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Preface

The work covered in this book has been undertaken at the Centre for Wireless Com-
munication (CWC) at the University of Oulu, Finland. The authors have been involved
with ultra-wideband (UWB) projects for several years, which have included fundamen-
tal studies as well as design—build—test projects. A substantial number of propagation
measurements have been undertaken as well as work developing simulators, antenna
components and prototypes.

The book focuses very much on impulse radio UWB techniques rather than multi-
band systems. The reasons for this are both practical and historical. The promise of
UWB was low complexity, low power and low cost. Impulse radio, being a baseband
technology, holds the most promise to achieve these three benefits. The newer multi-
band proposals may potentially offer the most spectrally efficient solutions, but they are
substantially more complex and it is potentially more difficult to ensure compliance
with Federal Communications Commission (FCC) requirements.

The historical reason for the focus on impulse radio techniques is that CWC has been
working on UWB devices based on impulse radio techniques since 1999. Much of the
work in this book has been performed as part of projects carried out at CWC.

At the time of writing, the European regulatory bodies are still to decide on the
spectrum allocation mask for Europe. It is expected to be very similar to the FCC mask,
but with more stringent protection for bands below 3.1 GHz. Europe’s decision on
UWRB will have a dramatic impact on the size and shape of the market for UWB devices
worldwide. Europe is definitely aware of the historical battles of wireless Local Area
Network systems (Hiperlan versus IEEE 802.11) and is seeking a harmonized, global
approach to standardization and regulation. The race for UWB consumer devices is
moving quickly but is definitely not over yet.

Ian Oppermann
Matti Himaélédinen
Jari linatti

Oulu, July 2004
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Introduction

Ian Oppermann, Matti Himdildinen, Jari linatti

1.1 Introduction

The world of ultra-wideband (UWB) has changed dramatically in very recent history. In
the past 20 years, UWB was used for radar, sensing, military communications and niche
applications. A substantial change occurred in February 2002, when the FCC (2002a,b)
issued a ruling that UWB could be used for data communications as well as for radar
and safety applications. This book will focus almost exclusively on the communications
aspects of UWB.

The band allocated to communications is a staggering 7.5 GHz, by far the largest
allocation of bandwidth to any commercial terrestrial system. This allocation came hot
on the heels of the hotly contested, and very expensive, auctions for third generation
spectrum in 2000, which raised more than $100 billion for European governments. The
FCC UWB rulings allocated 1500-times the spectrum allocation of a single UMTS
(universal mobile telecommunication system) licence, and, worse, the band is free to use.

It was no wonder, therefore, that efforts to bring UWB into the mainstream were
greeted with great hostility. First, the enormous bandwidth of the system meant that
UWB could potentially offer data rates of the order of Gbps. Second, the bandwidth sat
on top of many existing allocations causing concern from those groups with the primary
allocations. When the FCC proposed the UWB rulings, they received almost 1000
submissions opposing the proposed UWB rulings.

Fortunately, the FCC UWB rulings went ahead. The concession was, however, that
available power levels would be very low. If the entire 7.5 GHz band is optimally
utilized, the maximum power available to a transmitter is approximately 0.5 mW. This
is a tiny fraction of what is available to users of the 2.45 GHz ISM (Industrial, Scientific
and Medical) bands such as the IEEE 802.11 a/b/g standards (the Institute of Electrical
and Electronics Engineers). This effectively relegates UWB to indoor, short-range,

UWB Theory and Applications Edited by 1. Oppermann, M. Hidmélédinen and J. linatti
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-86917-8



2 UWB Theory and Applications

communications for high data rates, or very low data rates for substantial link dis-
tances. Applications such as wireless UWB and personal area networks have been
proposed, with hundreds of Mbps to several Gbps and distances of 1 to 10 metres.
For ranges of 20 metres or more, the achievable data rates are very low compared with
existing wireless local area network (WLAN) systems.

One of the enormous potentials of UWB, however, is the ability to move between the
very high data rate, short link distance and the very low data rate, longer link distance
applications. The trade-off is facilitated by the physical layer signal structure. The very
low transmit power available invariably means multiple, low energy, UWB pulses must be
combined to carry 1 bit of information. In principle, trading data rate for link distance
can be as simple as increasing the number of pulses used to carry 1 bit. The more pulses
per bit, the lower the data rate, and the greater the achievable transmission distance.

1.1.1 Scope of this Book

This book explores the fundamentals of UWB technology with particular emphasis on
impulse radio (IR) techniques. The goals of the early parts of the book are to provide
the essential aspects of knowledge of UWB technology, especially in commu-
nications and in control applications. A literature survey examining books, articles
and conference papers presents the basic features of UWB technology and current
systems. A patent database search provides a historical perspective on the state-of-art
technology.

1.2 UWB Basics

Other terms associated with ‘ultra-wideband’ include ‘impulse’, ‘short-pulse’, ‘non-
sinusoidal’, ‘carrierless’, ‘time domain’, ‘super wideband’, ‘fast frequency chirp’ and
‘mono-pulse’ (Taylor, 1995).

Impulse radio communication systems and impulse radars both utilize very short
pulses in transmission that results in an ultra-wideband spectrum. For radio applica-
tions, this communication method is also classified as a pulse modulation technique
because the data modulation is introduced by pulse position modulation (PPM). The
UWRB signal is noiselike which makes interception and detection quite difficult. Due to
the low-power spectral density, UWB signals cause very little interference with existing
narrow-band radio systems. Depending on the attitude of national and international
regulatory bodies, this should allow licence-free operation of radio systems.

Time-modulated (TM) impulse radio signal is seen as a carrier-less baseband trans-
mission. The absence of carrier frequency is the very fundamental character that
differentiates impulse radio and impulse radar transmissions from narrow-band appli-
cations and from direct sequence (DS) spread spectrum (SS) multi-carrier (MC) trans-
missions, which can also be characterised as an (ultra) wideband technique. Fast slewing
chirps and exponentially damped sine waves are also possible methods of generating
UWRB signals.

At the end of the book there is an extensive bibliography of UWB technology in general,
and particularly impulse radio and impulse radar systems. Impulse radars, sensors, etc.,
are touched on in this book, but the main focus is in the communication sector.
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1.2.1 Advantages of UWB

UWRB has a number of advantages that make it attractive for consumer communications
applications. In particular, UWB systems

e have potentially low complexity and low cost;

¢ have noise-like signal;

e are resistant to severe multipath and jamming;

¢ have very good time domain resolution allowing for location and tracking applications.

The low complexity and low cost of UWB systems arises from the essentially baseband
nature of the signal transmission. Unlike conventional radio systems, the UWB trans-
mitter produces a very short time domain pulse, which is able to propagate without the
need for an additional RF (radio frequency) mixing stage. The RF mixing stage takes a
baseband signal and ‘injects’ a carrier frequency or translates the signal to a frequency
which has desirable propagation characteristics. The very wideband nature of the UWB
signal means it spans frequencies commonly used as carrier frequencies. The signal will
propagate well without the need for additional up-conversion and amplification. The
reverse process of downconversion is also not required in the UWB receiver. Again, this
means the omission of a local oscillator in the receiver, and the removal of associated
complex delay and phase tracking loops.

Consequently, TM-UWB systems can be implemented in low cost, low power,
integrated circuit processes (Time Domain Corporation, 1998). TM-UWB technique
also offers grating lobe mitigation in sparse antenna array systems without weakening
of the angular resolution of the array (Anderson etal., 1991). Grating lobes are a
significant problem in conventional narrowband antenna arrays.

Due to the low energy density and the pseudo-random (PR) characteristics of the
transmitted signal, the UWB signal is noiselike, which makes unintended detection quite
difficult. Whilst there is some debate in the literature, it appears that the low power,
noise-like, UWB transmissions do not cause significant interference to existing radio
systems. The interference phenomenon between impulse radio and existing radio sys-
tems is one of the most important topics in current UWB research.

Time-modulation systems offer possibility for high data rates for communication.
Hundreds of Mbps have been reported for communication links. It is estimated (Time
Domain Corporation, 1998; Kolenchery et al., 1997) that the number of users in an
impulse radio communication system is much larger than in conventional systems. The
estimation is claimed to be valid for both high- and low-data-rate communications.

Because of the large bandwidth of the transmitted signal, very high multipath resolu-
tion is achieved. The large bandwidth offers (and also requires) huge frequency diversity
which, together with the discontinuous transmission, makes the TM-UWB signal
resistant to severe multipath propagation and jamming/interference. TM-UWB systems
offer good LPI and LPD (low probability of interception/detection) properties which
make it suitable for secure and military applications.

The very narrow time domain pulses mean that UWB radios are potentially able to
offer timing precision much better than GPS (global positioning system) (Time Domain
Corporation, 1998) and other radio systems. Together with good material penetration
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properties, TM-UWB signals offer opportunities for short range radar applications
such as rescue and anti-crime operations, as well as in surveying and in the mining
industry. One should however understand that UWB does not provide precise targeting
and extreme penetration at the same time, but UWB waveforms present a better choice
than do conventional radio systems.

1.3 Regulatory Bodies

One of the important issues in UWB communication is the frequency allocation. Some
companies in the USA are working towards removing the restrictions from the FCC’s
regulations for applications utilising UWB technology. These companies have estab-
lished an Ultra-Wideband Working Group (UWBWG) to negotiate with the FCC.
Similar discussion on frequency allocation and radio interference should also emerge
in Europe. Currently, there are no dedicated frequency bands for UWB applications in
the ETSI (European Telecommunications Standards Institute) or ITU (International
Telecommunications Union) recommendations.

1.3.1 UWB Regulation in the USA

Before the FCC’s first Report and Order (Federal Communications Commission,
2002a,b), there was significant effort by industrial parties to convince the FCC to
release UWB technology under the FCC Part 15 regulation limitations, and to allow
licence-free use of UWB products. The FCC Part 15 Rules permit the operation of
classes of radio frequency devices without the need for a licence or the need for
frequency coordination (47 C.F.R. 15.1). The FCC Part 15 Rules attempt to ensure a
low probability of unlicensed devices causing harmful interference to other users of the
radio spectrum (47 C.F.R. 15.5). Within the FCC Part 15 Rules, intentional radiators
are permitted to operate within a set of limits (47 C.F.R. 15.209) that allow signal
emissions in certain frequency bands. They are not permitted to operate in sensitive
or safety-related frequency bands, which are designated as restricted bands
(47 C.F.R.15.205). UWB devices are intentional radiators under FCC Part 15 Rules.

In 1998, the FCC issued a Notice of Inquiry (NOI) (Federal Communications
Commission, 1998). Despite the very low transmission power levels anticipated, propon-
ents of existing systems raised many claims against the use of UWB for civilian
communications. Most of the claims related to the anticipated increase of interference
level in the restricted frequency bands (e.g. TV broadcast bands and frequency bands
reserved for radio astronomy and GPS). The Federal Aviation Administration (FAA)
expressed concerned about the interference to aeronautical safety systems. The FAA
also raised concerns about the direction finding of UWB transmitters.

The organizations that support UWB technology see large scale possibilities for new
innovative products utilizing the technology. The FCC Notice of Inquiry and comments
can be found on the Internet (Ultra-Wideband Working group, 1998, 1999, 2004).

When UWB technology was proposed for civilian applications, there were no defin-
itions for the signal. The Defense Advanced Research Projects Agency (DARPA)
provided the first definition for UWB signal based on the fractional bandwidth B, of
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the signal. The first definition provided that a signal can be classified as an UWB signal
if Bris greater than 0.25. The fractional bandwidth can be determined as (Taylor, 1995).

 fwh
Br=2r 7

(1.1)

where f7 is the lower and fj is the higher —3 dB point in a spectrum, respectively.

CURRENT UWB DEFINITION

In February 2002, the FCC issued the FCC UWB rulings that provided the first
radiation limitations for UWB, and also permitted the technology commercialization.
The final report of the FCC First Report and Order (Federal Communications Com-
mission, 2002a,b) was publicly available during April 2002. The document introduced
four different categories for allowed UWB applications, and set the radiation masks for
them.

The prevailing definition has decreased the limit of Byat the minimum of 0.20, defined
using the equation above. Also, according to the FCC UWB rulings the signal is
recognized as UWB if the signal bandwidth is 500 MHz or more. In the formula above,
fuand f; are the higher and lower —10 dB bandwidths, respectively. The radiation limits
by FCC are presented in Table 1.1 for indoor and outdoor data communication
applications.

1.3.2 UWB Regulations in Europe

At the time of writing, regulatory bodies in Europe are awaiting further technical input
on the impact of UWB on existing systems. The European approach is somewhat more
cautious than that of the USA, as Europe requires that a new technology must be shown
to cause little or no harm to existing technologies. The European organizations have, of
course, been heavily influenced by the FCC’s decision. Currently in Europe, the recom-
mendations for short-range devices belong to the CEPT (European Conference of
Postal and Telecommunications) working group CEPT/ ERC/ REC 70- 03 (Ultra-
Wideband Working Group, 1999). Generally, it is expected that ETSI/CEPT will follow

Table 1.1 FCC radiation limits for indoor and outdoor communication applications

Indoor Outdoor
Frequency in MHz EIRP in dBm EIRP in dBm
960-1610 —753 —75.3
1610-1990 —53.3 —63.3
1990-3100 —51.3 —61.3
3100-10600 —41.3 —41.3

Above 10600 —51.3 —61.3
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the FCC’s recommendations but will not necessarily directly adopt the FCC’s regula-
tions. The ITU limits (ITU 2002) for indoor and outdoor applications are defined by the
formulas represented in Table 1.2.

Figure 1.1 shows the current proposal for the European spectral mask limits as well as
the FCC masks. The upper plot represents the masks for data communication applica-
tions for indoor and outdoor use. The lower plot gives the FCC radiation mask for
radar and sensing applications. In all cases the maximum average power spectral density

Table 1.2 ITU radiation limits for UWB indoor and outdoor applications

Frequency range [GHZz]

<31 3.1<f<10.6 f>10.6
Indoor mask —51.3+87log(f/3.1) —41.3 —51.3 4+ 871og(10.6 /1)
Outdoor mask —61.3 +87log(f/3.1) —41.3 —61.3 +8710g(10.6/f)
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follows the limit of FCC Part 15 regulations (Federal Communications Commission,
2004).

The working groups for UWB include ERM/TG31A covering generic UWB, and
ERM/TG31B, which covers UWB for automotive applications at higher bands.

1.3.2.1 IEEE 802.15.3a

The IEEE established the 802.15.3a study group to define a new physical layer concept
for short range, high-data-rate, applications. This ALTernative PHYsical (ALT PHY)
is intended to serve the needs of groups wishing to deploy high-data-rate applications.
With a minimum data rate of 110 Mbps at 10 m, this study group intends to develop a
standard to address such applications as video or multimedia links, or cable replace-
ment. The study group has been the focus of significant attention recently, as the debate
over competing UWB physical layer technologies has raged. The work of the study
group also includes analysing the radio channel model proposal to be used in the UWB
system evaluation.

The purpose of the study group is to provide a higher speed PHY for the existing
approved 802.15.3 standard for applications which involve imaging and multimedia
(IEEE, 2004). The main desired characteristics of the alternative PHY are:

o coexistence with all existing IEEE 802 physical layer standards;

o target data rate in excess of 100 Mbits/s for consumer applications;

e robust multipath performance;

e location awareness;

o use of additional unlicensed spectrum for high rate WPANSs (wireless personal area
network).

1.3.2.2 1EEE 802.15.4a

The IEEE established the 802.15.4a study group to define a new physical layer concept
for low data rate applications utilizing UWB technology at the air interface. The study
group addresses new applications that require only moderate data throughput, but long
battery life such as low-rate wireless personal areca networks, sensors and small net-
works.

1.4 Conclusions

The fact that UWB technology has been around for so many years and has been used
for a wide variety of applications is strong evidence of the viability and flexibility of the
technology. The simple transmit and receiver structures that are possible make this a
potentially powerful technology for low-complexity, low-cost, communications. As will
be discussed in later chapters, the physical characteristics of the signal also support
location and tracking capabilities of UWB much more readily than do existing narrower
band technologies.
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The severe restrictions on transmit power (less than 0.5 mW maximum power) have
substantially limited the range of applications of UWB to short distance—high data rate
or low data rate—longer distance applications. The great potential of UWB is to allow
flexible transition between these two extremes without the need for substantial modi-
fications to the transceiver.

Whilst UWB is still the subject of significant debate, there is no doubt that the
technology is capable of achieving very high data rates and is a viable alternative to
existing technology for WPAN; short-range, high-data-rate communications; multi-
media applications, and cable replacement. Much of the current debate centres around
which PHY layer(s) to adopt, development of a standard, and issues of coexistence and
interference.
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UWB Channel Models

Matti Himéldinen, Veikko Hovinen, Lassi Hentild

2.1 Introduction

In many respects, the UWB channel is very similar to a wideband channel as may be
experienced in spread spectrum or CDMA systems. The main distinguishing feature of
an ‘ultra’ wideband channel model is the extremely multipath-rich channel profile.
With a bandwidth of several GHz, the corresponding time resolution of the channel
is of the order of fractions of a nanosecond. When translated to the spatial
domain, this means that it is possible to distinguish reflecting surfaces separated by
mere centimetres. Many everyday objects now can be seen to act as distinct specular
reflectors rather than contributing to ‘lumped’ multipath components. The significantly
greater time resolution is accompanied by substantially lower power per multipath
component.

This chapter examines common UWB channel models, provides methods to measure
UWRB channels, and introduces the channel model adopted by the IEEE 802.15.3a study
group, which will be used as a reference model in UWB system performance studies.

2.2 Channel Measurement Techniques

There are two possible domains for performing the channel sounding to measure the
UWRB radio channel. First, the channel can be measured in the frequency domain (FD)
using a frequency sweeping technique. With FD sounders, a wide frequency band is
swept using a set of narrow-band signals, and the channel frequency response is
recorded using a vector network analyser (VNA). This corresponds to S,;-parameter
measurement set-up, where the device under test (DUT) is a radio channel.

Second, the channel can be measured in the time domain (TD) using channel sounders
that are based on impulse transmission or direct sequence spread spectrum signalling.

UWB Theory and Applications Edited by 1. Oppermann, M. Hidmélédinen and J. linatti
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-86917-8
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With impulse based TD sounders, a narrow pulse is sent to the channel and the channel
impulse response is measured using a digital sampling oscilloscope (DSO).

The corresponding train of impulses can also be generated using a conventional direct
sequence spread spectrum (DSSS) based measurement system with a correlation
receiver. The performance of the DSSS sounder is based on the properties of the auto-
correlation function (ACF) of the spreading code used as an overlay signal. The draw-
back of using the DSSS technique is that it needs very high chip rates to achieve
bandwidths required for UWB.

In this chapter, the frequency and time domain measurement concepts are presented.
Theoretically, both techniques give the same result if there is a static measurement
environment and an unlimited bandwidth.

2.2.1 Frequency Domain Channel Sounding

With frequency domain sounders, the RF signal is generated and received using a vector
network analyser (VNA) which makes the measurement set-up quite simple. The sounding
signal is a set of narrow-band sinusoids that are swept across the band of interest. The
frequency domain approach makes it possible to use wideband antennas, instead of
special impulse radiating antennas. As will be discussed in a later chapter, UWB
antennas have restrictions, for example, with ringing leading to pulse shape distortion.
The UWB channel models can then be generated at the data post-processing stage.
When the FD sounder approach is used, the channel state during the soundings must
be static to maintain the channel conditions during the sweep. The maximum sweep
time is limited by the channel coherence time. If the sweep time is longer than the
channel coherence time, the channel may change during the sweep. For fast changing
channels, other sounding techniques are needed.

The performance of the frequency domain sounder is also limited by the maximum
channel delay. The upper bound for the detectable delay 7, can be defined by the
number of frequency points used per sweep and the bandwidth B (frequency span to be
swept). This is given by

Tmax = (Nymp - 1)/3 (21)

where Ny, is the number of frequency points.

Another possible source of error in the measurement process is the frequency shift
caused by the propagation delay when long cables are used, or when the flight time of
the sounding signal is long. In frequency-sweep mode, the sounding signal is rapidly
swept across the whole band of interest. For a transmitter and receiver that are in lock-
step sweeping across the frequency band of interest, very long propagation delays can
cause the receiver to take samples at a frequency that is higher than the received
frequency. This frequency shift Af is a function of the propagation time 7, (time of
flight), the frequency span B and the sweep time ¢, as

Af =1, <ﬁ> . (2.2)

SwW
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Figure 2.1 Vector network analyser-based frequency domain channel sounding system

In general, Af has to be smaller than the analyser IF bandwidth to obtain reliable
results. The idea used in FD measurements is presented in Figure 2.1. After the channel
frequency response has been measured, the time domain representation (impulse
response) can be achieved by inverse Fourier transform (IFFT).

2.2.1.1 Signal Analysis Using IFFT

The signal measured using a VNA is a frequency response of the channel. The inverse
Fourier transform is used to transform the measured frequency domain data to the time
domain. The IFFT is usually taken directly from the measured raw data vector. This
processing is possible since the receiver has a down-conversion stage with a mixer
device. This method is referred to as the complex baseband IFFT, and is sufficient for
modeling narrow- and wideband systems.

There are two common techniques for converting the signal to the time domain,
which both lead to approximately the same results. The first approach is based on
Hermitean signal processing, which results in a better pulse shape. The second approach
is the conjugate approach. Tests show that the conjugate approach is an easier and more
efficient way of obtaining approximately the same pulse shape accuracy. These two
approaches are introduced next.

2.2.1.2 Hermitian Signal Processing

Using Hermitian processing, the pass-band signal is obtained with zero padding from
the lowest frequency down to DC (direct current), taking the conjugate of the signal,
and reflecting it to the negative frequencies. The result is then transformed to the
time domain using IFFT. This Hermitian method is shown in Figure 2.2. The signal
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Figure 2.2 Zero padding, conjugate reflection and resulting impulse response

spectrum is now symmetric around DC. The resulting doubled-sided spectrum corres-
ponds to a real signal. The time resolution of the received signal is more than twice that
achieved using the baseband approach. This improvement in accuracy is important,
since one purpose in UWB channel modelling is to separate accurately the different
signals paths.

2.2.1.3 Conjugate Approach

The conjugate method involves taking the conjugate reflection of the passband signal
without zero padding. Using only the left side of the spectrum, the signal is converted
using the IFFT with the same window size as the Hermitian method. The technique is
presented in Figure 2.3. The conjugate result is very likely to be the same as the

- Zero-padding
=>

4

Complex Conjugate transformation

u Py

Figure 2.3 Conjugate reflection with zero padding and resulting impulse response
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Figure 2.4 Impulse responses of the different IFFT methods

Hermitian result with zero padding. However, the conjugate method is more efficient in
terms of data processing complexity, since the matrix calculations in the post-processing
stage become ecasier to manipulate due to the smaller memory requirements.

The impulse responses of these two methods and the baseband method are shown in
Figure 2.4, where Hamming window is used in data processing.

From Figure 2.4 it can be seen that for both methods, the main reflection positions
are the same and the amplitudes are very close. Thus, the approach based on the left-
side conjugate produces an adequate pulse shape with lower processing complexity.

2.2.2 Calibration and Verification

The vector network analyser system, like all measurement systems, requires calibration
with the same cables, adapters and other components that will be used for the measure-
ments before the soundings. An enhanced response calibration is required to be able to
determine both the magnitude and phase of the transmitted signal (Balanis, 1997).
Amplifiers must be excluded from calibration because they are isolated in the reverse
direction. The amplifiers’ frequency response can be measured independently and their
effects can be taken into account in the data post-processing. Long cables and the
adapters connected to the ports of the analyser cause a frequency dependent variation in
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the sounding signal. The deviation is directly proportional to the quality of the used
equipments. This variation can, however, be compensated in the calibration procedure.

The calibration process moves the time reference points from the analyser ports to the
calibration points at the ends of the cables. When the time references are at the cable
ends (at the antenna connectors), the resulting delay profiles only includes the propaga-
tion delays that result from the radio channel. Due to their dimensions, delays due to the
antennas themselves are insignificant.

The performance of the measurement system was verified in a corridor where major
delays could be readily calculated from the room geometry (Hovinen et al., 2002). The
physical dimensions of the reference corridor are presented in Figure 2.5. The corres-
ponding impulse response that is calculated from the recorded frequency response is
presented in Figure 2.6. Reflections coming from points END I, END II and END III
of the corridor (marked on Figure 2.5), as well as the main reflections from the walls, the

- 5.6m - 36.5m .
END IlI END Il END |
RX TX
S 10.5m Y 18.0m - 8.0m

END Il and END IIl are glass doors with metal grids

Figure 2.5 Dimensions for the calibration test measurement made in a corridor (figure is
not to scale)

Figure 2.6 Impulse response measured at the corridor presented in Figure 2.5
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floor and from the ceiling, can be found with simple calculations. END II and END III
are glass doors with a metal grid inside. Comparing the estimated propagation delays
plotted at the top of Figure 2.6 with the measured impulse response, a clear conformity
between the results can be observed.

2.2.3  Measurement Experimental Set-up

The following section introduces the radio channel measurement system, which consists
of a vector network analyser, a wideband amplifier, a pair of antennas and a control
computer with LabVIEW ™ controlling software. This particular installation has been
used in the measurements carried out by CWC.

The network analyser is operating in a response measurement mode, where PORTI is
a transmitter port (TX) and PORT?2 is a receiver port (RX). An external amplifier is
connected to PORTI to increase the transmitted power level. The antennas used in the
measurement system are CMA-118/A conical antennas developed by Antenna Research
Associates, Inc. Typical features of conical antennas are an approximately omnidirec-
tional radiation pattern with a constant phase centre. Both of these features are
important in radio channel sounding. The constant phase centre means that the exact
radiation point is independent of the frequency. The omnidirectional radiation pattern
makes it possible to receive all of the reflections generated by the channel. A low noise
amplifier at the input of the VNA can be used to improve the receiver’s noise figure, and
to increase the energy of the received channel probing signal.

The sweep time is automatically adjusted by the analyser, depending on the band-
width and on the number of measured frequency points within the sweeping band.
Figure 2.7 presents the block diagram of the VNA based measurement set-up. The
operating measurement system is presented in Figure 2.8. Figure 2.9 gives examples of
the environments where the measurements have been carried out. The left-hand figure
introduces the assembly hall at the main building at the University of Oulu, and the
right-hand one represents a typical classroom with furniture.

The operation of the measurement set-up, and the applicability of IFFT, was verified
by recording the channel frequency response using short cables. The verifications also
show that the measurements using short cables (about 1 m) and long cables (maximum
30m) give the same result for the channel impulse response which proves that the
calibration procedure is correct. UWB measurements with high delay resolution gen-
erally demonstrate similar structure to wideband measurements for indoor environ-
ments. In Figure 2.10, the measured frequency response and the corresponding impulse
response are presented. The measurement was performed with one obstructing wall
between transmitter and receiver.

2.2.3.1 Modified Frequency Domain Sounding System

The VNA-based measurement system introduced in Figure 2.7 is limited in range by the
length of the antenna cables. Due to the fact that the same device works both as a
transmitter and receiver, the distance between the antennas is limited to short or
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Figure 2.7 The VNA based radio channel measurement set-up

medium range. The measurement set-up can be improved to make it possible to increase
the link distance and to make the system more flexible, by changing the topology whilst
maintaining the remaining VNA as a receiver (Hdmaldinen et al. 2003).

The modified UWB radio channel sounder based on the VNA is presented in Figure 2.11.
The sinusoidal probing signal is now generated by an external signal generator.
The wired connection between the transmitting and receiving ends is avoided by sending
only the triggering signal to the transmitting part via radio. The channel frequency
response is again measured using a set of tones much like the approach presented in
Section 2.2.1. The functionality of the modified sounding system is presented in Figure
2.11. All of the measurement procedures are again controlled by LabView™ software.

The main component in the modified channel measurement system is a vector net-
work analyser. This device receives the probing signal and makes the calculations for the
channel S»; values in the same way as described in Section 2.2.1. Rather than coming
from the VNA itself, the probing signal is now sent by the external sweeping signal
generator, which is SMIQ in the reference system. These two devices are frequency
synchronized by using the external reference clock. The transmitting port must be
terminated with 502 impedance to avoid unwanted reflections from the unused RF-
port of the VNA.

A low noise amplifier (LNA) can be used at the receiver port of the VNA to improve
the noise figure of the receiver, and of course, to amplify the received probing signal
level. A power amplifier (PA) can be used at the transmitter end. Any linear power
amplifier can be used to have the required power level at the receiver input.

In the test setup, a Rohde & Schwartz AFGU function generator is used to generate
the triggering pulses that are fed to the SMIQ and VNA. If the propagation delay
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Figure 2.8 Frequency domain measurement system

between the devices is long, the trigger pulse timing for SMIQ and VNA must be tuned
to make the SMIQ probing signal and the VNA reference signal arrive at the VNA
detector simultancously. However, the maximum detectable delay 7, cannot be
exceeded. The devices are operating in single-sweep stepping mode, sweeping the pre-
defined frequency band using 1601 points. Again, the frequency difference needs to be
less than the VNA IF-bandwidth for reliable detection.

In the reference system settings, the sweep time is approximately 5s, and the sweep
time depends only on the number of measured frequency points. The number of
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Figure 2.9 Different environments covered during the channel measurement campaign
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Figure 2.10 Example of an ultra-wideband through wall radio channel measurement:
(a) frequency response and (b) corresponding impulse response

frequency steps and therefore the sweeping time can be decreased if the maximum delay
of the channel is small.

LabView delivers almost all of the timing information and all the commands and
adjustments for the devices. A constant clock reference is used to maintain high
frequency stability in the system. An external 5 MHz clock reference, based on the
TV stripe frequency signal, is fed to the external clock reference inputs in the VNA and
the sweeping signal generator. After this procedure, a maximum frequency stability of
10~!% is guaranteed. During the frequency sweeps, the phase difference between the
generator signal and the analyser signal is not known. However in UWB radio-channel
models, the phase information does not play as significant role as it does in wideband
models because there is no carrier involved. The carrier would normally provide the
reference phase. A scalar network analyser or spectrum analyser can also be used
because phase information is not utilized in data post-processing. If the objective is to
use a continuous sweep during the measurements, the sweep time in this construction
increases significantly, to approximately 30s.
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Figure 2.11 Modified frequency domain radio channel measurement system

In the test system, LV217 VHF combat net radios are used to transfer the triggering
signal from AFGU to SMIQ. The output pulse of AFGU is transformed to sound wave
and sent via LV217. At the SMIQ-end, the sound wave is converted back to an electrical
signal and used as an external trigger for the SMIQ. The use of VHF (very high
frequency) radios in a triggering link is justified by their frequency band that is outside
of the band under the measurements.

The frequency band that can be measured depends on the frequency range of the
VNA and SMIQ. The current devices used in the experiment allow the measurements in
a selected band between 50 MHz and 20 GHz. The antennas may be selected by the
frequency range requirements. However, the antennas should have a constant phase
centre and they should be omnidirectional if used in the radio channel measurements in
order to minimize distortion caused to the probing signal.

The limitation of the frequency domain channel sounding is that there needs to be a
static environment during the recordings.

2.2.4 Time Domain Channel Sounding

As discussed in Section 2.2.1, the frequency domain channel sounder excludes the
measurements of the non-stationary channel. However, movement can be supported
to a certain extent if the soundings are made in time domain. The following section
introduces time domain sounding systems that can be utilized for UWB.

2.2.4.1 Impulse Sounding

One way to carry out time-domain UWB radio channel soundings is to use of very short
impulses. The receiver in this case is a digital sampling oscilloscope. The bandwidth of
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Figure 2.12 Impulse sounder

the sounder depends on the pulse shape and the pulse width used. By changing the pulse
width, the spectral allocation can also be changed. However, the simpler the pulse
shape, the casier it is to perform the deconvolution during the post-processing, where
the channel impulse response is calculated by removing the transmitted pulse waveform
from the results.

The most exact channel model can be generated if the pulse waveforms used in the
sounding correspond to the waveforms of the application. The topology for the time
domain measurements is presented in Figure 2.12.

The impulse-based measurement system requires an additional antenna to be used for
triggering purposes. The sounding distance is still limited due to the probing antenna,
which is close to the TX antenna needing to be connected to the DSO. However, the
long cable is only needed to transfer the triggering pulse for the sounding pulse, so the
high quality (e.g., expensive) cable is not needed. In the modified version, the triggering
pulse can also be sent via radio link.

2.2.4.2 Direct Sequence Spread Spectrum Sounding

The original wideband radio channel sounding system is based on direct sequence
spread spectrum technique and a correlation receiver. Theoretically, a train of impulses
can be generated using the maximum length code (m-sequence) and calculating its
autocorrelation function at the receiver. The idea of the use of spreading code as a
channel probing signal is presented in Figure 2.13(a) where s(z), r(¢), ¢(¢) and h(¢) are
transmitted signal, received signal, pseudo-random code and the channel impulse
response, respectively. m-sequence is used to spread the transmitted carrier signal
energy over the wide frequency band. The bandwidth of the sounding signal is twice
the chip rate, which is the bit rate of the m-sequence.

