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ABSTRACT

Ultra-Wideband Communication is increasingly being considered as an attractive
solution for high data rate short range wireless and position location applications.
Knowledge of the statistical nature of the channel is necessary to design wireless systems
that provide optimum performance. This thesis investigates the spatial characteristics of
the channel based on measurements conducted using UWB pulses in an indoor office
environment. The statistics of the received signal energy illustrate the low spatial fading
of UWB signals. The distribution of the Angle of arrival (AOA) of the multipath
components is obtained using a two-dimensional deconvolution algorithm called the
Sensor-CLEAN algorithm. A spatial channel model that incorporates the spatial and
temporal features of the channel is developed based on the AOA statistics. The
performance of the Sensor-CLEAN algorithm is evaluated briefly by application to
known artificial channels.

UWB systems co-exist with narrowband and other wideband systems. Even
though they enjoy the advantage of processing gain (the ratio of bandwidth to data rate)
the low energy per pulse may cause these narrow band interferers (NBI) to severely
degrade the UWB system's performance. A technique to suppress NBI using multiple
antennas is presented in this thesis which exploits the spatial fading characteristics. This
method exploits the vast difference in fading characteristics between UWB signals and
NBI by implementing a simple selection diversity scheme. It is shown that this simple

scheme can provide strong benefits in performance.
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Chapter 1. Ultra-Wide Bandwidth (UWB) Systems

1.1 Background

In recent years, Ultra-wideband (UWB) signals have received significant attention
for use in communications and ranging applications. UWB communications systems can
be defined as wireless communications systems with a fractional bandwidth greater than

0.20 or a bandwidth greater than 500 MHz measured at the -10 dB points [Fow90].

Fractional bandwidth is defined as B; =2 ]]:H — :L where f,and f_ are the upper and
H + L

lower -10 dB points of the signal spectrum respectively. The center frequency of the
transmission is defined as(f, + f_)/2. Traditional communications systems typically
use signals having a fractional bandwidth less than 0.02.

On February 14, 2002, the United States Federal Communications Commission
(FCC) adopted the First Report and Order [FCCO02] that permitted the marketing and
operation of certain types of new products incorporating UWB signals. A band for UWB
from 3.1 GHz — 10.6 GHz was allotted and two different spectral masks for UWB
systems were provided for indoor handheld devices and outdoor devices as shown in
Figure 1-1. The mask is required to provide protection to existing narrowband/wideband

services that co-exist in the spectrum allotted for UWB.
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Figure 1-1 UWB spectral mask for indoor and outdoor UWB applications



The potential advantages of UWB include:

1. A wide bandwidth means more resolvable multipath and greater frequency

diversity (i.e., greater resistance to multipath fading).

2. Due to the low power spectral density (PSD) in conforming to the FCC

specifications the probability of detection/intercept is low.

3. The fine time resolution allows for greater precision in position location and radar

type applications.

4. Co-existence with existing narrowband and wideband services which potentially

leads to greater overall spectral efficiency.

Since the FCC specification does not impose any restriction on the approach used to
generate and transmit the UWB signal, different methods have been proposed for
utilizing the available UWB spectrum. The two main techniques (in terms of current
standardization efforts) are:

1. Multi-band orthogonal frequency division multiplexing (OFDM)

2. Impulse radio (or direct sequence spread spectrum)

In the multi-band OFDM approach, a 500MHz OFDM signal hops between multiple
frequency bands for an overall spectral occupancy of a few GHz. Multiple users are
supported by providing them with different hopping patterns. [Bat03] [Kum04]. OFDM
is a mature and well developed technology and the multi-band standardization approach
has spawned from OFDM development efforts.

Impulse Radio involves the use of extremely short (sub-nanosecond) pulses to
transmit information [Scho97]. The pulse generates a very wide instantaneous bandwidth
signal according to the time scaling properties of the Fourier transform relationship
between time and frequency. Information is sent by modulating the pulses in the time
domain. These pulses typically resemble a Gaussian function or one of its derivatives.
They may also be multiplied by a sinusoid to obtain a ‘Gaussian modulated sinusoid’.
This is typically done to ensure that the signal energy is within the allocated UWB band.

