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Ultra-wideband (UWB) communication is a new technology that requires a
shift in thinking. One of the big challenges for UWB radio is pulse distortion caused
by its unprecedented frequency bandwidth. This dissertation is to focus on this
issue and its possible solution, time reversal technique. Using a cylinder channel
as an example, we investigate the fundamental physics mechanism behind the pulse
distortion. The significant impacts of pulse distortion on the system performance
are then investigated. The insight gained from this study will guide us on optimum
receiver design and system synchronization.

A scheme of time reversal (TR) combined with multiple antennas has been
proposed to increase the transmission distance for UWB signals. Spatial focusing,
temporal focusing, as well as array gain are investigated. The performance of a
Multiple Input Multiple Output TR (MIMO-TR) system is analyzed. Performance
comparisons are made among the scenarios of Single Input Single Output TR (SISO-
TR), Multiple Input Single Output TR (MISO-TR), and MIMO-TR. The results
show that a UWB-MIMO-TR system can achieve a huge power gain, depending on
the antenna numbers employed at both the transmitter and the receiver, but still
keeps low complexity at the receiver. In addition, channel reciprocity, the foundation
of time reversal, has been investigated both theoretically and experimentally. It is
found that the channel is highly reciprocal at the baseband–very different from the
narrowband channel.

A new investigation of optimum transmission waveforms in the presence of
per-path pulse wave shape distortion—a physical mechanism unique to impulsive sig-
nals is initiated in this dissertation. Using closed-form expressions as a departure
point, optimum transmission waveforms that are determined by a Fredholm integra-
tion equation are investigated, for different physical mechanisms, including one path
or no multipath (wedge), two paths (rectangular building), and more than two paths
(two parallel plates).
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CHAPTER 1

INTRODUCTION

1.1 Basic Concept

Wireless is a term used to describe telecommunications in which electromag-

netic waves (rather than some form of wires) carry the signal over the communication

channel. This technology is rapidly evolving, and is playing an increasing role in the

lives of people throughout the world. People are seeking for greater freedom and

convenience in connecting all types of devices with wireless. There has been a vision

to build wireless connectivity for “everybody and everything at any place and any

time” in the future [1]. It is widely anticipated that UWB will play an important role

in the realization of this wireless world, especially for short range, high speed wire-

less personal area (WPAN) communication links. In this upcoming wireless world,

the existing longer range radio technologies such as WiMax and cellular wide area

communications will bring in data and communications from the outside world, and

UWB provides the needed cost-effective, power-efficient, high data rate solution for

relaying data from host devices to devices in the mediate area.

Due to its huge potential market, many industry heavyweights, such as Intel,

Texas Instruments (TI), Samsung, and Freescale, have been investigating in UWB

technology and its related devices. For instance, Intel has mapped out a vision of

UWB radio as a “Common UWB Radio Platform” spanning many different applica-

tions and industries [2]. In this vision, the UWB radio, along with the convergence

layer, becomes the underlying transport mechanism for different applications, such as

Universal Serial Bus (USB), IEEE 1394/FireWire, next generation of Bluetooth, and

1
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Universal Plug and Play (UPnP) [2]. Moreover, a number of companies (e.g., Mul-

tiSpectral Solutions Inc., and Time Domain Corporation) have already announced

UWB prototype products for various applications.

1.1.1 What is UWB?

Ultra-Wideband (UWB) is a wireless radio technology originally developed for

secure military communications and radar that is now declassified [3]. This technology

differs substantially from conventional narrowband radio frequency (RF) and spread

spectrum technologies. Compared with conventional narrowband communication

systems which employ sine waves occupying only a small range of frequency, this tech-

nology is based on the transmission/reception of billions of short (sub-nanosecond)

pulses, typically obtained by directly driving an antenna with short electrical pulses.

The spectrum signature of this system extends across a huge range of frequencies

centered around a relatively low center frequency.

UWB technology has received considerable attention since the Federal Com-

munications Commission (FCC) first approved rules for the commercial use of UWB

in February 2002, which greatly accelerated the development of UWB technology [4].