The well known m-sequence is the optimal pseudo-random code for channel sounding
due to the low side-lobe level of its even autocorrelation function (see Figure 2.14). If
the length of the m-sequence is , the normalized even and periodic autocorrelation
function has a value of 1 if codes are synchronized, and has a value of —1/N in all the
other code phases. The dynamic range of the signal increases as a function of N.
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Figure 2.13 Radio channel sounding system based on direct sequence spread spectrum
technique

The correlation operation can be performed after the channel [see Figure 2.13(c)] as
the radio channel is linear, e.g., the channel does not saturate the propagating signal or
create new frequencies.

The correlator output is sampled at the chip rate, and each value represents a certain
delay caused by the channel. The magnitude of the sample is related to the strength of
the corresponding propagation path. All of this creates a delay resolution which is
inversely proportional to the chip rate. The maximum unaliased delay using this
sounding method is N7, where T is the chip length.

In principle, this channel sounding technique can also be applied in the UWB context.
Because the bandwidth of the sounding signal depends on the used chip rate, the
minimum 500-MHz bandwidth can be achieved using a chip rate of 250 MHz. If the
bandwidths are larger than 1 GHz, the chip rate needs to exceed 500 MHz. This high
chip-rate requirement limits the utilization of this DSSS in UWB channel sounding.
However, if the frequency band to be sounded is located in the lower UWB band, which
is allocated for several radar applications, the fractional bandwidth requirements can
easily be met.

2.3 UWB Radio Channel Models

Due to the very large bandwidth of the impulse radio signal, the propagation phenomena
are different in the lower band and the upper band of the signal spectrum. The size of
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Figure 2.14 Even autocorrelation function of m-sequence

the Fresnel zone, which is a function of wavelength, will be markedly different at the
lower and higher frequency ends. The larger Fresnel zone size of the lower frequencies
will mean the lower end of the signals will become obstructed more easily, and the signal
components will attenuate more than the higher signal components. Also, the natural
and man-made interference sources are different in different parts of the spectrum.

For example, the impulse-transmission-based time-domain experimental results show
that the radio channel impulse response for a sub-nanosecond pulse is a few hundred
nanoseconds long in a typical American laboratory/office building such as that pre-
sented by (Win, 1998). The path-loss factor, according to the same measurements, was
seen to be between —2.2 and —3.3, which means that the signal power attenuates 22 to
33 dB/decade when the distance increases. According to the same experimental study,
the number of resolvable multipaths for ~ 1 GHz UWB signal bandwidth in an office
building is between 5 and 50.

The measurement system used in the indoor measurements (Win, 1998) is also used
outdoors to find out UWB’s suitability to narrowband vegetation loss models. (Win
etal., 1997a) give a comparison between the results from narrowband vegetation loss
models (Weissoerger, 1992) and the results based on UWB channel soundings. The
results show that the narrowband loss models can be applied to the UWB case.
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2.3.1 Modified Saleh—Valenzuela Model

During 2002 and 2003, the IEEE 802.15.3 Working Group for Wireless Personal Area
Networks, and especially its channel modelling subcommittee decided to use the so
called modified Saleh—Valenzuela model (SV) as a reference UWB channel model
(Foerster et al., 2003; Foerster, 2003).

The real valued model is based on the empirical measurements originally carried out
in indoor environments in 1987 (Saleh and Valenzuela, 1987). Due to the clustering
phenomena observed at the measured UWB indoor channel data, the model proposed
by IEEE 802.15 is derived from Saleh and Valenzuela using a log-normal distribution
rather than an original Rayleigh distribution for the multipath gain magnitude. An
independent fading mechanism is assumed for each cluster as for each ray within the
cluster. In the SV models, both the cluster and ray arrival times are modelled independ-
ently by Poisson processes. The phase of the channel impulse response can be either 0
or 7. Therefore the model contains no imaginary component.

The following analytical representation was originally presented by Foerster (2003),
who introduces the model characterization in more detail, and also gives the Matlab
functions to create the channel realizations. According to Foerster, a discrete time
multipath channel impulse can be presented as

hi(t) = X; o b(1-1{ =) (2.3)

where o, represents the multipath gain coefficients, 7} the delays of the /th cluster, 7} ,
gives the delays for the kth multipath component relative to the /th cluster arrival time
(T}). Shadowing effect is log-normal distributed and is represented by X; and i refers to
the ith realization.

The proposed modified Saleh-Valenzuela model uses the following definitions:

T;=the arrival time of the first path of the /th cluster;
T, = the delay of the kth path within the /th cluster relative to the first path arrival
time, 77;
A =cluster arrival rate;
A=ray arrival rate, i.c. the arrival rate of path within each cluster.

The definition assumes that 75; = 0. The cluster arrival time distribution can be pre-
sented by (Foerster, 2003)

p(T1|T1,1) = A€Xp[—A(T1 — Tl,l)], [>0 (2.4)

and the ray arrival times by

P(Tk,Z’T(k—l),l) = )\CXp [_)\(Tk,l — T(kfl)‘l)]a k> 0. (2.5)
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The channel coefficients are defined by (Foerster, 2003)

ok = pri&iBr,, and (2.6)
2010g 10(&8ks) o N(p s, 07 + a3), or (2.7)
|€lﬁk,[} — 10(/1,;\,_/4-nl+nz)/207 (28)

where 1 oc N(0,0?) and n; oc N(0, 03) are independent and correspond to the fading on
each cluster and ray, respectively, and

EUf/ﬁk,l{z} _ Qoe*T//Fe*Tk.z/W7 (2'9)

where (2 is the mean energy of the first path of the first cluster, and py; is equiprobable
{—1,+1} to account for the signal polarity inversion due to the reflections. The p is
given by (Foerster, 2003)

~ 10In(Q) — 1073/T — 10my/y (0} + 03) In(10)
Hhed = In(10) 20

. (2.10)

The variables in the above equations represent the fading associated with the /th cluster,
&1, and the fading associated with the kth ray of the /th cluster, §; ;. As noted above, the
impulse responses given by the model are real valued.

Due to the fact that the log-normal shadowing of the total multipath energy is
captured by the term X;, the total energy contained in the terms {a} ,} is normalized
to unity for each realization. The shadowing term is characterized by (Foerster, 2003)

201og 10(X;) o< N(0,02). (2.11)

The model derives the following channel parameters as an output:

e mean and root mean square (RMS) excess delays;
o number of multipath components;
e power decay profile.

In addition to cluster and ray arrival rates, A and A the model inputs cluster and ray
decay factors I'" and 7, respectively, and standard deviation terms in dB for cluster
lognormal fading, ray lognormal fading and lognormal shadowing term for total multi-
path realization oy, 0, and oy, respectively.

Four different channel implementations are suggested, which are based on the aver-
age distance between transmitter and receiver, and whether a LOS component is present
or not.
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Table 2.1 The different SV-models and their main parameters like presented in the IEEE
802.15.3 proposal

Target channel characteristics SV-1 SV-2 SV-3 SV-4
Mean excess delay (nsec) (7,) 5.05 10.38 14.18

RMS delay (nsec) (7yms) 5.28 8.03 14.28 25

NP (85%) 24 36.1 61.54

Model parameters

A(1/nsec) 0.0233 0.4 0.0667 0.0667
A(1/nsec) 2.5 0.5 2.1 2.1

r 7.1 5.5 14.00 24.00
y 4.3 6.7 7.9 12
o1(dB) 3.3941 3.3941 3.3941 3.3941
o>2(dB) 3.3941 3.3941 3.3941 3.3941
ox(dB) 3 3 3 3
Model characteristics

Mean excess delay (nsec) (7,,,) 5.0 9.9 15.9 30.1
RMS delay (nsec) (7ums) 5 8 15 25
NPjoan 12.5 15.3 249 41.2
NP (85%) 20.8 33.9 64.7 123.3
Channel energy mean (dB) -0.4 -0.5 0.0 0.3
Channel energy standard (dB) 2.9 3.1 3.1 2.7

SV-1: line-of-sight (LOS) model for 0—4-m

SV-2: Non-LOS (NLOS) model for 0—4-m

SV-3: NLOS for 4-10-m model

SV-4: NLOS for 4-10-m model. This model represents an extreme NLOS multipath
channel condition.

NPoq: Number of paths within 10dB of the peak

NP(85%): Number of paths capturing 85% of the energy

The four channel models and their parameters are listed in Table 2.1 (Foerster, 2003).
Figure 2.15 gives an example of 100 channel realizations that are based on SV-3 model.

Figure 2.16 illustrates the difference between the different SV-models in the delay
domain. The average profiles are calculated from 100 independent channel realizations,
which is the approach recommended by the IEEE 802.15. The delay resolution in the
models is 167 ps, which corresponds to a spatial resolution of 5cm. In Figure 2.17, the
number of the distinguishable propagation paths inside a 10-dB dynamic range if
compared to the highest path is presented for each SV-model calculated from 100
channel realizations. When the link occupation increases, the number of distinguishable
paths also increases. This can easily be seen from the figure.

2.3.2  Other Multipath Models

Radio channel experiments have been carried out at the University of Oulu using the
measurement system represented in Figures 2.7 and 2.8. The measured frequency band
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Figure 2.15 Delay profiles of modified Saleh—Valenzuela channel 3, 100 channel realizations

was 2-8 GHz which was covered with 1601 frequency points. Transmitted power
measured at the input of transmitter antenna at 2 GHz was Prx = +10dBm + 1dB
and the typical antenna gain was 0dBi. Based on the maximum noticeable delay
definition and the used parameters, the reflections exceeding the delay 7, = 1600/
(6 GHz) = 266.6 ns, which corresponds to 80 m, cannot be detected.

Figures 2.18 and 2.19 show the measured impulse responses as a snapshot given by a
VNA which has a TD-measurement option available. The delay grid is 10 ns and the
power scale grid is 10dB. Because the complex samples can be recorded when the
original VNA measurement system is used, the propagation delay, and therefore also the
link distance, can be calculated from the results, as can be seen from the example figures.

The room sizes examined are 7430 mm X 4100 mm and 5940 mm x 6280 mm for the
results presented in Figures 2.18 and 2.19, respectively, and the heights are typically
around 3.5m. In Figure 2.18, the 7.438-ns delay for the first detected path corresponds
to a distance of 2.23 m. The room where the measurements were carried out is the one
presented in Figure 2.9 (right). The 40-dB dynamic range gives the 53 ns and 23 ns delay
spreads for the given examples. However, for the communication applications, the
maximum 10-dB dynamic range limits the exploitable multipaths for Rake receiver as
is the case also in IEEE802.15.3 model definition (Foerster, 2003; Foerster et al., 2003).

The following results have been calculated for antenna heights A7y = 2.2m and
hgrx = 1.1 m, and vice versa (Hovinen efal., 2002). The link separations in this data
set were between 1.25m and 8.10m, which corresponds to initial propagation delays
from 4.2ns to 27.0ns. The first measurement campaign covered situations where the



UWB Channel Models 27

Average impulse responses of different SV-models

Time [ns]

Figure 2.16 Average delay profiles for SV-models 14

transmitting and receiving antennas were located in the same room. Both the LOS and
NLOS links were studied. The measurements where TX-antenna and RX-antenna were
in the different rooms (through-wall measurement) were also carried out.

The amplitude response data were inverse Fourier transformed into delay domain.
A Hanning window was applied before transformation to make it easier to locate the
line-of-sight component of the signal. As phase information was available, the propaga-
tion delay was able to be observed in the measured data. The data was simultaneously
transformed into delay domain using no windowing in order to avoid data manipula-
tion. The system noise level was estimated from the absolute delay range 0—3ns
which covers the time of flight, and was found to be around —105dBm, typically,
limiting the dynamic range to 40dB. The time-of-arrival (TOA, initial delay) of the
LOS component was extracted for each of the radio links using the average delay profile
of 500 impulse responses (small-scale statistics). Initial delay was removed from the
results, and the statistical parameters were extracted from this data.

The maximum excess delay was limited to 70 ns, which corresponds to 420 samples in
delay domain. The limit was found by removing the strongest reflections and plotting
average delay profiles from various data sets. This corresponds to large-scale statistics
represented in Figure 2.20, where the reflections are plotted in dark grey tint.



28 UWB Theory and Applications
Murmber of significant paths within 10 dBE of peak
1 D T T T T T T T T
; A P M ]‘
5 —\"/ln,’\'J "J""'"x,d.»' "lllﬁ’ W h‘x\ll[ ‘-Jl{' b l'-‘[r ’ et k i / ]] J Jl[ "'x SN ‘I\glllx\a . "’:"“"ﬁ'l,t""‘\.»-'-'-
| Il 1 | Il 1 I Il |
’ 5[[ 1a 20 30 40 a0 B0 70 80 S0 100
10 K 1'““" i 7 ."ﬁ L i Ao . o~y ]
A 1‘(“" e ‘”"-.f"ﬁ"') I"w"-‘"“—""‘ﬁll'l Tl [PV L P f"-,
5 | 1 1 | 1 1 1 1 |
20 0 10 20 3[[ 4[] a0 EEI ?EI 80 80 100
o - I]]‘I T ‘ T I |‘-. T “’ ‘l‘&
0 _e-.,'.ll 4‘[[’;1"'. A Jﬁl[ e 'ﬁ'a, g et |" N, b ]l,.""" Jll' |'lul‘ ¥ kl 15 1‘-' u, l‘]]l,lll "’-;’}_
I:I | 1 1 | 1 1 1 1 |
0 1 D 20 3[[ 4[] a0 EEI 70 80 80 100
“10 T I T T T III[
; ‘ A e A g ‘l . .»"‘Jl‘ R N ‘_} llll"‘—' h
a0 _-‘ p—"" e l'llI 5 '1|r B RS l I“\ (‘I':e’ W '1, I I',’ '\-.j 1"‘ R ‘1]__4{ R -'?,__,r L ‘Ilﬂll‘.‘“ 1y b
EI | Il 1 | Il 1 I Il |
O 1a 20 30 40 a0 B0 70 80 S0 100

Channel number

Figure 2.17 Number of significant paths within 10 dB dynamic range for different SV-models

A discrete model for the output of a time-variant fading multipath channel is given by
=2l

where s(f) is the transmitted signal, a,(7) is the amplitude gain of the nth multipath
channel and 7,(¢) is the corresponding excess delay. In an indoor environment with no
moving scatterers and with fixed antenna positions, a,(¢) and 7,(¢) are assumed to be
constant during the observation time. Measurements recorded in various antenna
positions give an estimate of the average static indoor channel. Movement of scatterers
or altering the length of the radio link will introduce Doppler shift, which in turn
reduces the coherence time f.,, of the channel. The channel can be measured if the
measurement time is shorter than the coherence time. This assumption is valid in static
indoor measurements.

A multipath channel is typically modelled as a linear tapped delay line (finite impulse
response, FIR, filter), with complex tap coefficients (Bello, 1963). In computer simula-
tion, the time variance of the channel filter is realized in various ways, the simplest and
most straightforward being a FIR filter, whose coefficients are updated from previously
stored complex-valued channel data. The drawback of this approach is the limited
randomness, since the data eventually has to be reused. Statistical channel description

s(t — (1)), (2.12)
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Figure 2.18 Impulse response, Arx and hrx = 2200 m

gives more freedom for simulation. In the tapped delay line model, the time variation is
realized by mixing the multiplicative white noise through a bandpass filter directly to the
tap coefficients.

Nevertheless, a realistic assumption for a static indoor channel is a Ricean fading
model. Ricean fading signals have amplitude a,(¢) that is distributed according to
(Proakis, 1995)

a a* + §? as
where o is the standard deviation and I is the zeroth order modified Bessel function of
the first kind. The non-centrality parameter s is defined by

$ = [la()|P (2.14)

where @ is mean complex amplitude.
k-factor of a Ricean fading signal is defined as

s 5

3
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Figure 2.19 Impulse response, irx = 2200 mm and hrx = 600 mm

which in logarithmic scale is
k= sip— 1 (2.16)

Rayleigh fading channel is a special case of Ricean channel with k = 0. It has been
shown (Talvitie, 1997) that the Ricean fading channels become effectively Rayleigh
fading when k becomes smaller than 5dB.

A large-scale (long-term) model is constructed from data that has been collected in
various locations. Because antenna positions and room sizes vary, we need to separate
pure reflections from the random part of the model. In other words, the channel model
contains a deterministic environment-dependent ray-tracing part (deterministic model,
DM) and a statistical environment-independent Ricean fading part (statistical model,
SM) as presented in Figure 2.21.

The DM contains static reflections, delay and power estimates of which can be
modeled either with ray tracing tools or calculated from a simplified reflection model.
The power of the LOS signal is normalized to unity, and it is contained in the DM
part.

Parameters for SM are extracted from the measurement data after normalizing to
average power level and removing the most significant reflections. Figure 2.22 (a—b)
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Figure 2.20 Average delay profile of 32 500 independent impulse responses

Channel model

R DM — SM R

Figure 2.21 Channel model blocks

shows the statistical parameters of SM as functions of antenna separation at delays 0 ns
and Sns, respectively. In other words, k decreases exponentially in linear scale. Esti-
mates for k(7,d) can be tabulated directly, but here they have been expressed using
estimates of signal power s*(7,d) and noise power (7,d). Figure 2.23 (a-b) shows the
values for regression parameters ay, a, and by, b, as functions of excess delays. Again, we
can fit piecewise linear regression lines to this data and get the following expressions

ay(1) = ol + ay
(2.17)
a,(1) = a:?T + ay
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parameters

and

bs(T) = 53,7' + By,

, (2.18)
b'r/(T) = 57]7- + Br/

where subscripts s and 7 are associated to s*(d, 7) and to n*(d, ), respectively. Table 2.2
and Table 2.3 list the regression parameters for the signal power and the noise power.
The signal power and the noise power can be expressed in compact matrix forms

S=al'd+b!,
N=ald+b! (2.19)
n n
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Table 2.2 Parameters for exponential decay coefficient o

Delay range Signal power Delay range Noise power

T o o o/,] ay
0-6ns —0.095 —1.20 0-28ns 0.0 —0.42
6-60ns 0.035 —1.98 28-60ns 0.015 —0.84

Table 2.3 Parameters for exponential decay constant 3

Delay range Signal power Delay range Noise power

T ﬁz Bs ﬂ:; 677
0-10ns 0.00 —15.2 0-28ns 0.00 —42.7
10-60 ns —0.47 —10.6 28-60 ns —-0.15 —38.5

where T denotes transpose operation, and dimensions of a and b depends on delay, and
dimension of d depends on antenna separation. Signal-to-noise ratios can in dB be
expressed as

K=S-N. (2.20)

Matrices S, N and K contain the signal power (delay profile), noise power and the SNR
values for Ricean fading channel, respectively. Each of the columns describes the fading
statistics as a function of delay at the given antenna separation d. When K is below 5dB,
a Rayleigh channel with corresponding noise power applies (Talvitie, 1997).

The channel model presented can be applied to computer simulations for perform-
ance studies of UWB systems.

The impulse responses based on the indoor measurements carried out at the Uni-
versity of Oulu also support the clustered ray arrival phenomenon presented in Chapter 3.1.
UWRB radio channel characteristics have also been studied lately (for example, Kunisch
and Pamp, 2002; Cassioli et al., 2002; Gramer et al., 2002).

2.4 Path Loss Models

The measurement data collected in a series of multipath propagation studies can also be
used to model UWB path loss. The impact of the link distance on the received signal
energy can be determined by propagation loss calculations which define the fraction of
the transmitted power that can be received at the distance d. General propagation
physics approaches are valid in the case of UWB transmission, which means that the
longer the link distance is, the lower is the received signal energy. This connection can
easily be derived by the well known path loss.

PL(d) ~ (;i) (2.21)
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where d is the link separation, dj is the reference distance that is usually 1 m, and # is
environment dependent constant. In free-space, n = 2.

At the University of Oulu premises, path-loss focused measurements have been
carried out using the VNA measurement system from Figure 2.8. The received signal
power as a function of distance was studied in two different sized corridors and a lecture
hall.

Figure 2.24 and Figure 2.25 present the layouts and dimensions for the corridors
where the soundings were carried out. The frequency range was 2-8 GHz, the antenna
heights were 110 mm. The heights of corridors 1 and 2 were 3890 and 2280 mm,
respectively. The height of the lecture room was 3540 mm.

The soundings were made at the lecture hall at distances between the 152cm at
minimum and 1052 cm at maximum, see Figure 2.26.

The received signal powers were studied as a function of the distance, which indicates the
attenuation of the signal. The exponential correspondence can be noticed in an absolute
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Figure 2.24 Layout for the path loss measurements carried out at corridor 1
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Figure 2.25 Layout for the path loss measurements carried out at corridor 2

distance scale. The attenuation corresponds to the straight line in a logarithmic scale. A
linear regression line is then fitted to the measured power data points using the equation

P(d) =nl0log,,(d) + a (2.22)

where 7 corresponds to the path loss factor, dis distance and « is a power scaling constant.
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Figure 2.26 Layout for the path loss measurements carried out at a lecture hall

There are two possible ways of fitting the regression line to the data points. The more
accurate method is to use piecewise fitting where the path loss factor is different for the
shorter distances than the longer distances. The other way is to use only one regression
line. Figure 2.27 presents the example of the curve fitting. In this example, the piecewise
fitting matches the data points almost perfectly, but the single line gives the general
slope for the line. The locations of the measured data points depend on the environ-
ment, the materials used and the link parameters.

Table 2.4 collates the final results based on the various path loss measurements. In
addition to the LOS measurements, a link through the wall was measured using
different antenna heights. The measurements showed that the UWB signal attenuation
is smaller than in freespace when the propagation media includes the line-of-sight
component.

Figure 2.28 presents the measurement results and the fitted linear regression lines
for the NLOS data. The soundings were done between two rooms that were
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Figure 2.27 Linear regression lines for the path loss measurements carried out at corridor 1

separated by the corridor. The link distances were from 3m to 13 m. The transmit-
ting antenna height was set to 220cm. The measurements were carried out using
three different receiver antenna heights: 60, 110 and 220 cm. When the signal was
obstructed by walls, the signal was also significantly attenuated leading to reduced
received power.

2.5 Conclusions

This chapter has explored some common channel measurement techniques as well as
presenting commonly used channel models.

Table 2.4 Path loss factors for different environments

Location TX height (cm) RX height (cm) k

Lecture hall 110 110 —1.0454
Corridor 1 110 110 —1.7952
Corridor 2 110 110 —1.4386
Through wall (NLOS) 220 60 —3.8514
Through wall (NLOS) 220 110 —3.3009

Through wall (NLOS) 220 220 ~3.1797
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Figure 2.28 Path loss in NLOS measurements

Due to the large frequency band that the UWB signal occupies, the frequency
diversity of the signal is extremely high. The UWB signal is therefore not very sensitive
to deep notches in any part of the signal spectrum and the fading mechanism differs
greatly in the opposite edges of the signal band.

Due to the large bandwidth of the UWB signal, the propagation phenomena are
different in the lower and upper bands of the signal spectrum. The size of the Fresnel
zone, which is a function of wavelength, will be markedly different at the lower and
higher frequency ends. Surface roughness and reflection coefficients may also be signifi-
cantly different as the wavelength varies significantly over the available signal bandwidth.

In general, the UWB channel model is very similar to well-known tap-delay line
models for wideband systems. One characteristic that is different is the relatively large
number of multipath components.
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Modulation Schemes

Matti Himéldinen, Raffaello Tesi, Ian Oppermann

3.1 Introduction

Many different pulse generation techniques may be used to satisfy the requirements
of an UWB signal. As discussed in the previous chapters, the FCC requires that
the fractional bandwidth is greater than 20 %, or that the bandwidth of the trans-
mitted signal is more than 500 MHz, whichever is less. The FCC also stipulates peak
power requirements (Federal Communications Commission, 2002a) Many possible
solutions may be developed within these restrictions to occupy the available bandwidth.

UWRB systems have historically been based on impulse radio concepts. Impulse radio
refers to the generation of a series of very short duration pulses, of the order of
hundreds of picoseconds. Each pulse has a very wide spectrum, which must adhere to
the spectral mask requirements. Any given pulse will have very low energy because of
the very low power levels permitted for typical UWB transmission. Therefore, many
pulses will typically be combined to carry the information for one bit. Continuous pulse
transmission introduces a complication in that, without further signal processing at the
transmitter, strong spectral lines will be introduced into the spectrum of the transmitted
signal. Several techniques are available for minimizing these spectral lines, the most
common of which are described later in this chapter.

Impulse radio has the significant advantage of being essentially a baseband technique.
The most common impulse radio based UWB concepts are based on pulse position
modulation with time hopping (TH-PPM). Time hopping, direct sequence techniques
and multi-carrier schemes are described in this chapter. However, the focus will be on
impulse radio modulation schemes.

UWB Theory and Applications Edited by 1. Oppermann, M. Hidmélédinen and J. linatti
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-86917-8
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3.2 Impulse Radio Schemes
3.2.1 Impulse radio UWB

Time-modulated ultra wideband (TM-UWB) communication is based on discontinuous
emission of very short Gaussian pulses or other types of pulse waveforms (monocycles), as
in Figure 3.1(a). Each pulse has the ultra wide spectral requirement in frequency domain
like that in Figure 3.1(b). This type of transmission does not require the use of additional
carrier modulation as the pulse will propagate well in the radio channel. The technique is
therefore a baseband signal approach. This radio concept is referred as impulse radio (IR).

One transmitted symbol is spread over N monocycles to achieve processing gain that may
be used to combat noise and interference. This is similar to the approach used for spread
spectrum systems. The processing gain in dB derived from this procedure can be defined as

PG, = 10log,(N). (3.1

The monocycle waveform can be any function which satisfies the spectral mask regu-
latory requirements. Common pulse shapes include Gaussian, Laplacian, Rayleigh or
Hermitian pulses. Data modulation is typically based on pulse position modulation
(PPM). Conroy etal. (1999) present pulse amplitude modulation (PAM) in UWB
transmission. The UWB receiver is a homodyne cross-correlator that is based on the
architecture that utilizes a direct RF-to-baseband conversion. Intermediate frequency
conversion is not needed, which makes the implementation simpler than in conventional
(super-)heterodyne systems.

Unlike spread spectrum systems, the pulse (chip) does not necessarily occupy the
entire chip period. This means that the duty cycle can be extremely low. The receiver is
only required to ‘listen’ to the channel for a small fraction of the period between pulses.
The impact of any continuous source of interference is therefore reduced so that it is
only relevant when the receiver is attempting to detect a pulse. This leads to processing
gain in the sense of a spread spectrum system’s ability to reduce the impact of inter-
ference. Processing gain due to the low duty cycle is given by

T
PG, = 10log,, (7”) (3.2)
P

where T is time hopping frame and T, is impulse width.
Total processing gain PG is a sum of the two processing gains (Time Domain
Corporation, 1998):

PG = PG| + PG,. (3.3)

As the transmitted signal is not continuous, UWB communication is resistant to severe
multipath propagation. If the time between pulses is greater than the channel delay
spread, there is no ISI between pulses and so no ISI between bits. In discontinuous
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transmission, consecutive pulses are sent within a time frame (7) which is defined by a
Pseudo random (PR) time-hopping code. Due to the short pulse width and a relative
long pulse repetition time (compared with pulse width), the transmitted pulse is
attenuated before the next pulse is sent. This reduces interpulse interference.

In the time domain, the transmitted Gaussian monocycle can be defined as the first
derivative of the Gaussian function. Figure 3.1 shows the time and frequency domains
of sample monocycles of different duration.

The Gaussian monocycle in time domain v(z) can be mathematically defined using
the formula (Time Domain Corporation, 1998)

= 64, [ on(yT)
v(t) = 64 3 T,,e , (3.4)

where A4 is pulse amplitude, 7, is pulse width and ¢ is time.
The corresponding function in the frequency domain is the Fourier transform of (z),
which can be defined as

2
Fv()}=V(f) = —jA];—J;\/E; e T (3.5)

where f'is frequency.

The nominal centre frequency and the bandwidth of the monocycle depends on the
monocycle’s width. The —3 dB bandwidth is approximately 116 % of the monocycles
nominal centre frequency fo = 1/7), (Time Domain Corporation, 1998). Considering an
example monocycle duration of 0.75 ns (as shown in Figure 3.1(a)), the nominal centre
frequency is 1.33 GHz and the half power bandwidth is 1.55GHz. The spectrum of
Gaussian monocycle is asymmetrical, as can be seen in Figure 3.1(b).

The ideal Gaussian monocycle has a single zero crossing. If additional derivatives of
the Gaussian pulse are taken, the relative bandwidth decreases, and the centre frequency
increases for a fixed time decay constant 7,. Additional zero crossings of the
pulse will reduce the space and time resolution of the system due to the decreased
bandwidth.

Figure 3.2 presents a block diagram of a time-hopping UWB impulse radio concept
that utilizes pulse position modulation (early concept by Time Domain Corporation,
USA).

The pulse waveforms and their spectra are collected in Figures 3.3 and 3.4. In
Figure 3.3, the solid line represents the generated pulse, and the dashed line represents
the pulse waveform in the channel. The UWB antenna acts as a high pass filter, and may
be thought of as a differentiation block in the time domain (Ramirez-Mireles and
Scholtz, 1998a). The transmitted pulse is therefore the first derivative of the generated
pulse waveform.

In Figures 3.3 and 3.4, a Gaussian doublet is also presented as a potential waveform
candidate. However, this waveform is more suitable for geolocation and positioning
applications than for communication applications because of the longer total bi-pulse
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width. The doublet consists of two amplitude reversed Gaussian pulses with a time delay
T, between the pulses. This limits the use of the doublet in high speed data commu-
nication applications. In specific cases, T, can be used to generate nulls to the spectrum
in order to avoid intentional interference. This can be seen from Figure 3.4.

3.2.2  Fast Stepped Frequency Chirps

Both the bandwidth and spectral mask limitations must be satisfied by the UWB signal.
There are many means of generating a very wideband signal. One technique is based on
fast frequency chirps, which are commonly used in impulse radar applications. It is
possible to generate a wideband transmission by sweeping the transmitter’s oscillator in
the frequency domain. A bandwidth of several hundred MHz can be achieved with
~10ns sweep time (Stickley et al., 1997). Wider bandwidths can be achieved using this
technique. For example, ground penetrating radar (GPR) systems with 50-1200 MHz
bandwidth have been documented (Carin and Felsen, 1995).

GPRs based on UWB technology are suitable for object detection in, for example,
landmine sweeping and avalanche rescue operations because of the good signal pene-
tration ability and fine space resolution.
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3.3 Multi-Carrier Schemes
3.3.1 Multi-carrier Spread Spectrum Schemes

Another approach is to extend the techniques utilized for direct sequence spread
spectrum or code division multiple access (CDMA) schemes that are used for third-
generation mobile systems. Wideband CDMA systems with optional multi-carrier (MC)
techniques can be used to fill the available spectral mask.

There are three main techniques for generating a SS-MC transmission: multi-carrier
CDMA, multi-carrier DS-CDMA, and multitone (MT) CDMA (Prasad and Hara, 1996).
Each of these techniques relies on, and benefits from, the properties of conventional spread
spectrum signals. However, multi-carrier systems are reasonably complex to implement.
In particular, multi-carrier systems require several mixers or digital fast Fourier (FFT)
transform techniques to place the different signal components in the required bands.

Figure 3.5 shows a block diagram for a MC-CDMA system. The original data stream
is spread over the different sub-carriers f; with each chip of pseudo random (PR) code
C;. The spectrum spreading is done in the frequency domain (Prasad and Hara, 1996).
The signal is de-spread at the receiver using corresponding chips g; of the spreading code
C;. In UWB applications, the individual modulated carrier needs to fulfil the 500 MHz
bandwidth requirements.

Figure 3.6 shows a block diagram for a multi-carrier DS-CDMA system. This
method involves spreading the original data in the time domain after serial-to-parallel
conversion of the data stream (Prasad and Hara, 1996). The system needs to obtain the
500 MHz minimum bandwidth requirement to be treated as UWBs.

Figure 3.7 shows the block diagram of a multi-tone CDMA system. The bandwidth
of the MT-CDMA system is smaller than in the previous multi-carrier systems because
of the small sub-carrier spacing. This kind of multi-carrier approach is the closest to the
original UWB idea. However, it causes the highest self-interference due to the over-
lapping spectra.