Modulation of these pulses can be achieved in many ways.

1. Varying the amplitude of the pulse (pulse amplitude modulation)

2. Positioning the pulse at different instances of time (pulse position modulation)

3. Changing the polarity of the pulse (bi-phase Modulation)



4. Combination of the above techniques for higher order schemes.

The different modulation schemes have been discussed in [Mck03a][Kum04].Bi-
phase modulation is used in most of the simulations presented in this thesis and will be
discussed briefly. It is similar to BPSK modulation except that in this case the change of
‘phase’ is accomplished by flipping the transmitted pulse to indicate a ‘0’ or a ‘1. This
is illustrated in Figure 1-2. Only 1 bit of information is carried by the pulse in this

scheme. Since this is an antipodal modulation scheme, the probability of error is identical

2E
to BPSK 1.e. P, = Q( N_b] where E, is the energy in one UWB bit and N, /2 is the

0

noise Power Spectral Density. As compared to other binary modulation schemes, Bi-

phase offers the best energy efficiency [WelOl].
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Figure 1-2 Normalized Amplitudes of the Bi-phase modulated UWB pulse when ‘1’ and ‘0’ are sent. Note
that the diagram is just a representation of the voltage waveform seen in the output terminals of the Digital

Sampling Oscilloscope.

Typically one information bit may be spread over multiple pulses in a manner similar to

repetition coding to improve the energy per bit of the received signal (i.e., since the



power is limited by the FCC, additional energy can only be obtained by integrating over a
longer duration.) The Pulse Repetition Frequency (prf) is the rate at which pulses are
transmitted, i.e. number of pulses per second. The prf affects the interference UWB
signals cause to other narrowband and wideband systems.

In order to accommodate many users in the system, both time-hopping and direct
sequence spreading have been proposed for UWB. In time-hopping impulse radio
[Scho98] the pulse position of each user’s data is pseudo-randomly shifted at each pulse
period. The modulation due to the data stays the same for multiple pulses. Each user is
given a unique code which is used to identify transmission from that particular user. In
direct sequence UWB [Foer02c], [Ham 02] one data bit is spread over multiple pulses,
where the number of pulses represents the amount of repetition of the data.

One of the most common receiver structures for UWB (or spread spectrum)
signals is the Rake receiver. A Rake receiver collects energy from the multipath
components of the channel by using multiple correlators (called ‘fingers’) each tuned to a
specific time delay. Each finger of the Rake receiver corresponds to a resolvable
multipath component that can be collected. In the case of UWB, due to the fine time
resolution of the pulses, a large number of resolvable multipath components arrive at the
receiver, thus providing a kind of ‘time diversity’ which can be exploited by a Rake
receiver. While Rake receiver structures for conventional wideband systems has been
dealt with extensively in literature, its application specific to the UWB domain is a little
more complicated due to the smaller pulse widths. Different receiver structures for UWB
based on the Rake receiver have been proposed [Win02].

The spectral properties of UWB signals depend on the pulse waveform as well as
the width of the pulse. Additionally, the antennas modify the shape of the generated pulse
and its effect can often be modeled as a differentiation operation. Hence the pulse
waveforms in the channel are typically first derivatives of the generated pulse. Figure 1-3
shows the Gaussian pulse and its various derivatives. For maximum SNR at the receiver,
it is highly desirable to correlate the received pulse with a pulse shape that incorporates

the distortion due to the transmit and receive antennas.
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Figure 1-4 Spectra of the various pulses

It can be seen from Figure 1-4 that the center frequency of the pulse increases
with higher-order derivatives of the pulse. However the shape of the spectra remains
roughly the same. Reference [Ham02] suggests the use of the Gaussian doublet which
essentially consists of 2 Gaussian pulses of opposite polarity separated in time. This
introduces nulls in the spectrum, the frequency of which can be changed by varying the
separation between the pulses. This property can be used to avoid interferers at certain
frequencies.

