by the
multipath components traveling more than the line-of-sight.

2.1 Data detection and synchronization

Accurate time synchronization is a particularly challenging issue for UWB communica-
tion due to the high number of multipath components and the low duty cycle of the sig-
nal which characterizes time-hopping (TH) based systems. Early studies focused on the
synchronization of HDR devices based on DS-CDMA [47]. An interesting framework
for code acquisition was developed by Homier [48-50] who proposes new search algo-
rithms for code acquisition. A theoretical framework for code acquisition in the pres-
ence of multipath has been developed by Suwansantisuk and presented in [51]. In [52],
a chip-level post detection integration technique previously proposed for DS-CDMA
system was applied to TH-IR based systems. An interesting framework deriving the
Cramer-Rao-lower-bound for the synchronization of UWB signals in AWGN and mul-
tipath channels is presented in [53]. More recent studies focused on synchronization
techniques for non-coherent receivers. In [54], the authors emphasize the robustness of
differential and auto-correlation UWB receivers to synchronization errors when com-
pared to coherent receivers. The authors of [55] propose a transmission protocol which
allows blind synchronization with low-complexity receivers (i.e. energy detector). A
synchronization stage based on intuitive arguments for an energy detector is proposed
in [56]. Synchronization algorithms based on noisy templates for auto-correlation re-
ceivers are presented in [57]. These algorithms reduce the severe loss of the received
energy available for data detection compared with receiver structures which make use
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of the typical transmitted reference signaling to perforedbrrelation. However they
have the drawback that very long delay lines are required at the receiver in order to
perform the correlation.

The first studies on the achievable BEP performances of UWB wireless systems
focussed on HDR systems based on locally generated waveform (LGW) techniques
[58-60]. The authors of these studies showed the fading robustness offered by the huge
bandwidth diversity provided by UWB and began to identify the challenges of imple-
menting LGW receivers. The performance of digital RAKE receiver structures with
different levels of complexity and different sampling rates in the IEEE 802.15.3a UWB
channel models are investigated in [61]. The paper showed that serious degradation is
observed if the sampling rate is less than the chip rate. In [62], the authors point out one
of the main challenges related to IR signal detection based on LGW, considering the ef-
fects of timing jitter and tracking on the performance of UWB communications. The re-
sult of this study showed that the performance of IR coherentreceivers are very sensitive
to timing jitter and signal tracking errors. The reduced RF complexity and other imple-
mentation advantages offered by IR are somewhat offset by more stringent timing toler-
ances. These timing issues were already known from the implementation of IR for radar
applications. A possible solution to this problem, with the drawback of sub-optimal per-
formance, is based on the principle of differential detection where a delayed copy of the
received signal is used in the correlation instead of the locally generated waveform [7].
Receivers using this technique are also known as auto-correlation receivers. When this
technique is used, the tracking operation is no longer required. This type of receiver
requires the transmitted signal to be opportunely designed in order to offer a reference
signal for correlation. This type of signaling, also known as transmitted-reference, was
first applied to IR communication systems by Hoctor and Tomlinson. In [63], the au-
thors resume the transmitted reference (TR) scheme proposed 40 years earlier by Pierce
[64] adding multiuser capability by using TH modulation. When applied to UWB sig-
nals, the auto-correlation receiver has another advantage given by the fact that the refer-
ence signal offers an estimate (although noisy) of the propagation channel. As expected
by the large bandwidth and as described by several channel measurement campaigns
[11, 65-67], the UWB channel impulse response is very rich in multipath components.
The channel estimation then requires very long temporal scanning, greatly increasing
the power consumption and the receiver complexity. The long channel estimation also
requires an overhead which can increase dramatically when compared with NB or wide-
band (WB) systems. Another solution for limiting the timing and channel estimation
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issues is the energy detector also known as the radiomefefé8 first application of

a radiometer for the detection of IR based transmission was proposed in [69] where the
authors quantified the “covertness” of IR based transmission for military purposes. The
use of the energy detector was proposed for low complexity and low power consump-
tion UWB communication systems by Weisenhorn in 2004 [70]. Several studies related
to low complexity receivers then followed. Related to auto-correlation receivers, sev-
eral works have been published by Quek which focused on analytical studies evaluating
the performance of these receivers in the presence of channel fading [71, 72] and in
the presence of single tone narrowband interference [73]. Other contributions on auto-
correlation receivers came from the work of Witrisal [74], Pausini and Romme [75, 76].
Witrisal showed that auto-correlation UWB systems are accurately modeled by second-
order discrete-time \Volterra systems. Through these systems, optimal and sub-optimal
receivers for differential UWB communications systems affected by inter-symbol in-
terference (ISI) can be derived. Pausini and Romme focused on studying the effect of
intra-symbol interference and inter-symbol interference for auto-correlation receivers
and the possible counter measures. For energy detector based receivers, there was less
interest before the first IEEE 802.15.4a standard draft was produced. The modulation
technique which can be supported by energy detection are based on PPM [70] and on
On-Off keying (OOK) modulation [77, 78]. In [79], Weisenhorn developed a ML en-
ergy detector receiver based on partial channel state information which was similarly
proposed on auto-correlation receivers in [80]. Doubuloz focused on evaluating the per-
formance of energy detectors in the IEEE 802.15.4a channel models [81]. An improved
energy detector for On-Off keying was also proposed in [82]. Another interesting low
complexity solution for UWB systems was proposed by the CEA-LETI group in [83]
where the receiver is digital and performs coherent demodulation of the data based on
1 bit A/D conversion with a moderately high speed sampling of the received signal.

2.2 Coexistence and interference

The ability to transmit radio signals using an unlicensed bandwidth of several gigahertz
is one of the most appealing characteristics of UWB, however, this was also the reason
why UWB faced hostility when initially proposed for widespread adoption. Proponents

of narrowband or wideband systems using licensed spectrum expressed concern related
to the potential electromagnetic interference from widespread UWB devices. This skep-
ticism lead to many studies related to the coexistence of Global Positioning System
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(GPS), Global System for Mobile communications (GSM), Uréa Mobile Telecom-
munications System (UMTS), WLAN and other systems with UWB systems. Major
contributions on this topic came from simulations and experiments carried out at the
Centre for Wireless Communication at Oulu University [84—87], and from computer
simulations presented in [88—90]. The performance of the UMTS systems measured
in the presence of UWB interference is published in [91]. Coexistence results based
on physical layer analysis of WLAN and UWB systems are reported in [92]. Models
for the UWB interference on NB systems are given in [93] and in [94]. This extensive
investigation demonstrated that the impact of UWB transmission is minimal and it can
be further decreased by properly selecting the pulse waveform used and using spectrum
smoothing techniques (i.e. pseudo random polarity codes). On the other hand, UWB
systems are affected by the interference from several existing systems which use a por-
tion of the UWB spectrum. The effect of narrowband interference on UWB signals
has been considered first in radar application [95] and then in communication systems
[96, 97] where the authors studied the degradation of the performance of LGW based
systems. In [98], the authors show that TH UWB systems are more robust to NB inter-
ference than direct-sequence spread-spectrum systems thanks to the reduced duty cycle
of the signal. The authors of [99] showed that the NB interference can be mitigated by
opportunely shaping the waveform. Frequency nulls in the spectrum of the UWB sig-
nal are obtained by using a signal waveform composed of two pulses. The nulls in the
spectrum are positioned according to the time interval between the two pulses. How-
ever this mitigation technique has the drawback that very high precision in the design
of the waveform is required. The effect of a single NB interferer on auto-correlation
receivers has been considered in [71, 73] where the authors analyzed the performance
of TR and differential TR schemes. In [100], the authors propose an ad-hoc pseudo
random amplitude code to reduce the NBI effect on the auto-correlation receiver. Of
particular interest is the work done by Win and Pinto in [101] where the authors con-
sider the effect of the NBI on UWB coherent receivers and in [102] where the UWB
interference effect on NB coherent receivers is considered. The authors use an inter-
ference model proposed for the first time by Sousa in [103] for CDMA systems as an
alternative to the Gaussian approximation which takes into account the spatial distri-
bution of multiple NB interference sources. This model makes use of the alpha-stable
distribution which is widely applied to economic studies but which also has attracted
the attention of wireless researchers in order to model the statistics of shot-noise and
co-channelinterference in radar and data communication systems[104—106]. A less ac-
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curate statistical modeling of the aggregate UWB interfeegeceived by a NB system
based on the shot-noise theory is presented in [107].

2.3 Ranging estimation

One of the major benefits of UWB communications is the fine temporal accuracy pro-
vided by the very large bandwidth. This lead to UWB system being used in radar appli-
cation since they could provide fine resolution on the shape of the target and also high
accuracy on the distance of the target. UWB signals are also suitable for localization
systems in indoor envrionments [108]. The first theoretical study which investigated the
ranging capability was done by Lee in [109]. A ranging technique based on the power
delay profile and high sampling frequency is proposed in [110]. Other studies on the po-
tential accuracy of UWB ranging are presented in [111, 112]. Ranging capabilities have
most commonly been associated with LDR devices since these devices provide longer
communication ranges than HDR devices and are more suitable for application with
requirements for location awareness. In [113, 114], Dardari studies the performance
of time-of-arrival (ToA) estimation using threshold crossing based algorithms and also
gives lower bounds on the ranging estimation in realistic UWB channels. A Cramer
Lower Bound formulation considering typical UWB channel parameters is given in
[115]. Since LDR devices are often required to be low complexity and have low power
consumption, there have been many studies into solutions for TOA estimation based on
low sampling rate (low complexity) and non-coherent reception. Extensive investiga-
tion on time-of-arrival estimation for low complexity receivers is given in [116—-119].
Time-of-arrival estimation in non-line of sight (NLOS) conditions is crucial for ranging
purposes. This situation has been investigated in [120]. The recognition of the NLOS
condition is also important since it can offer a confidence level for the ToA estimate
or, as in [121], a correction on the estimation of the ToA can be applied. Similar to
what Pahlavan proposed in [122] where the author gives an overview of the technical
aspects of different technologies for wireless indoor location systems, a way to avoid
the ranging estimation for localization purposes is the geo-regioning technique using
UWSB signals proposed by Althaus in [123]. With this technique, the localization of a
target is performed by comparing several stored channel impulse responses, where each
one corresponds to a particular region, with the received channel impulse response and
choosing the most likely one. The challenge with this algorithm is to distinguish loca-
tion with similar signatures and to build a signature database. A possible alternative to
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low complexity time domain processing is presented by Marfl24, 125] in which

the receiver operates in the frequency domain. This has the advantage of low RF com-
plexity since it is based on low sampling rate. Recent work in this direction has also
been presented in [126] where simplified algorithms based on Nyquist sub-sampling
are proposed. Several attempts at implementing and designing a ASIC and system with
ranging and positioning capabilities have been already presented in [24, 27, 127].

2.4 Conclusions

This chapter has presented a review of the earliest studies of IR-UWB and highlighted
the main contributions present in the literature focusing on low complexity IR-UWB
systems. The first studies and application of IR techniques to radar systems have been
presented together with the efforts to derive a statistical model to describe the complex
propagation characteristics of UWB signals.

Synchronization procedures with different complexity have been reviewed as well
as several analytical works related to the BEP performance of low complexity receivers.
The major challenges imposed by the IR technique in designing coherent receivers have
been highlighted through the results of publications which focussed on different coher-
ent receiver structures.

Prior and parallel works to this thesis on auto-correlation and energy detection re-
ceivers showed that such solutions can be interesting for sensor network applications
and can be used also for ranging applications.

Several coexistence studies mainly regarding UWB interference on NB systems
have been introduced. Fewer published work have addressed the effect of NB and
UWB interference on UWB non-coherent systems.
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3 Data detection for UWB low complexity
receivers

3.1 Introduction

One of the goals of this thesis is to identify and evaluate possible solutions for low com-
plexity receivers which support the low power consumption and low cost requirements
of sensor networks. This chapter presents and compares different low complexity re-
ceiver solutions through the analysis of their signal-to-noise ratio (SNR) at the decision
stage in an AWGN channel and bit-error-probability (BEP) in multipath fading chan-
nels. It is worth specifying the meaning of low complexity and the implication related

to power consumption. The transmission of signals with bandwidth up to several GHz
offers several advantages but also brings some disadvantages mainly related to imple-
mentation complexity. For instance, the large bandwidth of the UWB channel leads
to a large number of resolvable multipath components. In theory, this implies reduced
channel fading. The complexity of the channel impulse distortion of the received signal
is difficult to predict and reproduce at the receiver in order to fully exploit the diversity.
For instance, if we consider the implementation of a Rake receiver which is based on
the knowledge of the received signal waveform, issues of power consumption and com-
plexity arise immediately. Due to the complexity of the Rake receiver, a fully digital
implementation is required since the signal processing required to extrapolate the chan-
nel information would be difficult to implement in the analogue domain. A fully digital
solution would require sampling rates of the order of several GHz. Such a solution
could not be low power with the technology available today. Furthermore, since the
received energy is spread over several multipath components, in order to have sufficient
observed signal energy, a large number of components need to be selected, processed
and combined.

Aside from these difficulties, the advantage that more than others moved into the de-
velopment of UWB systems was the fact that no high frequency oscillators are required
to up and down convert the signal leading to possible low-cost transceivers.

A trade-off can then be found by reducing the performance of the receiver from
that of the optimal structure and considering only low-complexity designs. These low
complexity receiver structures are almost all characterized by largely analogue imple-
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mentations, requiring only relatively low sampling rate$ tfte order of the symbol
rate) without requiring any channel estimation.

3.2 System model for AcR

A class of receivers which can be implemented almost entirely using analogue tech-
niques is the auto-correlation receiver (AcR). The AcR can be considered as a sub-
optimal differential detector and utilizes a delayed version of the received signal to
perform the correlation avoiding the need to produce a local replica of the received
signal and to provide any channel estimation. The AcR requires a delay line which pro-
vides a delayed replica of the received signal to perform the correlation. In order to use
this type of receiver, the transmitted signal needs to be opportunely designed. Among
the AcR class of receivers, the energy detector (ED) is a special case where the delay
between the signal and its replica is zero.

3.2.1 Transmitted signals

The AcR class of receivers requires a carefully designed transmitted signal in order
to provide the reference signal to perform the correlation. For impulse radio based
UWB, the transmitted signal is composed of one or more reference pulses and one or
more modulation pulses which carry the information. The type of modulation schemes
considered in this chapter are pulse position modulations (PPM) and pulse amplitude
modulation (PAM). Since many modulation/receiver schemes are investigated in the
next section, we limit the analysis to binary PPM (BPPM) and binary PAM (BPAM).
Based on the way the pulses are combined at the receiver to perform the correlation,
we can distinguish the single reference (SR) structures, where a single pulse is used as
a reference foN, — 1 received pulses to generdg— 1 correlation values; the doublet
(DB) based structures, whely /2 references are used respectively N2 correla-
tion operations; and the alternate (ALT) structures where alternatively each pulse acts
as a reference and as a modulated signal. This last structure is similar to differential
modulation. In the following structures, we will consider two possible implementation
choices for the BPPM. We have the TR choice where two lines with different delays are
implemented at the receiver to produce the required observation variables, and the mod-
ulated TR (MTR) choice where the reference is also modulated in order to use the same
delay line for both decision variables (the position modulation also affects the reference
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pulses). A summary of the receiver structures examined artlitations scheme used

is given in Fig. 2. Schemes 1, 2 and 3 are related to the SR, the schemes 4, 5 and 6
represents the DB structures and schemes 7 and 8 are for the ALT structures. The ED
is not numbered since its performance are equivalent to the DB with BPAM modulation.

ED——>BPPM

TR (scheme 1)
SR<BPPM<mTR (scheme 3)

BPAM (scheme 2)
TR (scheme 4)
DB<BPPM<mTR (scheme 6)
BPAM (scheme 5)

BPPM (scheme 7
ALT< ( )
BPAM (scheme 8)

Fig. 2. Receiver structures/modulations tree.

For SR and DB structures, we use a notation which includes both TR and mTR, and
both BPPM and BPAM. The transmitted signal for SR structures is defined as

Ep
ssr(t) = NT. p(t—gmdiA—iTs)
plp

(t—( DT — diA—iT. 4
Npra.p i+1T; iTs), 4)

while for the DB structures it is given by

Np
7,
,/Npr p(t— T — gmdiA —iTs)
T T —d®a —
+,/Npr aip(t— T T —d¥a-iTs). ©)

For the ALT structures, for both BPAM and BPPM, the transmitted signal can be
represented as

SaLT (t 1/ NpT ——ajp(t—jT—dA—iTs). (6)
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As mentioned before, the ED receiver is a special implemientat the AcR and the
transmitted signal for BPPM can be expresséd as

Np/2-1 2Eb _ 4 _
SED(t):Z ,;J mp(t—m— iA—iTs). 7)

In equations (4)-(7)p(t) is the bandpass pulse of bandwitlth durationT,, centered

at the frequencyf., and with J,/TpfoTp p?(t)dt = 1. The valueN, represents the total
number of transmitted pulses, is the energy per symbal; € {0,1} anda; € {—1,1}

are thath transmitted symbols respectively for BPPM and BPAM, whjlec {—1,1}

anda; j = ai{gl for j # 0 are used for the ALT case with BPAM. When BPPM is used

a = 1 anda; o = 1, while if BPAM is usedd; = 0. The termT; is the pulse repeti-

tion period,A is the modulation delay used to distinguish bit "0" and bit "1". When
BPPM is considered) < T;, T, is the minimum distance between the two pulses com-
posing the doublet an@ < T;. T andA might assume different values in the proposed
schemes, but they are always set to avoid inter-pulse interference (IPI) and inter-symbol
interference (ISI). The variablgy, is used to distinguish a scheme with modulated ref-
erence receivemgf, = 1) from a scheme with non-modulated referengig £ 0). For

all the transmitted signal structures represented by equations (4)-(7), the symbol energy
is equally spread over the pulses composing a symbol. For all the proposed structures,
the received signal can be expressed as

r(t) =wh () +n(), (8)

wherew® (t) = s¥ (1)« h(t) andn(t) is a white Gaussian process with two-sided power
spectral dens;itxzro2 = % The functionh(t) is the impulse response of the channel with
maximum excess delaly. Since the purpose of this chapter is to compare the perfor-
mance of the different pulse repetition structures, only the AWGN case is considered.
Assuming no IPIl and no ISI, the presence of multipath will affect the performance of

all the receivers in the same way without modifying the relationship between them.

3.2.2 Receiver structures

With correlation based receivers, the correlation of the received signal with a locally
generated waveform reduces the noise bandwidth to the signal bandwidth. When the

1Another modulation which is supported by the ED is On-Off Keying. However, detection of On-Off Key-
ing modulated signal requires the setting of a threshold which is not included in our studies. It cannot be
considered as a low-complexity solution since noise and signal strength estimations are required.
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receiver does not make use of locally generated waveforniiltdieng operation after
the antenna is essential to limit the noise contribution. In order to limit the noise power,
an ideal band-pass zonal filter (BPZF) is considered in this chapter. The filter is char-
acterized by a bandwidW, which is considered sufficiently large to ensure that the
spectrum of the filtered signa(t] is undistorted and, consequently, ISI and IPI caused
by filtering will be negligible.

In order to proceed in the analysis with a simplified notation, we define for BPPM
the decision variable for the= 0 received bit as

Y=Y1—Yo, 9

whereY; andY; are the observed variables defined by the outputs of the correlators
(integrators for the ED).

For SR structures in the case of BPPM, as shown in Figures 3(a) and 3(b) in the
cases without and with modulated reference respectively, the decision variable obtained
by adding the results d, — 1 correlations can be expressed as

YSR-BPPM _ 20 / F (t+ (j +1)Ty)dt (10)

/ t+gmd)F(t+(j+1)Tr+A)dt,

and in the case of BPAM, as shown in Figures 3(a), the decision variable can be ex-
pressed as

ySR-EPAM Z} / OF (t+(j+1)Ty)dt. (11)
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(@) TR with BPPM (scheme 1) and TR with BPAM (b) mTR with BPPM (scheme 2)
(scheme 3)

Fig. 3. SR structures.

Now considering DB structures and considering BPPM, as shown in Figures 4(a)
and 4(b) in the cases without and with modulated reference respectively, the decision
variable obtained by adding the result@fcorrelations, can be expressed as

YDB*BPPM (12)

—71
Z}/ t+ T (t+ jTe + Tp) dt

P-1 1
- 20/0 Ft+ T+ gmd) F(t+ JTi + T, + A)dt,
j:

and in the case of BPAM, as shown in Fig. 4(a), the decision variable can be expressed
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as

M 4

2 T
\DB-BPAM  _ 20/0 F(t+ JTF(t+ T+ T dt.
j: .
(13)
Y2
—.] 2
i — . —. 1
] |
PRI Ti |
0 1 ﬂIO 1 A
—H - AR
(1) 1) (+§) 1) i - -
| I
J’ «—— . — . — . J
v, \z
(Y)spam

(@) TR with BPPM (scheme 4) and TR with BPAM
(scheme 6)

Fig. 4. DB structures.

(b) mTR with BPPM (scheme 5)
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Considering the ALT structures (Fig. 5) and considering tagsecof BPPM, the
decision variable obtained by adding the resulpf- 1 correlations can be expressed
as

Np—2
YAU*WmMzzi%uA Flt+ TOF (t+ (j + 1T dt

/ (t+ T+ A)F(t+ (j+ DT +A)dt,
(14)

and in the case of BPAM the decision variable can be expressed as
YALT-BPAM  _ / t4 T T+ () + 1) T dt.

For the ED receiver with BPPM signaling, the decision variable can be written as

21 g ) 21 1 )
YED-BPPM Zo/ F(t+jTp) dt— Za/ F(t+jTe+4)7dt.  (15)
= Jo i= JO
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(Y)spam

Fig. 5. ALT structures with BPPM (scheme 7) and with BPAM (sche me 8).

In all the receiver schemes presented in this section, the integratiom tiatermines
the number of multipath components (or equivalently, the amount of energy) captured
by the receiver as well as the amount of noise. Note that the decision on the received
data (0,1} in the BPPM case anfl-1,1} in the BPAM case), is based on the rule
)

Y = o (16)
0(+1)

3.3 Signal-to-noise ratio derivations

Following the sampling expansion approach, a low pass-band sfgr)alvith limited
bandwidthW /2 is completely determined by an infinite series of complex samples of
the signal spaced/W seconds apart. Similarly, a real-valued pass band sif:(m}abf
bandwidthw is completely determined by an infinite series of samples of its low-pass
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equivalent signal spacedW seconds apart [128]. The received waveform can be then
represented in the limited integration timeby a limited series of independent samples
[68]

2T 1 ~< )Sln(ZnWt— m) 17)

"0~ 3 o 2mWt

Now, considering the correlation between two bandwidth-limited signals as is the case
for correlation based receivers, equation (10) and (11) can be rewrittelp fo0 and
ap = 1 respectively as

Ep
YSRABPPM _ 50 B i B
ldo=0 ZW zo = Npr meen NpTp M ehm
E
((1gm) ( N -l:- Wy m+ Ny, m) JFgmnl,m> n4,j7m] )
\ NoTp
and

Ep
ySR-BPAM  _ 0w n —W; N3 j
lag=1 zw ZO L Npr Lm+ MLm NpTp bm N3 m

(19)

(18)

Wherews m, Wj.m, Nzm, N2m, N3,j,m andng ; m are for odd (evem) real (imaginary) parts

of the equivalent low-pass version samples of the sigwéls w(t + (j + 1)T;), n(t),

n(t+A4), nit+ (j+1)T) andn(t + (j + 1) T+ A) in the interval[0, T] respectively.
Similarly, equation (12) and (13) can be rewritten respectively as

Y‘BOB . - ZVV % |JTIZ]. ( M NpT WJ m+n1] m) (Wj’m+n21*m)
Ep
- <(1_9m) (\/ NprWJ m+ N, m) +gmn2.,j,m> n4,j.,m1 ;

(20)
and
L AT (g Ep
yDB-BPAM  _ 1 _ . _
lag=1 W jZO WZ NprWJm—f-nl,J,m NprWj,m+n2,J,m )
(21)

48



Wherew; m, Ny m, N2,jm, N3 j,m andng j m are for odd (evem) real (imaginary) parts of
the equivalent low-pass version samples of the signéls- jT;), n(t+ jT;), n(t+ jTr +
A),n(t+ jTe+Tp) andn(t + jTs 4+ Ty +A) in the intervall0, T] respectively.