According to this FCC regulation, signals belonging to this category are required to

possess either a -10 dB bandwidth that exceeds 500MHz or a fractional bandwidth

that is larger than 20%. Here, the fractional bandwidth is defined by the bandwidth

of the signal divided by its central frequency. Mathematically, it is expressed as

FB = 2
fu − fl

fu + fl

(1.1)

where fu and fl are the −10dB upper frequency the lower frequency, respectively.



3

1.1.2 Why UWB?

According to Shannon’s well-known capacity formula, channel capacity grows

linearly with the signal bandwidth. Therefore, UWB technology, by its name, implies

potential capability to deliver very high data rates wireless connectivity. Based on this

capability, industrial standards such as Wimedia , have been introduced to support

high data rate up to 480Mbps.

UWB impulse radio is a revolutionary, power-limited technology for its un-

precedented system bandwidth [5]-[10]. The low emission and impulsive nature of

UWB radio leads to enhanced security in communications. Good through-wall pen-

etration capability makes UWB systems suitable for hostile, indoor environments.

UWB impulse radio can be potentially implemented with extremely low-cost (sub-

one dollar) and low-power (battery driven) consumption components. Time-hopping

can be used to provide its robustness to interference. UWB systems are immune to

fading (more reliable to use) as compared with narrowband systems, since the high

resolution of short pulses (sub-nanosecond) leads to almost static channels with a

large number of resolvable paths that pose challenges to others. Therefore, UWB im-

pulse radio represents a secure solution to robust and extremely energy-efficient sensor

networking (REEESN) for both unattended ground sensors and floating surveillance

sensors in urban, suburban, and littoral environments. Within buildings, UWB state-

of-the-art presents the capability to support a bit-rate of Mbps over distances of tens

of meters.
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1.2 Motivation and Scope of Research

Due to its large band frequency, UWB technology is one new technology that

requires a shift in thinking. One big challenge for UWB radio system is pulse distor-

tion caused by its unprecedented frequency bandwidth. This dissertation is to focus

on this issue and its possible solution, time reversal technology. Although originally

motivated by dealing with pulse distortion issue, it is found that TR has a lot of other

good features that deserve further investigation.

By its nature, a short UWB pulse signal is impulsive and transient. Transient-

electromagnetic characteristics of such a pulse must be taken into account, when a

pulse travels in its journey from the source of pulse generator to the detector. The

limit of a UWB signal is the Dirac pulse of zero duration, but of infinite bandwidth,

while that of a narrowband signal is the monochromatic sinusoid of zero bandwidth,

but of infinite duration. The two limits represent the extremities of a communication

signal. Intuitively, UWB signals represent a paradigm shift, as illustrated in the

following. The transient, impulsive UWB signal requires transient electromagnetics

in its interaction with antennas and objects encountered in multipath propagation.

In addition to their attenuations and delays caused by multipathing, the pulse shapes

vary from one to another at the receiver. This pulse shape distortion is caused by the

frequency-dependent spatial filters, including antennas and the channel. The model

of frequency-dependency capture research community’s attention recently and was

adopted in IEEE 802.15.4a. Pulse shapes are also different for different angles of

antenna radiation or reception. Frequency mismatch in RF circuitry is inevitable,

for such a bandwidth, and leads to internal reflections that distort pulse shapes.

Moreover, extreme high temporal resolution changes the fast-varying, narrowband
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fading channel into an impulsive one composed of a large number of short, stable,

resolvable, and distorted pulses.

Another pressing and challenging problem, caused by its unprecedented fre-

quency bandwidth, is the increased transceiver complexity. The impulsive UWB

pulses require extremely high sampling rates as well as accurate timing synchroniza-

tion. As a result, such coherent transceivers as RAKE and Orthogonal Frequency

Division Multiplexing (OFDM), used in em Wimedia, are too complicated for current

application. Capture of energy from such a large number of weak paths is challenging

to RAKE based solutions. Processing many wideband carriers in OFDM is complex,

as well. For these reasons, a transmitted reference based transceiver has been pro-

posed [11]-[14], but requires a long delay line that is very difficult to be implemented

in hardware. 1 The proposed approach is to employ a TR prefilter at the transmitter

side and use a simple receiver such as one tap correlator to capture the energy lying

in the main peak of the receive signal.