Various applications involving the use of UWB have been proposed. UWB has been
popular with the radar community for many years. References [Tayl95] [Tayl00] provide
a wealth of information on UWB radar. The wide bandwidth of the signal (due to the
narrow pulse-widths) provides fine resolution (and consequently accurate ranging) and
makes UWB signals desirable for applications such as radar and position location.

Additionally, information about the channel can be gleaned by observing distortions in



the pulse shape and the delays between the resolvable multipath components. Through-
the-wall-motion-detection and ground-penetrating radar are other examples of proposed
non-communication applications that utilize this characteristic which is not enjoyed by
traditional communication signals based on sinusoidal carriers. The wide bandwidths
give rise to immense possibilities in high data rate applications like wireless USB. The
current UWB standard proposal [Bat03] supports data rates as high as 480 Mbps.
Additionally low data rate applications like sensor networks, tactical communications,
etc., can use UWB as the physical layer.

The advent of UWB communications brings with it new challenges in designing
complete communication systems. Some areas of research (such as the ones listed below)
have been thoroughly invigorated with the recent interest in UWB communications.

e Channel Characterization efforts: Traditional channel models typically cannot be
applied to UWB signals which span a wide range of frequencies. A lot of effort is
focused on obtaining easy to use channel models that can be used in simulations
of end-to-end UWB systems.

e Receiver Design: Indoor UWB channels are typically characterized by rich
multipath environments. UWB pulses typically face frequency distortion due to
the channel and the antennas. Developing Rake receiver structures that are able to
achieve near perfect correlation is an exciting area of research.

e Interference Analysis and Cancellation: The wide bandwidths and low energy per
pulse makes UWB systems prone to interference from other narrowband systems.
Techniques to avoid and/or mitigate interference caused by these systems is also a

an area that needs further investigation

1.2 Thesis Organization

This thesis investigates spatial characteristics of UWB signals based on a large set
of indoor measurements and generates a statistical channel model that includes spatial
characteristics. A scheme to exploit the spatial characteristics to mitigate Narrow Band
Interference (NBI) is also presented.

In Chapter 2, the UWB indoor measurement campaign at MPRG is detailed. The

measurements were based in the time domain using a sampling oscilloscope and two



different baseband pulse generators. Much of the channel characterization work
presented in this thesis is drawn from this measurement data. The measurements are
processed using a two-dimensional deconvolution technique based on the Sensor-
CLEAN algorithm [Cram02a]. A brief analysis of this algorithm is presented in this
chapter.

In Chapter 3, the spatial characteristics of the UWB channel are investigated
based on the obtained measurements. Understanding the spatial characteristics of the
UWB channel facilitates the development of the space-time channel model. Energy
distributions and amplitude statistics of the UWB signal are specifically investigated.
Based on these results and intuitive observations, a spatial channel model for UWB
communications is presented. This statistical model incorporates the Time-of-Arrival
(TOA) and the Angle-of-Arrival (AOA) information in a joint model. The veracity of the
model is verified using spatial and temporal correlation statistics.

In Chapter 4, a simple narrow band interference (NBI) mitigation scheme for
UWB signals using multiple receive antennas is introduced. The low spatial fading
characteristic of UWB signals is exploited to select the signal with the lowest power in an
antenna array. The distribution of the Signal-to-Interference Ratio (SIR) at the receiver is
obtained and the performance improvement of the scheme in mitigating NBI is
demonstrated through BER simulations.

Chapter 5 presents conclusions. Some potential issues for further study are

highlighted and the original contributions of the thesis are presented.