Equation (14) and (15) can be rewritten as

= | Ep
ALT —BPPM
Y‘d0 = % [ ( NprWJ m+ngj, m) ( NT, WJ+1m+n11+1m>

—N2,jmN2j+1,m } ) (22)
and
YALT-BPAM  _ B e oin Ep B n
lag,o=1 ZVV ZO i NpT J,m 1j.m NT j+1m 1,j+1.m
(23)

wherew; m, Ny m andny ; m are for odd (evem) real (imaginary) parts of the equivalent
low-pass version samples of the signadd + jTr), n(t+ jTr) andn(t + jT; + A), in

the interval[0, T] respectively. Finally the decision variable for the ED case can be
rewritten as

2 2
2 l / Eb
m:

(24)

wherew; m, Ny j mandny j m are for odd (evem) are real (imaginary) parts of the equiv-
alent low-pass version samples of the sigmélst jT¢), n(t+mT) andn(t+ jTi+A) in

the interval[0, T] respectively. Conditioned on the channel impulse resp%Ng@is a

sum of deterministic variables plus several zero mean r.v.s. If the nUgWer of r.v.s
contributing to the decision variable is sufficiently large, the decision variables given in
(18)-(23) can be considered as Gaussian distributed. The goodness of the Gaussian ap-
proximation has been empirically proven in [129] and used to evaluate the performance
of some AcR schemes in [130, 131]. The use of the Gaussian approximation means
that for all the receiver structures proposed, the same error probability furi@ion

can be applied. The signal-to-noise ratio at the decision d¢gd&4) is then used to
compare the performance of the proposed receiver schemeSNHecan be defined

2Note that this is trivial for the AWGN channel.
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as follows:

_ E{Y)?
SNRq = Var(Y} (25)
The derivation of the followingNRy terms can be found in detail in Appendix 1. For
the SR structures based on TR and mTR, it is shown that in the case of BPPM, the

signal-to-noise ratio at the decision device can be expressed as

(No—1) 2Ef
Ny N
(SNR4)sr sppm = — N (26)
(Np +1-gmt 2NpTWE—é)
and for the BPAM case as
(Np—1) 2Ep
(SNRy) _ N N (27)
SR-BPAM (No+ NPTWE—E)

For the DB structures based on TR and mTR it is shown that in the case of BPPM the
signal-to-noise ratio at the decision device can be expressed as
2

SNR = No , 28
( d)DBfBPF’M (6— 29m+2Np2TWE_Z) ( )

and for the BPAM case as

2E]
N
SNR B = — 0 29
( d)DB—BPAM (4+2NpTW$) (29)
b
For the ALT structure with BPPM it can be shown tB&Ry is defined as
(No—1) 28]
(SNRd)ALT BPPM — % N (30)
— - N 6 N b
(4W51 ~ o1 + NpZVVTE—z)
and for the ALT structure with BPAM
(No—1) 28}
Np No
(SNRd)ALTfBPAM = N - Noy (31)
(427 — ot T NpTWE})
Finally, for the ED structure, theNRq is
2E]
N
(SNRa)ep-BrPM= 77— — - (32)
(4+Np2TWY)
b
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Note thatE] is the integrated signal energy for an integration interval of durdtidn

3.4 Numerical results in the AWGN channel

The use of equations (27) - (31) in the Q() function to determine the BEP is based on a
Gaussian approximation of the decision variables. Due to the approximation, the BEP
results might not be extremely precise in terms of BEP; however, they can be used for a
quick performance comparison among the different receiver structures. For the results
presented in this section, we consider the simple case of the AWGN channel. Frequency
selective channel fading affects the BEP performance; however, the performance com-
parison among the different schemes is independent of the channel fading. Note that
we consider herg] = Ey. Figures 6(a) and 6(b) show the performance of the proposed
structures versus tHg, /Ng. For highEy/Np, the performance of the different schemes

are related to the capacity to recover the transmitted energy and to the noise variance
from the signal-noise cross terms while the contribution of the pure noise terms to the
variance tends to be negligible. Although the SR schemes suffer a small signal en-
ergy overhead using a single reference pulse, the performances of the SR schemes are
compromised by the repeated injection of the same noise components in the decision
variable which increases the variance of the observed variable. FdJoMy values,

the ALT scheme provides the best performance when BPAM is used. The performance
of the DB with TR signaling approaches the best performance wheBgHd, rises.

In this case the 3 dB energy loss associated with the presence of the reference pulses is
compensated by a minor noise enhancement compared with the ALT schemes.

The ED receiver performance is not reported in the figures; however, equations (29)
and (32) show that ED with BPPM and DB-TR with BPAM have equal performance.
Equations (29) and (32) show also that if compared to optimal coherent receivers, these
two schemes are affected by a minimum of 3 and 6 dB loss respectively.

Figures 7(a) and 7(b) show tB& R4 versus the time bandwidth prodWtT. These
figures provide a comparison of the performance of the different schemes which account
for the delay spread of the channel. As known from the literature, antipodal modulation
in low Ep/Np region performs better then orthogonal modulation, since fewer noise

3In the presence of a multipath channel the integration fiheffects the integrated signal energy so that
E[ < Ep.

4The minimum loss is for very higkp/No. In this case, the third term at the denominator of$htRys can

be considered negligible.
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components are involved in the decision variable. This méke8PAM modulated
structures less sensitive to the integration time and bandwidth product increase. How-
ever, the ALT with BPPM structure outperforms the SR and DB with BPAM structures
for smallWT values due to the good usage of the transmitted signal energy. The DB
structures with BPPM experience the greatest degradation in performance with an in-
crease oWT.
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Fig. 6. SNRgy, for different Ey,/Ng values, integration time and bandwidth product
WT = 20.

53



12

10

SNRg [dB]

SNRgy [dB]

-2

4
11)

~ol

|| - SR-TR BPAM (scheme 3)

—6— SR-TR BPPM (scheme 1)
© - SR-mTR BPPM (scheme 2)
—— DB-TR BPPM (scheme 4)
< - DB-mTR BPPM (scheme 5)
A - ALT BPPM (scheme 7)

—4— DB-TR BPAM (scheme 6)
—4A— ALT BPAM (scheme 8)
L T T

5 10 15

[l --© - SR-mTR BPPM (scheme 2)

Ll -4 ALT BPPM (scheme 7)

-~ SR-TR BPPM (scheme 1)

—— DB-TR BPPM (scheme 4)
< - DB-mTR BPPM (scheme 5)

—8— SR-TR BPAM (scheme 3)
—4— DB-TR BPAM (scheme 6)

—A— ALT BPAM (scheme 8)
I T ;

5 10 15 40

(b) Np =12

Fig. 7. SNRy for different integration time and bandwidth product values

Ep/No = 15dB.

54

WT and



10, T T T T T T T T
9 - -
A
8f Ve 1
7
m 6
k=2
<
= 5
[%]
4
3H{ &= SR-TR BPPM (scheme 1)
© - SR-mTR BPPM (scheme 2)
—— DB-TR BPPM (scheme 4)
2H < - DB-mTR BPPM (scheme 5)
A - ALT BPPM (scheme 7)
1H —® SR-TR BPAM (scheme 3)
—— DB-TR BPAM (scheme 6)
—A— ALT BPAM (scheme 8)
0 T I I L L L L L
2 4 6 8 10 12 14 16 18 20
Np
(a) Ep/No=15dB
17 T T T T T T T T
L
16
q
15
14 L
o
k=2
- 13
o
=
[%]

e

12

11

—6- SR-TR BPPM (scheme 1)

© - SR-mTR BPPM (scheme 2)
10H —9— DB-TR BPPM (scheme 4)
< DB-mTR BPPM (scheme 5)
A ALT BPPM (scheme 7)
—o— SR-TR BPAM (scheme 3)
—4— DB-TR BPAM (scheme 6)
—A— ALT BPAM (scheme 8)

T I I L L L L L

2 4 6 8 10 12 14 16 18 20
Np

(b) Ep/No =20dB

Fig. 8. SNRq for different pulses per symbol values N, integration time and band-
width product WT = 20.

55



In Figures 8(a) and 8(b), the dependence&hRy on N, is shown. Here again
the ALT structure provides the best performance. The performance of all the other
schemes tend to diverge from the ALT scheme wNgrincreases. The ALT scheme
with BPPM tends to approach the performance of the DB-TR scheme with BPAM for
high N, values. The impact of increasing the number of pulses for SR schemes is a
strong increase in the variance of the signal-noise cross terms produced by the noise
present in the single reference as can be seen in equations (26) and (27). While for
lower Ep/Ng values, pulse repetition has less effect on SR schemes than DB schemes
for higherEy /No, the increase of number of pulse affects the SR schemes more than the
others schemes. In hidgh,/No conditions, the signal-noise cross terms are dominant
in the contribution to the variance of the decision variable. For this reason the SR
structure is the more penalized since the same noise term related to the reference is
amplifiedN, — 1 times. These figures show that the mTR schemes slightly outperforms
the TR schemes, especially for low valuedNgfandW T, and high values o,/ No.

3.5 System and channel models for BEP analysis of
non-coherent UWB receivers in fading channel

Directly looking at the SNR’s formulation and at the numerical results presented in the
previous section, we can reduce the choice of solutions which provide reasonable per-
formance with the lowest complexity. Among the schemes proposed, the ALT structure
with BPAM showed the best performance; however, its implementation forbids the use
of a hopping code sequence and requires a despreading operation at the receiver in or-
der to perform the detection. Reaching similar conclusions as the IEEE 802.15.4a LDR
UWB working group, the choice is then in favour of the ED with BPPM and the auto-
correlation receiver with DB-TR signaling and BPAM which we now simply write as
TR-BPAM. As can be understood by the SNR expressions, these two schemes perform
equally. In this section we focus on the derivation of closed form expressions of the
BEP for the ED receiver with BPPM signaling and the AcR with TR-BPAM signal-
ing which includes the effect of channel fading. We first briefly redefine the signaling
models for the two schemes we will focus on in the reminder of the Thesis.
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3.5.1 Transmitted Signals
3.5.1.1 BPPM

First considering the BPPM signaling shown in Fig. 9, the transmitted signal fokuser
can be expressed as

spen® = Y [@-d¥)p (- +d bl (-], @3
|

Wheredi<k) € {0,1} is theith data symbol ands = %'I}ED is the symbol duration with

Ns andeED the number of pulses per symbol and the average pulse repetition period, re-
spectively. The transmitted signal qu =0 anddi<k) =1 can be written, respectively,

as

-1 [gED
b(k)(t) _ P4k p(t— jTED_C(_k)T ),
1 JZO Tp j f i 'P
-1 ED
K 2 EF° « . K
b (1) = Zo —Tpp ap(t — TP — [T - ), (34)
j=

where the parametéris the time shift between two different data bits. In TH signaling,

{c}k)} is the pseudo-random sequence of kite user, Wherezgk) is an integer in the
amplitude sequenc{a}k)} is used here only for spectrum smoothing purposes while the
TH sequence is used to mitigate interference and to support multiple access. The term
p(t) is a bandpass pulse of duratidy) center frequencye, and with J,/TpfoTp p?(t)dt=

1. For BPPM with non-coherent receivers, the bipolar random amplitude sequence

{agk)} can only serve the purpose of spectrum smoothing. The energy of the transmitted

pulse is therEFP = Z'ifiD, whereEEP is the symbol energy associated with BPPM. To

preclude intra-symbol interference (isi) and ISI, we assdn¥e Ty and (N, — 1) T, +
A+ Ty <TEP.

range 0< c;”’ < Ny, andN;, is the maximum allowable integer shift. The bipolar random

3.5.1.2 TR-BPAM

Considering the TR signaling shown in Fig. 9, the transmitted signal forkusan
be decomposed into a reference signal compob%)r(t) and a data modulated signal
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bgk) (t) as follows:

= Yb b (t — iTs) + d™bl (t — i), (35)

|
Whered e {—1,1} is theith data symbol, an@ = NS'I'fTR is the symbol duration with
Ns and'l'fTR the number of pulses per symbol and the average pulse repetition period,
respectively [132f. The reference and data modulated signals can be written as

ETR

Kk Kk - Kk
b(t) = TLaﬁ 'p(t - j2T™R - ¢ Ty),

TR
b () = , / —jeTR T - ), (36)

Wherebgb( t) is equal to a version dﬁ, )( t) delayed byT;, and the rest of the terms

in (36) are defined similarly as in (34). The energy of the transmitted puEé‘ﬁ&

EJR/Ns whereE[R is the symbol energy associated with TR signaling. Note that the
transmitted energy is equally allocated amdkg?2 reference pulses ard/2 modu-

lated pulses. The differences between the BPPM case and the TR case are the position
modulation and the transmitted energy allocated anidy7@ modulated pulses. The
duration of the received UWB pulseT§ = T, + Tq, whereTy is the maximum excess

delay of the channel. We considgr> Tg and(N, — 1)Tp + T, + Tq < 2T,'R to preclude

isi and ISI respectively. Not&; is the time separation between each pair of data and
reference pulses.

3.5.2 Channel model
The received signal can be expressed as
r(t) =h(t) «s(t) +n(t), (37)

wheres(t) is the transmitted signal ardt) is the channel impulse response which can
be written as

L
ht) = > hdt—m), (38)
=1

5Note that'l',TR Ifz— such that the symbol duration of the two signaling schemes is the same.
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Fig. 9. Signaling schemes.

whereh; and 1; are the amplitude and the arrival time of thh channel multipath
component. The term(t) is zero-mean, white Gaussian noise with two-sided power
spectral density\Np/2. We consider the resolvable dense multipath channel case, i.e.,
|t —1j| > Tp, VI # j, wherery = 11+ (I — 1) Tp, and{h; } are assumed to be statistically
independent random variables (r.v.s). We can exgiess|h/|exp(j@ ), whereg =0

or 1§ with equal probability.

3.5.3 Energy detector (ED)

As mentioned in the previous section, the energy detection can be seen as a special case
of the AcR where the delay between the reference pulse and the information pulse is
zero. This changes the statistics of the integrator outputs if compared with the AcR case.
The two receiver schemes are illustrated in Fig. 10. For a single user case, the signal
after the BPZF can be represented as

Ns
7 ED
Fappm(t) Zo le hlaj 1 di)p(t—jTi —cTp— 1)

+ Dpt—jTs— ch A—T|)}+n() (39)
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Fig. 10. Receiver structures for UWB non-coherent schemes.

whereri(t) represents the noise process after the band pass filter (BPZF).
Note that in the case of Gaussian noise, the samples taken Mithiriterval are statis-
tically independent since the auto-correlation function of the BPZF is

Rigert)(T) = WsIinqWr) cog2rtfcT). (40)

The decision on the received data is based on the difference of the observed integration
outputs that can be expressed as

F-1 TG ot T ) F-1 TG Tt THA 5
Zeo = Y [ Foreut)?at— 5 | (Fare(t) 2.
- JTf+Cij =0 - ij+Cij+A
Zep 1 Zep2
(41)

The integration intervall determines the number of multipath components (or
equivalently, the amount of energy) captured by the receiver as well as the amount
of noise. An optimal integration interval, which depends on the power delay profile and
on the signal-to-noise ratio, is therefore desirable.

3.5.4 Auto-correlation receiver (AcR)

As mentioned in the previous section, the AcR offers quite good performance in rich
multipath channels where the signal is heavily distorted and the channel is difficult to

6The effect of the BPZF op(t) is considered negligible, consequently no distortion is considered.
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estimate.
The output of the BPZF for TR signaling can be expressed as

TTRr(t)
%—l L F
= ——hjajp(t —iNsTs — j2Ts —¢;Tp — 1))
Z J;le To
ETR
+ TLh ajdip(t —iNsTs — j2T¢ — ¢jTp — Tr — 1))
p
(). (42)

The correlation output of the AcR can be expressed as

N g
Ztr =
J:

j2Tf+Tr+Cij+T~ ~
/ Fr(t) Frr(t — Ty)dt, (43)
]

2T +Tr+CjTp

where the integration tim& determines the amount of integrated signal energy.

3.6 BEP analysis of non-coherent UWB receivers in
fading channel

In order to derive and compare the performance of the AcR and the ED receivers, the
sampling expansion is used [128, 132-134].
3.6.1 Energy detector (ED) with BPPM signaling

The observed variables in (41) corresponding to the energy of the received signals over
the two observation intervals can be written as

Ns
>-1

z /T (wyj (1) + o ()2t
g W - . ,
ED.1 ij (W N1
P17 5
Zepy = sz /0 (Wo j(t) +n2j(t)) dt, (44)

wherewy j(t) 2 (1 — do)by(t + JTEP + ¢;Tp), Waj(t) 2 doba(t + jTEP 4 ¢ Ty + 4),
n1j(t) £ At + jTEP +¢;Tp) andny j(t) £ At + jTEP +¢; Ty +A). Note thaﬂ31(t) 2
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(by  hxhze)(t) andby(t) £ (by « hxhze)(t). For analytical convenience, we normal-
ized the observed variables in (44). By using the sampling expansion, the normalized
observed variableZgp 1 andZep 5 in the case otly = 0 becomé

N1 2
A ZWT lem+’711m)
Yep1 = 2 ZO — W
oy i

1 ‘2‘*12\NT r’Z,j:m
2w’

Yep 2 (45)

20y =0 =1
wherews j m, 11,j,m Wo,j.m, andnz j m, for oddm (evenm) are the real (imaginary) parts
of the samples of the equivalent low-pass versiowgf(t), nj(t), wo,j(t), andnz j(t)
respectively, sampled at Nyquist raté over the interval0,T]. The noise samples
'Z/lﬂ and '2/2L“ in (45) are statistically independent with equal variaggg = No/2.
Conditioned or{ h; }, the observed variabl&gp 1 andYgp » are respectively non-central
and central chi-square distributed witihp = N\W T degrees of freedom. The non-

centrality parameter dfp 1, for dg = O, can be expressed as

&,1 L
1 2 TVV2 t CAP h2 46
IJED—ZJI%D jZ)/(; 1i(t) Z ) (46)
whereLcap = [MiN{WT,WTy}] denotes the actual number of multipath components

integrated. The BEP is then given by the solution of the double integral
(9-1)

V1 2

(q 1)
xlg-1(2y/y1leD )( 1) exp(—Yy2) dyidys. (47)

This integral has been solved in a closed-form in [135, 136]. Considering the sym-
metry of Yep 1 andYgp 2 with respect taly, the error probability can be expressed as

=0}}

() (=)
3 e

Peep =

1
= >

jv=-1

(48)

“Due to the statistical symmetry @p with respect talp, we simply need to consider the BEP conditioned
ondy=0.
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. . (iv) )\ N
wheren! represents the factorial af It can be noticed thdt {e* et (“EDT“")) } =

%w“ED(jv) where . (jv) is the CF ofpep. If the CF of yep is known, equation
(48) provides the error probability of the energy detector in the presence of a fading
channel. The BEP can be then defined as

PeD = Pe(Wyep (V), GD)- (49)

3.6.2 Auto-correlation (AcR) with TR-BPAM signaling

We recall here the work performed in [137-139]. The decision statistics for AcCR with
TR-BPAM conditioned orty anda; = +1 can be expressed as

wWT 1 2 ,
Uitov1 = 3 | (g% Prim) —BBim (50)
jldo=+1 r’er V2N j.m ,J;m 2,j,m
wWT 1 2 ,
Uit = 3 |~ (g im—Pesn) + B (51)
jldo=—1 r’rgl V2N j.m ,j,m 1,j,m
wherefy jm= 2\/Lm(l”lzﬁj,er N1,jm) andBz jm= ﬁ(nzﬁj,m— N1j.m) are statistically
independent Gaussian r.v.s with variamﬁg =N pye to the statistical symmetry of

U; with respect tadg and {a; }, we simply need to calculate the BEP conditioned on
dg = +1 andaj = +1.8 For notational simplicity, we define the normalized r¥4sYs,
Y3, andY, as

1 Y% 1owr 2
L1 7ot 2
Y, £ 207 J;) nglﬁz,j,mv
P -lawt 2
"% i 2,2 (e o)
A 1 7 tawr 2
" g &y -

Conditioned on the channéh andY; are non-central chi-squared r.v.s, wheréaand
Y, are central chi-squared r.v.s all haviNgV T degrees of freedom as for the variables

8with statistical symmetry we intend thi§ g, 1 andUjq,— 1 are identically distributed.
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in the ED case defined in equation (45) . Bdthand Y3 have the same non-centrality
parameter given by

LCAP

L5 "W (t)d ht. 3
= — “(t)dt = 5
HTR ZUTZR J;) ./0 ]() No IZ (53)

Note that, when conditioned on the channel, the Mg$; andYgp, have the same
distribution asyrr 1 andYyr2 in (52). The parameteig:p andgrg are also the same.

This proves, without using any Gaussian approximation, that the two systems perform
equally. While the TR system has a 3dB penalty due to the splitting of the symbol
energy over both reference pulse and modulated pulse, the ED system has a 3dB penalty
due to the more severe noise enhancement from the squaring operation.

In the presence of a channel impulse response characterized by a long channel delay
spread (several multipath components) with an exponential power delay profile (PDP),
the evaluation of (48) can present some difficulties related to the evaluation of the high
order derivatives of the characteristic function (@, (jv).

In order to overcome this issue, another way to derived the BEP of those systems is
based on the CF of the difference of two chi-squared distributed variables.

Considering that the CF of the difference between two non-central chi-squared r.v.s
(X1 andXy) with the same degrees of freedays given by [140]

N 11 —iVixy |V
Y(ijv) = <m) exp< 1+ v +m)a (54)

wherepy, and py, are the non-centrality parametersXafandXp, respectively. Using
the inversion theorem [141], we can derive the probability ¥aat X, < 0 as

—vixy | JVEX,
exp +
> e{ ( 1+jv 1- ]V) }dv. (55)

v

P{x17x2<0}7 / <1+V2

Letting q = orr(Gep), X1 = Yrr1(Yep 1), X2 = Yrr2(YeD2), Mx, = MTR(MED), and
Ux, = 0 in (55), and by further averaging with respecttifr(Lep), the BEP of the
AcR for detecting TR signaling with BPAM is given by

. 1 1 [/ 1 qarr u&w i:DL
Petr £ Pe(Yurg (V). G1R) = —+—/o < ) W{# dv,

2 m 142
(56)
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and the BEP of the ED for detecting BPPM is given by

LNED (%J } dv.

A . 1 1 [ 1 Yep
Pe.,ED = Pe(wHED(JV)>qED) = E + 7—_[/0 m Re v
(57)

This formulation of the BEP will be very useful when we analyze the effect of NB and
UWB interference on the ED and the AcR.

3.7 Numerical and simulation results

In the previous sections, the equivalence among the ED with BPPM signaling, and the
AcR with TR-BPAM in terms of BEP has been shown with and without a Gaussian
approximation of the observed variables. In this section the performances of these two
non-coeherent receiver structures are evaluated considering different types of channel
fading. We first consider a generic dense resolvable multipath channel, where each
multipath component is Nakagami distributed according to [142] and then extend the
result considering the IEEE 802.15.4a channel models.

3.7.1 Numerical results in Nakagami fading channels

For the generic dense resolvable multipath channel with Nakagami fadimgpre-
sents the fading severity index aﬁd{hlz} is the average power of each component,
whereE {h?} =E{hZ} exp[—¢(l —1)], for| =1,...,L, are normalized such thgt-

E {h,z} = 1. For simplicity, the fading severity indemis assumed to be identical for all
paths. The average power of the first arriving multipath component is giv@{b%},

ande is the channel power decay factor. The power of the a Nakagami distributed sig-
nal amplitude varies according to the Gamma distribution which has a closed form CF
given by

m
. 1
W 2(iv) = (1 jv%) ) (58)
wherey is the SNR ot;.With this fading model, the CFs of the non-centrality parame-
tersugp anduTr are

Leap

LAUHED(jV) = '-I—’HTR(jV) = I] laU|hi|2(jV)~ (59)

65



As shown in Fig. 11, for a flat PDP the BEP reduces if the intégnatme increases

up to the maximum excess delay of the channel. After this point, the integrated signal
is composed only of noise and consequently the error probability increases. Fig. 12
and Fig. 13 represent the BEP as a function of the integration time in the case of an
exponential PDP. It can be noticed that there is an optimal integration point within the
interval [0, Tg]. If we consider the functioi (T ) which represents the integrated signal
energy for the intervgD, T] we can rewriteSNRy defined in (29) as

_ E%(T)
SNRq(T) = No(4E(T) + 2NoW TNy (60)

£,/No= 1848

Ep/No = 20 dB
Ep/No = 22 dB

BEP

10"

10

0 5 10 15 20 25 30 35 40
WT

Fig. 11. BEP of the ED and of the AcR for different integration time and bandwidth
product values WT, Ns = 32 (16 pulses for BPPM and 32 pulses for TR-BPAM), in
the presence of a Nakagami channel fading with L = 32 multipath components,
channel power decay factor ¢ =0, and fading parameter m= 3.
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Ep/No=10,12,14,16,18,20dB

5 10 15 20 25 30 35

Fig. 12. BEP of the ED and of the AcR for different integration time and bandwidth
product values WT, Ns = 32 (16 pulses for BPPM and 32 pulses for TR-BPAM), in
the presence of a Nakagami channel fading with L = 32 multipath components,
channel power decay factor &= 0.4, and fading parameter m= 3.

10

Eu/No=10,12,14,16,18,20 dB

5 10 15 20 25 30 35

Fig. 13. BEP of the ED and of the AcR for different integration time and bandwidth
product values WT, Ns = 32 (16 pulses for BPPM and 32 pulses for TR-BPAM). The
numerical results are obtained in the presence of a Nakagami channel fading with

L = 50 multipath components, channel power decay factor € = 0.2, and fading pa-
rameter m= 3.
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For flat PDP the integrated signal energy function can be egptea(T) =
Eleg for T <Tg andE(T) = Ey, for T > Tg, while for an exponential PDP we have

E(T) = %ﬂ(ﬁ;;) for T <TgandE(T) = Ep for T > Tq. In the case of flat PDP,
it is easy to show that the functi@NRy(T) increases and decreases monotonically for

T < Ty andT > Ty respectively. For an exponential PDP, it can be shown graphically
that the functiorSNRy(T) is to be convex with a maximum within the interjal Tg].

We cannot algebraically derive the position of the maximum but we can see that the
maximum position depends on tBg/Ng, on the number of pulséd,, on the maximum
excess delay of the chanrigl and on the channel power decay factoFrom the BEP
curves we can notice that it is better to overestimate the optimal integration time since

an excess of integrated noise is less harmful then a reduced integrated signal energy.

