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Abstract

Ultra wideband impulse radio (UWB-IR) is a promising technology that has been recently
investigated for high-rate data communications and low-rate location and ranging systems.
Despite its many advantages including low-cost circuitry, use of unlicensed spectrum and
multipath resolving capabilities, the current implementation of UWB-IRs exhibits some
problems. Firstly, the conventional UWB-IR modulation format, pulse position modula-
tion (PPM), uses consecutive fixed pulse transmit locations that are largely affected by
multipath-delayed pulses, which degrades the system performance. Secondly, increasing the
data rate of the most commonly used binary PPM (BPPM) format is still an open research
problem. Thirdly, periodic time-hopping (TH) codes used for multiple-access generate unde-
sired peaks for the spectrum, which may cause increased interference levels for the systems
co-existing in the same bandwidth.

Considering above mentioned drawbacks of the current UWB-IRs, a new modulation
format is proposed in this dissertation: Code Shift Keying (CSK) Impulse Modulation.
M-ary CSK (MCSK), which can be employed by itself or combined with other UWB-IR
modulations, achieves data transmission by selecting one of the A/ orthogonal user-specific
TH codes, where these TH codes are used to randomize pulse transmit locations. While
the randomized pulse transmit locations reduce the effect of multipath-delayed pulses on
the system performance, the random selection of TH codes increases the effective TH code
period and suppresses the undesired peaks in the spectrum.

In this dissertation, CSK impulse modulation is studied in detail to quantify its per-
formance improvement over the existing systems. Initially, MCSK is compared to M-ary
PPM (MPPM) to show the advantage of randomizing pulse transmit locations over fixed
locations. It is shown that MCSK can provide about 2 dB performance gain over MPPM
in a multipath channel. Secondly, MSCK is combined with BPPM (i.e., MCSK/BPPM)

iii



in order to increase the data rate of conventional TH-BPPM systems. It is shown that
MCSK/BPPM can achieve improved system performance at increased data rate if system
design parameters are properly selected. Finally, the power spectral density (PSD) charac-
teristics of MCSK based IRs are studied. It is shown that the random selection of TH codes
improves the resulting PSD with respect to that of conventional UWB-IRs.

Keywords: Code shift keying (CSK), impulse radios (IRs), ultra wideband (UWB) commu-

nications, randomized pulse transmit locations, increased data rate, improved power spectral

density (PSD).
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Preface

This preface summarizes the research performed during my doctoral studies, and relates the
resulting publications to this dissertation.

When I started my research on ultra wideband impulse radio (UWB-IR) communica-
tions in early 2004, my main interest was in increasing the data rate of UWB-IRs that
use the conventional time-hopping binary pulse position modulation (TH-BPPM). After an
extensive literature survey and evaluating pros and cons of the existing systems, we had the
idea of transmitting extra information embedded in TH codes, while still using the BPPM
modulation. This approach was the adoption of biorthogonal modulation combined with
BPPM for code-division multiple-access (CDMA) systems proposed in [82] to UWB sys-
tems. With this approach, the incoming data selected one of the M TH codes to transmit
additional data in addition to BPPM modulated data, resulting in M-ary code shift key-
ing (MCSK) impulse modulation combined with BPPM (i.e., MCSK/BPPM). This work
was partially published in [70], and fully published in [71]. Also, a US patent application
was filed regarding this work [83]. The combined MCSK/BPPM for increased data rate is
presented in Chapter 4 of this dissertation.

Parallel to our ongoing research on increasing the data rates of UWB-IRs, we also focused
on the study of spectrum compliance of UWB-IRs. Since UWB systems should be designed
to comply to spectral masks defined by spectrum regulatory agencies, study of power spectral
densities (PSDs) resulting from different modulation formats is very important. Accordingly,
we studied the PSD characteristics of MCSK based IRs and the effect of TH code set design
on the spectrum. The main motivation of this work was to show the signalling advantages
of MCSK based IRs over the conventional IRs in terms of PSD characteristics. This work
was partially published in [76], and fully published in [67]. Also, an alternative method
for evaluating the PSD was published in [40]. PSD characteristics of MCSK based IRs are

xviil



presented in Chapter 5 of this dissertation.

After proposing a new modulation format for increased data rate and studying the re-
sulting PSD, it was necessary to compare the MCSK impulse modulation to the same order
M-ary PPM modulation. The main motivation of this work was to show the advantage
of randomized pulse transmit locations over fixed locations. Although this work was the
third main investigation of this dissertation, it is presented in Chapter 3 before the other
two main investigations for a better presentation of the dissertation. This work was par-
tially published in [64], and fully published in [65]. Also, a former study that evaluated
different channel models and Rake receivers, and motivated the mentioned investigation
was published in [60].

Although the main scope of my research was the high-rate aspects of UWB communi-
cations, we also closely followed the standardization process of IEEE 802.15.4a, which is
based on UWB-IRs that will be used for low-rate location and ranging systems in wireless
personal area networks (WPANSs). From January 2005 to January 2006, we contributed to
this standardization process at different stages by proposing different modulation formats
based on MCSK, presenting them at IEEE Wireless Standards meetings, and merging our
proposals with other institutions or companies. Our contributions for IEEE 802.15.4a can
be found in IEEE documents [84] - [86]. We also published some of the related research
results at conferences [79], [87].1 These papers consider the implementation of MCSK for
the physical layer of IEEE 802.15.4a (i.e., burst transmission with fixed guard bands) and
for chaotic signalling (an optional implementation for IEEE 802.15.4a), respectively. For
these considerations, the implementation of MSCK modulation is significantly different from
MCSK impulse modulation considered for high-rate data communications. In order not to
divert the focus of MCSK impulse modulation, our research on low-rate UWB-IRs is not

included in this dissertation.

In summary, this dissertation consists of three main investigations on high-rate UWB-
IRs, which are published in various journals and conferences, as outlined in this preface.

The details of these investigations can be found in Chapters 3-5.

'The paper presented at the flagship UWB conference (IEEE International Conference on Ultra Wide-
band, September 2005, Zurich, Switzerland) was selected as the runner-up paper, i.e., ranking between #4
to #6, in the Best Student Paper Award competition among 101 accepted student papers.

xix



Chapter 1

Introduction

Wireless communications technologies have evolved faster than ever within the last decade.
In today’s wireless world, there are many standards for Wireless Wide, Metropolitan, Local
and Personal Area Networks (respectively, WWAN, WMAN, WLAN, and WPAN). Fig. 1.1
depicts some of the established wireless standards and the current consideration of ultra
wideband (UWB) communications in terms of coverage areas and target data rates. When

coverage areas are considered, WWAN and WMAN can provide service at a wider range

Data
Rate

50 Mbps 1

10 Mbps

[ Fixed Y
A\ Broadband

| Mbps

3G (WCDMA, 1S2000 EDGIE)
400 kbps T

10 kbps
Disiance

Figure 1.1: Today’s wireless world in terms of coverage areas and data rates.
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Figure 1.2: Power spectral density comparison for various communications systems.

with limited data rate, whereas WLAN and WPAN can provide higher data rates to em-
ployees or customers in an office or home environment. With the continuously increasing
demand for higher-rate data services and their different applications, more standards will
be developed in the near future and more devices will become wireless. This will bring
the problem of spectral crowding as there will be less bands available for future systems.
Therefore, new technologies that can co-exist with other systems without creating much
interference will be of future interest. One of those new technologies is the ultra wideband
communications systems.

In this chapter, initially the motivation for UWB communications is presented followed
by the motivation for proposing the new code shift keying impulse modulation to overcome
some of the problems associated with current UWB communications systems. The chapter

is concluded with the dissertation organization.

1.1 Motivation for UWB Communications

UWB communications is a recent consideration that transmits its total power dissipated
over a very large bandwidth. Accordingly, the resulting power spectral density (PSD) is
very low compared to that of existing narrowband and spread spectrum communications
systems. This allows the UWB system to co-exist with existing systems as the interference

it creates is negligible. Fig. 1.2 illustrates the PSDs of narrowband, spread spectrum and
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ultra wideband communications systems for comparison.

The first definition of UWB communications was made in the First Report and Order [1]
released by Federal Communications Commission (FCC) of the United States in 2002 and
has been accepted within IEEE Working Groups. According to this report, UWB systems
should have a transmission bandwidth of at least 500 MHz, or the fractional bandwidth of
these systems should be greater than 20%. Considering available technologies, there are
currently two main considerations for UWB communications. The first one is the orthogo-
nal frequency division multiplexing (OFDM) based UWB communications, which can use
multiple sub-carriers to achieve at least 500 MHz bandwidth. The second one and the inter-
est of this dissertation is the impulse radio based UWB communications, which transmits
subnanosecond-duration pulses that can achieve at least 500 MHz bandwidth. These two
technologies were considered for the WPAN standardization process of IEEE 802.15.3a (i.e.,
high-rate data communications) as multi-band OFDM (MB-OFDM) [2] and direct sequence
UWB (DS-UWB) [3] proposals. Despite standardization efforts for a few years, neither of
the proposals could become a standard. Therefore, the IEEE 802.15.3a Working Group
decided to cease the standardization process in January 2006 in order for the market to de-
cide. For the standardization process of IEEE 802.15.4a (i.e., low-rate precise location and
ranging systems), impulse radio based UWB communications was agreed on as the main
physical layer proposal. The standard draft of IEEE 802.15.4a [4] was approved as a new
amendment to IEEE Std 802.15.4-2006 by the IEEE-SA Standards Board in March 2007
and will be available in June 2007.

Although different implementations of impulse radios were considered for IEEE 802.15.3a
and IEEE 802.15.4a,! the basic impulse radio is considered in this dissertation as also con-
sidered in significant portion of studies in the literature. The basic impulse radio, which we
refer to as UWB impulse radio (UWB-IR), was initially proposed by Win and Scholtz in [5]
based on Scholtz’s work on time-hopping impulse modulation [6], and later detailed in [7].
In [7], the authors presented UWB-IR as an ultra-wide bandwidth system that transmits
subnanosecond-duration Gaussian monocycles, which achieves data transmission through
binary pulse position modulation (BPPM) and multiple-access through user-specific time-
hopping (TH) codes. This UWB-IR system serves as the benchmark and motivation of all

UWB-IR communications studies in the literature. Following the work of Win and Scholtz,

I'DS-UWB was considered for JEEE 802.15.3a and the transmission of bursts of pulses with fixed guard
bands was considered for IEEE 802.15.4a.
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various research areas emerged to improve the proposed system in terms of data rate, bit-
error rate (BER) performance, spectral characteristics and cost efficiency. The research
work done in the corresponding areas will be summarized in the next chapter, when the

background information on UWB-IRs will be presented.
In addition to the attractive low PSD property of UWB-IRs, which allows them to co-

exist with existing systems, low-cost circuitry, use of unlicensed spectrum and multipath
resolving capabilities are the other main advantages of UWB-IRs. As a nature of UWB-IR
communications, transmitting subnanosecond-duration pulses results in bandwidths in the
order of a few GHz. This allows the UWB-IR system to transmit with a very low PSD,
achieve very high data rates and have very fine time resolution. Accordingly, multipath-
spread pulses can be effectively collected using a Rake receiver as most of the pulses can
be resolved individually at the receiver. Cost efficient circuits used is also considered an
important advantage of UWB-IRs. Without the need of a carrier frequency, the pulses can
be shifted to the desired band by controlling their zero-crossings. Considering all these
advantages, UWB-IR communications is an important consideration for some of the future
technologies. Although there are many advantages associated with general aspects of UWB-
IRs, there are some problems that need to be addressed when it comes to implementation.
This includes the problems associated with current physical layer considerations, which

make up the main motivation for the need of a new modulation.

1.2 Motivation for MCSK Impulse Modulation

M-ary code shift keying (MCSK) impulse modulation is the new modulation proposed in
this dissertation to improve some aspects of conventional UWB-IRs. Before defining MCSK,
let us overview the problems associated with existing UWB-IRs that motivated us proposing
a new modulation.

The conventional UWB-IR modulation is the TH-BPPM proposed in [7]. This modu-
lation uses BPPM for data transmission and user-specific TH codes to reduce catastrophic
collisions that occur due to multiple-access. When this modulation format is employed, the
data rate is limited by the BPPM. Therefore, either higher order modulations or alternative
modulation formats should be proposed to meet the demand for higher data rates. Accord-
ingly, our first motivation is to propose a new modulation format that can increase the data

rate of the conventional TH-BPPM.
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TH M-ary PPM (TH-MPPM) (8] is the most commonly considered modulation format
that increases the data rate of the conventional TH-BPPM. In the conventional implemen-
tation of TH-MPPM, a single pulse is transmitted in one of the fixed M consecutive pulse
transmit locations. In a multipath channel, where Rake receivers are used to collect multi-
path energies [9], energy captures from consecutive pulse locations may be interfered by a
large portion of the multipath-delayed received pulses. This may generate noticeable inter-
ference components for the M decision variables, hence affecting the system performance.
Accordingly, our second motivation is to increase the distance between consecutive pulse
transmit locations so as to reduce the effect of multipath-delayed received pulses on the M
decision variables.

In a conventional UWB-IR system, which may use TH-BPPM or TH binary pulse am-
plitude modulation (TH-BPAM) [10], the PSD due to modulation effects results from data
transmission and TH codes. Due to the periodicity of finite-length TH codes used in conven-
tional UWB-IRs, the spectrum exhibits undesired peaks for both continuous and discrete
spectrum that may cause significant interference to co-existing systems. These peaks can
be smoothed and suppressed if the TH code length can be made infinite. However, this
cannot be achieved easily considering the TH code design issues and the realization of TH
codes at the receiver [11]. Accordingly, our third motivation is to increase the effective TH
code period so as to smooth the continuous spectrum and suppress the discrete spectral
components.

Considering the three motivations stated above, we propose a new UWB-IR modulation
format, namely, M-ary Code Shift Keying impulse modulation, that can inherently address
all the above concerns. MCSK impulse modulation achieves data transmission by selecting
one of the M orthogonal user-specific TH codes with the incoming M-ary data, where
the selected TH codes are used to randomize pulse transmit locations. With this new

modulation,

o 3 higher order modulation than TH-BPPM can be proposed, where the system design
parameters can be adjusted to provide improved system performance at increased data

rate,

o the separation between consecutive pulse transmit locations can be increased with

respect to that of MPPM, while the data rate is fixed,
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e reduced catastrophic collisions can still be maintained with the random selection of

user-specific TH codes, and

e the effective TH code period can be increased with the random selection of TH codes

in order to improve the PSD characteristics of conventional UWB-IRs.

The advantages stated above will be discussed and studied in the following chapters, when

MCSK impulse modulation will be elaborated on.

By proposing MCSK impulse modulation for UWB-IRs in this dissertation, three main
contributions are made to the UWB-IR communications area as presented in Chapters 3-5.
In Chapter 3, MCSK is compared to the conventional TH-MPPM to show the advantage of
pulse location randomization on the system performance. In Chapter 4, MCSK is combined
with BPPM to increase the data rate of the conventional TH-BPPM at improved system
performance. In Chapter 5, PSD characteristics of MSCK based UWB-IRs are studied
to show how MCSK smoothes and suppresses the undesired spectral peaks resulting from
conventional UWB-IRs.

Besides the main contributions of MCSK, novel approaches used in interference mod-
elling, system analysis and spectrum evaluation are the other contributions of this disserta-
tion. These contributions include accurate multi-user interference modelling in a multipath
channel using the generalized Gaussian distributions in Chapter 3, calculation of the charac-
teristic functions of multi-user interference terms in an additive white Gaussian noise channel
in Chapter 4, exact analysis of the PSD by considering every shift for data and TH code
changes in Chapter 5 and the TH code set design that controls the quantity and location of
discrete spectral components in Chapter 5. Both the main and the other contributions will
be elaborated on in the corresponding chapters.

As a summary, proposing and studying MCSK impulse modulation in this dissertation
has resulted in several contributions to the UWB-IR communications area and academic

community. In the following, the organization of the dissertation is outlined.

1.3 Dissertation Organization

This dissertation consists of six chapters, where the motivation for proposing a new UWB-
IR modulation, i.e., MCSK impulse modulation, is presented in this chapter, i.e., Chapter 1.
In the next chapter, i.e., Chapter 2, the background information on the existing UWDB-IRs
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will be presented together with the summary of ongoing research that tries to improve the
current UWB-IRs. In Chapters 3-5,2 the new MCSK impulse modulation will be studied,
detailed and compared to conventional UWB-IRs to quantify its improvement over the
current UWB-IR considerations. Finally, in Chapter 6, concluding remarks regarding the
proposed MCSK modulation will be given. A more detailed outline of each chapter is

presented as follows.

In Chapter 2, background information on UWB-IRs and the related literature survey
are presented. Initially, existing modulation options and alternative transceiver structures
are discussed. Then, PSD characteristics resulting from both pulse spectrum and modula-

tion effects are given. Finally, multipath channel characteristics of UWB-IRs are presented.

In Chapter 3, MCSK impulse modulation is studied in detail, where it randomizes
consecutive pulse transmit locations of the conventional TH-MPPM in order to reduce the
effect of multipath delays on the decision variables. Initially, system models for the MCSK
impulse modulation and TH-MPPM are described for a fair comparison model. MCSK and
TH-MPPM systems are then analyzed in terms of the symbol-error rate (SER), where the
upper and lower bounds on the SER are derived for single- and multi-user cases in the
approximate T.-spaced channel model. An implementable Rake receiver structure is then
presented for the accurate 7-spaced channel model to be used with simulation studies. At
the end of the chapter, numerical and simulation results are presented to verify the SER

analysis, and to show the advantages of MCSK over the conventional TH-MPPM.

In Chapter 4, MCSK/BPPM, a new modulation format, for UWB-IR communications
is proposed and analyzed. Initially, the proposed MCSK/BPPM modulation system is
described, and the system design parameters are explained in detail. The MCSK/BPPM
system is analyzed in terms of the SER, where the upper and lower bounds on the SER
are derived. Numerical and simulation results are presented to verify the theoretical SER
analysis, and to show the advantages of the proposed system over the conventional TH-
BPPM. For that, different combinations of system parameters are presented that yield
improved system performance for MCSK/BPPM over TH-BPPM at increased data rate.

Finally, the receiver complexities of both modulations are compared.

In Chapter 5, the effects of different code design techniques on the PSD and the

2In Chapters 3~5, some system model definitions (e.g., system parameters) may be repeated. This is
necessary to maintain clarity and consistency within each chapter.
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multiple access capability of MCSK based UWB-IRs are investigated. Initially, the PSD
that accounts for TH code changes within a frame time is derived, verified and compared
to the PSD of conventional UWB-IRs. Two main code design techniques are introduced for
MCSK, and their effects on spectrum shaping and multiple access capability are discussed.
Based on the PSD improvement of MCSK based UWB-IRs, some suggestions are made for
the conventional UWB-IRs.

In Chapter 6, conclusions of the dissertation are presented. Initially, contributions of
the proposed modulation to UWB-IR. communications area are summarized. Finally, some

future research directions are suggested.



Chapter 2

UWB Impulse Radios

In this chapter, the background information on ultra wideband impulse radios (UWB-IRs)
is presented. The chapter starts with the presentation of different modulation options for
UWB-IRs. These include the conventional modulations, the modulations that are designed
to increase the data rates of conventional modulations and the signalling schemes that
use autocorrelation receivers such as transmitted-reference systems. Next, power spectral
density (PSD) characteristics of UWB-IRs are presented including pulse spectrum, effects
of modulations on the PSD and the studies on co-existence. The chapter is concluded with
the overview of UWB channel characteristics including channel measurement studies, the
analytical multipath channel model obtained and the channel model assumptions used in

the literature.

2.1 Modulation Options

2.1.1 Conventional modulations

The UWB-IR communications system has been detailed for the first time in [7]. The system
model presented here achieves data transmission through binary pulse position modulation
(BPPM) and multiple access capability through user specific time-hopping (TH) codes. Fol-
lowing the work in [7], possible modulation formats for UWB-IRs were studied and presented
in [12] including on-off keying (OOK), positive-valued pulse amplitude modulation (PAM),
binary phase shift keying (BPSK)! (also known as binary PAM (BPAM)) and BPPM.

!BPAM is equivalent to BPSK and will be used throughout the dissertation.
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Among these modulations, BPPM and BPAM were the ones widely accepted and studied
in the literature [13] — [15], mainly due to their superior performances or implementation
advantages. We refer to these modulations as conventional UWB-IR modulations. In the
following, these two modulations are described for multiple access schemes, where they are
used with TH codes.