Chapter 2. UWB Channel Measurements and
Processing

In a wireless system the mechanisms governing radio wave propagation are
complex and varied. They are typically characterized by reflections, diffractions and
scattering. Reflection occurs when the propagating electromagnetic wave impinges upon
an obstruction with dimensions much larger than its wavelength. Diffraction occurs due
to the formation of secondary waves by Huygens’s principle when there is an obstruction
in the transmitter-receiver path. Finally, scattering takes place when energy is re-radiated
in different directions due to the presence of objects whose dimensions are of the order of
the wavelength of the propagating wave. The result of these interactions is the presence
of many signal components or multipath signals at the receiver.

The design of communication systems requires a basic understanding of the
channel. In other words, models that incorporate the major features of the channel under
consideration are essential in order to enable the system designer to predict the
performance of the system for various modulation and coding schemes and receiver
structures. An inaccurate channel model leads to incorrect system performance
predictions. The accuracy of the channel model is generally traded for complexity. The
average system designer would prefer not to use a channel model which places a
premium on computational complexity or one which is cumbersome to use.

Channel models are essentially divided into two groups. The first class consists of
statistical channel models that statistically describe the impact of the channel on the
transmitted signal. The simplicity and ease of use of such models is offset by their
relative lack of accuracy compared with ‘deterministic’ models which attempt to
comprehensively model electromagnetic interactions in the channel. This second class of
models is however, extremely location specific, often unwieldy to use and required a
large amount of information about the channel of interest. Channel models are also
classified according to the type of the environment being modeled. Thus, the most
common classifications include stationary indoor channel models, stationary outdoor

channel models and mobile channels (outdoor and time varying) [Rapp02].



This thesis focuses on statistical channel models for indoor stationary channels.
Stationary in this context means that the channel varies very slowly relative to the data
rate. Furthermore, indoor channels are relatively short range (few meters to tens of
meters) and are characterized by a large number of scattering objects.

While the subject of channels models for narrowband and wideband systems has
received a significant amount of attention in the literature, channel models for UWB are
still undergoing considerable refinement and it is still an exciting area of research. Efforts
focusing on developing channel models pertinent to UWB signals have been detailed
(amongst others) in [Cram02a][ Win02][MckO03a].

Channel measurement techniques may be broadly classified as time domain and
frequency domain techniques. In time domain measurement techniques, a pulse in the
time domain is transmitted into the channel. The receiver typically consists of a digital
sampling oscilloscope. In the frequency domain, channel measurements can also be
performed using a vector network analyzer (VNA). The VNA performs a sweep of
discrete frequency tones. The S-parameters of the wireless channel are calculated at each
of the frequencies in the sweep. The different measurement techniques and the relative
advantages and demerits of each technique are summarized in [Muq03].

This section briefly describes the UWB measurements conducted at MPRG by the
author and Brian Donlan on the campus of Virginia Tech under the DARPA NETEX
program [DARP04]. Much of the results and observations drawn in this thesis are based

on the measurements detailed in this chapter.

2.1 Measurement procedure and setup

The primary purpose of the measurement campaign was to characterize the indoor
channel with emphasis on office environments. Indeed, most of these measurements were
performed in the MPRG offices at Durham Hall. Durham Hall is primarily constructed
using steel reinforced concrete and cement block. The MPRG office consisted of metal
cubicle partitions and either concrete walls or walls made of plaster wallboard. A better

description of the measurement environment can be obtained from the measurement
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campaigns conducted at the same location using different transmitter characteristics in
[Mugqa03][DARP04]

The measurement setup is shown in Figure 2-1

Pulse Digital
generator Sampling

Oscilloscope
A

Trigger Signal

Figure 2-1 Simplified Block diagram of the measurement system

The transmitter was a Picosecond Pulse Labs pulse generator that generates two
different pulses. The two different pulse shapes that were used to probe the channel in
this work differed in the time duration and pulse shape. One generator created a
‘trapezoidal’ pulse with a width of approximately 2 ns. The second generator produced a
‘Gaussian’ pulse with a width of about 200 ps.

The receiver consisted of a Tektronix CSA800 Digital sampling oscilloscope
(DSO). The trigger signal from the pulse generator was used to synchronize the DSO to
record the measurements. The SNR was improved through the use of averaging.
Specifically, between 50 and 100 samples per record were used to reduce the impact of
noise.