3.7.2 Simulation results in IEEE 802.15.4a channel models

The results presented in the previous section depicted some peculiar behavior of the
non-coherent receivers. In those results we implicitly considered perfect time synchro-
nization of the receiver, meaning perfect knowledge of the position of the first multipath
component which defines the integration starting point of the received signal. What
we present hereafter are BEP obtained considering 1000 realizations of IEEE802.15.4a
channel models. These channel models consider both LOS and NLOS conditions and in
general are characterized by hundreds of components, leading to considerable changes
in PDP from one realization to another. We briefly list here some of the key features of
the models:

- arrival paths in clusters

- mixed Poisson distribution for ray arrivals times

- possible delay dependence of cluster decay times

- Nakagami distribution of small scale fading with differentfactors for different
components

The channel impulse response of these models is given in general as

L K

h(t) = ;)c;;hc’l exp(j@,)o(t—T — 1)), (61)

wherehy is the tap weight of th&th component in théth cluster,T; is the delay of the
Ith cluster, andy is the delay of théth multipath component relative to thid cluster
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arrival timeT,. The phasegy are uniformly distributed in the rang@, 2r). Details of
the channel models proposed in the standard can be found in [38].

Since the type of receivers investigated, at least in their most simple implementa-
tions, cannot perform a selection of the multipath components, it is interesting to con-
sider the effect of the synchronization procedure on the BEP performance. We consider
two possible synchronization approaches. In the first approach, referred to as first path
(FP), we consider the integration starting point (synchronization point) defined by the
first relevant path (10 dB below the maximum power value among the multipath com-
ponents). In the second approach referred to as maximum energy (MAX), we consider
the integration starting point (synchronization point) as the point which provides the
maximum signal energy with the integration timi€ Note that the simulations do not
consider any particular pulse shape but they simply consider the integrated signal en-
ergy obtained form the channel realizations in an integration interval of durktidhe
channel realization considers a sampling rate.bfrs. The bandwidth of the signal is
used to determine the amount of noise power. As depicted in Fig. 14(a) and Fig. 15(a),
also in LOS conditions represented by CM1 and CM3, the first path component is not
the best integration starting point. The FP approach requires a longer integration time
than the MAX in order to achieve the lowest BEP. Furthermore, the MAX approach
shows a small dependency on the valuéloéven for differentg,/Ng. On the other
hand, time synchronization based on the first relevant path shows a high sensitivity to
the integration time. This can be attributed to the high diversity order of the UWB
signals which leads to significant variation over small distances and times. In NLOS
conditions, Fig. 14(b) and Fig. 15(b) for CM2 and CM4, respectively, the differences
between the two synchronization approaches are also evident.

9The synchronization procedures are completely different in the two cases. In the first case, after locking
on one of the received multipath component a search back algorithm is required in order to find the first
multipath component. In the second case, after locking on the signal by searching an integration interval with
significant energy, the synchronization is achieved by sliding the integration window around the locking point
and searching for the one providing the maximum energy.
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Fig. 14. BER of the ED as a function of the signal integration time
W = 2 GHz. The integration is repeated over 16 pulses. Solid line = MAX, dashed

line = FP.
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Fig. 15. BER of the ED as a function of the signal integration time T for a bandwidth
W = 2 GHz. The integration is repeated over 16 pulses. Solid line = MAX, dashed
line = FP.
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Fig. 16. TH and TDMA with pulse compression schemes.

3.7.3 Pulse compression technique

To this point, we have considered the case that the pulse repetition frequency within
the symbol interval is at least of the order of the maximum excess delay of the chan-
nel impulse response to avoid inter-pulse interference but also to allow the use of time
hopping schemes. However, in order to transmit sufficient energy to support reasonable
BEP values, each symbol is composed of a large number of pulses and when a non-
coherent approach is implemented, the overall integrated noise energy increases with
Np. If the multiuser capabilities can be addressed by implementing a TDMA system
(Fig. 16), it is then of interest to evaluate the performance of the ED detector receiver
when the pulses are transmitted very close to each other reducing the overall integration
time and consequently the integrated noise energy. In Fig. 17(a) and Fig. 17(b), the
comparison among different pulse repetition structures is shown. In the case of mul-
tiple pulses per frame, the interval between pulses is 2 ns. As can be seen, there is a
considerable gain which can be achieved by sending the pulses in a burst due to reduced
integrated noise energy. The overlapping of the pulses creates a kind of shadowing ef-
fect which increases the variance of the received signal energy; however, the benefit is
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guaranteed by the reduced noise energy. Another intergstiimg is that the BEP is

now only weakly dependent on the type of channel impulse response since the tempo-
ral dispersion of the signal energy is smoothed because of the short intervals between
transmitted pulses. Note that for the AcR the pulse compression technique requires very
long delay lines which become very difficult to implement with sufficient accuracy. The
IEEE802.15.4a physical layer is also based on the transmission of bursts composed of
4 pulses, 2 ns apart from each others. In the IEEE802.15.4a standard draft, the hopping
code is applied at the burst level.
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Fig. 17. BER of the ED using the pulse compression technique as a function of
the signal integration time T for E/No =20dB, T, =0.5nsand W =2 GHz.
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3.8 Conclusions

In this chapter we have compared several realizations of the AcR which differ in the
way they combine the pulses belonging to the same symbols. The comparison among
these realizations has been initially carried out in an AWGN channel. For AcR with
TR-BPAM and the ED with BPPM, the comparison has then been extended to consider
the presence of multipath fading channels. In this chapter we have shown that these
two receiver structures have equal BEP performance in the absence of interference.
The BEP performance results have been obtained by using closed-form expressions
and by numerical integration. To complete the performance evaluation, we provided
BEP curves in the presence of IEEE802.15.4a channel models including a discussion
on the most appropriate synchronization procedure. Finally, we introduced the pulse
compression techniques which can drastically improve the performance of UWB non-
coherent receivers.
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4 Coexistence and interference

4.1 Introduction

Due to its large transmission bandwidth and its operation in unlicensed spectrum, UWB
systems may need to coexist and contend with many narrowband communication sys-
tems and with other UWB systems. In the previous chapter, one of the stated goals
was to investigate low complexity transceiver structures. The receiver structures pro-
posed and analyzed support the low-complexity objective; however, as a consequence
they cannot rely on sophisticated algorithms to reduce the effect of the interference. As
a result, it is important to analyze the performance of such receiver structures in the
presence of multiple uncoordinated narrowband and UWB systems for successful de-
ployment of UWB systems.

In this chapter, the BEP performance of two systems are compared. The first system
is an AcR based on TR signaling and binary pulse amplitude modulation (TR-BPAM),
and the second utilises an ED receiver based on a conventional square-law detector and
binary pulse position modulation (BPPM). The comparison is made in multipath fading
channels, in the presence of interference. We consider three cases: 1) single NBI source,
where the interfering node is located at a fixed distance from the receiver, 2) multiple
NBI sources and 3) multiple UWB interference sources, where the interfering nodes are
scattered according to a spatial Poisson process.

This chapter is organized as follows: in Section 4.2, a brief review of stable distribu-
tions is given; Section 4.3.1 and Section 4.3.2 derive, respectively, the BEP expressions
which consider multipath fading channels and account for the presence of single and
multiple NBI. In Section 4.3.3, numerical results considering the effect of NBI are pre-
sented. Section 4.4 extends the analysis to the case of multiple UWB interferers by
describing the multiple UWB interference system in Section 4.4.1 and proposing a sta-
tistical model for the aggregate interference in Section 4.4.3. In Section 4.4.4, BEP
formulas for both AcR and ED are derived based on the proposed statistical model for
multiple UWB interference and in Section 4.4.5 the numerical results in the presence
of UWB interference are presented. Section 4.5 concludes this chapter.
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4.2 Overview of stable distributions

Before starting the analysis of the performance of UWB non-coherent receivers in the
presence of interference, we provide a short introduction to univariate and multivariate
stable distributions since these will play an important role in the forthcoming analysis.
As will be shown in the next sections, the usage of stable distributions to model the
statistics allows us to account for the spatial distribution of the interference sources
[102, 143]. As highlighted in [144, 149], in the absence of power control, stable distri-
butions provide a good fitting of the heavy tail which characterizes the distribution of
the aggregate interference signal and which cannot be modeled by using the Gaussian
distribution. In both cases of NBl and UWB interference, the heavy tail depends on the
fact that the received interference signal strength depends on the travelled distence
1/RY.

4.2.1 Univariate stable distribution

An univariate stable distribution of a variabteis conveniently described by its charac-
teristic function

wv) = B () — PV (Lo iBsignvanE) ju] az1
expl-yvl (1— jBsign)Inv)) + jvil  a=1

where the four parameters present in (62) are defined as follows:

o € (0,2] Characteristic exponent, which controls the heaviness of the PDF tail. If
a =2, thenX ~ 4(0,2y)

B € [—1,1] Skewness parameter. The cases wliflere0, 3 = 0, 3 > 0 correspond to
a PDF which is skewed to the left, symmetric round the cemtend skewed to
the right, respectively.

y € [0,0) Dispersion parameter, which behaves like the variance.

u € R Location parameter, which behaves like the mean.
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We will denote a stable distributed r.v. By~ .~ (a,B,y,u).° If B=—-1orp =1,
the stable distribution is called totally skewed. Whgna= 0 the stable distribution is
symmetric. Stable distributions symmetric abput 0 with characteristic exponent
are called symmetria-stable 8o S) and their characteristic functions are in the form

Y(v) = exp(—yv“). (63)

Some of the properties of stable r.v.s which are used in this chapter are provided here-
after.

Scaling property LetX ~.%(a,B,y) with a # 1, and letk be a non-zero real con-
stant. Then,

KX ~ #(a,sign(k)B, [K|). (64)
Decomposition property  LetX ~.(a,0,y). Then, X can be decomposed as
X =WgG, (65)

whereV ~.7(%,1,cos™) and G ~ .4 (0,2y%/%).

The main problem ofx-stable distributions is that no closed-form expressions exist
for their PDF and CDF, except for the Gauss{an= 2), Cauchy(a = 1), and Levy

(a =1/2) distributions. However, these distributions are useful in the analysis proposed
in the next sections since their CF is required. To offer an insight into the PDFs of
a-stable distributions and the effect of the different parameters, several PDF curves
are plotted in Figures 18-21. From Fig. 18 and Fig. 19, we notice the effect of the
characteristic exponenton the PDF around its mean on the PDF tail. Lowering thevalues
of a, the PDF tends to be more peaky around its mean with a heavier tail. From Fig.
20 we notice the effect g8 on the skewness of the PDF. Fig. 21 shows the similarity
between the effect of and the effect of the variance.

4.2.2 Multivariate stable distribution

The real r.v.sXy, ..., %, are jointly a-stable, or the real random vectér= [X1,. .., X
€ R"is symmetrica stable if the joint characteristic function is of the form

W) = exgi— [ TS (ds)+ V) (66)

10ynless otherwise indicated, in this chapter we only deal with distributions wher®, and therefore use
the notationX ~ . (a, B,y).
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Fig. 18. Probability density functions of stable distributed r.v.s for varying charac-
teristic exponents a,B=0,y=1,and u=0.
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Fig. 19. Probability density function’s tails for stable distributed r.v.s for varying
characteristic exponents a,3=0,y=1 and u=0.
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Fig. 20. Probability density function of stable distributed r.v.s for varying skew-
ness parameters B, a =0.5y=1,and u=0.
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Fig. 21. Probability density function of stable distributed r.v.s for varying disper-
sion parameters y,a=1,=0,y=1and u=0.



where the spectral measuré) is symmetric, i.e.l (A) = —I(A) for any measurable set

on the unit spher§, andv, i, andsaren dimensional real vectors. Among the classes
of multivariate stable distributions we will make use of the sub-Gaussian distributions.
These distributions can be described through their CF as follows:

( 1 n n _ a/Z)

P(v) =exp( — 3] viviZij 7)), (67)
222,

where then x n matrix = is positive definite. The decomposition property applies to this

class of multivariate r.v.s as follows:

Decomposition property  If the CF of aSaSvectorX is in the form of (67), then
the vectorX can be decomposed as

X = WG, (68)

whereV ~ .7(4,1,cos ) and Gisthe underlying Gaussian vector, independent
of V, with covariance matrig.

4.3 BEP analysis in the presence of narrowband
interference

In the following sections, for the BEP analysis in the presence of narrowband interfer-
ence (NBI), we refer to the system model and receiver structures described in Section
3.5.

4.3.1 BEP analysis in the presence of a single NB interferer

For the case of a single NBI, it was shown in [145] that the NBI can be well approxi-
mated by a single-tone interference, t-&.,

&(t) = V2Jaycog2mfst + 6), (69)

wherel is the average received power of the interferencefaiglthe center frequency.
The parameters; and 6 represent the amplitude and the phase, respectively, of the

HThe following analysis is valid if we assume that the NB interfering signal does not saturate the amplifica-

tion chain of the UWB receiver and so no higher order harmonics are generated in the receiver. In order this
assumption to be realistic, a notch filter working at the interference frequency might be required. If the notch

filter is present)) accounts for the filter attenuation.
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fading associated with the NBI. We consider Rayleigh fadiritty \E{O{JZ} =1, which
is a good model when using NB signals [146]. We assume the NBI to be within the
band of interest of the signal.

4.3.1.1 Auto-correlation receiver (AcR)

If we incorporate in our analysis the NBI given in (69) and use the sampling expansion
approach [147], (52) still holds with

1
Brjm= N—m(flz?j,er &2 jm+ N1jm+ &1jm), (70)
and
1
Bojm= N—m(flz?j,er &2 jm—N1jm— &1jm). (71)

whereéy j m andé; j m, for oddm (evenm) are the real (imaginary) parts of the samples
of the equivalent low-pass version of

&1j(t) 2 V2Jaycod2n(fit + j2T R 4 ¢;Tp) + 6], (72)
and
& j(t) 2 V2Jaycog2m(fit + 2T R +-¢jTp + Tr) + 6], (73)

respectively, sampled at Nyquist raté over the interval0, T]. Furthermore, by con-
ditioning on 8, {c;}, {a;}, {h}, anday, the conditional variance?; of B jm and
B2,j.m is simply %, and the non-centrality parameters¥gk 1 andYrr for dg = +1
are, respectively, given by [147]
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511 t)+&2,j(t) 2

(NBI) &
uYTRl - ZGTR J%/ |:WJ 2 dt

EIRNe® a?NJT
N — h 1+ coq2mf;T,

N 2, g (L cos2mtimy)

R 5, (NBI)

=HATR =HpTR

40| P(fy)],/2ETRI cos(mf;Ty)
+ (74)

No
Tl Lew

x ZJ aj Zl hy cos(2mtfy (1) + j2T R+ ¢ To + Tr/2) + ¢),

a,(NBI)
AHCTR

and

e aJZNsJT_C{JZNSJT
iRz T 2Ny 2No

cog(2mtf;T,), (75)

where|P(fy)| is the magnitude of the frequency respons@(@] at frequencyf;. The
composite random phase is given y= arg{ls( fJ)} + 0, where arg{ls( fJ)} is the
angle of the frequency responseqit) at frequencyf;, and¢ is uniformly distributed
over[0,2m). Using (55), (74) and (75), we invoke the approximate analytical method
developed in [147] to obtain the approximate BEP conditionedhen+1 as follows!?

P(NBI) N }+ 1 00 1 qrrR
eTR|dp=+1 — 2 TJo 1—|—V2

e { wHTR(ijj"\,)lllJ(gTR,dO:+1(jV) -J) }

v

dv,

)

(76)

wherey;(jv) is the CF ofa? and

A —jv NST

. v NsT
OrRdp—+1(IV) = 17 V2N, v NT

—jv 2Noy

[l + cos(erfJTr)} [1 COS(ZITfJTr)}

(77)

12ynder the approximate analytical method, the last tﬂgﬁBR') in (74) is considered to be negligible com-
pared to the first two terms.
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Similarly, the approximate BEP conditioned dyn= —1 is given by

p(NBI) N }+l /1 \IR
eTR|dp=—1 — 2 mJo 1+V2

e { Wi (50 Wa(Ormao--2(1V) ) } &
jv
(78)
where
v & WNTE v NeT
OrRdy=-1(IV) = 17 jvang [1 cog2mf;Ty) +1fjv2N0 [1+cos(2anT,)}.
(79)

As a result, it follows that the BEP of the AcR for detecting TR signaling with BPAM
in the presence of a single NBI is given by

nBly 1/ NBi NBI
PéTR) =5 (PéTR,Zio:+1+ PéTR,ZJO:71> . (80)

4.3.1.2 Energy detector (ED)

Similar to the steps in Section 4.4.2.1, we incorporate the NBI given in (69) into (45) to
obtain

Ns_ 9 2
1228 (Wajm+&njm+Njm)
> )

20¢p == 2W

Yep1 =

Ns_ 2
1 7 Lawt (527j,m+’727j,m)
ZJéD = 2w ’

Yep 2 (81)

m=1

whereéq ; m andés j m for oddm (evenm) are the real (imaginary) parts of the samples
of the equivalent low-pass version of

&1j(t) 2 V2Jaycod2mfy(t + jTEP +¢Tp) + 6], (82)
and
& (t) 2 V2Jaycod2mfy(t + jTEP +¢j Ty +4) + 6] (83)

respectively, sampled at Nyquist rafé over the interval0,T]. The non-centrality
parameter o¥gp 1 in (81) conditioned or®, {c;}, {a;}, {h}, a3, anddg = 0 is given
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by13

N1
wl = g 3, v
éuA ED
ZUED ZJ/ 511 (Hdt+—— EDJ /le )éj(t)dt,
% i
(84)
wherepia ep, HBE o) iy

D anduC ED ) denote the received signal energy term, the received

interference energy term, and signal-interference cross term, respectively. Specifically,
we have

_ B >
HAED = No I;fh (85)

Ns . .
ey 053 % [T L §n (4mfy(T + JTEP +¢jTp) + 26)
Heep = Zo
=

47TfJ

sin(4mtfy(JTEP +¢jTp) + 20)
47TfJ

2
aéNsJT
86
N (86)
where the approximation in (86) holds for UWB systems sihice ﬁ and|sin(g)| <

1. Finally, uCNEBE', can be written as

ED1Ns_1
(NBI) 203 2E J7 Lcap

% = a hy
CED No JZO JI;
I+Tp . ED
x/ p(t) [cos(2mfy(t+ 1 + T +¢jTp) + 6)] dt
JT
20J||3(fJ)‘ ZEEDJ F-1 Lo
N Zb a; Zl hy [cos(2mtfy (7 + JTEP +¢iTp) +¢)] -
(87)

13The statistical symmetry afzp with respect tal still holds even in the presence of interference, and hence
we need to consider only the BEP conditioneddgi- 0.
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Following the steps leading to (86), the non-centrality paeter ofYgp, in (81)
when conditioned o8, a;, anddy = 0 is given by

(NBI) GJZNSJT

Heos ™~ 5N, (88)

By invoking the approximate analytical method, we can obtain the approximate BEP of
the ED receiver for detecting BPPM in the presence of a single NBI as folibws:

p(NBI) 1+1/°°< 1 >QED9%{quD(%,)u.’J(gED(jV)'J)}dv’
0

eED T 27 7. 142 jv

(89)

where

. _ NsT —Jjv v
Geo(lv) = 2N0<1+jv+1—jv>' (%0)

4.3.2 BEP analysis in the presence of multiple NB
interferers

For the case of multiple NB interferers, we model the spatial distribution of the inter-
ferers according to a homogeneous Poisson point process in the two-dimensional plane
[102, 104, 143, 148, 149]. The probability tHahodes lie inside regioZ depends
only on the ared, = |#|, and is given by [150]
AA)K

P{ke #} = %e”\’w, (91)
whereA is the spatial density (in nodes per unit area). We assume that a large number
(infinite number) of NB interferers are transmitting with the same carrier frequency
within the band of interest. As a result, the aggregate interfering signal accumulated at

the UWB receiver can be expressed as

[oe]

=73 "w, (92)
n=1
whereZ (" (t) denotes the interference signal from tita NB interferer at the UWB
receiver as given by
M) =va2r

eO'| G(n)

WG(”) cog2mfy(t — W) 4 ), (93)

14As in the case for AcR, the last ter '?‘,f[',) in (84) is considered to be negligible compared to the first two

terms.
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wherel is the average power at the border of the near-field zone of each interfering
transmitter antendd and 7™ is a r.v. which accounts for the asynchronism between
the interferers. The parametar§”) and68™ denote the amplitude and phase, respec-
tively, of the fading associated with timth interferer. As for the single interferer, we
consider Rayleigh fading for each of the multiple NBI, whé&(a()?} = 1 and
e = 2mf;r(™ 4- 61 can be modeled as uniform r.v. ovi2m). The shadow-
ing term 98" follows a log-normal distribution with shadowing parametgrand

"« #(0,1). According to the far-field assumption, the signal power decays as
1/(RM)2v whereR(™ is the distance between thth NB node and the UWB receiver,
andv is the environmental dependent amplitude loss expolfeNote thatp™, G,
anda™ are independent and identically distributed (i.i.d.) r.v.siior all interfering
signals. We can equivalently write (93) as

O| G(n) .
W) = V2Re { (eR(n))v x(n>e12nf3t} 7 (94)

whereX( = X1 1X2 is a circularly symmetric (CS) Gaussian r.v. wm%“ =
" cog o), X" = asin(¢M). The aggregate interfering signal over the period
Ts can be represented as

) = V2IRe{Ae?} (95)

0,6 /G
whereA = Ac+ jAs such thatA. £ 55, fR'(f)) X" andAg £ 52, eR' e Xz( )17 As

shown in Appendix 2, the complex r is characterlzed by a CS stable distributidn

2 —1 207 /v? (n),2
ANyC<U,O,AnC2/Ve20’|/v E{|xj |/"} , (96)

with C, defined as
1-—xX

= [(2—x)cogTx/2)’

(97)

151 accounts for the near-field logs.

18For NBI within the bandwidth of UWB signals, the far field assumption corresponds to a few tens of
centimeters thus making the far field path-loss model a reasonable assumption. The paraoreésponds

to a decay insignal amplitude not in signal power Experimental studies have shown [151] that it can
approximately range from 0.8 (e.g. hallways inside buildings) to 4 (e.g. dense urban environment), where
v =1 corresponds to free space propagation.

1"We consider the fading and the mobility of the interferers sufficiently low suchAtimtonstant within the
periodTs.

BWe use7(a,B,y) to denote a CS stable distribution of a complex r.v. with i.i.d. real and imaginary parts,
each distributed as”(a, 3,y).
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whererl (-) is the Gamma function. Interestingly, (95) and (96) imply that the aggregate
interference can be thought as a single NBI with complex CS stable fadiXgte that

a single interference system working at the frequeiytyas been considered. However,

the interference model can be easily extended to accoumt $gstems with different
parameters and transmitting at different frequencies. The aggregate interference in this
case would be representedindependent alpha-stable distributed r.v.s.

4.3.2.1 Auto-correlation receiver (AcR) in the presence of multiple NB
interferers

Following the approach in Section 4.4.2.1, we derive the non-centrality parameters of
Yrr1 andYrr 2 When conditioned oA, {c;}, {a;}, {h} anddp = +1 as follows:

TR Lcap 2
nBis) _ Eg \A| |T Ns
IJYTRl ~ NO IEL h| + |:

4“3( fa)l 2ETRJ P11 Lewp
+— a h
v 5"

{Accos (rtfsTy) ¢ (anJ T+ 2T +chp+Tr/2)+arg{l3(fJ)})

1+ cos(2anT,)}

~Ascos(tfTy) sin (21t (1 + J2TR + 6Ty + T1/2) + arg{P(13) } ) ]
(98)

2
o RN )

Mg, & 2N

where the derivation of (98) and (99) can be found in Appendix 3. Using the ap-
proximate analytical method, it follows from (55), (98), and (99) that the approximate
BEP of the AcR for detecting TR signaling with BPAM conditioneddanddy = +1
is given by

P(NBlS) N }_,’_ E o 1 qtr
eTRAd=+1 — 2 ' g1 0 1+V2

e { Ui (£24) ©XP(1R g s2()- 1AP) } v

I\

(100)

19Note that in the case of CS stable distribution the real and imaginary parts are uncorrelated but not neces-
sarily independent.
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Following Appendix 2, from (218), it follows that
A = 2y%/9V (G2 + G3) = 2y%/°VC, (101)

whereC is a central Chi-squared distributed r.v. with 2 degrees of freedom. Applying
the scaling propert$® |A|? conditioned orC is a stable distributed r.v. with charac-
teristic exponent Av, skewness 1 and dispersi¢2C)Y/Vycos(£). The CF of|A[?
conditioned orC for v > 1 is given by*

Yapcllv) = exp{(ZC)l/Vycos(%) vV <1 jv tan( n>)} |

[iv " \2v
(102)
The approximated BEP conditioned 6randdy = +1 can be written as
(NBIs) N 1 1 /™ 1 qrr
PeTRCd=+1 = 37T E./o <1+v2>
Wi (725 ) Wiapic (ITRAe—+1 (IV) -1
me{ TR (1+Jv) |A] \C( o ) v,
v
(103)

wheregrr d,—+1(jVv) is defined in (77). Similarly the approximated BEP conditioned
onC anddp = —1 can be written as

p(NBIS) N }Jrl o 1 \9R
e,TR‘C.,do:fl - 2 T Jo 1+V2

me{ Ypre (ﬂ—JJVV) ‘1’|A\2\c_: (OrRap=-1(1v) 1) } &

jv
(104)

wheregrgrig,——1(jv) is defined in (79). The total approximated BEP conditione€on
can be expressed as

(Bis) 1/ (nBls) (NBISs)
PeTRIC = 2 (PeﬁTR\Cﬁdo:+1+ Pe,TR|C,d0:71) : (105)

20The scaling property states thattf~ S(a,B,y), thenkX ~ S(a,sign(k)B, |k|“y) for any non-zero real
constank [152].
2lForv =1, Wapc(iv) = exp[—2Cycos(Z)|jv/In|jv|] = 1. In this caseA. andAs are independent Gaus-

sian r.v.s. It follows thafA > = 2yC andyjp2(jv) = 14{”\,.
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Compared to (100), we only need to numerically average @vetich is computation-
ally more attractive. However, we can also avoid this averaging by approximating the
CF of|A|%. We can approximate the expectation of (102) with respeCtds follows:

. —ky
V) = 19 cos( 2 [ (1- Y tan( T~
Ypp(lv) = {1+Qv2 ycos(2v>\1v| (1 tan( ) ,

[iv] 2v
(106)

where we have used the Gamma distribution to approximate the distributioh ‘af
Notes on this approximation are provided in Appendix 4. Table 6 gives the different
parameters for this approximation. Using (100) and (106), the approximate BEP of the
AcR for detecting TR signaling with BPAM in the presence of multiple NBI conditioned
ondp = +1 is given by

p(NBIS) N }Jri @/ 1 \TR
eTR|dp=+1 — 2 mJo 1—|—V2

e { Yurg (%) W\Alz (gTR7d0:+1 (jv)- l)

v

} dv.  (107)

Similarly, the approximate BEP of TR signaling with AcR in the presence of multiple
NBI conditioned ordy = —1 is given by

p(NBIS) N }Jri @/ 1 \TR
eTRld=-1 — 9 m/Jo 1+\2

N { W (725) Wiare (@rRigp—1 (V) 1) } & (108

v

As a result, it follows that the BEP of the AcR for detecting TR signaling with BPAM
in the presence of multiple NBI is given by

nBisy) 1/ (NBis NBIs
PéTR = > (Pé,TR,d)o:+l+ Pé,TR,d)o:—l) : (109)
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4.3.2.2 Energy detector (ED) in the presence of multiple NB in  terferers

Following the approach in Section 4.3.1.2, we derive the non-centrality parameters of
Yep,0 andYep 1 conditioned orA, {c;}, {a;}, {h } anddy = O as follows:

e = S e OIS
X |:ACCOS(27TfJ (1 + ijED+Cij) +arg{P(fJ)}>
—Assin (2an (1 +JTEP +¢Ty) +arg{|3( fJ)})] , (110)

neis) _ JAJPITNs
Wepo & 2Ny

(111)

where the derivation of (110) and (111) follows directly from Appendix 3. Similar to
Section 4.3.2.1, the approximated BEP of the ED receiver for detecting BPPM condi-
tioned onC in the presence of multiple NBI is given by

dv.