The momentum of implementing UWB technology is mainly thwarted by the

practical aspects. Our vision is that impulse radio is a next-generation technology of

great potential. The challenge of high-data-rate solutions facing OFDM and RAKE,

however, remains unresolved. Is it possible to follow the path of IEEE802.15.4a

to use low-cost receivers for high data rates? The transceiver complexity and its

cost are, after all, the dominant factors that limit these high-data-rate commercial

applications. The current solutions in the literature cannot provide a satisfying answer

to this need. The IEEE 802.15.3a working group has disbanded, leaving RAKE and

OFDM based technologies to compete in the marketplace. The main driver for this

disbanding has been the different views of how to reduce the transceiver complexity.

1Although a solution is found to avoid this delay line, what role this new structure will play in
impulse radio is unclear.
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One wonders whether there is a better alternative to the two unsatisfying system

paradigms. We are proposing a new time-reversal based MIMO system paradigm.

The use of UWB impulse time reversal radio combined with multiple antennas for

high capacity multimedia communications in urban, suburban, and within buildings

environments is worthy of further research under this context.

The principle of time reversal is as follows [15]-[18]: the receiver, first, sounds

the channel by transmitting a Dirac pulse; second, at the transmitter, the received

short pulse signals are recorded, time-reversed , and re-transmitted into the channel;

third, the re-transmitted signals propagate back through the same channel (assuming

channel reciprocity), retrace their former paths, and eventually refocus its power in

space and time on its source (the receiver). Excluding the pulse distortion compen-

sation, there are four reasons for one to propose time reversal with multiple antennas

scheme for UWB communications [55].

1. In a UWB channel of rich scattering, this space-time compression unique to

broadband time reversal, can be strong, and, at the focal point the effective

channel obtained after time reversal is hardened. Spatio-temporal focus-

ing simplifies the receiver by enabling the possible use of low complexity

receiver.

2. A time-reversal mirror can be used to focus a random sequence of bits,

simultaneously, to different users that are close, e.g., only 20 cm apart

indoors. This is ideal for space division multiple access (SDMA).

3. Time-reversal is well known in acoustics, and has lead to remarkable ap-

plications in underwater communications and ultra-sound [19]-[30]. The

extension of time reversal to wireless communications has yet to be precisely

investigated, although some early papers in this direction have appeared
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(since 2004) [31]-[50], in the context of UWB radio. The time-reversed

multiple input single output (MISO) has, indeed, been studied, but its

non-trivial extension to the framework of the time-reversed MIMO is not

yet attacked.

4. A systematic extension of time reversal, by analogy with the rich results in

narrowband MIMO, to impulsive UWB-MIMO is potentially more prolific

than some isolated results in the current literature. The impulse nature

does add difficulty to theoretical understanding, but simplifies the hard-

ware implementation, as a huge payoff. In narrowband systems, MIMO

recently emerged as the most promising way of using spectrum [51]-[54]. Its

efficiency derives from exploiting multipath through space-time processing.

This spirit is identical to that of UWB time-reversal. It is, thus, natural

to extend the impulsive time-reversal to be combined with MIMO. This

combination is proposed to exploit rich multipath and the TDD spectrum

that is required for the use of channel reciprocitythe basis of time-reversal.

If a SISO array receives L equal-energy pulses, the MIMO array can co-

herently capture roughly LMN equal-energy pulses. The coherence is like

a symphony conducted by the orchestrathe time-reversed impulse MIMO;

every pulse has its freedam traveling any parts of the system, but, as a

whole, they form a beautiful music: it is the chords (coherent summing)

generated by these tiny pulses that make the music beautiful.