Conventional UWB-IR modulations TH-BPPM and TH-BPAM show similar sig-
nalling structures and are presented together. The signal that transmits the ith symbol
(one-bit) of the kth user using conventional TH-BPPM and TH-BPAM can be modelled

respectively as

E st—l
s®) () ,/ b wtr t— Ty — 9T, - di(’“)éd) (2.1)
E iNg—1
s (1) = ]—vﬁ &;Fw,, (t — jTy - c§’°’Tc). (2.2)
¥ j=(i-1)N;

The system parameters associated with these modulations are explained below:

e wy,(t) denotes the transmitted pulse with pulse width T,. It is normalized so that
f+oowtr( )dt =1

e T} is the frame time to transmit one pulse, N; is the number of pulses used to transmit
one symbol and Ty = N,T is the symbol duration. Since one-bit is transmitted with

these modulations, T}, bit duration, can be replaced with T5.
o FE is the bit energy.

. = {c0 ,c1 ,...,cg\lz _1} is the kth user’s N,-long TH code consisting of integers,
where each user is assigned a user-specific TH code to allow for multiple access in the

System.
e The TH code satisfies {0 < cg-k) < Np;Vj, Yk}, where Ny, is the maximum TH shift.

e In order to prevent inter-pulse interference, NyTe + 04 + T < Ty where T, > T, is the
chip time, &, is the time shift parameter of BPPM (in case of BPAM, §; = 0) and T},

is the maximum delay spread. This condition may be relaxed if shorter T is desired.

e For BPPM d;¥) € {0,1} and for BPAM d;(¥) € {—1,1} carry the ith symbol informa-
tion of the kth user.
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Figure 2.1: Transmit structures of conventional TH-BPPM and TH-BPAM.

In Fig. 2.1, the transmit structures and the associated system parameters of TH-BPPM
and TH-BPAM are illustrated for Ny = 2, i.e., symbol duration Ts = 27y. While BPAM is
an antipodal signalling, shift parameter §; of BPPM may be selected for either orthogonal
or overlapping signalling spaces. Here, it is illustrated for the overlapping case as will be

explained when Gaussian monocycles are presented.

In the analytical UWB-IR studies, it is widely accepted that the receive antenna ideally
acts as a time-domain differentiator on the pulse. Accordingly, the received pulse wyec(t)
is represented as the derivative of the transmitted pulse wy,(t) [7]. Rake receivers are com-
monly used in UWB-IR communications to collect multipath-spread pulses by correlating
the received signal with the template waveform. The template waveform used is generally
the same as received pulse in order to maximize the correlation. Accordingly, the received
pulse wye(t) is important in performance evaluations. In the following chapters, w(t) will
be used to represent the pulse that takes into account the effects of channel and trans-

mit /receive antennas on ws(t) and wre-(t) when system performances are studied.

Gaussian monocycles are one set of pulses that have been studied from both the perfor-
mance and spectrum perspectives [16] — [18], following the second order Gaussian monocy-
cle used in [7]. Also, different pulse shapes such as Hermite polynomials [19] and prolate
spheroidal functions [20] have been considered. It is shown that the performance of a conven-
tional modulation with high order Gaussian monocycles (eg., 4" and 6*) is better than the

one that uses Hermite pulses and similar to the one that uses prolate spheroidal pulses [18].
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Figure 2.2: 2™¢ order Gaussian monocycle and its autocorrelation function.

It is also concluded that generating Gaussian monocycles is easier than the generation of
prolate spheroidal pulses, which do not have a closed-form representation. More will be
elaborated on pulse shapes when the pulse spectrum is presented. An nth order Gaussian

monocycle is the nth derivative of the basic Gaussian function and is given by [16]

pr(t) = %% exp [—% (%) 2] (2.3)

where £, is used to normalize the pulse energy and 7, is the time normalization factor.
Selection of different order Gaussian monocycles affects the system performance mainly
due to autocorrelation properties of the pulses when timing errors are considered [16]. In

Fig. 2.2, the second order Gaussian monocycle used in [7]

Wrec(t) = [1 — 4 (7—32} exp l:—27r (%)2} (2.4)

and its autocorrelation function R(z) = [% wrec(t — T)wrec(t)dt are plotted. It can be

observed that the system performance (when there is no timing error) can be maximized



CHAPTER 2. UWB IMPULSE RADIOS 13

if the BPPM shift ¢4 is selected to maximize |R(0) — R(d4)|. Accordingly, pulse transmit
locations in BPPM may be partially overlapping as previously illustrated in Fig. 2.1.

2.1.2 Higher-rate modulations

After studying the conventional binary modulations and possible pulses that they may be
used with, let us consider modulations that are designed to increase the data rates of binary
modulations.
M-ary PPM

The most commonly considered modulation format to increase the data rate of TH-
BPPM is the TH-MPPM. TH-MPPM shows a similar signalling structure to TH-BPPM

given in (2.1) and is expressed as

st—l
SQ,PM \/ wtr t —JTy ~ c( )T —d; (k)6d> (2.5)

] (z 1) N,

Eq. (2.5) differs from (2.1) by two parameters: (i) Es is the symbol energy, and (ii) d;®) e
{0,1,...,M — 1}. While the BPPM shift parameter §; is usually selected for overlapping
signalling spaces to maximize the system performance, d; for MPPM is usually selected to
satisfy orthogonal pulse locations.

There have been various studies on MPPM in the literature. In [8], M-ary PPM signals
are investigated to improve the multiple access performance for a given number of users and
data transmission rate with respect to the BPPM results presented in [6]. In [21], capacity
of MPPM is investigated over additive white Gaussian noise (AWGN) channels. In [22],
performance of TH-MPPM is analyzed in the presence of multi-user interference (MUI) and
timing jitter. To characterize the MUI, Gaussian quadrature rules method is used instead
of the inaccurate Gaussian approximation used in many studies. In [23], a general method
for the evaluation of the symbol-error rate (SER) of both MPPM and M-ary PAM UWB-IR
systems is presented in the presence of multipath channel, multi-user and strong narrowband
interference. Although M-ary PAM is also considered in some other studies [13], [24], high
order PAM is likely to violate the spectral mask defined by FCC [1] and therefore, MPAM
is not considered for the current implementation of UWB-IRs.

Hybrid PPM and PAM
Another approach to increase the data rate is the hybrid combination of conventional

modulations. In [25], hybrid pulse amplitude and position modulation scheme is proposed.
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The proposed system is reported to potentially double the throughput of a BPPM or BPAM
system, where the analytical error rate expressions of the system are derived over lognormal
fading channels. In [26], pulse position amplitude modulation (PPAM) is proposed, where
the channel capacity is determined for a multiple-access system. The error probability and

performance bounds are derived for a multi-user environment in an AWGN channel.

Pulse shape modulation
Besides MPPM, MPAM and hybrid of these modulations, achieving data transmission
through the transmission of different pulse shapes is another approach to increase the data
rate. This approach is named pulse shape modulation (PSM). Using the advantage of the
orthogonality of the modified Hermite polynomial function, multiple Hermite pulses are
simultaneously transmitted in addition to BPPM, and appropriate error correction coding
is employed to achieve improved performance at higher rate communications [19]. In or-
der to generate the modified orthogonal Hermite pulses, the nth order modified Hermite
polynomial given by 27 g 2
) = (-1 exp | 7| feww |5 (26)
is used. Although the proposed modulation can achieve increased data rate, it suffers from
(i) violating the FCC spectral mask since each pulse has a different power spectrum, and
(ii) the need for different circuits to achieve high data rates. Accordingly, the data rate will
be limited by the number of different pulse generators available. In [27], FCC spectral mask
is considered while generating the modified Hermite pulses, but the realization of the circuits
and the cost of this approach still remain as a problem. In [28], a more detailed method
is presented that can generate orthogonal sets of Hermite pulse waveforms occupying the

same frequency band, which is a further improvement of [27].

In Sections 2.1.1 and 2.1.2, the presented modulations use Rake receivers [9] in order to
collect multipath-spread pulses. This requires the knowledge of the channel and the use of
many Rake fingers to achieve a good system performance. Therefore, the implementation of
the UWB-IR system may be costly. To eliminate the need for estimating channel coeflicients,
systems that transmit reference pulses and use autocorrelation receivers are also considered

in the literature. Such approaches are given in the next section.
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2.1.3 Autocorrelation receivers

Considering the cost and complexity of using Rake receivers, a simple transceiver structure
known as the transmitted-reference (TR) system has been proposed and studied in the
literature. In a conventional TR system, a pair of pulses is transmitted in each frame, where
the first pulse is used as a reference pulse and the second pulse is used as a data pulse to
send information in terms of pulse polarity or position. At the receiver, the reference pulse is
delayed, correlated with the data pulse and integrated to detect the transmitted information.
Although the TR system eliminates channel estimation, it resembles differential detection
that suffers from noise enhancement due to the cross-correlation operation and 3 dB power
efficiency loss due to the transmission of a reference pulse.

The first known TR receiver for UWB-IR systems has been proposed in [29]. The
signalling structure of a TR system can be given by

(k) (t ’Nazl [wt, (t — 3Ty — cgk)Tc) + di(k)wtr< — 37T — c( )T T(k))]
® j=(i—~1)N.

(2.7
where the first pulse is the unmodulated reference pulse and the second pulse is the data
pulse transmitted Ték) seconds later with the information d;*) € {—1,1}. With this signal
model, the system performance and the data rate depend on Ty, the inter-pulse distance.
The other main factor that controls the system performance is the integration interval. The
TR system has been well-studied in the literature. In [30], a hybrid receiver structure that
performs a filtering matched to the hopping sequence, and a subsequent correlation of the
data pulses with the reference pulses is analyzed both in AWGN and multipath channels. In
[31], an analytical framework based on the sampling expansion approach is presented, where
a closed-form expression for the bit-error probability of TR signalling is derived. Also, there
have been studies that try to increase the data rate of TR systems by decreasing Ty. In [32],
a dual pulse transmission scheme is proposed to increase the data rate with shorter inter-
pulse distance and to cancel out the inter-pulse interference. In [33], an M-ary orthogonal
coded/balanced signalling scheme is proposed to realize higher rate TR systems, where the
inter-pulse interference resulting from overlapping multipath-delayed pulses is mitigated by
combining the signalling and a pair of balanced matched filters in a joint manner. With

this approach, inter-pulse distances can be effectively reduced in TR systems.

In Sections 2.1.1-2.1.3, various modulation options were overviewed from data rate and
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system performance perspectives. In the literature, these systems are usually evaluated with
the perfect synchronization assumption, as also will be the case for the code shift keying
impulse modulation studied in the following chapters. A more realistic case for performance
study is the presence of timing jitter. Some of the investigations that study the effect of
timing jitter on the system performance can be found in [22], [34], [35], where they consider

autocorrelation properties of the pulses.

2.2 Spectral Characteristics

After the overview of modulation options, spectral characteristics of UWB-IRs are presented
in this section. Studying the PSD characteristics of UWB-IRs is important since the UWB-
IR communications systems are designed to occupy the same bandwidth with some of the
existing systems. Although the UWB-IR transmit power is very low, there have been some
concerns about the UWB systems creating interference to co-existing systems. Accordingly,
some spectral masks have been defined by regulatory agencies, where the UWB-IR transmit
power is limited for a given bandwidth. Since the UWB-IR systems designed should conform
to the defined spectral masks, effects of pulse shapes and modulations on the PSD should
be carefully studied. In the following, unmodulated pulse spectrum and the modulation
effects on the PSD are discussed in detail. At the end of the section, some studies on the

co-existence issue are summarized.

2.2.1 Pulse spectrum

The UWB spectral mask [1] defined by FCC is the most commonly referred to spectral mask
in the literature.? The current FCC spectral mask defines two conditions:
(i) The maximum power emission of UWB transmission is restricted to -41.3 dBm/MHz
(i.e., 75 nW/MHz) in the range of 3.1 GHz to 10.6 GHz.
(ii) Power emission in the range 0.96 GHz to 3.1 GHz is more conservative. Maximum
emission values are 10 dBm/MHz to 35 dB/MHz lower than -41.3 dBm/MHz.

Considering the given constraints, there have been different pulse design approaches
in order to conform to the spectral mask. In [17], higher-order Gaussian monocycles are

considered in order to meet the FCC spectral mask. Firstly, it is shown that the Gaussian

2Tt should be noted that spectral mask considerations in many countries are also similar to that of FCC.
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Figure 2.3: Upper plot: 5" order Gaussian monocycle.  Lower plot: FCC spectral mask.

monocycle considered in [7] violates the spectral mask even if the pulse width is decreased.
In order to shift the pulse to the [3.1, 10.6] GHz frequency range, zero crossings of the pulses
are increased with higher order Gaussian monocycles. A table that provides the parameters
of pulses conforming to the FCC spectral mask is given in the paper. In Fig. 2.3, a 5" order
Gaussian monocycle that conforms to the FCC spectral mask is plotted in the upper plot,
and its pulse spectrum and the FCC mask are plotted in the lower plot.

In addition to higher order Gaussian monocycles that can meet the FCC spectral mask,
some other pulse design techniques were proposed in the literature. In [36], optimal design
techniques are developed for waveforms synthesized by the digital finite impulse response
(FIR) filter structure proposed in [37]. This approach formulates an optimization problem
which has the spectral utilization as its objective and explicitly imposes all design con-
straints, including the spectral mask constraint. The resulting design method yields pulses
that maximize the spectral utilization and are guaranteed to conform to the spectral mask,
and hence there is no need to interactively search for suitable parameter values. In [38],

a pulse design algorithm that uses different rectangular window filters for even and odd
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symmetric pulses has been proposed and studied. Also, Hamming and Hanning windows
are considered in this study for evaluation. With this approach, the generated pulses are
time-limited so as to reduce the interference, which also simplifies the implementation. Al-
though the approach does not maximize spectral utilization unlike [36], yet the pulses are
represented with a closed-form representation and conform to the FCC mask. The other
pulse shapes that are designed to satisfy the FCC mask include prolate spheroidal wave
functions [20] and Hermite pulses [28]. These pulse shapes were presented in Section 2.1.1,
when Gaussian monocycles were introduced.

The code shift keying impulse modulation that will be studied in the following chapters
can be used with any of the pulses above. Therefore, another pulse design approach is not
proposed in this dissertation. When any modulation is employed with the above designed
pulses, the PSD will be affected by the modulation effects in addition to the pulse spectrum.
Although a pulse may be designed to conform to the FCC spectral mask, the modulated

signal may violate the power emission limits and should be carefully considered.

2.2.2 Effects of modulation on the PSD

The effect of modulation on the PSD is well studied in the literature for the conventional
modulation formats. For a UWB-IR system, there are two main modulation factors: data
modulation and time-hopping for multiple access. While the assumptions on data modula-
tion are clear and consistent throughout the literature, assumptions on time-hopping vary.
These assumptions include (i) no TH codes, (ii) finite-length periodic TH codes, and (iii) TH
codes with infinite period. Among these assumptions, finite-length periodic TH codes is the
most realistic consideration.

When conventional modulations are considered with finite-length TH codes, the period-

ically transmitted signal can be represented for both TH-BPPM and TH-BPAM as

vy = S s(e—kNT) (2.8)

k=—00
if (2.1) and (2.2) are substituted into (2.8), respectively. Here, y(¢) is the continuously
transmitted UWB-IR signal, where s(t) is periodic with N,Ty. The PSD of y(t) is

Syy(f) = Wer(F)I* - Sece(f) (2.9)

where |W;, (f)|? is the squared-magnitude spectrum of the unmodulated pulse and S.(f) is
the PSD of the modulation effects. |W;,(f)|?, which is directly related to the pulse spectrum,
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was studied in the previous subsection. A general representation for S..(f) can be given as

Scc(f) = Scont(f) + Sdisc(f) (2'10)

where Scont(f) and Sg;..(f) are the continuous spectrum and discrete spectral components,
respectively. Calculation of S..(f) will be elaborated on in Chapter 5. While the presence
or absence of continuous and discrete terms in (2.10) will be determined by the data mod-
ulation, undesired peaks in the PSD will be determined by periodic TH codes. In [39], the
effect of deterministic TH codes on the spectrum is studied, where the PSD terms resulting
from TH codes are explicitly represented. In [40], the effect of TH code randomization on
the PSD when code shift keying used is explicitly studied to smooth the undesired peaks in
the PSD. In [41], the effect of TH code parameters on the PSD is studied by varying the
number of possible shift locations.

There are also studies that assume infinite-length TH codes. In [42], the influence of
the modulation format, multiple access format, and pulse shape on the PSD characteristics
of impulse radios is discussed considering the FCC spectral mask. It is shown that the
discrete spectral components due to PPM can be eliminated using polarity randomization.
This approach is later detailed in [43] by considering pulse-by-pulse and symbol-by-symbol
polarity randomizations. In [44], PSD of various time-hopping spread-spectrum (TH-SS)
signalling schemes in the presence of random timing jitter is studied. By considering the
Fourier transform of basic baseband pulse, PSD of different TH formats is shown to be
tractable, where a general PSD representation can be obtained. Both finite- and infinite-
length TH code cases can be evaluated using the general PSD representation presented in
this paper.

Following the presentation of pulse spectrum and the modulation effects on the PSD,

some of the works that study the co-existence issues are overviewed next.

2.2.3 Co-existence issues

The FCC defined power emission level below 3.1 GHz is very low, where most existing sys-
tems including GSM900, UMTS/WCDMA and GPS operate. On the other hand, the IEEE
802.11a Wireless Local Area Network (WLAN) system operates within the [3.1, 10.6] GHz
frequency range, where the UWB-IR and the WLAN systems may generate mutual inter-

ference. This has caused a mutual concern and has been studied in the literature.
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Before the release of the FCC spectral mask in 2002, there were also concerns for other
systems including GSM900, UMTS/WCDMA and GPS. Accordingly, a study has been
conducted on in-band interference power caused by different kinds of UWB signals at some
predefined frequency bands [45]. The interference levels are studied as functions of the UWB
pulse width at the frequency bands of GSM900, UMTS/WCDMA and GPS. Also, the UWB
system performance degradation in an AWGN channel in the presence of interfering systems
GSM and UMTS/WCDMA is considered. It is found that the interference in the frequency
bands studied is the smallest if the pulse waveform is based on higher order Gaussian
waveforms. When the UWB system degradation is studied, it is observed that the system
performance suffers the most if the interference and the nominal center frequency of the

UWRB system are overlapping.

After the FCC spectral mask, an analysis of the co-existence issues of UWB with other
devices in the same spectrum is provided [46]. Specifically, the interference to and from
devices using the WLAN standard IEEE 802.11a is focused on. The results indicate that a
UWRB interferer operating at the peak allowable power density induces minimal interference
into such WLAN devices in line-of sight (LOS) scenarios, even at close range. However, in
the non-LOS (NLOS) case, a UWB interferer can severely affect the data-rate sustainable
by 802.11a systems. Moreover, 802.11a interference into UWB systems is shown to reduce
the signal-to-interference ratio (SIR) by as much as 36 dB when the interferer is within LOS
of the UWB receiver.

Besides the co-existence analysis for performance degradations, reduced data rates and
SIR levels, some studies have addressed to minimize the interference levels by spectrum
shaping. These approaches are either based on pulse design [47] or TH code design [48],
and generate spectral nulls at desired frequencies. In [47], a transmitter pulse shaping
filter is formed as a coded Gaussian monocycle pulse where the codeword is obtained by
approximating the Fourier series representation of the desired spectrum shaping. In [48],
the design and optimization of TH codes to suppress the interference imposed by UWB-IRs
is considered. In both cases, it is reported that the interference level is effectively reduced

with the spectral nulls generated for the frequency band of IEEE 802.11a systems.
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2.3 UWB Channel Characteristics

After the overview of modulation options and spectral characteristics, UWB channel char-

acteristics are presented in this section.

2.3.1 Channel measurements

UWB channel characteristics in the frequency range [3.1, 10.6] GHz are different from nar-
rowband and wideband channel characteristics. Accordingly, various measurement cam-
paigns have been conducted to obtain measurement results to use in modelling the UWB
channel characteristics. The first set of channel measurements collected were the responses
to IEEE 802.15.3a call for contributions on UWB channel models. There were ten responses
that presented reports on measurement conditions and results to the IEEE 802.15.3a Work-
ing Group. Some of the contributions can be found in [49] — [53]. Considering the similar
observations in these reports and harmonizing them, a final report was presented to the
committee, that proposed a multipath channel model [54]. This final report considers four
channel types depending on the signalling path and the distance between transmitter and

receiver as shown in Table 2.1. These four considerations are mainly adopted from [49], [50].

Table 2.1: Multipath channel type considerations for IEEE 802.15.3a.