)

—jv .
pNBIS) 1 1/00( 1 )QEDme wHED(m)wM\‘ZC(gED(]V)J)

e,ED\C - E + 7_-[ 0 1+V2 ]V
(112)

wheregep is defined in (90). Using the approximate CF derived in (106), we can then
rewrite (112) as

- Gep Weo (2% ) Wia2 (GeD (jV) - 1)
PSS =~ 3+£/0 <i> m?{ o () al .

2 . 142 jv
(113)

4.3.3 Numerical and simulation results

In this section, we evaluate the performance of both AcR with TR signaling and ED
with BPPM signaling, in the presence of single and multiple NB interferers, based on
the analysis developed in Sections 4.3.1 and 4.3.2. Note that all results shown are based
on the approximate analytical method. We consider a bandpass UWB system with pulse
durationT, = 0.5 ns, symbol intervals = 3200 ns, andNs = 32. For simplicity,T; and

A are set such that there is no ISl or isi in the system, Ties 2T,"R — Ty — Ny Tp and
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A= -|-on — Tg— NnTp. We consider a TH sequence of all oneg£ 1 for all j) and

Nh = 2. For UWB channels, we consider a dense resolvable multipath channel, where
each multipath componentamplitude is Nakagami distributed with fading severity index
mand average powdt {h?}, whereE {h?} = E {h?} exp[—&(I —1)], for| = 1,...,L,

are normalized such th§f:1E {hlz} = 1[153]. For simplicity, the fading severity index

m is assumed to be identical for all paths. The average power of the first arriving
multipath componentis given kE/{ hf} ande is the channel power decay factor. With
this model, we denote the UWB channel characteristid by, m) for convenience. For

the NBI model, we assume that the NBI is within the band of interest and experiences
flat Rayleigh fading, i.e., the CF of; is 3(jv) = 1/(1— jv). To compare AcR and ED
performance, we |eEJR = EEP = Eyp, with E, denoting the energy per bit. We define
the signal-to-interference ratios R = E,/(JTs) andSIRT = E,/(ITs) for the cases

of single NBI and of multiple NBI respectively. The central frequencies of the NBI are
chosen in order to provide an insight into the effect of the interference on the receiver
structures that have been analyzed.

4.3.3.1 Performance with a single NB interferer

Figure 22 compares the BEP performance of both non-coherent receiver structures in
the presence of a single NBI with,e,m) = (32,0,3), WT = L for E,/Np = 16, 18, 20

dB using (105) and (89). Interestingly, we see that the performance with AcR strongly
depends on the operating frequency of the NBI. On the other hand, the performance
with the ED is independent of the carrier frequency of the NBI since the non-centrality
parameters are affected by the NBI independently of the valulg. oMoreover, the
ED-based system tends to be more robust to NBI compared to the AcR-based system
in the interference-limited scenario. However, as the NBI becomes negligible, i.e.,

with SIR greater than 5 dB, both receiver structures yield similar performances since
ESED _ E;I'R_ZZ

22This is consistent with the result derived in the absence of interference and shown in Chapter 3.
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Fig. 22. BEP comparison of UWB non-coherent structures for UWB channel pa-
rameters (L,e,m) = (32,0,3) and integration time and bandwidth product WT=L,
in the presence of a single NBI characterized by Rayleigh fading. The solid and
dashed lines indicate ED receiver and AcR, respectively.

In Fig. 23, we show the validity of the approximation used in Sections 4.4.2.1
and 4.3.1.2 by comparing the BEP performance as a functioiy oith (L,e,m) =
(32,0.4,3),WT =L, E,/Ng = 20 dB andSIR = —10 dB for both non-coherent receiver
structures. We can see that the approximate analytical method is in good agreement
with the quasi-analytical methdd. In addition, we observe that the two systems have
the same performance only whépn= n/4T, for nodd. This can be intuitively explained
by looking at how the interference modifies the received signal space. In the case of the
AcR, the interference cross-term produces a DC component which is a functigh of
as shown in (77) and (79). As a result, the received signal space is no longer symmetric
around zero for the case of TR signaling with BPAM. On the other hand, the symmetry
of the received signal space for the case of BPPM is unaffected by the DC component
related to the squaring of the interference signal in the ED receiver.

23As a reminder, we say that the approximate analytical method assumes the signal-interference cross terms
in the definition of the non centrality parameters negligible while the quasi-analytical method do not make
this assumption.
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Fig. 23. BEP comparison of UWB non-coherent structures in the presence of

a single NBI as a function of f; for UWB channel parameters (L,e,m) = (32,0,3),
Ep/No =20 dB, SIR = —10dB and integration time and bandwidth product WT=L.
The solid and dashed lines indicate the ED receiver and the AcR, respectively.

The effect of the integration intervdl on the performance of both non-coherent
receiver structures in the presence of single NBfjat 3.6872 GHz with(L,&,m) =
(32,0.4,3), andEy/Np = 20 dB is shown in Fig. 24. We observe that the optimlim
for the two non-coherent receiver structures are different. This is not surprising since
the amount of interference energy accumulation for both receiver structures is different,
and this amount also depends on the valu§dbr the case of the AcR. In addition, it
is clear from Fig. 24 that the optimumincreases witlsIR due to decreasing interfer-
ence accumulation. As such, it is important that the integration interval is appropriately
designed taking into consideration the type of non-coherent receiver structure, the oper-
ating carrier frequency of potential NBI, operatiBg/Np, andSIR.
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Fig. 24. BEP comparison of UWB non-coherent structures in the presence of sin-
gle NBI for interference frequency  f; = 3.6877 GHz, for UWB channel parameters
(L,e,m) =(32,0.4,3) and Ep/No = 20dB. The solid and dashed lines indicate the ED
receiver and the AcR, respectively.

4.3.3.2 Performance with multiple NB interferers

First, we show the validity of the approximate analytical method for the case of multi-
ple NBI. In Fig. 25, we show the BEP performance as a functiofy @fith (L,&,m) =
(32,0,3), A =0.01, WT =L, E,/Ng = 20 dB, andSIRy = —10 dB for both non-
coherent receiver structures. Similar to the single NBI case, the approximate analytical
method is in good agreement with the quasi-analytical method. Next, we compare the
results obtained with the approximated BEP formulas for AcR and ED receiver struc-
tures using the approximated CF|&f2 in (106) with the semi-analytical results. Note
that we still need to average the approximated conditional BEP expression in (105) and
(112) overC. However, as apparent in the next plot, we see that this numerical aver-
aging can be avoided by invoking an approximation on the CRAG using (106) to
obtain (109) and (113) for both non-coherent receiver structures. In Figs. 26, we show
the BEP performance of both non-coherentreceiver structures as a fundfibhwith
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En/No = 20 dB, (L,e,m) = (32,0.4,3), A = 0.01,v = 1.5, andg; = 1.2 dB. We ob-

serve that by using the approximation in (106), we can obtain results that are in good
agreement with the semi-analytical results. As seen in the single NBI case, the optimum
T for the two receiver structures is different and the ED-based system performs better
than the AcR-based when subject to multiple NBI.

10°

; ;
- - -Approximated analytical method (AgR
—Approximated analytical method (ED]

o Quasi-analytical method

Il Il
35 3.6 3.7 3.8
f3(Hz)

Fig. 25. BEP comparison of UWB non-coherent structures in the presence of multi-

ple NBI as a function of the interference frequency

f; for UWB channel parameters

(L,e,m) =(32,0,3), interferers spatial density A =0.01, E,/Ng=20dB, SIRt =—-10dB

and integration time and bandwidth product

WT=L.
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Fig. 26. BEP in the presence of multiple NBI as a function of the integration
time and bandwidth product WT for E,/Np = 20 dB, UWB channel parameters
(L,e,m) = (32,0.4,3), interferers spatial density A = 0.01, amplitude loss exponent
v = 1.5, and interference signal shadowing parameter gy = 1.2 dB. Comparison be-
tween the results obtained using approximate BEP formulas (109) and (113) and,
semi-analytical BEP formulas  (105)and (112)for the AcR (dashed lines) and the ED
(solid lines), respectively.

In addition, in Figures 27 and 28, we show the effect of spatial deisity the
multiple NBI on the optimunT of ED-based and AcR-based systems \EgiNy = 20
dB, UWB channel parametefk, £,m) = (32,0.4,3), amplitude loss exponemt= 1.5,
and interference signal shadowing parametet 1.2 dB, respectively. Ad increases,
the aggregate interference becomes stronger and consequently, the optimum integration
interval needs to be smaller to reduce the amount of interference energy accumulation.
Similar to the single NBI results, we see that the performance of the AcR-based system
strongly depends on the NBI carrier frequency.
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Fig. 27. Effect of the multiple NBI spatial density A on the optimum integration
time of the ED receiver for E,/Ng =20 dB, SIRt = —10 dB, UWB channel parame-
ters (L,e,m) = (32,0.4,3), amplitude loss exponent v = 1.5, and interference signal
shadowing parameter gy = 1.2 dB.
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Fig. 28. Effect of the multiple NBI spatial density A and of the NBI carrier frequency
f on the optimum integration time of the AcR for Ep/No = 20 dB, SIRt = —10dB,
UWB channel parameters (L,&,m) = (32,0.4,3), amplitude loss exponent v =15, and
interference signal shadowing parameter 0y =1.2dB.

Lastly, we present a scenario demonstrating how our results can be useful for co-
existence planning between UWB systems and multiple NBI systems. Specifically, in
Fig. 29 we plot the BEP performance of the ED-based system as a functiyj d§
for UWB channel paramete(&, e,m) = (32,0,3), WT = L, amplitude loss exponent
v = 1.5, and interference signal shadowing parametet 1.2 dB. We see that a reduc-
tion of 10 dB in the spatial density of the interferers allows the increase of the average
individual interferer power by 15 dB. The relationship between the reduction of the
spatial density\,” and the increase of the average individual interferer pdietboth
expressed in dB, can be derived from (112) and (102), whgre VA,
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Fig. 29. Combined effect of the parameters A and SIRt on the BEP of the ED
for Ep/Np = 20 dB, UWB channel parameters (L,e,m) = (32,0,3), integration time
and bandwidth product WT =L, amplitude loss exponent v = 1.5, and interference
signal shadowing parameter g =1.2 dB.

4.4 UWB interference

In this section we extend the BEP analysis to the case where UWB interference is
present. We assume the sources of interference coming not from the users of the same
network but coming from the neighboring UWB networks. It is quite realistic to con-
sider that the low complexity of the schemes analyzed restricts the multi-user capability
through the use of TDMA as no multiuser interference suppression is included in the
receiver structures. Hence, it is a reasonable assumption to consider other UWB com-
munication networks as a major source of UWB interference.

4.4.1 Multiple UWB interferers

In this framework we consider a single UWB system as the only source of interference.
However, the study can be extended to the case of several networks with different param-
eters. As in the case of the NBI, we model the spatial distribution of the multiple UWB
interferers according to a homogeneous Poisson point process in the two-dimensional
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plane [102, 143, 148]. The probability tHahodes lie inside regiorZ depends only on
the ared\y, = |#|, and is given by [150]

AAR)  an,

P{ke Z} = "

(114)
whereA is the spatial density (in nodes per unitarea). In order to reduce the interference
on other systems, the UWB devices are required to be active (transmitting) only for a
small percentaga; of time. In this framework, we consider that the dengditsgccounts

for the activity factor such that £ Asa;, whereAs is the density of active and inactive
devices. Thaith interferer transmitted signal can be expressed as

0@ = VRSB (t-iNT), (115)

whereb"” (t) £ ZJ leI Vp(t—jTi — )T 5 —d™al), P! £ E!/TINL is the average
power at the border of the near-field zone of each interfering transmitter antenﬁ'rfi, and

is the pulse repetition period average which is common to the whole interferer system.
The termp(t) is a unit energy bandpass pulse with durafifprand center frequenci,

the terme” € {—1,1} is theith data symbol for a BPAM modulatiod.” ¢ {0,1} is

theith data symbol for a BPPM modulatiofy!, is the position modulation shift of the
interfering systemcgn) is the jth element of the hopping sequen@é”)} in the range

0< cgm < erw and er1 is the maximum shift associated with the hopping code. The
bipolar amplitude sequenc{aﬁn)} € {—1,1} is considered as a random process. The
average pulse repetition interval is considered long enough in order to avoid isi and ISI.
The interferer signals have the symbol durafigr= T'N.. For notational convenience

we definey( = {{ei(n)}, {cﬁ”)}, {aﬁ”)}, {hl(n)}}. We assume that the multiple interfer-

ers use the same pulse waveform as the desired signal so their signal is undistorted at
the output of the BPZF. As a result, the aggregate interfering signal for a large (infinite)
number of interferers at the output of the BPZF can be expressed as

=73 ", (116)
whereZ (" (t) denotes the signal from theh interferer and it can be expressed as

n _ eO]
M) = oK \/_v (t-D™), (117)

102



wherea;, G, R™ andv are defined as in the NBI cad2(" is a uniformly distributed
r.v. which accounts for the asynchronism of the interferers and

Zb (t—iNLT) « h((t), (118)

whereh(™ (t) = Z|L 01|h le” iq" o(t— rl(m) is the channel impulse response of title
interferer-receiver link defined similar to the case of the desired signal with maximum
excess deIaSFg{. By using (117), we can rewrite (116) as

0 eglg(ﬂ)

_ ™ (1 _ p™
Z(t)*n;(mm)”\/av (t D ) (119)

4.4.2 Received signals in the presence of UWNB
interference

4.4.2.1 Auto-correlation receiver (AcR)

If we incorporate in our analysis the UWB interference given in (119) and use the
sampling expansion approach [147], (52) still holds v@ith m = ﬁ (N2,jm+4jm+
Nijm+{1jm) andBojm = ﬁ(nzjm +2,jm—N1,jm— {1,jm), wherely jm and
{>,j,m for oddm (evenm) are the real (imaginary) parts of the samples of the equivalent
low-pass version of1j(t) £ {(t + jTi +¢;Tp) and {2,j(t) £ {(t+ jTi + ¢ Tp + Tr)]
respectively, sampled at Nyquist rifttover the interval0, T]. Conditioning on{ WM},

{cj}, {aj}, and{h}, the conditional variance?; of B1 j m andpz  m s simply 32, and

the non-centrality parametersYSffR 1 andYygr2 for dg = +1 are, respectively, given by

pwe) s 12TW 1 { JrZlﬁj,erfz,jﬁmr
YR 2O-TR JZD m:l 2
ETRL 5% -1omw % —flsz 1 P mWi
_ h? = Lim ”” 1T (120
N 4t Zj 2 3 N s+ ,(120)
———
2UATR sy (UWB) 2 (U_mB
W) o 12TW 1 Qojm—{ijm]?
Y2 20-TR ]ZD m:O 2
—l2tw %
= — (121)
;; e
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A A
wherery jm = {1jm+ {2 jmandrjm= {2 jm—{1jm

4.4.2.2 Energy detector (ED)

If we incorporate the interference in (45) and use the sampling expansion, conditioning
on {WM}, {c;}, {a;} and {h}, the non-centrality parameter ¥po and Yep for
do = 0 can be respectively expressed as

%1 2
powe s LA 28 (Wajm+41,jm)
kX =~ 202, B VY E—
=00 = =1 2W
ETR Leap %-1otw 1¢ f*lsz 2 W
~ Zlh'+2szo ZO Zl”“”” . (122)
*HAA,ED A “éﬂ;IYDB) (UWB)

P -1awT 72
uwe) o 1 2 Gim
£ = 123
I'lYEDl NO ]ZO e ZVV ’ ( )

wherely j m and{> j m for oddm (evenm) are the real (imaginary) parts of the samples
of the equivalent low-pass version 6f (t )2 L(t+ [Ty +¢jTp) and {2 j(t )2 Z(t+
jTs +¢jTp+A)] respectively, sampled at Nyquist rateover the interval0, T|.

4.4.3 Statistical characterization of the aggregate
interference

Since the aggregate interference signal after the BPZF is band-limited and in practice
is also power-limited, we can use the sampling expansion in order to derive a statistical
model of the aggregate interference. We consider the complex véggomomposed

of WT samples which are the sum of the interference low-pass equivalent signal sam-
ples?* The samples of the signal are taken at the Nyquist\Waia the interval[0, T]

within the jth signal frame of the bit O position. The vecf)ljj ={{1j1-- 1w}

241n the interference model presented in the previous section we consider an infinite number of interference
sources as an approximation of a realistic scenario with a large number of active UWB devices. The aggregate
interference is the sum of a finite number of contributions and each contribution has finite power.
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is defined as follows

e

© a0
€ \7(n)

zl-,j :anL (R( ))V Lj

(124)

Where\7(1f'1? ={V1j1,...,V1jawT} is the vector of samples of the equivalent low-pass
version of " (t +¢;T, +jT; — D). The complex sample\éf’?_’m at the sampling in-
stantmare a sequence of i.i.d. random variables.iif the signal of thenth interferer is

present at the sampling instanteach sample can be written with a simplified notation
as

vfj)ﬁm: p(r(n)) hﬁ?)\/exp(fs'(mfﬂ”)))eﬁ,?), (125)

wheret™ £ (D(" modTy) is a r.v. uniformly distributed ove0, T,), T is a discrete
r.v. uniformly distributed over0,1,...,L —1], hin is a r.v. with variance ASk,

exp(—¢' (1)) and distributed according to the small-scale fading,@ﬁa: cos((,qg?)) —

Jsin(cn%n)) with qﬁq”) uniformly distributed ovef0, 277).%> Considering that the complex

r.v. @ﬁ?) is CS then, similar to the multiple NBI case and as shown in Appentﬂ&gm
is described by a stable complex distribution as follows

zl]mwsc( 0MJWB> (126)

with yows = A 7iC; 5, o /V'E { |Re {V<1nj) m} |2/v} We can writeE { \me{vfim} |2/V} B

9 -M-F - P where the variablel!, F, P are defined as follows

M = E{hg‘)lz/"}E{ <\/exp(—eT(”))>2/v}

g(L-1

T S G
E{”'m‘ } GED fore 20, (127)
E{|h£{,‘)\2/"} fore=0
F o= En{lg"a" 2"}, (128)

25As suggested in [36], since the low-pass equivalent version of a signal is complex, we considered the phase
of each multipath component uniformly distributed of@2r).
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and

P = E{lp(x")*}E{|cotam”" }.
(129)

It was shown in [104] that the LePage series,dok 2 (v > 1) converge with a good
approximation to a stable distribution already for a small number of interferers. This
makes the stable distribution a good tool to model the effect of the aggregate interfer-
ence produced by similar sources which are spatially distributed. Note that the compo-
nents of the aggregate interference ve&gr are identically distributed and the vector

is symmetric alpha-stabl&g¢S), which implies that all its components are dependent
for a < 2 [152]26 In order to proceed with the analysis, we make the assumption that
theSaSvectorZ_Lj is spherically symmetric. Spherically symmetric vectors belongs to
the category of sub-Gaussi&u S vectors which implies that they can be decomposed
as

&= WGy, (130)

whereV ~ .(a/2,1,co§ 1)) and G_l_’j is a multivariate Gaussian random variable
with scalar cross-correlation matri Unfortunately, we can only mathematically
prove that the resultinga S vector is spherically symmetric for some models of the
interference. For instance, as shown in Appendix S,Ei)pis spherically symmetric

and therefore sub-Gaussian if we consider Rayleigh fading with a flat power delay pro-
file, uniform phase, aniﬂé = Tf'. In this case, the spherical symmetry of the veeﬂqr

is ensured by the fact that the real and imaginary components of each vgctdong
theW T dimensions are spherically symmetric. The cross-correlation niatsscalar

and it can be expressedfés

5= 2yL2J</\[/XB LT 2w T (131)

The choice of a channel model with Rayleigh fading, flat PDP and unitary duty cycle
would still offer insights on the aggregate UWB interference such as the time diversity
introduced by the several multipath components; however, it would miss many charac-
teristics of the UWB signal such as the duty cycle at the frame e exponential

28For the case of flat fadingl{ = 1), the aggregate interference vetfgr,— is composed by i.i.d. alpha-stable
r.V.S.

27E\N12\NT represents theV¥ T x 2W T identity matrix. Note that in (130) we aligned real (odd and
imaginary (everm) components in one dimension.

28In this framework we consider the duty cycle as the raigT,'.
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power decay profile of the channel impulse response and a agleigh fading statis-

tics. In order to ensure the spherical symmetry of the resulting aggregate interference
vector, we can consider an alternative model for each received interference signal given
by

W
VP (t) =2"d, zlc;(l‘}mp(t —mTy), (132)
m=

|
wheredd = 29/2Y/2(r (2£2)~1) corresponds tcE{\G(fj)’m}\“}, {ij)?m}vn\gl is a
sequence of i.i.d. complex Gaussian random variables with zero mean and unitary vari-
ance, and the variab#®” is such that

E{|Z"|%)
|
- I—jE{h&”H“}E{exrx—e<|—5<“>>>“}E{cos(m%m)“}. (133)

Note that each interfering signal now covers the entire frame inté}‘vail‘ he effect of

the duty cycle, of the channel fading, and of the PDP are now considered in the statistics
|

of the variablez™ which is zero with probability - % The valued, @ is such that
f

the parameters oj the Gaussian Gflnj)m do not affect the dispersion parameygivs
of theSaSvectordy ;.