Multi-carrier technology is currently used in high data rate applications, for example
in WLAN systems such as Hiperlan2, Digital Audio or Video Broadcasting (DAB and
DVB, respectively) and in asymmetric digital subscriber line (ADSL).

c, icos(2nf1t) cos(2mf4t) g4

&— A S

cos(2nfyt) g,

C, I cos(2nf,t)
S N R St [ 5 |
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bt - [F}—

Figure 3.5 Block diagram and spectrum for multi-carrier CDMA system
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The advantage of multi-carrier technologies over single carrier systems is that the
data rate in each sub-carrier is lower than for single carrier systems. This eases synchro-
nization of spreading sequence at the receiver, and helps to avoid ISI. The disadvantage
is the increased complexity of the receiver requiring either multiple mixing stages or fast
Fourier transform processing.

MC-CDMA schemes spread the signal in the frequency domain. The signal consists
of overlapping, relatively narrow, carriers which fill the available UWB signal spectrum.
MC-DS-CDMA and MT-CDMA schemes apply spreading in the time domain.
MT-CDMA has a similar bandwidth to a basic DS-CDMA scheme (Prasad and Hara,
1996) with relatively small separation of the tones used (f] to f, in Figure 3.7). Conse-
quently, the spreading factor employed for MT-CDMA schemes are much higher than
for the MC schemes. The increased spreading factor increases the processing speed
required at the receiver.

The conventional DS-SS technique without multi-carrier properties can also be
characterized as an UWB technique if the chip rate is high enough. This calls for
extremely fast digital signal processing which may be impractical. Issues such as syn-
chronization will also be a significant challenge.
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3.3.2 Multiband UWB

A current proposal within the IEEE 802.15.3 working group for UWB signals (IEEE,
2004) utilizes overlapping groups of UWB signals which each have a bandwidth of
approximately 500 MHz. This so called multiband UWB ensures adherence to the FCC
minimum bandwidth requirements and allows efficient utilization of the available
spectrum.

Figure 3.8 shows the spectrum plan for the first group of UWB signals. The sub-
bands are spaced 470 MHz apart, and any number of 500 MHz signals may be
utilized. This allows for flexible coexistence with existing communications systems
(such as WLAN systems). Each sub-band is generated by an OFDM symbol with
10dB bandwidth of ~520 MHz. Figure 3.9 shows the second group of UWB signals,
which overlap the first group of UWB signals by 235 MHz. This potentially enhances
the system’s flexibility with respect to coexistence, interference mitigation and multi-
ple access.

Each group of UWB signals is divided into lower sets (sub-bands 1-8) and upper sets
(sub-bands 9-15). Only seven sub-bands are used in the lower set, which means one sub-
band can be avoided for coexistence. The upper set is used in parallel with the lower set
to increase the bit-rate.

3.4 Data Modulation

A number of modulation schemes may be used with UWB systems. The potential
modulation schemes include both orthogonal and antipodal schemes.

== ]
1
|
|
|
|
|
|
|
I
1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Power Spectrum Magnitude (dB)

Frequency x109

Figure 3.8 Multiband frequency plan—Group A



48 UWB Theory and Applications

T —
———-0
—_
= —

—_— >
—-——o

|
|

|

i

|

|

|
-=
|

|

|

|

|

|

|

I

|

|

Power Spectrum Magnitude (dB)

O |-t
~

Frequency
Figure 3.9 Multiband frequency plan—Group A and Group B

3.4.1 Pulse Amplitude Modulation

The classic binary pulse amplitude modulation (PAM) can be presented using e.g. two
antipodal Gaussian pulses as shown in Figure 3.10. The transmitted binary baseband
pulse amplitude modulated information signal (¢) can be presented as

x(t) = d; - w (1), (3.6)

where w,,(f) represents the UBW pulse waveform, j represents the bit transmitted (‘0’ or
‘1’) and

dj:{ A (3.7)

In Figure 3.10, the first derivative of the Gaussian pulse is shown, analytically defined as

e (1) =~ o), (3.8)

where deviation o is directly related with the pulse length 7, by o = T, /2.

3.4.2 On-Off Keying

The second modulation scheme is binary on—off keying (OOK). Using the following
definitions

_J0, =0,
j_{L j=1 (3.9)
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Figure 3.10 BPAM pulse shapes for ‘1’ and ‘0’ bits

the waveform used for this modulation can be defined in equation 3.8 (Figure 3.11). The
major difference between OOK and PAM is that nothing is transmitted in OOK when

bit ‘0’ is chosen.

3.4.3  Pulse Position Modulation

With pulse position modulation (PPM), the chosen bit to be transmitted influences the
position of the UWB pulse. That means that while bit ‘0’ is represented by a pulse
originating at the time instant 0, bit ‘1’ is shifted in time by the amount of ¢ from 0.

Analytically, the signal can be represented as
x(t) = wy(t — 6dj), (3.10)

where d; assumes the following values, depending on the bit chosen to be transmitted,
(3.11)

0, j=0

d’:{l, i=1,

and the other variables have been defined previously.
The value of 6 could be chosen according to the autocorrelation characteristics of the pulse.
The autocorrelation function can be analytically defined as (Proakis and Salehi, 1994)
(3.12)

+o00
/ Wi (T)wy (t — 7)dT.

o0

p(t) =
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For instance, if we want to implement a standard PPM with orthogonal signals, the
optimum value for ¢ (which we call 6,p,() will be the one which satisfies

+00
p(bopi) = / War(T)Wir (8ope — 7)dT = 0. (3.13)

oo

Figure 3.12 shows a particular case of PPM transmission where data bit ‘1’ is sent
delayed by a fractional time interval 6 < 1, and data bit ‘0’ is sent at the nominal
time.

The optimal modulation changes by using different pulse waveforms. The theoretical
performance in an additive white Gaussian noise channel can be achieved with non-
overlapping, orthogonal pulses, specifically, the modulation index 6 > T,. However,
optimal bit error rate (BER) performance and higher data rates will be achieved if the
modulation index ¢ < T}, is as shown in Figure 3.13. The optimal modulation index is
independent of pulse width because of the definition of relative fraction of pulse width.

As the order of the derivative increases, the minimum bit error rate is reached for a
lower value of §, and better BER performance is achieved. The justification for this
behaviour is related to the cross-correlation of the pulses related to the data-bits ‘0’ and
‘1’. Figure 3.14 shows the autocorrelation values for different kinds of pulses. As
previously mentioned, the pulse width does not affect the results related to the different
values of 6.
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Two peculiarities should be noted for PPM modulation:

e The autocorrelation functions of the Gaussian waveforms have both positive and

negative values. This explains why it is possible to achieve a better BER performance

than the BER performance for time-orthogonal pulses with ¢ values less than 1 (6 > 1
implies time-orthogonal signals, as seen in Figure 3.14).

e The autocorrelation minima occur at ¢ values, which correspond to the best BER
performances.

The behaviour of the cross-correlation provides a means of selecting the optimal value
of 6 for the AWGN channel case. The value of ¢ can be fixed a priori once the UWB
pulse waveform has been chosen. The best value to use for 6 can be selected once the

cross-correlation of the selected pulse waveform is calculated. The optimal value of 6 for
each pulse waveform is presented in Table 3.1.
3.4.4 Pulse Shape Modulation

Pulse shape modulation (PSM) uses different, orthogonal waveforms to represent bit ‘0’
and ‘1’. The transmitted pulse can be represented as

x(1) = (1 — dy)w}) .

(1) + dpwiy (1), (3.14)
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Table 3.1 Optimal time shift values 6 for
PPM modulation in an AWGN channel

Waveform Optimal §
Second Derivative 0.292683-T,
Third Derivative 0.243902-T,
Fourth Derivative 0.219512-T,
Fifth Derivative 0.195122-T,

where d; is defined as (2.11) and wg,(.)) and wﬁi) represent two different waveforms.
Figure 3.15 shows an example pair of PSM pulses. This case uses the first and the

second derivatives of the Gaussian pulse. These two waveforms are orthogonal

according to the definition given by the cross correlation of the two waveforms

+00
Pe(0)]i=0 = / 1/&’59(7‘)14’53)(1 —7)dr =0. (3.15)

oo
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3.4.5 Theoretical Bounds

The theoretical bounds in AWGN can be calculated for the modulation schemes
presented. It is clear that BPAM is an antipodal modulation. Let x((¢) and x;(¢) the
signal representing bit 0 and 1 respectively. The BPAM signals are related by

/Tp xo(f)x1 (Dt = —1, (3.16)
0

where T, is the time duration of the signal. It can be shown that OOK and PPM are
orthogonal using that same approach, that is,

Anmmm@mzu (3.17)

The orthogonality of the PSM signals depends on the pulse waveforms chosen to describe
bit 0 and 1. For example, in the case of the first and second derivatives of the Gaussian
pulse, it can be shown that the signals are orthogonal (da Silva and de Campos, 2002).
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The probability of error of an antipodal signal and of an orthogonal signal in an
AWGN channel as a function of the signal-to-noise ratio has values (Proakis, 1995)

Pl = Q(m), (3.18)
P = 0(VSNR), (3.19)

as depicted in Figure 3.16.

3.5 Spectrum ‘Spreading’

Continuous pulse generation leads to strong spectral lines in the transmitted signal at
multiples of the pulse repetition frequency. Data modulation typically occurs in a
number of conceptual stages. First, a pulse train is generated. Second, a randomizing
technique is applied to break up the spectrum of the pulse train. Third, the data
modulation is applied to carry the information. The two main approaches to randomiz-
ing the pulse train are time hopping (TH) and direct sequence (DS) techniques.

The spectrum of a pulse train with and without randomizing techniques is depicted in
Figure 3.17. Figure 3.17(a) shows the spectrum of a simple pulse train. As can be seen,
the spectrum contains strong spectral lines at multiples of the pulse repetition frequency.
The envelope of the spectrum is that of a single pulse. The regularity of these energy
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spikes may interfere with other communication systems at short range (Proakis, 1995).
Randomizing the position in time of the generated pulses using data modulation and
other randomizing techniques will affect the spectrum in such a way that the energy
spikes are spread all over the spectrum, which is therefore smoothed. Figure 17(b) shows
the spectrum of a pulse train that includes time hopping based randomization. A number
of randomizing techniques may be found in the literature (Withington ezal., 1999).
Randomizing is typically realized in UWB systems by a pseudo-random sequence.

3.5.1 TH-UWB

The data modulation is typically based on PPM using TH-UWB as the basis for a
communication system. This approach allows matched filter techniques to be used in
the receiver. Values of time shift (which is the modulation index for this form of
modulation) have been reported as approximately one-quarter of a pulse width
(Withington etal., 1999). The optimum time shift depends on the cross-correlation
properties of the pulses used. The concept of TH-PPM is presented in Figure 3.18 where
only monocycle per data symbol is used (no processing gain is achieved). Figure 3.19
shows the construction of a single bit for TH-UWB systems.

TH-PPM monocycles spread the RF energy across the frequency band, reducing the
large spikes in the pulse train spectrum. When a PR code is used to determine the
transmission time within a large time frame, the spectra of the transmitted pulses
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become much more white-noise-like. The time hopping randomizes the signal in both
time and frequency domains (Withington ez al., 1999). Pseudo random time hopping
also minimises collisions between users in multiple access systems, where each user has a
distinct pulse shift pattern (Win and Scholtz, 1997a).

However, a consequence of the PR time-modulation is that the receiver needs accur-
ate knowledge of the PR code phase for each user. One can imagine impulse radio
systems as time hopping spread spectrum systems. UWB waveforms are generated
without any additional spreading. This simplifies the transceivers relative to conven-
tional SS transceivers (Fontana et al.). The data rate of the transmission can be selected
by modifying the number of pulses used to carry a single data bit (Kolenchery et al.,
1997). This in turn has an effect on the processing gain.

The pulse repetition time (or frame time) typically ranges from a hundred to a thousand
times the pulse (monocycle) width. The symbol rate can be defined in terms of the number
of monocycles used to modulate one data symbol in fixed frame time as

1 1
Ry=— = Hz|, 3.20
=7 =5 H (320)

where R, = symbol rate, T, = symbol time, 7y = time hopping frame and N, = number
of monocycles/data bit.

If the data rate in (3.20) is reduced whilst the time hopping frame remains constant,
the number of monocycles per data bit is increased. This leads to an increased proces-
sing gain.

3.5.2 Data Modulation with Time Hopping

In TH-mode, the pulse transmission instant is defined by the pseudo-random code.
One data bit is spread over the multiple pulses to achieve a processing gain due to
the pulse repetition (3.1). The processing gain is also increased by the low transmis-
sion duty cycle (3.2).
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The TH spreading approach has been studied for PAM, PPM and PSM. However,
OOK cannot take advantage of TH spreading because of the blank transmission in case
of bit ‘0’, and because it would create further problems for synchronization.

The information signal s(¢) for the mth user can be analytically described for PAM
modulation as

[o.¢]
Z w(t= KTy =Ty = ()" T.)d", (3.21)

—00 j

=

Il
<)

for PPM modulation as follows

=

=) —1
m Z W(l — kT, 7-].Tf (C“)(m T, — 6d/5m)>, (322)

—00

I}
<)

and for PSM modulation as follows

s (1) = i NZ o (r—de — Ty — (cw)" )Tc). (3.23)

k=—00 j

Figures 3.20, 3.21 and 3.22 show a single data bit for PAM, PPM and PSM respectively.
Note that in the case of PAM and PPM the same TH sequence has been used to
represent either data bit ‘0’ and ‘1°, while in the PSM case, two different sequences have
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Figure 3.20 Time window of a transmitted data bit for BPAM modulation with TH
spreading
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Figure 3.21 Time window of a transmitted data bit for PPM modulation with TH spreading
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been considered. This results in a different allocation of the single pulses within the data
bit frame. The pulse repetition frame is assumed to be 10 ns long in all of these figures.

3.5.3  Multiple Access with TH-UWB

In TH systems, users are separated using different PR codes of length N. In a frame,
there are N possible transmission instants, so under ideal conditions a maximum of
M = N users can be allocated into the system without creating interference.

In time-hopping mode (TH-UWB), the modulated information signal s(¢) for the mth
user can be written as: (3.21)

In TH-UWB T, > T, producing a low duty cycle. In the following discussion, M is
assumed to be the same as N. The input signal for the receiver in one user case is given by:
L
r(t) =Y AV (t—m) +n(1) (3.25)

=1

where A; is amplitude of radio channel path /, 7; is delay of radio channel path /, L is the
number of resolvable multipath components, n(¢) is additive white Gaussian noise.

The delay can be presented as a portion of 7. as 77 = £T.. The effect of the antenna
should be taken into account in the received signal waveform in s(7).

Each pulse in a pulse train has a nominal transmission time, which is determined by the
pulse repetition frequency (PRF). The actual transmission instant is varied from the
nominal position by pulse position modulation. This pulse position modulation carries
information, so that an early pulse represents a ‘0’ and a delayed pulse represents a ‘1°.
The determination of transmission for a given user is determined by the unique PR code.

The pulse repetition interval (which defines the length of each time hopping frame) is
defined by the number of users multiplied by the length of a single time slot within the
time hopping frame as given by

Tprr = NuTc, (3.26)

where T¢ is the length of each time slot, and Ny is the number of users in the channel.
The maximum number of non-overlapping users is determined by the length of the
PR code as seen in

Ny=2"—1, (3.27)

where 7 is the number of bits in the PN sequence generator.

The length of each of the time slots must be more than twice the length of a single
pulse, since there must be enough time within the slot to transmit either a ‘0’ or a ‘1’.
This is assuming that the modulation index ¢ is no less than the length of a single pulse.
This is assumed to be the minimum so as to avoid the overlapping of the pulses. In
general, the length of a time slot is determined by

Te > 2T, + 6, (3.28)

where T’p is the length of the time delay (modulation index) used in PPM.
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Figure 3.23 Direct Sequence system concept

For example, if the number of users is 31 and the pulse width is 800 ps, the length of
the time slot within the pulse to be transmitted must be at least 1.6 ns. This results in a
pulse repetition frequency of less than 21 MHz. By choosing the number of pulses per
symbol to be 200, the processing gain is more than 41 dB.

3.5.4 Direct Sequence UWB

When utilizing DS techniques, a PR code is used to spread the data bit into multiple chips,
much as in conventional DS spread spectrum systems. In the case of UWB systems, the
pulse waveform takes the role of the chip in DS. The DS spreading approach has been
studied for PAM, OOK and PSM modulation schemes. PPM modulation is intrinsically
a time hopping technique since the bit value is given by the position of the pulse in a
transmission slot. The use of the DS technique as a spreading approach would create a
hybrid DS/TH configuration of the signal. Figure 3.23 shows the bit structure for a DS
signal. The rectangular waveform indicates the individual chip elements.
The PAM and OOK information signal s(¢) for the mth user can be presented as

sy = 37 ST we = kT — T (ep) " d™, (3.29)

where dy is the kth data bit, (¢,); is the jth chip of the PR code, w(t) is the pulse
waveform, N represents the number of pulses to be used per data bit, T, is the chip
length, The pseudo random code is bipolar assuming values {—1,+1}, The bit length is
T;=NT.= NT,.

3.5.4.1 Data Modulation with DS-UWB

Figure 3.24 shows a single data bit for binary PAM modulation when a data bit ‘1’ or ‘0’
is transmitted. The square wave represents the random code, which affects the polarity
of individual pulses which make up the DS waveform. For clarity, only a small part of
the data bit waveform is shown. Pulse type (Ptype) defines the pulse waveform used.
Ptype2 is the second derivative of the Gaussian pulse.
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Figure 3.24 Time window of a transmitted data bit for BPAM modulation with DS
spreading

Figure 3.25 shows a single data bit for OOK modulation when data bit ‘1’ or ‘0’ is
transmitted. As mentioned above, in case of data bit “0”, the OOK spreading signal is
characterized by no transmission.

For PSM modulation, the information signal s(¢) for the mth user can be presented as

oo N-1

sy =3y o (1 = KT = JT) ()™, (3.30)

k=—o00 j=0

where the chosen bit d) for the mth user, defined according to equation (3.14), deter-
mines the choice of the UWB pulse waveform to be transmitted.

Figure 3.26 shows a single data bit using for PSM modulation when data bit ‘1’ or 0’
is transmitted. Ptypel and Ptype2 in the figure represent the first and the second
derivatives of the Gaussian pulse.

3.5.5 Comparison of TH and DS BPAM UWB

This section examines the relative performance of BPAM for DS and TH techniques
in an AWGN channel. The BER for up to 60 simultaneous users is examined. The
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Figure 3.26 Time window of a transmitted data bit for PSM modulation with DS spreading
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processing gain is 127 (approximately 21 dB). The DS system uses 127 pulses per bit,
which is equal to the processing gain or the spreading sequence length, whilst the TH
system uses 10 pulses per bit, which is the remainder of the processing gain coming
from channel activity factor. Both synchronous and asynchronous transmissions are
considered. All users have the same power. The pulse shape used is the fourth
derivative of the Gaussian pulse. The pulse duration is 0.5ns and the data rate is
16 Mbps.

Figure 3.27 shows the performance of the DS UWB, while Figure 3.28 shows the
performance of the TH system. There is a substantial difference between synchronous
(solid) and asynchronous (dushed) performance for the DS system. The synchronous
DS system has the pulses for all users transmitted at the same time. The only feature
which can be used to suppress multiple access interference is the de-spreading (pulse
combining) process in the receiver. When the asynchronous system is used, the lower
cross correlation values that occur at different pulse alignments means that there is
substantially less interference per bit to be suppressed.

The performance of the synchronous and asynchronous systems for the TH system is
very similar. This is because each user has a different pulse transmit instant associated
with their PR sequence, so the pulses are offset even if the time hopping frames are
aligned.

The performance of the TH and DS asynchronous systems are very similar. This is to
be expected in an AWGN channel with low duty cycle pulses.
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3.6 Conclusions

UWRB systems may be primarily divided into impulse radio (IR) systems and multiband
systems. Multiband systems offer the advantage of potentially efficient utilization of
spectrum.

However, IR systems have the significant advantage of simplicity, and so are poten-
tially lower cost. In addition, IR is essentially a baseband technique. The IR UWB
concepts investigated support many modulation schemes including orthogonal and
antipodal schemes. Basic modulation must also include some form of spectrum random-
ization techniques to limit the interference caused by the transmitted pulse train. Both
TH and DS randomization techniques were examined. Which modulation scheme to use
depends on the expected operating conditions and the desired system complexity.
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4.1 Introduction

UWRB systems can be characterized as an extension of traditional spread spectrum (SS)
systems. One of the major differences between UWB systems and traditional SS
systems is the radio channel which they use. As discussed in Chapter 2, the UWB
channel is extremely multipath rich. The multipath components that are combined
increase the total signal power. The multipath components that are not combined lead
to interference. The significantly greater number of resolvable multipath components
associated with UWB system’s much greater bandwidth means that many more
receiver elements need to be considered. This chapter examines some of the more
popular receiver structures for UWB systems, particularly the rake and modifications
of the rake.

Synchronization is one of the main problems in telecommunications, navigation and
radar applications. Different synchronization levels operate for carrier, code, symbol,
word, frame and network synchronization. As in SS systems, code synchronization
should be performed in UWB systems. When the receiver is synchronized, the received
spreading code and reference code are aligned with the same phase. All of these levels of
synchronization can be split into two phases—acquisition (coarse synchronization,
initial synchronization) and tracking (fine synchronization). It is only possible to com-
municate using spread-spectrum systems if all of the necessary synchronization levels
are performed with sufficient accuracy. This chapter examines code synchronization for
DS and TH UWB systems.

UWB Theory and Applications Edited by I. Oppermann, M. Hamdlédinen and J. linatti
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-86917-8
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4.2 Rake Receiver

The received signal energy can be improved in a multipath fading channel by utilizing a
diversity technique, such as the rake receiver (Proakis, 1995). Rake receivers combine
different signal components that have propagated through the channel by different
paths. This can be characterized as a type of time diversity. The combination of different
signal components will increase the signal-to-noise ratio (SNR), which will improve link
performance. We will consider three main types of rake receivers.

4.2.1 Rake Receiver Types

The ideal rake receiver structure captures all of the received signal power by having a
number of fingers equal to the number of multipath components. The so called ideal-
rake or all rake (I-rake and A-rake) is such a receiver. (Win etal., 1999; Win and
Scholtz, 2003). The problem with this approach is the need for an infinite number of
rake branches, which also means an infinite number of correlators. Consequently,
implementation of the A-rake is not possible. The performance close to the performance
in AWGN channel can be met by using the maximum ratio combining (MRC). MRC
involves coherently combining all of the signal components to achieve optimal perform-
ance (Proakis, 1995). Some channel estimation needs to be used to obtain channel
information. The delay resolution of the receiver depends on the signal bandwidth.
A different number of distinguishable propagation paths can be separated by the
receiver based on the channel estimate. Figure 4.1 illustrates the concept behind the
A-rake including the envelope of the channel delay profile and the propagation paths
that can be separated. All of the paths that arrive within the receiver’s time resolution
will be seen as a single path. The energy of the single path is a combination of the energy
of all of the undistinguishable paths.

A practical rake receiver implementation is a selective rake, S-rake. The S-rake
only uses the L, strongest propagation paths. Information on the channel impulse
response is required in order to use the S-rake. Channel estimation algorithms must
be used to obtain this a-priori information. The SNR is maximized when the
strongest paths are detected. The link performance will be improved relative
to the single path receiver. Figure 4.2 shows the multipath components used by the
S-rake. The channel profile equals to the one presented in Figure 4.1. The complexity
of the S-rake receiver is greatly reduced relative to the A-rake by only selecting those
multipath components that have significant magnitude. In the example channel
profile shown in Figure 4.2, only L, = 7 of the strongest paths are selected. Depend-
ing on the channel delay profile, the selected paths can be consecutive, or spread over
the profile.

The partial-rake receiver, P-rake, is a simplified approximation to the S-rake. The
P-rake involves combining the L, first propagation paths. The principle behind this
approach is that the first multipath components will typically be the strongest and
contain the most of the received signal power. The disadvantage is that the multipath
components that the P-rake receiver combines are not necessarily the strongest multi-
path components, so optimum performance will not be achieved. Figure 4.3 shows the
P-rake for L, = 7 branches using the same channel profile as earlier examples. The
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Delay profile

Delay, ©

Figure 4.1 Principle of the all-rake receiver

Delay profile

Delay, t

Figure 4.2 Principle of the selective-rake receiver

figure indicates that there are stronger multipath components at later delays than those
which have been combined by the P-rake receiver.

Under ideal conditions, the A-rake outperforms the S-rake, which typically outper-
forms the P-rake. However, if the strongest propagation paths are at the beginning of
the channel impulse response, the S-rake and P-rake will give the same performance.

Figure 4.4 presents the bit-error-rates for different rake receivers in modified
Saleh—Valenzuela channel 2 (SV2). The number of rake fingers used, L,, is 1, 4, 10 and 20
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Figure 4.3 Principle of partial rake receiver

Figure 4.4 The performance of different rake receivers in modified Saleh—Valenzuela
channel 2. Number of fingers L, = 1,4, 10 and 20
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for both the P-rake and S-rake. The BER results for A-rake are also presented as a
reference. A significant difference can be seen between the P-rake and S-rake perfor-
mance because the SV2 is a non-line-of-sight model.

Figure 4.5 presents the average delay profile used in the simulations. The energy
collected by the P-rake is tens of decibels less than the energy collected by the S-rake,
which uses the strongest paths. The single-path S-rake uses the strongest path, so it has
significantly better performance than the single-path P-rake. The system performance
of A-rake is not as good as the ideal system performance in the AWGN channel because
of the limited delay resolution of the A-rake receiver.

4.2.2 Detection Techniques

The rake-based receiver algorithms can be implemented in different ways, depending on
the knowledge of the gain of the channel taps, in both amplitude and phase. These
schemes are characterized as coherent if the phase of the channel tap is recovered, or
non-coherent if the phase of the channel tap is not recovered. Channel tap amplitude
recovery can be considered as a possible choice for non-coherent schemes.

Equal gain combining (EGC) is a coherent detection scheme. EGC requires a perfect
estimation of the phase of each of the channel taps in order to correct the offset at the

Figure 4.5 Average power delay profile of the modified Saleh—Valenzuela model 2
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received signal before the detection block. The received signal for a single databit may
be defined as follows

L

0= aps(t =) +n(t), (4.1
n=1

where L, is the number of recovered paths, () the transmitted signal, n(7) the Gaussian
noise in the channel, a, = |a,| e/0r the gain, 7, the delay of the »n th multipath. 6, will only
assume values 0 and 7 as in the modified SV model (See Chapter 2).

Thus, the EGC decision variables will be

yEGC) _ Zew/dr — )wi(t) dr (4.2)

where Ty is the databit length and w;(¢) the pulse waveform (e.g., train of pulses)
representing databit ‘7’ at the receiver.

A second coherent scheme is maximal ratio combining. MRC involves phase recovery
and estimating the received power level for each multipath. The decision variable will
then assume the following form

Td
Ul.(MRC) = a:;/ r(t — 7)wi(r)dz. (4.3)
0

An absolute combiner (AC) can be implemented in non-coherent detection by adding
the absolute values of the outputs of all the matched filters before feeding the detector.
In this case the decision variables will be

L,

Ut =3 / " r(t — ) wi(r)de]. (4.4)
0

n=1

The implementation of the S-rake receiver is based on the non-coherent power
estimation (PE) of each single channel path. The knowledge of the channel amplitude
can be used to improve the performance of the system, by weighting the output of each
single correlator. This is similar to the MRC approach, except that it does not require
knowledge of the channel phase. This assumption leads to a more sophisticated imple-
mentation of AC, analytically defined as

) (4.5)

P
UI(ACJrPE <|an| ‘/ (0)dt
n=1
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For more information upon combining schemes, refer to Proakis (1995).

The simulations results presented below are based on a UWB system having
PG =20dB. The length of the pulse waveforms is 0.5ns, leading to a data rate of
20 Mbit/s. In the TH case, the pulse integration gain PG is 10dB, that is, each data bit
is composed of 10 pulse waveforms, whose time location is defined by the PR code.

The binary modulation schemes are PPM (for TH only), PSM and PAM (for both
TH and DS). The combining approach is one of the techniques depicted above: MRC
and EGC for coherent detection, AC and AC + PE for non-coherent. PE is assumed
perfect in all cases. The total average signal-to-noise ratio at the receiver, Ey/Ny, is
fixed to two values, 8 dB and 15dB, respectively. However, the signal-to-noise ratio in
the decision variable is less, since not all the paths have been combined.

The detection block is defined by a selective chip-spaced receiver, with a time resolu-
tion of 0.5ns, that is, equal to the length of the pulse waveform. The channel models
were simulated using at least 100 channel realizations for each case (number of fingers)
examined. The channel power has been normalized to 1 over all the channel realizations
used for each simulation point.

Figures 4.6 and 4.7 show the behaviour of some of the results of the simulations, which
evaluated the BER of the system as a function of the number of rake fingers D for
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Figure 4.6 BER as a function of the number of fingers for DS-PSM in SV-1
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Figure 4.7 BER as function of the number of fingers for TH-PPM in SV-3

E, /Ny = 8 and 15dB. In particular, Figure 4.6 represents DS-PSM for SV-1, and Figure 4.7
is TH-PPM in SV-3 case. The absence of power estimation in both the coherent approaches
(EGC) and non-coherent approaches (AC) generates a minimum value of BER for a defined
Dp, which can be clearly chosen as the minimum. This behaviour is more evident in SV-1,
where the presence of a LOS component makes the minimum BER appear for a lower D,
relative to SV-3. In the MRC case, the performances of the systems are continuously
improving as D increases due to the perfect weight used in estimation. Thus, the optimal
value has been chosen where the BER performance tends to saturate. The improvement
given by the use of coherent detection is characterized by a BER approximately 10-times
lower than the equivalent non-coherent implementation for a fixed value of SNR and D.

Table 4.1 depicts the optimal number of fingers for each of the examined systems. The
table gives some general trends, such as Doy generally increasing with the Ey,/No. How-
ever, this effect is more remarkable for non-coherent systems. Dy is higher in SV3, due to
absence of LOS component. Doy is also clearly lower for non-coherent systems. Antipodal
modulations show the same results for a fixed Ey /N, and channel model, both in terms of
number of fingers and BER. Among orthogonal modulations, TH-PPM the one that
shows the lowest values of Doy, on average, despite the poorer BER results.
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Table 4.1 Optimal number of rake fingers for different receiver algorithms

SV E,/Ny [dB] UWB system concept Optimal number of fingers (D)

Coherent Non-coherent

MRC EGC AC+PE AC

1 8 DS-PSM 12 8 4 4
TH-PSM 12 8 4 4

TH-PPM 10 10 4 2

DS-BPAM 12 10 - -

TH-BPAM 12 10 - -

DS-PSM 14 8 10 8

TH-PSM 20 10 10 6

15 TH-PPM 14 8 8 6
DS-BPAM 15 10 - -

TH-BPAM 15 10 - -

DS-PSM 18 16 8 6

TH-PSM 20 18 6 6

8 TH-PPM 20 14 4 4

DS-BPAM 15 15 - -

3 TH-BPAM 15 20 - -
DS-PSM 20 16 16 12

TH-PSM 16 16 16 12

15 TH-PPM 20 18 10 6
DS-BPAM 18 15 - -

TH-BPAM 18 20 - -

4.3 Synchronization in UWB Systems
4.3.1 Basics

A survey of the published literature reveals a number of publications relating to
acquisition in direct sequence spread spectrum systems (Katz, 2002). Assuming an
AWGN channel, the input signal for the receiver in one user case is given by

r(f) = i A - s (t — 7)) 4 n(2) (4.6)

=1

where A; is amplitude of radio channel path /, 7; is delay of radio channel path /, L is the
number of resolvable multipath components, n(z) is additive white Gaussian noise.
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The delay can be presented as a portion of 7. as 7 = £T. The signal waveform s(¢) is
dependent on the system concept, that is, TH or DS. In both cases, the signal waveform
includes the effect of the spreading code.

The synchronization stage must provide an estimate &, for the timing offset £ (i.e. 7,).
The maximum likelihood (ML) algorithm generates several values &, to evaluate when
conditional probability density function of the received signal p(r|7) achieves the max-
imum value (Iinatti and Latva-aho, 2001). So,

7, = argmax p(r|.). (4.7

As we assume white Gaussian noise channel, the conditional probability density func-
tion is readily evaluated. For the optimal estimation 7., we have to maximize

T,
A(Te) :/0 r(t)s(t,7.) dt

=
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where n.(¢) is the additive noise component, and the information signal is in the form
of TH-UWB as described in Chapter 3. In practice, the algorithm is too complex
to implement, and some approximations must be used. In the so-called serial
search strategy, the phase of the local code (7.) is changed step-by-step in equal
increments. In this way, the correct position within the uncertainty region can be
found (linatti, 1997). Serial search acquisition can be implemented using active
correlation measurement techniques or passive correlation measurement based on
matched filtering (MF).