1.3 Dissertation Outline

The rest of dissertation is organized as follows:
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In Chapter 2, using cylinder diffraction as an example, we investigate the

fundamental physics mechanism behind the pulse distortion with the help of the

classic electromagnetic (EM) tool such as Uniform Theory of Diffraction (UTD).

Then we analyze the impact of pulse distortion on the channel modeling and system

performance. It is amazing that we have shown that EM theory can be connected

with communication theory so closely. Turin model, which assumes that the received

waveform is replicas of the transmitted waveform except attenuation and time delay

after the signal wave passes through the channel, is suggested to be modified before

used in UWB. Then a physics based channel model that incorporates pulse distortion

issue is proposed.

In Chapter 3, we study the characteristics of impulse radio propagation in an

urban environment consists of high rise buildings. We first derive the channel impulse

response of the renowned Wolfisch-Bertoni model in closed form. This model captures

a lot of properties that are not available in the existing statistical models such as the

IEEE 802.15.4a model.

Based on the study of Chapters 2 and 3, it is apparent that pulse distortion

will affect the system performance if no compensation for this kind of distortion is

included. Then a question arises naturally: how to compensate the pulse distortion

caused by channel, as well as by the antennas? One approach to deal with this prob-

lem is to estimate the distorted pulse at the receiver and correct the corresponding

waveform template for the coherent receiver. However, the complexity for this ap-

proach is very high and it contradicts with the low complexity requirement of UWB

systems. Another smart solution called time reversal (TR) technology is then sug-

gested to compensate the pulse distortion. TR uses the time reversed version of the

channel impulse response (CIR) as the precoder at the transmitter to achieve both
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spatial focusing and temporal focusing. By doing so, the pulse distortion is also

automatically compensated.

TR pre-distort the transmit signal based on channel state information such

that the receiver deals with autocorrelation peak of the signal instead of the signal

itself. Therefore, channel measurement is critical to wireless system design. We

introduce two sets of channel sounding system in Chapter 4.

Channel reciprocity is a key assumption for TR. Reciprocity is well-known

in antenna theory, however, it is not so clear for Radio Frequency (RF) channels,

especially for UWB channels. In Chapter 5, we study this symmetric property in

different impulse UWB channels, from theories to experiments. The results show

that channel reciprocity holds even in a harsh environment such as under engine

hood. The study in this chapter gives us confidence on the further investigation of

the TR scheme.

Although originally motivated by dealing with pulse distortion issue, we find

that TR has a lot of other attractive features. In Chapter 6, we study time reversal

electromagnetic waves in a hallway environment. Particularly, spatial focusing has

been analyzed, considering a simple scenario of single antenna at both the transmitter

and the receiver.

After gaining some insight from the simple environment studied in Chapter

6, we then design an experiment in the complex indoor environment in Chapter 7.

The measurement is conducted in a typical office environment. Characteristics of

time reversal combined with multiple antennas at the transmitter (MISO-TR) are

studied, based on measured UWB spatial channels. In particular, temporal and

spatial focusing as well as array gain are studied based on a (4 × 1) MISO scheme.

The results confirm that the energy of UWB signals in an MISO scheme is more
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spatial-temporally focused than in a single-input single-output (SISO) scheme. As

a result, a strong peak is observed in the equivalent channel impulse response. The

magnitude of this peak grows linearly with the square root of the number of antenna

elements at the transmitter. All the measurements and data processing are completed

in the time domain.

A natural extension of MISO TR would be MIMO TR, which employs multiple

antennas at both the transmitter and the receiver. In Chapter 8, the performance

of a MIMO-TR system is investigated, considering a simple one correlator receiver.

We also compare the performance for the different scenarios: SISO-TR, MISO-TR,

and MIMO-TR. The results show that a UWB-MIMO-TR system can achieve a huge

power gain, depending on the antenna numbers employed at both the transmitter

and the receiver, and still keeps low complexity at the receiver. It is then shown that

MIMO-TR is promising for power limited system like UWB.