Channel type Environment Distance
CM1 LOS 0-4m
CM2 NLOS 0-4 m
CM3 NLOS 4-10 m
CM4 NLOS (heavy multipath) | 4-10 m

The report [54] proposes a UWB channel model derived from the Saleh-Valenzuela model
[65] with a couple of slight modifications, based on the clustering phenomenon observed
in several channel measurements. The report recommends using a lognormal distribution
rather than a Rayleigh distribution for the multipath gain magnitude, since the observations
show that the lognormal distribution seems to better fit the measurement data. In addition,
independent fading is assumed for each cluster as well as each ray within the cluster. The
multipath model presented in [54] has been widely used in performance evaluations, despite

it is limited to only indoor residential and office environments within 10 m range.
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After [54], there have been a considerable number of papers published on the mea-
surement and modelling for specific environments, but none of them has gained widespread
acceptance for system testing purposes mainly due to not being contested by IEEE Working
Groups. An overview of these measurements can be found in [56]. Recently, a comprehen-
sive standardized model for ultrawideband propagation channels is presented in [57]. The
model has been developed by the authors during their work for the IEEE 802.15.4a group,
and was accepted by that body as the official model for comparing different system propos-
als for standardization. The channel model presented in [57] is more comprehensive than
the model presented in [54] since it includes more specific measurement environments, as
well it includes a number of refinements and improvements to previously presented channel
models. It is also stressed by the authors that the 802.15.4a channel model presented in the
paper is valid for UWB systems irrespective of their data rate and their modulation format
(i.e., also valid for IEEE 802.15.3a considerations).

During the preparation of this dissertation, only the IEEE 802.15.3a channel model
[54] was officially available. Therefore, only that model has been considered in system
performance evaluations in the following chapters. In the next subsection, the published

[IEEE 802.15.3a multipath channel model is presented.

2.3.2 Multipath channel model

The UWB multipath channel model consists of the following discrete-time impulse response
[54]
L K
h(t) = Zzak,l5(t—ﬂ _Tk,l)- (2.11)
1=0 k=0

Parameters associated with this model are explained below.

® ay  is the gain coefficient of kth ray in /th cluster and 7y is the arrival time of kth

ray relative to /th cluster’s arrival time T;.

e The inter-cluster and inter-ray arrival times are independent and exponentially dis-

tributed.

® o) = pr; Ok, where pi; is equiprobable +1 to account for signal inversion due to

reflections.
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e (3 is a lognormal random variable, denoted by 20log;o(8k 1) &< N (i, 02), where Pk ]

and o2 are given in [54].

e The power delay profile is double exponentially decaying and given by E{ﬁ,% 1=
Qo exp(—T;/T) exp(—7,1/7), where E{-} is the expectation operator, Q is the mean
power of the first ray of first cluster, and I and + represent the power decay factors

of the cluster and ray, respectively.

In order to model and evaluate different channel types (i.e., CM1-CM4), the parame-
ters can be obtained from [54]. In system performance evaluations and simulations in the
following chapters, the simplified channel impulse response will be used, where (2.11) can

be equivalently represented as [56]

L-1
h(t) = mé(t—m). (2.12)
=0

Here, L is the total number of multipaths, h; is the Ith multipath coefficient and 7; is the
delay of Ith multipath component.

2.3.3 Channel model assumptions in the literature

An important issue overlooked in most of the studies is the channel model assumptions.
When channel realizations are generated from (2.12), if two multipath components arrive
within less than the pulse width, there may occur pulse overlappings. While wider band-
width systems may observe less number of pulse overlaps (e.g., a UWB-IR system with
5 GHz bandwidth), 500 MHz bandwidth systems (e.g., IEEE 802.15.4a consideration) will
largely be affected by overlapping pulses. In most of the analytical studies, where the typ-
ical 500 MHz — 2 GHz bandwidth UWB systems are considered [58], it is assumed that
multipath arrivals are at multiples of chip time, irrespective of the system bandwidth, to
simplify the analysis. Many simulation studies also consider this assumption, where the
reported system performances may be inaccurate due to ignoring the effect of inter-pulse
interferences. For more accurate performance results, channel models that account for pulse
overlappings should be considered.

In the following, two channel models,® namely the accurate 7-spaced channel model and

the approximate T.-spaced channel model are presented.

3In the dissertation, CM1-CM4 are referred to as “channel types”, whereas 7-spaced and T.-spaced
models are referred to as “channel models”.
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Figure 2.4: Illustration of 7-spaced channel model and the Rake fingers.

T-spaced channel model

The 7-spaced channel model uses the exact multipath delay locations and amplitudes
of channel coefficients given in (2.12), and accounts for possible pulse overlaps. There are
only few papers that use this model in performance analysis [58], [59], where only semi-
analytical results are presented. When using this model, the locations and tap weights of
Rake fingers should be calculated from the channel coeflicients in order to maximize the
captured multipath energies [60], while conforming to the criterion of Rake fingers being
separated by at least T, [9]. Accordingly, the performance of the UWB-IR systems depends
on how well the Rake receiver can be implemented. When determining the Rake fingers,
some studies use channel estimation techniques [61], whereas most other studies assume
perfect knowledge of the channel. Also, some studies assume that the Rake fingers can be
placed fractionally (i.e., even less than chip time T;) [61], [62]. However, a realizable Rake
structure is when the Rake fingers are separated by at least T,. In Fig. 2.4, multipath channel
coeflicients and the received waveform are plotted in upper and lower plots, respectively.
It can be observed that the received waveform is distorted due to pulse overlappings. To

capture multipath energies, Rake implementations are illustrated for two considerations.
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Figure 2.5: Illustration of T .-spaced channel model and the Rake fingers.

T.-spaced channel model
The T,-spaced channel model assumes the arrival of multipaths at multiples of chip time

T.. Accordingly, this model can be represented as

—_

R'(t) =) hd(t—1)) (2.13)
l

™~

Il
=)

where 7] = kT, k is an integer and h; are the channel coefficients. {h]} can be obtained by
lowpass or bandpass filtering h(t) given in (2.12) followed by downsampling at multiples of 7.
[30], or by linearly combining coefficients quantized to the same chip time [63]. In Fig. 2.5, a
T.-spaced channel model is illustrated for multipath channel coeflicients, received waveform
and Rake finger locations. It can be observed that each pulse is resolved individually and

pulse energies can be collected ideally.

In this chapter, the background information on UWB-IRs was presented. In the following
three chapters, M-ary code shift keying impulse modulation will be studied in detail to

address the issues summarized in Chapter 1.



Chapter 3

MCSK Impulse Modulation

In the previous two chapters, the motivation for a new ultra wideband impulse radio (UWB-
IR) modulation and the background information on the current UWB-IRs were presented.
In this chapter, M-ary code shift keying (MCSK) impulse modulation, a new modulation
for UWB-IRs, is presented as the first main contribution of this dissertation.! The main
motivation of the MCSK impulse modulation considered here is to randomize consecutive
pulse transmit locations of the conventional time-hopping M-ary pulse position modulation

(TH-MPPM) in order to reduce the effect of multipath delays on the decision variables.

3.1 Introduction

In UWB-IR communications, TH binary PPM (TH-BPPM) is the most commonly con-
sidered modulation format. Due to its limited data rate, TH-MPPM is the conventional
modulation considered mainly to meet the demand for higher data rate. MPPM based
UWB-IRs, including the TH-MPPM, have been widely studied in the literature [21] — [23].
In the conventional implementation of TH-MPPM, a single pulse is transmitted in one of the
fixed M consecutive pulse transmit locations. For multiple-access, user-specific TH codes
are used to further shift the pulses to randomized locations in order to reduce catastrophic
collisions. At the receiver, signal energy is captured from M consecutive locations after
synchronizing with the user-specific TH code. In a multipath channel, where Rake receivers

are used to collect multipath energies [9], energy captures from consecutive pulse locations

!The material presented here is a combination of the works published in [64] and [65].

26



CHAPTER 3. MCSK IMPULSE MODULATION 27

may be interfered by a large portion of the multipath-delayed received pulses, which may
generate noticeable interference components for the M decision variables, hence affecting
the system performance.

The effect of interference components on M decision variables can be totally eliminated
if consecutive pulse transmit locations can be separated by the duration of multipath delay
spread. However, such an implementation would significantly reduce the data rate. Given
the high data rate and multiple-access capability constraints, a more feasible approach
is to randomize the consecutive pulse transmit locations using M orthogonal TH codes.
With this approach, (i) the separation between consecutive pulse transmit locations can
be increased while the data rate is fixed, and (ii) reduced catastrophic collisions can still
be maintained with the random selection of user-specific TH codes. This new UWB-IR
modulation format is referred to as M-ary code shift keying impulse modulation. In the
following, MCSK impulse modulation will be introduced and detailed with the specific focus

of the randomizing effect on pulse transmit locations.

MCSK is considered here for both single- and multi-user cases. In the study of the single-
user case, the effect of multipath-delayed pulses on M decision variables is explicitly provided
in terms of channel impulse response coefficients. In the study of the multi-user case, an
accurate semi-analytic symbol-error rate (SER) expression is derived based on modelling
the multi-user interference (MUI) terms with the generalized Gaussian distribution (GGD)
presented in [66]. Some approximations to MUI modelling are provided in Section 3.5,
which increase the computational efficiency of numerical analysis significantly with respect
to the simulation studies, while still providing accurate results. For all the analysis, the
commonly used approximate T,.-spaced channel model is considered for convenience. In
order to provide more realistic results, system performances are also provided in the accurate
7-spaced channel model with implementable Rake receiver structures [60]. When practical
implementations of MCSK and MPPM are considered, it is shown that MCSK can provide
about 2 dB performance gain over MPPM as it reduces the effects of multipath delays on
the decision variables by randomizing pulse transmit locations. This performance gain is
mainly a result of the separated M decision variables experiencing less interference terms

due to the decaying power delay profile.

The rest of the chapter is organized as follows. In Section 3.2, system models for the
MCSK impulse modulation and TH-MPPM are described. MCSK and TH-MPPM systems
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are analyzed in Section 3.3 in terms of the SER, where the upper and lower bounds on the
SER are derived for single- and multi-user cases. In Section 3.4, an implementable Rake
receiver structure is presented for the accurate T-spaced channel model. In Section 3.5,
numerical and simulation results are presented to verify the SER analysis, and to show the
advantages of MCSK over the conventional TH-MPPM. The concluding remarks are given

in Section 3.6.

3.2 System Model

An analogy can be made between MCSK and MPPM as they both use one of the M pulse
locations to transmit information. While the conventional TH-MPPM uses M consecutive
pulse locations shifted by a TH code, MCSK randomizes the pulse locations through A
TH codes. Due to the similarity and the difference of these two modulations, the signalling
structures should be clearly defined for a fair comparison.

Let us initially start with TH-MPPM. The signal that transmits the ¢th symbol of the
kth user using conventional TH-MPPM can be modelled as

st 1
sB ,/ t — Ty — T, ~ dﬁk)ad) (3.1)

* = (1 1)N;
where w(t) denotes the transmitted pulse, which includes the effects of transmitting and
receiving antennas, with unit energy and pulse width T},. The other system parameters are
explained in detail after (2.2) for the general PPM format and after (2.5) for the M-ary
PPM format. Using TH-MPPM, a pulse is initially shifted to one of the N, TH locations,
and further shifted to one of the M consecutive data-bearing pulse locations within a frame
time T7.

As opposed to consecutive fixed pulse transmit locations in MPPM, MCSK transmits
pulses at randomized locations determined by M TH codes. Accordingly, MCSK combines
the TH shift and the PPM shift in (3.1) and achieves data transmission through one of the
M TH codes as

iNg—1
FE - .
SE\I;LSK (t) = —Z Z w(t - ]Tf - (cf;(_cz))j TC) (3-2)
j=(i~1)Ns *

where {0 < (c(’f,z)) < Np+ M — 1;V5, Vk} is equivalent to the combined TH and PPM
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Figure 3.1: Illustration for TH-MPPM and MCSK transmit structures.

shift effect in MPPM and dgk) € {0,..., M — 1} selects one of the M TH codes of user k.
Contrary to a single TH code c(®) being assigned to each user in TH-MPPM, a TH code set

consisting of M TH codes {c((]k),cgk), . ,cx;)_l is assigned to each user in MCSK, where
cﬁ,’i) = {(aﬁﬁ))o,...,(cfﬁ))Np_l}. Each TH code set is generated independently for each

user to allow for multiple access. In each TH code set, the codes are designed to satisfy
{(c(()k)) jFE e F (c%l;)_l) j» V7, Vk} to ensure orthogonal pulse transmit locations. For reduced
collisions [7] and suppressed PSD components [67] in order to conform to the PSD limits for
the given MHz bandwidth [1], it is further assumed that (cgf)) ; is uniformly distributed over
[0, N, + M — 2] while conforming to the TH code design constraints above. With these TH
code sets, MCSK randomizes pulse transmit locations within each frame time. For better
understanding of the differences between TH-MPPM and MCSK, their signalling structures
are illustrated in Fig. 3.1 for a single-user when Ny = 8, M = 4, N; = 2 for the given
TH code sets. It can be observed that TH-MPPM transmits the pulses at M consecutive
locations further shifted by its TH code, whereas MCSK randomizes the pulse transmit

locations based on its TH code set.
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For a multiple-access system consisting of NV, users with perfect power control, the

received signal r(t) at the output of the receive antenna can be modelled as

Ny
rt) =Y s®(t - 7) ® he(t) + n() (3.3)
k=1

where hi(t) is the kth user’s channel impulse response (CIR), ® is the convolution operator,
Ty is the time asynchronism between the users and n(t) is the additive white Gaussian noise

(AWGN) with two-sided power spectral density Ny/2. hi(t) is given as [56]
hie(t) = > bt — i) (3.4)

with the assumption Zsz_ol hﬁ,z = 1, Yk in order to remove the path loss factor, where
hi, is the kth channel’s Ith multipath coeflicient, 7;; is the delay? of the kth channel’s
Ith multipath component and 4(:) is the Dirac delta function. For the commonly used
approximate T.-spaced channel model, {74;}’s are assumed to be at the multiples of T
(i.e., ! - T;) with the corresponding {hx;} normalized accordingly, whereas for the accurate

7-spaced model, {7} and {hi} take the exact values for the given CIR.

Assuming a partial-Rake receiver with L, fingers, perfectly estimated CIR coefficients
for user 1 and T.-spaced channel model for simplicity in analysis, the correlator output

statistics of the first user {Dg)} for the first symbol transmitted in a multipath channel are

r—Ns—le ! G+DT,
(1) Z Z hll/ r(t) wfj’)temp(t) dt (3.5)
7=0

for {m =0,...,M — 1}, where

computed as

W, e ® = w(t=iTy = T — mT. —11.)
0 srcssc ) = w(t =Ty = ()T ~IT:)
are the template waveforms used by MPPM and MCSK, respectively. Given d(()l) is trans-
mitted,? (3.5) can be simplified for both MPPM and MCSK as
DY = Sy + Iy + Ny (3.6)

e~

2The path delay i, is distinguished from the user delay 7 by the sign
3The user index (1) of d"’ and ¢ is omitted in the following text for mathematical convenience.
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where S,,, is the output signal term, I,, is the MUI term and N,, is the output noise term.
Sm and Ny, can be given for MPPM and MCSK, respectively, as

Ns—1Lp—-1 Ny—1Lp—-1
Sm = Z Z hiih1gim-do)s, Nm = Z Z haums i m—do) (3.7)
j=0 1=0 =0 1=0
Ny—1Lp-1 Ny—1Lp—1
Sm= D D hihriemy—(ea)y)s  Nm= D D MnGien);—(e))  (38)
J=0 =0 j=0 1=0

where h1; = 0for I <0, and { N(a,b); V0, Vb} are independent noise terms with o2 = ﬁ]}fN_o‘

The common interference term I, is
1)Ty

(s<k>(t _7) ® hk(t)) w® (t)ydt (3.9)
and can be calculated for MPPM and MCSK by replacing the corresponding template wave-
form. I, will be elaborated on in the next section when generalized Gaussian distributions

will be used to model the MUI. The transmitted symbol dy is then estimated for MPPM
and MCSK as

max{D,(,})} = m = dp. (3.10)

3.3 Analysis of the Symbol-Error Rate

The transmitted symbol dy will be detected correctly at the receiver if Dé})) > DS,P, Ym, m #

do. Accordingly, the probability of error given dy is transmitted can be formulated as

M-1
Pleldo) = Pr[ | Saosm + laosm + Nag.m < 0| o] (3.11)

m=0
m#dg

where Sgg.m = (S¢; — Sm), Ldg.m = (Igy —Im) and Ny m = (Ngy — Nm). For convenience we
here define P.(m|dy), the pair-wise error probability of receiving m, given dy is transmitted,

as

Pu(mldo) = Pr | Supm + Lagm + Nagm < 0 { dg]. (3.12)
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Since the M — 1 pair-wise error probabilities {P.(m|dp)} are mutually dependent, an
exact SER expression, P, is not allowed. Hence, the lower and upper bounds on P, can be

evaluated as

M~
S Pldo)PE)(eldy) < P Z_ (€ldo) (3.13)

with P (eldy) = max {Pe(m|d0)} and PO (e|dg) = Zope m|do)
mz#dg
m#dg

where P(dp) is the probability of dy being transmitted.

In the following subsections, the SER of TH-MPPM and MCSK are evaluated for single-
and multi-user cases, where the single-user case is considered to explicitly observe the effects
of fixed and randomized pulse locations and the multi-user case is considered to include the

effect of MUI on the SER by modelling it with the accurate GGD.

3.3.1 Single-user case

Let us initially consider TH-MPPM. In the case of a single-user, P.(m|dp) in (3.12) becomes
a function of S4, m and Ngy m since Iy, m = 0. For known channel coefficients {h,;}, (3.12)
can be viewed as a binary modulation when Sy, ,, is corrupted by the output noise value

Ngym [9]. Therefore, (3.12) can be evaluated as

Pemppum(m|do) = Q (\/ SNRdo,m) (3.14)

where Q(-) is the Q-function and SN Ry, ,, is the output signal-to-noise ratio (SNR) of the

decision variable defined as

_ 'Sdo,m|2
SNRijym = — (3.15)
IN,
dg,m
for m # dy, where 02 denotes the variance of Ngy,m- Assuming the channel coefficients

{hi1,} are known, using (3.7) the output SNR can be simplified to

2F,

SNRaom = 32 H(do, m, L) (3.16)
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where H(dy, m, L,) explicitly represents the effects of CIR and the partial-Rake receiver on
the output SNR and is given by

o (hff,z - hl,lhl,(l—(do—m”)] 2

2
Zl'l,l'z,lg (hl,l’ - h1,(1f+(d0_m)))

Here, the summation regions {i, 15 and l§ are defined as {lj| — (dy — m) < I < -1},

{i5/0 <V < L, —1} and {l3|L, <1 < L, — 1 — (do — m)}, where these regions may or may

H(do,m,LP) = [ (3.17)

not exist depending on the value of the (dy, m)-pair. Also to note, hy; = 0 for only I < 0,
whereas hypp =0for ' <0and ' > L, — 1.

Two interesting notes can be made with respect to H(dp, m, L) given in (3.17). First
of all, it is independent of N, the number of pulses transmitted in a symbol. Therefore,
increasing the symbol duration for a fixed frame time does not improve the output SNR
value and hence the system performance, when no MUI is present. Secondly, it is a function
of the difference (dg — m). Therefore, different (dy, m)-pairs may result in the same values

since the relative differences are fixed in MPPM.

The SER of MCSK can be found similarly, but the computation of P pcsk(m|do) is
different from that of P. mppa(m|dp) due to the definition of (dp, m)-pairs. In MCSK,
each distinct {dp, m)-pair refers to the selection of independent TH codes. Therefore,
P. mcsk(mldg) is not a function of (dg — m) but a function of ((c4); — (cm);), where
{(cm)j» Ym,Vj} are assumed to be uniformly distributed over [0, N, + M — 2] with the
condition (c4y); # (cm);. Hence, the difference C; = ((c4y); — (cm);) has the probability
density function (pdf)

Np+M-—-2
(N + M —1) — |G
fo; (@) = 6(z - Cj) (3.18)
’ Cj=—(%f—M—2) (Nh+M_1)(Nh+M_2)
C] 0

when considered for every j value. Since C; is independent Vj,j € [0, Ny — 1], Sg, m and
N4y m become functions of {Cj 7 =0,...,Ns — 1}, which indicates the combinations of

different C; values. Accordingly, P pcsk(m|do) can be derived as

Pemcsk(mldo) = Nhg:l—2 Nhg:l_2 No+M-1)—1C|
e, =
Co=—(Np+M-2) CNs_lz—(Nh+M_2) (Nh + M - 1) ’ (Nh + M - 2)
Co#0 Cng—1#0

(N + M~ 1) = [Cn, | ,
(No+ M —1) (Np+ M—2) Q(\/SNRdo,m({Ca }) ) . (3.19)
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SNRy,m({C;}) can be computed using (3.8) and is given by
S ()P _ 28

SNRaym({C3}) = B Ee H((C,) 1) (3.:20)
Nay,m({C5}) 0
=1 —Lp—1

[Z Y2y (W = highy -, ]
where H({C;},L,) = N (3.21)

NsdliZe v, (hl v —hiwac; )

Here, the summation regions {1, l5 and lj are defined as {lj| — C; < < —1}, {{43l0 < V' <

L, -1} and {l§|]L, < !' < L, — 1 — C;} with the same boundary constraints given after

(3.17).