4.3.1.1 Synchronization Schemes

UWB systems use very large bandwidths, and therefore a dense channel multipath
profile where many components can be distinguished from the received signal.
The multipath channel then introduces more than one correct synchronization cell.
From the perspective of code synchronization, this phenomenon causes problems:
the energy of the signal is spread over many multipath components, and the energy
of each path is very low. Therefore, the paths are difficult to acquire. Depending on
the receiver structure (type and length of rake), a number of paths should be
acquired.

In DS systems, the uncertainty region corresponds to a multiple of the code length.
In TH systems, the uncertainty region is divided into a number of cells (Cu). The number
of cells depends on the number of possible pulse positions combinations in a bit interval.
Recently, an algorithm called chip-level post-detection integration (CLPDI) was
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proposed for code acquisition in direct sequence CDMA systems (linatti and Latva-
aho, 2001). Algorithm is suitable for synchronization in multipath environments. Once
the CLPDI algorithm finds one of the possible synchronization cells, an additional
sweep has to be performed to acquire the necessary number of paths. The aim of this
initial code acquisition in a multipath channel is to find a starting point to reduce the
multipath search time. In this chapter, the method is applied for time hopping UWB
system due to nature of UWB signals.

Figure 4.8 presents the synchronisation algorithm for a multipath environment
proposed for DS CDMA (linatti and Latva-aho, 2001). In DS systems, the impulse
response of the matched filter is the time-reversed replica of the spreading code. This
means that the impulse response has coefficients given by the spreading code, and the
delays between the consecutive coefficients are 7,.. The MF output signal is propor-
tional to the autocorrelation function (ACF) of the spreading code. The sampling at
the output of the MF is made at least at the chip rate. The MF is followed by a
threshold comparison, and if the threshold 7} is crossed, the acquisition process ends.
There is detection if the threshold is crossed by the ACF at the zero delay. This occurs
with probability of detection, P,. If the threshold is crossed with some other delay,
a false alarm occurs. This happens with the probability of false alarm, Py. False
alarms may be catastrophic, and cause total miss of the correct code phase. Because
the MF gives its peak when the code is inside the filter, a multipath channel leads to
several peaks.

Chip-level post-detection integration performs post-detection integration at the chip
level, i.e., a number of consecutive samples at the output of the MF are combined.
CLPDI is performed over m samples and CLPDI output is sampled at multiples of mT,
as is presented in Figure 4.8. Because the sampling is done as multiples of mT,,
consecutive samples at the output of CLPDI are uncorrelated. In addition, the uncer-
tainty region, i.e., the number of cells to be tested in the acquisition, is decreased relative
to the pure MF acquisition. The number of cells in the uncertainty region is now
reduced to C,, = Cu/m. In addition, the number of potentially correct cells to be tested
is reduced, as can be seen by comparing Figures 4.9 and 4.10.

In time hopping systems, the MF collects the samples together according to delays
between consecutive chips (pulses as presented in Chapter 3), i.e., the spreading code
sets the delays between consecutive ‘1’s in the impulse response. Therefore, the MF
waits until the chips (pulses) arrive in predetermined time slots inside frames.

r(t) nT, n(mT,)

—— MF  |— CLPDI(m) - 7? -
K

sync

Figure 4.8 MF with CLPDI
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Figure 4.9 MF output without noise as function of time in channel model 1, number of
pulses in bit is N = 10 and number of pulse position in frame is M = 16
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Figure 4.10 CLPDI output without noise as function of time in channel model 1, N = 10,
M =16and m =4

4.3.2 Performance Measures

The specifications of satisfactory performance measures for synchronization will
depend on the particular application. The main issue is the time that elapses between
the time the synchronization starts and the time of acquisition. There are two basic
scenarios—when there is an absolute time limit and when there is no absolute time
limit. If there is no time limit, the most interesting parameter is the mean acquisition
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time, Ty4 = E{T4,} and possibly the variance of the acquisition time azTM. This is
the case when a data or pilot signal is always present, that is, when the link operates
continuously (Polydoros, 1982). The mean acquisition time is defined as the expected
value of the time that elapses between the initiation of acquisition and the comple-
tion of acquisition. If there is a time limit, the parameters are the acquisition time
T4y and the time limit 7, If there is a time limit, a better performance measure is
the probability of prompt acquisition Pr{7,. < T}, which is called overall prob-
ability of detection P¢’. The complement of the probability of prompt acquisition is
the overall probability of missing the code P = 1 — P¢’. Missing the code occurs in
systems where data transmission starts after a certain time interval T from the initial
system start up, i.e., burst communication (Polydoros, 1982).

The acquisition time, and therefore also T)s4 and P¢', are functions of several
parameters. The most important of these are the probability of detection P; and the
probability of false alarm Py,. The probability of detection is the probability that the
decision is the ‘correct cell’ when the correct cell of the uncertainty region is being tested.
The probability of false alarm is the probability that the decision is the ‘correct cell’
when a false cell is being tested. If the decision is based on threshold comparison,
threshold 7, plays an important role concerning 7,., because both P, and Py, are
functions of this threshold. The other parameters are the time spent evaluating one
decision variable T}, the penalty time 77, and the number of cells in the uncertainty
region Cu.

In this context, mean acquisition time is used as a performance measure. It can be
calculated for the DS CLPDI case as (Iinatti and Latva-aho, 2001):

Py LT, + (N — L)(Te + TyuPp)]

Tya=
1— Pﬁ/]/m
L/m—1
[NT.+ (N = L)(T. + TPr)] 3 Py
+ L/m—1 = +ml, (4'9)
N 3 Py/m
=0

N (N —L)(N = L+ m)(Te + Ty.Pr)
2N

+ NT,

where the uncertainty region N is the length of the code, no a-priori information of the
correct code phase exists at the beginning of acquisition, Py, is the probability of false
alarm at the output of the CLPDI, Py, = 1 — P; where P, is the probability of detection
in the correct code phase, Ty, = K, T, is the penalty time caused by a false alarm, T is
chip interval.

In a multipath propagation environment without the CLPDI block, the T4 is evalu-
ated with a similar equation (Ramirez-Mireles and Scholtz, 1998a).
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4.3.2.1 Performance of CLPDI

Figure 4.11 presents the TH UWB simulation model with matched filter synchroniza-
tion. The figure also describes the outputs from different parts of the system.

Chip correlation (point A in Figure 4.11) is performed by correlating the received
signal with the template waveform which has the same shape as the received signal (after
the antenna). The pulse waveform in the transmitter in the simulations is a Gaussian
pulse. Therefore, the reference pulse in the receiver is the second derivative of the
Gaussian pulse because of the effect of the transmitting and receiving antenna
(Ramirez-Mireles and Scholtz, 1998a). Only one sample per T, is used so as to reduce
the complexity in the simulations. This can be done when the pulse width (7,) is smaller
than chip length (7.), and when chip synchronism is assumed. The output of the
chip correlator is a sequence that contains the information about the pulse locations
within the received sequence in every frame. The chip correlator output is fed into a
code matched filter (CMF). The filter is matched to the whole spreading code (point
B in Figure 4.11). In the TH system this means, that delays between consecutive ‘1’s
in impulse response is not fixed, but instead depends on the code phase (as seen
in Figure 4.12. After the filter, a threshold comparison is used (point C in
Figure 4.11). Figure 4.12 presents an example of the output of code matched filter, as
well as describing the correct synchronization points.

In the CLPDI simulations, the CLPDI block is inserted after the code matched filter
in the block diagram of the TH-UWB synchronizer (Figure 4.11).

4.3.2.2 AWGN Channel Performance

We will first consider a channel with static multipath. For a static channel, the equal
power path case represents the worst scenario (Iinatti and Latva-aho, 2001). One sample
per chip is used to achieve lower simulation times, and chip synchronism is assumed.
We use a code length N = 80 and penalty time Ty, = 1007}. A constant false alarm rate
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Figure 4.11 Simulation model for TH-UWB synchronizer in AWGN channel
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Figure 4.12 Output of the code matched filter when six bits are transmitted

criterion (CFAR) is used when setting the threshold of the comparator (Py, = 1072).
The T}, was found before simulations, so that the required Py, was obtained for each
SNR value. Simulations were performed over 100 bits, i.e., the number of the correct
code phases is 100L and the number of false code phases is 100(80 — L).

Figure 4.13 presents T4 performance of the synchronizer with and without CLPDI
for two channels, and Figure 4.14 presents T4 performance of the synchronizer with
and without CLPDI for four-path channels. In a four-path channel, m in CLPDI
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Figure 4.13 T, with and without CLPDI, N =80, L = 2, T}, = NT,, T, = 100, Py, = 1072
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is either 2 or 4, P; and Py, are obtained by simulation, and T4 is calculated from
equation (4.9) utilizing the uncertainty region of TH system. 7,4 is also presented for a
one-path channel. In TH-UWB systems, CLPDI is an improvement over conventional
MF synchronizers because there are fewer total cells to be examined, and because of the
increased P, in correct cells. In a four-path channel, performance is improved by using
both m values 2 and 4. The behaviour is similar to WCDMA systems (linatti and
Latva-aho, 2001).

4.3.2.3 Performance in Saleh—Valenzuela Channels

There is a large number of resolvable paths in UWB systems, more than 100, because of
the fine path resolution of the UWB channel. The following simulation results only
consider the most powerful paths for the code acquisition. The number of cells or chip
positions on which the receiver can be considered synchronized is defined by the 20
strongest paths in the MF case. When m-CLPDI is used, we need to make sure that the
20 synchronization positions defined in the MF case are included in the synchronization
cells for the m-CLPDI algorithm. Since it is possible that the 20 synchronization cells
are non consecutive, the number of synchronization cells in the m-CLPDI case can be
bigger than 20/m. Once one of the synchronization cells is found, a new acquisition
process starts. Verification extra-time is added for each false alarm event occurred
during the acquisition process.
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The simulations consider four modified Saleh—Valenzuela channel models presented
in Chapter 2. The pulse width 7, is fixed to 1ns. The code length is 160, the number
of frames per bit is N = 10, the number of possible pulse position in each frame is
M =16, the penalty time in the case of false alarm is Ty, = 1007}, and the required
Py, =0.01. The synchronization process is performed over a data packet of 30 bits
and the channel is static over the each packet. A new data block is transmitted every
time the synchronization is reached or the data packet has been explored without
synchronization.

Figures 4.15 to 4.18 present the mean acquisition time of the code MF for m = 4, 10
and 20 and the CLPDI block versus SNR for each of the Saleh—Valenzuela channel
models. SNR is defined as the E,/Ny at the receiver side. E is the collective bit energy
spread over all the paths in the channel. Using CLPDI, the reduced code acquisition
time is evident for all the channel models. The mean acquisition time increases in
absolute time from both MF and CLPDI passing from the CM1 to the CM4. The
reason is the reduced energy borne by the 20 strongest paths whilst moving from CM1
towards CM4. Otherwise, passing from the CMI1 to the CM4 increases CLPDI’s
performance improvement relative to the MF case. As the channel moves from the
CM1 to the CM4, the channel gets closer to the situation of having paths with equal
average power that gives the best result, as has been shown for data detection using
diversity techniques (Proakis, 1995). In CM1, the extra gain achieved using m = 20 is
not remarkable. This is because of the reduced CM1 delay spread relative to the other
channel models.
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Figure 4.15 T,,,/T} as a function of E,/N, in channel model 1
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Mean acquisition time, Pfa=0.01, CM=2
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Figure 4.16 T,,,/T} as a function of E,/Ny in channel model 2
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Figure 4.17 T,,,/T) as a function of E,/N, in channel model 3
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Mean time code acquisition, Pfa=0.01, CM=4
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Figure 4.18 T,,,/T} as a function E,/Ny in channel model 4

4.4 Conclusions

This chapter examined the concepts behind some of the most common UWB receivers.
The chapter described the A-rake, S-rake and P-rake and analysed their relative per-
formance. The rake combines the many multipath components in the multipath-rich
channel. The complexity of the A-rake makes it impractical for many applications. The
S-rake and P-rake combine only a subset of the resolvable multipath components.
Whilst being much less complex, the S-rake and P-rake are not able to combine all
the received signal energy and so have substantially worse performance than the A-rake.
The S-rake requires channel estimation to select the most significant multipath com-
ponents. This added complexity greatly improves the performance compared with the
P-rake, especially in non-LOS channels.

This chapter also applied a chip-level post-detection integration code synchronization
method to a time-hopping UWB system. The method was used in order to utilize dense
multipath propagation in a UWB environment during the code acquisition process. The
method increases the probability of detection of the burst of multipath components, i.e.,
it decreases the mean acquisition time for finding the existence of multipath profile. The
simulation results indicate that the method improves the acquisition performance, and
therefore is usable in a UWB communication system.
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Integrated Circuit Topologies

Sakari Tiuraniemi, Ian Oppermann

5.1 Introduction

UWB is a spread spectrum technology. However, UWB differs from conventional
spread spectrum technologies in that UWB transmits information through short pulses
or a ‘chirped’ signal rather than transmitting information on a modulated continuous
carrier signal. The information is typically superimposed by a pulse modulation
method. The bandwidth occupied by an UWB system is far greater than in traditional
spread spectrum systems. A UWB data communication system is often referred to
as impulse radio (IR). Typically, impulse radio utilizes time hopping pulse position
modulation (TH-PPM) scheme (see Appendix 1).

UWRB systems have some significant advantages over conventional spread spectrum
systems. First, the transceiver has a relatively simple structure as some of the functional
parts that increase the complexity of traditional radio systems are not necessary. This
reduces the required human resources and financial investment. Second, the low trans-
mission power means that less power is consumed. Third, the large bandwidth makes
the detection of the signal quite difficult for unintended receivers. Fourth, the achieved
bit rate of more than a few hundreds of Mbps is significantly more than conventional
spread spectrum systems.

In this chapter, some of the architectures used in UWB data communication systems
are introduced and investigated, based on the information set out in the current avail-
able literature.

In particular, we will examine the pulse generator, a critical part of the transmitter,
which generates the transmitted waveform. The transmitted waveform must satisfy the
frequency mask defined by the Federal Communications Commission (FCC) (Federal
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Communications Commission, 2002b) or satisfy other applicable local radiation regu-
lations. One of the most common waveforms is the first derivative of the Gaussian
pulse, also referred to as the monocycle.

We will also examine the correlation-based receiver. A conventional SNR maximizing
based correlator receiver requires a template waveform that exactly matches the
received waveform. Such a distorted and delayed waveform is difficult to generate.
The multiplier and integrator of the correlating circuit must be extremely fast to process
the short time domain pulses. UWB receiver structures often ignore or coarsely approxi-
mate the pulse shape, which significantly reduces the complexity and required speed of
operation, even though it also reduces the received SNR. This approach seems to be
quite popular amongst current receiver designs (for example, see Lang, 2003) and is a
recommended approach.

5.2 Ultra Wideband Basic Architectures

Impulse radio is a UWB digital data communication system for low power, low range,
applications typically utilizing TH-PPM. At the block level, the transmitter is very
simple. It consists of a pulse generator and a digital timing circuit that controls the
timing of transmission. These blocks are presented in Figure 5.1.

The block marked by 7 is the timing circuit that is responsible for PPM and PN coding.
It provides a timing signal, or a trigger, for the pulse generator. In some presentations the
timing circuit is replaced by a programmable delay (Withington, 2004).

The clock oscillator determines the pulse repetition frequency, PRF, of the system. It
can be either a crystal oscillator or a custom designed oscillator, the first being the most
feasible in high frequency systems such as impulse radio. The pulse generator produces
the desired waveform. The pulse generation can be realized in a number of ways.

One of the great benefits of a UWB transmitter relative to continuous-wave
transmitters is that there is no need for complex circuits such as the power amplifier
(depending on the application) and frequency synthesizer, which contain circuits such as
the phase-locked loop (PLL), voltage controlled oscillator (VCO) and mixers (Taylor,
1995; Foerster et al., 2001). These are the most complex components of conventional
transmitters, and these components make conventional transmitters relatively difficult
and expensive to design and implement. In contrast, an UWB transmitter is relatively

data
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Figure 5.1 Transmitter top level schematic
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inexpensive and moderately easy to design and implement because the UWB transmitter
does not have these components.

The optimal receiver for signals transmitted over an AWGN channel is a correlation
or a matched filter receiver, since it maximizes the SNR (Proakis, 1995). The receiver
examined in this chapter consists of a low-noise amplifier (LNA), a correlation circuit
and a circuit to provide the template waveform for the correlation. These blocks are
presented in Figure 5.2.

After the received signal is amplified, it is correlated with the template waveform. The
output of the correlation is processed by a bit decision circuit that decides which bits are
carried by the received pulses. The baseband signal processing circuit is responsible for
the bit decision.

To maximize the processing gain and SNR, the template waveform should be the
same as that of the received signal. Such a signal is difficult to generate in practice, since
the transmitted pulse is distorted by the antennas and the channel. The need to make the
template waveform the same as that of the received signal also makes the receiving
circuit more complex. One way to avoid this complexity is to approximate the template
waveform by using the transmitted pulse, or to make very coarse approximations such
as a rectangular pulse. It is also possible to ignore the template waveform altogether and
rely on the pulse shaping caused by the finite bandwidth of the transmitting and
receiving antennas (Lang, 2003).

In an ideal environment, the received pulse shape is the second derivative of the signal
transmitted (third derivative of the Gaussian pulse) since both antennas act as differ-
entiators. Figure 5.3 shows the autocorrelation functions of the first and third deriva-
tives of the Gaussian pulse as well as the cross-correlation between the first and third
Gaussian pulses. The amplitude of the correlation result between the first and the third
derivatives is 80 % of the autocorrelation of the received waveform. This means that
using the transmitted waveform as the template reduces the performance of the correl-
ator by less than 1 dB.

The correlation circuit consists of an integrator, and a multiplier that multiplies the
received signal with the template waveform. The result of the multiplier is integrated
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Figure 5.2 Receiver top level schematic
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Figure 5.3 Correlation results of transmitted and received signals

over the bit duration to maximize the received signal power and to minimize the noise
component. Having a train of pulses to integrate over, the correlated signal is raised
from the noise and the possible signals of other users. From this it can be seen that the
more pulses there are in a pulse train, the better SNR is attained, since more correlated
energy is put into each symbol.

In addition to providing an accurate synchronization, performing the correlation at
the required speed is probably the biggest issue. Both the multiplier and integrator must
be fast enough to process each pulse.

5.3 Review of Existing UWB Technologies

This section reports some of the architectures used in UWB communication applica-
tions, with a particular focus on the pulse or waveform generation and its implementa-
tion. This section also considers the used data modulation scheme and the correlation
receiver. These topics, combined with the transceiver architecture and antennas, form
the basis for the communication system.

The information is gathered from patents and the publications listed in the references.
The architectures are chosen to give examples of the possible structures used in UWB
communications, with a particular focus on the pulse or waveform generation and
implementation.
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5.3.1 Time Domain Corporation: PulsOn Technology

Time Domain Corporation’s PulsOn technology (Time Domain Corporation, 2003)
is presented in Figure 5.4. This, or a variant of it, is the most common architecture used
in UWB communication systems. A pulse generator generates the waveform (e.g. a
Gaussian monocycle), and the waveform is then provided to the transmitting antenna.
The pulse transmitting time is controlled by a programmable time delay (PTD), which
uses the signal coming from the clock oscillator to create a timing signal for the pulse
generator by means of pulse position modulation. The programmable time delay gets its
control signal from the modulator and code generator. The modulator modulates the
incoming data using PPM or an additional modulation scheme, and the code generator
gives an individual pseudo-random (PR) code for the modulated data. Power amplifica-
tion is not required because of the low transmit power (below the noise level).

The receiver is based on the correlation technique. The correlation technique
is the optimal technique for a signal of such power since it maximizes the SNR
(Proakis, 1995). The received signal is multiplied with a template waveform gener-
ated in the receiver, and the result is then integrated over several periods of the
received pulse train. The correlator converts the received signal directly into a
baseband signal, which may then be further processed using baseband techniques
to improve performance. The signal processor also provides acquisition and track-
ing control to the PTD.

Transmitter Receiver

Correlator

Multiplier || Integrator [~ S/H

|
—

Pulse
Generator Pulse Generator Baseband Signal
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Time Delay Time Delay
Data Out
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Clock Clock Oscillator
Oscillator

Figure 5.4 PulsOn transceiver top level schematic (From Time Domain Corporation
website)
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5.3.2  Time Domain Corporation: Sub-Carrier Technology

The Time Domain Corporation patent also includes another architecture developed by
the company (Time Domain Corporation, 2003) (see Figure 5.5). The architecture’s
basic structure is the same as Time Domain Corporation’s original PulsOn technology,
except that the second architecture utilizes sub-carrier technology to realize an addi-
tional modulation scheme.

The time base in Figure 5.5 provides a clock oscillator, which again functions as the
PRF source. The code time modulator and code source create a coded timing signal
from the PRF source. In addition, the information source is fed to a sub-carrier
generator and modulator block, which creates a sub-carrier signal (i.e. a piece of sine
wave) and modulates it with the information signal to create a modulated sub-carrier
signal. A sub-carrier time modulator then mixes the resultant modulated sub-carrier
signal with the previously created coded timing signal from the PRF source, and
provides the result to an output stage as its time controlling signal.

This technique provides further possibilities for channel coding and signal modulation.
For example, by using different sub-carrier frequencies, more channels can be utilized or
different information can be transmitted simultaneously. If different sub-carriers are used,
the receiver must separate the carriers from the received signal. This may be achieved by
band-pass filtering for example.

5.3.3  MultiSpectral Solutions, Inc.

MultiSpectral Solutions introduces three schemes to generate pulses or bursts of pulses
in their patent (Parkway, 2001). They have divided the three pulse generation schemes
into two classes. The first class consists of two types of pulse generation scheme. The
first pulse generation scheme, presented in Figure 5.6, utilizes an impulse generator and
a mixer (switch) to chop the signal coming from an oscillator, thereby providing a train
of bursts to the subsequent circuitry.

time code time sub-carrier time output
base modulator modulator stage
code sub-carrier
source generator and
modulator
information
source

Figure 5.5 Transmitter utilizing sub carrier technology
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Figure 5.7 Special case of the first class of transmitter

The second pulse generator scheme in the first class is shown in Figure 5.7.
A bandpass or a pulse shaping filter is directly excited by a low level impulse, so that
a mixer and oscillator are not needed. This is functionally equivalent to MultiSpectral
Solutions’s first pulse generation technique in the special case of having a zero oscillator
frequency (i.e., d.c. source).

The band-pass or pulse shaping filter (set out in Figures 5.6 and 5.7) shapes the
incoming impulse, and thus provides the wanted centre frequency or bandwidth for the
transmitted signal. This could also be achieved by adjusting the width of the impulse.
The transceiver is less complex since there is no need to generate the derivative. The
trade-off is that the circuit is relatively more expensive, since very short impulses require
fast switches and digital signal processors to deal with the fast calculations.

MultiSpectral Solutions’s second class consists of the third type of pulse generator
scheme. It is shown in Figure 5.8. The impulse generator and filter combination in
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control \
time digitally .
gating bandpass controlled to ga’;ed power amplifier
circuit filter attenuator orantenna
oscillator

Figure 5.8 Second class of transmitter
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MultiSpectral Solutions’s first class of pulse generator schemes is replaced with a timing
circuit. The timing circuit functions as a switch providing a short time frame for the
oscillating signal to propagate through it. The response can be described as an ampli-
tude modulation of the oscillating signal. The amplitude is defined by the ramp gener-
ated by the gating circuit.

5.3.4 XtremeSpectrum Inc.: Trinity

XtremeSpectrum’s transceiver architecture is covered in a 2001 patent (McCorkle, 2001)
and consists of an interface and three parts: transmitter, receiver and radio controller.
The basic idea of the transceiver is the same as in the patented architectures in Sections
5.3.2. and 5.3.3 and will not be analysed further.

The waveform or pulse generation in this architecture is interesting. The idea is to
produce two short pulses, which are half the length of the desired monocycle pulse.
These short pulses, S1 and S2 in Figure 5.9, are then combined by a Gilbert cell, which is
used as a differential mixer. As a result, the mixer produces the monocycles presented in
Figure 5.9 which is redraw from (McCorkle, 2001). The polarization of the monocycle
depends on the data bit A, which is the other input of the Gilbert cell. When A is low,
the monocycle begins with negative amplitude, and when A is high, the monocycle
begins with positive amplitude. The Gilbert cell will be introduced in a later section.

In XtremeSpectrum’s patent, the Gilbert cell functions as a modulator. The short
pulses are multiplied either by 1 or —1 depending on the data bit ‘A’. An example of the
BPAM modulation attained by the mixing function at the Gilbert cell is persented in
patent (McCorkle, 2001).

.
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Figure 5.9 Ideal pulses and waveforms
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5.3.4.1 Pulse Generation by Avalanche Transistor

In Morgan (1994), an avalanche transistor is used to generate a monocycle pulse. The
pulse generation is based on operating the transistor in avalanche mode, which requires
a high voltage. High-voltage solutions are not covered in this book, and therefore this
method is introduced for completeness only.

The bias circuit of the pulse generator (shown as a dashed line in Figure 5.10) provides
a fixed bias voltage across the capacitor C7. This voltage level is about 100-130V,
which is near the transistor’s (TR3) avalanche breakdown voltage. This voltage is
also provided across charging capacitor C8, which dumps a large charge through
transistor TR3 when the avalanche breakdown voltage is reached. This is achieved by
the pulse position modulated message signal, which is fed to the base of the avalanche
transistor.

As the avalanche breakdown takes place, the emitter voltage of TR3 rises dramatic-
ally for a short time (~10ns), and then falls to negative equivalent voltage due to the
inductance connected between the emitter and earth. After the charging capacitor C8
has dumped its charge, it takes a few tens of microseconds to attain the level required for
a new avalanche break down. This pulse generation method is feasible for applications
with high voltage levels and monocycles with relatively large length, such as RADAR.

5.3.5 Coplanar Waveguides

A recent pulse generation method (Lee efal., 2001a) is based on step recovery diode
(SRD), Schottky diode and charging and discharging circuitry (see Figure 5.11). The
SRD provides an impulse, which is high-pass filtered in a RC-circuit. The result is a
Gaussian-like pulse, which is fed to a pair of transmission lines. The generated pulse is
divided in two and propagates in both branches after the capacitor C. The first half of
the pulse propagates directly to the load resistor, and the other half of the pulse
propagates to the short. The transmission lines are designed to have such a length that
the propagation delay of the second half of the pulse (the one propagating to the short)
is equal to the length of the pulse. The pulse will be inverted when the pulse reflects from
the short circuit in the end of the transmission line. The resulting pulse seen across the
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Figure 5.10 Transmitter driver including the pulse generator
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Figure 5.11 Monocycle generator

load is the superposition of the two branches. The pulse width is controlled by the SRD.

The voltage across the load is shown in Figure 5.12.
Another embodiment of this development has been introduced (Lee et al., 2001b).
The basic idea is the same as in (Lee et al., 2001a), except that there is an additional

MESFET as an amplifying unit.

33.7330ns 35.3580 ns 37.0630 ns

__,_,_—
_—| ( |[—

<

Ch: =500.0 mvolts/div Offset =-22.50 mvolts
Time base = 333 ps/div 3452 Stop = 33.0668 ns Delay =33.7330 ns
Start =32.7798 ns Delta T=287.0 ps

Figure 5.12 Monocycle generated by the circuit shown in Figure 5.11
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5.4 Integrated Circuit Topologies

This section introduces the basic circuit topologies used to implement the transceiver on
an integrated circuit (IC), and briefly introduces high-speed integrated circuit processes
and designs.

The basic design flow of high-speed circuits is presented in Figure 5.13 (Hikkinen,
2002). The target specifications are set by customer or system-level requirements. The
designer’s task is to produce a circuit meeting these specifications after a suitable
technology has been chosen.

The design process typically means iterating through the steps in Figure 5.13 several
times before the customer or system specifications are met. The most common iterative
operation is that of optimizing the circuit performance to meet the speed, distortion and
matching specifications. This may be very challenging in portable devices because of the
rigid power consumption requirements.

In radio frequencies (RF), the IC design is especially difficult if the IC process is not
optimized for RF. This especially concerns CMOS which is optimized for digital circuits.
In addition, the processes that are suitable for analogue design are pushed to their limits,
since the maximum operating frequency is close to the signal frequencies (Hékkinen, 2002).

The circuits are strongly sensitive to component parasitic and model errors at high
frequencies and near the limits of the process. This makes the designer’s task even more
difficult, since the designer has to rely on inaccurate device and parasitic models. The
designer’s expertise becomes very important.

RF circuits are also very sensitive to the layout design and the packaging that is used.
Layout parasitic (such as capacitance and inductance) cause mismatch, signal crosstalk
and changes in circuit response. In addition, individual circuits may disturb each other

| Circuit Diagram |

Circuit Simulation |
) Intrinsic circuit design
Transistor ) LT
Models especially optimization of
resistances and transistors
Line Models Layou_t (o_pUm. placement)
(on chip) metallization,
P parasitics, crosstalk
Models for .
ode'_s ° Checking the complete IC
mounting including all parasitics
parasitics galp

Figure 5.13 Basic steps in the design of high-speed circuits. For simplification the iteration
loops between the different steps are not shown
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complementary signals lower voltage swing no reference voltage

with symmetrical transients across the load resistors for the CSs required
reduced crosstalk and steeper pulse edges reduced time jitter
instability problems

simpler and more simpler mounting higher data rates at reduced power
reliable design technique improved eye diagr. consumption

Figure 5.14 Advantages of differential operation (compared with single-ended operation)

through crosstalk, inductive cross coupling and noise induced to the internal power
lines. These effects can be minimized by careful layout design and yield analysis. Again,
the designer’s own expertise is important. Further discussion of layout design and
packaging is set out in Hakkinen (2002).

Due to these issues , the designer has to use careful design techniques and topologies. In
RF circuits, it is crucial to have as little interference as possible, especially for wideband
circuits, in which the interference is more likely to appear in the signal band. One widely
used design practice is to use differential signals and structures. Using differential signals
instead of single-ended signals minimizes the effect of a number of external and internal
interfering signals, such as noise or variations of the power source. Some advantages of
using differential structures are presented in Figure 5.14 (Hikkinen, 2002).

Differential circuits are required for processing differential signals. Hence all top-
ologies examined in this chapter are built using differential pairs, except for current
source and source follower. We will consider the differential-pair topologies first.

The topologies presented in this section are CMOS circuits. All these circuits may also
be realized by other technologies. However, the equations presented are not necessarily
applicable to non-MOS technologies. The equations for other types of active compo-
nents can be found in the literature (Gray and Meyer, 1993; Johns and Martin, 1997).

5.4.1 Source Coupled Pair

The differential pair (i.e. emitter/source coupled pair or transconductance stage) is one
of the basic and most common building blocks used in integrated circuits. Differential
pairs can be used to process differential signals, and these circuits can be coupled to each
other easily, for example, without the use of coupling capacitors. They may be used as
amplifiers as well as an input stage or buffers (Gray and Meyer, 1993).

Figure 5.15 presents a source coupled pair and its input voltage versus output current
curve (Babanezhad and Temes, 1985). The transistors are assumed to be identical and
operating in the saturation region in all the schematics presented in this chapter.
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Figure 5.15 Source coupled pair (a) and its input voltage vs. output current curve (b)

The operation of the transconductance stage can be illustrated with the (low fre-
quency) small signal model (based on the T-model, Figure 5.16) (Johns and Martin,
1997), from which the output current can be determined as a function of input voltage.

Defining the differential input voltage as V;, = V;" — V7, the small signal drain
current is determined by (Johns and Martin, 1997)

Vin o Vi
rs1 + 71 B l/gml + l/ng

(5.1)

g1 = iy =

where iy is the small signal drain current, iy is the small signal current through resistor,
rs1, s are the source resistances, Vj, is the differential input voltage and g,,,1, .., are the
transconductance values of transistors M1 and M2.

vit—vi

Is1+ I's2

Figure 5.16 Small signal model of source coupled pair
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When the two transistors, M1 and M2, are identical, the transconductance is
Zm = &m1 = &m2 Which gives equations (Johns and Martin, 1997)

o = ia =2V, (5.2)
R —% Vin. (5.3)

By defining the differential output current as i,,, = iy} — iy, we have the following
iout = 8m Vin~ (54)

The gain of the transconductor is defined by its transconductance g,

A= % = 8m
i
(5.5)

w
8m = 2MnCoxT]D-

The corresponding large signal equations may be derived (Babanezhad and Temes, 1985)

Ip = k(Vgs — Vr)? (5.6)
_ /’I’I’IC()JCK
k=" (5.7)

where Ip is the drain current, Vs is the gate-to-source voltage, Vr is the threshold
voltage, k is the transconductance parameter, j, is the mobility of electrons near silicon
surface, C,, is the gate capacitance per unit area, W is the width of the transistor, and
L is the length of the transistor.