Note that given channel state information at the transmitter side, TR is indeed

simple but not optimal. The problem to find the optimal prefilter such that the

transmit waveform is optimum in terms of SNR at the receiver side is of interest and

will be studied in Chapter 9. To illustrate the concept, we start from some canonical

EM channel models whose CIR can be derived in closed form and then analyze the

optimal transmit waveform for these channels theoretically. The optimum waveform

study is significant to cognitive radio.

It should be noted that most of chapters in this dissertation have been pub-

lished, either as a journal article or a conference proceeding. Each of chapter repre-

sents an independent problem and therefore, is somewhat self-contained. The basic

format is as follows. Each chapter begins with an introductory section, which in-

cludes a detailed research background and motivation of the problem, as well as the
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most current techniques being applied. Following this introduction will be a section

containing the specifics of the model of the problem being developed, including de-

tailed formulations and appropriate derivations. After this, it is a section containing

validation and results (either numerical or experimental or both). Moreover, some

interesting findings will be given in this section. The final section in each chapter will

summarize the chapter and draw conclusions. Potential future work is addressed in

this section as well.
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CHAPTER 2

PHYSICS-BASED PULSE DISTORTION AND ITS IMPACTS ON

UWB COMMUNICATIONS

Ultra-wideband communication has received considerable attention. Due to

its unprecedented bandwidth, all the system principles must be reexamined before

their use. One unique problem is the path propagation loss that has a frequency de-

pendency, as predicted by the geometric theory of diffraction (GTD) in the frequency

domain [1]-[5]. This frequency dependence is not surprising in practical propagation

environments. However the consequence of the frequency dependency can cause pulse

distortion in the time domain [6]-[9], which is unexpected for the wireless community

that is so familiar with Turin’s multipath model where no pulse distortion is implicitly

assumed.

If a pulse propagates along multiple rays, the received pulses will experience

different pulse distortion. In other words, the pulse waveforms of these received pulses

are different, which is a natural result in radio propagation community. However,

these seemingly obvious physical facts were not incorporated into the wireless com-

munications channel model and baseband system analysis until the work of [10]-[17].

In particular, the IEEE 802.15.4a channel model [24] adopted a special form of the

channel model suggested in [15]-[17]. It cited two papers [16, 17] for first introducing

the frequency dependence in the channel model.

Pulse distortion is difficult to model by the state-of-art statistical measure-

ments. In the following section we propose a physics-based deterministic channel

model for the propagation of UWB signals. This model captures a lot of properties

that are not available in the IEEE 802.15.4a model.
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2.1 Physics-based Channel Model

In this section, our point of departure is the concept that every ray has its

intrinsic impulse response. If we model each ray as a generalized path, its impulse

response can uniquely determine the pulse shape of the pulse propagating along each

generalized path. Physically, the channel is modeled as the localized scattering centers

whose impulse responses correspond to those of the generalized multipath. The prop-

agation between these scattering centers will not affect pulse shapes but the pulse

delays. These physical facts can be incorporated into the channel model (physics-

based) and the baseband system analysis.

The localized scattering centers can be described by the Geometric Theory of

Diffraction (GTD) which is an approach for solving high-frequency radio problems

[32]. Mathematically the generalized channel model is postulated as

h(τ) =
L∑

n=1

Anhn(τ) ∗ δ(τ − τn) (2.1)

where L generalized paths are associated with amplitudeAn, delay τn, and per-path

impulse response hn(τ). The hn(τ) represents an arbitrary function that has finite

energy. Symbol “∗” denotes convolution and δ(x) is the Dirac Delta function. Eq.

(2.1) is sufficient for most practice use. A large class of problems can be modeled as

a form [16][17].

hn(τ) = τ−(1+αn)U(τ) Hn(jω) = (jω)αn (2.2)
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where αn is a real number that describes the pulse distortion of each path. When a

pulse p(t) passes through the path given by Eq. (2.5), the distorted pulse is given by

yn(t) = p(t) ∗ hn(t) =
(

d
dt

)αn
p(t) (2.3)

where
(

d
dt

)αn
is the fractional differential of the p(t). Fractional calculus is a powerful

tool in calculation and manipulation [18].