By comparing (3.21) with (3.17), two apparent advantages of MCSK over MPPM can be
observed. First of all, the interference terms {hl,(l—Cj y} in MCSK coming from other M — 1
decision variables are more separated from the desired terms {h;;} than the interference
terms {hy (1—(4o—m))} in MPPM due to the larger distribution range of C;. Accordingly, for
a decaying power delay profile, it is expected that the interference caused by multipath-
delayed pulses will have less effect on the decision variables of MCSK. Secondly, {C;} are
independent for {j = 0,...,Ns — 1}. Therefore, combining independent {C;} increases
the diversity gain and it is expected that the performance gain of MCSK over MPPM will

increase with NNy increasing, since MPPM is independent of Ny for the single-user case.

3.3.2 Multi-user case

In the presence of multiple interfering users, the MUI term I4;, ,,, should also be included in
the calculation of P.(m|dp) as given in (3.12). However, modelling of I4; ,, is not trivial since
Iiym = (I4y — Im) depends on many variables including the (dp, m)-pair for TH-MPPM,
the {C;}-values for MCSK, and the CIR coeflicients {ht;}, the path delay {74}, the user
delay {7x} for k = 1,..., N, for both modulations as given in (3.9). On the other hand,
obtaining the system performance by simulation studies is not the best approach since many

simulations should be conducted for the convergence of SER values.

One approach for the accurate modelling of MUI distributions is the generalized Gaussian
distributions used in [66]. However, for an accurate SER expression, each channel realiza-
tion should have its own GGD for modelling the MUI, which makes the SER evaluation
computationally complex. With the motivation of providing an accurate and computation-

ally efficient SER evaluation, some approximations are considered for GGDs in this chapter
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when modelling the MUI distribution. Although GGDs will be used ideally in this section
to model the MUI distributions for each channel realization in order to provide an accurate
SER expression, approximations to MUI modelling will be made in Section 3.5 to yield the
SER evaluation computationally efficient and yet accurate.

Modelling the MUI term with the GGD is a two-step procedure as proposed in [66). For
an accurate SER expression, MUI distributions are obtained individually for each channel
realization. For that, Iy, ., = (I3, — In) is simulated using (3.9) for the given channel
realization {h;;} with various channel realizations and user delays of N, — 1 interfering
users for each (dp, m)-pair or {C;}-values depending on the modulation. The distribution
of I, m is then fitted into the GGD resulting in the pdf f; dgm (z). The details of the
modelling of fy, .. (x) are presented in Appendix A. Once fj, () is determined, the
characteristic function (CF) method can be used to evaluate the error probability as in [15].
By calculating? the CF’s of Iy, m and Ny, m, and the deterministic value of Sy, ,, for each
channel realization, P.(m|dp) can be accurately evaluated.

For the error probability evaluations of TH-MPPM and MCSK for each channel realiza-

tion, let us rewrite P,(m|dp) given in (3.12) as
P.(mldo) = Pt [Suym + Adg.m < 0] o] (3.22)

where Ay, m = Igy,m + Nay,m- Due to the independence of the MUI and noise terms, the CF

of Agym can be expressed as

@Ado,m(w) =&, (W) PN, (W) (3.23)
where the CF’s of the MUI and noise terms, respectively, are
oo e ML
Bragn@) = [ I fry @)z = Ger,, (3.24)
-0 n=0 )
o —o2 w?/2
D () = / 9 f, (@) dz=e Maom ! (3.25)
—0o0
N, Nl ,
with o}, = = /SN > Y (hiy = hiwo(ap-my)” for TH-MPPM
S0 =0 iy
N N 9
and szvdo,m = °F /SNO Z Z (hl,l’ bl hl,(l'+CJ—)> for MCSK.
s 3=0 U,,1h,1%

“For MCSK, the terms Sq,,m, Iay,m and Nay,m are functions of {C;}. Accordingly, these terms should
be associated with {C;} whenever MCSK is considered.
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In (3.24), u, is the nth-order moment of the GGD [68], where the odd-order moments are
zero due to the symmetrical distribution of a GGD around zero, and the even-order moments
can be numerically calculated from (A.2). After taking the inverse transform of (3.23) as in

[69], the cumulative distribution function of A4, ., can be expressed as

.
Frgn@=3+5 [T, 0)a (3.:26)
0 W ’

1
2
For TH-MPPM, P,(m|dy) depends on the unique (dy, m)-pair and can be evaluated as

P. mppm(m|dp) = Pr [Sdo,m + Agym <0 } dg] = 1- FAdO,m (Sdy.m,)- (3.27)

For MCSK, P.(m|dp) depends on the pdf of C; given in (3.18) for each (dy,m)-pair. Ac-
cordingly, P.(m|dp) of MCSK can be evaluated as

P, mcsk(mldg) = Pr [Sdo,m({cj}) + Agym({C;}) <0 ‘ dg]

Np+M-2 Np+M-2
Y (No+M-1)—|Col
Co=—(Np+M-2) Cnz_1==(Np+M-2) (Nh + M- 1) ’ (Nh + M- 2)
Co#0 Cn,—170

(Npn + M —1) — |Cn,-1]
(Nh—i-M—l)'(Nh'i‘]M—Q)

[1 = Fayy miic;)) (Saom{Cs1))] (3.28)

where Sg4y.m({C;}) and Fpyy m(iC;}) can be obtained from (3.8), (3.23)-(3.26). It should
be noted that the multi-user case error probability expressions given in (3.27) and (3.28)
become equal to the single-user case expressions given in (3.14) and (3.19) when &;, _(w)

in (3.24) is unity.

3.4 Realistic Rake Implementation

In Section 3.3, the T.-spaced channel model and a Rake receiver with fingers placed ideally
at the multiples of 7, were considered for simplicity in analysis. In this section, it is aimed to
present more accurate channel conditions and implementable receiver structures in order to
provide more realistic system performances. For that, the 7-spaced channel model with ex-
act multipath arrival times and a Rake receiver implementation with fingers being separated
by at least the chip time 7T, are considered. While the 7-spaced channel model accounts for
possible pulse overlapping that reduces the system performance, the Rake receiver imple-

mentation with fingers separated by at least the chip time approach tries to maximize the
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collected energy. Here, a possible implementation of a Rake receiver is presented for known
CIR coefficients {h;;} in the accurate 7-spaced channel model.

The simplest approach to a realistic Rake receiver implementation is to select the largest
CIR coeflicients that are separated by at least T, in a 7-spaced channel model. Given the
coefficients and multipath arrivals of h1(t), H; = {h;;|{=0,...,L—1} and Ty = {ry,; |l =
0,...,L — 1}, the largest coefficients Hj 0, = {he |k =0,..., K — 1}, Hy mae € Hj, and
the corresponding arrival times T1 mez = {7k |k =0,..., K =1}, K < L, T maz C T1, at

least separated by T, can be found using the following procedure [60]:
1. Initialize 71, _; = 0 and & = 0.
2. Define T} = {1y | 711 € [T16-1,T1k—1 + Tc|}.

3. Define H] = {hy, |l € T{}.

>

. Find max{|H}|} = hyk, where | - | denotes absolute value.
5. Find the corresponding 7y k.
6. k=k+1;GotoStep 2ifk # K.

Here, K is assumed to be the maximum number of fingers that can be obtained using the
above procedure. Therefore, a Rake receiver using all K fingers obtained by this proce-
dure serves as an implementable® all-Rake receiver. On the other hand, fewer fingers can
be used to implement partial-Rake or selective-Rake receivers, which are more desired for

implementation since they are cost effective.

3.5 Results

In this section, initially the SER bounds for TH-MPPM and MCSK are validated in the
approximate T.-spaced channel model for the single-user case, followed by the system per-
formance comparison in the accurate 7-spaced channel model using the above Rake receiver
implementation for line-of-sight (LOS) and non-LOS (NLOS) channel types (i.e., CM-1 and
CM-3). In the second part, GGD is considered for modelling the MUI for the multi-user

5Since the realistic T-spaced channel model allows for pulse overlapping and the Rake fingers are separated
by at least T¢, an all-Rake receiver considered here cannot collect all the signal energy.
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case in order to verify the analysis in the T,-spaced channel model, followed by the system
performance comparison in the 7-spaced channel model for more realistic results. In both
numerical analysis and simulations, a second order Gaussian monocycle with pulse width
T, = 0.6 ns, chip time T, = 0.6 ns, and frame times Ty = 60 ns and Ty = 120 ns, re-
spectively, for the IEEE 802.15.3a CM-1 and CM-3 channel types [54] are considered. All
the SER and bit-error rate (BER) performances are reported for fixed symbol energy F; to

conform to FCC power limits.

3.5.1 Performances for the single-user case

In order to validate the analysis, SER bounds given in (3.13) are evaluated for TH-MPPM
and MCSK in CM-1 by averaging over 1000 channel realizations and verified by simulations
for different N values when L, = 8 Rake fingers are used. Maximum shift of MCSK is fixed
to (N, + M — 2) = 31 for different M values, which control the value of Nj,.

Initially, let us discuss the SER bounds plotted in Figs. 3.2 and 3.3. For 2PPM and
2CSK, the lower and upper bounds become the error probability P. due to P.(m|dp) taking
a single value for every dp. For {4PPM, 8PPM} and {4CSK,8CSK}, the simulated perfor-
mances approach the upper bound for medium and high SNR values. This can be explained
by each P.(m|dy) having almost independent contribution for the SER. Accordingly, the
derived upper bound can be used to approximate the SER performances in the medium
and high SNR regions. On the other hand, the lower bounds of TH-MPPM and MCSK,
{M > 2}, are quite similar to the performances of 2PPM and 2CSK in the low and medium
SNR regions, since the maximum P.(m|dp) values that determine the lower bound are found
to be similar to the P.(m|dp) value of the binary modulations. For the illustration purpose,
the lower bound of 4PPM is plotted for comparison to 2PPM in Fig 3.2.

In Figs. 3.2 and 3.3, it is also important to discuss the relative performances of TH-
MPPM and MCSK. For this performance comparison, Ny = {1,2,4} are considered. For
every N; value, it is verified by simulations that MPPM does not have any performance
improvement with increasing N, as also suggested by (3.17). On the other hand, MCSK
improves its performance by increasing Ny as the diversity gain increases with the combi-
nation of different CIR coeflicients from different frame times. Here, the performances of
TH-MPPM and MCSK are plotted for N, = 2. It can be observed that MCSK provides 1-2
dB performance gain over MPPM when the SER range [1072,1079%] is considered.
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Another interesting point is that 2PPM becomes a special case of 2CSK when (N, +
M — 2) =1 is substituted into (3.21). This is equivalent to 2PPM shifting the pulses only
to 0" and 1% pulse locations. Accordingly, the performance of 2PPM is worse than the

performance of 2CSK as also observed from the figures.

Next, the accurate T-spaced channel model is considered to provide more realistic per-
formance results. In the simulation studies, it is assumed that the channel coefficients are
perfectly estimated and the Rake fingers are separated by at least the chip time T.. The

locations of the Rake fingers are determined by the search algorithm presented in Section 3.4.

In Figs. 3.4 and 3.5, BER performances of TH-MPPM and MCSK are compared in
CM-1 when all-Rake and partial-Rake (L, = 10) receivers are considered, respectively, for
Ny, = 2. It can be observed that MCSK can provide about 1.5-2 dB performance gain
over MPPM at BER = 4 - 107 for the all-Rake receiver and at BER = 2 - 1073 for the
partial-Rake receiver. When N, = 1, while MPPM performs the same, it is observed that
MCSK slightly decreases the performance gain to 1-1.5 dB. Accordingly, this performance
gain is a result of only the randomizing effect, whereas the performance gain for Ny > 1 is

determined by the diversity gain as well as the randomizing effect.

The performance gain reported in Fig. 3.5 is important since it is a result of a practical
Rake receiver implementation. First of all, the channel model assumes the exact arrival of
multipaths, and hence, there may be pulse overlaps, which is a realistic condition. Secondly,
the Rake fingers are separated by at least the chip time, which is an implementable structure.
Lastly, limited number of Rake fingers are considered, which is cost effective. Therefore, the
performance gain reported in Fig. 3.5 is important from the practical aspects of TH-MPPM
and MCSK comparison.
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Figure 3.4: Performances of TH-MPPM and MCSK for practical implementation of an

all-Rake receiver in the accurate 7-spaced channel for CM-1.
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Figure 3.5: Performances of TH-MPPM and MCSK for practical implementation of a
partial-Rake receiver with L, = 10 fingers in the accurate 7-spaced channel for CM-1.
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Figure 3.6: CIR coefficients in CM-1 and CM-3 channel types.

After the LOS CM-1 channel type, system performances are also compared in the NLOS
CM-3 channel type. Before comparing the performances, it is important to compare the
CIRs of CM-1 and CM-3 as plotted in Fig. 3.6. As illustrated in the plotted channel
realizations, power delay profile of CM-1 decays faster than that of CM-3. Accordingly, for
the maximum TH shift considered for MCSK (= 19 ns) in this study, CIR coefficients in
CM-1 become very small for the maximum distance. Hence, when the pulses are transmitted
at significantly separated locations,® the decision variables are less affected by the multipath
delays. This has resulted in 1-2 dB performance gain over MPPM as reported in the previous
figures. When a CM-3 channel type is considered, the CIR coeflicients are still significant
even at the maximum separation. Accordingly, the system performance of MCSK is not
expected to benefit from pulse location randomization. However, diversity gain achieved by

combining different pulse locations for N, > 1 may increase the performance.

S1f the pulses were continuously transmitted at maximum separated locations, although the system perfor-
mance could have improved, the PSD would have spectral components due to limited TH randomization that
would violate the FCC spectral mask [67]. MCSK that transmits at randomized pulse locations eliminates

this problem.
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Figure 3.7: Performances of TH-MPPM and MCSK for practical implementation of a
partial-Rake receiver with L, = 20 fingers in the accurate 7-spaced channel for CM-3.

In Fig. 3.7, BER performances of TH-MPPM and MCSK are compared in CM-3 when
a partial-Rake (L, = 20) receiver is considered for N, = 2. It can be observed that MCSK
provides about 0.2-0.5 dB performance gain at BER = 1072, When N, = 1, TH-MPPM
and MCSK perform almost the same, showing that the MCSK performance does not benefit
from pulse location randomization in the slowly decaying power delay profile of CM-3.
Accordingly, the performance gain provided by N; = 2 is a net result of the diversity gain

as mentioned in the previous paragraph.

3.5.2 Performances for the multi-user case

In order to evaluate the multi-user case analysis, 2PPM is considered as a special case
of 2CSK, where the SER bounds for {4PPM, 8PPM} can be found similarly. The SER
of MCSK can also be evaluated similarly by considering different NV} values following the
detailed example of 2PPM. Here, some assumptions and approximations are provided to

yield the analysis evaluation computationally efficient.
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Figure 3.8: The MUI distribution obtained by simulations and its equivalent generalized
Gaussian distribution.

For the ezact evaluation of Pe(m|dp) in (3.27), initially the GGD of the MUL, f;, _ (z),
should be obtained for each channel realization and (dg, m)-pair. It is important that each
channel realization should have its own GGD since the values of Sy, ,, and Ny, ., change with
channel realizations. However, this requires many simulations. Therefore, it is assumed that
a single MUI distribution is obtained by simulating (3.9) over wvarious channel realizations
for the first-order approximation. In Fig. 3.8, the MUI distribution of N, —1 = 7 interfering
users obtained over 1000 channel realizations and its equivalent GGD f;do‘m(:c) are plotted
for (dp = 0,m = 1). The MUI distribution for (dy = 1,m = 0) is also found to be well
in accordance with the same GGD. The MUI distribution and its associated GGD can be
computed as outlined in Appendix A. Using the single distribution of fIdo‘m(a:) in (3.24),

P.(m|dp) in (3.27) can be evaluated over different channel realizations.
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Figure 3.9: SER evaluation in the presence of N, — 1 = 7 interfering users that are modelled
by GGD.

In Fig. 3.9, numerical values for SER, are compared to the simulation values for partial-
Rake and all-Rake receivers. Here, analysis-1 refers to the calculation of P,(m|dg) using the
first-order approximation that considers only a single GGD, which is different for partial-
Rake and all-Rake. It can be observed that the numerical values for analysis-1 deviate
(perform worse) from the simulation values for the medium and high SNR regions. This is
mainly due to using a single MUI distribution even for small Sg; ,, values resulting from
different channel realizations. This reason can be better understood by observing the dis-
tribution of Sg, ,, values for an all-Rake receiver plotted for 1000 channel realizations in
Fig. 3.10. It is observed that Sg, m takes values in the range [0.4,1.6]. Accordingly, for
the case when Sg4,,, ~ 0.4, the averaged single MUI distribution plotted in Fig. 3.8 will
cause overestimated interference, and the evaluated error probability will be worse than the

simulation values as the worse-case errors dominate the performance.



CHAPTER 3. MCSK IMPULSE MODULATION 46

number of occurences

Figure 3.10: S4,m values obtained from different channel realizations.

By increasing the number of GGDs in the evaluation of P.(m|dp), more accurate results
can be obtained. Considering the range of Sy, ., values for the all-Rake given in Fig. 3.10,
more GGDs are considered for the error probability evaluation as the second-order approxi-
mation. For analysis-2 (using 2 GGDs) and analysis-3 (using 4 GGDs), channel realizations
that result in Sg, m =~ {0.8,1.2} and Sy, =~ {0.4,0.8,1.2,1.6} are used in determining the
independent MUI distributions, respectively. For the evaluation of (3.27), a quantization
is made for each Sy, ,, value to find the corresponding GGD to be used in each channel
realization. With more GGDs, the accuracy of the approximation can be increased at the
expense of more computation. In Fig. 3.9, it can be observed that the SER performance
approximation becomes better with increasing number of GGDs. Even with four GGDs
representing the MUI distribution, the evaluation of the semi-analytical SER expression
results in values converging to simulation values. This evaluation is computationally more
efficient than the simulation study since a set of channel realizations is used only once to
get the noise-free MUI distributions to be evaluated at each SNR value, whereas the same

set of channel realizations is repeated for each SNR value for the simulation study, which
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Figure 3.11: Performances of TH-MPPM and MCSK for practical implementation of a
partial-Rake receiver with L, = 10 fingers in the accurate 7-spaced channel for CM-1 when
N, = 8 users are present.

significantly increases the computation time.

Although the SER approximation of the multi-user case is presented here for 2PPM,
i.e., the special case of 2CSK, the multi-user case SER of MCSK can be evaluated similarly
by considering different {C;} values and making similar approximations.

Next, the accurate 7-spaced channel model is considered to provide more realistic per-
formance results. In Fig. 3.11, BER performances of TH-MPPM and MCSK are compared
in CM-1 for a partial-Rake (L, = 10) receiver when N; = 2 and N,, = 8. It can be observed
that MCSK can provide about 1.5-2 dB performance gain over MPPM for the BER range
[1072,5-1073]. When N, = 1, it is observed that the performance gain is slightly reduced
while the overall system performances of TH-MPPM and MCSK are degraded about 2 dB.
Accordingly, the performance gain achieved by MCSK for Ny = 1 is mainly due to ran-

domizing pulse transmit locations, whereas the increased performance gain for Ny = 2 is
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due to both randomization and the diversity gain. While both TH-MPPM and MCSK sig-
nificantly improve their performances with increasing N; in the presence of multiple users,
MCSK also benefits from diversity gain, which additionally increases its performance gain

over TH-MPPM as suggested by this study.

3.6 Conclusion

In this chapter, MCSK impulse modulation was proposed and studied, where it randomized
the consecutive pulse transmit locations of the conventional TH-MPPM in order to reduce
the effect of multipath delays on the decision variables. For that, lower and upper bounds
on the SER were derived in the commonly used approximate T.-spaced channel model for
both single- and multi-user cases, and simulation studies were conducted in the accurate -
spaced channel models. For the single-user case, the effect of multipath-delayed pulses on M
decision variables was explicitly provided in terms of channel impulse response coefficients.
For the multi-user case, an accurate semi-analytic SER expression was derived based on
modelling the MUT terms with the GGD, where some approximations to MUI modelling were
made that increased the computational efficiency of numerical analysis significantly with
respect to the simulation studies, while still providing accurate results. For the performance
comparison, the effects of CM-1 and CM-3 channel types and the pulse repetition number
N, on the system performances were discussed in detail. Most importantly, the study shows
that for the practical implementations of MCSK and TH-MPPM, MCSK can provide about
2 dB performance gain over MPPM as it reduces the effects of multipath delays on the

decision variables by randomizing pulse transmit locations.