Equation (5.6) is the simplified MOS square law characteristic in the saturation region.
The equation is used to determine the large signal drain currents and the differential
output current of the source coupled pair (Babanezhad and Temes, 1985)

2
k({ [Iss V2 Vi
In = — e S I .
DI 2( X 3 +\/§ (5.8)
Kl Iss 72 v\
Iy — [ /288 2 "¢ 59
b2 2( k2 ﬁ) (5:9)
21
L = Ipy — Ipy = kViy [ =2 — 2 (5.10)

k
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where Ip;, Ip> are the drain currents of transistors M1 and M2, Igg is the current of tail
current source, V; is the differential input voltage, and 1,,, is the differential output
current.

Equations (5.8)—(5.10) are valid if the input voltage is

Iss Iss
22V <[22, 11
VRPN (5.1

This is because of the non-linearity of the input pair in all differential pairs, which sets
limits for the dynamic range of the input. The dynamics of the inputs may be improved
by using various linearization techniques. Some linearization techniques are presented
in the literature (Hdkkinen, 2002; Gray and Meyer, 1993; Johns and Martin, 1997,
Babanezhad and Temes, 1985; Gill eral., 1994; Gilbert, 1968). The large signal equa-
tions are useful for example when determining the output current of a Gilbert cell.

The frequency response of a source coupled pair needs to be determined in order to
optimize the speed of a single transconductor to make sure that the circuit is capable of
operating in the required frequencies. An additional frequency analysis needs to be
performed for the circuits that are built from these differential pairs, such as for example
the Gilbert cell,. This additional frequency analysis is usually made by determining the
dominant pole (or zero) from the transfer function of the circuit. The dominant pole
usually determines the —3 dB frequency, and hence the maximum operating frequency
of the circuit.

The transfer function is defined by determining the node equation of the circuit from
the equivalent circuit. The determination of the poles and zeros may also be performed
simply by finding the pole (or zero) frequency of each of the nodes of the circuit, in case
the equivalent circuit is difficult to built (as is often the case in differential structures).
This is done by using the following equation (Gray and Meyer, 1993)

1

ﬂ:hmq)

(5.12)

where f, is the frequency of the node, r, is the resistance of the node, and C, is the
capacitance of the node.

The pole, or zero, that has the lowest frequency is the dominant one (Gray and Meyer,
1993). The nodes, for example the nodes in the source coupled pair in Figure 5.15, are
the nodes on the input (gates) and output (drains). This kind approximation gives a
reasonable estimate of the frequency response. The actual frequency response of a
circuit is found by an AC analysis.

The unity-gain frequency of an individual transistor may be determined (Johns and
Martin, 1997)

Em

Jr= 277(ng + Cgs)

(5.13)

where f7 is the unity gain frequency, Cgy, is the gate to drain capacitance, and Cy is the
gate to source capacitance.
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As a rule of thumb, the maximum oscillating frequency of a circuitry is usually twice
the fr which determines the maximum peak frequency.

5.4.2 The Gilbert Multiplier

The Gilbert multiplier (Gilbert, 1968) is probably the most common multiplier structure
used in integrated telecommunication circuits today. The basic Gilbert cell is presented
in Figure 5.17. It is a double balanced (i.e. fully differential) multiplier, so it is highly
immune to certain disturbances such as even order harmonics and common mode noise
(Hakkinen, 2002).

In the following, the behaviour of the Gilbert cell is derived from the (large signal) drain
currents of a single differential pair (Babanezhad and Temes, 1985; Gill et al., 1994).

The differential output current can be expressed as (Babanezhad and Temes, 1985)

Loy = Ip7 — Ips = (Ips + Ips) — (Ipa + Ips)

= (Ips — Ipa) — (Ips — Ips).

(5.14)

(Ips — Ips) and (Ipe — Ips) are the differential currents of the upper source coupled
pairs M3-M6, which form the so called mixer core (Gilbert, 1997). The differential
currents can be calculated using (5.10). Note the signs of the currents in the latter term.
This is due to the inverse polarity of the input voltage of the left side differential pair.

Figure 5.17 Gilbert multiplier
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The tail current sources for these two differential pairs are the drain currents of the
lower differential pair, which can be calculated using (5.8) and (5.9). This results in
(Babanezhad and Temes, 1985)

2 2
Iss V2V Iss V2V
L = kVy (%‘%*7%) -V - (\/%—%—é) V2| (5.15)

where Vy, Vy are the input voltages of upper and lower differential pairs.

It can be seen from equation (5.15) that there is a non-linear relationship between the
input voltages. By limiting the input voltage swing, the output can be approximated to
be linear

2 2
e (s 7w | fs vy
out — X k 2 \/Z k 2 \/§ (5'16)

= L, = V2kVyVy.

The dynamics of the input of a Gilbert cell may also be improved by using various
linearization techniques. Some linearization techniques are presented elsewhere
(Hakkinen, 2002; Gray and Meyer, 1993; Johns and Martin, 1997; Babanezhad and
Temes, 1985; Gill et al., 1994; Gilber, 1968).

When using Gilbert multipliers, the RF input is usually connected to the lower
differential pair (M1-M2 in Figure 5.17), and the LO input is usually connected to the
upper differential pair (mixer core) which acts as switches. The RF input is supposed to
be differential. In case of a single-ended input, the lower differential pair may be
replaced by a circuit that converts the single-ended voltage to differential current. One
example of this kind of circuit is presented by Gilbert (1997). It is called a bisymmetric
class AB input stage, or a micro-mixer. Figure 5.18 presents a CMOS variant of this
circuit.

The single-ended RF input voltage is a.c. coupled to the diode coupled transistor (MO1)
on the left side. The input voltage causes an a.c. current through transistor M1 and MO1.
This current is inversely copied to the right side branch (M2 and M02). The operation
point is set by the bias voltage provided to the gates of transistors M1 and M2.

Since the transconductance of the input stage is one term of (5.16), output current of
the multiplier, the performance of the input stage is essential and has therefore been
extensively studied to find better voltage to current converters. Another reason for
developing new input stages is the previously mentioned non-linearity of the input pair
of any differential circuit. Some of these results are briefly discussed by Hikkinen (2002).

5.4.3  Analogue Addition/Subtraction

Differential pairs can also be used to build addition and subtraction circuits. Figure 5.19
presents a schematic for analogue subtraction. The difference compared with addition
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Figure 5.18 Bisymmetric class AB input stage in CMOS
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Figure 5.19 Analogue subtraction circuit

is the coupling of the drains. This kind of cross-coupling is fairly usual in differential
circuits.

Notice the similarity of the analogue subtraction circuit to the multiplier core of the
Gilbert cell. However, there are two differences. First, the drains are coupled differently.
This can be seen in the last term of
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Lous = Ips — Ips = (Ip1 + Ipa) — (Ip2 + Ip3)
= (Ip1 — Ip2) — (Ips — Ipa).

(5.17)

Second, the input voltage is different for each of the two differential pairs. These
voltages are added to, or subtracted from, each other. This can be seen from

out—le\/ kV2\/ (518)
o = KV 5 oy [
k (5.19)

= Iout = (V] — Vz)\/ 2/{]53.

Equation (5.19) is valid in the linear region, where (Babanezhad and Temes, 1985)
Vi Vs << ==, (5.20)

As we can see from (5.19), the output current has a linear relationship to the difference
of the input voltages. This is when (5.20) is satisfied. The use of linearization techniques
may also increase the dynamic range of the input.

Equations (5.17)—(5.19) are the result of the same approach used to derive
(5.14)—(5.16) for the Gilbert cell in Babanezhad and Temes (1985).

5.4.4 Integrator

The first stage of the integrator used in the implementation of the correlator is a basic
structure in which a capacitor is used for the integration of current. A source coupled
pair is again used as an input stage. The drains of the differential pair are coupled with a
parallel capacitor as seen in Figure 5.20 (on the left side of the schematic) (Khorrama-
badi and Gray, 1984). This kind of current integrator may be referred to as a fully
differential Gm-C integrator, in which the source coupled pair is used as the transcon-
ductor (Gm-stage). Gm-C integrators are discussed in more detail elsewhere (Johns and
Martin, 1997; Khorramabadi and Gray, 1984).

The voltage difference across the integrating capacitor is first reset by closing the
switches. After a short while, when the voltage across the capacitor has reached the zero
value (i.e., when both ends of the capacitor are at the same potential), the switches are
opened. As the current flows through the transistors, the potentials of the drains
change. If the input voltages at the transistors are different, the change of potentials
in the ends of the capacitor is different in size. As a result, a voltage difference is
produced across the capacitor. The voltage increases in time, and thus integrates the
difference of the drain currents. The integration operation can be illustrated by (Johns
and Martin, 1997)
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where Vi, is the output voltage of the integrator, I,, is the output current of the
transconductor, Cj, is the capacitance of the integrating capacitor, w;; is the unity gain
frequency of the integrator, and s is the Laplace operator.

Only the voltage difference across the integrating capacitor is fed to an integrate and
hold circuit, I/H (on the right side in Figure 5.20). The voltage difference is fed by an
operational amplifier which acts as a switched capacitor (SC) inverting integrator
(Johns and Martin, 1997). The operational amplifier must have sufficiently large band-
width to process the output of the first integrator.

The reason for using two integrators is that the first integrator is fast enough to
integrate the short pulses, but it only has a limited capacity, and therefore needs to be
reset after a certain time of integration. The second inverting integrator based on an
operational amplifier is too slow for the fast pulses, but fast enough to integrate the
output of the first integrator after, for example, 10 pulses. The first integrating capacitor
is reset again after the sampling. This procedure is repeated until the whole pulse train
(symbol) has been integrated.

The differential voltage at the output of the inverting integrator is fed to an analogue
comparator circuit which makes the bit decision. An inverter may be used after the
comparator since the integration result is inverted. Both integrators are reset after provid-
ing the voltage to the comparator. The integration of the next data symbol may then begin.
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Gm-C integrator Integrate and Hold circuit

Figure 5.20 Integrator schematic
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5.4.5 Current Source

Current sources are used to provide bias current for the circuits designed. A current
mirror is one good way to provide bias from a global current source. The global current
source has a fixed value, but the individual circuits may need more or less current. With
a current mirror, the amount of current may be adjusted by changing the W/L ratio
(Gray and Meyer, 1993).

Figure 5.21 presents a simple current mirror. The d.c. current fed to the transistor on
the left side is ‘mirrored’ to the right side. The ratio of the currents on the right and left
side is approximated using (5.2) and (5.3) (Gray and Meyer, 1993) as

I _ ("/L) (5.23)
Iy (W2/Ly) '
In practical implementations, the output impedance of the current source should be
increased to be as large as possible. This makes it perform more like an ideal current
source which does not act as a load to the circuit. Hence, the output impedance has no
impact on the a.c. signals, and the a.c. signals themselves have no impact on the current
level of the current source. This results in a more stable operation.

Some realizations of current sources with larger output impedance are presented in
Figure 5.22. More information on these circuits can be found in the literature (Gray and
Meyer, 1993; Gregorian and Temes, 1986; Johns and Martin, 1997).

5.5 IC Processes

There have been significant developments in RF IC processes during recent decades.
The size of the devices and the voltage levels of power supplies have decreased, whilst
the speed of the transistors has increased. The transit frequency (unity gain frequency)
has increased to several tens of GHz from the ~10 GHz silicon bipolar technology

V4 Vo
M1 M2

Figure 5.21 MOS current source
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Figure 5.22 MOS current mirrors: (a) Wilson’s current source, (b) improved Wilson’s
current source, and (c¢) cascade current source

prevalent in the 1980s. The upper limit of the transit frequency of a silicon homojunc-
tion bipolar transistor (for 3V operation) is reported to be around 30 GHz for the
fastest bipolar transistor today (Li, 2002).

The pure silicon bipolar process has decreased in popularity due to its low level of
integration as compared with BICMOS processes. BICMOS combines bipolar and
CMOS technologies. Digital circuits can now be integrated in CMOS and RF/analogue
circuits in bipolar transistors on the same chip. In that sense, BICMOS has the highest
integration level of all IC processes, and is one of the best candidates for future RF IC
processes (Li, 2002).

New technologies were developed to increase the achievable transit frequency. One of
these new technologies is heterojunction bipolar technology (HBT), which is fabricated,
for example, in a silicon germanium (SiGe) bipolar process. The transit frequency
increases up to 50 GHz by using germanium in the base of the transistor,. Just like
silicon, SiGe processes are fully compatible with mainstream CMOS process. This
compatibility also allows the BICMOS to be fabricated in SiGe. SiGe is the most
commonly used RF technology at present (Li, 2002).

Another class of high transit frequency technologies is compound semiconductors
(Li, 2002). The most commonly known (and used) compound semiconductors are [11-V
compounds (III and V are columns of the periodic table of elements), which are, for
example, GaAs (gallium arsenide), GaP (gallium phosphide), InP (indium phosphide),
InSb (indium antimonide) and GaN (gallium nitride). These semiconductors have
physical properties such as large and direct band gap and high electron mobility. These
properties make compound semiconductors suitable for high frequency applications
and MMICs (microwave/millimeter-wave IC). However, compound semiconductors
have a few disadvantages such as low yield and low integration level. The most
commonly known GaAs processes used in RF applications are GaAS HBT and GaAS
MESFET (metal semiconductor field effect transistor).

There is still much debate about which of these IC processes is the optimum choice.
All of the IC processes have advantages and disadvantages. Each of the IC processes
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Table 5.1 Typical figures of merit of various RF IC technologies

Si BJT/ SiGe BIT/ GaAs GaAs Si
BiCMOS BiCMOS HBT MESFET CMOS
Feature size 0.6 um 0.25 pm 2.0 ym 0.5 um 0.25 pm
Peak f7 27 GHz 47GHz 50 GHz 30 GHz ~40 GHz
Peak fmax 37GHz 65GHz 70 GHz 60 GHz ~50GHz
Minimum 1.0dB 0.5dB 1.5dB 0.3dB ~1.5dB
NF@2 GHz
1/f noise 100-1000 Hz 100-1000 Hz 1-10kHz ~10 MHz ~1MHz
corner
Breakdown 3.8V 335V 15V 10V ~3-5V

can be evaluated based on their properties such as transit frequency, maximum power
gain frequency, minimum noise figure, 1/f noise corner frequency, maximum power
added efficiency, linearity and reliability. Some key properties of IC processes typically
used in RF applications are compared in Table 5.1 (Li, 2002).

Silicon technologies are commonly selected as they cost less and have a higher
integration level. CMOS is the most available process and the dominant digital process.
CMOS has higher yield and therefore lower cost per die. That gives CMOS an advan-
tage over BICMOS. The selective cost issues are discussed by Li (2002).

BiCMOS has advantages such as better device matching, highly accurate/predictable
analogue characteristics, larger gain, and lower 1/f noise corner frequency. In addition,
the operating life of a bipolar transistor is longer than that of a MOS (except for digital
MOS circuits, which act as switches which are inactive for most of the time).

One of the operational advantages of MOS transistors is linearity, which is an
important property in designing mixers or other applications. A bipolar transmitter
needs emitter degeneration to achieve similar linear behaviour. Emitter degeneration
requires the use of inductors or resistors, which results in decreased gain and use of
larger silicon area. In UWB applications, an inductor may not be desirable, since an
inductor is likely to cause a resonant frequency inside the signal bandwidth that could,
for example, cause the generated pulse to oscillate.

5.6 Example Implementation

The UWB transceiver designed and discussed in this section is implemented in 0.35
micrometre CMOS. CMOS is probably the most desirable IC process, since it has the
lowest cost and the best availability. CMOS is also dominant in the area of digital
circuits. It is possible to avoid using multiple chips and processes by using CMOS in
both RF and analogue design. As mentioned in Section 5.5, the circuits may also be
implemented in other IC processes. Some of these other IC processes (e.g. BICMOS)
may also provide larger transit frequency which may result in shorter pulses.

In our example, the target pulse repetition frequency is 20 M pulses/second, and the
target pulse length is less than 500 ps. This will not necessarily produce a system which is
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FCC compliant. However, it will serve to demonstrate the main functional blocks and
design approach for the UWB transceiver.

The transceiver implemented is part of a TH-PPM UWB system. The UWB signal is
generated by a monocycle waveform generator. The generated monocycle is used for
both the transmitter and receiver. Although PPM is the selected modulation scheme,
BPAM is also considered in the design process.

5.6.1 Transceiver

As mentioned in Section 5.2, the architecture of the transceiver is relatively simple. The
most complex part, the digital timing circuit, includes both the modulator and the pseudo-
random noise coding. Together, these provide the timing for the pulse generation
(see Appendix 1) and transmission. In addition, the timing circuit may be responsible
for the synchronization, which increases its complexity. The synchronization is assumed
ideal. The timing circuit is presented only at a schematic level and is not used in the
simulations.

The transceiver components covered by this section are shown in Figures 5.24 and
5.25. They are the pulse generator (monocycle waveform generator) and the correlator
at the receiver, which includes a multiplier and an integrator. Any amplifiers required in
the receiver or in the transmitter are not presented. Amplifiers (or attenuators) may be
needed between some circuits to provide the desired voltage swing. As an example, an
attenuator is required after the pulse generator to fix the magnitude of the pulse in order
to keep the transmitted power below the limits set by the FCC (2002). A low noise
amplifier (LNA) is required at the front end of the receiver to amplify the received signal
for the correlator, and as an operational amplifier in the integrator.

The receiver architecture has some differences in the cases of PPM and BPAM. The
receiver in Figure 5.2 is for the BPAM and Figure 5.23 shows the implementation for the
PPM. The PPM receiver is implemented from two correlators, which are synchronized

correlation circuitry baseband signal
- - - - - - processing

s> | Jo -

Template Timing signal

Figure 5.23 The PPM receiver architecture
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to two different time windows. The first correlator detects the ‘early’ signal, which
represents ‘0°, and the second correlator detects the ‘late’ pulse, which represents ‘1°. The
timing for the correlators is provided by a timing circuit which is similar to the timing
circuit in the transmitter. The correlator is synchronized to the received signal. The
timing signal is delayed by the time of the PPM modulation index (6) for the second
correlator, which is therefore synchronized to the late pulse. The bit decision is made by
determining which of the correlators produces the largest output.

The BPAM receiver has only one correlator. This correlator is synchronized to the only
time window set by the PR code. The bit decision is made from the output of the
correlator. The output of the correlator depends on the polarity of the transmitted pulse.

5.6.2 Pulse Generator

One method of producing a monocycle is to sum up two pulses with different polarities
with a time delay corresponding to the length of the pulses. This may be done in a number
of different ways. One method was introduced in an earlier Section 5.4 where a transmis-
sion line technique was utilised (Lee ez al., 2001a). Another technique was introduced in
Section 5.3.4 in which two pulses with a time delay were combined in a multiplier so that
one of the pulses was multiplied by 1 and the other pulse was multiplied by —1 (McCorkle,
2001). By changing the multiplier’s control signals, the phase of the produced monocycle
may be changed 180 degrees, and the multiplier acts as a binary pulse amplitude modulator.

In the case of PPM, the modulator structure in McCorkle’s work (2001) is not
required, so the circuit may be simplified. Such a circuit is presented here (Tiuraniemi,
2002). The presented pulse generator subtracts two differential pulses with a time delay
corresponding to the length of the pulses from each other, thus producing a differential
monocycle. This is done by an analogue subtraction circuit which is much simpler than
any multiplier. BPAM may also be utilized even though the advantages of this pulse
generator mainly concern a PPM system.

The top level schematic of the pulse generator is presented in Figure 5.24. The
numbers in brackets indicate the waveforms in different phases of the pulse generation
shown in Figure 5.25.

Two short pulses are generated with a digital pulse generation circuit presented in
Figure 5.26 and Figure 5.27. The delay between the two pulses is realised by a simple
delay element consisting of two inverters and a PMOS varactor, which provides the
opportunity to tune the length of the delay. These short pulses are then fed as inputs to a
single-ended to differential converter presented in Figure 5.28. The resulting differential
pulses are fed to the inputs of two emitter or source coupled pairs of the analogue
subtraction circuit (see Figure 5.29). The outputs of these differential pairs are cross-
coupled so that a monocycle is produced.

Figures 5.26 and 5.27 present two methods of generating short pulses. The first
method utilizes an XOR gate and the second method utilizes an AND gate. The XOR
operates so that whenever both input signals are at different logical levels, the output is
at a high level, i.e. logical ‘I’, and when both input signals have the same logical levels
the output is at low level, i.e., logical ‘0’ (Daniels, 1996). The length of the high-level
output can be adjusted by the phase difference between the inputs. This is also provided
by a simple delay element.



112 UWB Theory and Applications

F_’N_cod(_ad
timing signal digital pulse generation
analog monocycle
ru ) 3) waveform generation
_ZXORZ {S_to_D \
T J \
@) @) &
\ﬁ — (5)
f ®)
a VY
p XOR? =4S _to_D
/ (4b)
T single-ended to
differential
conversion
Figure 5.24 Top level schematic of pulse generator
(1) 1 I [ N
@) I 1 I L L
3) N N N N N N
| =Tprr
(4) N N /\ N N N N
(4b) N\ /\ N N N N f\ N
®) —
(6) —\/

Figure 5.25 Waveforms in different phases of monocycle generation presented in
Figure 5.24

The AND-gate operates so that whenever both the inputs are at a high level, the output
is at a high level (Daniels, 1996). An inverter is connected to one of the inputs of the AND
gate, and a clock signal is connected to both the inverter and the AND gate. The output
of the AND gate is now at low level at all times, but the output still reacts to the rising
edge of the clock. This is because the inverter has a delay during which its output is still at
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Figure 5.28 Single-ended to differential converter

zero while the clock has already risen. This effect is called a glitch, or a hazard, which
results in a short pulse with length corresponding to the length of the inverter’s delay. The
delay can be adjusted by connecting a varactor from the output of the inverter to ground.
If the delay is very short, the resulting pulse might not have time to rise all the way up to
the logical “1”, but it is still useful for generating a short pulse. When using this circuit, the
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PRF decreases to half that when using the XOR-circuit, since the short pulse will occur
only on the rising edge of the clock. The XOR reacts to both the rising and falling edge of
the clock. This effect can also be seen from Figure 5.25.

A NAND-gate may also be used. The operation is the same as in case of an AND
gate, the difference being that the pulse will occur on the falling edge of the clock and
the pulse is from high to low level. The NAND-gate is faster than the AND-gate and is
therefore used in the implementation of the transceiver. The shape of the pulse is defined
by the RC time constant of the used gate in all of the three circuits.

Two pulses separated by a controllable time delay are produced by combining two of
these digital pulse generators, with the input to one being delayed. These two pulses are
fed to the single-ended to differential converter to produce two differential pulses. One
example of such a converter is a transconductance stage, which inversely copies the AC
current (caused by the AC-coupled input voltage) from the left branch to the right
branch (see Figure 5.28). The two currents are then turned into voltage swings by the
resistors. This circuit is a variant of a BJT micro-mixer (Gilbert, 1997) and was
introduced in Section 5.4.2.

The two short differential pulses that have been generated are now fed to the diff-
erential pairs, which are presented in Figure 5.29. The outputs of the differential pairs
are cross coupled so that a differential monocycle (see Figure 5.25 for the theoretical
waveforms) is produced as a result of linear subtraction operation.

The differential pairs may consist of bipolar transistors or FETs. The main difference
between these two types of transistor is the operating speed, which is supposedly faster
for a bipolar transistor. Other transistors such as HEMT and HBT can also be used.

The load impedance of the differential pairs consists of resistors or an active PMOS
load. The active load increases the complexity and the number of transistors, but
decreases the used chip areca. Active loads are commonly used in CMOS designs. One
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Figure 5.29 Pulse generator’s analogue subtraction circuit
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advantage of active loads is that a very large impedance may be realized using a small
area of silicon. An active load is not necessarily suitable in a high frequency application,
since it is known to have poor high frequency characteristics. Therefore, resistive loads
are used in this example. Using an inductor may not be feasible since it may lead to the
existence of a resonant frequency inside the signal bandwidth, which may make the
circuit oscillate.

5.6.3 The Analogue Correlator

The multiplier of the analogue correlator used in this implementation is the Gilbert
multiplier cell. The choice is justified by the benefits explained in Section 5.4.2. Another
reason is the possible implementation of the BPAM in which only the polarity of the
received signal needs to be detected. Since a Gilbert cell is a four-quadrant multiplier,
i.e. the result of the multiplying may be —1 (opposite polarization), +1 (equal polariza-
tion) or zero (no correlation), the Gilbert cell may be used to detect different polarities.

The integrator is realized by a simple differential pair with a capacitor connected
parallel to the drains. The voltage across the capacitor increases as the result of the
multiplication is fed to the integrator. Every time a pulse is received, the voltage across
the capacitor increases in proportion to the input of the differential pair. The polarity of
the voltage depends on the polarity of the product of the multiplication. The polarity of
the product of the multiplication depends on the polarity of the received pulse. This
correlator, presented in Figure 5.30, is therefore compatible in both cases of BPAM and
PPM. In PPM, two of these correlators are used so that the first correlator detects the
early pulses and the other correlator detects late pulses.

After the Gm-C integrator, an integrate and hold (I/H) circuit is used to improve the
performance of the integrator. The I/H circuit is realized by a discrete time inverting
integrator built from an operational amplifier.
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Figure 5.30 CMOS correlator structure
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The monocycle of the transmitter is used as the template waveform in the multiplier.
Even though the received waveform has been distorted from the transmitted monocycle,
the correlation still produces useful results. The correlation result is not as good as it
would be in the case of autocorrelation (in which the signal is multiplied by itself). The
mismatch decreases the SNR of the correlating receiver however the performance is still
adequate.

5.6.4 Timing Circuit

A timing circuit provides the trigger signal (or timing signal) for the pulse generator.
The timing circuit is responsible for the PN coding and modulation in the case of PPM.
The top level schematic of the timing circuit is presented in Figure 5.31.

The PN code is provided by a pseudo-random sequence generator, which may consist,
for example, of D flip-flops and an XNOR-gate (Daniels, 1996). This is presented in
Figure 5.32. The operation is such that the generator is given an initial state, which may
be any state except all “1’s. The generator steps in pseudo-random order from the initial
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Y
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‘ ‘ data
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Figure 5.31 Top level schematic of timing circuit for generating TH-PPM signals
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Figure 5.32 Pseudo-random sequence generator
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Table 5.2 Results of the processing gain calculations for the implementation

Trrr Tc AT Ny Ng PG

50 ns 1.6 ns 0.8 ns 31 (5 bits) 200 41dB

state through all the states, excluding the ‘all 1’ state, as these states cannot be
generated by the loop. In addition, the loop cannot continue from the ‘all 1’ state due
to the operation of the XNOR-gate. Therefore the loop may not be initiated in that
state.

Each time frame set by the PRF generates a new code. The number of states is
determined from the number of memory elements (i.e. the number of bits, 7) to give a
sequence of length 2" — 1 bits. The number of states corresponds to the maximum
number of unaliased users operating simultaneously in the network.

Any synchronous counter may be used as the counter in 5.31. The counter steps
through all the states starting from zero. When the counter reaches the last state, it
recommences from the beginning. The time spent for one cycle (count through all the
states) equals the length of the time frame. The number of states also matches the
maximum number of users.

The digital comparator in Figure 5.31 compares the PR code to each of the states of
the counter. A TRUE (i.e. logical ‘I’) signal is produced whenever the PR code and the
states of the counter match. The TRUE signal occurs once in every time frame set by the
PRF. These pulses form the PR coded timing signal.

In case of PPM, this timing signal is fed to a programmable time delay (PTD). The
PTD either delays the signal by AT in case of ‘1’, or lets it through non-delayed in case
of ‘0’. This results in a TH-PPM signal which is provided to the pulse generation circuit
as the timing signal. There is no need for the PTD in the case of BPAM.

The same kind of timing circuit, without the PTD, may also be used in the receiver to
provide timing for the correlator. However, the delay experienced in the medium
between the antennas must be taken into account.

The processing gain calculations given in Table 5.2 provide results that are adequate
for this implementation. The results are presented in Table 5.2. The length of the PR
code, time frames, slots and delays (in seconds) and the pulse repetition frequency are
achieved from these results.

5.7 Simulation Results

In this section, the simulation results are presented and discussed. First, the function-
ality of the pulse generator and correlation receiver is confirmed by a transient analysis.
Second, a corner analysis is run for both the transmitter and receiver to evaluate the
performance of the system with respect to variations in process, temperature and power
supply. A commercially available simulator, Spectre, is used for the simulations. Spectre
is a Cadence version of the SPICE circuit simulator. The top level schematics of the
simulated circuits are depicted in Appendices 3—10.
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The effects of each of the antennas and the channel are not taken into account. This
means that the transmitted signal is received without distortion or delay. The perform-
ance of the correlator is more readily evaluated in such an arrangement. The correlation
between the template waveform (transmitted waveform) and the received waveform was
presented in Figure 5.3.

5.7.1 Transmitter

At this point, the timing circuit was not implemented and the timing for the pulse
generation was realized with a clock signal. The simulations of modulation and PN
coding are left for future work. The results of transient and corner analysis of the
transmitter (Appendix 3) are presented below.

The length and shape of the generated monocycle primarily depends on the digital
pulse generation (Appendix 4) circuit which produces the short pulse utilized in the
monocycle generation. The length of this short pulse is approximately one half of the
length of the monocycle, and may be adjusted by a PMOS varactor. However, the
varactor should be left out to minimize the delay, so that the shortest possible pulse
width is achieved. The shape of the short pulses is nearly Gaussian (or half of a sine
period) due to the nature of the glitch. Mathematically, the generated monocycle is not
equal to the first derivative of the Gaussian pulse. However the waveform may be
considered as a reasonable approximation to the first derivative.

The minimum pulse width is set by the delay of the inverter, assuming the NAND-
gate does not introduce additional delay. The use of a NAND-gate in the circuit leads to
faster operation compared with the use of AND- or XOR-gates. As seen in Figure 5.33,
the delay between the clock signal and the inverted clock signal is about 250 ps, and the
pulse width is about 280 ps. From this it can be seen that the NAND-gate has a small
effect on the pulse width. The pulse width of 280 ps is near the minimum pulse width
with this kind of a circuit in this process (CMOS 0.35 um). Shorter delays must be
generated for shorter pulses. This may be achieved by having more inverters of different
speed connected parallel to take advantage of the differences of the delays. Another
approach is to have faster NAND-gates and inverters available in another process.

Figure 5.34 shows the result of single-ended to differential conversion. The pulse width
is not affected by the circuit. The differential pulses generated with the single-ended to
differential conversion circuit (Appendix 5) can be connected directly to the input of the
pulse generator. However, an attenuator can be useful to adjust the amplitudes of the
input signals, since the peak-to-peak voltage of the differential pulses exceeds the dynamic
range of the input pair of the pulse generator. By attenuating the pulses, the pulse
generator operates in the linear range.

The monocycle generation is presented in Figures 5.35 and 5.36. The first figure
shows the input and output signals as single-ended signals to give a clear idea how the
monocycle waveform generation circuit (Appendix 6) works. The input signals are
marked as negative and positive pulses. By cross-coupling these pulses, two monocycles
with 180-degree phase difference are generated. The monocycles are not identical due to
some differences in the amplitudes of the negative and positive pulses of the output.
However, this is not a problem in a differential structure, since it is the difference of the
single-ended outputs that matters.
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The differential inputs and output are depicted in Figure 5.36. Here the cross coupling
may be presented as a difference between two differential pulses, as seen in the upper
curves. As a result, a monocycle is generated. The pulse width of the monocycle is
approximately 650 ps. This pulse width indicates that some additional delay is intro-
duced by the analogue pulse generator. By optimizing the circuit design, the pulse
generator may have a higher operating frequency and therefore would not introduce
additional delay. The delay between the two branches providing the input for the
waveform generator also affects the final pulse width. The pulse width may be further
shortened by minimizing this delay.

The pulse width corresponds to a centre frequency of about 1.54 GHz. The trans-
mitted signal is not the same since it is differentiated due to the effect of the antenna.

The method of producing the monocycles is not perfect. A pulse is intended to be
produced only on rising (or falling) edge. In Figure 5.37, which presents a pulse train,
small imperfections can be seen between the monocycles. These are the undesirable
products of the digital pulse generation that occur when the clock signals change states.
By increasing the delay, the short pulse (glitch) increases in both amplitude and width,
and the undesirable product decreases. In other words, the problem is solved by low-
ering the operational frequency. The problem is also solved by using the XOR-gate in
the digital pulse generation, since every change in the clock signals is utilized. The XOR-
gate would also increase the pulse width due to its slow operation. Such problems are
common in digital circuits that are pushed to their limits. This behaviour could also be
avoided by having faster digital cells in the process. Another way to remove these
undesirable effects is to use some kind of windowing technique to cut them off.
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Figure 5.37 Monocycle pulse train
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The waveform after the transmitting antenna is depicted in Figure 5.38. It is a
derivative of the generated monocycle, since the antenna acts as a differentiator. The
differentiation is performed by the calculation tool in Cadence. The waveform may be
compared to the third derivative of the Gaussian pulse.