The IEEE 802.15.4a model adopted the concept of frequency dependency in the

frequency domain, (equivalently pulse distortion in the time domain). This concept

was introduced into UWB channel modeling long ago [16][17]. In particular, the

IEEE 802.15.4a model is a special form of Eq. (2.1), when all the hn(τ) are of the

same functional form, i.e., hn(τ) = τ−(1+α)U(τ)andHn(jω) = (jω)α,∀n, where α is

a real number (also a random variable). U(x) is the Heaviside’s unit function. The

statistical model in the general form of Eq. (2.1) is not available so far. As an

alternative we can determine the channel impulse response by using ray tracing.

One goal of this chapter is to investigate how pulse distortion would affect

the system performance if no compensation for this kind of distortion is included.

To achieve this, we first present a general system model and give its performance

expression.
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2.2 Performance Degradation Due to Pulse Distortion

2.2.1 Impact of Pulse Distortion on System Performance

For any binary modulation including antipodal scheme, we follow the general

system model and its performance expression in [23] [34]. See [34] for the derivation

details. When 0 and 1 are sent with equal probability, the average error probability

in the receiver can be expressed as

P̄e = Q(
√
SNR) (2.4)

where Q(x) is defined as Q(x) =
∞∫
x

1√
2π

exp(−y2/2)dy and SNR is the signal-to-noise

ratio at the input to the threshold device, given by

√
SNR =

(s0(t) ∗ q(t)) |t=T0 − (s1(t) ∗ q(t)) |t=T0√
2N0||q||

(2.5)

Here, s0(t), s1(t) are the received signals, which can be singular but with limited

energy, and ∗ denotes convolution operation. Let p0(t) and p1(t) denote the trans-

mitted signals, and h(t) denote the Channel Impulse Response (CIR), then it follows

that s0(t) = p0(t) ∗ h(t) and s1(t) = p1(t) ∗ h(t). In (2.5), q(t) is the local tem-

plate used in the correlation based receiver, and ||q|| = [
∞∫

−∞
q2(t)dt ]1/2 is the norm

of q(t). It is known that for the optimum receiver, q(t) is selected to be matched

to the received signal si(t). However, sometimes q(t) is matched to the transmitted

waveform: p0(t) and p1(t). This implies that the signal waveforms will not change as

they pass through the channel. This mismatch in practice will result in performance

degradation in terms of SNR, which will be illustrated by numerical results.
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2.2.2 Impact of Pulse Distortion on Timing Synchronization

In addition to SNR loss due to the pulse shape mismatch, pulse distortion

also causes problems to synchronization and positioning. An optimal estimate of the

timing (for synchronization) or the time of arrival (TOA) (for positioning) is obtained

using a matched filter, or equivalently, a bank of correlation receivers. In the former

approach the instant at which the filter output attains its peak provides the arrival

time estimate, while in the latter, the time shift of the template signal that yields the

largest cross correlation with the received signal gives the desired estimate [19].

The maximum likelihood estimate (MLE) of the arrival time can be reduced to

an estimate based on the matched filter or correlation receiver in presence of AWGN

noise. This MLE achieves the Cramer-Rao Lower Bound (CRLB) asymptotically. It

can be shown that for AWGN channels the set of TOAs determined from the matched

filter output is a sufficient statistic for obtaining the MLE or maximum a posteriori

(MAP) probability estimate of the location of the node in question [19]. As a result,

understanding the impact of pulse distortion on the matched filter is also fundamental

to both positioning and synchronization.