Chapter 4

MCSK Combined with BPPM

In the previous chapter, M-ary code shift keying (MCSK) impulse modulation was proposed
and compared to time-hopping M-ary pulse position modulation (TH-MPPM), the conven-
tional high order ultra wideband impulse radio (UWB-IR) modulation. It was shown that
MCSK can provide about 2 dB performance gain over TH-MPPM in a multipath channel.
Since TH binary PPM (TH-BPPM) is the benchmark modulation format in UWB-IR com-
munications and that many modulations are proposed to increase its data rate and improve
its performance, it is also necessary to compare MCSK with TH-BPPM. In this chapter, a
novel hybrid modulation format based on MCSK, namely MCSK/BPPM, is proposed for

comparison to TH-BPPM as the second main contribution of this dissertation.

4.1 Introduction

In UWB-IR communications, in order to achieve high-rate data communications in the
order of a few hundred MHz, the most commonly considered modulation scheme is the
TH-BPPM format [7]. Due to the demand for higher data rates in the order of a few
GHz, some alternative modulation formats have been proposed including the design of
different pulses and the Af-ary pulse position modulation so as to increase the data rate.
In Section 2.1.2, implementation disadvantages of the pulse shape modulation (PSM) were
summarized. These disadvantages include the data rate being dependent on the number and

complexity of different circuits that generate orthogonal pulses, the necessity for different

!The material presented here is a combination of the works published in [70] and [71].
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antenna structures, and the possibility of violating the spectral mask. In Chapter 3, TH-
MPPM was studied. It was shown that the energy captured from consecutive pulse locations
in MPPM could be interfered by a large portion of the multipath-delayed received pulses,
which may generate noticeable interference components for the M decision variables, hence
affecting the system performance.

M-ary code shift keying was proposed in the previous chapter as an improvement to
MPPM that suffers from self-interference due to consecutive pulse locations used. Since
data transmission in MCSK is achieved through selecting one of the M TH codes, there
is flexibility in further increasing its data rate by combining it with either BPPM or bi-
nary pulse amplitude modulation (BPAM). The employment of MCSK is considered here
only for BPPM in order to increase the data rate of the most commonly used conventional
TH-BPPM format. MCSK employed for BPPM exhibits the characteristics of not affect-
ing pulse shaping unlike [19] and improving the spectrum characteristics with respect to
the conventional TH-BPPM [40], while increasing the data rate [70]. This is achieved by
transmitting additional data embedded in user-specific TH codes while using BPPM.

This new signalling scheme, named combined MCSK/BPPM, uses one of the M TH
codes to additionally transmit log, M bits with respect to TH-BPPM. The transmitted data
is detected at the receiver by performing M correlations followed by the maximum-likelihood
sequence estimation (MLSE), resulting in a modest increase in receiver complexity. The
additional data is detected by choosing the TH code that gives a maximum correlation at
the receiver. The proposed system shows better bit-error-rate (BER) performance than the
conventional TH-BPPM system with increased information rate, if the system parameters
are properly selected. While this result can be used for high-rate applications (e.g., IEEE
802.15.3a), it can also be used to improve the ranging and location capability of conventional
TH-PPM systems, which is highly desired for low-rate applications (e.g., I[EEE 802.15.4a).
This can be achieved by increasing the frame time with fixed data rate that allows to
mitigate the worse effects of multipath and multiple access interference, providing more
accurate time-of-arrival estimation.

The rest of the chapter is organized as follows. In Section 4.2, the proposed MCSK/
BPPM modulation system is described, and the system design parameters are explained in
detail. The MCSK/BPPM system is analyzed in Section 4.3 in terms of the symbol-error
rate (SER), where the upper and lower bounds on the SER are derived. In Section 4.4,

numerical and simulation results are presented to verify the theoretical SER analysis, and
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to show the advantages of the proposed system over the conventional TH-BPPM system.

The concluding remarks are given in Section 4.5.

4.2 System Model

MCSK/BPPM shows a similar signal model structure with respect to the conventional TH-
BPPM, therefore initially the signal model of the conventional TH-BPPM is given. The
signal that transmits the ith bit of the kth user using the conventional TH-BPPM can be

iNs—1
E S
s®) () = Vv b t—]Tf - T, — g, <k>5d) (4.1)

(1 1)Ns

modeled as

where w(t) denotes the transmltted pulse, which includes the effects of transmitting and
receiving antennas, with unit energy and pulse width T,. The other system parameters
are explained in detail after (2.2). Here, the chip time T, > T}, + &, is selected to allow
for orthogonal time-hopping locations. Using this modulation format, every N,Ty seconds
one-bit data is transmitted, where the information rate is given by Ry = 1/N,Ty.

The proposed MCSK/BPPM considers more than one user-specific TH code for each
user such that the conventional TH-BPPM code {c¢{®} takes the form {c&k)}, where {n =
0,...,M—1} and log, M is an integer. While one-bit data is being transmitted using BPPM,
additional log, M-bit data selects a particular TH code from the set of M user-specific TH
codes, which is the M-ary CSK. For N,/N, > 1, the same TH code is used until N, pulses
are transmitted. This means that the BPPM effectively transmits N,/N; bits? using the
TH code chosen by log, M-bit data. Hence, using the proposed MCSK/BPPM a total of
(logy M + N,/N;) bits are transmitted for the duration of (N,/N;) bits transmitted using
the conventional TH-BPPM. This results in the increased information rate given as

logo M
Ry = (1 + (Tijﬂ) Ry. (4.2)
The modulation format that can achieve the increased information rate given in (4.2) trans-

mits the kth user’s one set of bits (one symbol) using the signal model

N/Ns iNs—1
E P s
O =/ o (— 5Ty — (), T, —d(k)éd) (4.3)

i= 1 Jj= (1 1)Ns

ZFor simplicity, we assume N, /N to be an integer.
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where Ej, is the energy of one bit modulated by BPPM for the duration N,T¥, {cgk)} is the
kth user’s nth TH code and N,/N; is the number of bits transmitted using BPPM for the
duration of {c,(lk) }. The signal structure given in (4.3) differs from (4.1) by:

(i) transmitting the bits using one of the M TH codes, and

(ii) transmitting NV, /N, bits using the same TH code.

These differences between MCSK /BPPM and TH-BPPM are explained as follows:

(i) Designing M TH codes per user: The information rate increase of the proposed scheme
is based on the increased number of TH codes per user. Therefore, the TH codes should
be carefully designed to minimize the performance loss while increasing the information
rate. The TH codes are designed such that {c(*)}’s are generated independently for {k =
1,..., Ny}, where {c(k) D {c(()k), . ,c%’?_l}}, N, is the number of users and M is the number
of TH codes per user. For each user k, TH codes should also satisfy {(cék))j # ... F
(%) _);,¥5}, where ¢ = {(c¥)o, ..., ()N, -1}, {0 < (&F); < Ny, ¥n,¥j} and N, > M.
This condition is the key design constraint that generates orthogonal TH codes and ensures
that each user’s TH codes do not overlap within a frame time T}, which improves the
system performance. Based on these conditions, a decimal maximal-length sequence Sy
is assigned to the TH codes, which can be generated using shift registers that produce a
binary maximal-length sequence Sy, [72], [73], where Sg = [s1...51,], Sp = [b1...bu.p,)]s Ls
is the length of the decimal maximal-length sequence, | = logy Nj, is an integer, (s;)10 =
(bigi—1)41 - - - ba—1)+0)2, b € {0,1} and (-), indicates base .

(it) Transmit algorithm: In MCSK/BPPM, N, /N, bits are transmitted using the same
TH code selected by log, M-bit data. The signal transmit structure for the kth user’s one-
symbol is shown in Fig. 4.1 and the transmit algorithm is given as follows. Let B%) =
{dl(k)]i =1,...,(Np/Ns) + logy M}, dl(k) € {0,1} represent the set of bits (i.e., the symbol)
to be transmitted using the proposed modulation. Let T®) < B®) and C*) ¢ B®),
where T*) = {dgk), ...,d(k) } is the set of bits to be transmitted using BPPM, and

(Np/Ns)
c® = {délfv)p/Ns)H, . ,d((f\,)P/Ns)+log2M} is the input to MCSK to determine the index n of

the user-specific TH code c,(zk). The relation between n and C is given by

(n)10 = (d(Np/Ns)-H d(Np /N )+2 -+ - d(N,,/Ns)+log2M)2' (4.4)

Once the TH code c,(zk) is determined by the set C*), all the bits in the set T*) are
transmitted with BPPM using the same TH code as expressed in (4.3). This process is

repeated for all data blocks (i.e., symbols).
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Figure 4.1: Proposed MCSK/BPPM modulation format for the kth user.

For a multiple-access system consisting of NV, users, the received signal r(t) at the output

of the receive antenna can be modeled as

Ny
r(t) =Y As®(t — ) +n(t) (4.5)

k=1
where n(t) is the additive white Gaussian noise (AWGN) with two-sided power spectral
density Ny/2, Ay is the channel attenuation parameter, 7 is the time asynchronism between
the users, and §*)(t) is the signal received from the kth transmitter. 5)(¢) results from the
waveform at the output of the receive antenna s*)(t) being distorted by the channel hy(t)

and is represented as
§B(t) = sB)(t) ® h(t) (4.6)

where s*)(t) consists of received pulse shapes w(t) and ® is the convolution operator. hy(t)
is the kth user’s channel impulse response [56]

L-1

hi(t) =Y hiad(t — 7y) 4.7)
1=0

with the assumptions ZlL:_Ol hﬁ’l = 1, Vk to remove the path loss effect, and {7 ; € nT.},
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Figure 4.2: Receiver structure for the kth user.

where n > 0 is an integer, for simplicity in channel representation (i.e., T.-spaced channel
model). Here, hy, is the kth channel’s /th multipath coeflicient, 74 ; is the delay of the kth
channel’s {th multipath component and 4(-) is the Dirac delta function. To note, the path

[1%a}]

delay 7 is distinguished from the user delay 7y by the sign

As in agreement with previous works (7], the received pulse w(t) is assumed to be the

second derivative of a Gaussian monocycle given by

w(t) = {1 . (%)2} exp [—% (%) 2} (4.8)

where 7,, = 0.2877ns. Accordingly, 64 = 0.15ns is chosen in order to maximize the perfor-
mance of the conventional TH-BPPM [7].

The transmitted data of a single user k can be recovered at the receiver using the op-
timum single-user receiver structure shown in Fig. 4.2 (illustrated for an AWGN channel),
which consists of a single correlation receiver and a post-processing stage. At the receiver,
the received signal r(t) is correlated with the template signal w(t) at each chip time deter-
mined by M TH codes for both values of the binary data. In the presence of multipath
fading, Rake receivers consisting of multiple correlators (fingers) are employed at locations
separated by at least the chip time 7, [74], where the correlator outputs are weighted by
the multipath coefficients to form the decision statics. Assuming perfect synchronization

between the kth user’s transmitter and receiver, the correlator output statistics {Dg:l),vi}
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for the BPPM modulated ith bit transmitted in a multipath channel are computed as

iNg—1 Lp-—1 ; -
N, (G+1)Ts+7x
DB =5 X (o)
T, U4 Eb ] . T +7
j=(—-1)Ns [=0 FT7k
X w(t - 7~'k — Tkl — ij - (Cslk))ch - vl-éd) dt (49)
for {n=0,...,M —1; v; = 0,1} resulting in 2M values, where L, is the number of fingers

used in the partial-Rake receiver. For a symbol of length (IV,/N, + log, M) bits, {Dikn)’vl_}

is calculated for {i = 1,..., Np/N,} that results in 2M correlation output values for each of
the N, /N, bits transmitted using BPPM. {Dg,kn)yvi}’s are then used to calculate the symbol
decision statistics
Np/Ns
L®n,v)= 3 D (4.10)

i=1
where {n =0,...,M -1} and v = [v1v2... yn,/N,) | vi € {0,1} with (Z(NP/NS)M) number
of output values. This is equivalent to finding all possible (i.e., 2(¥/Ns)) combinations of
BPPM transmitted sequence for each of the user-specific TH code (i.e., M times). The

transmitted sets T*) and C*) are estimated by choosing

max {L(k)(n, v)} = n=CH),
= v= Tk,

A ~

= [T®W|CW] = BW, (4.11)

4.3 Analysis of the Symbol-Error Rate

The performance analysis of the proposed MCSK/BPPM is based on the symbol decision
statistics {L(¥)(n,v)}, which are formed by the correlator output statistics {Dz(ljl)v} In
this section, we analyze the correlator output statistics, followed by the SER analysis of
the proposed system, where we assume the multipath coeflicients to be {hyo =1, 7c o = 0,
hgky =0, 1 # 0, Vk}, i.e., an AWGN channel, for convenience. In Section 4.4, MCSK/BPPM

system performances will be reported for both AWGN and multipath fading channels.

Let dz(-l) be the first user’s ith bit transmitted using the TH code c(()l) without loss of

generality. For the ith bit interval, each of the M TH codes in first user’s receiver produces
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two output values Dz(n)v for v; € {0,1}, given {n =0,..., M — 1}. Substituting (4.5) into
(4.9) yields
D(l) = Si,n,v,' + Ii,n,'ui + i, n v, (412)

T,y
where S; 5, ., is the desired signal output, given by

iNs—-1
Sinw=A1 3 R (1)~ (1T + [0 = viJ6,) (413)
J=(i—1)N,

with R(z) = [%_w(t — z)w(t)dt being the autocorrelation function of w(t), I; .., denotes

—00
the multi-user interference (MUI) caused by other user signals, given by

ZNS -1 (]+1)T]'+7'1
z nu; — Aks(k)(t - Tk)
Eb Tf+T1

k=2j= (1 1)N,

x w(t — 7y — 5Ty — (¢W);T, — vidd) dt,  (4.14)

and 7; n v, is the channel noise output. Note that 7; ,, ,, is zero-mean Gaussian with variance
a,zh,yn’vi = %OENER(O). For the same n, 7 nv, and 7; , ,; are correlated, and their difference
: 2
has a variance of, = SENZ[R(0) ~ R(8)] where v] = [v; ~ 1]
Using the time asynchronism model in [7] and the interference model in [15] that accounts
for the bit change of the interfering signal during the transmission of dz(»l), we simplify the

MUI I; , », in (4.14) and rewrite it in terms of R(.) as

Lns=3 Al >0 R(ox+[(eD); — (D)7 + [d? - vi)d)

Na l:(i—l)Ns+7k—1
k=2 j=(i~1)N,

iNs—1
k
+ R(ak+[(c§(ll)) (S, )T + [df) L—M)J (4.15)
J=(i—1)Ng+7x

where d( ) and 4% represent two adjacent bits of the kth user that overlap with the

i+1
transmission tlme(of c)lg , {cﬁ,’f? } represents the kth user’s mth TH code used in transmitting
the ith bit and {cl(k)} may or may not be same TH code as {cg:)}, vk is the index of
the frame time that the bit change occurs and uniformly distributed over [0, N, — 1], and
a = (1, — 71 — jkT¥) is due to user asynchronism [7, eq. (55)] (jx is the value of the time
difference rounded to the nearest frame time) and uniformly distributed over [-T%/2,Ty /2.

It should be noted that the MUI in (4.15) is modeled with all the TH codes having the
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same index, for simplicity. This assumption is valid if the TH codes in [(cﬁ,’if )i — (cg)) ;] are
independent and uniformly distributed for ¥k, which is the necessary condition to find the

average MUI. Accordingly, the SER considered here will be the average SER.
The SER is evaluated based on the assumption T(!) = {d(l) . dg\; / Ns)} is transmitted

using the TH code cé ) determined by CV), where a symbol error will occur if
max {L<1>(n,v)} = [TO|¢M] £ [T | CcO), (4.16)

To find the SER, denoted by P(e), we derive the probability of correct decision P, defined
by

Fe

I

1—P(e)
2 pr [ma.x {L(l)(n,v)} = Lo, T(l))] . (4.17)

Deriving P. requires the comparison of L) (0, TM) to {LM(n,v)} for (2We/NIM — 1)

values, hence P, can be expressed as

M—
P. = Pr[ {L<1> 0, TW) > LW, v } ﬂ N {L<1> 0, TW) > LW (n, v)}J (4.18)

v;éT(l)
where (), {L1(0, TM) > L") (n,v)} represents the event when L) (0, T() is greater than
all the symbol decision statistics formed by the nth TH code for all the combinations of the
BPPM-transmitted sequence. Due to the independence of the TH codes,

M-1
=[] P.. (4.19)
=0

I

where P, 2 pr [N (LW, TMW) > L(l)(n,v)}] (v#TY forn =0)and P, = -
Pe(ps_,;, because the TH codes {cg)} for {n =1,..., M — 1} are statistically identical.

Comparison of L0, TM) to {L1(0,v)} requires that {d; |i = 1,..., N,/N;} should

be correct such that

P, = Pr| {L<1>(0,T(1))>L<1)(o,v)}
vAT(1)
Np/Ns
= [I b [Df}f’d D(O)d,>0] (4.20)
=1
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Since the correlator outputs are statistically independent and identical for each bit trans-

mitted using BPPM, using (4.12) we rewrite (4.20) as

Np/Ns
Py ={Pr[So+lo+m>0]}"

(4.21)
where So = A1 Ns[R(0) — R(4)], Lo = Li0,a; — li0,a;> and mo = 10,4, — Mi0,d-

To derive P, for {n =1,..., M —1}, we evaluate P, , the probability of the event when
LM(0, TMW) is not greater than all the symbol decision statistics formed by the nth TH
code, such that

Fe

1-F,,

U {L(1>(0, TM) < L(l)(n,v)}} . (4.22)

v

n

éPr

Since each comparison of L0, TM) to LM (n,v) is not independent of each other, an
exact evaluation of P, is not allowed, and hence we derive the lower and upper bounds on

(4.22) as
PP = max{ Pr[L0(0,TW) < LO(n,v)] }
> P,

S Pr [ (0, TW) < LO(n, v)} (4.23)

PY)

Here, the lower bound Pe(f ) can be derived from the fact that the union of all comparisons
includes the comparison yielding the highest probability, as a subset, and the upper bound
Pe(,({ ) is obtained by observing the fact that the total sum of individual probabilities (asso-
ciated with each comparison) is greater than or equal to the probability of the union of all
comparisons, because such comparisons are not mutually exclusive [75]. Using (4.10) and

(4.12), Pr [L1(0, TW) < LM (n,v)] can be written as

Pr [L(U(o, TW) < LO(n, v)] = Pr[Sp + In+ 1 < 0] (4.24)
where S, = AleR(O)a = Z1NP/NS Iz 0,d; — Ii,n,v,-, and n, = Zivzpl/Ns 7,0,d; — Ti,nv;-

To find the SER P(e), (4.21) and (4.24) should be evaluated by appropriately modelling
the MUI. While Gaussian approximation is mostly used to model the MUI, it does not

provide accurate performance results in the medium and high SNR regions [15]. For this
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reason we resort to the characteristic function (CF) method [15] to accurately evaluate the
SER performance. The CF’s of Iy and I, given in (4.21) and (4.24), denoted by ®;,(w) and
®; (w), are derived in Appendix B. Once the CF’s of Iy and I, are obtained, we define
Ag = Iy + ng and A,, = I, + n,. Due to the independence of the MUI and noise terms, the

CF of A can be expressed as
Ppo (W) = Pr(w) Py (w),  Pa, (W) = D1, (w) Dy, (w) (4.25)

where the CF’s of the noise terms are &, (w) = e~ Tm“/2 with ok = %SNE [R(0) — R(d4)]
(n = 0) and a,zln = %SNSNPR(O) (n # 0), and ®,, and @5, are the CF’s of the total
interference. Taking the inverse transform of (4.25) as in [15], the cumulative distribution

function of A can be expressed as

Fa(z) = % + %/Ooo Sinc(dxw) DA (w) dw. (4.26)

Then P, in (4.21) can be evaluated as

]N”/ N (4.27)

Foy = {PT[SO + Ag > 0] }NP/N; [FAO(SO)

The bounds Pe(f ) and Pe(,[l] ) depending on the transmitted sequence T(!) are calculated as

Pe(f) = m‘?.x{ZPr[T(l)]Pr[Sn-i-An < 0]}

T(1)
= max { 3y Pr[T(l)} [1 ~ Fy, (sn)] } (4.28)
T(1)
PO = 33 Pr[TW|Pr[ S+ An < 0]
v (1)
-3y Pr[T(l)} [1 ~ Fa, (Sn)} (4.29)
v (1)

where Pr[ T(l)] is the probability of each equally likely transmitted (IV,/N,)-length sequence.
Finally, the lower and upper bounds on the SER, denoted by Py (¢) and Py (€), are evaluated

as

Py(e) = Pco [1—P<U] (4.30)
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4.4 Results

In this section, we present the numerical and simulation results, where MCSK/BPPM and
TH-BPPM are compared under different conditions. Initially, the theoretical upper and
lower bounds on the SER for MCSK/BPPM are evaluated at various information rates
using (4.30). The SER obtained from simulations is compared to the upper and lower
bounds for verification. For performance comparison of MCSK/BPPM and TH-BPPM
systems, (4.12) is simulated to calculate the symbol decision statistics given in (4.10) for
various information rates determined by M and N,/N; in both an AWGN channel and the
IEEE 802.15.3a channel model [54]. For simplicity in the IEEE channel model, the T,-spaced
channel model is used, where channel delays are quantized to nearest chip time, and the
associated multipath coefficients are summed up linearly before the channel coefficients are
normalized. Then, the BER is found by evaluating (4.11) and compared to the BER of
the TH-BPPM under the same power constraint. The SNR defined for the “same power
constraint” is the one subject to the same average transmit power per frame time, i.e., SNR
is defined as Fp/Ny. At the end of the section, the receiver complexities of MCSK/BPPM
and TH-BPPM are discussed.