The power spectral density (PSD) of the transmitted signal (i.c., after the transmitting
antenna) is presented in Figure 5.39. The PSD was also produced using the calculation
tool in Cadence. The amplitude is normalized to 0 dBm. More important information is
the bandwidth and centre frequency. The centre frequency is 2.4 GHz, and the —3dB
bandwidth is 1.8 GHz. This does not satisfy the FCC frequency mask (Fig 1.1). The
pulse width may be shortened and the FCC mask satisfied by using a faster IC process
to obtain reduced delays and higher operational frequency. The spectrum of the signal
may also be modified by filtering. This would lead to the desired spectrum, but the
waveform would be distorted.

In the high frequencies, from 5 to 8 GHz, a second maximum is seen. This is
supposedly caused by the undesirable products of the digital circuitry. The power
level of this spurious signal is more than 10 dB below that of the desired signal, so it
may be considered a non-harmful component. In any case, the second maximum is
placed inside the FCC’s frequency mask (—41.25dBm/MHz at 3.1-10.6 GHz). Even
if the spectrum is shifted 2 GHz to the right on the frequency axis (which would
make the spectrum FCC compliant), the power level of the unwanted side band is
low enough to satisfy requirements.
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Figure 5.38 The waveform after the antenna
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Figure 5.39 Power spectral density of the pulse train after antenna
From the presented results, some characteristic figures may be calculated using
equations presented in Chapter 3 symbol time and rate are
TS :NST/" =200-50ns = lO,us

1 .
Rg = — = 100 kbits/s.
Ts

Symbol rate could easily be increased by transmitting a smaller number of pulses per
symbol or having a smaller duty cycle, which may be achieved by increasing the 7. The

trade-off is a decreased processing gain, PG, which is now

T
PG = 10log Ns + IOIOng: 23dB + 19dB = 42dB
P

The fractional bandwidth of the transmitted signal is

fu—fo 33-15
_ =0.75 > 0.20
fu+/L 33+15

from which it is seen that it may be said to be an UWB signal. The —3 dB bandwidth of
the UWB signal is 1.8 GHz. The bandwidth expansion factor is as high as

By =2

B 18GHz

¢ =R T00kbitjs 15000 =43dB,
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which is a large value. However, it is clearly expected bearing in mind that the data rate
of the designed system is sufficiently low compared with the possibilities of a UWB
system. A 2Mbps UMTS system has an expansion factor of 2.5 =4dB. The UWB
system of this chapter would have an expansion factor of 900 = 30dB for a bit rate of
2 Mbps.

5.7.2  Receiver

The receiver (Appendix 7) was also simulated using the above-mentioned analysis. The
timing and synchronization for the correlator was provided by the transmitted pulse
train, which was used as both the received signal and template waveform (autocorrel-
ation). The results of transient and corner analysis are presented in the following sections.

Figures 5.40 and 5.41 depict the inputs and outputs of the Gilbert multiplier (Appen-
dix 8). The polarity of the received signal (RF input) is different in the two figures. As
may be seen, the output of the multiplier depends on the polarity of the received signal.
When the polarity of the received signal is the same as the polarity of the template
waveform, the output is positive, and when the polarity of the received signal is opposite
to the polarity of the template waveform, the output is negative. This also applies to the
output of the correlator.

The first integrator integrates every received pulse. As seen in Figure 5.42, the voltage
across the integrating capacitor increases by a certain amount every 50 nanoseconds,
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Figure 5.43 The outputs of the correlator in case BPAM

which is the pulse interval. After integrating a few pulses, the efficiency of the first
integrator starts to decrease. The voltage across the capacitor increases in a normal way,
but it is no longer able to hold its level. To avoid the loss of integrated energy, the voltage is
sampled and then reset. This procedure is repeated until the whole pulse train is integrated.
This takes 10 microseconds (200 pulses times 50 ns) with the used simulation parameters.

The sample is further integrated in the inverting integrator, which also provides some
extra gain. The output of the second integrator is depicted in Figure 5.43. The output
increases after each period of 500ns (10 pulses). After the symbol is integrated, the
output of the correlator has reached a value that is detectable by semiconductor devices,
in this case a comparator.

The curves in 5.43 represent the outputs in case of ‘0’ and ‘1’ in BPAM. The output
for PPM is the same as ‘0’ for BPAM.

5.8 Conclusions

This chapter has explored some of the fundamental issues that need to be addressed
when attempting to implement an UWB transceiver. Various circuit fundamentals were
examined as were commercial solutions and solutions described in the open literature.

The chapter focuses on the main aspects of the UWB transceiver; the pulse generation
and key aspects of the receiver architectures. Several pulse generation techniques were
explored, including a digital generation technique.

The chapter highlighted some of the properties of the CMOS process which must be
taken into account when an UWB design is fabricated on a wafer. Parasitic components
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and other non-ideal characteristics are not modelled with adequate accuracy in typical
commercial CMOS design tools. The parasitic components must be modelled by the
designer, after which the transceiver must be re-simulated. The parasitic components are
likely to have a significant impact at the frequencies of interest. The parasitic compo-
nents must be avoided by careful design selection. The parasitic components and non-
ideal characteristics are usually modelled more accurately in bipolar technologies. Some
cases still need to be modelled to verify the practical behaviour. The best way to
determine the behaviour is to measure the fabricated IC.

An example UWB transceiver implementation was shown based on relatively
straightforward CMOS technology. The pulse generation circuit developed was verified
as a very efficient and moderately reliable way to generate a monocycle. The example
UWRB transceiver implementation provided an insight into the design issues for an UWB
transmitter, even though the transmitted signal did not satisfy the limits set by the
frequency mask specified by the FCC. There are at least two possible ways to try to
change the spectrum of the transmitted signal in the circuit example. The first way is to
have a shorter pulse, which may be realized by using a different pulse generation
technique, or different IC process. The second way is to shape the generated pulse using
a pulse-shaping filter so that the mask is satisfied. The latter method is much more
promising in practice, however is more likely to reduce the efficiency of the receiver.

One of the practical issues to consider when implementing UWB circuits is the
realization of synchronization. The realization of synchronization may be difficult to
achieve due to the ultra-short pulses and their fast rising and falling times. In this
chapter, the synchronisation was assumed ideal.

The integrator structure developed in the chapter demonstrated excellent perform-
ance in integrating fast pulse with fast rising times. The first stage of the integrator is
very sensitive and is able to integrate short pulses with more than adequate results. The
second stage provides additional capacity for the integrator to make long integration
times possible in cases where the received signal has low energy.
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6.1 Introduction

Whilst often ignored or assumed ideal in conventional narrower band system analysis,
antennas are a critical element in the signal flow of UWB systems. The antenna acts as a
filter for the generated UWB signal, and only allows those signal components that
radiate to be passed. The antenna is often approximated as a differentiator both at the
transmitter and receiver. This is the motivation behind the examination of the various
derivatives of the Gaussian pulse explored in Chapter 3.

The goal of this chapter is to explore antenna structures suitable for use in short
range, low power indoor UWB radio systems, and outdoor ‘base station’ communica-
tions. This chapter examines some of the main UWB antenna types (dipoles, bow-tie
and TEM horn), as well as discussing the performance of a small class of antennas that
are suitable for low-cost communications systems. Various practical antenna structures
are examined through simulation and measurements results of several prototypes are
presented. It is outside the scope of this work, however, to undertake a rigorous
theoretical performance evaluation of the antenna types.

6.2 UWB Antenna characteristics

The UWB antenna acts like a filter and is a critical component in UWB radio systems.
The basic effect of antennas is that they produce the derivative of the transmitted or
received pulse waveform (Funk ez al., 1995a). This also has the effect of extending the
duration of the transmitted and received pulse. This extension of pulse duration
decreases the time resolution of the system. The antenna has a greater impact in
UWB than in narrower band systems because of the very large bandwidth of an
UWRB signal.

UWB Theory and Applications Edited by I. Oppermann, M. Hamdlédinen and J. linatti
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-86917-8
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In antenna terminology, the frequency range demand must be 6:1 or greater in order
to be ‘ultra wide’ (Taylor, 1995) which means that the upper frequency must be at least
six times greater than the lower frequency of the band. For such very wideband
antennas, issues of linearity, radiation efficiency and impedance match across the band
present difficult problems.

One problem which will arise when a very short time domain (im)pulse (implying
large bandwidth) is used to excite the antenna, is the ringing effect. After the antenna,
the signal is no longer impulse like. Instead the pulse is spread in the time domain.
A typical antenna response is presented in Figure 6.1, where the ringing effect is
modelled using a simple Bessel function.

To avoid ringing, resistive antennas with low Q-values should be used. The resistive
loading will cause the unwanted signal component to die away quickly, leaving a pulse
much closer to the desired shape. The antenna bandwidth can also be increased by
making the Q-value small, since the bandwidth is inversely proportional to Q-value.
However, the low Q-value implies that the efficiency of a resistive antenna is generally
quite poor.

The Q-value for an antenna is given by

Q =/fo/(Ju /1)

where f,, fz, and f; are the centre frequency and the upper and lower 3 dB frequency
values of the antenna respectively.
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Figure 6.1 The response of an antenna to impulse excitation showing the ringing effect
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The frequency domain is also useful for describing the transient response of antennas
because the time and frequency domain are connected by the Fourier transform. The
ability of an antenna to preserve the waveform of the ultra-narrow pulse is investigated in
the time domain. Two of the most important time-domain properties of an antenna are
fidelity and symmetry. The fidelity is defined as the maximum cross-correlation of the
normalized incident voltage and the normalized electric field in the far field region
(Montoya and Smith, 1996). The symmetry is a measure of the symmetry of the waveform
in the far field region (Montoya and Smith, 1996). More theoretical approaches on time-
domain antenna characterization can be found in the literature (Balanis, 1997, Montoya
and Smith, 1996; Shlivinsky et al., 1993; Allen et al., 1993; Lamensdorf and Susman, 1994).

UWB antennas differ from their narrowband counterparts in one basic concept.
Many antennas, especially in the telecommunication applications, are resonant elements
that are tuned to particular centre frequencies and have relatively narrow bandwidths.
In contrast, UWB antenna designs seek much broader bandwidths and require non-
resonating operation.

In the literature, several antenna types have been presented for use in UWB systems.
Applications have used dipoles, log-periodic dipole arrays (LPDA), conical monopole,
spirals, notched, ridged and TEM horns antennas (Taylor, 1995). The main focus in
antenna technology in the existing UWB literature, is for high power radar antennas.
Table 6.1 presents a summary of typical dimensions of different antenna elements
(Taylor, 1995). The remainder of this chapter will explore the practical implementation
aspects of several antenna types.

6.3 Antenna types

In this section, the antenna types suitable for UWB operation are described. In Section 6.3.1
the general requirements for antennas are described. Sections 6.3.2 to 6.3.8 concentrate
on the different antenna types.

6.3.1 General Requirements

This section evaluates the transient response of antennas for base-station and indoor-
portable use. The short, sub-nanosecond pulses require special antenna structures
compared with typical narrowband systems. An ideal wideband antenna acts like a
high-pass filter, which means that the pulse waveform is differentiated when passing
through the antenna. Typical wideband antennas, such as log-periodic dipole arrays,
change the waveform even more due to dispersion. In general, UWB antennas should be
linear in phase and should have a fixed phase centre. Typical impedance circuits may
not be phase linear. For this reason the antennas should be inherently impedance
matched. The antenna’s radiation characteristics also have a significant impact on the
antenna’s performance. The antenna gain should be smooth across the frequency band
in order to avoid dispersion of the transmitted pulse. The antenna gain will typically
appear different from different angles. This will lead to different pulse shapes depending
on the angle to the receiver.
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Table 6.1 Target antenna values

Base station antenna Portable antenna

Frequency 2-10 GHz 3-10GHz

Matching typical VSWR < 1.5 typical VSWR <2
VSWR <2 VSWR <3

Radiation efficiency (min.) 50% 10%

Directivity (typical) 0-30dB 0dB

Fidelity (typical) >0.7 >0.7

Size not specified area <100cm” on PCB

VSWR is voltage standing wave ratio.

Some target antenna specifications for base station and portable antennas are given in
Table 6.1. These are by no means definitive. However they give an indication of
appropriate parameter values.

6.3.1.1 Base Station Antenna

As discussed in previous chapters, the power of UWB transmitted signals is extremely
low. In this context, ‘base station’ antennas may be used for networks such as high
speed data kiosks or for low data-rate systems, including location and tracking systems.
The base station antenna may be designed for indoor or outdoor usage, depending on
the application. Outdoor usage allows the antenna to be relatively large, with dimen-
sions of several wavelengths. In addition to the requirements outlined in Table 6.1, the
antennas must radiate efficiently. This may restrict the use of resistively loaded struc-
tures. Base station antennas may be either directive or omnidirectional. Directional
antennas could be used for example in radio links, whereas omnidirectional antennas
would be more favourable in mobile applications.

6.3.1.2 Portable Antenna

The requirements for the portable, short-range, UWB antenna differ slightly from the base
station antenna. Most importantly, the antenna must be small. It is also highly desirable
that the antenna be low cost and preferably constructed on a printed circuit board. The small
size implies that the antenna is omnidirectional. The radiation efficiency is not as critical
parameter as in base station antennas, which makes it possible to use resistive loading. If
possible, the transceiver will be embedded in the same circuit board as the antenna.

6.3.2 TEM Horn

The TEM horn and its variations are among the most commonly used antennas in
UWRB applications. The basic structure consists of two tapered metal plates fed by a
two-wire TEM-mode transmission line. The structure can be considered as a bent bow-
tie dipole. The TEM horn preserves the pulse waveform very well and has a constant
phase centre (van Cappellen et al., 2000). The flaring and length of the antenna can
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be adjusted to modify the radiation pattern, impedance matching, and the transient
behaviour of the antenna (Shlager ez al., 1996). The gain of the TEM horn ranges from
5 to 15dB, which is suitable for directive base-station operation.

The spatial dispersion caused by the non-planarity of the waveform from TEM horn
can be corrected by the use of lenses (Baum and Stone, 1993) or reflectors (Foster, 1993;
Baum and Farr, 1993). One such antenna is the impulse radiating antenna (IRA) (Baum
and Farr, 1993) which will be described in Section 6.3.4.

6.3.3 TEM Horn Variants

There are several modifications of the TEM horn. Septum plates can be put inside the
horn to improve the field uniformity (Buchenauer etal., 1999). Another technique
described by ( Yarovoy et al., 2000) is to fill the horn with dielectric material. One half
of the horn can also be replaced by a large ground plane such that the horn resembles a
bent bow-tie monopole. In this last case, a broadband balun is not required. It is also
possible to use resistive loading in the antenna to suppress the reflections from the end
of the horn (Shlager et al., 1996).

The idea behind a ridged horn and a tapered slot antenna (Yngvesson et al., 1989; Lewis
etal., 1974) is similar to that of the TEM horn: a TEM- or quasi-TEM mode is used to feed
the antenna. With a ridged horn structure, there is a ridge inside the TEM horn. This
approach appears to yield more constant gain with respect to frequency relative to standard
TEM horns. However, the structure is more difficult to produce. In addition, the antenna
appears not to be optimal for pulse radiation (van Capellen, 1998). The polarization diverse
antenna by Wicks and Antonik (1993) can also be considered as a variation of a ridged horn.

Tapered-slot antennas can be constructed using printed-circuit-board techniques.
With such an antenna, however, it may be difficult to achieve constant gain. The
tapered-slot antenna and its variations appear to be good candidates for portable
antennas. Another method for constructing TEM-horn-type antennas on printed circuit
boards is described by Nguyen ez al., (2001).

6.3.4 Impulse Radiating Antenna

An impulse radiating antenna (IRA) consists of a TEM horn feeding a parabolic
reflector (Baum and Farr, 1993). With such an antenna, it is possible to obtain high
and almost frequency-independent gain. The reported gains are of the order of 25 dBi.
The antenna gain can be made adjustable (Farr ez al., 1999) by moving the TEM horn
feed off the focal point of the parabolic reflector.

The high gain makes this antenna a good candidate for very long range base-station
applications. The high gain, narrow beamwidth and short pulses generated by this
antenna make it highly immune to interference.

6.3.5 Folded-horn antenna

A folded horn antenna for UWB high power applications is presented by Kardo-Sysoev
etal., (1999). The idea of the folded-horn antenna comes from sub-horns inserted in
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apex angle ¢

Not folded horn with same
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Figure 6.2 Folded horn antenna

a main horn. The sub-horns divide the initial horn aperture into two equal parts. Using
this technique, the size of the antenna can be reduced. This can be seen from Figure 6.2.
which shows the structure of folded horn antenna.

6.3.6 Dipoles and Monopoles

Dipoles and monopoles without resistive loading are based on resonance techniques,
therefore the ringing effect described earlier significantly degrades their performance.
A comprehensive review of differently loaded thin-wire monopoles is presented by
Montoya and Smith (1996). The results indicate that none of the monopoles examined
preserve the pulse characteristic. The resistive loading, however, seems to improve
performance significantly.

A popular design is the bow-tie antenna (also called the ‘bifin’ antenna, Stutzman
and Thiele, 1981). The bow-tie antenna is used in an ultra-wide antenna design Lai ez al.,
(1992) which shows some examples of different ultra-wideband antennas.

The beamwidth and input impedance of a bow-tic antenna depend directly on the
antenna geometry, and they are nearly constant over the desired frequency range. To
ensure a balanced and wideband feed to the bow-tie antenna, a hybrid construction with
a slot line antenna is used (Lai etal., 1992). The bandwidth of a bow-tie antenna
depends on the length of the plate (see Figure 6.3). The flare angle and the length of
the plate define the lower frequency. The beamwidth of the bow-tie antenna varies
linearly with the flare angle.

The efficient use of resistive materials also appears to be beneficial in the bow-tie
antennas (Maloney and Smith, 1993a; Shlager ez al., 1994).

There are other designs that can be considered as dipole structures, such as the
resistively loaded antenna by Chevalier ez al. (1999) optimized for pulse radiation.
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Figure 6.3 A few wideband bow-tie antenna types
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Lu and Shi (1999) demonstrated that dipole structures should be favoured over
monopole structures, because the size of the ground plane needed with the monopole
may be not be practical. On the other hand, the problems in developing an ultra-
broadband dipole radiator is in controlling the unbalanced currents in the outer feed
cables. The currents are normally filtered by balun transformers or RF chokes. How-
ever transformers for UWB systems are difficult to design, and performance of ferrite
RF chokes degrade above 1 GHz.

6.3.7 Loop Antennas

There have been several attempts to use loop antennas in UWB communications. In
contrast to dipoles, the loop antennas radiate second derivatives of the incident electric
field (Harmuth, 1978), which may be advantageous for some waveforms. Yarovoy ez al.
(2000) have presented a small loop antenna for UWB measurements. Such an antenna
structure appears to be a good candidate for the portable antenna.

The so-called large current radiators can also be considered to be loop antennas.
Their use in pulsed radiation was demonstrated by Pochain (1999).

6.3.8 Antenna Arrays

In UWB radar applications, linear and planar antenna arrays may be formed with
very sparsely spaced elements. This enables economical, high resolution phased array
antennas, with a beam which may be readily steered (Anderson ez al., 1991). The ratio of
the wideband peak sidelobe level to the peak main lobe level is a function of the number
of antenna elements rather than the element spacing. As a consequence, sparsely spaced
wideband array antennas do not result in significant grating lobes. If the number of
antenna elements is increased, the side-lobe levels may be reduced to almost arbitrarily
low levels. In Lu and Shi (1997), an UWB omnidirectional monopole antenna is
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presented for the SPEAKeasyT system, where the bandwidth requirement for the base
station antenna ranges from 30 to 500 MHz.

6.4 Simulation Techniques

The time and frequency domain are connected by the Fourier transform, which means
that time domain antenna simulations can be performed using standard frequency
domain electromagnetic simulators. However, conducting analysis in the frequency
domain requires the calculation of far-field values for both amplitude and phase. This
must be done over a very wide frequency range to be able accurately to extract the shape
of the radiated pulse. For example, if transmission between two antennas is investigated
(separated by 2m), the calculation must be done over the range of approximately
10 MHz to 10 GHz, with a suitably small step size determined by phase resolution
requirements, in order to preserve the pulse characteristics. In practice, this may mean
a step size of 1020 MHz, leading to a very large number of required calculation points.
In this work it is assumed, that the calculations are performed using standard personal
computers, which makes certain calculations very time consuming or, due to lack of
memory, impossible to perform. The limitations are less severe, if modern supercom-
puters with parallel architectures are used instead.

In this section, the transition from the frequency domain to the time domain and
visualization have been performed using Matlab™.

6.4.1 Finite-Element Method

Software tools based on use of the finite-element method (FEM), such as Ansoft HFSS,
can be used to simulate antennas of arbitrary shape and material. However, FEM
techniques are very slow. Furthermore, the FEM mesh evaluation technique works
one single frequency at a time, implying that the mesh produced is only applicable for
a limited bandwidth around the single frequency used in the calculation.

6.4.1.1 Method of Moments

Software tools based on the method of moments (MoM) are much faster than FEM
tools. Most software tools, such as the Zeland IE3D and NEC-Win Pro from Nittany
Scientific do not use adaptive meshing. Instead, the user may define the density of the
grid. According to preliminary testing (see Section 6.5), moment-method-based tools
are applicable for predicting the transient antenna behaviour. However, most MoM
codes can only support infinite dielectric layers.

6.4.1.2 Finite-Difference Time-Domain

The finite-difference time-domain (FDTD) method and other time-domain methods are
inherently applicable for studying the ultra-short pulses. Software packages such as

tusa military software defined radio system (Cook and Bonser, 1999).
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CST Microwave Studio can be used to simulate antennas of arbitrary shape and
material. This is demonstrated in Section 6.5. The transient solver of CST Microwave
Studio, which is based on finite integration, is restricted to rather simple and small
structures only. For this reason the calculations tend to become very slow for complex
structures. The improved grid generation methods, such as sub-gridding, together with
increased computing capacity makes time-domain methods the most promising for
UWRB simulations.

6.5 Simulation examples

This section presents simulation examples. Structures that are known to preserve and
disperse the incident pulse waveform are presented in order to highlight the differences
between good and bad UWB antennas. Some of the structures are designed to work at
the different frequency range as defined by FCC (2002). However, each structure and
waveform can be scaled to meet the required frequencies.

The first three examples are simple dipole structures, including a perfectly conducting
dipole, a capacitively loaded dipole, and a resistively loaded dipole. The fourth example
is a conical dipole. The fifth example is a log-periodic dipole array, which is known not
to be suitable for pulsed radiation. All these five structures are simulated using the
NEC-Win Pro software, which models the structures using wire segments. There are
several non-commercial versions of NEC-code, which makes it easy to compare these
results. Students are advised to make comparative calculations with these codes. Dipole
structures are treated instead of monopoles, as their treatment is more reliable with the
used software.

Finally, a well known UWB antenna, the TEM horn, is simulated using both MoM
software Zeland IE3D and time-domain software CST Microwave Studio.

The incident waveform in the simulations is a differentiated Gaussian monopulse.
The centre frequency of the waveform is chosen to be 3 GHz. The time and frequency
domain representations are presented in Figures 6.4, 6.5 respectively.

6.5.1 Perfectly Conducting Dipole

As a first example, a thin dipole antenna was examined using the NEC-Win Pro
simulation tool. The results of the calculations are presented in Figures 6.6, 6.7 and
Table 6.2. The electric fields and the power in these figures are given in arbitrary units.
The same applies in subsequent figures. The reflection coefficient and the radiated
electric field into the bore sight direction, presented in Figure 6.6, indicate that the
dipole resonates in half-wavelength intervals. This causes severe ringing in the antenna
as seen in the time-dependent bore sight electric field and time-dependent power
spectrum (Figure 6.6). The ringing effect is very clear from the power spectrum. This
is demonstrated in Figure 6.7, which show magnification of the power spectrum with
respect to time. Note that the negative power is due to spline interpolation applied to the
calculated points. The spline interpolation has been done to resolve the positions of the
smaller peaks.
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Figure 6.4 Incident voltage pulse used in time-domain simulations
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Figure 6.5 Incident voltage pulse used in frequency domain simulations

In Figure 6.7, peaks 1, 3, and 5 correspond to (n+ 1/2)A resonances, while the peaks
2, 4, and 6 to n)\ resonances. The time differences from these peaks are presented in
Table 6.2. The ringing is caused by reflections from the ends of the dipole. The electric
field probe measuring the far field is located 2 metres from the antenna, which corres-
ponds to a time delay of 6.7 ns.
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Table 6.2 Time differences for peak positions
for power spectrum of thin dipole antenna

Peaks Time delay (ns)
1-2 0.35
2-3 0.32
34 0.38
4-5 0.30
5-6 0.41
Half dipole distance (0.1 m) 0.33
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Figure 6.6 Reflection coefficient (uppermost), radiated electric field with respect to
frequency and time, and radiated power of a thin dipole antenna
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Figure 6.7 Radiated power of a thin dipole antenna

6.5.2 Capacitively Loaded Dipole

As a second example, a thin capacitively loaded dipole antenna was studied using the NEC-
Win Pro software. The capacitive loading can be used to improve impedance matching of thin
dipoles. For example, the impedance matching is improved compared with a typical dipole as
shown in Section 6.5.1. However, the capacitances act as high-pass filters in the dipole
antenna, which appears to increase the ringing effect here relative to that in the perfectly
conducting dipole. This is illustrated in Figure 6.8. The electric field probe measuring the far
field is located 1 metre from the antenna, which corresponds to a time delay of 3.3 ns.

The results for perfectly conducting and capacitively loaded dipole indicate that
typical dipole structures are not optimal for UWB applications. The most straightfor-
ward method to improve the performance is to use resistive loading. This is demon-
strated in the following Section 6.5.3.

6.5.3 Resistively Loaded Dipole

A resistively loaded Wu-King dipole (Maloney and Smith, 1993b) was also studied
using the NEC-Win Pro software. The results, in Figure 6.9, indicate that the frequency
domain gain and reflection coefficient are smooth. As a result of this, the pulse wave-
form is well preserved. The radiation efficiency of this antenna is, according to Montoya
and Smith (1996), approximately 20%. In addition, the input impedance of the simu-
lated antenna is as high as 660 2, which is impractical in realistic applications. On the
other hand, the design clearly demonstrates the benefits of using resistive loading. In
case high efficiency is not needed, the resistive loading is a straightforward method of
improving the transient properties of small antennas.
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Figure 6.8 Reflection coefficient (uppermost), radiated electric field with respect to
frequency and time, and radiated power of a capacitively loaded dipole

6.5.4 Conical Dipole

A conical dipole was studied using the NEC-Win Pro software as a example of a UWB
omnidirectional antenna. The model was also used to demonstrate that the time-domain
properties are generally direction dependent, as are the frequency-domain properties.
The wire model of the antenna is presented in Figure 6.10. The results for this antenna in
the bore sight direction are presented in Figure 6.11.

Figure 6.11 indicates that the frequency-domain radiation pattern of the bi-conical
antenna in the bore sight direction is not smooth, but contains several deep minima.
This appears to cause considerable ringing, although with much smaller amplitudes as
in standard and capacitively loaded dipole (Sections 6.5.1 and 6.5.2). The radiation
pattern is smoother in directions slightly above the bore sight plane. This is illustrated in
Figure 6.12. The smooth gain also results in decreased ringing.
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Figure 6.9 Reflection coefficient (uppermost), radiated electric field with respect to
frequency and time, and radiated power for resistively loaded Wu-King dipole

It is possible to use resistive loading to decrease the ringing even further, as demon-
strated by Maloney and Smith (1993a).

The time-domain behaviour of the bi-conical antenna wire model is in general better
than that of the thin dipole. The conical dipole, with its variants such as the 2D bow-tie
antenna, can thus be seen to be a good starting point for small UWB antenna designs.

6.5.5 Log-periodic Dipole Array

A log-periodic dipole array (LPDA, see Figure 6.13) was examined using the NEC-Win
Pro software package as an example of a dispersive wideband antenna. The results are
presented in Figure 6.14. The results indicate that the antenna examined has a very low
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Figure 6.10 Wire-model of a bi-conical dipole

reflection coefficient and smooth gain. However, the LPDA does not have a constant
phase centre, which causes severe dispersion of the pulse. Figure 6.14 shows that the
high frequency components of the pulse are the first to arrive at the receiver as the
feeding point of the antenna is at the high frequency part of the antenna. The lower
frequencies are delayed, because the resonating longer dipoles are located behind the
feeding point with respect to the bore sight direction. On the basis of the results, the
LPDA is in general not suitable for UWB applications.

It is possible to decrease dispersion by using special feeding structures for each of
the antenna elements of LPDA (Excell et al., 1998).

6.5.6 TEM Horn

A TEM horn model was designed in order to compare the available software to measured
data (see Section 6.6). Simulations were performed using a moment method based Zeland
IE3D program package and a time domain software tool from CST Microwave Studio.

The Zeland TE3D results for antenna-to-antenna setup are presented in Figure 6.15.
The results obtained using the CST Microwave Studio package are presented in
Figure 6.16. The antennas in Figure 6.15 are located 2 metres from each other, whilst
the antennas in Figure 6.16 are located 0.6 metres from each other. The longer inter-
antenna distances in CST Microwave Studio are not practical due to computational
intensity. Note the different frequency scale for the uppermost figure. In the CST
simulations, the incident pulse differs slightly from the Gaussian monopulse. Otherwise
the two simulators give very similar results.
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Figure 6.11 Reflection coefficient (uppermost), radiated electric field with respect to

frequency and time, and radiated power for a bi-conical dipole (bore sight direction)

6.6 Measured examples

This section presents preliminary measurements for selected constructed prototypes.
The measurement set-up required to measure antenna transient characterization is also

briefly presented.

6.6.1 Measurement Techniques

6.6.1.1 Frequency-domain Measurements

antenna time-domain responses can be evaluated from the corresponding

frequency response. Both amplitude and phase of the transmission must be recorded.

Antenna-to-
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Figure 6.12 Reflection coefficient (uppermost), radiated electric field with respect to
frequency and time, and radiated power for a bi-conical dipole (40 degrees above the bore
sight plane).

This can be done using a standard vector network analyser (VNA). The VNA must be
calibrated for a broad frequency span to avoid artificial distortion of the waveform due
to aliasing. In a set of preliminary measurements, the VNA was calibrated to cover the
frequency range of 50 MHz—20 GHz. This yields a maximum resolution of approxi-
mately 10 MHz in frequency, which according to the Nyquist rate formula, restricts the
maximum measuring distance to about 5 metres. Longer distances can be handled by
using multiple calibrations, or by narrowing the frequency range. Examples of measure-
ments using VNA are presented below.
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Figure 6.13 Wire model of log-periodic dipole array
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Figure 6.14 Reflection coefficient (uppermost), radiated electric field with respect to

frequency and time, and radiated power for a log-periodic dipole array (bore sight direction)
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Figure 6.15 Received electric field with respect to frequency and time, and received time-
domain power for TEM horn using the Zeland IE3D (bore sight direction)

6.6.1.2 Time-domain Measurements

A typical time domain antenna measurement consists of a pulse generator and a digital
sampling oscilloscope. Most of the available pulse generators are based on step gen-
erators with very short rise and fall times. Pulses and impulses are generated from the
step response using differentiation techniques. The pulses may also be shortened
through the use of step recovery diodes. In practice, the authors have found that
commercial pulse generators are expensive and difficult to embed in small designs.
The lack of suitable commercial pulse generators has led to many designs being
described in the open literature. For example, Lee efal. have presented small sub-
nanosecond monocycle pulse generators (Lee and Nguyen, 2001a; Lee ez al., 2001c).
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Figure 6.16 Received electric field with respect to frequency, incident waveform and
received waveform for TEM horn, simulated using the CST Microwave Studio (bore sight
direction)

A digital sampling oscilloscope, together with a sampling, head is a critical part of the
measuring system.

6.6.2 TEM Horn

Two TEM horn prototypes were constructed and measured in order to demonstrate the
use of the VNA in the time domain antenna characterization. The model, ‘a bent bow-
tie monopole’ (see Section 6.5.6), is based on the simulated structure. For computa-
tional simplicity, the ground plate is infinite in the simulated model. The prototypes
were constructed with different ground plane sizes in order to investigate the effects of a
finite ground plane. The antennas are presented in Figure 6.17.
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Figure 6.17 Constructed TEM horn with a small ground plane

The S;; of the TEM antenna using different prototypes and different simulation
methods are presented in Figure 6.18. There is good agreement between the simulations
and measurements for the antennas examined. In particular, the Zeland IE3D result
very closely matched the experimental results. The antenna with the large ground plane
is UWB according to our definition given in Table 6.1 — the VSWR is lower than 2 in the
frequency range of 1.65GHz-10.9 GHz, and lower than 3 in the frequency range of
0.93 GHz-18 GHz.