The antennas used were bi-conical antennas which are omni-directional in the
azimuth plane. These antennas were characterized by the Virginia Tech Antenna Group
and the antenna characteristics can be found in [Muq03].

The information about the pulse shapes used and the number of measurements

taken are briefly summarized in Table 2-1.
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Table 2-1 Information about pulse shapes used in measurements

Pulse type Width Number of | Measurements | Total number of
(ps) locations per location measurements

Trapezoidal 2000 15 49 735

Gaussian 200 6' 49 294

In all 21 different Transmitter-Receiver location pairs were used. At each

location, 49 different measurements were performed by moving the receive antenna over

a 7 x 7 grid whose points were spaced 15 cm apart, as shown in Figure 2-2. The channel

was assumed to be stationary while recording the measurements. Most measurements

were performed during low activity periods including nights and weekends.

Cener (4,4)

LN

Figure 2-2 Measurement array of 7x7 positions

Azimuth angle = 2
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—— - q--- -y ---=

! Note that, for the Gaussian pulse there were additional measurements involving LOS locations and other
specific measurements (e.g. only through concrete walls etc). For the purpose of developing the spatial
channel model presented in Chapter 3, only the NLOS measurements (i.e. 6) have been considered.
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The generated Gaussian pulse and its spectrum are shown in Figure 2-3 and

Figure 2-4.

Generated Pulse Spectrum

--------------------------------------

nomalized amplitude (dB)

Amplitude ()

1(GHz)

Figure 2-3: Generated Gaussian Pulse Figure 2-4: Generated Gaussian Pulse Spectrum

The received signal profiles were filtered in the time domain [Muq03] to reduce
interference from undesired sources. The 3 db cutoff points for this filter were 0.1 GHz
and 12 GHz. In addition there was a low frequency component (~30 MHz) generated by
the pulse generator’s internal circuitry which was picked up by the biconical antenna.
This was also eliminated in the filtering process. Note that for the Trapezoidal profiles
only the upper frequency cutoff of around 0.75 Ghz was used. This was done to avoid
filtering out the significant passband energy of the Trapezoidal pulse, concentrated in the
frequency span upto 500 MHz. Also the Gaussian pulse generator did not radiate a low

frequency component.

2.2 Temporal Deconvolution

Temporal Deconvolution is the process of extracting the channel impulse
response (CIR) from the received signal. This channel impulse response contains the
information of the TOA of the different multipath components and their amplitudes.
References [Mck03a][Yang04] provide some detailed information on various
deconvolution techniques used and also a thorough description and analysis of the

CLEAN algorithm, a widely used temporal deconvolution technique[Hogb74]. This
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method involves the use of a LOS pulse to deconvolve the effects of the channel from the
received signal. A reference measurement was performed outdoors to obtain a clean LOS
pulse to be used in the deconvolution processes. The measured LOS pulse (voltage) at a
distance of 1m when transmitting the Gaussian pulse using a Bicone antenna at the
transmitter and the receiver is shown in Figure 2-5 while the spectrum of the received

pulse is shown in Figure 2-7.

Received LOS signal (mv)

Amplitude (mv)

Time (ns)

Figure 2-5: Received LOS pulse with Bicone Antenna (used for path loss and deconvolution)
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Figure 2-6 Received Gaussian Pulse Spectrum with Bicone Antenna

2.3 Spatial and Temporal Deconvolution

In indoor channels multipath components reach the receiver from all directions, (shown
in Figure 2-7) each characterized by an angle-of-arrival (AOA). In order to use statistical
models in simulating or analyzing the performance of systems employing spatial
diversity combining, MIMO or other multi-antenna techniques, information about AOA
statistics is required in addition to TOA information. In order to extract the AOA
information from the spatial measurements, a variant of the Sensor-CLEAN algorithm
[Cram02a] was used. The resulting AOA s