As will be shown in the next section, we are interested in the statistics of the in-
tegrated interference energy. It is important then to show how the statistics of the in-
terference energy obtained with the sub-Gaussian assumption (as a result of (132)) are
in close agreement with the statistics of the interference energy obtained by simulating
the aggregate interference resulting from the original interference model represented
by (124). To simulate this model, we consider a surfatef areaA, = nR2 where
UWSB interferers are distributed according to a Poisson point process with spatial den-
sity A. Each received interference signal is described by a simplified version of the
original model omitting shadowing and pulse sh&h&he multipath components are
positioned within the pulse repetition interval of Iengﬁh according to a delap(™
which is uniformly distributed oveTfI and includes a time shift due to the hopping se-
guence value and to the position modulation data. The amplitude attenuation of each

29shadowing and pulse shape are not of importance when testing the goodness of the sub-Gaussian approxi-
mation since they affect the dispersion parameter of the mutlivariate stable distribution but they do not affect
the spherical symmetry of the distribution. As shown in (124) and (125), they are just multiplicative factors

of each vector?ff.
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received signal varies according to(R™)V, whereR(" is the distance of theth node
consequent of the position of the node witl#h Figures 30, 31, and 32 plot the empir-

ical PDFs and CDFs of the aggregate interference energy obtained from the statistical
model described by the sub-Gaussian stable vector with dispersion pargmgiemd

from the aggregate interference energy obtained by 10000 simulations of the interfer-
ence system model witRs = 50 m,A = 0.1, andTgI = 16 ns, for different values dlﬁ'

ande'. We consider the case of a single integration interval of durdtierb ns and the

case of a total integration interval &f = 30 ns obtained considering two intervals of

15 ns belonging to two different pulse repetition periods. This second case is taken into
consideration in order to evaluate the goodness of the statistical model where the ag-
gregate interference vector over the whole symbol interval is considered sub-Gaussian.
Figure 30 shows that in the case of a flat profile a'glek 'I'fI there is good agreement
among the interference statistical model described by the sub-Gaussian vector and the
statistics of the aggregate interference obtained by simulations. In Fig. 31, we notice
that in the case of an exponential PDP éfg(# Tf', the statistical model gives slightly

less severe statistics for small values of interference energy, while there is still very
good matching for the tail of the distribution. Comparing Fig. 31 with Fig. 30, it seems
that in the statistical model described by the sub-Gaussian stable vector, the effect of
¢ is emphasized. Figure 32 shows that in the case of an exponential PO anf,

the statistical model correctly interprets the effect of the reduced duty cycle. A further
discussion on the validity of the sub-Gaussian assumption is presented in Appendix 6.
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(b) T=30ns

Fig. 30. Comparison of the empirical PDFs and CDFs of the aggregate interference
energy. The data are obtained by simulations of the sub-Gaussian vector (dashed

line) and by simulations of the interference system (solid line) with Rs=50m, in-
terferers spatial density A = 0.1, pulse width T, = 0.5 ns, pulse repetition period
T! = 16 ns, received signal duration Ty = 16 ns, fading parameter m' =3, and PDP
exponent &' =0.
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(b) T=30ns

Fig. 31. Comparison of the empirical PDFs and CDFs of the aggregate interference
energy. The data are obtained by simulations of the sub-Gaussian vector (dashed

line) and by simulations of the interference system (solid line) with Rs=50m, in-
terferers spatial density A = 0.1, pulse width T, = 0.5 ns, pulse repetition period
T! = 16 ns, received signal duration Ty = 16 ns, fading parameter m' =3, and PDP

exponent &' =0.4.
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(b) T=30ns

Fig. 32. Comparison of the empirical PDFs and CDFs of the aggregate interference
energy. The data are obtained by simulations of the sub-Gaussian vector (dashed

line) and by simulations of the interference system (solid line) with Rs=50m, in-
terferers spatial density A = 0.1, pulse width T, = 0.5 ns, pulse repetition period
T! = 25ns, received signal duration Ty = 16 ns, fading parameter m' =3, and PDP
exponent &' =0.4.

4.4.4 BEP analysis in the presence of multiple UWB
interferers

In the performance evaluation of both ED and AcR receivers, we consider two types
of interference. The first type (Type 1) considers the aggregate interference signal to
be periodic, such that the interference is the same in each modulation window for the
BPPM and in the reference and modulated signal positions for the TR case. For the
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second type (Type 2), more freedom is given to the aggregttgenence signal.

4.4.4.1 Energy detector (ED) performance in the presence of Type 1
interference

In addition to the assumptions that the positions of the interferers, the shadowing and
the channel impulse response of each interference signal do not change during the en-
tire symbol duratiorTs, we assume that each interfering transmitted signal is a train of
pulses with a structure such thaﬂ'f' =A andnsz' = T¢, wheren; andn; are integers

andnz > n;. No modulation is usedek”) =1(-1), di(n) = 0(1) Vi) and no random
amplitude sequences and hopping code sequences areaéﬂ%e:d (-1 andcgn) =1

V). A simplified model representing Type 1 interference is given in Fig 33.

Aggregate

- » interference at
T the receiver

Interferer 1

Interferer 2 *
* * * | | J

\J. | \l '”'e"fe'e' ’ \J, | \J. |
J ) i '

Interferer n

Fig. 33. Type 1 interference.
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If the vector representing the aggregate interference caxpeessed as in (130),
the non-centrality terms ofp o andYgp 1 for dg = O are given, respectively, by

N:
TR Lcap Z-lowt 7 )
(uwB) Es h2 BNs , (1) Zl,J,mWJA,m
= = + 2weV G + v
IJYED‘O No I; | AWN, Yows Cl J;) n’Zl 2WNo
A 2,,(UWB)
=Ha ED Mg ED é“(lj;/g)B)
(134)
uwB ;!
Weps = HoEp - (135)
Wherecil) = zﬁﬂGiLm is a Chi-squared r.v. with\¥ T degrees of freedom. Due

to the transmitted interference signal model, the aggregate interference signal repeats
itself at each intervaA. As a result, the integrated energy has the same value for each
integration interval. In order to evaluate the BEP of the ED for BPPM detection, we
can use (55) and average the numerical integral over several realizations of the r.v.s
which appear in (134) and (135). Alternatively we can use an approximated analytical
approach, as in the NBI case, which consideé%\gs) negligible compared with the
others two terms in (134f In this case, by defining? évql), the conditional BEP

can be expressed as

i 1), .
1 1=/ 1 \% %,ED(T’J-VV) exXp(ED (IV)2YhweA?)
Pe,EDlAZ o~ §+7_T/O (m) Re jV dv,
(136)
where
Wy . ANs [ —jv jv
%eo(lV) = 4WNo<1+jv+1—jv)' (137)

Applying the scaling property, the r.A? conditioned 0r(3§1> has a stable distribution
with characteristic exponent/ ¥, skewness 1 and dispersi()ZCﬁl))l/"mWB cos(4%).
The CF ofA? conditioned orCﬁl) forv > 1is given by

V) = exp|—(2cyy TV vy (1- A tan(
wA2|c§1)(]V) exp|—(2C;7) " yuws cos(2v> v (1 T tan(ZV) .
(138)

0As in the NBI case and also intuitively, the sum of the interference-signal cross-terms

Ns _q
WT 7. i i buti (UwB)
ijo Sme1{1jmWjm tends to give a marginal contribution tey_ * compared to the sum

Ns 9 Ns _q
2 2WT 2 2WT 72 ; ;
YiZo Xm-1 vv]~2‘m+ YiZo Zm-1{1jmasthe number of elements composing the sum increases.
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Using (138), we can rewrite (136) as

1 /( 1 )q”*m Wieo (50) Wpae (6B ()
(4
0

. 1+v2 jv

(UWB)
eepcl)

1
é + dv.

(139)

Compared to (136), we only need to numerically average ﬁgér which is computa-
tionally much more attractive. However, similar to the NBI case, we can also avoid this
average by approximating the CFAf. We can approximate the expectation of (102)

with respect td:il) as follows:

. —ky
V)~ TV vy (11— Y ian( 2
Pp2(jv) =~ {1+vaws cos(ZV) [jv] (1 j tan( ))] , (140)

where we have used the Gamma distribution to approximate the distribuﬂﬁﬁbfl/".

Table 6 gives the different parameters for this approximation. Using (136) and (140),
the approximate BEP of the ED for detecting BPPM in the presence of multiple UWB
interference is given by

v W
wwe) 1 1 /'°° 1 %o Wep (m) Ype (gED(JV))
P = 3 + o ( Re dv.

2€D v W

(141)

4.4.4.2 Energy detector (ED) performance in the presence of Type 2
interference

With Type 2 interference, we still consider that the positions of the interferers and the
shadowing terms do not change during the symbol but we remove all the other con-
straints of Type 1 interference. Due to the effect of the data modulation, of the hopping
sequences and of the random amplitude sequences used by the interferers, the multi-
path components of each interferer signal change position and phase from one frame
to another, even though the channel impulse response is constafit.ofesimplified

model representing Type 2 interference is given in Fig 34.
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Aggregate
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—
T
.

Interferer 1
’ i Interferer 2 i i
i ' Interferer 3 i i h

Interferer n

Fig. 34. Type 2 interference.

As a result, we can assume the vetzio& [5_1}07---75_1‘,%,1, 5_2»07"'75_2‘%871} to
be sub-Gaussian, representing the aggregate interference signal along the entire symbol
durationTs. The cross-correlation matrix of the Gaussian veé_tdn; still scalar. The
non-centrality terms ofep o andYgp 1 for dp = O are given, respectively, by

ED Leap **12\NT
(UWB 2 A le mWJ m
NYEDO ) - NO 21 h 2WNo 2VUWB\/Cl Jr y (142)
P 2, (UWB) e
=HaED B.ED 7“((: WE)
and
(UWB R 2
Mer = g 2weV G (143)

Whereciz) andCéz) are Chi-squared distributed wili 2W T degrees of freedom. Dif-
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ferently from Type 1 interference, the interference obsgimghe integration intervals
related to bit 0 and bit 1 is no longer the same. Considepzi&fé'\éB) to be negligible
compared with the others two terms in (142), and considering

2 o A @ —IV | A2 Vv
gED|c )(JV) N 2VVN0V {Cl 1—|—jvJrCZ 1—jv}’ (144)

the approximate BEP condition @f) andCéZ) can be expressed as

P(UWB) ~ }4_1/00 i 0
e€eDc? ci? 2 mlo \1+V2

_ 2 .
Wuep (l+JJVV) W <g|(EI;IC§2)«C£2) (IV)ZVUWB)

Re -
v

dv, (145)

where yn (jv) is the CF of the stable variabM. In this case, it is not possible to
avoid the numerical average 0\@-&?) andC<2); however, (145) is again computationally
attractive.

4.4.4.3 Auto-correlation receiver (AcR) performance in the presence of
Type 1 interference

We assume thafl = anf' andT; = nsz' with n; andn; integer anch, > n; and we
consider the transmitted signal to be composed of a train of pulses as in the ED case.
Since the interference vector is periodic and repeats itself over each irfefoalthe

entire symbol, we have, j m = Z\N(G]_’j_’m) andryjm= 0. The non-centrality terms

of the r.v.sYrr1 andYrr > for dg = +1 can be expressed respectively as

ETR Lca

(UWB 2 P! Ns rl ,j,;mWjm
I’lYTRl ) = Z h +2Vl2JWB Z\NN VCl + Z) £ 77 (146)
HA TR u(UWB) (UWB)
' BTR He TR
and
(uws
s =0, (147)

whereCﬁl) is a central Chi-squared distributed r.v. witii\& degrees of freedom. In
order to evaluate the BEP of the AcR for TR-BPAM detection, we can use (55) and av-
erage the numerical integral over several realizations of the r.v.s which appear in (146).
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Otherwise we can use an approximate analytical approacmwb'msidersuéUTVg{B) neg-

ligible compared with the other two terms in (146), and the BEP conditione@f{%n
can be then written as

p(UWB) L 1.1 /'°° B
eTRCM d=+1 ~ 2 1o \1+V2

~j 'Ns —jv
Ui (25 ) Yoo (Gvne )
Re () ‘}V‘Cl T Loy, (4

WhereL,UAz‘Cgl) (jv) is defined as in (138). Similarly fay = —1, the BEP can be written

as
p(UWE) - }+1/°° _1 )T
eRCY do=-1 ~ 2 mJo \1+2
P'Ng

LlUHTR fi '*»Uz (1)(2WN 11—\/)
Re () ‘}V‘Cl M Uav (149)

Furthermore, considering the Gamma distribution as an approximation of the process
€)YV, we have fodg = +1

p(UWE) N }+ 17 1 aTR
eTR[dp=+1 — 2 mJo 1+V2

9‘12{ Uprr (%) Ype <2T/IVNNSO f+—11\</) }d

v, (150)

v
and fordg = —1
00 aTR
e~ L)
-1 ~ido 2 mJo \1+V2

D‘ie{ e () e (2 75) }dv. (151)

[N

v

As a result, it follows that the BEP of the AcR using TR signaling with BPAM in the
presence of UWB Type 1 interference is given by

uwse) 1 /_(uws )
Pé,TR = > (Pé,TR,d3:+1+ Pé,TR,dg}l) : (152)
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4.4.4.4 Auto-correlation receiver (AcR) performance in the presence of
Type 2 interference

As for the ED receiver, we consider the vector representing the aggregate interference
over the entire symbol interval to be sub-Gaussian. As a result, We‘hﬁ\%ﬁ’j_’m —

L2jm= VV(Grjm—Gzjm) andryj £ {1 jm+{2jm= VV(Gyjm+ Gzjm). We can

write the non-centrality parameter¥fr 1 andYyr 2 for do = +1 as

TR Lcap l2VVT
(UWB) Es 2 P! 1 I jmWjm mWJ m
Frg = NO pA hi +2Y0wB s 2WN, VC1 +
Ha TR uéEJT\’,\/QB) u((:uTv'qu)
(153)
and
e _ o e P yc@ (154)
Hyrg Yows 2N )

WhereC ZJ o Zu " (Grji—Gaji)? andCZ 72] 2o Zu " (Grji+Gzji)? Note
thatC1 andC2 are independent and follow a central Chi-squared distribution with
NS2VVT degrees of freedom. ConsideripéL,JTVg{B) negligible, the approximate BEP con-
dition onC andC can be expressed as

P(UWB) N }_’_E/m i qrr
eTRC?c? = 2 mlo \1+\2

Wpre (1+ jv) W <9TR|C§2) @ (iV)ZVUWB)

Re . dv,
v
(155)
where
. R 2 —Iv 2 v
Orre@ @) = g |9 Ta v T o) (156)

To solve the dependency, we only need to numerically averag@é%}e&ndcéz). Note
that in this case, the statistical symmetry with respecka$ restored.
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4.45 Numerical results

In this section, we evaluate the performance of both the AcR with TR signaling and
the ED with BPPM signaling, in the presence of multiple UWB interferers consider-
ing the two types of interference described in the previous section. Note that all re-
sults shown are based on the approximate analytical method. For the desired signal,
we consider a bandpass UWB system with pulse durdfor 0.5 ns, symbol inter-

val Ts = 3200 ns, and\s = 32. For simplicity, T, andA are set such that there is

no ISI or isi in the system, i.e,"R = T, with T, > Ty — NpTp and T,EP = 2A with

A > Ty —NpTp. We consider a TH sequence of all oneg= 1 for all j) andN, = 2.

The desired signal is affected by a dense resolvable multipath channel, where each
multipath amplitude is Nakagami distributed with fading severity ingheand average
powerE {h?}, whereE {h?} = E{h?} exp[—¢&(l — 1)], for| = 1,...,L, are normalized

such thatz,LzlE {hlz} = 1. For simplicity, the fading severity indemis assumed to be
identical for all paths. The average power of the first arriving multipath component is
given byIE{hf}, ande is the channel power decay factor. With this model, we denote
the channel characteristic of the desired signallbye, m) for convenience. For the
UWB interferers we assume that they use the same waveform as the signal of interest
and that the channel fading is also Nakagami with severity imdeand average power
E{|h/|?} defined as described above for the desirable signal. With this model, we de-
note the channel characteristic of the interference signald.bg',m'). To compare

the AcR and the ED, we IR = EEP = Ey,, with E, denoting the energy per bit. The
signal to interference rati®G(Ry) is defined a$IRt = ﬁfpl.

As shown in Section 4.4.3, for conditions that do not ensure the spherical sym-
metry of the aggregate interference vector, the aggregate interference energy statistics
obtained by assuming the aggregate interference vector as sub-Gaussian is less severe
than the statistics provided by simulation of the interference system. In this case, we
can consider the BEP results as optimistic although they can still offer insights on the
effect of the UWB interference.

4.4.5.1 Type 1 interference

Figure 35 compares the BEP performance of the AcR and the ED in the presence of
Type 1 interference as a function of the integration time for UWB channel parameters
(L,&,m) = (32,0,3) and UWB interference channel parametgrse',m') = (32,0,3).
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Fig. 35. BEP comparison of the AcR (dashed line) and the ED (solid line) in

the presence of multiple UWB interferers (Type 1 interference) for UWB channel
parameters (L,&,m) = (320,3), UWB interference channel parameters  (L',&',m') =
(32,0,3), pulse repetition interval 'I'fI = 50 ns, interferers spatial density A = 0.01,
amplitude loss exponent v = 1.5, and interference signal shadowing parameter

0, =16dB.

As in the case of NBI, the ED shows greater robustness than the AcR to this
type of interference. In Fig. 36, the BEP is plotted versus the integration time for
Ep/No = 20dB,SIRt = —20 dB andA = 0.01. It can be noticed that channel models
characterized by a PDP, with higherhave less effect on the performance of the re-
ceiver. This can be explained by the fact that with a steeper PDP, the interference signal
energy is effectively concentrated in fewer multipath components which can be seen as
a condition for a lower probability of collision. In Fig. 37 and Fig. 38, the effect of the
pulse repetitiorTf' on the BEP is shown for both ED and AcR systems. A clear benefit,
due to the lower probability of coIIisio%, can be achieved if a lower pulse repetition
rate is applied to the interference systems.

This type of periodic UWB interference is the result of very specific conditions
which are unrealistic but together with the results obtained in the presence of NBI pro-
vide insight as to how the AcR can suffer from periodic interfering signals.
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Fig. 36. BEP comparison of the AcR (dashed line) and the ED (solid line) in the
presence of multiple UWB interferers (Type 1 interference) as a function of the
integration time and bandwidth product WT for Ep/Ng = 20 dB, SIRy = —20 dB,
UWB channel parameters (L,e,m) = (32,0.4,3), UWB interference channel param-
eters (L' e',m') = (32 ¢!,3), pulse repetition interval T} =50 ns, interferers spatial
density A =0.01, amplitude loss exponent v = 1.5, and interference signal shadow-
ing parameter g, = 1.6 dB.
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Fig. 37. Effect of the pulse repetition interval 'I'fI on the BEP of the ED in the

presence of multiple UWB interferers (Type 1 interference) for Ep/No = 20 dB,
SIRT = —20 dB, UWB channel parameters (L,e,m) = (32,0,3), UWB interference
channel parameters (L' &', m') = (32,0,3), interferers spatial density A = 0.01, ampli-
tude loss exponent v = 1.5, and interference signal shadowing parameter g =16
dB.
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Fig. 38. Effect of the pulse repetition interval 'I'fI on the BEP of the AcR in the
presence of multiple UWB interferers (Type 1 interference) for Ep/No = 20 dB,
SIRT = —20 dB, UWB channel parameters (L,e,m) = (32,0,3), UWB interference
channel parameters (L',&',m') = (32,0,3), interferers spatial density A = 0.01, ampli-
tude loss exponent v = 1.5, and interference signal shadowing parameter g =16
dB.

4.4.5.2 Type 2 interference

The numerical results obtained in this section are achieved by averaging over 5000 re-
alizations of the variabl@iz) andCéZ). In Fig. 39(a) and Fig. 39(b) the performance

of the ED receiver is presented far= 0.1 andA = 0.001, respectively, in the pres-
ence of the two types of interference with channel paraméters m) = (32,0,3),

(L' e',m) = (32,0,3), andT! =50 ns. It can be seen that when the effect of the in-
terference becomes dominant, the Type 2 interference rapidly leads to saturation of the
BEP curves at error floors which are much higher than the ones produced by the Type 1
interference. This can be explained by the fact that, in the case of Type 2 interference,
the integrated interference energy in the bit positions 0 and bit positions 1 are no longer
equivalent. This increases the BEP especially when the interference effect is dominant

(largeEp/No).
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In Figures 40(a) and 40(b), the performance of the AcR is coatpm the pres-
ence of the two types of interference fdr,e,m) = (32,0,3), (L',&',m") = (32,0,3)
ande' =50 ns. In this case, the Type 2 interference has much less effect on the BEP.
The reason for this improvement is due to the fact that with Type 1 interference, the
correlation among the aggregate interference signal at instardt + T, produces all
positive values which help the detectiondgf= +1 but makes the detectiond§ = —1
impossible. With Type 2 interference, the correlation can give either positive or nega-
tive values reducing the effect of the interference on average. From Figures 39(a), 39(b)
40(a), and 40(b), in the presence of Type 2 interference, ED with BPPM and AcR with
TR-BPAM detection perform equally.

For the NBI case, it is interesting to underline the relationship between the reduc-
tion of interference transmitted power and the density of the interferers. In the case of
UWSB interference, it is interesting to highlight the trade-off between pulse repetition
interval T{ and spatial density. From the definition ofiep, we can see that there
is an equivalent relation betweé'ﬁ andA. If, for instance, the density doubles, the
pulse repetition interval should also double in order to avoid incrising the effect of the
interference. Note that an increase of the pulse repetition interval is more effective than
a reduction of the transmitted power to reduce the effect of the aggregate interference.
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Fig. 39. Comparison of the effect of the Type 1 interference (solid line) and
Type 2 interference (dashed line) on the BEP performance of the ED receiver for
UWB channel parameters (L,e,m) = (32,0,3), UWB interference channel parame-
ters (L',e',m) = (32,0,3), pulse repetition interval T = 50 ns, amplitude loss expo-
nent v = 1.5, and interference signal shadowing parameter o =16 dB.

125



BEP

BEP

Fig. 40. Comparison of the effect of the Type 1 interference (solid line) and
Type 2 interference (dashed line) on the BEP performance of the AcR receiver
(L,e,m) =(32,0,3), UWB interference channel param-
eters (L' ', m') = (32,0,3), pulse repetition interval
nent v = 1.5, and interference signal shadowing parameter

for UWB channel parameters
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45 Conclusions

This chapter has focused on deriving BEP expressions in order to compare the perfor-
mance of the AcR with TR-BPAM and the ED receiver with BPPM in the presence
of NBI and UWB interference. Different from the no-interference case where the two
schemes perform equally, it was shown that the ED-based system is more robust than
the AcR-based system in the presence of NBI. The cases of single and multiple NBI
are considered. In the multiple NBI case, we considered the interfering nodes to be
scattered according to a spatial Poisson point random process and we showed that the
aggregate interference can be represented by a single tone NBI with a CS complex-
stable fading. Using a spatial Poisson point random process to describe the position of
the interferers, the comparison of the two receiver schemes is extended considering the
presence of multiple UWB interferers. It has been shown that the aggregate interference
along the symbol interval can be represented by a symmetric alpha-stable vector. In or-
der to proceed with our analysis, we assumed this vector to be spherically symmetric.
This assumption turns out to be correct for channel models with flat PDP and unitary
duty cycle while it leads to less severe aggregate interference in other conditions.

As a summary, the results demonstrate that the ED is more robust than the AcR to
the interference. The AcR showed higher vulnerability to interfering signals which tend
to be periodic with a period close to the delay between reference pulse and modulated
pulse. It has been shown that, in the case of UWB interference, if the aggregate inter-
ference randomly changes along the symbol interval (i.e. no correlation between the
aggregate interference in the reference pulse position and in the modulated pulse posi-
tion for the AcR), the equivalence in terms of performance of the AcR and the ED is
restored. Our framework is sufficiently simple to allow tractable analysis and can serve
as a guideline for the design of heterogeneous networks where coexistence between
UWB systems and NB systems is of importance.
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5 Time of arrival estimation

51 Leading edge estimation problem

The very large bandwidth that characterizes UWB signals offers the possibility to trans-
mit at very high data rates. It also provides very accurate temporal and spatial informa-
tion that can be used for precise time-of-arrival (TOA) estimation. The unprecedented
accuracy supported by the available bandwidth offers new possibilities in terms of syn-
chronization, positioning and tracking [111, 112]. The capability to recover such infor-
mation presents non-trivial implementation issues especially if the receiver structure is
based on correlation and sampling. Using conventional digital signal processing tech-
niques, the ultra-wide bandwidth requires a high sampling frequency and produces a
complex received waveform which is difficult to reproduce at the receiver. The ToA
estimation can be performed in different ways (i.e. one-way ranging, two-way ranging,
etc.) and is based on the estimation of the signal leading edge within an uncertainty
window in order to establish the propagation delay with respect to a temporal reference.
Issues such as clock drift and clock jitter can affect the accuracy of the ToA. In this
chapter, the focus is on the signal leading edge estimation. Prior works have analyzed
the ranging problem in a dense multipath channel. As an example, in [109] the authors
use a correlation based receiver under the assumption that the received waveform is a
non-distorted replica of the transmitted signal. Applying a maximum likelihood estima-
tion of unwanted parameters, the authors propose a generalized maximum likelihood
estimator. In order to simplify the estimation of the parameters required for the ML
estimation, a sub-optimal channel estimation technique based on a peak detection pro-
cess is proposed in [154]. All these methods are based on the sampling of the signal
at the Nyquist rate. This implies sampling rates of the order of several GHz which is
not feasible for low-cost UWB devices. In [119], different transceiver types including
stored reference, energy detection and transmitted reference are compared and several
algorithms are exploited in the same framework. The result of this study proves that
the stored reference receiver requires high sampling rates, while the energy detection
receiver can achieve good results with a lower sampling rate. In [119], an intuitive ML
estimator is proposed using integrator outputs. However, one of the main limitations of
the ToA estimators based on energy detection presented in the literature is the minimum
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integration time that can be implemented which defines theracy of the ToA estima-

tion. Since a good integration circuit is characterized by a trade-off between linearity
and power consumption, a limitation on the minimum integration time is imposed. In
this chapter, the possibility of achieving accurate leading edge estimation independently
of the integration length is analyzed. The proposed solutions are intended for analogue
receivers with low signal sampling rate capabilities but can be extended to receivers
with higher sampling rates and capable of more sophisticated digital signal processing.
With the assumption that the distribution of the channel impulse response amplitudes is
known, averaged maximum likelihood (AML) estimators are derived for different types
of channel fading. As will be shown, this solution requires a weighting function that
must be implemented in the RF stage. With the scope of a further simplification of the
RF stage, a generalized maximum likelihood (GML) estimator is derived. Unlike pre-
viously proposed solutions based on energy detection, AML and GML estimators can
achieve fine accuracy (i.e. the finest temporal granularity) even though they are based
on relatively long integration windows. Because of the optimal estimators needed to
identify LOS/NLOS, a simple but efficient identification test is proposed based on en-
ergy detection required by the ToA estimator. This capability to recognize LOS and
NLOS conditions is also important in order to assess the confidence of the ToA estima-
tion.