As a next step, the frequency-domain antenna-to-antenna measurements were per-
formed. All measurements were performed with a VNA. Measured S,; values of
amplitude and phase were post-processed with Matlab™, resulting in a mathematically
calculated pulse shape. The measurements were done using two inter-antenna distances,
I m and 1.5m. In addition, a simulation in which a metal plate was placed between the
antennas to cause reflections was performed with inter-antenna distance of 1 m. In the
data analysis using MatlabTM, the antennas were ‘excited’ using the same Gaussian
mono-pulse as in the Zeland IE3D simulations.

Figure 6.19 shows the simulated and measured waveform in the antenna-to-antenna
set-up. The uppermost curve corresponds to the Zeland IE3D simulation, the second
curve is from the CST Microwave Studio, and the three lowest curves are measured
results (VNA measurements). The first measured result is obtained from the
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Figure 6.18 Measured and simulated S;; of a TEM horn

inter-antenna distance of 1m, the second of 1.5m. In the third measurement, the 1 m
measurement is disturbed by a reflective plate.

The measured and simulated results indicate that the TEM horn is suitable for UWB
operation. The results also indicate that the modern simulation software can be used
reliably to estimate the transient behaviour of the UWB antennas as long as the antenna
is modeled accurately.

6.6.3 Small Antennas

In mobile applications, the size of the antenna is often restricted. In this section two
types of small antenna prototypes are designed and constructed.

The first of the prototypes is of modified bow-tie type. These antennas are later
referred to as MBT (modified bow-tie). As compared with conventional bow-tie, the
shape of the radiators is a half circle instead of triangle. This antenna uses a tapered-
slot-type feed point, but acts as a bow-tie dipole at lower frequencies. This modification
improves the impedance matching as compared to bow-tie antenna. The structure can
be considered at a high frequency region as a pair of tapered slot antennas. Constructed
antenna prototypes are presented in Figure 6.20. These antennas were manufactured on
PCB. Mecasured and simulated S;; are presented in Figure 6.21. The agreement in this
case is very good. The simulations were performed using CST Microwave Studio, as the
use of the FI method makes it possible to model the finite PCB structure.

The second studied antenna type is a tapered slot antenna (TSA). The constructed
TSA prototypes are shown in Figure 6.22. These antennas are more directive than the
MBT antennas. The directivity makes these antennas less favourable for portable
applications which need omni-directional radiation.
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Figure 6.19 Simulated and measured waveform in the antenna-to-antenna set-up. See text
for details and explanations

Figure 6.23 shows the simulated and measured waveform in the antenna-to-antenna
set-up for MBT and TSA antennas. The results indicate that the ringing is not severe in
these antenna types. The spurious pulse in MBT results at about 6 ns was found to be
due to reflections from the antenna cables. The results indicate that these antennas can
be considered a good starting point for mobile UWB antennas.

In order to demonstrate further that time-domain properties are generally direction
dependent, the pulse shape of the MBT antenna was measured at different rotation
angles (see Figure 6.24). Figure 6.25 shows the time-domain pulse as a function of the
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Figure 6.20 MBT antennas manufactured on PCB
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Figure 6.21 Measured and simulated S;; of MBT antennas

horizontal angle. The results indicate that the pulse shape varies as a function of the
horizontal angle, but remains satisfactory at all angles.

In order for the pulse to be transmitted properly, the antennas must be of
same polarization. Figure 6.26 shows the measurement set-up, in which the radiating
antennas are of different polarizations. In this case, not only the amplitude of the
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Figure 6.22 Tapered slot antenna prototypes

Received waveform

Time (ns)

Figure 6.23 Measured waveform in the antenna-to-antenna setup for MBT (top) and TSA
(below) antennas

pulse is decreased, but the pulse shape is heavily distorted. Figure 6.27 shows the time
domain pulse as a function of the horizontal angle. Now the measured pulse shapes
show a clear ringing effect. In mobile applications the orientation of the antenna cannot
be guaranteed. For this reason, it is necessary to consider multiple polarizations, or
alternatively circular polarization, to guarantee good pulse shape at the receiver.
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Figure 6.24 Measurement configuration for the MBT antennas. The horizontal angle is 0°
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Figure 6.25 Time domain response at different rotation angles (0°-90°)
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Figure 6.26 Cross-polarization measurement configuration for the MBT antennas. The
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Figure 6.27 Time domain response at different rotation angles (0°-90°)
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6.7 Conclusions

This chapter has examined some of the more common structures and analysis methods
for UWB antennas. This has been done with the aid of simulations and prototype
measurements. The results indicate that the design of UWB antennas can be done in a
straightforward fashion using standard frequency domain simulators and measure-
ments. The major design issues for UWB antenna are matching and ensuring constant
gain, i.e. smooth amplitude and phase radiation patterns, across a very wide band of
operation.

Structures for mobile antennas have been presented as well as various TEM horn
structures for ‘base station’ antennas. Of the examples presented, the bow-tie, or a
modification of it, is one of the candidates for mobile antennas due to its small size,
simplicity, and the fact that it can be constructed using simple PCB techniques. The
straightforward improvement of this antenna would be to use resistive loading in the
end of radiators to minimize reflections.
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Medium Access Control

Ulrico Celentano, Ian Oppermann

7.1 Introduction

UWRB technology was originally seen purely as a physical layer technology, with no or
little protocol to control the communication. It is now clear that Medium access control
(MAC) features play a major role in UWB communication systems.

UWB holds enormous potential for wireless ad-hoc and peer-to-peer networks. One
of the major potential advantages in impulse radio based systems is the ability to trade
data rate for link distance by simply using more or less concatenated pulses to define a
bit (see Chapter 3). Without dramatically changing the air interface, the data rate can be
changed by orders of magnitude depending on the system requirements. This means,
however, that high data rate (HDR) and low data rate (LDR) devices will need to
coexist. The narrow time domain pulse also means that UWB offers the possibility for
very high positioning accuracy. However, each device in the network must be ‘heard’ by
a number of other devices in order to generate a position from a delay or signal angle-
of-arrival estimate. These potential benefits, coupled with the fact that an individual low
power UWB pulse is difficult to detect, offer some significant challenges for the multiple
access MAC design.

UWRB systems have been targeted at very HDR applications over short distances,
such as USB replacement, as well as very LDR applications over longer distances, such
as sensors and RF tags. Classes of LDR devices are expected to be very low complexity
and very low cost, implying that the MAC will also need to be very low complexity. The
potential proliferation of UWB devices means that a MAC must deal with a large
number of issues related to coexistence and interoperation of different types of UWB
devices with different capabilities. The complexity limitations of LDR devices may
mean that very simple solutions are required. HDR devices, which are expected to be
higher complexity, may have much more sophisticated solutions.

UWB Theory and Applications Edited by I. Oppermann, M. Hamdlédinen and J. linatti
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-86917-8
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Research on UWB MAC is at an early stage, and no comprehensive solution for the
unique difficulties for UWB systems have been proposed in the open literature. Existing
or emerging standards that allow direct peer-to-peer communications include the IEEE
802.15.3 (IEEE, 2003) and ETSI HiperLAN Type 2, although only in the context of a
centrally managed network. This chapter will examine some of the difficulties facing
UWB MAC design, and look at the impact of some of the key physical layer parameters
on MAC design. The chapter will also look at the emerging work of the IEEE working
group 802.15.3a.

7.2 Multiple Access in UWB Systems
7.2.1 MAC Objectives

The very wide bandwidth of UWB systems means that many potential solutions exist to
the issue of bandwidth usage. Devices may use all, or only a fraction of, the bandwidth
available in the 3.1 to 10.6 GHz band. These devices will still be classed as UWB
provided they use at least 500 MHz. Chapter 3 gave a summary of the major candidates
for the physical layer signal structure of UWB systems, which include impulse radio,
OFDM, multi-carrier and hybrid techniques. All of these possible techniques mean that
different UWB devices may or may not be able to detect the presence of other devices.
The main issues to be addressed by an UWB MAC include coexistence, interoperability
and support for positioning/tracking.

7.2.1.1 Coexistence

The potential proliferation of UWB devices of widely varying data rates and complex-
ities will require coexistence strategies to be developed.

Strategies for ignoring or working around other devices of the same or different type
based on physical layer properties will reflect up to the MAC layer. Optimization of the
UWRB physical layer should lead to the highest efficiency, lowest BER, lowest complex-
ity transceivers. The assumptions of the physical layer will however have implications
on MAC issues such as initial search and acquisition process, channel access protocols,
interference avoidance/minimization protocols, and power adaptation protocols. The
quality of the achieved ‘channel’ will have implications on the link level, which may
necessitate active searching by a device for better conditions, which is what happens
with other radio systems.

7.2.1.2 Interoperability

The most common requirement of MAC protocols is to support inter-working with
other devices of the same type. With the potentially wide range of device types, the
MAC design challenge is to be able to ensure cooperation and information exchange
between devices of different data rate, QoS class or complexity. In particular, emphasis
must be placed on how low complexity LDR devices can successfully produce limited
QoS networks with higher complexity, HDR devices.
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7.2.1.3 Positioning/Tracking Support

Positioning is integrally linked to the MAC. This includes strategies for improving
timing positioning accuracy and for exchanging timing information to produce posi-
tioning information.

It is possible for any single device to estimate the arrival time of a signal from another
device based on its own time reference. This single data point in relative time needs to be
combined with other measurements to produce a 3D position estimate relative to some
system reference. Exchange of timing information requires cooperation between devices.
Being able to locate all devices in a system presents a variation of the ‘hidden node’
problem. The problem is further complicated for positioning because multiple receivers need
to detect the signal of each node to allow a position in three dimensions to be determined.

Tracking requires that each device is able to be sensed/measured at a suitable rate to
allow reasonable update rate. This is relatively easy for a small number of devices, but
difficult for an arbitrarily large number of devices. Information exchange between devices
of timing and position estimates of neighbours (ad hoc modes) requires coordination,
and calculation of position needs to be done somewhere (centralized or distributed) and
the results fed to the information sink.

Finally, it is important to have the received signal as unencumbered by multiple
access interference as possible in order to allow the best estimation of time of arrival.
Every 3.3 ns error in delay estimation translates to a minimum 1m extra error in
position estimation.

All of these issues (information exchange, device sampling rate, node visibility, signal
conditioning) require MAC support. These issues are significant obstacles to existing
WLAN and other radio systems offering reliable positioning/tracking when added on to
the MAC post-design.

7.2.2  Structure of the UWB Signal

As seen in Chapter 3, the impulse radio UWB signal is composed of a train of very short
pulses. A typical pulse width 7, is of the order of 0.1-0.5ns. Figure 7.1 shows the
structure of the basic UWB signal. Pulses are repeated with a (mean) pulse repetition
time or frame time, 75 Ty >>T,. The value of Tymay be hundreds or thousands of times
the pulse width (Scholtz, 1993, Scholtz and Win, 1997). The reciprocal of Ty, Ry, is called
pulse repetition frequency.

In the absence of coding or modulation, pulses are separated by T seconds. As seen in
Chapter 3, pulses might be placed within the time frame period depending on the coding
and modulation techniques applied.

Figure 7.1 Structure of the basic UWB signal
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In order to increase error resistance, repetition coding is often used. This means that a
number of pulses, N, is transmitted for each bit. This may be seen as over-sampling with
a factor of N when mapping data symbols to pulses. The bit period is given by

T, = NTj. (7.1)

7.2.3  Modulation and Multiple Access

As seen in Chapter 3, common multiple access techniques adopted for pulse based UWB
systems are TH and DS. Suitable modulation techniques include OOK (Foerster et al.,
2001) and especially PPM and PAM (Héadmaildinen et al., 2002). A given UWB com-
munication system will be a combination of these techniques, leading to signals based
on, for example, TH-PPM, TH-BPAM or DS-BPAM. TH-PPM is probably the most
frequently adopted scheme and will be used in the following as an example for deter-
mining the resources available in a UWB system, resources that are to be managed by
the medium access control.

To carry information, a modulation scheme is applied to a series of UWB pulses. If
PPM modulation is adopted, the position of the pulse inside the slot window is chosen
according to the data bit transmitted. A pulse is transmitted ‘on time’, or delayed by a
certain quantity, AT, depending on whether a ‘1’ or a ‘0’ is transmitted. It is clear that all
N pulses to which each bit is mapped are delayed by the same time shift.

In order to avoid collisions from different users, each pulse is placed inside a slot of
duration T, positioned inside the frame period T} The slot position is chosen according to a
specific time hopping code which may be unique to each user (centralized system) or
selected randomly by each user (uncoordinated system). N, slots of duration 7, are
available during a frame period T The choice of N, impacts the error performance and
transceiver complexity. In an uncoordinated system, if N, is small, the probability of user
collisions is high. Conversely, if N is large, less time is available for reading the output and
resetting the monocycle correlator (Scholtz, 1993; Win and scholtz, 1998a). For the same
reason, the overall maximum time shift must be strictly less than the pulse repetition time 7

N, T, < Tf' (7.2)

In Figure 7.2, the solid-line user has time hopping code {2,1,3,2} and data {0,1},
whereas the dashed-line user has {2,3,1,1} and {1,1}. A third interfering signal is also
shown in dot—dashed line.

For a TH-PPM system, the signal in the UWB channel in the multiuser case is given by:

N, 400 N;—1
Soa > Y gt~ iTy Ty — 9T, - 6%) (7.3)
k=1 i=—o00 j=0

where g(¢) is the pulse waveform, A4, is the channel attenuation for user k, T is the
bit period, cjgk) is the time hopping code for frame j for user k, and bf-k) is the data bit i for
user k. The time hopping code chip is in the range from 0 to N, T..
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Figure 7.2 Example of TH-PPM. N, =3; Ny=2

M-PAM is considered by Foerster etal., (2001) and Hamaéldinen et al., (2002). The
TH-BPAM signal for the kth user is given by:

+oo Ny—1

sO@ =37 N gt~ ity — Ty — V1) d (7.4)

i=—o00 j=0

where d*) is the data sequence.
The DS-BPAM signal for the k-th user is given by:

+00 N&*l

sO@) = 37N gt —iTy — jT)cMa (7.5)

i=—o00 j=0

where di(k) is the data sequence.

7.2.4  Multiuser System Capacity

The resistance against interference obtained with over-sampling, i.e., pulse repetition
coding, described above, leads to a processing gain in linear scale expressed by

PG, =N (7'6)

Another component of the processing gain is due to the duty cycle and can be called
pulse processing gain (Foerster et al., 2001)

T,
PGy ==L 7.7
2= (7.7)

The total processing gain is the product of these two contributions (Time Domain
Corporation, 1998)

PG = PG, PG, (7.8)

Since the duty cycle for DS-UWB is 100 %, therefore T, = T Hence, the processing
gain in DS-UWB comes only from the pulse repetition.
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The user’s symbol rate (bit rate) R, is given by (3.20).
Ry=—-. (7.9)

Using (7.6) (7.7) and (7.8), for TH-UWB and DS-UWB, the user’s symbol rate in
equation (7.9) can be written

1 1 1
R‘ = = = .
‘' T1,/PG  T,/PGilru  T,/PGlps

(7.10)

With the same bandwidth, data rate and pulse width, the low duty cycle of TH-UWB
signals means that TH-UWB requires a lower N than DS-UWB to achieve the same
processing gain. The advantage is therefore a higher allowable peak (pulse) power, and
so improved interference compared with other systems.

The SNR for a TH-PPM system in the presence N of users, has been evaluated by
Scholtz and Win (1997), assuming random hopping sequences and modelling the multi-
ple access interference (MAI) as additive white Gaussian noise (AWGN), according to
the standard Gaussian approximation. Under the previous assumptions, the bit SNR is
given by (Scholtz and Win, 1997; Win 2000

N 2
(Vo) =7 (1) +M2(ﬂ) (7.11)

where (1) is the SNR in the single-link case and Ay is the signal attenuation along the
path. The parameter M is given by (Scholtz and Win, 1997; Win 2000; Scholtz, 1993)

Mm,?
-1 _ 14
M= p (7.12)

where m, and o> depend on the pulse waveform and the modulation parameter
AT (Scholtz, 1993; Scholtz and Win, 1997) see (3.10) and (3.11). The expressions of
m,, and o2 are (Scholtz, 1997)

m, = / Wree(t — AT)V (1)dt (7.13)
1 oo oo 2
O'i =7 |:/ Wree(t — s)V(2)dz| ds (7.14)
Tf —x L/ -

where w,.. () is the received monocycle waveform and V(r) is the embedded correlation
template signal defined as

V(t;6) = Wree(t) — Wyee(t = 0). (7.15)
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Using (7.9), (7.12) can be rewritten as

m,’ 1 m,?
M =N-"2L = 2. (7.16)
o;  RTy og
Using (7.12), (7.11) becomes (Scholtz and Win, 1997; Win, 2000)
2 N, 2
A
TNy = )+ 3 (EE) 1
TN =7+ gD (7 (7.17)
The ratio
(V)
AP=——" 7.18

is the increase in power required to keep performance constant with increasing number
of users, Ny. It can be seen that Ny (AP) is monotonically increasing with AP. Under
perfect power control (Scholtz and Win, 1997; Win and Scholtz, 1998a; Win, 2000

NU,max = Aliigoo N(AP) = \.M71 7;’L1]J +1 (719)

regardless of increase in transmit power.

The expression of the SNR depends on the pulse waveform correlation properties.
One common type of pulse waveform is the Gaussian pulse and its derivatives. Different
pulse waveforms have been considered in Chapter 3.

The transmit power is given by (Cuomo et al., 1999)

E,

P=—"
! NYTC

(7.20)

where E,, is the energy.
The expressions reported here are discussed in the following section.

7.3 Medium Access Control for Ultra-Wideband

The typical structure of cellular networks or access-point based networks is to have a
central coordinating node which may be reached by each node in the network. In ad-hoc
networks, the coordinator is dynamically selected among capable devices participating
the network. In fully ad-hoc networks, or multi-hop networks, there is no coordinator at
all and access is entirely distributed.

Regardless of the network topology, the role of the MAC is to control access of the
shared medium, possibly achieving targeted goals such as high performance (quality of
service provision), low energy consumption (energy efficiency), low cost (simplicity),
and flexibility (for example with ad-hoc networking capabilities).
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For all mobile applications, energy efficiency is an important consideration, and it is
crucial in sensor networks. Energy efficiency affects the MAC design by requiring the
protocol overhead due to signalling (connection set-up, changing configuration, etc.) to
be minimized.

This section outlines the design foundations for a MAC suitable for operation using UWB
technologies. The focus of the section is on the resource allocation problem (Figure 7.3).

The physical layer provides a bit stream to the upper layers, utilizing techniques and
signals to optimize the usage of the available channel. At the physical layer, no distinc-
tion is made with respect to the significance of the bits carried. The role of the MAC is
to arbitrate access to the resources made available from the physical layer.

The previous section presented expressions for key system parameters (such as the
number of users, bit rates and achieved SNR) in terms of UWB parameters (such as
pulse repetition rate, number of pulses per bit). The system parameters represent the
resources made available by the physical layer. By adjusting these system parameters, it
is possible to design a MAC tailored for UWB.

The wide range of values of the UWB parameters enables the design of highly
adaptive software defined radios (di Sorte et al., 2002) which may be matched to a wide
range of service requirements (Cuomo et al.). In addition to focusing on the resources to
be managed, possible constraints imposed by the UWB technology itself must be taken
into account.

7.3.1 Constraints and Implications of UWB Technologies on MAC Design

Some qualities of UWB signals are unique and may be used to produce additional
benefit. For example, the accurate ranging capabilities with UWB signals may be
exploited by upper layers for location-aware services. Conversely, some aspects of
UWRB pose problems which must be solved by the MAC design. For example, using a
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Figure 7.3 Reference model
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carrier-less impulse radio system, it is cumbersome to implement the carrier sensing
capability needed in popular approaches such as carrier-sense, multiple access with
collision avoidance (CSMA/CA) MAC protocols.

As seen in Chapter 4, another aspect that affects MAC design is the relatively long
synchronization and channel acquisition time in UWB systems. In (di Sorte et al., 2002),
the performance of the CSMA/CA protocol is evaluated for an UWB physical layer.
CSMA/CA is used in a number of distributed MAC protocols and it is also adopted in the
IEEE 802.15.3 MAC.

Figure 7.4 shows the packet traffic between two users in an UWB ad-hoc network.
The approach assumes a very simple CSMA/CA protocol. Synchronization preambles
must be sent at the beginning of each transmission burst. In order to exchange data with
the CSMA/CA protocol, the receiver must first synchronize and decode the RTS
(request to send) packet. The transmitter then needs to synchronize and decode the
CTS (clear to send) packet, before starting transmission. In Figure 7.4, the UWB
preambles are highlighted and denoted by ‘p’. Processing times are neglected.

A long preamble is needed in order to achieve synchronization for both the RTS and
CTS packets. A shorter preamble is possible for data transmission since synchronization
may be assumed to be maintained after reception of the RTS packet. Further packets
may be received with only fine corrections or tracking. Depending on the allowed length
of the data packet, a longer preamble may be needed for the following ACK packet.
Three preamble lengths (nominal, long, short) are proposed by Roberts (2003).

The time to achieve bit synchronization in UWB systems is typically high, of the order
of few milliseconds (di Sorte et al., 2002). Considering that the transmission time of a
10000 bit packet on a 100 Mbit/s rate is only 0.1 milliseconds, it is easy to understand
the impact of synchronization acquisition on CSMA/CA-based protocols. The effi-
ciency loss due to acquisition time can be minimized by using very long packets.
However this may impact performance in other ways.

When the effects of acquisition are taken into account, simulation results (di Sorte ez al.,
2002) show that the performance of CSMA/CA using UWB is poorer than for narrow-
band and even wideband systems, in terms of delay, throughput and channel utilization.

ATX p |RTS Slp DATA
DIFS é
A RX p |CTS|s
B TX f p |CTS ? p |ACK
F F
B RX p |RTS|s p DATA S

propagation delay

Figure 7.4 Messages between sender A and destination B using the CSMA/CA protocol
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Acquisition preambles are typically sent with higher transmit power than data packets
(Kolenchery etal., 1998). This impacts both the interference level and the energy
consumption in highly burst traffic. This effect must be taken into account when
determining the efficiency of the system.

The adoption of CSMA/CA as a distributed protocol must be jointly evaluated with
the performance of the underlying UWB physical layer. In general it may not be a
suitable choice for an UWB MAC unless proper synchronization techniques are develop-
ed. One solution to this problem is the exploitation of the very low duty cycle of impulse
radio. Synchronization can be maintained during silent periods by sending low power
preambles for synchronization tracking (Kolenchery eral., 1998). This approach is
feasible only for communications between a single pair of nodes, which is not the case
in peer-to-peer networks.

7.3.2  Resource Allocation in UWB Systems

The previous section gave an overview of multiple access in UWB. TH-PPM has been
used to illustrate in detail how the UWB parameters influence system performance. Time-
hopping multiple access is particularly interesting in ad-hoc networks since it does not
require network synchronization, thus allowing asynchronous users (Win et al., 1997b).
This property is also a desirable feature in structured networks since it may relax the
system requirements. The expressions describing system parameters, such as data rate
given in Section 7.2.4 are valid for devices using a single time-hopping code. The results
may be extended in a straightforward manner for the case of devices using multiple codes.

From the expressions given in Section 7.2.4, it is clear that there is a trade off between
SNR (range) and data rate (throughput). For example, it can be seen that decreasing the
frame time, T}, implies a linear increase in the transmitted power (Foerster et al., 2001).
However, the pulse repetition frequency and the peak pulse power must be varied
inversely to maintain constant average power. Hence, for a fixed T} to increase the
receiver SNR, it is necessary to increase N and hence reduce R, trading off between
SNR and data rate.

UWB systems allow devices to vary rate and performance simply by varying the
number of pulses per bit. As seen above, N is related to the interference rejection
capability of the user. This means that for loss-tolerant traffic, or for low-interference
environments, N can be adjusted to trade between quality and bit rate. Multi-code
allocation may be used to offer a wider range of achievable rates to a single terminal.

The UWB parameters listed in Table 7.1 affect MAC performance (di Benedetto
2001). These parameters can be adjusted to achieve the service requirement goals.

Cuomo et al. (1999) propose a resource allocation technique that optimizes system
performance indices by varying the MAC parameters within given constraints. The
authors start from the identification of UWB-specific MAC parameters to develop a
distributed protocol, which supports guaranteed quality and best effort traffic. Accord-
ing to that protocol, a transmitter computes the allowed transmit power so that the
interference to other users is kept below a threshold. This threshold is computed using
the tolerable interference declared by each device in the network. The transmit rate is a
constraint for the guaranteed quality, reservation-based traffic. The protocol determines
whether a transmit power exists for a given user that satisfies the global requirements of
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Table 7.1 Some UWB parameters, impact on data rate, R,, and transmit power, P,, and

other comments

Parameter

Symbol Comment

Pulse shape

Pulse shape can be used to control
interference

Pulse duration T, Impacts on level of external interference

Pulse repetition time T, Impacts on coverage area (range)
(Foerster et al., 2001)

Chip time T. Impacts on Ry, P, (constrained to technology
implementation)

Number of pulses per Impacts on R, (simple to adjust);

information bit Impacts maximum power

Number of allocated . Impacts on data rate

TH codes

Number of chips per Ny, Impacts on Ry, P, (see text; being an integer, no

pulse repetition frame continuous values can be achieved: quantization effect)
Impacts on UWB interference

Time shift 1) Impacts on external interference

Period of TH code

Transmission rate N, Increasing N, the power spectral density is

controlled
Family of hopping codes Impacts on UWB interference

Type of data modulation

the network. For best-effort traffic, a solution always exists. The algorithm identifies
suitable pairs of rate and power so that inequalities are satisfied.

7.4 1EEE 802.15.3 MAC
7.4.1 Introduction

The IEEE 802.15.3 working group on wireless personal area networks is developing a
high data rate MAC capable of operation using UWB transmission. The current version
(version 17) of the draft standard defines the physical layer and the MAC. The
draft standard has been developed primarily to support ‘classical’ narrowband systems,
and needs major changes to address UWB technology.

Within the IEEE working group is the study group (SG) 3a, which is the so-called
alternate physical layer examining UWB solutions. At present, there are two main
candidates for the IEEE UWB standard, neither of which has yet lead to concrete
proposals at the MAC level. The first is a multiband approach (as described in Chapter 3),
which is based on the flexible utilization of a number of UWB channels each of
approximately 500 MHz. With this technique, the generated UWB signal is reshaped
according to country-specific regulatory constraints and the presence of known narrow-
band interferers (such as WLAN devices). The second is based on impulse radio or
pulse-based UWB techniques. In both cases, a flexible, dynamic MAC protocol must be
developed to manage the system.
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To date, little has been done for LDR UWB communication systems, and significant
innovation is required to develop a low complexity MAC for these devices. A commonly
shared view of future UWB systems is that LDR devices capable of achieving ultra-low
power and ultra-low cost should include a processor-less MAC protocol, which may be
operated using simple hardware finite state machines. Work within the IEEE working
group 802.15.4 will attempt to address MAC issues for LDR devices.

7.4.2  Applications
The IEEE 802.15.3 standard is being developed for high speed applications including

e Video and audio distribution:
-high speed DV transfer from a digital camcorder to a TV screen;
-High definition (HD) MPEG?2 (or better) between video players/gateways and
multiple HD displays;
-home theatre audio distribution;
-PC to LCD projector;
-interactive video gaming.
e High-speed data transfer:
-MP3 players;
-personal home storage;
-printers and scanners;
-digital still cameras.

To meet the above goals, the main characteristics of the IEEE 802.15.3 MAC are being
defined as

e high rate WPAN with multimedia QoS provision:
-short range (minimum 10 m, up to 70 m possible);
-high data rates (currently up to 110 Mbit/s, to be increased by TG3a to 100-800 Mbit/s);
-TDMA super-frame architecture.
e ad-hoc network with support for dynamic topology:
-mobile devices may often join and leave the piconet;
-short time to connect (< 15s);
-peer to peer connectivity.
e centralized and connection-oriented topology:
-the coordinator maintains the network synchronization timing, performs admission
control, assigns time for connection between devices, manages PS requests.
o flexible and robust:
-dynamic channel selection;
-transmit power control per link;
-handover of the piconet coordinator (PNC) role among capable devices;
-multiple power saving modes (support low power portable devices).
 authentication, encryption and integrity:
-CCM authenticate-and-encrypt block cipher mode using AES-128 (IEEE, 2004);
-support for upper layer authentication protocols (e.g., public key).

The main features are described in more detail in the following section.
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7.4.3 Main Features

Although the IEEE 802.15.3 MAC is under consideration for use with UWB radio
technologies, it has not been specifically designed for UWB. This section presents the
IEEE MAC and considers its suitability as a MAC for a UWB system. The discussion
suggests that the UWB MAC considerations described in Section 7.3.1 are only partially
supported by the IEEE 802.15.3 MAC.

A wireless personal area network (WPAN) is a wireless ad-hoc data communications
system, which allows a number of independent data devices to communicate with each
other. A WPAN is distinguished from other types of data networks in that communica-
tions are normally confined to a person or object that typically covers about 10 metres in
all directions, and envelops the person or a thing whether stationary or in motion.

The group of devices in the IEEE 802.15.3 MAC is referred to as a piconet as
illustrated in Figure 7.5. The piconet is centrally managed by the coordinator of the
network, referred to as the piconet controller. The PNC always provides the basic
timing for the WPAN. Additionally the PNC manages the quality of service (QoS)
requirements of the WPAN.

A device (DEV) willing to join a piconet first scans for an existing PNC. The presence
of a PNC is detected by the reception of a beacon sent from the PNC on a periodic basis.
If no PNC is found, and if the device is capable of the task, the new device becomes
a PNC and starts a piconet itself. The PNC periodically sends network information via a
beacon. Other devices that can receive the beacon may associate to the PNC. Associated
devices can exchange data directly amongst themselves, i.e. without using the central
node as a relay, but resources are managed centrally by the PNC. The role of PNC can
be handed over to an elected device according to a pre-determined protocol.

A compliant physical layer may support more than one data rate. In each physical
layer there is one mandatory base rate. In addition to the base rate, the physical layer
may support rates that are both faster and slower than the base rate. A DEV will send a
frame with a particular data rate to a destination DEV only when the destination DEV
is known to support that rate.

The IEEE 802.15.3 MAC is based on a dynamic TDMA structure. The channel time
is divided into periods referred to as ‘super-frames’ as shown in Figure 7.6. The

Figure 7.5 A piconet includes a piconet coordinator (PNC) and associated devices (DEVs)
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structure and duration of the super-frames may vary from frame to frame. The super-
frame is further divided into time slots and organized as below.

During the beacon time, the PNC broadcasts the beacon frame, which includes all the
necessary network information for all devices of the piconet. The information includes
allocation of the following time slots of the super-frame to a source-destination pair,
based on the channel request commands sent by the DEVs. Either the source or the
destination may be a broadcast address.

The contention access period (CAP) is used according to the distributed carrier
sensing multiple access with collision avoidance (CSMA/CA) protocol. The CAP can
be used for commands or asynchronous traffic.

The channel time allocation period (CTAP) is used for contention-less access of
asynchronous and isochronous data streams. Channel time allocation (CTA) periods
and management CTAs are allocated by the PNC. The CTAs allow devices to commu-
nicate without interference from other devices in the network.

The PNC may choose to allocate optional management CTAs (MCTAs), instead of
the CAP, for sending commands to and from the PNC. Commands from DEVs to the
PNC are sent in a so-called open MCTA, which has the broadcast address in the source
field. The access mechanism in open MCTAs and in association MCTAs is slotted
Aloha, whereas it is TDMA in other MCTAs. The association MCTAs are used by

channel time N
superframe m-1 superframe m superframe m+1
beacon CAP CTAP
MCTA |ee® | MCTA | CTA CTA o000 CTA

Figure 7.6 The super-frame structure includes contention and contention-less periods
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DEVs wishing to join a piconet. Such DEVs use the MCTA to send their association
messages.

CTAs are generally dynamic, meaning that their timing and position in the super-
frame may change on a frame-by-frame basis. Conversely, pseudo-static CTAs are used
so that their position and duration remain relatively constant. A third type, private
CTAs, is reserved for uses other than communication, for example, to allow space for
dependent piconets. The IEEE 802.15.3 MAC includes the possibility of creating so-
called ‘child piconets’. This is a feature that can be used to extend the coverage area by
multiple hops, reducing the transmit power to lower the interference level. The frame
structure for the child piconet is shown in Figure 7.7.