4.4.1 MCSK/BPPM vs. TH-BPPM

The system parameters Ty = 50ns, T, = 0.9ns, 63 = 0.15ns, N, = 8, N, = 8 and
N, = 2 are commonly used for both MCSK/BPPM and TH-BPPM systems with perfect
power control, unless otherwise stated. Accordingly, the information rate of TH-BPPM is
Ry, = 10 Mbits/s. For MCSK/BPPM, the number of TH codes per user M, and the TH code
period N, are varied to control the information rate given in (4.2), which is greater than
R,. The TH codes of MCSK/BPPM are generated based on the TH code design criteria
explained in Section 4.2. The TH code elements of TH-BPPM are assumed to be uniformly
distributed random variables in [0, N}, — 1].

In Figs. 4.3 and 4.4, the theoretical upper and lower bounds on SER in an AWGN chan-
nel are plotted for {N,/Ns = 1,M = 2,4} and {N,/Ns; = 2, M = 2,4}, respectively. The
theoretical bounds are calculated based on randomly changing the TH code sets, hence re-
sulting in the average system performance. For comparison, the simulation SER is obtained
by using the corresponding parameter sets above when non-overlapping TH codes are used,
randomly changing every 100N,Ty (i.e., 100 symbols). Changing the TH code set helps
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Figure 4.3: Lower and upper bounds on SER for N,/N, = 1.
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finding the average system performance, whereas using a single TH code set repeatedly may
have better or worse performance than the average. In (4.30), upper and lower bounds
depend on F,, and F., (n # 0), where {P.,,(n # 0)} are identical. When N,/N, = 1,
the observation space used for symbol detection is limited, therefore the symbol errors are
similarly contributed by P, (detecting the same TH code but different BPPM-bit) and
P, (n # 0) (detecting different TH codes). When the observation space is enlarged with
Np/Ng = 2, where 2 BPPM-bits are transmitted with the same TH code, most symbol
errors occur due to detecting the wrong BPPM-bit or -bits but the correct TH code. Hence,
P, >> P, (n # 0) as a result of the MLSE detector. According to the explained condi-
tions on P, and F., (n # 0) for two cases ({N,/N, = 1,2}) being evaluated in (4.30), the
bounds of N,/Ns = 2 case should be tighter than that of V,/N; = 1 case. This is observed
in Figs. 4.3 and 4.4. It can also be observed that the simulation results are within the upper

and lower bounds, confirming the validity of the analysis.
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Figure 4.5: BER curves for the same power constraint when N,/N; = 1.

Figs. 4.5, 4.6 and 4.7 show the BER curves of MCSK/BPPM and TH-BPPM systems in
an AWGN channel when their transmit powers are the same for {N,/N; = 1; M = 2,4, 8},
{Np/Ns = 2, M = 2,4,8} and {N,/N; = 4;M = 2,4,8}, respectively. In Fig. 4.5, when
Np/Ng = 1, the MCSK/BPPM shows the worst performance for every value of SNR at
different information rates. The MCSK/BPPM with {N,/N; = 1; M > 1} resembles the
TH-BPPM as it transmits one bit with one of the M TH codes fixed. Because of fixed trans-
mit power per frame time, the high-order modulation of MCSK/BPPM effectively reduces
the SNR per bit as M increases. Furthermore, the observation time (i.e., N,Ty = N,T¥)
for the MCSK/BPPM remains the same as the TH-BPPM, so that there is no additional
detection gain even with the MLSE receiver structure. Therefore, there is no performance
gain when N,/N, = 1, and while the information rate is increased with the increase of M,
the performance degrades further.

As N,/N; increases, resulting in enlarged observation space and slight increase in the
SNR per bit, the MLSE receiver structure increases the system performance significantly

with respect to the same M values, and with respect to the {N,/N,; = 1} case as shown in
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Figure 4.8: BER curves in AWGN, LOS (CM1) and NLOS (CM3) channel types when
N,/N, = 4.

Figs. 4.6 and 4.7. For a fixed N,/N; value > 2, increasing M degrades the performance
in low (SNR < 5dB) and medium (5dB < SNR < 12dB) SNR. regions, however the per-
formances are similar in high SNR region (SNR > 12dB). While {N,/N, = 2,VM} shows
better performance than the TH-BPPM only for the high SNR region, {N,/Ns = 4,VM}
shows better performance for both medium and high SNR regions. Also, the performance
of MCSK/BPPM does not improve much in the high SNR region with further increasing
Np/Ns.

After studying the effects of N,/Ns and M on MCSK/BPPM in an AWGN channel, the
effect of multipath fading on the system performance is considered. For the performance
comparison of MCSK /BPPM and TH-BPPM, IEEE 802.15.3a line-of-sight (LOS) and non-
LOS (NLOS) channel types CM1 and CM3 [54] are considered, respectively. For both
channel types, a partial-Rake receiver (L, = 10) is used. Since MCSK/BPPM {N,/N; =
4; M = 2,4} performs similar (i.e., slightly better or worse depending on the SNR value)
to TH-BPPM in an AWGN channel as shown in Fig. 4.7, the same cases {N,/N, = 4; M =
2,4} are considered for the multipath fading channels as plotted in Fig. 4.8. It can be
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Figure 4.9: BER curves in the presence of (N, — 1) interfering users when N,/N,; = 4 and
M =28.

observed that the MCSK/BPPM and TH-BPPM performances in CM1 and CM3 degrade
about 2dB and 4dB with respect to their performances in the AWGN channel, respectively.
On the other hand, MCSK/BPPM and TH-BPPM perform similar in CM1 and CM3 channel
types, where their performances are slightly different depending on the SNR.

In Fig. 4.9, the effect of (N, — 1) interfering users on the performance of a single user
is studied. For different number of active users {N, = 2,4,8,16} considered in the system,
MCSK/BPPM {N,/N; = 4; M = 8} outperforms TH-BPPM for all cases in the medium
and high SNR regions. This means that when the same number of users are active in both

systems, each user of MCSK/BPPM shows improved performance at increased data rate.

The performance improvement of MCSK/BPPM over TH-BPPM for different cases pre-
sented is mainly due to the MLSE receiver structure used. For that reason, the receiver

complexities are compared in the next subsection.
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4.4.2 Receiver complexity

The receiver complexities of MCSK/BPPM and TH-BPPM are compared in this subsection
in terms of the number of correlations and decision statistics, and the data rate increase.
MCSK/BPPM transmits and detects a (N,/N, + logy M)-bit symbol using an MLSE
structure for the duration of (N,/N;) bits that are transmitted and detected individually
by TH-BPPM. For the same transmit time, both modulations are compared in Table 4.1.
When MCSK/BPPM is used, while the number of decision statistics grow exponentially

Table 4.1: Complexity comparison of MCSK/BPPM and TH-BPPM.

f no. of no. of

data rate correlations | decision statistics
log, M N, p
MCSK/BPPM | (1+ 830) R, | oM - (R) | 2\%). M
TH-BPPM Ry 2 EA

with (N,/N,), the data rate is reduced, however the BER performance is improved. On
the other hand, M increases the number of decision statistics linearly, the data rate by
log, M, and improves the BER for a properly selected N,/N; (e.g., improved MCSK/BPPM
performances in Fig. 4.7). Considering Table 4.1 and the BER performance results presented
in this section, a desired implementation for MCSK/BPPM can be made by appropriately

selecting the system design parameters.

4.5 Conclusion

MCSK/BPPM, a new modulation format for UWB-IR communications, was proposed and
analyzed. An orthogonal set of user-specific TH codes was employed for the MCSK to
increase the information rate, while the system performance was controlled by a proper
selection of TH codes and their periods. The proposed modulation format was studied from
both the performance and implementation viewpoint, and compared to the conventional
TH-BPPM under the same transmit power constraint. It was shown that the proposed
modulation format can achieve better BER performance at increased information rate with a
modest increase in the receiver structure. Considering these advantages, MCSK/BPPM can
be implemented for both high-rate applications of IEEE 802.15.3a and low-rate applications
of IEEE 802.15.4a.



Chapter 5

PSD Characteristics of MCSK
Based Impulse Radios

In the previous two chapters, M-ary code shift keying (MCSK) impulse modulation and
the combined MCSK /binary pulse position modulation (BPPM) were presented. It was
shown that both modulations provided system performance improvements over the conven-
tional time-hopping M-ary PPM (TH-MPPM) and TH-BPPM, respectively. In this chapter,
power spectral density (PSD) characteristics of MCSK based impulse radios are given as
the third main contribution of this dissertation.! The main motivation of the PSD study
and the TH code set design of MCSK based impulse radios presented here is to increase the
effective TH code period of conventional TH ultra wideband impulse radios (UWB-IRs) in
order to suppress undesired peaks in the PSD resulting from finite-length TH codes.

5.1 Introduction

One of the main features of UWB communications is its overlaying structure with the
existing systems due to its low power emission per unit bandwidth [77]. This feature,
however, has raised a concern for UWB systems creating interference to co-existing systems.
In Section 2.2, the PSD that depends on the spectrum of the unmodulated pulse [17], [20] and
the modulation effects due to data transmission and TH codes [11], [39] was presented. When

the effects of modulation on the PSD are considered, it is shown that due to the periodicity of

'The material presented here is a combination of the works published in [67] and [76].
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the finite-length TH codes used in conventional UWB-IRs, the spectrum exhibits undesired
peaks for both continuous and discrete spectrum that may create significant interference
to co-existing systems [11]. These peaks can be smoothed and suppressed if the TH code
length can be made infinite, however, this approach is infeasible considering the TH code

design issues and the realization of TH codes at the receiver.

M-ary code shift keying (MCSK) was introduced to BPPM modulated UWB-IRs (i.e.,
MCSK/BPPM) in [70] to increase the data rate of conventional BPPM IRs as also presented
in Chapter 4. MCSK can also be applied to BPAM (i.e., MCSK/BPAM) to include all
the IRs (i.e., MCSK-IR). MCSK-IRs randomly select a code from a set of M distinct TH
codes per user every TH code period. This selection results in increased effective TH code
period, which helps smoothing the continuous spectrum and suppressing the discrete spectral
components as presented in [40]. Although the general PSD of MCSK-IRs was presented
in that paper, the PSD was derived based on [39], where the change of TH codes within a
code period was neglected, resulting in the TH code edge effect. In this chapter, in order to
evaluate accurately the effects of TH code design on the spectrum, the exact PSD of MCSK-
IRs is derived by considering the changes in the TH code within each frame time. In addition
to exact PSD analysis, the code design issues of MCSK based IRs are addressed, which are
important for real system implementation. Accordingly, the trade-off between multiple-
access (MA) capability and efficient spectrum shaping is discussed for different code design
criteria. It is shown that either random TH code effect or improved spectrum with relatively
high MA capability can be achieved using appropriate code design techniques. The results
of the code design techniques used for MCSK-IRs are then extended to conventional IRs in
order to improve their PSD.

The rest of the chapter is organized as follows. A general signalling structure for MCSK-
IRs is given in Section 5.2. The exact PSD of MCSK based IRs is derived and compared to
the PSD of conventional IRs in Section 5.3. Two main code design techniques are introduced
and their effects on spectrum shaping and MA capability are discussed in Section 5.4.

Concluding remarks are given in Section 5.5.
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5.2 Signal Model

MCSK-IRs are designed based on TH-IR systems (TH-BPPM and TH-BPAM), hence ini-
tially the signalling structure of conventional TH-IR systems will be given.? A TH-IR is
designed to transmit a single pulse per user within a frame time Ty. The location of the
pulse is determined by data modulation (for only PPM) and TH codes (for PPM and PAM)
with period NpTy. For reliable communications, each pulse is repeated N, times for each
data bit, where Ny, < N,. That means a TH code transmits N, /N, data bits for its period
and repeats itself every N,Ty for each new data set. For N,/N; = L being an integer, the
TH-IR signal that transmits N,/N, bits during one period of the TH code can be modeled

as
L—-1Ng-1

sp(t) = > D @ wee(t = 1Ty = BTy = (o), e Te — d,ad) (5.1)
=0 h=0

where sp(t) is the transmitted signal for the duration of the TH code, w,(t) is the transmit-
ted pulse, T3 = N,Ty is the one-bit transmit time, and T is the chip time. N,/N; bits are
transmitted for the duration of the deterministic TH code cq, where (cg) N.+h) determines
the location of the pulse transmitted for the Ith bit’s hth frame time. c¢g is a determin-
istic TH code consisting of N, integers whose element satisfies 0 < (cp); < Np, Vj and
NiT. < Ty. For the data transmission of a TH-BPPM system, d; € {0,1} is the Ith trans-
mitted bit and d4 is the PPM shift parameter, where a; = 1 throughout the transmission;
while for a TH-BPAM system, a; € {—1,1} is the Ith transmitted bit, where d; = 0.

In the MCSK/BPPM scheme introduced in [70], each user is assigned M user-specific
TH codes, as opposed to one TH code assignment per user as in TH-IR. While one-bit data
is being transmitted using BPPM, additional log, M-bit data selects a particular TH code
from the set of M user-specific TH codes, which is the M-ary CSK. For N,/N, > 1, the
same TH code is used until N, pulses are transmitted. Accordingly, a new TH code will
be selected randomly every N,Tf to transmit the new data sequence. A general MCSK
signalling for MCSK/BPPM and MCSK/BPAM can be modeled by replacing (co) by (cm)
in (5.1), m € {0, ..., M — 1}, which gives

L—-1Ns-1
spm® =33 ar- wyr (t — T} — hTy — (em)nssnyTe — dléd) (5.2)
=0 h=0

2For the PSD analysis, the combined signalling structure given in (5.1) is considered as it is more appro-
priate for spectrum analysis than the signalling structures given in (2.1) and (2.2).
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Figure 5.1: MCSK based transceiver.

where the index m of s, ,(t) denotes the TH code information for every TH code pe-
riod. The waveform in (5.2) transmits one set of bits (one symbol) {4}, B = {b|l =
0,...,(Np/Ns) +logy M — 1}, where b, = d; and b, = q;, 0 < | < N, /Ny, for MCSK/BPPM
and MCSK/BPAM, respectively. Let T C B and M C B, where T = {bo,..., b, /Ny )-1}
is the set of bits to be transmitted using BPPM or BPAM, and M = {dy,/n,)>- >
b(N,/N.)+logy M—1) 1S the input to MCSK to determine the index m of the user-specific
TH code c,,,. For independent identically distributed (i.i.d.) b;, M will select one of the TH
codes from the set C = {cg, ¢1, ... ,cpr—1} with equal probability of _A17 This procedure
is repeated every N,Ty, where the TH code and modulation data change accordingly. For
illustration purposes, the transceiver structure of an MCSK based IR is depicted in Fig. 5.1
for the transmission of symbol B. While B is transmitted with the procedure explained
above, M correlations performed by a single correlator followed by post-processing of the
correlation outputs at the receiver detects the transmitted symbol. The receiver details can
be found in [70], [71] and in Chapter 4 for system performance evaluation purposes.

With the above transmit structure and procedure, the continuously transmitted UWB

signal y(t) takes the form

y(t) = i Spk,mk(t - k(Npr)) (5.3)

k=—0c
where pi, and my represent the information transmitted for the kth information sets T and

Mg, respectively.
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5.3 Spectrum Analysis

The signal y(t) in (5.3) can be represented as y(t) = we-(t) ® ¢(t), where

Z Z Z— ( k(NpTy) — 1Ty — hTy ~ (em)an,+n) Te — dz5d) (5.4)

k=—00 =0 h=0

represents the overall modulation effects (both TH code and data) with é(-) being the
Dirac delta function and ® is the convolution operator. The PSD of y(t) is Sy, (f) =
|Wir ()% See(f), where |[Wy,.(f)|? is the squared-magnitude spectrum of the unmodulated
pulse and S..(f) is the PSD of the modulation effects. To find Se(f) = F {Rec(T)}, where
F{-} denotes the Fourier transform and R..(7) is the autocorrelation function (ACF) of
c(t), initially R..(7) should be calculated. R..(7) given in (5.5) is evaluated in Appendix C,

and simplifies to (5.6) given below as

1 Npr
Re() = 37 /O E{c(t)o(t + 7)}dt (5.5)
oo L-1L-— —
T
ki=—o0cl'=01 '=0 h=0

— (K — R Ty = [(emy ) @ Netht) — (€mo) N, +m) 1 Te — [dir — dl]5d> }(5‘6)

where E{-} is the expectation operator. A similar representation for R..(7) was given in
[11, eq. (13)] where (¢, ) was assumed to be a single infinite-length TH code sequence. This
allowed them to evaluate the PSD with a simple representation. The exact PSD for the
signal in (5.3) is more complex due to accounting for TH code changes within each frame
time Ty when M-ary code shift keying is used. Accordingly, R..(7) should be evaluated for
every Ty-shift. In order to do so, let &' =0, =1, K’ = h and let z be the new variable to
accommodate the changes in every code shift 2T7.

Then, R..(7) becomes

1 oo L—-1Ng-1
Ree(7) = N—TfE{ DI aL(le+h+z)/NsJal'5(T—ZTf—[dL<th+h+z>/NsJ—dz]5d
p z=—00 =0 h=0

_ [(Cm(L(le+h+z)/NpJ))((le+h+Z) mod Np)_ (Cmo )(le+h)] Tc)} (57)
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Figure 5.2: Illustration of ACF regions for z > 0.

where |z is the integer part of z. Calculation of R..(7) can be illustrated as in Fig. 5.2.
According to this illustration®, each frame time T} in the signal carries the information
bit b, for N consecutive frames, where L = N,/N, different bits are transmitted with the
randomly selected code ¢, of length /V,. This structure repeats every N,Ty as seen in
the first row. Since (5.7) equals the expectation value of the N,-frame long summation of
the data and code correlation of the signal for every integer shift value z (here, the grey
area represents the region of correlation and summation of the signal with its time shifted
version), N,-frame long signal in the second row is drawn to visualize the effect of z-shift on
the data and code correlation values in order to define the regions, where the data and code
correlation properties change. Based on the correlation properties of the signals in the first
and the second row, three disjoint regions can be defined as |z| < N5, N, < |z| < N, and

|z| > Np, where they will be elaborated on more for the corresponding region conditions.

Accordingly, let us define R..(7) as a summation of region-based ACFs

Rcc T N Tf Z¢z (5-8)

SHere, the data and code information is illustrated for 3 code periods {k = 0,1,2}, Ny = 4 and L =
Ny /Ng=3.



CHAPTER 5. PSD CHARACTERISTICS OF MCSK BASED IMPULSE RADIOS 74

where ¢;(7) is the ACFE in the corresponding region i. A general simplified representation

for ¢;(7) associated with data and code changes can be written based on (5.7) as

5= Y Elaany | B{6(7 = 2Ty = emy ()T — [do — ¢,)4) } (5.9)
# (L)

where > represents the corresponding region with respect to z, Z([‘h)() represents the
sub-regions where the data and code change, and indices x and y indicate different data for

T # Y. ¢m, (z) represents the code term and is given as

Cmy, (Z) - [(c‘mk)((H\L-%—h+z-[(.sgn(z)+1)/2]) mod Np> - (C'mo) ((lN; +h+2z[(sgn(z)—1)/2]) mode) ](510)

where sgn(z) indicates the sign of z and ¢, (2) refers to both codes being the same in the
sub-region, whereas ¢y, (2), kK # 0 represents the presence of different codes in the given
sub-region.

In Region-1 (|z|] < Njs), there are three sub-regions due to different data and code

representations in the ACFs. Accordingly,
3
¢1(7) = Zéﬁl,i('f) (5.11)
i=1

where {¢1 ;(7)}’s refer to ACF's in the sub-regions. These sub-regions can be best understood
by studying Region-1 depicted in Fig. 5.2. According to this figure, when |z| < Ng, the
corresponding data bits of the correlation in the grey shaded area can either be

i) same for the same code (e.g., by of the top signal and by of the bottom signal are aligned
for the same code ¢, ), or

ii) different for the same code (e.g., b; and by are aligned for ¢, ), or

iii) different for the different code (e.g., b3 and by are aligned for codes ¢, and ¢, respec-
tively).