This chapter is organized as follow: in Section 5.2, the signal model used for leading
edge estimation is presented; in Section 5.3, a brief review of commonly used leading
edge estimators such as threshold crossing and maximum selection is given. In Sec-
tion 5.4, the AML and GML estimators are presented. In Section 5.5, a channel state
identification procedure based on energy detection is presented. In Section 5.6, the
performance of the proposed algorithms is presented and compared.

5.2 Signal model for ToA

We use a signal model in which the transmitted signal for TOA estimation can be repre-
sented by a train of pulses as follows

Mo E, .
S(t):Z1 ?pp(t*JTf)? (157)

whereE,, is the energy per pulsg is the pulse repetition period, aig is the number
of pulses (frames) used for the estimation. The teft) is a bandpass pulse with
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durationTp, center frequencyc, and with ]/TpfoTp p?(t)dt = 1. The termT; is large
enough in order to avoid inter-pulse interference. No multiuser interference is taken
into consideration. The received signal containing the train of pulses assigned for ToA
estimation occurs within a window of duratidp that represents the uncertainty on the
arrival time of the received signal (Fig. 41). This time window is identified by an earlier
coarse synchronization process (e.g. [29]).

Multipath

!/ channel

Fig. 41. ToA signal model.

The received signal can then be represented as follows
r(t) = w(t — Dioa) +N(t), (158)

wheren(t) represents a white Gaussian process with two-sided power spectral density
No/2 andAioa 2 Aroalp+ O With doa @assuming integer values in the inter{f@IT, /Tp —

1] with equal probability andy, uniformly distributed over the intervéd, T,). The value

Dvoq represents the delay of the received signal with respect to a temporal reference
point. The termw(t) is the convolution between the transmitted sigs(&) and the
channel impulse responké&) which is expressed as

h(t) = I_-E:pi hid(t — 1), (159)

wherep; = e 14, h;, andt; are phase, amplitude magnitude, and delay ofttheath,
respectively. We consider a resolvable dense multipath channelgii-ez;| > Tp, VI #
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j, wherety = 11 + (i — 1)T,, and{hi}|_; are assumed to be statistically independent
rv.s. The valuely = max{1} is the maximum excess delay of the channel harid

the number of paths composing the channel impulse response. Note that we implicitly
assume thav = 1/T,. The termn(t) is a two-sided white Gaussian process with
varianceNy/2. Let us consider that the received signal is filtered by a bandpass zonal
filter of bandwidthw centered orf. to limit the noise power. The filtered noise signal
fi(t) is then characterized by the bandwidlth The bandwidth of the filter is assumed

to be large enough so thatt) is undistorted.

5.3 Threshold crossing and maximum selection
algorithm

The Cramer-Rao bound of the arrival time estimate is defined as

1
CRLB= 2B7E, /N’ (160)
wheref? is the second order moment of the specti®ifh) of a generic waveformp(t)
defined by

gz I PIPHPAT (161)
Ep
We can notice that the bound is inversely proportional to the signal energy, where the
proportionality constanB? increases with the increase of the signal bandwidth. In the
time domain, a larger bandwidth means that the energy is concentrated in a smaller time
window allowing the reduction of the sampling/integration time and an increase of the
accuracy of the estimation. However, when we pass from the theory to the implemen-
tation, several issues arise for very large bandwidth signals, specifically the very high
sampling rate or very short integration time required. Low complexity leading edge es-
timation algorithms such as threshold crossing (TC) and maximum selection techniques
(MAX) must also deal with implementation constraints which limit the time granularity
of the observation of the received signal. For these algorithms, the uncertainty region is
subdivided intoVl smaller windows of duratiofismg and the above algorithms are ap-
plied using the signal energy values captured in each window. Considering the discrete

signal model defined in the previous section, we can represent the TC algorithm as
doa= Tu/Tsmaimin{n|x, > £}, (162)
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wherex, — ‘rgngr“a” r2(t)dt andn € [0, Tu/Tsmai— 1], andé is a threshold which is
typically set as a function of the early-detection (false-detection) and miss-detection
probabilities. The decision of the MAX selection algorithm can be represented as fol-

lows:
Stoa = Tu/Tsmanargmaxxn}. (163)
n

When the TC algorithm is used, the first arrival path can be affected by a strong atten-
uation (low magnitude of the leading edge is possible also in LOS conditions) leading
to late detection or miss-detectih.This can be avoided by lowering the threshold;
however, this leads to early detection (false alarm). Improved TC techniques base the
threshold setting on the maximum integrated values in order to reduce the probability of
incorrect detection. We can then expect an increase in the early leading edge estimations
due to false alarm. The MAX algorithm tends to be affected by an increased number
of late leading edge estimations due to the reduced power of the first path and due to
the presence of stronger path components following the first. For a low complexity
receiver, algorithms based on improved TC and MAX techniques have been proposed.
For instance theearch baclalgorithm makes use of both techniques by first finding a
lock spot associated with the maximum integrated energy value and then performing a
search back to locate the leading edge by using TC. Several studies have focused on the
optimal/adaptive setting of the threshold in order to reduce estimation errors. However,
all these efforts are limited by the integration (sampling) interval. Utilising a very short
integration time requires an increase in complexity and power consumption.

54 Averaged maximume-likelihood (AML) and generalized
maximum-likelihood (GML) estimators

If we consider an observation peridd around the signal leading edge position for a
single received pulse, the statistics of the observed signal conditioned on the multipath
channel componenish },{p }] and on the delay, can be represented as

To B 2
P<r<t>|{h|}7{p|},Ama>ﬁexp{ b [r(t)Nowa)] dt}’

31Especially in indoor environments the LOS might be partially blocked. As a result the first path (the one
related to the LOS) is present but it might arrived with a magnitude lower than delayed multipath component
caused by reflection of the transmitted waveform.

(164)
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wheren are the number of independent noise components for a bandwidihd an
observation timd,. In order to simplify the derivation of the estimation algorithms, we
consider a discrete representation of the received signal based on statistically indepen-
dent sighal samples which can be considered as the samples taken &fTpaé the
correlator output which is matched to the shagie. The probability function stripped

of the unnecessary elements can be rewritten as

To/Tp—1 B 2
PO (P} 8o = [ exp{%}, (165)

wherer, are the samples of the correlator output ands the noise-free part of them.
Depending ordya, the sample of the correlator outputis only noise ifn < &g and is
signal plus noise if > dpa. Note that in order to simplify the model, we consider the
receiver synchronized at the pulse level. This determinesithathip;. The leading
edge estimation can be treated as a signal parameter estimation problem. This type of
problem can be solved by using a maximum likelihood (ML) approach. Independent
of the complexity of the receiver, accurate channel state information is typically not
available at the ToA estimation stage. The temnae then unknown.

If we know the statistics aiv = [wo, ..., w_], the problem can then be classified as
a composite hypothesis problem. The r.v.s which produce the vecaoe defined as
nuisance parameters that affect the decision related to the wanted parameter.

5.4.1 Averaged maximume-likelihood estimators (AML)

In order to perform the estimation, two solutions can be considered. The first is to max-
imize the likelihood function among different realizations of the vew@tor his method
is impractical for a large number of nuisance parameters. The second method is based
on the knowledge of the nuisance parameter’s distributions which can be use to average
the likelihood function and solve the dependency. Often, the statistical characteristic
of the fast fading are known for different conditions (indoor or outdoor). We will pro-
ceed to derive the averaged maximum likelihood (AML) estimator for different channel
models. Note that the AML offers the optimal estimation in the presence of nuisance
parameters [155, 156].

Extending the two hypotheses case considered in [157]li{g B hypotheses case,
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the avearged log-likelihood function for thth hypothesis can be written as

To/Tp—1 . .
A<j>=|og{ rL ./mexp{%;"z}mwnj)dwnj}. (166)

Since all the possible leading edge positions must be considered in the observation
window, we can say thaf, cannot be smaller thah,. With the discrete model which
has been used, the estimation of the leading edge position can be expressed as

Sfoa:Tp~ argmax A(j). (167)
je{0,Tu/Tp—1}

In the following analysis we first consider a complex Gaussian channel fading and then
we extend the analysis considering log-normal and Nakagami fadingopith+-1 or
-1 with equal probability (the derivations of the estimators are given in Appendix 7).
The justification for considering these 3 types of fading is that the first model has been
widely used for NB and WB systems and leads to a very simple estirffatioe, other
two have been widely used to describe UWB channel models. When we consider the
distribution of the channel impulse respomh$g as complex Gaussian (Rayleigh fading
with uniform phase), the real and imaginary parts of each multipath component are
i.i.d. and Gaussian distributed with zero mean and normalized varighsech that
22:—;01 aiz = 1. With an exponential decay of the PDP, the variance values are such that
0?=E { |ho|2} exp(—ei). The PDF of the real (imaginary) component can be expressed
as

et

e %o (168)

1

\/ 217

For the complex Gaussian fading, the averaged log-likelihood function is

P(Wl_’i) =

To/Tp—1 2|rn‘2Epo-r%7j

m — |Og(\/ 1+ 2Ep0-n7j) . (169)
n—j

INHEEY
n=j

As shown in Fig. 42, the implementation of this estimator can be easily extended to
the continuous time domain. This estimator turns out to be an energy detection receiver
where the squared signal before integration is weighted by a function of the PDP and
the integration result is shifted by a log function which is also dependent on the PDP.

32Note that complex Gaussian fading has also been proposed to model the multipath fading of UWB channel
[158].
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Also note that in Fig. 42, there is no correlator at the receivewever, we consider a
BPF followed by a simple squaring block. Note that in the figure, the functig(1s)
andlg(n) are represented, respectively, by

2E,
i = 1502 (170)
and
1 1

An estimate of the received SNR is also required by this estimator. The observation
time T, corresponds to the integration tirfie

In the DSP

r(t) .
ekl o (1

Fig. 42. Scheme of the AML estimator for complex Gaussian fading.

| A%
Integratio ‘ 1

The estimators which are derived hereafter are difficult to implement using ana-
logue techniques; however, they can be used as a reference in order to evaluate the
performance of sub-optimal estimators in realistic UWB channel conditions. In the
case of log-normal fading ang = 1 or -1 with equal probabilit;%, the PDF ofh; can
be written as

TRV
P(hi) = M}

2 expl- (172)
In10,/2mofh; { 20¢

v 2
wherep; = 10InEpQq — % — UL;'glo and Qg = E{\ho|2} is chosen in such a way that

SL 1 Qoexp(—ieT,) = 1. The integration over the log-normal distribution, which is
required to eliminate the dependency on the nuisance parameters, cannot be solved in
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closed form. However, as shown in Appendix 7, the integradlved in the derivation
of the estimator can be approximated using the Hermite-Gauss integral leading to the
following average log-likelihood function

A~

To/Tp—1 N g g
Z Iog{ Z &exp(—lo% 10%‘)cosl*(10% 10%‘rn)}.
n=j KL vt

(173)

The higher the value dNl, the better the approximation given by the Hermite-Gauss
integral. The performance of the estimator for different value¥ isfshown in Fig. 46.
For the Nakagami fading, the PDF of the fading amplitude is expressed as

P(hi) = Tin} (Qmi)mhizmlexp <mg—ﬁ> : (174)

wherel (-) is the Gamma functionm is the fading parameter ar@; represent the
average power of thigh multipath componer®; = EpQoexp(—&iTp) with z:—;ol Qo
exp(—&iTp) = 1. As shown in Appendix 7, the average over the Nakagami fading results
in the following average log-likelihood function
N o/ o -m 1 Onjri
N(D) = an IOg{ (m‘f'Qn*j) 1R <m,§,m)}-
(175)

It can be noticed that for the case of log-normal and Nakagami fading, the estimators
have a much higher complexity and they are not suitable for analogue receiver imple-
mentation. We remark here that these estimators are optimal under the assumption that
the arrival time of the resolvable multipath components match perfectly with the timing
of the weighting function of the estimators. Whilst this is an idealistic assumption, they
provide a theoretical foundation to the intuitive idea of weighting the incoming signal
according to the the PDP and they serve as a reference for evaluating the performance
of sub-optimal solutions.

5.4.2 Suboptimal AML estimators

The complexity of the optimal estimator in the presence of log-normal fading depends
on the value oN. As shown in the last section of this chapter, the performance degra-
dation is very small even Ml is small. We can consider the caseNbE 1 which leads
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to the estimator expressed by

AL(j) = To/gf1 (10%) + |og{cosh(1o%r )} (176)
= — n) b
n=j
A further simplification of the estimator proposed for the log-normal fading can be
achieved considering that cdsh~ exp(|x|) /2 leading to
ToW-1 Hn—j Hn—j
AS@)= Y —101 +10 2 |ry| - log(2). (177)
=]

The optimal estimator derived for Nakagami fading looks to be the most complex be-
cause of the presence of the hypergeometric function. If the fading parametem
integer, the hypergeometric function can be alternatively expressed with a finite series.
For example fom = 2, equation (244) can be written®as

A (i) = log
2 2+Qi , Qrh Qir2 Qir2
—— | 2O re | 1+ e % y/merf
Qs(-2+£2—i>7/2 Voo vr 2+0i | | 2+Q
i Q;
240\ 2 ok Qir2 Qir2
Q== 2+ 32t f . 178
+ '< Q; ) 3670 /er 2+ Q; 2+ Q; (178)

We are primarily interested in the estimator derived for complex Gaussian fading
since it is simple and offers reasonably good performance both in log-normal and Nak-
agami fading as shown in Section 5.6.1. We can then address simpler versions of this
estimator. The log function which appears in (169) is present since that observation
window does not change with the hypothesis and permits a fair comparison of the hy-
pothesis. Moving the observation window according with the hypothesis would resultin
an estimator without the functidg(n) since the value of this function results equal for
all the hypothesis. As a result, the estimator can be also implemented by a weighted slid-
ing window. Another way to remove the log function without changing the observation
window according to the hypothesis (leading edge positions) is to make the observation
window sufficiently long so that the integrated signal energy tends to be the same for all
the tested hypotheses and thgrcan be dropped. In this case, a simplified version of

33This alternative expression drastically reduced the simulation time. However both log-likelihood functions
expressed in (175) and (178) are based on tabled functions.

138



the estimato\C is achieved. Other implementation issues are related to the knowledge
of the channel impulse response and to the ability to shape the furgiinhaccording

to the PDP. We consider then an estimali§y, with g2 = o2 vn. This is equivalent to
simply considering the condition where only noise is received (before the leading edge)
and the condition where signal plus noise are received (after the leading edge position).
If no information is available on the PDP, the estimat§rreduces to a simple energy
detector with sliding window. Moreover, the estimation of the SNR is also required.
We then consider the effect of the SNR estimate in the estimators referred\f,as

and/\Smesmat, respectively. A summary of the estimators examined is given in Table 1.

Table 1. Suboptimal AML estimators.

Estimator ca(n) la(n) Notes
G 2Ep _1 1 2
A TroE,07 3 |Og<1+2Epan2) 02 based on PDP (known)
Ep known
G 2Ep 2
s TroE,07 0 02 based on PDP (known)
Ep known,
large T,
G 2Ep 1 1 2
Nat TraE,0? 3log < T7E,07 ) 02 equalvn,
Ep known
G _% _1 1 2
Ashrest 126,02 5log < 125,02 ) a5 baS?d on PDP (known)
Ep estimated
G 2 1 1 2
Nsnrestiat TroE,0? —3log ( 76,07 ) o2 equalvn,

E, estimated

5.4.3 Generalized maximum-likelihood estimator (GML)

In the previous section, the derivation of the AML estimators was based on the knowl-
edge of the multipath fading statistics and of the PDP. In this section the analysis of
the leading edge estimation is extended to the case of no knowledge of the received
signal fading statistics. In this case, the nuisance parameirr(166) is considered
deterministic.

In order to estimate the leading edge position in the maximum likelihood sense,
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we need an estimate @&f. In order to perform the best possible estimatedgf we
must look for thew that maximizes the likelihood function. In this way we obtain the
generalized maximum likelihood (GML). Considering the sampling expansion for the
signals, the function for thggh hypothesis of the leading edge position can be expressed
as follows
ToW—1+]
A(j) = Z [zrl,nwl,n - Win +2rWo p — W%,n] ) (179)
n=j
wherer n, Wi are the real parts amd ,, wo , the imaginary parts of the equivalent low-
pass signals af(t) andw(t) taken at the Nyquist rate in the intery@l T,]. Note that in
this case the observation window moves when the hypothesis changes. The astimate
in the ML sense is obtained by forcing the derivative of the likelihood function to zero.
It follows that
d
dw, dw,

A(j)=0, (180)

if Win=rinandWs, =ro, Vn. Substituting the estimate® , andWw,, in (179), the
generalized maximum log-likelihood function can be written in the continuous time
domain as

ACML (1) — / F(t)2dlt, (181)

whereT, = T, is the integration time. In the absence of noise (or high SNR conditions),
or for a flat channel PDP, the optimal integration time corresponds to the maximum
delay spread of the chanrig|; however, as shown in the Section 5.6, when the noise is
present the optimal integration time is smaller or equdlitdepending on the channel
PDP and theésy/No. Following the maximization of the log-likelihood function, the
selection can be written as

Soa= argmax M- (1)1 (182)
1€[0,Ty)

The estimator described by (181) and (182) is implemented by using a sliding window
(SW) and the accuracy of the leading edge position estimation depends on the time
interval between consecutive integration starting points. In comparison with the MAX
selection among integration values of adjacent integration windows, the sliding window
approach is less affected by the possibility of having signal peaks that do not coincide
with the leading edge position. Note that MAX selection corresponds to a particular
case of sliding window with no overlapping windows.
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5.4.4 Improved generalized maximum likelihood estimator
(IGML)

The SW approach s very easy to implement due to its relative low complexity. However,
in order to ensure good estimation accuracy, either a high number of integrators or a
large number of pulses are required to cover the uncertainty period. A sub-optimal
solution can be based on a trade-off between serial and parallel approachedivhere
integrations are performed in parallel and the integrations are done in shifted windows
Tu/Tp/M times in order to obtain th&,/T, observations?

A different approach is an estimator working with < T,/T, integration outputs
andTsep= Tu/M that can achieve an accuracy lower tfiagp

To derive this estimator, integration outputs are assumed to be statistically indepen-
dent. As previously mentioned, this can occur when the integration corresponding to
each window is performed over different blocks of pulses. Under this assumption, the
joint probability of the integration variables involved in the observed vegtaondi-
tioned on the leading edge position and on the channel impulse response can be written
as follows

M
P(9IP, Goa) = [] P(¥nlP, doa). (183)
n=1
The vectory is composed oM elements, wherg, is the integrated energy of thith
integration window and can be written for a single received pulse as follows

n—1)As+T+]Ts

Np 1 (
Yo = / F2(t)dt, (184)
" J; (n—1)As

whereAs = Tstep If we condition onh, each integrator output is characterized by a Chi-
squared distribution. For one single pulse (i.e for one integration window), conditioning
on the channel impulse response, the integration results in the summadjenait /T,
statistically independent samples. Considering that for UWB channels the energy is
spread over quite a large interval, the distribution of the integration output defined in
(184) can be approximated by a Gaussian distribution as follows
_ 1 _ (n—tin(&oa))
P(ynh,8) = —===—==6 i0a , (185)

\/ 21102 (oa)

34We consideiT, as the smallest time granularity since we consider a discrete signal model.
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Where“n(doa) == qN)Jg + NpEn(a[oa) y O’g(a[oa) - 2q’\b061+40-02NpEn(6[oa) The tel’m

&n(dwa) is the signal energy integrated in thih integration window which depends on

the leading edge positiadi,a and can be expressed as follows
g+((n-1)As—§) Eph|2 (n o 1)AS > 6[0&

én(Soa) = { i=(n-1)As—

=(n-DAs . (186)
Ziqzl((j (=18 Ephi2 (N—1)As < doa

To eliminate the dependency on the channel impulse response, the PDP is used so that
the estimatéh? = E{h?}. The noise variancé? can be easily estimated and it will

be assumed to be perfectly known. Once the noise variance is known, the estimate of
the received signal enerdsp, can then be estimated as described in the next section.
Using estimated values, the estimator is obtained by maximizing the corresponding log-
likelihood function which is

(Yn - (qu<~7§ + Npén(])))z
20N, G2 + 2528n(j)

_ |Qg(2q|\b(~)'61 + Zanggn(j))>

(187)

/\(j)IGML _ % _
n=1

where the sequence of vaIL{éﬁ(j)} are estimates of the received signal energy func-
tion of the hypothesig obtained by considering the PDP of the channel m({(ﬁ\e}

This estimator moves some of the complexity from the RF part to the digital processing
stage. The implementation of this estimator requires an analogue-to-digital converter
with several bits of resolution in order to provide sufficient accuracy.

55 Channel model identification

Since some of the proposed leading edge estimators are based on the knowledge of the
PDP, we require a procedure to determine which PDP should be used. The assump-
tion here is that two PDPs are available, one for LOS conditions and one for NLOS
conditions. Although it will be shown that good performance is achievable with no
knowledge of the PDP, information about the channel condition can also be useful for
positioning and tracking purposes. Localization and tracking algorithms can improve
performance through the use of weights which define the accuracy of the ranging mea-
surements [159-161]. Before proceeding with LOS/NLOS identification, we briefly
describe the estimation of the noise variance and of the signal energy for energy de-
tector receivers since they are required for some of the ToA estimators presented in the
previous sections. The noise variance can be estimated during a common period with no
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transmission by integrating the received signal in a sidresd-time window of length
T. The estimate is then obtained as follows

52 — Jrr3(t)dt (188)

2TW
Considering the estimated noise variaﬁrge an estimation of the total received signal
energy can be obtained by integrating the received signal over a reasonably long time
interval as follows

- Ns
f=32- GENGWT, (189)

wherez is the received signal plus noise energy in itietime window of duratior,
within the total integration tim@ composed oNs = T;/t; consecutive integration win-
dows. In (189) the energy is accumulated dMgreceived pulses.

Some examples of LOS/NLOS identification algorithms are presented in the litera-
ture [162, 163]. However, they often base the identification on the statistics of ranging
measurements. The scheme that we propose benefits from the nature of UWB channels
and does not requires ranging measurements. In LOS conditions, the channel energy
tends to be concentrated in a few nanoseconds starting from the leading edge position.
For NLOS conditions, the channel energy tends to be spread over several bursts mak-
ing the delay spread of the channel longer in comparison with the LOS case. In order
to proceed to LOS/NLOS identification, the maximum value amond\thategrated
energy values used in (189) is selected and divided by the total integrated energy giving

Xew = 272 (190)
&p

Wherefmax: maxe{l_ﬁ_vM}{z;} — 6§NpWﬁ. The valueXcy is then compared to a thresh-
old (T h) opportunely set and the decision is taken as follows

Xem >Th — LOS

. 191
Xcm < Th — NLOS (192)

The scheme of the LOS/NLOS identification process is given in Fig. 43.
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Fig. 43. Scheme of the LOS/NLOS identification process.
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In order to identify an opportune threshold, the complemgn@DF of Xcum and
the CDF of 1- Xcm for NLOS and LOS channel conditions are respectively plotted
in Fig. 44 versus the threshold value for 1000 channel realizations in the absence of
noise for different; values andl, = 20 ns. The conditions of LOS and NLOS are,
respectively, represented by the standard UWB channel models IEEE 802.15.4a CM3
and CM4. Setting for instandeh= 0.6 and considering = 20 ns, the correct detection
is achieved for more then 80% of the evaluated cases. In Fig. 45 the performance of the
identification of LOS and NLOS condition are plotted verEygNo.

If more accurate LOS/NLOS information is required to improve the positioning
accuracy, the channel identification procedure can be repeated after the time-of-arrival
estimation has been carried out. Since the random offset due to propagation delay
between the integration starting point and the starting point of the signal tends to smooth
the difference between channel conditions, the knowledge of the starting point of the
signal can be performed after the estimation of the leading edge in order to improve the
performance of LOS/NLOS identification.

5.6 Simulation results

5.6.1 AML estimators

The simulation results shown consider an UWB signal based on the transmission of
pulses withT, = 0.5 ns. Using a tapped delay line channel model, the minimum time
granularity is defined b¥,. The uncertainty region is characterizedlpy= 20 ns. The
performance is evaluated in terms of root-mean-square error (RMSE). First, we show
the performance of the AML estimators for simplified channel models. The models
have the PDP of the multipath channel in common. The average powermthtoban-

nel path component s given f/{ha} = E {h3} exp(—enT,) with decay time constant

€ =85 1/ns. We consider as a reference the log-normal fading defined by the PDF
given in (172), which is characterized loy = 4.8/+/2, constant regardless afand

L = 120. In this case the performance of the AML estimator is given in Fig. 46 for
different approximations of the Hermite-Gauss integral. It can be seen that for different
values ofN there is no appreciable difference in the estimator performance. Figure 47
shows the comparison between the simplified estimator expressed in (177) and the esti-
mator given byN = 1. Degradation of the performance is appreciable for low values of
Ep/No. In Fig. 48, the performance of the optimal estimator for log-normal fading is
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compared with the performance of the estima6rdefined by (169). Although the esti-
matorA® provides degraded performance for higy No, the degradation is slight and

has the benefit of low implementation complexity. Good performance is also provided
by the estimator without knowledge of the PDP. In the case of Nakagami fading, the
parametem has been fixed to 2 since the fitting of the log-normal fading with parame-
ters defined above, suggested a valumef 1.7 — 1.8 for all the multipath components.