The PNC inserts guard times between consecutive CTAs (Figure 7.8). This guard time
is defined so that the time separation between CTAs is always at least one SIFS (short
inter-frame spacing). The required guard time depends on the maximum drift between
DEVs’ local time and the ideal time. It is therefore a function of the propagation delay
and of the time elapsed since the previous synchronizing event, which is the start of the
preamble of the beacon. The elapsed period from the synchronization event depends on
the super-frame length. This means that clock drifts are a constraint for the super-frame
length, and therefore for number and size of CTAs.

For data integrity, the IEEE draft standard includes three possible ACK policies.
With No-ACK, the sending device does not expect any kind of guarantee that the frame
is successfully received. With immediate Imm-ACK, the sending device requests and
waits for an acknowledgment from the destination before sending the subsequent
packet. Finally, the delayed D/y-ACK policy allows sending devices to send a number
of frames while waiting for acknowledgement of the first transmitted frame. The buffer

|—— Parent piconet superframe 4—|

[¢ 0 CTA2 o 4 o e
Q. CTA CTA CTA SN CTA
%, | 5| prvae) 3 V| e, | 8| O o
I Child piconet superframe I
__________ 4 c B 6
Reserved time % A | CTA CTA Reserved time N
e ! K %

Communications rules
: | None | C-P | None | c-C | C-P |None | C-P |None |

\ Child network member
communication between: DEV &

DEV, or PNC & DEV
Communication between child PNC & parent (DEV or PNC)

No peer to peer communication during beacon times

Figure 7.7 Child piconet frame structure (source IEEE 802.15.3)
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drifts

CTA (n) SIFS - CTA (n+1) SIFS

guard time

Figure 7.8 CTAs are separated by a guard time sufficient for compensating timing drifts

window size is negotiated between source and destination. The standard allows switch-
ing between Imm- and Dly-ACK

Figure 7.9 shows the reference model used in the IEEE draft standard. In the IEEE
802.15.3 MAC IEEE 2003, the resource reservation can be implemented exploiting the
functionalities of MAC layer management entity (MLME) and device management
entity (DME).

To reduce energy consumption, DEVs are allowed to enter a sleep mode, which may
span a number of super-frames. The collision-free period (Channel Allocation Time
Period) is TDMA based. The impact of synchronization acquisition time on CSMA/CA
performance indicates that the usage of the CAP for asynchronous data transfer should
be carefully considered.

7.4.3.1 UWB Considerations

As mentioned, the IEEE 802.15.3 MAC is not specifically designed for UWB. As a
consequence, a number of issues must be considered when attempting to utilize UWB
with the MAC.

Firstly, it is difficult for an UWB radio to detect when another DEV is transmitting.
This may make much of the signalling difficult or impractical to implement. It may also
mean that the CAP’s may be zero length as multiple access is less of a problem than for
conventional narrow-band systems.

A
v
MAC - MLME
PHY <[ <>

Figure 7.9 The reference model used in the draft standard



Medium Access Control 173

Secondly, the high data rates supported by UWB will allow a large number of devices
to be in a piconet. Currently, the maximum number of unique DEV IDs in a piconet is
243, which will potentially limit the capacity of the UWB system.

Finally, high-data-rate UWB systems require efficient channel management to ensure
high throughput. To maximize throughput, a physical-layer aware MAC should allow
larger packet sizes and minimal spacing between frames from the same device type. The
MAC protocols also need to be optimized to minimize the time required to associate
with a piconet, quickly set up isochronous and asynchronous streams between DEVs,
and monitor channel quality for optimum performance. This is something that the
IEEE 802.15.3 MAC does not deal with particularly well for UWB systems.

7.5 Conclusions

At the time of writing, no standard exists for an UWB MAC. There is work in
standardization bodies to adapt and possibly optimize and enhance existing MAC for
use over UWB. Partly the reason is due to the inherent complications of using a
physical-layer signal, which is difficult to detect and difficult to synchronize with for
intended users. Efforts have been made to develop MACs that allow efficient operation
for large numbers of devices. However, this work is still at an early stage.

An example of this is IEEE 802.15.3 MAC. Its critical points as a MAC for UWB
have been outlined in this chapter. Whilst developed for high-speed, ad-hoc, network
applications, the MAC has been targeted for UWB by interested groups. The suitability
for UWB, either impulse based or for other physical layer UWB solutions, is yet to be
proven.

Research on MAC for UWB is needed and is going on in industry research centres
and in universities, although in research on MAC for UWB peculiarities of UWB
signalling are rarely taken into account. As has been shown, limitations due to specific
characteristics of UWB physical layer do exist and attention must be paid to these in
MAC design. The potential of UWB systems to offer flexible data rates, large numbers
of users and positioning services are critically dependent on the capabilities of the MAC.
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Positioning

Kegen Yu, Ian Oppermann

8.1 Introduction

The very short time-domain pulses of UWB systems make them ideal candidates for
combined communications and positioning. The duration of a pulse is inversely propor-
tional to the bandwidth of the transmitted signal. If the time of arrival of a pulse is
known with little uncertainty, then it is possible accurately to estimate the distance
travelled by the pulse from the source. By combining the distance estimates at multiple
receivers, it is possible to use simple triangulation techniques to estimate the position of
the source.

For UWB systems with potential bandwidths of 7.5GHz, the maximum time
resolution of a pulse is of the order of 133 picoseconds. Therefore, when a pulse
arrives, it is possible to know to within 133 picoseconds the ‘time-of-flight’ of the
pulse. This time uncertainty corresponds to 4cm spatial uncertainty. For more
modest bandwidths of 500 MHz, the corresponding time resolution is 2 nanoseconds,
which corresponds to a spatial uncertainty of approximately 60 cm. With any UWB
signal, therefore, it is potentially possible to achieve sub-metre accuracy in position-
ing, provided the time-space uncertainties can be combined from multiple sources
without significant loss. The corresponding location estimate will be subject to the
cumulative errors of each of the distance estimates as well as any uncertainty or
errors introduced by the positioning technique itself. Different techniques exist for
determining position from time-of-arrival or time-of-flight estimates, and each tech-
nique has strengths and weaknesses.

The goal of this chapter is to explore positioning techniques as well as to look at some
of the practical problems associated with positioning in UWB systems.

UWB Theory and Applications Edited by I. Oppermann, M. Hamdlédinen and J. linatti
© 2004 John Wiley & Sons, Ltd ISBN: 0-470-86917-8
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8.2 Positioning Techniques
8.2.1 Time-based Positioning

Positioning based on the use of radio signals has a long history. There are many position
estimation techniques for various purposes under different scenarios. Signal strength,
angle-of-arrival (AOA), time measurements (TOA, time-of-flight, and time difference of
arrival (TDOA)) can all be exploited for the position estimation. Figure 8.1 shows
a general positioning system configuration with base stations or sensors and the device
to be located (tag). The example below is for a cellular system. However, the concept
is generally applicable.

8.2.2  Overview of Position Estimation Techniques

The most straightforward way to estimate the position is directly solving a set of
simultaneous equations (Fang, 1990) based on the TDOA measurements. Therefore,
exact solutions can be obtained for two dimensional (2-D) positioning with three
sensors/two TDOA measurements, and for three dimensional (3-D) positioning with
four sensors. For an overdetermined system (with redundant sensors), Taylor series
expansion may be used to produce a linearized, least-square solution iteratively to the
position estimate (Torrieri, 1984). However, to maintain good convergence, the Taylor
series method requires quite an accurate initial position estimate, which is often difficult
to obtain in some practical applications.

Measurement

Bése Station error margin

Base Station

Base Station

Figure 8.1 General triangulation example
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To avoid the convergence problem, several different approaches have been proposed
such as the spherical interpolation (Friedlander, 1987; Schau and Robinson, 1987;
Smith and Abel, 1987) and the double maximum likelihood (ML) method (Chan and
Ho, 1994). The hyperbolic positioning methods (except for the Taylor series method)
share one common drawback of producing multiple solutions. They also require know-
ledge of the variance and the distribution of the TOA estimation error (except for the
direct method). A different method for positioning is the use of non-linear optimization
theory. Gauss—Newton method, Levenberg—Marquardt method, and quasi-Newton
method, including the DFP formula (Fletcher and Powell, 1963) and the BFGS formula
(Broyden, 1970) can all be employed for position estimation iteratively. The DFP
algorithm has been used e.g. in the UWB precision assets location system developed
by Multi-spectral Solution, Inc.

For practical applications, the position-estimation algorithm should be robust and
easy to implement. To achieve this, we choose the direct calculation method and the
non-linear optimization algorithm for further investigation. These two methods do not
require knowledge of the variance or distribution of the TOA estimation error. They
also do not require an accurate initial position estimate.

8.2.3 Direct Calculation Method

In the Cartesian system, the range (distance) between sensor i and the tag is given by

Vo=l + 0=+ -zl =clti—1) i=1,2,34 (8.1)

where (x, y, z) and (x;, y;, z;) are the coordinates of the tag and the sensor respectively, ¢ is
the speed of light, ¢; is the signal TOA at sensor i, and ¢, is the unknown transmit time at
the tag/device. In the development of the expressions, we ignore the difference between
the true and the measured TOAs for simplicity. Squaring both sides of (8.1) gives

(x— Xi)2 + _.Vi)z +(z— Zi)2 = Cz(ti - 10)2 i=1,2,3,4 (8.2)

Subtracting (8.2) for i=1 from (8.2) for i=2,3,4 produces

1 1 .
cty = EC([] — l,‘) + m(ﬁjl —2x1x — Zy[]y — 22,‘12) 1= 2, 3,4 (83)
where
Xi1 = X — X]
Yit=Yi—=N
Zil=2Zi— 21

Bt = X7 +y; + 2 — (x] +¥i + 7).
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Define the TDOA between sensors i and j as

Atij =1tli—1
Eliminating 7, from (8.3) yields
a1x+b1y+c1z:g1 (8.4)
where
ar = Atpx3 — Atizxo
b1 = Aty — Atizyn
c1 = Atz — Ati3z
1
g1=>5 (CAt AL AL + Aty — Atz f).
and
WX+ by+cz=g (8.5)
where

ar = Atpxa1 — Atigxo
by = Atppyar — Atigya
¢y = Atz — Atazo

1
=75 (At At1gAtyy + Aty Bay — At1afar).

Combining (8.4) and (8.5) yields

x=Az+ B (8.6)
where
e b1€2 — bzcl
a1b2 — Clzb]
B byg1 — b1
a1b2 — a2b1
and
y=Cz+D (8.7)
where
aCp — apcy
C=="_""°
albz — azbl
D= aigr — axgi

arb, — aby”
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Then, substitution of (8.6) and (8.7) back into (8.3) with i=2 produces
C(ll — lo) =FEz+F (88)

where

1
E= (x214 + y21C + z21)

cAtyp
cAtpy 1
F = 2 B D) — .
> 2(3At12( (x21B+ y2 D) — Ba1)

Substituting (8.6), (8.7) and (8.8) back into (8.1) for i=1 followed by squaring
yields

Gz + Hz+1=0 (8.9)
where

G=A>+C*—F*+1
H =2(A(B—x))+ C(D —y|) — z; — EF)
I=B-x)"+D—-y)+2-F.

The two solutions to (8.9) are

H H\* 1

The two estimated z values (if both are reasonable) are then substituted back into (8.6)
and (8.7) to produce the coordinates x and y, respectively. However, there is only one
desirable solution. We can dismiss one of the solutions if it has no physical meaning or it
is beyond the monitored area. If both solutions are reasonable and they are very close,
we may choose the average as the position estimate. Otherwise, an ambiguity occurs.
Other cases of no acceptable results include two complex solutions, or both solutions
are beyond the monitored area. To increase the probability of the existence of one
reasonable position estimate, we may add a fifth sensor. Then we have five different
combinations, producing five different results.

In practice, there may be more than five sensors. In this case, we may choose the five
sensors with the highest received signal powers. This simple method is particularly
suitable when the noise level is similar in the received signals. When a sequence of
measurements is available at each sensor, accuracy may be further improved by first
processing the sequence of measurements such as averaging.
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8.2.4 Optimization Based Methods

There are many schemes and techniques in non-linear optimization. In this section, we
are interested in examining several practical optimization methods and applying them to
our three-dimensional position estimation.

8.2.4.1 Objective Function

An objective function is normally required for any optimization algorithms. Since
the ultimate aim of positioning is to obtain an accurate position estimate, it is
natural to define the objective function as the sum of the squared range errors of all
Sensors

[

N
F(x,y,z,1) EZ (x,,2,t0).

where N is the number of the active sensors/base stations, (x,y,z) is the unknown
position coordinates, ¢ is the unknown transmit time (dummy variable), and

a2, 10) = (= x4+ (0 = 1)+ (2 — ) — et — 10).

Here ¢; is the estimated TOA at the ith sensor and c is the speed of light. The optimiza-
tion purpose is to minimize this objective function to produce the optimal position
estimate. For notational simplicity, we define

p=(x,,z ZO)T
f(p) = (fi(p), /o), .-, fv(®))".

Then the objective function becomes

1) = 31l

8.2.4.2 Gauss—Newton Method

Expanding the objective function in the Taylor series at the current point P, and taking
the first three terms, we have:

1
F(pi+sk) ~ F(p) + gl sk + §SkTG(Pk)Sk (8.11)
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where S, is the directional vector (or increment vector) to be determined, g, is a vector
of the first partial derivatives (also called gradient) of the objective function at Py,

& = vf(-xaya Z, [0)‘p:pk
_|of o o A ’

= loxlo=p gy lr=no 57 lb=nc gy o=

and G(Py) is the Hessian of the objective function. Minimization of the right-hand side
of (8.11) yields

G(p)iSk = — g (8.12)

The minimization in which Sy is defined by (8.12) is termed Newton’s method. To avoid
the calculation of the second order information in the Hessian, a simplified expression
can be approached from (8.12), resulting in

JL s = =T (py) (8.13)

where J; is the Jacobian matrix of f(P) at P,. This is called the Gauss—Newton method.
When J, is full rank, which is the usual case of an over-determined system, we have the
linear least-squares solution

se =~ T~ I T(p)s. (8.14)
The Gauss—Newton method may get into trouble when the second-order information in
the Hessian is not trivial. A method that overcomes this problem is the Levenberg—

Marquardt method. The Levenberg—Marquardt search direction is defined as the solu-
tion of the equations

VT T+ A, = —J](p,) (8.15)

where A is a non-negative scalar that controls both the magnitude and direction of S;.

8.2.4.3 Quasi-Newton Method
This type of method is like Newton’s method. The Hessian matrix G(Py) in (8.12) is now
approximated by a symmetric positive definite matrix Bj, which is updated from
iteration to iteration. At the kth iteration, set

Sk = _Bkgk- (816)

Using line search along S, to produce

Pii1 = P+ ask (8.17)
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where « is the step size. Then updating By, yields B, ;. The initial matrix B; can be any
positive definite matrix. It is usually set to be an identity matrix in the absence of any
better estimate. There exist different ways to update B,. One well-known updating
formula is the DFP (Davidon—Fletcher-Powell) formula, in which B, is updated
according to

hih!  Biq.q/ B
By =By + k(leq" . (8.18)
hoq. 4 Big;

where

hie =pr — Pe
Qi = 8r+1 — k-

The BFGS quasi-Newton algorithm was also considered. This is significantly more
complicated than the DFP algorithm. Preliminary simulation results demonstrated that
the performance of the BFGS algorithm is not better than the DFP algorithm. As
a result, only results for the DFP algorithm are presented.

To start the iteration for any of the above mentioned algorithms, the initial position
coordinates and the initial transmit time are required. In the absence of any better
estimate, the initial estimated values of the position coordinates may be chosen to be the
mean position of all the active sensors or the area being monitored. The initial estimated
transmit time may be chosen to be some time point earlier than the earliest receive time,
which will depend on the dimension of the monitored area. Both the step size o and the
first derivatives g (the gradient) are updated during each iteration. The performance of
the above optimization-based methods could be improved if a good initial position
estimate is available. This may be achieved by exploiting the results from the direct
calculation method or other non-iterative methods.

8.2.5 Simulation Results

A simulation model was developed to examine the relative performance of the
different positioning techniques. The tool models a closed region with a number of
sensors and examines the accuracy with which a device in the area may be positioned
in 3-D. The monitored area has been assumed to have a dimension of
30m x 40m x Sm. The positions of the sensors (delay estimation points) and the
tag (device of interest) are randomly generated to obtain average performance. The
performance evaluation is first performed by assuming that the TOA measurement
error is an i.i.d. random-variable Gaussian distributed with zero mean and variance s>.
At each value of s examined, 1000 simulation runs are conducted with random positions
for the sensors and the tag at each run. The performance is then averaged. It is known
that the location of the base stations can have significant impact on the positioning
performance. The case of one particular location of the base stations is also examined.
This location is randomly chosen from 50 locations of the base stations which produce
the best results.
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The performance is evaluated in terms of the root-mean-square (RMS) error and the
failure rate. The RMS error is calculated according to

[ A 2 2 2
[(x) = £6))% 4 (4 — H@)? 4 (20 — 2)Y?]
N, 2 2

where N, is the number of different position combinations of the sensors and the tag
and N, is the number of TOA samples at each s for each position combination. (x?, y1?, z?)
and (X% 3@ @)} are the true and estimated position coordinates of the tag/device
of interest, respectively. The failure rate accounts for the cases where there is no solution
or the solution is unreasonable. In the direct calculation, the cases include: the solutions
are beyond the monitored area; both solutions are complex valued; the two solutions are
reasonable but not close to each other. With the optimization-based methods, it
accounts for the situations where the algorithm does not converge to a solution, the
maximum number of function evaluations or iterations is exceeded, or the results are beyond
the area.

Figures 8.2 and 8.3 show the corresponding root-mean-square error of the three
coordinates and failure rate for a 4/5 sensor system with Gaussian distributed TOA
estimation error. DFPran and DFPsel denote the average RMS error of the x, y and z
coordinate estimation using the DFP algorithm with five sensors with randomly chosen,
and selectively chosen sensor positions respectively. LMran and LMsel are the
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Figure 8.2 Root-mean-square error of position estimation
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Figure 8.3 Position estimation failure rate for four- and five-sensor system

corresponding results using the Levenberg—Marquardt method, while DIRECTran and
DIRECTsel are the corresponding results with the direct calculation using five sensors.
The RMS error of the direct calculation method using four sensors is nearly the same as
the case of five sensors, so it is not plotted. Clearly, for the direction-calculation
method, the failure rate decreases dramatically with five sensors compared with the
case of four sensors, although the accuracy is nearly the same. Of course, the failure rate
improvement is achieved at the cost of increased computation complexity and system
complexity, due to the addition of one extra sensor. The relatively large position error
for small TOA estimation error in the DFP algorithm and the Levenberg—Marquardt
method may come from the very crude initial position estimate. It seems the direction
calculation method is suitable for quite small TOA estimation error, while the quasi-Newton
algorithm and the Levenberg—Marquardt method are suitable for relatively large TOA
estimation error. The Gauss—Newton method works very poorly so that the corres-
ponding results are not presented.

Figures 8.4 and 8.5 show the results for the position estimation combined with delay
estimation. A two-step technique is employed to speed up synchronization. Each data
bit in the preamble assigned for synchronization consists of two separated pulse
sequences, one of which is not coded and the other is coded by a m-sequence, and
a large non-pulse region. The first step is to provide a rough timing message using the
uncoded pulse sequence based on a moving average scheme with a window equal to the
duration of the uncoded pulse sequence. Once the first step is completed, the approxi-
mate location of the coded pulses is available and the code acquisition proceeds to
achieve fine synchronization. We choose the direct-sequence spreading with spreading
gain 31 (i.e. 31 chips per data bit). The pulse width is 0.4 nanoseconds and the duty cycle
is 1/14. The sampling rate is 6 GHz.
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Figure 8.5 Position estimation failure rate for five-sensor system using estimated TOA

8.3 Delay Estimation Techniques

Conventional delay estimation uses a variety of techniques to improve the estimation of
the position of a multipath component in a received signal. The delay estimation
approaches typically attempt to detect the presence of ‘L’ multipath components.
Figure 8.6 shows an example impulse response measurement for LOS conditions. As
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Figure 8.6 Measured channel impulse response (with and without window filtering)

was seen in Chapter 2, the UWB channel is very multipath rich, which makes detection
of the direct component difficult.

Delay estimation approaches used for UWB are typically very simple due to the
multipath-rich nature of the channel. A simple threshold detector may be used to detect
the presence of the signal. However, much of the advantage of the small time uncer-
tainty is lost with such a simple technique. The rich channel requires significant signal
processing to produce an accurate estimate of time of arrival of the direct component.
Several delay estimation techniques will be described here for completeness.

8.3.1 General Approaches

The delay estimation approaches generally used are interference/inter-path cancellation
based on recognizing the shape of the band limited transmitted pulse such as described
in (Moddemeijer, 1991). This approach is robust, but does not lead to enormous
improvements in initial delay position estimation.

Subspace techniques such as those presented by Jakobsson et al., (1998) are extremely
complex, requiring the generation of several correlation matrices and their inverses, and
ultimately performing a large number of matrix multiplications to achieve a delay estimate.
They also tend not to work well in static or slowly moving channels (Latva-aho, 1998).
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For example, eigenvector decomposition is a form of subspace technique (Manabe
and Takai, 1992). This delay estimation approach requires calculation of the eigenvec-
tors of the channel correlation matrix. Again, it is very complex.

8.3.2 Inter-path Cancellation

When using short spreading sequences, the autocorrelation side-lobes have non-zero
values which contribute to each ‘apparent’ multipath component. As a consequence, all
multipath components within at least one symbol period of the first ‘“detected’ multipath
will need to be considered.

The technique requires interpolation between samples and good knowledge of the
shape of the band-limited single path signal.

The technique may be described as:

(1) identify shape of band limited autocorrelation (template);

(2) perform autocorrelation of received signal (this is the channel impulse response);
(3) estimate AWGN power;

(4) over-sample/interpolate to desired temporal resolution;

Loop

(5) identify largest multipath component in received signal,

(6) scale main lobe of template to fit (5);

(7) subtract (6) from (5);

(8) repeat Loop until all paths identified in area of interest or signal are below noise.

Once an estimate of the AWGN had been removed, the individual ‘resolvable’ multipath
components are identified. This is achieved by selective identification and removal of the
largest multipath components. Identification of large multipath components uses the fact
that, given the finite bandwidth, each multipath has a characteristic shape. A template
with this shape is fitted to the channel magnitude, and each large multipath component
identified is subtracted from the impulse response magnitude. With some tolerance for
numerical and measurement accuracy, anything remaining after the large multipath
component (MPC) is removed must be due to other multipath components. The same
treatment is therefore applied to the magnitude of the residue of the impulse response.

This technique requires the centre of the multipath component to be estimated from
the samples that indicate the position of a given multipath component. Interpolated
‘impulse templates’, with resolutions higher than the received signal sampling rate, may
be used to improve the accuracy of this approach. These are then correlated with the
received magnitude until a maximum value is reached. The scaled template is then
subtracted from the received signal.

Figure 8.7 shows an example of an impulse response which has had noise removed
and multipath components detected. If two multipath components are separated by one
sample, and less than approximately 8 dB, then they will be resolved. The power
requirement comes from the error sensitivity mentioned earlier. Once an identified
impulse is removed, a margin of error is allowed for to account for system noise and
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Figure 8.7 Multipath components identified in a measured impulse response

finite resolution of the measurements. If the residual signal exceeds this margin of error,
the process will examine the residue signal for further impulses.

Since the measured channel profiles are relatively static, any multipath component should
be present in several consecutive symbols. If a given sample multipath is not detected in
several previous or later measured symbols, it can be considered as noise and removed.

One major weakness of this technique is the identification of the first multipath
component if the largest multipath is close to the direct component. In Figure 8.7, if
the direct component is smaller than approximately 8 dB and before the largest peak, it
will be missed. The largest peak would be presented as the direct component, and an
error would be introduced into the results.

8.4 NLOS Conditions
8.4.1 Sources of Uncertainty
The main physical implementation details which affect uncertainty regions are:

e oscillator accuracy and drift;

o walls and obstructions increasing apparent path length;
o received signal strength;

e accuracy of delay estimation technique;

o false readings from interference and multipath.
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Propagation of the UWB signal through walls will lead to additional delay before
arriving at the receiver. Denser wall material will cause the transmitted signal to travel
more slowly than the signal would otherwise travel through free space. Transmission
through walls will also lead to significant additional attenuation, which will reduce the
received strength and lead to increased errors in estimation. The impact of the wall
depends on the thickness of the wall and the angle of arrival of the UWB pulse. For very
high accuracy positioning systems, this NLOS situation needs to be avoided or
compensated for.
The total timing uncertainty at the receiver may be given by

ATyoral = Tose + Z 7','(L, a) + Tmeas("/) (819)

where T, is the timing error introduced by oscillator mismatch; t; is the delay intro-
duced by wall ii, and is a function of wall thickness, L and incident angle «, and 1,04 1S
the limit of measurement technique and is a function of signal-to-noise ratio.

The triangulation techniques described above can be enhanced through the use of
a number of supporting techniques, including:

e weighting error region based on confidence;

« confidence based on received signal-to-noise ratio and impulse profile;

e log-likelihood measure based on SNR of direct component used for weighting;

e negative log-likelihood measure based on amplitude ratio of direct-to-largest multi-
path to detect NLOS conditions.

8.4.2 Delay Through Walls

The excess delays caused by the obstructing wall material can be estimated with the help
of the environment layout. The propagation 1, delay is given by the expression

VL +K* L L

c et cos(a)’

(8.20)

TO=Ta+

where 7 is the measured delay, L is the antenna separation, K is the distance from
normal to wall, ¢ is the velocity of the radio wave and « is the incident angle as shown in
Figure 8.8.

A good estimate for the total transmission delay through the wall is

7, (8.21)

where 7' is the excess delay caused by the interior wall, L,, is the wall thickness, and « is
the incident angle, ¢ is the speed of light in a vacuum.
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Figure 8.8 Propagation mechanism through isotropic medium

Excess delay v’ can be approximated by an inverse cosine function (from the curve fit):

A
cos(a)’

/
T =Tm+

(8.22)

where 1, is the delay caused by the medium at incident angle 0° and A4 is an empirical
constant. Figures 8.9 and 8.10 show the results of a simple measurement for an indoor
environment with a single brick wall (University of Oulu lecture room). The measure-
ments are performed over the range 2 to 8 GHz. Figure 8.9 shows the additional delay
compared with free space, while Figure 8.10 shows the additional path loss for the 2—3
GHz, 3-8 GHz and full band versus angle of incidence, where 0 degrees represents the
UWRB pulse striking the wall at the perpendicular. The additional time delays are of the
order of 0.5 to 0.7 ns, which corresponds to 15 to 21 cm of spatial error. The additional
path loss values become quite high at higher angles, due to the substantially greater path
travelled through the wall.

8.5 Metrics for Positioning

The two most important issues for consideration of the accuracy of a received signal are the
signal-to-noise ratio and the number of obstructions the signal has passed through to arrive
at the receiver. Obstructions are important as each material affects the speed of light and so
increases propagation delay and hence alters the perceived distance from the receiver.
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Figure 8.9 Measured additional delay for UWB signal

At the receiver, we are interested in detecting the first received signal component
irrespective of the received signal strength. If we have LOS conditions, then the first
component will be the strongest and is unaffected by transmission through walls or
other obstructions. An example of a LOS channel response profile produced by a ray-
tracing simulator is shown in Figure 8.11. In this case, the confidence with which we can
detect the correct position is closely related to the signal-to-noise ratio. A high signal-to-
noise ratio implies very accurate estimation of the centre of the first received channel
path. Let us define a channel confidence metric as

2

where ag is the amplitude of the direct signal component and o2 is the background noise
power.

8.5.1 Identifying NLOS Channels

Later multipath components arrive at the receiver as a consequence of reflection or
diffraction caused by objects between the transmitter and the receiver. The additional
path travelled and the mechanisms, combined reflection and/or diffraction, introduce
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additional loss compared with the direct component. Therefore, later multipath com-
ponents should have lower power than the direct component. Figure 8.12 shows an
example of a NLOS channel.

If later multipath components have similar or higher power than the direct compon-
ent, then the direct component must have travelled through some obstruction, leading
to additional attenuation. If a NLOS condition is detected, some additional delay in the
propagation of the direct component can be expected, leading to an error in the
perceived position. We can include the detection of NLOS conditions in our confidence
metric by comparing the amplitude of the direct component to the largest received
multipath component.

Given the additional delay of the largest multipath component

Jao L ol
P:lOglO (7 +10g10 mw (824)

where aj is the first signal compnent, g; is the amplitude of the largest signal component,
T; is the total path delay of the ith signal component, and A4 (t;, T9) is an amplitude
scaling factor which accounts for the additional path delay between the direct and the
largest signal component. If the direct component is the largest signal component, A is
equal to 1.
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Figure 8.12 Example of NLOS multipath profile
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In the event that the received signal is for a NLOS channel, it is possible to estimate
the amount by which the direct component has been attenuated and hence the add-
itional delay experienced by the direct component. Let us define A, by

Ao(7i,70) = <L> : (8.25)

70

where 7 is the estimated path loss coefficient. The value of » may be between 2 and 3 for
practical systems. Figure 8.13 shows the value of the second term in the confidence
metric as a function of the ratio of delays for two equal power channel components.

8.5.1.1 Use of Confidence Metrics

Instead of degrading the confidence of the received signal based on the second term of
the confidence metric, the estimate A, may be used to estimate the additional attenu-
ation achieved.

In order to detect the position of a user in three dimensions, a minimum of four
detectors is required. If many sensors are available, the metrics may be used to select the
best detectors to be used for calculating position. Using this approach, the received
signal from each sensor can be ranked by confidence. The best four can be used to
determine the user position. This approach does assume that at least a crude channel
estimate is generated at each sensor.
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Figure 8.13 Value of second term in confidence metric for equal power channel components
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A sensor configuration is illustrated in Figure 8.14, and Figures 8.15 and 8.16 show
the confidence weighting for LOS and NLOS conditions for that configuration. The
very large uncertainty regions result from the low power, poorly conditioned, impulse
response found for the NLOS location.

©  Transmitter 1

LOS user
o

NLOS user
) Transmitter 4

°F

Figure 8.14 Positioning scenario set-up
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oRe

Figure 8.15 Uncertainty regions for LOS user based on received signal strength



196 UWB Theory and Applications

‘-)
A

) Transmitter 4

Figure 8.16 Uncertainty regions for NLOS user based on received signal strength

8.6 Conclusions

This chapter has examined some of the most common positioning techniques for radio
systems. The wideband nature of the signal allows UWB systems to offer potentially
very high positioning accuracy in simple propagation environments. However, the
multipath-rich channel and the very low power of the UWB pulse significantly compli-
cate the positioning problem.

Some of the practical problems of UWB positioning have been addressed in this
chapter, and some possible means of detecting and possibly avoiding problems with
UWRB positioning were examined. One very important issue is the identification, and
preferably avoidance of, NLOS conditions when performing delay estimation calcula-
tions for positioning.
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Appendix 1

Time hopping pulse position modulated signal in multiple-access case. The formulation
is presented in graphic form.
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Meaning of each parameters in the formula.

Actual transmission time: t(k)—ij—cj(k)TC—éde/Ns(k)

Data modulation (PPM): dele(k)
i Random time due to the code: chTC
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Appendix 2

The frequency mask for indoor UWB devices set by FCC (Federal Communications
Commission, 2002b)

UWB EIRP Emission Level in dBm

—— Indoor Limit
20 === Part 15 Limit

10° 10"
Frequency in GHz

The unit used in the diagram above is dBm/MHz. The next calculations are to
convert the unit of signal level from dBm/MHz into power unit dBm/Hz and then into
watts (W),

4139/, — 101,398/,

Pwalt
Pgy = 1010g 44
s °ETmwW
= Py = 10T ImW = 1077 . ImW = 7.413- 1074 W

From this (assuming the gain of antenna is 0 dB) the voltage is calculated in a 50 ohm
system (R=5012),
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U2

Uipns = \/7413 10714 W50 Q =1.925 },lV

Up= V2 Upps =272 pV

The result is assumed to be the average voltage level of the transmission. The voltage
level of a single pulse is determined from previous by utilising the duty cycle (assumed to
be 1%),

U, 272V
n 0.0l

l]pulSL’ = =272 LlV
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Appendix 3

Schematic of UWB transmitter.
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Appendix 4

Schematic of digital pulse generation circuit
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Appendix 5

Schematic of single-ended to differential conversion circuit
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Appendix 6

Schematic of waveform generator
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Appendix 7

Schematic of UWB receiver
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Appendix 8

Schematic of Gilbert multiplier
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Appendix 9

Schematic of integrator



208 Appendices

Appendix 10

Schematic of delay element
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