For these sub-regions, the same correlation statistics that are aligned can be summed up
by appropriately defining Z(l‘h)(i). Mathematically, {¢;1.(7)}’s can be represented by eval-
uating (5.9) with the substitution of data, code and sub-region conditions, where (bz = by
(e, @y = 0y, ds = dy), O, (2] = ta,l2) and Z(l,h)u_l) = [L:_Ol 2,281_1:‘) for ¢11(7);
(b2 # by, eme(2) = emo(2) and Sy, = SEZ YN ) ) for d1a(r); and (b, # by,

_ L No—
Cmy(2) = ey (2) and 2o py o = Iy h:N15—|z|) for ¢1,5(7).

1585
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Similarly, in Region-2 (Ns < |z| < N,),

2
TV =) é04(7) (5.12)
f=1

where this can be visualized by shifting the signal in the second row of Fig. 5.2 to Region-2.
According to the correlation properties of the aligned signals after the z-shift, the sub-region

conditions for each ACF can be represented as (bx # by, &, (2) = emp(2) and Z Lh) @y =

L-|f4)-2 g 1 Ns—(|z|m e
Sl 1UZ, ; TLJ gl 1) for ¢51(7); and (bx £ by, cm, (2) =

— 1\’ —1
(2) and Z(lh)(”) Z, L LJ_LJ lzh Ng (|2 |modN<)UZl L )ford)gg( )

Region-3 can be redefined as {(0 < |z| < 00) = (|| < Np)}, where

@U&=<l}:6G—kmww)—0-(%Aﬂ+¢%ﬁﬁ+¢mﬂﬂ (5.13)

k=—00
represents the ACF due to periodically repeating sub-regions excluding the region (|z] < Np).
¢34 (7) and ¢3_(7) are the repeating ACFs every N,Ty, respectively, for z > 0 and z < 0.
$3(0y(7) is the ACF when z = 0, and is included as the last term in (5.13) since it is
subtracted twice for the region ([z| < Np). ¢31(7), #3-(7) and ¢3(0)(7) can be found with

I Np—1
the substitutions {(Z >o.F ) }, {(Zz = Z(z)::f(prl))ﬂ C} and {(ZZ =
ZS:O) 1L }, respectively, where £ is the set of conditions, that is, £ = {(b:,c # by)
|z|—1

(eme(2) = emy( mzww—zmo)hM@¢mm@ma=%@

Z(l R) a2 — Zlh =Np—|z l)}
Using (5.11) — (5.13), Scc(f) can be represented as

3

(5.14)

P2) =1

where ®,(f) = F{¢:i(7)}. The explicit form of (5.14) is not given in the text due to
lengthy representation of multiple terms resulting from TH code changes represented by
mg, m1, and mo in the index of ¢, (2). However, {®;(f)} terms in (5.14) are presented in
Appendix D for convenience.

For M =1, (5.14) becomes the general PSD representation of a conventional IR with
a single deterministic TH code, which can be obtained by substituting M = 1 into (D.4).
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With this substitution, (5.14) reduces to a similar expression to those reported in [11, eq. (3)]
and [39, eq. (13)]. For M > 1, the PSD in (5.14) is averaged over M TH codes with the
averaging effect of (D.4) on (D.5) — (D.7). This helps smoothing the continuous spectrum

and suppressing the discrete spectrum, and will be further investigated in the next section.

For MCSK/BPAM, the expectation values given in (D.2) — (D.3) become
R} = R§(f) = RI(f) =1, R? =0, (5.15)

therefore, the PSD of the modulation effects reduces to

1

S = o Bualh) (5.16)

where @1 ;(f) is the first term of (D.5). For MCSK/BPPM, the expectation values given in
(D.2) - (D.3) become

R =Ri=Ri(N=1  Ri(p)=""2200) (5.17)
Therefore, SEPM(f) = S..(f) as given in (5.14) with the substitution of the corresponding
expectation values in (5.17).

As reported in [78], most of the previous UWB PSD studies are based on either only
analysis or simulation. In this work, derived PSDs are validated by simulations for different
TH code sets using the periodogram-based simulation method, which is also considered in
[78]. Accordingly, the PSD resulting from MCSK/BPAM and the continuous spectrum of
MCSK/BPPM are ezactly validated, whereas all the discrete spectral components of the
simulated MCSK/BPPM are 40 dB less than the analysis results. This is an expected result
as explained in [78], due to the product of the selected simulation parameters, N- T = 1074,
where N is the number of samples in the signal and T is the sampling time. Therefore, it
can be claimed that the analysis is exact. In Fig. 5.3, a portion of the PSD of MCSK/BPPM
is plotted to verify the analysis results. It can be seen that the continuous spectra are in
perfect agreement and the discrete spectral components resulting from simulation are 40 dB
less than the analysis results.

In the following sections, only analysis results will be plotted for convenience. The next

section will continue with the code set design and the analysis of the resulting PSDs.



CHAPTER 5. PSD CHARACTERISTICS OF MCSK BASED IMPULSE RADIOS 77

0 T
_20 4
-40
N
L
[a9] :
a 1 ‘
n L a b
: - A A LA LA
-100 ¥ ............ ..... I .......... Y :
: : s simulation :
: : analysis
-120 : :
2 3 4
frequency (Hz) x10°

Figure 5.3: Comparison between analysis and simulation results.

5.4 TH Code Set Design

TH code set design affects the PSD as well as the MA capability. Considering these two

criteria, two major code design techniques are studied. In these techniques, TH code sets
are given in the form of a matrix, where
(c0)o (co)y -+ (co)y,—1
C= : : . : (5.18)
(em-1)o (em-1); -+ (em-1)n,—
is the designed TH code set with each row representing a TH code sequence c¢,,, m €

{0, ... , M —1} of length N,, and each column representing the entries of M distinct user-

specific TH codes corresponding to the same frame time duration. Accordingly, the two

code design techniques are as follows:
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5.4.1 Code design technique-1

The first code set design technique is mainly considered for MCSK/BPPM, where the PSD
suffers from multiple discrete spectral components. With this design, it is intended to
eliminate most of the discrete spectral components (for PPM only), and to smooth the
continuous spectrum (for PAM and PPM). This code design technique uses Corollary 1

given below to generate user-specific TH code sets.

Corollary 1: Given the set {O, oo, Np — 1} associated with possible time-hopping loca-
tions, determine an M element subset cg, from n, Cps possible subsets, where ,C, =

T,(%lr), Using the subset cgu, determine the vectors [(Co)z' (cM_l)i]T independently

for Vi from ;P possible arrangements, where ,P. = (nnf;n), The resulting code set

C, = {(cj),,; | Y7, W} used with MCSK-IRs generates discrete spectral components every

S 1
T; instead of N, T}

Let us evaluate the code design technique based on this corollary for MCSK/BPPM
and MCSK/BPAM separately in order. The discrete spectral components of MCSK/BPPM
result from (5.13), where they should occur at multiples of ﬁTI due to the periodicity of TH
codes for a given TH code set C. However, the TH code set C; designed according to the
corollary above is similar to an infinite-length TH code used in a conventional TH-IR, where
the discrete spectral components occur at multiples of % Accordingly, in every column
in Cq, there exists the same set cg,, where each of the entries may be selected with equal
probability every Ts. Therefore, the discrete spectral components occur every Tlf, as same
as a PSD resulting from a conventional TH-IR that uses an infinite-length TH code with
equiprobable values for each frame time (also referred to as random time hopping). This
phenomenon can be explained by the randomization of codes for every T, which yields the
effective N, to be unity. With the substitution of effective IV, into (D.7), it can be concluded
that the number of discrete spectral components is reduced. In addition to reduced discrete
PSD components, the averaging effect of M TH codes suppresses the magnitude of the
discrete spectral components which can be deduced from (D.4). The continuous spectrum
of MCSK/BPPM, which results from (5.11) and (5.12), is also smoothed with the same
averaging effect.

For M = 8, N, = 16 and a randomly chosen subset cgyp = {0,2,4,6,7,8,9,12}, the
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code set C; is generated based on Corollary 1 for analysis and simulation.

(6 4 4 12 9 6|
9 7 9 0 2 7 2
8 8 12 7 9 9 4 0
s 4 2 4 12 7 0 6 8 o
7 9 0 9 2 8 12 9
2 12 6 2 12 4 2 4
12 6 2 0 8 7 7
0 0 7 8 6 6 & 12

C; is used with the system parameters Ty = 50ns, T = 2ns, N, = 8, Ny = 4,
84 = 0.15ns and wy,(t) with the frequency response |W,(f)|*> = 1 (these parameters are
used for the rest of the plots unless otherwise stated) to generate the PSD of MCSK/BPPM
modulated signal. The assumption |W;,(f)|? = 1 is made in order to evaluate explicitly the
modulation effects on the PSD. Accordingly, Figs. 5.4 and 5.5 show the PSDs of the con-
ventional TH-BPPM with the TH code ¢g (the first row of C;) and of 8-CSK/BPPM with
the TH code set C; over the [0, %CJ frequency range for dB/Hz and dB/MHz resolutions?,
respectively. Figures with different PSD resolutions are generated in order to better under-
stand the effects of code design with the ongoing UWB spectral mask definition discussions
(especially for magnitude and resolution) within Europe and Asia. It can be seen from
Fig. 5.4 that 8-CSK/BPPM (lower plot) exhibits discrete PSD components at multiples of
:,% with smoothed continuous spectrum and suppressed discrete magnitudes compared to
the conventional TH-BPPM (upper plot) exhibiting discrete components at the multiples
of ﬁ Fig. 5.5 serves as a reference to FCC UWB spectral mask with its dB/MHz reso-
lution. For this resolution, while the 8-CSK/BPPM (M = 8) resolves most of the discrete
components, resulting in a large bandwidth of smooth spectrum, TH-BPPM (M = 1) ex-
hibits peaky high magnitude power components due to the discrete PSD components. An
observation similar to the PSD of 8-CSK/BPPM was made for TH-BPPM with random
TH in [11], where 8-CSK/BPPM with code design technique-1 exhibits the similar infinite
length TH code effect.

At this point, some notes should be made with regard to the compliance of three

4For the dB/MHz resolution, the total transmission power is calculated for each non-overlapping band-
width of 1 MHz and averaged over the whole bandwidth.
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Figure 5.4: Effects of code design-1 on the PPM for dB/Hz resolution. Upper plot: PSD
resulting from TH-BPPM. Lower plot: PSD resulting from 8-CSK/BPPM.
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Figure 5.5: Effects of code design-1 on the PPM for dB/MHz resolution.
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cases, namely TH-BPPM with a finite length TH code, TH-BPPM with random TH and
MCSK/BPPM with M finite length TH codes, to the FCC spectrum mask. First of all,
all three cases experience large discrete spectral components at the multiples of the chip
rate (or TH rate) 1/7,, where code design or random hopping does not help to reduce these
components [44]. The PSD components that have the highest magnitude can be observed
for TH-BPPM and MCSK/BPPM in Fig. 5.5 at the frequencies lchc for T, = 2ns and
{k =0,1}. The transmit powers of these modulations are accordingly adjusted to meet the
spectrum mask for the maximum value components at 1/7,. On the other hand, random
hopping used with TH-BPPM smooths the continuous spectrum and suppresses the discrete
spectral components in between the frequency components that are at the multiples of the
TH rate [11]. For this ideal case, suppressed continuous and discrete components have more
uniform distribution and create less interference to co-existing systems. For MCSK/BPPM,
which is a realistic implementation of random TH, the discrete spectrum components are
mostly dissolved for the MHzbandwidth resolution and the continuous spectrum has less
peaks compared to TH-BPPM as seen in Fig. 5.5. For MCSK/BPPM to exhibit the ideal
spectrum resulting from random TH, the code length should be V, = 1 and M orthogonal
codes should be generated for each possible NV, TH locations, which is unrealistic from the
implementation point of view. In any case, MCSK/BPPM improves the spectrum much
compared to TH-BPPM and generates less interference to co-existing systems.

Let us now look at the effects of code design technique-1 on PAM. When MCSK is
applied to BPAM, it is observed that the resulting PSD is smoothed compared to the
PSD of conventional TH-BPAM. Further discussions for this comparison will follow the
presentation of code design technique-2.

With the code design technique-1, it is shown that the MCSK-IR. shows improved PSD
characteristics, especially for BPPM, where it reduces the number of discrete components,
resolves most of the remaining discrete components over a MHz bandwidth defined by FCC
and exhibits a PSD with the ideal infinite TH code effect. On the other hand, with the
limiting constraint of M on ¢y, not many users can be simultaneously accommodated due
to the limited number of TH codes. Accordingly, two criteria will be considered to evaluate
the MA capability, namely the number of distinct code sets and the probability of collision
repetition.

Let C; = {C(lk)|k = [N Nl} be the set that contains all possible distinct sets gener-

ated based on Corollary 1. Accordingly, it can be shown that Ny = w—h_AiW(M!)NP.
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Let {(cél))o, (c[()l))l} and {(082))0, (082))1} be the elements of the code sets C(ll) and
ng)’ respectively, generated independently. It can be shown that PrH(cél))O = (cél))l}

N {(c((f))o = (082))1H = ﬁ;, where the given probability represents the probability of
repetition of a possible collision among two code sets (i.e., two users) for two consecutive
frame times. It can be deduced from these two criteria that the number of distinct code
sets and the probability of collision repetition will depend on M, where a small value of M
will limit the number of code sets and increase the possibility of collision among two chips,
which will indirectly affect the MA capability. To achieve a relatively higher MA capability,
let us study another code design technique that does not restrict the use of different M TH

values per frame time.

5.4.2 Code design technique-2

The second code set design technique is mainly considered to allow higher MA capability
than code design technique-1, while improving the spectrum with the averaging effect of M
TH codes. This technique is based on Corollary 2 given below.
Corollary 2: Given the set {0, v, Ny — 1} associated with possible time-hopping loca-
tions, determine the vectors [(Co)rz (01\4_1)1-]T independently for Vi from n, Pys possible
arrangements. Let Cy = {(c]-)i | V7, Vi} be the resulting code set. Accordingly, MCSK-IRs
will have higher MA capability when they use code sets {C,} compared to using {C; }.
Let us initially compare the MA capabilities of design techniques 1 and 2, followed by
the PSD evaluation of design technique-2. Similar to the definition of Ci, Cy = {Cék)‘k: =

| A 1\72} is the set that contains all possible distinct sets generated based on Corollary 2.

N, _ _
Accordingly, it can be shown that Ny = ((T:f}}w—),) " and C, € C,. Moreover, for Cgl)

and G, Pr [{ (), = (), } N {(2), = (), }] = 5ke, where Ny > M for typical
system parameters. Considering the number of distinct code sets and probability of colli-
sion repetition comparisons for the two techniques, it can be concluded that code design
technique-2 can provide higher MA capability. For more accurate analysis of MA capabil-
ities, system performances should be evaluated under multi-user scenario, which is beyond
the scope of this chapter.

While the code design technique-2 improves the MA capability, it does not reduce the
number of discrete spectral components, where the discrete components of MCSK /BPPM

under Corollary 2 occur at multiples of ﬁ contrary to the discrete components occurring
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at T% under Corollary 1. This can be explained by effective N, to be the same as the
parameter N,. On the other hand, the averaging effect will smooth the continuous spectrum

and suppress the discrete PSD components similar to Corollary 1.

For M = 8 and Ny = 16, the code set Cs is generated based on Corollary 2.

(6 3 11 2 11 13 10 1]

15 12 15 0 9 9 7
3 1 12 4 2 15 9

c, o |18 ® 8 6 14 0 13 8 _

5 0 8 10 11 2 11
12 8 10 2 9 4 12 4
9 14 5 1 14 4 13
10 6 4 7 8 15 3 0]

Figs. 5.6 and 5.7 show the PSDs of the conventional TH-BPPM (M = 1) with the
TH code ¢y (the first row of Cs) and of 8-CSK/BPPM (M = 8) with the TH code set Cy
for two different PSD resolutions. In Fig. 5.6, it is observed that 8-CSK/BPPM (lower
plot) shows similar PSD characteristics with respect to 8-CSK/BPPM in Fig. 5.4 (i.e,
smooth continuous spectrum, suppressed discrete components) except for more discrete
components. Contrary to more components, it is measured that the average power of each
discrete spectral component in Fig. 5.6 is (10log;q/N,)dB less than the average power of
each discrete spectral component in Fig. 5.4. As a result, the total power of discrete
spectral components is conserved. With the FCC constraints in Fig. 5.7, it can be seen that
almost all of the discrete components are resolved for the given resolution for 8-CSK/BPPM,
whereas the PSD in Fig. 5.5 exhibits noticeable peaky power components due to discrete
components in the [200,300] MHz range. Although code design technique-2 may seem more
advantageous for BPPM when FCC resolution is considered, code design technique-1 may
be preferred to accommodate narrowband systems over its Tif bandwidth (typically 10-20
MHz).
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Figure 5.6: Effects of code design-2 on the PPM for dB/Hz resolution. Upper plot: PSD
resulting from TH-BPPM. Lower plot: PSD resulting from 8-CSK/BPPM.
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Figure 5.8: Effects of code design on the PAM for two different code sets.

In Fig. 5.8, the PSDs resulting from the two different code sets, C1 and Cj, are compared
to the PSD resulting from TH-BPAM (M = 1) when 8-CSK/BPAM (M = 8) is used. It
is observed that PSDs resulting from 8-CSK/BPAM exhibit the similar averaging effect,
resulting in a smoother spectrum compared to the conventional TH-BPAM (M = 1). It
is to be noted that code design technique-2 can support higher MA capability for similar
PSD characteristics for PAM. Therefore, it may be preferred to code design technique-1 for
MCSK/BPAM.

5.4.3 Code design for TH-1IRs

TH code sets designed for MCSK-IRs can also be used for conventional TH-IRs in or-
der to improve their spectrum. While MCSK-IRs were designed to increase the data rate
with a slightly increased receiver structure [70], conventional TH-IRs can retain their main
transceiver structure [40], use a TH code synchronization procedure that is known to both

the transmitter and the receiver, and randomly select one of the TH codes every N,Ty as
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Figure 5.9: Modified TH-IR transceiver.

MCSK-IRs. Accordingly, the conventional TH-IRs can achieve the same spectral character-
istics as MCSK-IRs. The transceiver structure of a modified TH-IR is depicted in Fig. 5.9
for the transmission of B with the pseudorandom sequence D that controls the selection of
a TH code from a set of M distinct TH codes. D should be synchronized at the transmitter
and receiver for data detection purposes. With the transmit/receive structures retained the
same, the modified TH-IR transceiver can provide improved PSD characteristics over the

conventional IR.

5.5 Conclusion

In this chapter, the effects of different code design techniques on the PSD and the MA
capability of MCSK based IRs were investigated. Initially, the PSD that accounts for TH
code changes within a frame time was derived and verified, followed by the evaluation of
~ two different TH code set design techniques. The first technique significantly reduces the
number of discrete spectral components for the MCSK/BPPM format with a limited MA
capability. The second technique increases the MA capability with a smoothed continuous
spectrum. Moreover, these techniques can be adopted to conventional TH-IRs without much

increasing the hardware complexity in order to improve their spectrum.

The next chapter summarizes the contributions of the investigations covered in Chap-

ters 3-5 and concludes this dissertation.



Chapter 6

Conclusions

In this dissertation, a new ultra wideband impulse radio (UWB-IR) modulation format,
namely M-ary code shift keying (MCSK) impulse modulation, was presented. The main
motivation for proposing a new modulation format was to address some of the problems
associated with the conventional UWB-IR modulations. Based on the proposed MCSK im-
pulse modulation, three main investigations were conducted. In each investigation, specific
considerations of MCSK impulse modulation were analyzed and compared to the conven-
tional UWB-IR modulations to show the system improvements provided. In the following,
a summary of the contributions of the proposed MCSK impulse modulation and the future

research directions are presented.

6.1 Summary of Contributions

By proposing MCSK impulse modulation, three main contributions are made to the UWB-

IR communications area as summarized below:

1. In Chapter 3, MCSK impulse modulation is shown to improve the system perfor-
mance of UWB-IRs by randomizing pulse transmit locations, when compared to the
conventional time-hopping M-ary pulse position modulation (TH-MPPM) that uses

consecutive pulse transmit locations.

2. In Chapter 4, MCSK impulse modulation combined with binary PPM (BPPM) is
shown to increase the data rate of the conventional TH-BPPM and improve the system

performance at the same time by appropriately selecting system design parameters.

87
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3. In Chapter 5, MCSK impulse modulation combined with BPPM and binary pulse
amplitude modulation (BPAM) is shown to improve the power spectral density (PSD)
characteristics of the conventional TH-BPPM and TH-BPAM by increasing the effec-
tive TH code period and suppressing the undesired peaks in the PSD.