This value has been rounded to 2 in order to obtain a finite series expression of the hy-
pergeometric function. The performances of the optimal estimator defined in (175) and
of A® are plotted in Fig. 49. Also in this case, the simplest estimators offer quite good
performance.
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Fig. 46. Leading edge estimation error in log-normal fading. Comparison between
different N values in the implementation of the optimal estimator.
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Fig. 47. Leading edge estimation error in log-normal fading. Comparison between
optimal and sub-optimal estimators.
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Fig. 48. Leading edge estimation error in log-normal fading. Comparison between
optimal estimator and the estimator ~ A°C.
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Fig. 49. Leading edge estimation error in Nakagami fading. Comparison between
optimal estimator and the estimator ~ A°C.
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These results suggest that the estimaf®iis a good choice since it provides quite
good performance in non-Gaussian fading channel (non-optimal conditions). Its im-
plementation is simple and can be easily adopted by low-complexity receivers. In the
next section, we evaluate the performance of the estinfetan the IEEE 802.15.4a
channel models.

5.6.2 Simulation results for sub-optimal estimators in
802.15.4a channel models

Before evaluating the proposed sub-optimal ToA estimation algorithms, we briefly in-
troduce another estimator based on energy detection, which has been presented in [119],
referred to as (wmess). The (wmess) estimator can be represented as

& = argmax % 7 o)
je{t,.mMy | Hj -0

wherey;j is the vector oNe = Ty /T integrated noise plus signal energy values under the

hypothesig, pn. is the result of the integration of the PO¥° andg'® are, respectively,

the mean and the variance of the integration outputs obtained by integrating only noise.
In Fig. 50, the performance of th&® estimator is plotted for CM3. It can be seen

that the estimator performance is almost independent of the integration window length.

Figure 51 shows the performance of the simplified version offhestimator without

the log function (\S). If a long integration window is available, this simplified version

can achieve a level of performance that is very close to that oi\fhe In Fig. 52,

the performance of the SW estimator is given. The main drawback of this estimator

is that the optimal integration window length is highly dependenEgfiN, values.

For low Ep/No, a shorter integration window provides better results since the noise

is dominant. Figure 53 compares the differa&t based estimators proposed in this

chapter. Itis interesting to note that the signal energy estimatfip.Q) (performed as

described in section 5.5) does not affect the performance of the leading edge estimator.

Another interesting observation concerns the very good behaviour of the estimator in the

case that no channel state information is availabfgJ. This estimator is also robust

to SNR estimation errors\8, ... In Fig. 54(a), the algorithnA® is compared

to the wemess algorithm and to TC, MAX antCML (SW) algorithms. The\® and

womess algorithms have similar performance, drastically outperforming the others. The

womess approach with = 0.5 ns has performance similar to thatd?. However, the
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womess estimator can achieve smaller time granularity only with very short integration
windows. The advantage of this estimator is that it can be widely implemented in the
digital domain. Comparing the performance/df,, andA®ML, it is worth noting that

both have no knowledge of the PDP; however,/ﬂﬁgt has much better performance.
The difference is due to the fact that even with a coarse knowledge of the SNR, the
performance of the ToA estimation can improve. In Fig. 54(b), the estimators are
compared under NLOS channel conditions using multiple realizations of CM4. It can be
seen that for a NLOS channel model, good results can also be achieved. As previously
highlighted, the integrations for all the possible leading edge positions typically cannot
be performed simultaneously.Nf integrators are available, then thg T, observations

can be performed ovéy,/(T,M) different blocks ofN, pulses. In Fig. 55, the effect of

the integration over successive blockdNafpulses are presented. These results show a
small degradation of the performance due to the increased noise energy integrated.
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Fig. 50. Performance of the AC ToA estimator considering different integration win-
dow lengths in IEEE 802.15.4a CM3 for number of pulses  Np = 1 and uncertainty-
time interval T, =20ns.
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Fig. 51. Performance of the AS ToA estimator considering different integration
window lengths in IEEE 802.15.4a CM3 for number of pulses Np = Land uncertainty
interval time Ty = 20ns.
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Fig. 52. Performance of the SW ToA estimator considering different integra-
tion window lengths in IEEE 802.15.4a CM3 for number of pulses Np =1 and
uncertainty-time interval T, =20ns.
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Fig. 53. Comparison of different ToA estimators in IEEE 802.15.4a CM3 for number
of pulses Np = 1 and uncertainty-time interval Ty =20ns.
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Fig. 54. Comparison of the performance of several ToA estimators for number of

pulses Np = 1, uncertainty-time interval Ty = 20 ns. The probability of false alarm
for the TC algorithmis setto B, =0.01
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Fig. 55. Performance of the Ag estimator considering the observation performed
over different blocks of bits for uncertainty-time interval Ty =20ns.

5.6.3 Simulation results for improved GML estimators

In the previous subsection we presented the performance of the SW estimator in com-
parison with the AML estimators. In Fig. 56, the performance of the GML receiver is
shown. The curves present the performance for differentimplementations of the estima-
tor depending on the number of available integratdrand the consequeity/(ToM)
number ofN,, blocks of pulses. For highy/No, the accuracy degrades when the number

of integrator decreases. This estimator has an optimal integration time that is dependent
on the signal-to-noise ratio. Figure 58(a) compares the GML solution with the IGML
one. In order to make a fair comparison between the GML and the IGML estimators,
we consider that the estimation is done over the same number of pulsesMffot

the GML estimator requires 10 pulses to cover the whole uncertainty region, then for
the IGML the integration values are accumulated d\e#= 10 pulses. The results show

that in CM3 the IGML based estimator with only 4 integration values outperforms the
GML estimator working with the same or higher number of integrators. In Fig. 57,
the performance of the IGML is plotted considering the effect of the received energy
estimation. It can be noticed that the effect of a longer accumulation, for instance over
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10 pulses, improves the performance for IByy'Np values. A longer accumulation also
improves the estimation of the received energy reducing the error contribution due to
this estimate. For high values of thg/Ng there is no benefit from accumulation since

the error is only due to the difference between the signal impulse respamskthe

PDP used as an approximation, and to the fact that large integration windows do not en-
able us to distinguish slightly different energetic contributions resulting from different
path combinations (even in the case of favordfjgNo). As reported in Fig. 58(b), in

a channel model with a longer delay spread (e.g. CM4) the IGML estimator produces
only slightly improved performance compared with the GML one. The comparison of
the results shown in the previous subsection clearly show that AML based leading edge
estimation algorithms outperform the GML based ones. GML based algorithms are
penalized by the fact that the signal processing comes after the integration procedure
which reduces the amount of information on the received multipath components.
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Fig. 56. Performance of the SW ToA estimator for different integration window
lengths in IEEE 802.15.4a CM3 for number of pulses  Np = 1 and uncertainty-time
interval Ty =20ns.
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Fig. 57. Performance of the IGML estimator with received signal energy estimation
in IEEE 802.15.4a CM3 for an uncertainty-time interval T, =20ns.
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Fig. 58. Comparison between different TOA estimators for uncertainty-time inter-
val Ty = 20ns. The probability of false alarm for the TC algorithm is set to P, =0.01
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5.7 Conclusions

In this chapter we focused on low-complexity time-of-arrival estimators for UWB sig-
nals which can overcome the non-trivial implementation issues for receiver structures
based on correlation and sampling. The investigation focused on performing accurate
signal leading edge detection by using low-complexity receivers based on energy de-
tection and was characterized by low sampling rates capability. We derived average
maximum likelihood estimators for different types of channel fading. These estimators
can be of high complexity and require knowledge of the channel PDP and of the re-
ceived signal strength. The simplest estimator is the one derived in the case of Rayleigh
fading, which can be based on an energy detector and simple analogue signal process-
ing. We then considered sub-optimal implementations of this estimator which can op-
erate with reduced or totally absent channel state information. If the implementation of
these estimators is of high complexity, the approach based on the use of sliding window
and energy detection can still produce acceptable performance. In addition, we also
proposed a simple procedure to identify LOS and NLOS conditions by observing the
distribution of the signal energy over the channel impulse response. This information
can also be useful for positioning and tracking algorithms.
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6 A practical implementation of a
low-complexity transceiver for IR-UWB
systems

6.1 Introduction

In the previous chapters we focused on low-complexity receiver solutions for UWB
systems and developed tools useful to analyze the performance of such receivers. In
this chapter we present a UWB sensor network concept which has been developed over
the past 4 years at the Centre of Wireless Communication which is based on low-power
and low-complexity devices. The system concept is targeted at recreational activities
such as cross-country skiing, athletics and running. The devices are worn by the user
and positioning and performance information rely on a peer-to-peer connection to fixed
nodes. In a more advanced stage of this system concept, devices which are not in
the range of fixed nodes will be able to send information using multi-hop techniques
via intermediate nodes which act as relays. The communication system is based on
IR-UWB. The main system features include the ability to support a large number of
low-power devices; low-data-rate communications (up to 10kb/s per sensor); ad-hoc,
peer-to-peer network topology; limited fixed infrastructure requirement; and a multi-
hop architecture to extend the coverage of the system. The performance requirements
of the system include the ability to support a target at a maximum distance of 50 m and
mobile users with speed of few tens of km/h. The UWB devices themselves must be
very low-power, very low-cost, lightweight, and wearable or embeddable.

6.2 UWB physical layer system model

6.2.1 Transmitted signal

The choice of receiver structure is the ED approach. As was underlined in previous
chapters, the ED approach offers a good trade-off between complexity and performance.
The non-coherent nature of the system does not require the generation of a local wave-
form and differs from the AcR in that the receiver does not require implementation of
delay lines of the order of tens of nanoseconds, which are challenging to implement in
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practice. Moreover, the ED demonstrated greater robustgssest interference com-
pared to the AcR. As presented in Chapter 3, in order to reduce the effect of noise, the
transmitted signal is composed of a train of pulses and can be defined by

Np E
J— b . — 1 P —
s(t) = Z le —Npr ajp(t— jT — dA — KTs), (193)

whereT; is the pulse repetition intervall, is the number of pulses per symbik= N, T

is the modulation shift andy € 0,1 is the modulating data. The sequereg} is a
pseudo-random amplitude sequence which is used for spectrum smoothing only. The
termTs is the symbol interval and in this ca3g= 2A. Considering thalN, = 30 and

Tr = 4 ns, the maximum data rate supported by the systeRg is 1/Ts ~ 4 Mb/s3®

Since the transmission scheme is very simple, the data rate can be easily scaled to
increase the range of communication. The transmission of bursts of pulses does not
allow the implementation of TH based on a random hopping of the pulses within a single
symbol. However, if needed, hopping can be applied at the burst level with several
bursts per symbol. In our design, we adopt a simple multiple access technique based
on TDMA. Note that the absence of TH at pulse level reduces the spectral smoothing
benefit which can be achieved. Consequently, amplitude randomization was adopted
in order to reduce spectral lines in the transmitted signal and allow higher transmitted
power.

6.2.2 Synchronization and data detection

Data detection is based on the difference of the received signal energy values integrated
in the time window designated as bit O and as bit 1, respectively, and it can be written
as
Tsyncht T 2 TsynchtA+T 2
Zep — / r2(t)dt — / F2(t)dt, (194)
/ Tsynch J TsynctrtA

whereT < A'is the integration timeTsynchis the synchronization time instant and)
is the received signal which is given by

r(t) =s(t) «h(t) +n(t). (195)

35At present the current ASIC implementations suppbigs= 60 andT; = 2 ns; however, the target for the
next ASIC generation is to increase the transmitted power of each pulse in order to reduce the number of
pulses required.

162



The termh(t) represents the channel impulse responsergtidis a two-sided band-
limited Gaussian process with auto-correlation funcf}.iéWsinc(t) determined by the
BPZF used at the receiver to reduce the noise power. The necessary time information
Tsynch for data demodulation is provided by a synchronization stage which is used to
identify the beginning of the symbol interval and to adjust the integration related tim-
ing according to the delay spread of the received signal. As shown in Chapter 3, the
positioning of the integration window according to the maximum received energy was
shown to be a better choice from the prospective of BEP. More specifically, in our sys-
tem we consider an integration tirfe= Ny Tr.
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In Fig. 59(a) and Fig. 59(b), the BEP performance in IEEE 8824 channels
CM3 and CM4 for different numbers of pulses per symbol are presented. As discussed
in Chapter 3, the pulse compression technique offers a considerable gain. However,
considering a fixed integration period, it is beneficial to send fewer pulses and increase
the time interval between them. The synchronization process is designed to provide the
position of the integration window offering the maximum signal energy. The search for
the maximum energy is performed by using a sequendg, dits which can be either
all Os or all 1s. This is simply a periodic signal with peridgto which the receiver
locks, similar to a classical NB system. The synchronization process is based on the
integration of the received signal energy with a sliding window approach in order to
find the lock spot. Théth observed variable for the synchronization process can be
written as

Np

Yi =
k=1"

(i—1)xAg eptT
/( (- T - KT)dt, (196)

i—1) *QAstep

wherert is the delay referring to the time origin of the UWB devices. Note that for data
detection purposeq, might not be the estimated synchronization position since the
synchronization is looking for the maximum energy winddwpis the time interval
which defines the granularity of the synchronization. The synchronization procedure is
shown in Fig. 60.
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For a relatively low number of integration windows, a coarse synchronization time
is given by
Tsync = argmaxy;, (197)
i€l,..M
whereM = Ts/Astepis the number of observations used in the synchronization process.
Once coarse synchronization is achieved, finer timing can be achieved by a refined
search around the lock spot. In Fig. 61(a), the BEP is plotted considering different
values of synchronization error using the pulse compression technique. If we compare
Fig. 61(a) and Fig. 61(b) where we consider the casblpf 1, we can note that
the pulse compression technique offers significant robustness to synchronization errors
and allows synchronization on only a coarse level. For the single pulse case with an
integration time of 30 ns, even if the integrated noise energy is much lower, a small
error on the synchronization can drastically reduce the integrated signal energy leading
to significant performance degradation. In this case the synchronization would require
much more accuracy. The robustness to synchronization errors supports greater user
mobility and/or allows an increase in the intervals between beacons.
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6.2.3 Preamble detection and frame synchronization

As mentioned earlier, the synchronization is performed over a series of bits which are
part of the beacon that each fixed node sends at different time intervals. The TDMA
multiple access frame structure also supports UWB devices joining the network during
a random-access interval. Other than synchronization, the beacon permits the UWB
devices to join the network and to access the TDMA scheme controlled by the MAC
protocol. The fixed nodes are divided a-priori into fixed node clusters that contain
an arbitrary number of devices. The cluster strategy provides sufficient geographical
coverage and limits the interference among clusters. The packet structure of a cluster
frame is shown in Fig. 62. When an UWB device first joins the network, the sequence of
bits used for synchronization is also used to perform beacon detection. The test used for
beacon detection is based on the identification of the periodicity of the synchronization
sequence. More specifically, the preamble detection procedure is run in parallel with the
synchronization process by checking which integrator oMhgrovides the maximum

at each periodls. If the ith integrator consistently provides the maximum, we can
consider preamble detection to be achieved.

Once preamble detection is achieved and the synchronization process identifies the
integrators to be used for bit detection, a Barker sequence is used to perform frame
synchronization. A description of the preamble structure is given in Fig. 63. The
procedure to access the network is then completed by the request of a time slot within
the super frame structure. This is achieved using the classical slotted ALOHA protocol.
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Fig. 62. Structure of the cluster packet.
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6.2.4 Time-of-arrival

As mentioned earlier, the large bandwidth the UWB signal can potentially support very
high accuracy of the signal leading edge estimation. However, the receiver requirements
to achieve such accuracy are demanding and cannot be considered for low-complexity
and low-power solutions. In Chapter 5, we offered a statistical foundation to some low-
complexity leading edge estimators. Among the proposed estimators, the technique
selected for inclusion in the future design of our UWB transceiver is based on the slid-
ing window approach since it is similar to the synchronization procedure and does not
require significant redesign. It is clear that the use of a burst of pulses is not ideal for
leading edge estimation since the transmission of consecutive pulses moves the point
of maximum energy far from the leading edge point. For time-of-arrival estimation, it

is then of interest to design the transmitter to have more powerful pulses and to send
them withTs > Ty + T, whereT is a different integration time from the one used for
data detection and is optimized for leading edge estimation purposes.

6.2.5 Link budget

In order to evaluate the parameters of the transceiver, which can ensure robust data com-
munication, in this Section we develop a link budget formulation for the communication
system described above. We use here a conventional link budget formula presented in
[38]

4
Prx() = Prx(f) + Grx(f) + Grx( ) — 20logp =~ — 20logyod [dBJ,  (198)

wherePrx(f), Prx(f), Grx(f), and Grx(f) are the frequency-dependent transmitted
power, the received power, the receiver antenna gain and the transmitter antenna gain
respectively. Frequendyis expressed in [Hzl [m] is the distance between transmitter

and receiver antenna awds the speed of light in m/s. We target an uncoded system
data rate of 4.25 Mbps, an implementation loss of 5 dB and a 3.6 dB noise figure for the
receiver as acceptable design limits. The average transmitted power is -8.31 dBm. This
value is obtained by integrating the transmitted spectral power within the 3.1-4.1 GHz
band. The implementation loss takes into account the signal losses due to parasitics
and reflections. Both the transmitter and receiver antenna are assumed to have a gain
of 0 dBi. The path-losses at 1{) and 10 [,) meters have been calculated with the
formulas presented in Table 2. Once the transmitted power and the path loss are known,
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the received powelrx (f) can be obtained. Once the signal bandwidth and the noise
figure of the receiver are known, the average noise power peghiand the maximum
supported average noise poviRrcan be calculated.

Table 2. Link budgets in AWGN and in the IEEE 802.15.4a CM3.

Parameter AWGN CM3
Data rate (Ry) 4.25 Mbps

Averaged TX power (Prx(f)) -8.31 dBm

TX antenna gain (Grx(f)) 0 dBi

Central frequency (fc) 3.6 GHz

Path loss @ 1 m: L1 = 20log,o(47tfc) 43.56 dB

Path loss @ 10 m: L, = 20log; od%® 20 dB

RX antenna gain Ggy(f) 0 dBi

RX power (Prx) -71.87 dBm

Average noise power per bit: Nopjt = —174+ 10log; (W) -84 dBm

RX noise figure (NF) 3.6dB

Average noise power (Py = Nopit+ NF) -80.4 dBm

Minimum Ey/No (for BEP=10"3) 17 dB 24 dB
Implementation loss 5dB

Link margin 9.5dB 25dB
Minimum RX sensitivity level: NF + Nopit + Ep/No —W/Ry -86.5 dBm -79.5 dBm

For BPPM modulation, wheRy = 4.25 Mbps,W = 1 GHz, integration tim& =
120 ns and the target BER is 1%) the receiver should operate with &p/No of 17
dB. The minimum sensitivity level of the receiver provides the minimum signal level
that can be detected at the receiver input. From the values obtained by the link budget
calculation presented in Table 2, the LNA should be able to amplify a signal in the range
of few uV in a 50Q system.
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6.3 Transceiver design and power consumption

Since oscillators and circuits for up-conversion and down-conversion are not needed
and because of the simple signaling structure and detection procedure, the system de-
scribed above supports the objective of very low power consumption. The design of the
UWSB transceiver is based on the use of a 08B BiCMOS process. In Fig. 64, the
transceiver block scheme is presented and the complete design of this transceiver can
be found in [164].
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Fig. 64. Transceiver block scheme.

6.3.1 Transmitter

The input of the transmitter block is a low frequency 33 MHz signal which is multiplied

by the multiplication stage to achieve a high frequency signal of 533 MHz required to
trigger the pulse generator. Such a high frequency signal is needed in order to produce
the burst of pulses used for the pulse compression technique. The output of the pulse
generator is a Gaussian monocycle 340 ns long with a -10dB bandwidth of 4.7 GHz.

172



The design of the multiplication section is based on a frequegnthesizer and con-
tains a delay locked loop (DLL) and a digital edge combiner. The DLL and digital edge
combiner simplifies the frequency synthesizer’s design due to the stability of the DLL,
low generated noise, low die area and low-power consumption. The transmitter is im-
plemented in standard CMOS technology. Operating continuously with 533 MHz pulse
repetition frequency, the pulse transmitter achieves 20.48 mW to 35 mW total power
consumption with a supply voltage of 3.3 V. With the transmitter operating at lower
duty cycles, the power consumption will decrease accordingly.

6.3.2 Receiver

The receiver design is based on an ED structure. Compared with an AcR, the ED has a
simplified implementation since the design of delay lines can be substituted by a Gilbert
cell, which will be described later in this section, in order to produce the squaring
operation. Figure 65 shows the effect on the BEP for the AcR of the jitter between
delay line at the receiver and the delay line at the transmitter. A few picoseconds of
jitter can produce a serious degradation of the performance. After the antenna, the
signal is filtered by a BPF in order to reduce the noise power and then amplified by a
low-noise amplifier (LNA) with a gain of 20 dB.
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Table 3. Amplification chain.

Stage Gain NF Power
LNA 20 dB 2.5dB 20 mw
VGA 15dB 10dB 10.56 mW
Gilbert 10dB 13 dB 3.96 mW
Total 45 dB 3.6dB 34.52 mW

Considering the noise enhancement effect associated wititoloerent data detec-
tion, the design of a good LNA is fundamental to providing high gain to increase the
sensitivity and at the same time keep the noise figure low for large bandwidth. The
receiver front-end chain implemented has a maximum overall gain of 45 dB with the
overall power consumption of 117 mW with a voltage supply of 3.3 V. A LNA with a
noise figure of 2 dB, and a forward gain of 18 dB in the 3.1 - 5 GHz band was designed
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in a 0.35um BiCMOS process. After the LNA, the amplification chain is composed of
a variable-gain amplifier (VGA) with variable gain between -5 and 15 dB.

The gain of the VGA is controlled by selection logic designed to keep the volt-
age output at an appropriate level to have the Gilbert cell behaving as a multiplier. In
narrowband receivers, the Gilbert cell is often used as a modulator since a local os-
cillator is present. In the case of an impulse radio ED, the Gilbert cell multiplies the
input signal by itself producing the squared signal. A summary of the performance
of the amplification chain is given in Table 3. The output of the Gilbert cell is then
integrated by a bank of 8 integrators which, after analogue-to-digital conversion, are
used for synchronization and data detection purposes. The control signals of the inte-
grator blocks are generated by on-chip digital control logic which is programmed to
perform the sliding window synchronization. Because of the structure of the received
signal, the analogue-to-digital converter (ADC) is required to operate at symbol rate
rather than pulse repetition rate, which greatly reduces the power consumption of the
receiver. Each integrator analogue output voltage is converted to digital format by a
4-bit parallel (FLASH) ADC architecture. The IR-UWB transceiver has resulted in an
ASIC implementation for which the total consumed power is around 600 mW. Table 4
shows a summary of the power consumption of the different transceiver components.

Table 4. Transceiver power consumption.

Block Value

Transmitter 20 mw
Receiver Front-end 117 mwW
Baseband (FPGA) 450 mwW
Total 587 mW

6.3.3 Transceiver complexity

The complexity can be evaluated both as quality and as quantity, where quantity means
the number of gates for digital circuits and number of transistors for analogue circuits,
both of them being translated into dice area. Based on the quantity it is straight forward
to say that the analog part of an energy detector as it has been described in this Thesis
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has a lower complexity than the analog part of a Rake receiMas. Rake receiver is
based on the match filter concept, which requires several delay lines and correlators
(working at high frequencies in the UWB case) in order to build the decision variable,
while the ED does not have any delay line and requires only a Gilbert cell and few
integrators. From the digital point of view, the Rake receiver is quite complex since
for all its differentimplementations (All Rake, Partial Rake, Selective Rake), it requires
channel estimation procedures and also precise synchronization in order to have high
correlation value. On the other hand, the ED uses the digital circuit only for a coarse
synchronization. The Rake receiver can also be fully digital. In this case due to the large
bandwidth of the UWB signal a very high sampling rate is required and consequently a
fast and precise A/D converter needs to be designed.

Quality means how well-known, reliable and well understood design issues are used
in the transceiver blocks. For instance, in the case of the ED, the Gilbert cell is low com-
plexity since it has been known already for a long time and its functionality can be easily
described by circuit equations. As mentioned already in the Thesis, the disadvantage
of the AcR is mainly due to the delay lines required for the correlation. The design of
an analogue delay line with a delay of the order of few tens of nanosecond, with a very
wide bandwidth, is very challenging.

6.4 Conclusions

In this chapter, an example implementation of an UWB transceiver for sensor networks
based on low complexity and low-power consumption devices has been presented. The
pulse compression technique based on the transmission of burst of pulses has been
implemented as it reduces the effect of noise and also simplifies the synchronization
procedure since the data detection becomes robust against synchronization error. The
design of the transceiver based on this approach has resulted in an ASIC with low
complexity and low-power consumption suiting the requirements of sensor network
applications where low-cost and long battery life are important requirements.
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7 Conclusions and future work

7.1 Summary and conclusions

Although impulse-radio based UWB communications were initially proposed for short
range, high data rate systems, the implementation challenges moved the focus of atten-
tion to low data rate systems where the IR techniques offer viable solutions for the strin-
gent requirements of low-cost and low-power consumption. This Thesis has proposed
and evaluated solutions for low complexity UWB systems with application in sensor
networks. Considering that AcR based receivers offer low-complexity and low-power
consumption, this Thesis first analyzed the performance of different realizations of the
AcR based on different transmission schemes and identified two possible solutions: the
transmitted reference with BPAM; and the ED with BPPM. These two schemes offer
the best trade-off of performance and complexity amongst the schemes reviewed. The
analysis of the performance of the two selected schemes was then extended considering
the performance over fading channel conditions. Closed form expressions for BEP and
integrable BEP formulas have been derived for channel fading models which exhibit
a closed form characteristic function. Using numerical averaging techniques, the per-
formance of the selected schemes has been evaluated for the IEEE 802.15.4a standard
channel models.