Specific contributions in each investigation are detailed in the following.

MCSK Impulse Modulation

MCSK impulse modulation was proposed and studied as the first investigation. The main
property of MCSK impulse modulation is that it is designed to randomize the consecutive
pulse transmit locations used in the conventional TH-MPPM. When practical implemen-
tations of MCSK and TH-MPPM were considered, it was shown that MCSK can provide
about 2 dB performance gain over TH-MPPM as it reduces the effects of multipath delays
on the decision variables by randomizing pulse transmit locations. This performance gain
is mainly a result of the separated M decision variables experiencing less interference terms
due to the decaying power delay profile. In addition to the improved system performance

provided by MCSK, some other contributions are summarized as follows:

e Lower and upper bounds on the symbol-error rate (SER) were derived in the commonly
used approximate T.-spaced channel model for both single- and multi-user cases. The
effects of CM-1 and CM-3 channel types and the pulse repetition number N, on the

system performances were discussed in detail.

e For the single-user case, the effect of multipath-delayed pulses on M decision variables

was explicitly provided in terms of channel impulse response coefficients.

e For the multi-user case, an accurate semi-analytic SER expression was derived based
on modelling the multi-user interference (MUI) terms with the generalized Gaussian
distribution (GGD), where some approximations to MUI modelling were made that
increased the computational efliciency of numerical analysis significantly with respect

to the simulation studies, while still providing accurate results.

e Simulation studies were conducted in the accurate 7-spaced channel model, and an
implementable partial-Rake receiver was used. Accordingly, the 2 dB performance
gain reported in the dissertation is important since the study considered a realistic

channel model and a practical Rake implementation.
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MCSK Combined with BPPM

MCSK impulse modulation combined with BPPM was proposed and studied as the sec-
ond investigation. The main property of the combined MCSK /BPPM is that it is designed
to transmit additional logy M-bit data through the selection of one of the M TH codes per
user, in addition to the one-bit transmitted by TH-BPPM. By controlling the data rate with
the appropriate selection of system design parameters M, the modulation order, IV, the TH
code length, and N, the pulse repetition number, and using a maximum-likelihood sequence
estimation (MLSE) structure at the receiver, it is shown that the combined MCSK/BPPM
can achieve better bit-error-rate (BER) performance than the conventional TH-BPPM sys-
tem with increased data rate. In addition to the increased data rate with improved system
performance provided by MCSK/BPPM, some other contributions are summarized as fol-

lows:

e Lower and upper bounds on the SER were derived in an additive white Gaussian noise
(AWGN) channel for the multi-user case. The effects of system parameters M, N, and

N; on the system performance were discussed in detail while verifying the analysis.

e In order to model the MUI accurately, characteristic functions of the MUI terms
were derived. For that, characteristic functions used to model the MUI in TH-BPPM
signalling [15] were extended to include the MUI in MCSK/BPPM signalling.

e Considering the performance result of MCSK/BPPM (i.e., increased data rate with
improved system performance), it is suggested that the proposed modulation can
be used for for high-rate applications of IEEE 802.15.3a or low-rate applications of
[EEE 802.15.4a. While MCSK /BPPM can be implemented for high-rate applications
with the structure it is presented in the dissertation, the data rate can be traded-off
with the frame time in order to mitigate the worse effects of multipath and multiple
access interference, providing more accurate time-of-arrival estimation for low-rate

applications.

PSD Characteristics of MCSK Based Impulse Radios

PSD characteristics of MCSK based impulse radios (i.e., MCSK impulse modulation
combined with BPPM and BPAM) were studied as the third investigation. In a conventional

UWB-IR system, finite-length TH codes used for multiple-access cause undesired peaks in
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the PSD due to the periodicity of TH codes. On the other hand, MCSK randomly selects
one of the M TH codes every TH code period, which results in increased effective TH
code period with respect to the conventional TH-BPPM and TH-BPAM. This increase in
effective TH code period improves the PSD of MCSK based IRs with respect to the PSD of
conventional UWB-IRs as it helps smoothing the continuous spectrum and suppressing the
discrete spectral components. In addition to the improved PSD characteristics provided by

MCSK based IRs, some other contributions are summarized as follows:

¢ In the literature, PSD characteristics are usually given only by analysis or simulation.
For the PSD investigation in this dissertation, an exact PSD that accounts for every
TH code change within a frame time was derived and verified. This way, the reliability

of the presented results was increased.

e Two different TH code set design techniques were proposed and studied in order to
assess the trade-off between multiple-access (MA) capability and efficient spectrum
shaping. The first technique significantly reduces the number of discrete spectral
components for the MCSK/BPPM format with a limited MA capability. The second

technique increases the MA capability with a smoothed continuous spectrum.

e Finally, suggestions were made to adopt the MCSK structure to conventional UWB-
IRs. The proposed structure can provide the same PSD as the MCSK based IRs

without much increasing the hardware complexity.

In summary, proposing MCSK impulse modulation has resulted in several contributions
including BER performance improvement, data rate increase and PSD improvement with
respect to the conventional UWB-IRs. In the last part of the dissertation, some sugges-
tions are made for future research work as an extension to the proposed MCSK impulse

modulation considered in this dissertation.

6.2 Future Research

MCSK impulse modulation proposed in this dissertation has the potential to be used in
some other investigations in UWB-IR communications. These investigations are not limited

to, but include the following:
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e MCSK impulse modulation was studied only for the implementation of the basic UWB-
IR in this dissertation. Another suitable implementation of the MCSK impulse mod-
ulation is for the emerging IEEE 802.15.4a standard. The current implementation
of the physical layer of IEEE 802.15.4a uses combined BPPM and BPAM with two
orthogonal pulse transmit locations, limited time-hopping per user and fixed guard
bands. In the presence of multiple simultaneously operating piconets, there may be
catastrophic collisions due to limited TH and fixed guard bands. Depending on user
asynchronism values, there may occur more collisions that may lead to many packet
losses. In [79], we replaced BPPM with binary CSK (BCSK), and used a simple TH
code design technique and adaptive guard bands. This approach made the collision
event uniformly distributed and independent of the user asynchronism values. Accord-
ingly, it was shown that the worst case collisions and performances can be prevented
by replacing BPPM with BCSK. Although only BCSK was considered for that study,
a general MCSK approach is of future interest. With the optional higher data rates
allowed in the IEEE 802.15.4a standard [4], M-ary CSK is also an option to increase
the data rate, in addition to preventing worst case collisions due to fixed guard bands.
An investigation that studies the implementation of MCSK for IEEE 802.15.4a to
increase the data rate and to analyze the outage probability (with respect to BPPM

used with fixed guard bands) is a possible future investigation.

o In Chapter 4, it was concluded that the improved system performance at increased data
rate provided by MCSK/BPPM can be used for low-rate applications. By trading-off
the data rate, the frame time can be increased in order to increase the number of pos-
sible TH locations and to resolve the multipath-delayed pulses. With this approach,
further improved system performances at various data rates can be studied. Also, dif-
ferent signal processing techniques can be employed to study the location and ranging
capabilities of the MCSK modulation in order to compare to the other modulations.
This study may be conducted for either basic UWB-IRs or for the physical layer of
IEEE 802.15.4a.

e Two TH code set design techniques were presented in Chapter 5. Both techniques
were proposed to suppress the undesired peaks in the PSD. Another interest is in
generating spectral nulls for the frequency bands of co-existing systems. Based on the

accurate PSD derived, TH code sets of MCSK based impulse radios may be designed
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to generate spectral nulls and smooth the PSD at the same time.

e Only the IEEE 802.15.3a channel model was used in this dissertation. This model
consists of four channel types (CM1-CM4), which cover only the indoor environment
up to 10 m range. An interesting study would be to consider the IEEE 802.15.4a
channel model for the comparison of MCSK and MPPM. With more measurement
environments (e.g., indoor residential, indoor office, outdoor, industrial environments,
etc.) given up to 28 m in this model, MCSK and MPPM may be studied to determine

the specific environments and ranges, where MCSK outperforms MPPM.

¢ Independent of the study of MCSK impulse modulation, there are some other issues
that should be considered in future UWB-IR research. These include
(i) accurate modelling of the MUI for more accurate analysis,
(i) not neglecting the effect of inter-pulse interference for more realistic results,
(iii) proposing different transceiver structures for performance improvements, and
(iv)

iv) further studies for achieving closed-form BERs.



Appendix A

Modelling MUI Using the GGD

In the following, the procedure of representing the MUI term Iy, ,,, with its equivalent GGD
f14ym () is presented. Modelling the MUI with the GGDs is first proposed in [66], where
the GGDs are used to fit the distribution of the MUI term I4; ,,. These distributions can
be represented by [80]

Fiaom @) = 0\1/%62) P (_02(5 7= T) (A1)
T 1 I 1

where 8 > —1 and I'(z) = [;° u® 'e “du is the Gamma function. The nth-order moment

of the absolute value of a generalized Gaussian variable is given by [81]

n
(=) ( f0)
E(|z|") = « oL g2 with a= —— (A.2)
L) \VT@E) 1+5
where E(-) is the expected value operator and ¢? = E(2?) is the variance of the GGD. Based
on (A.2), the relation between the kurtosis v = % — 3 and 3 can be obtained as [66]
r (5(1+[3)) r ((1+ﬁ))
2 2
Y= - (A.3)

)

This means that by estimating the second and fourth moments of the MUT term distribution,

the kurtosis value 7y can be obtained, which then can be used to find the corresponding 3
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value. Once the § value is determined, the GGD f;, . (z) that models the distribution of
14, m can be obtained, since it is only a function of # and o?.

When TH-MPPM is considered, Iy, ,, = (14, — I is simulated for the given (dp, m)-pair
for different channel realizations and user delay values given in (3.9). For MCSK, different
combinations of {C;} are taken into account for the given (dg,m)-pair. After simulation
values are obtained for Iy, ,,, the second and fourth moments are calculated in order to
find the corresponding (-values and the GGDs f1, .. () and f; do,m({cj})(x), respectively,
for TH-MPPM and MCSK. These distributions are then used in (3.24) to find ¢, _ (w),
the CF of the MUI term.



Appendix B

Characteristic Functions of Iy & I,

The characteristic functions of Iy and I,, are derived as follows. First, Iy given in (4.21) can

be rewritten using (4.15) as

N, (i~1)Ns+m~1
Ip=) A { 2 [R(agdﬁ”) —f (9?,(12“’) ]

k=2 j=(#—-1)N,
iNs—1

' 2 [R(ezﬂ),dg”) B R(Q?,H) 1 >)] } (B.1)

J=E=1)Ns+

where
egdgl)‘—‘ak + [(C,E.,I:I))J - (Cgl))j] T + [dgk)— dl(l)} 5d (B.2)
0 — (k) (1) (k) (1)
Oernap =kt [(Clw)f = ()| Te+ [dthy= i (B:3)
Further, (B.1) can be rewritten as Iy = I(k Zk 5 ( k) Y(k)) with

(i—=1)Ns+7e—1

xPo Y [R(G o)~ R(92d2<1))] (B.4)

J=(i—1)Ne
iNs—1

Yo(k): Z +LR(9?i+1),d§”) B R(e?iﬂ),d;‘”)] : (B-5)
k

J=(i—1)N,

To find the characteristic function of Xék), initially the probability density functions
(pdf’s) of 69d(1) and qu,(l) should be known. Since the TH codes in [(cﬁ,’f?)] - (c(()l))j] are

independent and uniformly distributed, the pdf’s of §° ) and 6° .1y are identical for a given
i,d; i,d,
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oy when conditioned on [dgk) - dz(l) ] and [dl(k) - d;(l)], respectively. Then it can be shown

to
fyo da(e { [dgw _ x] —d ay = a) = NlT Ni](Nh _ |h;)<sd(9 — BT, — déy — a) (B.6)
i A = (Nu-1)

of {d e {0,1};11{1) € {0,1}} in {dr = [df’“) —dﬁ”];dz = [a® —dg(l)]} pairs, the CF of

Xék) conditioned on «y and 4 can be evaluated as

@ ], @)= D Pr [{d1, da} | ® ) () 0y )

where = € {dz(-l) dl(l)}. Using [15, egs. (21,23-24)] and the equal probability conditions

{d],dg}
) Np-1 [ ] K
_ _ jw | R(o+hTe)~R(o+hTe—8,)
|| 2 (o)
h=—(Nj—1)
Ny ~1 v
+ Z (Nh _ |h|)6jw [R(a+hTet84)-R(a+hTy)] ' (B.7)
h=—(Ny—1)
Similarly, the CF of Yo(k) conditioned on « and 7 can be evaluated as
Np—1 (Ns=7)
d (w) = 1 Z (N _ |h|> v [R(a+th)—R(a+th—éd)]
v§9 |y 2N, 2N=7) "
h=—(Np—1)
Njp—1 (Ns—=7)
" Z (Nh _ |h|) o [R(a+th+6d)—R(a+th)] . (B.8)
h=—(Ny—1)
Thus the CF of Iék) conditioned on « and # is derived as
<I>I(()k)|aﬁ(w) = ‘I’X(()k)‘m(w) ‘I’y})(k)‘aﬁ(w)- (B.9)

To find the CF of I,(lk) conditioned on « and +, we follow a similar procedure by rewriting I,
and finding the pdf’s of the variables that contribute to the noise term. I, can be rewritten
using (4.15) as

Ny Np/Ns [ (i—1)Ns+vc—1

eSS LS (v - ()

. 1‘%1 |:R(93+1),df.])) _ R(08+1)7’Ui>:| (B.10)

J=(i—-1)Ne+k
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where
o = ot [(2); = (5] + [ = aP] s (B.11)
0, = on+ [(c); = ()] + [dfY - w] (B.12)
Oy = okt [(cl(ﬁll))j (c(l));]T + [défil) —d§1)]6d (B.13)
Vi = ot [(Cz(ﬁll))j - (09))J]T [dﬁfll) - 'Ui] da- (B.14)
Then (B.10) can be rewritten as I, Z,ICV"QA i = SN {ZN”/NS (X(k) + Y ))}
with

(i—1)Ns+ve—1

x® = 3 [R(ozd(l)) - R(G?vl)] (B.15)
j=(i—1)Ns :
iNg—1

v® = Y [R(G(H) m) R(%H)M)]. (B.16)

J=(—1)Ns+k

Since the TH codes in (B.11) and (B.12) are uniformly distributed and independent, the
pdf’s of 0Zd(1) and 67, when conditioned on [dz(k) - dz(l) | and [dl(k) — v;], respectively, for a

given oy, and based on the TH code design condition {(c(()l))j % (dl))j;v]'}, can be shown
to
(k)_ ()] _ — ) =
fpm ol 1G )[d,. _ 4 ]_ dy,ap = a) - Q(Nh - 1)hzhz(5d(0 T, - dida - a)
h_ ] _ _
Fug ol 8| [#7= ] = s = ) = NhQ(Nh - 1)5;}"(0 T, = dydy = x)(B17)

where h; = [(cﬁffl)) (cél))]], hy = {(Cg:?)J - (C(nl))j], and

Np—1 Np-1 Np—1

= 2 >

Brha (5,20 (e67);=0{(cl);=0, (ci);#(c5);}

is used for a simplified representation. Using [15, egs. (21,23-24)] and the equal probability

conditions of {d( )} the CF of XT(l i) conditioned on ay and ~y can be evaluated as

) ow(w) =Pr [dgk) = O] N ) (w)+ Pr [dgk) = 1]<I> ®) (w)

da},0y ,d2}a,y
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7
= l(_l_y 3 [R(a+h1Te=dM54)~ R(athoTe—visy)]
2\ Np2(Np, — 1) e
.
+ [ 3 emlremTan-dPi)-RernaTi-ulia] || (B 1g)
hi,hg
Similarly, the CF of Yn(? conditioned on & and v can be evaluated as
(Ns—7)
1 1 (Ne=) j [ Rlatha To—d64)~ Ra+ha Te—v:84)]
F) ) (w) — ( ) . v (a+h1Te—d; '6g)~R(a+hoTe—v;d4)
Yo7 |y 2 \N2(Ny, — 1) g;z
(Ns—7)
n Zejw[R(a+h1Tc+[1—d§1)]5d)—12(a+h2n+[1-vi]ad)]
hi,ha
(B.19)

Hence, the CF’s of Iflkl) and I,(lk) conditioned on a and v are respectively derived as

q)I.Efl) an(w) = @ngcl) a(y((.d) (I)Y,Ei),a,'y(w) (BZO)
Np/Ns

‘I’zgk>ya,7(”) = 11 2,001, («) (B.21)
=1 ’

because of the independent data sequences and TH codes.

After deriving the CF’s of I((]k) and I,(lk) conditioned on a and =, the CF of I, is evaluated
for Iy (m = 0) and I, (m = n), respectively. From the uniform distribution of ~, the CF

of I,(,If ) conditioned on a is

Ng—1

1
?w1.@) = 3 2 2w, @) (B.22)

Again, from the uniform distribution of oy, the CF of the interference term due to the kth

user is

b =2 [ a0 @ (B.23)
W) = — w), .
iy Tt J-1y s 9o

which finally yields the CF of I,,, consisting of independent interference terms as

Ny
7, (w) = [ 2,0 (4w). (B.24)
k=2



Appendix C
Simplified ACF

Re.(7) is periodic with N,Ty. Therefore, the time average ACF of ¢(t) should be evaluated.
By definition,

1

RCC(T) N Npr

NpTy
/0 E{c(t)c(t + 7)}dt (C.1)

is the temporal and statistical average ACF of ¢(t), where

o { BTN b (t = HN,T) ~ to), i k=0 o
0, ifk#£0

with ty = (leJ + hTf + (Cmo )N, +h)Te + di84) for the given integration interval and

oc L—-1N;-1

e(t +7) X:}:}:m/@+r— U%ﬂ%%ﬂ (C.3)

k'=—o0l!=0 h'=

with ¢, = (l’Tb + W' Ty + (emy ) ng+ryTe + dy&d). Accordingly, (C.1) can be rewritten as

oT; 0 L=1L—1Ns—1Ns-1
Rl {/ SYY S S wa
k'=—001'=0 I=0 h'=0 h=0
-5(t—t0)5(t+7a—kxp@1})-m)dt}. (C.4)
Using the definition of delta function
. 1 t
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where II (%) =1, —% <t< %, and the property
im [ L) a=1 (C.6)
ato ) AT\A o '
it can be shown that
NpTy
/ ’ 5(t - to) a(t +7— K(N,T;) - tl)dt - 5(7’ — K'N,Ty — (t; — to)). (C.7)
0

Therefore, (C.4) simplifies to

oo L—-1L- —1Ns—1
Rcc(T) = NpleE{ kl_z_: UX_%[Z: Z_ 2_: apay - (’7’ - kl(Npr) - (tl — to))} (CS)

and is given in the explicit form in (5.6).



Appendix D

PSD Terms

A general representation for {®;(f)} terms can be found by evaluating the Fourier transform

of (5.9), where

Z Z {aza } { —jznfcmk(z)Tc}E{e—jzwf[dx—dy]ad}e—jznsz,_ (D.1)

z (Lh) )

Let the expectation values of the data terms be defined as

a ifr=y
E{aza,}=¢ ” D.2
{azay} { o ifzdy (D.2)
d Y S,
E{e—jZWf[dI—dy]éd} _ R4(f), ifr=y (D.3)
R{(f), ifz#uy.
For Prlcy, | = % for Vmg, my € {0, ..., M — 1}, the expectation value of the code term
can be given as
_ | M1 M1 M-
E{e—ﬂMka(Z)Tc} = Cm, (f) = i Z Z Z g2 fem (2)T. (D.4)
mo=0mi1=0ms
Based on (D.1) — (D.4) and considering the sub-regions, {®;(f)}’s can be found as

oi(f)= Y ( > RERY(F)Cmo(f)+ Y. RIRI(f)Crmo(f)

lzl<Ns N\ (L) 1,1y (L,h)(1,2)

+ D R?R‘f(f)le(f))e‘jz”fZTf (D.5)

(I,h)(1,3)
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®f)= Y. ( 3 CmeH)+ Y cm(f))-R%R‘f(f)e-ﬂ”f”f (D.6)

Ns<lz|<Np \ (Lh)(2,1) (Lh)(2,2)

<I>3(f)={ > ( > Cum(H)+ D Cmg(f)>e"j2”f”f
(

—Np<z=<0 \ (,h)3,1) (LR)(3,2)

+ Z ( Z le(f)+ Z sz(f)>e_j2ﬂfZTf}

0<z<Np \(Lh)(3,1) (L,h)(3,2)

RSRY(f) (lepr 3 5<f—ﬁ)—l>+ ( DS cm(f))Ra‘R?(f).

=—o00 {z=0} (,,h)(3,1)
(D.7)
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