The low-power spectral density of UWB signals allows UWB transmission over
spectrum regions where NB systems are allocated. Evaluation of the effect of NB inter-
ference, especially for low complexity, low-cost receivers where no interference mitiga-
tion techniques can be implemented, is therefore extremely important. In this Thesis we
derived a statistical model based on the geographical distribution of multiple NB inter-
ferers. The aggregate interference is statistically modeled using a stable distribution and
its effect on the performance of non-coherent receivers is included in the numerically
integrable BEP formulations. Furthermore, since the UWB spectrum is unlicensed, we
can expect that different UWB systems will interfere with each other. In order to in-
clude the effect of UWB interference, we extended the interference model derived for
the multiple NBI case to the UWB case by using a multivariate stable distribution. The
result allows us to include the effect of the aggregate UWB interference in numerically
integrable BEP formulations. In both NB and UWB cases, the tools developed in the
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Thesis allow a quick evaluation of the effect of several iig@nce parameters on the
performance of non-coherent UWB receivers. For both the NB and UWB interference
cases, we can conclude that the ED is more robust to interference, while the AcR was
seen to be vulnerable to periodic interference signals with periods similar to the delay
between reference pulse and modulated pulse.

In the Thesis, the time-of-arrival estimation problem for low complexity devices is
also addressed and several different estimators with different levels of complexity and
implementation issues were derived and compared. We have shown that accurate rang-
ing is possible with devices which have a low sampling rate.

To conclude the Thesis, a realization of a UWB sensor network based on low com-
plexity devices has been presented. Following the insights resulting from the theoreti-
cal work, the design of an IR-UWB transceiver has been described. The design layout
proved that the choice of an ED allows a largely analogue transceiver implementation
leading to a very low-power consumption design.

7.2 Future work

A significant improvement of the work presented in this Thesis could be gained from
undertaking experimental studies to validate the statistical aggregate interference mod-
els developed in this Thesis. NB devices are already available at low-cost and UWB
evaluation kits are also becoming more widely available. It is then feasible to carry
out a large scale measurement campaign of the aggregate interference considering the
geographical distribution and the mobility of the devices in different environments. Co-
existence among UWB systems and between UWB and NB systems could then be more
accurately examined exploring coordinated and uncoordinated systems.

The error probability tools developed in this Thesis can be practically applied in
the case of uncoordinated networks. In order to ensure that interference remains at an
acceptable level, each network should be able to sense the level of interference and ap-
ply the interference model to determine an acceptable density of active nodes inside the
network and determine an acceptable data rate and transmitted power. Awareness of
the environment (LOS / NLOS) where the network is active would also assist in oppor-
tunely setting the parameters.

Regarding the transceiver design, a decrease of the minimum integration time to-
gether with faster and more accurate analogue-to-digital converters would permit the
use of more sophisticated receiver algorithms that have been proposed for non-coherent
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receivers in recent years. The ED process could be improvetilsng digital timing

circuits with variable timing of control signals making the integrators more suitable for
different applications (data detection, ranging, interference estimation). However, more
advanced designs must always consider the trade-off between performance and power
consumption, which is the key parameter for many sensor applications. Performance
evaluation of the full IR-UWB energy detection transceiver in an experimental test envi-
ronment would also be a significant step towards the final goal; the integrated software
radio-based IR-UWB transceiver.
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Appendix 1 SNRy derivations

This appendix presents the derivations of $h&Ry expressions of the receiver schemes
presented in Fig. 3, Fig. 4, and Fig. 5. TBRR, for the SR-BPPM cases (scheme 1
and scheme 2) can be expressed as follows:

(Np—1)2
(SNRd)SFHsPPM = Tg

(Ej)2/Var{YSR2PPMy. (199)

Considering that all the noise terms in equation (19) are statistically independent the
variance VafYz~ P""M} can be expressed as follows:
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+2TW2(Np — 1)op. (200)

Since the channel does not change over the symbol period, the sighaémains the
same over the symbol. As a result, we remove the irjdexated to the frame position
from the samples ofv(t). Since there is statistical symmetry with respectothe
variableSNRy can be expressed as

(No—1) 2Ej,
No No

Np+1—gm+2TW|\b'g—<,;)'

(SNR4)sr gppm = ( (201)

The same approach can be followed for all the other structures.
For SR-BPAM structure (scheme 3), the variance{VgF 5™} can be expressed
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as follows:

VarySR ey — S (N 17 b
ar{ ag=+1 } - Z ( P ) N m {nl,m}
m=1 P
No—2

E
+ 20 N_bWﬁwE{n%,j,m}+E{n§_’mn§7j_’m}_
j=0 P
E—602<(N ~1)*+(N —1)) +2TW(N, — )0
n P p b .
Np
(202)
Since there is statistical symmetry with respecigo the variableSNRy can be ex-
pressed as
(Np—1) 2B
N e
(Np+TW|\b';_E)'

(SNR4)sr_gpam (203)

For the DB-BPPM structures (scheme 4 and scheme 5), the variangégf"""}
can be expressed as follows:

DB—BPPM Zrw Ej 2 Ey 2
Var{Y22; =33 N—p\/\/ran{nl,j,m}+N—p‘/"5nE{“s,j,m}
m=1 j=

+E{nij,mn§7j,m}
E/

1= gn) (R (R )+ B ) )

ImE{NZ j % j ) (204)
Since there is statistical symmetry with respectlgo the variableSNRy can be ex-
pressed as

(Ef)?
(SNRd)pg_gppm = :
(gEgog(l— Om) + 2TW N)o;‘)
2B}

_ No T (205)
(6—2gm+2Np2TWE})

For the DB-BPAM structure (scheme 6), the variance{VgP 5™} can be ex-
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pressed as follows:

Var{YDB BPAMY ZTZWi((wﬁqE{niLm}—FWﬁqE{nng} (206)

m=1j=

HE{N | 5 m})) -

Since there is statistical symmetry with respectgo the variableSNRy can be ex-
pressed as

(E))?
4
(ELo3+TWN,7)
2E]
No

_ m. (207)

(SNRd)ps_gpam

For the ALT-BPPM structure (scheme 7), the variance{Vgt'; ®*"M} can be
expressed as follows:

ALT —BPPM o NP73 E) 2 Eé} 2
Var{Yq —o = > ( Zl 4N—pW§nE{nz, ji+im N—pWﬁqE{nLLm}
m=1 © j=

Ep 2 NE o o
+N_pWﬁWE{n27Np,m} + ZJ E{nTj mNLj41m}
J:

JrIE{n%,j.,mn%,jJrl,m})
E/
_ N_E:gg (4N —2)+2) +2TW2(N, ~ L)oi.  (208)

Since there is statistical symmetry with respectlgo the variableSNRy can be ex-
pressed as

(No—1) 2B},
No No

(SNRa)aT—BPPM = Np

: (209)
(4rpr — 2 + szng—g)

For the ALT-BPAM structure (scheme 8), the variance {¥g}-_5™"} can be
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expressed as follows:

2TW  Np—3 E/

VarlYg M) = 5 ( 34 bvszE{nZ .

apo=+1

EOBE(R )+ PWEE ()
P P

Np—2
2 2
+ Zﬁ E{nz,jﬁmnzﬁjﬂﬁm})
i=

!/

E
- 2o 2(4(No—2)+2) + 2TW(N,— D). (210)
P

Since there is statistical symmetry with respectg®, the variableSNRy can be ex-
pressed as

(Np—1) 2Bp
No o
(SNRa)aT_BPAM = N - N~ (211)
(At~ o1 TN TWE)
(SNR4)ep_gppm = (Eé)z/var{Yd%EBBPPM}- (212)

For the ED-BPPM structure, the variance P4F°, """} can be expressed as follows:

2TW >
Var{YED BPPMy 2)4vv2E{nZJm}+IE{nljm}+IE{n2 im}
m=1]

_ZE{nlj m}E{an m}
= 4E[02+4TWNyOor. (213)

Since there is statistical symmetry with respectgo the variableSNR4 can be
expressed as
(Ep)®
SNR =
(SNRa)ep-sppu 4E[ 02+ ATWNG?
2E)

= 0 ___ (214)
(4+ 2N TW )
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Appendix 2 LePage series representation of
Alpha-stable distributions

To derive the distribution oA given in (96), we start with the following LePage series
representation of alpha-stable distributions. {®};" ; denote the arrival times of a one-
dimensional Poisson process with ratdet {Z; };” ; be a sequence of CS i.i.d. complex
r.v.sZi = Zj + jZj», independent of the sequenfg} and satisfyindgt{|Z;|? } < co. If
0< a <2, then

_Z%%%w,ﬁa y=ACs'E{|2|"}), (215)

=11
whereCy is defined in (97). If a homogeneous Poisson point process in the plane has
spatial densityA and R™ denotes the distance of noil¢o the origin, then the se-
quence{RM}*_, represents Poisson arrival times on the line with the constant arrival
rateA 1. This can be easily shown by mapping the spatial Poisson process from Carte-
sian into polar coordinates, and then applying the mapping theorem [150]. Using this
fact, we can then apply the above theorem to (95) and write

o eo|G(”)X(n)
& (R(n))v
CSii.d.
G

A =

x<> as
% 7 (a = 2B =0y = ATCAE(S X2 )

e

n:1 V/

Tn

(216)

for v > 1. Note thatX(" is CS due to the uniform phagé”. As a resultg?G" X (M
is also CS. Using the moment property of log-normal r.v.s,IEéekG(")} — /2 with
G ~ #(0,1), (216) simplifies to

A% yc(a—ﬁ 0,y =AnC, eV E{X" |2/V}> (217)

forv > 1. Thisis the resultin (96), and the derivation is completé i§ CS (isotropic)
then it can be decomposed as follows [165]:

A= WG, (218)
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with V ~ (a/2,1,co§ 7)) andG = Gy + G2, whereG; andG; are i.i.d. Gaus-

sian r.v.s with zero mean and variancg/?, respectively. In additiony andG are
independent. From (218), it follows that

A2 = 2y%9V (G2 + G3) = 2y?/9VC, (219)

whereC is a central Chi-squared distributed r.v. with 2 degrees of freedom.
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Appendix 3 Derivation of gy and pigy.

The non-centrality parameter ¥fg 1 is defined as

O i/.Tvvz(t)dt+ : /T (ZLj(t)JFZZ’j(t))ZdH

Hyres N ZGTZR Jo ZGTZR Jo 4
HA TR éNTBRIS)
1 T
—_— w; (t i(t ((t)] dt. 220
ZGTZR./O §(t) [nj(t) + 425(1)] (220)

(NBISs)
CTR

The termpa tr corresponds to (75) defined in the case of the single NBI. The term

uBNTBFLS) can be derived with the expansion of all the terms as follows:
1 %*l T 2 q
n 2, | @ wat-
Ns, . . . .
AT , sin (4mhy(T + j2T R+ ¢iTp))  sin(4rtfy(j2T + ¢iTp))
2Np jZO 47TfJ 47TfJ
Ns . .
+ACAsl 71T cos(4mty (T + j2TTR+¢iTy)) B cos(4mtfy (j2TTR+¢jTp))
No J; arf, arf,
Ns . . . .
AR ! 1 Sn(anhy(T + 2T +¢Tp)) . sin (41f5(j2T,TR + ¢ Tp))
2Ng jZO 47TfJ 47TfJ
2
~ ‘AL'%, (221)
Ei IA2ITN
Hdt~ ———, 222
2No Z / &0 4N, (222)
/ {002 (Ddt ~ pOEe. (223)

The above approximations are obtained conS|der|ng'IThat4m ,|sing| < 1,| coscp\ <
1andA|? > |AcAs|. In addition,up = |A‘ 'TNS cos(2mtf;T,) whenT cos(2mfTy) > 4nf
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Otherwise uj$y is of the same order r,» which is negligible compared to the first

(NBI . : ,
term ofuB TRS) As aresult we can ignore the latter case and consider only the scenario

whenT cos(27f;Ty) > z7r.. The termug 3§ can then be approximated as

2
B %[1+cos(2nfﬂ,)]. (224)
' 0

The third termucNTBF'QS can be derived as follows:

2 2ETR Ac B-1 Leap
/ [cos(2mfy(t + 1 + j2TTR + ¢ Tp))

HCNTBFLS) = ZJ 8, Zl hy
+cos(2nf3( +1+j2T +Cij+Tr))] dt
2,/2EJRIAs F-1 Lo
_T ; a; Z h|/
+sin(2mfy(t + 1+ 2T R +¢;Tp+ Tr) )] dit
4P(fy)]\/2ETRI -1 Lear
- — vV - aj y h
No jZO ng
x [Accos(mttsTy) cos(27tty (1 + j2TTR + ¢ Tp + Tr/2) +arg{P(fy) })
—Ascos(TfyTy) sin (27tfy (11 + j2TF + ¢ Tp + Tr/2) +arg{P(f1) }) ] .
(225)

) [sin(2mtfy(t+ 1+ j2T R +¢iTp))

Substituting the expression fh Tr, uBNTBFLS , anduCNTBFLS in (220), we obtain (98).

Using a similar approach leading to (224), the non-centrality parameterafbe
approximated as follows:

|AJ2IT Ng

N [1— cos(2mfsTy)]. (226)

Yo 1R~
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Appendix 4 Gamma approximation

The process identified by the /= CYv whereC is a central Chi-squared distributed
r.v. with g degrees of freedom can be approximated by a Gamma random process for a
wide range ofv values. The PDF of a Gamma random process can be written as

kaflefx/Q\, ( )
P(X)= ————. 227
=)
Figure 66 and Fig. 67 show the fit of the Gamma distribution over 100000 realizations
of the r.v. X for different values o¥. It can be noticed that the Gamma distribution is
a good approximation of the statistics of the dand that the quality of the approxi-
mation improves for large degrees of freedgniable 5 and Table 6 show the different
value of the Gamma distribution paramet&s andk, for different values ofv and
g = 2, and for different values af andv = 1.5, used in the numerical results.
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Fig. 66. Fitting of the random process clv (solid line) with the Gamma distribution
(dashed line). The r.v. Cis central Chi-squared distributed with g = 2 degrees of
freedom.
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25

0.5

Fig. 67. Fitting of the random process
(dashed line). The r.v. C is central Chi-squared distributed with

freedom.

18 20

CY/V (solid line) with the Gamma distribution

Table 5. Q, and k, parameters for q= 2.

g = 30 degrees of

v ky Qy

1.1 1.1703 1.5464
1.2 1.3254 1.2657
1.3 1.5380 1.0305
1.4 1.7116 0.8923
15 1.9218 0.7442
1.6 2.1161 0.6473
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Table 6. Q, and k, parameters for v =1.5.

q kv Q,

2 1.9218 0.7442
4 41115 0.5821
6 6.3197 0.5042
8 8.5662 0.4555
10 10.8586 0.4179
12 13.0779 0.3935
14 15.3221 0.372
16 17.5096 0.3575
18 19.8196 0.3426
20 22.1347 0.3291
22 24.2554 0.3201
24 26.4512 0.3117
26 28.6136 0.3041
28 30.9042 0.2961
30 33.3568 0.2871
32 35.7055 0.2804
34 37.7489 0.2764
36 40.2499 0.2691
38 42.3876 0.2651
40 44.4482 0.2616
42 46.9090 0.2562
44 48.8983 0.2537
46 51.2296 0.2494
48 53.5560 0.2455
50 55.5253 0.2434
52 57.8969 0.2396
54 60.1846 0.2364
56 62.4032 0.2335
58 64.8374 0.2303
60 67.1983 0.2272
62 69.3940 0.2249
64 71.8425 0.2219
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Appendix 5 Derivation of the spherical symmetric
vector {1

We first prove that the samples of the band-pass sigfilt) taken at the Nyquist
rate are uncorrelated. We start from the fact that the praxégs= v("(t) is WSS
stochastic theiX (t) = X(t — D(™). The auto-correlation function of the proceég)
can be written as

Ry(o (1) = Jim zinz { [ TT vV (T)v ) (t+ r)dt} : (228)

Considering the random behaviour of the amplitude sequence and of the amplitude
modulation data we ha\AE{aEn)a'((n)} —0Vj#kandE{e"e"} = 0Vi 1, respec-
tively. Due to the random amplitude sequence the effect of the hopping code on the
auto-correlation function vanishes. Similarly, due to the amplitude modulation, the ef-
fect of the position modulation also vanishes. Furthermore, we alsof¥dyb} =0

Vi # 1. As a result, the auto-correlation function can be written as

Ry (1) = E{Qz}ZIE{aZ} Z)E{|h|\ } Ro(t) (229)

The correlation functioRy ;) (1) is then determined by the correlation function of
the pulse wavefornRy,) (7). Since the sampling rate is/W andW = 1/T, where
[0,Tp) is the support of the waveform, we can conclude that the samples of the process
viM(t) taken at the Nyquist rate are uncorrelated. As a result, considering a flat PDP, a
Rayleigh fading for each channel component @dp Tf', the vectoré( %e{vl J}
and in = Jm{vlj} are composed by independent Gaussian r.v.s. As a result the
vectors are spherically symmetric. The aggregate interference vector is then a sum
of spherically symmetric vectors and, therefore, is spherically symmetric [144]. Since
from Appendix 2 we have that the complex rZ\/Lj’m is circularly symmetric, it follows
from (67) and (68) that the aggregate interference can be represented as in (130).
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Appendix 6 Test of the spherical symmetry of the
interference vector

In order to test if the vectof_L j is sub-Gaussian with cross-correlation matrix as ex-
pressed in (131) we should check for its spherical symmetry. A multivariate stable
distribution is considered spherically symmetric if its spectral measure is uniform. The
estimation of the spectral measure is not an easy task for multivariate stable distribu-
tion. A way of estimating the spectral measure is presented in [166] and it is based on
the sum of spherical harmonics. We limit our test here by considering the ratio of two
components of the aggregate interference vector defined as follows

x & Stim (230)
Zl,j,n
where {1 jm and {1 j» are elements of the stable random vetﬁ_gyf. If the vector
is sub-Gaussian and the cross-correlation matrix of the multivariate Gaussian variable
expresses in (130) is scalar, the variakles the ratio of two i.i.d. Gaussian r.v.s with
zero mean and unit variance, which corresponds to the standard Cauchy distribution
which is characterized by the following PDF

1
m1+x%)’

P (x) = (231)

From Figures 68-70, we can have a qualitative idea on the spherical symmetry of the
interference vector by observing the difference between the Cauchy distribution and the
distribution ofX obtained by simulating the interference system. As shown in Appendix

5, forTgI = Tf', flat PDP and Rayleigh fading, the aggregate interference is spherically
symmetric. As a result, in Fig. 68 we can see tkas Cauchy distributed. We notice

from Fig. 69 that, although fng} = Tf', flat PDP and Nakagami fading, the vector
9%2{\7(1?;} (3m{\7(1?j>}) is not spherically symmetri¢/ the distribution ofX is in good
agreement with the Cauchy distribution allowing us to assume that the aggregate inter-
ference vector is spherically symmetric. From Fig. 68 -Fig. 70, we also see that the
ratio among two aggregate interference samples belonging to two different time frames

defined asX = % follows the Cauchy distribution. Note that in the cage= T the

37In the case of independent random variables, only identically Gaussian random distributed variables are
spherically symmetric[167].
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received signal covers the entire pulse repetition inteamal consequently there is no

room for the hopping code. As a result, the multipath components of different inter-
fering signals always maintain the same position in different frames. We can conclude
that the random amplitude sequences used by each interferer are sufficient to ensure the
aggregate interference vector to be spherically symmetric and therefore sub-Gaussian
in the case of flat PDP. In the casejf< T/, the distribution of the r.vX does not

follow a Cauchy distribution meaning that the aggregate interference vector is no longer
spherically symmetric.

PDF
PDF

Fig. 68. Comparison of the standard Cauchy distribution PDF (solid line) and the
empirical PDF of the variable X obtained by simulation of the interference system
(dashed line) for Ay = 50 m, interferers spatial density A = 0.1, received signal
duration TgI =16 ns, pulse width Tp = 0.5 ns, pulse repetition interval Tf' =16 ns,
m =1, and &' = 0. The left figure considers two elements belonging to the same
time frame and the right figure considers two elements belonging to two different

time frames.
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Fig. 69. Comparison of the standard Cauchy distribution PDF (solid line) and the
empirical PDF of the variable X obtained by simulation of the interference system
(dashed line) for Ay = 50 m, interferers spatial density A = 0.1, received signal
duration TgI =16 ns, pulse width Tp = 0.5 ns, pulse repetition interval 'I'fI =16ns,
m =1, and €' = 0. The left figure considers two elements belonging to the same

time frame and the right figure considers two elements belonging to two different
time frames.
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Fig. 70. Comparison of the standard Cauchy distribution PDF (solid line) and the
empirical PDF of the variable X obtained by simulation of the interference system
(dashed line) for A4 = 50 m, interferers spatial density A = 0.1, received signal
duration TG} =16 ns, pulse width Tp = 0.5 ns, pulse repetition interval 'I'fI =25ns,
m' =3, and €' = 0.4. The left figure considers two elements belonging to the same

time frame and the right figure considers two elements belonging to two different
time frames.
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Appendix 7 Derivation of averaged maximum
likelihood estimators

The derivation of the AML estimators expressed by the log-likelihood functions is re-
lated to the solution of the integral

[ exp(rahn-— R Pl dh-,. (232)

Complex Gaussian fading

We derive here the estimator expressed by (169).

Consideringv,_j = wy j + jwo, j as complex Gaussian and taking out the unnecessary
values thenth component of the log-likelihood function for thjéh hypothesis can be
rewritten as

AS(j) = log {
® 1 1n—j
/ exp(2ryWan_j — Wi, ) exp( 5 | dwynj
® \/2moZ 207
o 1
/ exp(2ranWon-j —vv%n,J) p— exp<222 J> dwonj }
«© 7O, n—j

(233)

The integrals in (233) have a closed form solution. Titte component of the log-
likelihood function can be expressed as

2|rn|?a? .

AR(G) = ﬁ—log(\/nzon,j). (234)
n—j

The optimal estimator in the case of complex Gaussian distributed fading can be ex-
pressed as

ToW-1
A1) =3 AR(). (235)
n=j
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Log-normal fading and pn—j € {1,-1}

We derive here the estimator expressed by (173) following the derivation presented in
[80].

Using the change of variabbe,—; = 20log,o(hn-j), the nth component of the log-
likelihood function for thejth hypothesis can be written as

: e i e
Ah‘Pn—j(J) = |Og{/oo exp<2rnpn7,’10 20 —10 10 )

2
M) d%j v (236)

1
\/Znafexp B ( \/ZTC,_Z

With the further change of variabjg_j = (Xn—j — Un—j)/(+/20L ), and considering that
pn-j =1 or -1 (-j = 0 or ) with equal probability%, the integral in (236) can be
expressed as

2
+00 Xn—j Xn—ij i — Un_i
/ e)(p(anﬂ-rn:|_0_2'0l — 10_1'0_]) ;exp _ | XnmiT Hoe d¥ |
- 2mo?

\ﬁUL)’nfj +Hp—j \/éUL)’nfj +Hp—j
o | €XP| rn10 20 exp( —rpl0— =
- /o 2 * 2

V201 yn_j+Hn_j
e (107" ) ep(-4R )y
"0 V20, Y +Hn_ | V3O, yn i Hin_i
= / cosh(rnlo g >exp <10 S >exp(y2nj)dyn,—.
(237)

There is no closed form solution for this integral. Since the function to be integrated is
in the form exg—x?) f (x) we can use the Hermite-Gauss integral which is defined as
follow [168, 169]

) N
/ exp(—x°) f(x)dx= 3 cf(z)+Ru, (238)
J oo K=1
wherecy are the weights defined as
N—1n1
o = %Nﬁ (239)
NZHG_ 1 (z)
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andz is thekth the zero of the Hermite polynomibly(x). Considering the residual
partRy negligible, thenth element of the log-likelihood function can be approximated

as
. V20L5cHHn | V20| 7+
Aai) = IOg{ 2. CkexP(”*) cosh(rn10¥) } :
=1
(240)

The optimal estimator in the case of log-normal distributed fading can be expressed as
o Tow-1
A= 5 Al (241)
n=j

Nakagami fading and pn—j € {1,-1}

We derive here the estimator expressed by (175).ntlheomponent of the log-likelihood
function for thejth hypothesis can be written as

/\r'\1l|pnfj(j) = Iog{./o exp(Zhn—j (rnpn—j)*hﬁfj)

2 m " oma ml“ﬁ
W(an> hnfj exp(Qn J)dhn ,} (242)

The integral in (242) has a closed form solution. The integral in (242) can be expressed
in terms of the Kummer confluent hypergeometric functibn(a; b; z) as follows

0 2 m mrﬁ
Nh _ h2 . n 2m-—1
Jy exot2topn- i) h“*J)r<m> (an> i e"“(fzn J>d“”’

1 1 Qnj (rpn- J)
— " (m+Q F i ifnbnoi) )
r(m) ) i 1( (M+Qn-j)

(rnpn j § } 32n—j (F'nPn—j)~ (rnpn— 1)2
2 (Mm+Qn_j) '

Considering now th@,_j = 1 or -1 (@ = 0 or m) with equal probability%, thenth
component of the log-likelihood function can be written as

(243)

AN(i) = Iog{mm(er Q) MR <m; %; (mjSLrii) ) } : (244)
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The optimal estimator in the case of Nakagami distributethfadan be expressed as
N WSl
N ()= > M) (245)

n=j
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