To benchmark the positioning error caused by pulse distortion in a correlation

based receiver, the CRLB needs to be given first. For a single-path AWGN channel,

it can be shown that the best achievable accuracy of a position estimate d̂ derived

from TOA estimation satisfies the following inequality [19]

√
var(d̂) ≥ c

2
√

2π
√
SNRβ

(2.6)
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where c is the speed of light, SNR is the signal-to-noise ratio, and β is the effective

(or root mean square) signal bandwidth defined by

β
∆
=

[∫ ∞

−∞
f 2 |P (f)|2 df

/∫ ∞

−∞
|P (f)|2 df

]1/2

(2.7)

where P (f) is the Fourier transform of the transmitted signal. For example, with a

received bandwidth of 1.5 GHz, an accuracy of less than one inch can be obtained at

SNR = 0 dB. However, sometimes the accuracy of TOA estimate is dominated by

practical limitations such as clock synchronization (clock jitter). A new limitation

caused by pulse distortion is discovered in this chapter. Note that the mismatch

between the local template and the receiving waveform will cause a timing error,

as well as an amplitude error in the correlation peak. Under some conditions, as

illustrated in the following numerical results, pulse distortion may become another

factor affecting the accuracy of TOA estimate.

2.3 Pulse Distortion Caused by Cylinder Diffraction

Emerging applications of UWB are foreseen for sensor networks that are critical

to mobile computing [19][20]. Such networks combining low medium rate communi-

cations (50kbps to 1Mbps) over distances of 100 meters with positioning capabilities

allow a new range of applications [19], including military applications, medical ap-

plications (monitoring of patients), family communications/supervision of children,

search-and-rescue (communications with fire fighters, or avalanche/earthquake vic-

tims), control of home applications, logistics (package tracking), and security appli-

cations (localizing authorized persons in high-security areas).
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When a sensor is placed in different environments, the non-line-of-sight (NLOS)

propagation is encountered very often, sometimes in military communications [21].

Sometimes the propagation path is blocked by objects that can be modeled by a

cylinder [22][30]. For example, when a hill is smooth and not covered by trees or

houses, the diffraction process is described more accurately in terms of creeping rays

[22]. The purpose of this chapter is to model such an environment, analyzing the

possible pulse distortion and its impact on the system performance.

To be mathematically tractable, a simple channel consisting of a perfectly

electrically conducting (PEC) cylinder is considered. The transceivers are placed

such that only diffracted rays are present at the receiver. Noticing that the research

of UWB sensors are still in its early stage, such a mathematically tractable physics-

based channel model, although simple, may still give us a lot of insights.

In this section, first, an impulse response for such a cylinder channel was

derived in closed form. It is shown that the waveform of the received pulse is much

different from that of the transmitted pulse. Since most of traditional receivers assume

distortionless propagation, this pulse distortion will, naturally, cause degradation in

terms of system performance. We then fully investigated the impacts of the pulse

distortion on the system performance. Although a lot of papers have addressed the

pulse distortion issue [26], and pulse distortion (frequency dependence) has been

adopted by the IEEE 802.15.4a [24], quantifying the impact of pulse distortion on

the system performance appears to be novel. Particularly, we found that the SNR

loss and timing error caused by pulse distortion in the correlation based receivers

could be significant and thus deserve special attention. It’s thus shown that physical

mechanisms can be naturally connected with the system level parameters such as
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SNR, timing errors, etc. This unique feature motivates the research behind this

chapter.

t

Figure 2.1. Plane wave diffracted by a circular cylinder.

Consider a simple environment that only consists of a cylinder, as illustrated in

Fig. 2.1. The transmitter is located far from the cylinder and the receiver is within the

shadow of the cylinder. We will firstly start from the frequency domain, borrowing

some well-known results from the radio propagation literature. Then the inverse

Laplace transform is taken to obtain the time domain impulse response. It should

be noted that not all the frequency domain results can be transformed to the time

domain. It is thus fortunate that the impulse response of the cylinder environment

could be derived analytically.

2.3.1 Frequency Domain Channel Model

As shown in Fig. 2.1, the incident plane wave with unit amplitude is normally

incident upon a Perfectly Electric Conductor (PEC) circular cylinder. The incident

wave has a field component V i
z in the z-direction. Then we have V i

z = exp(−jkρ cosφ),
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where k is wave number, and P (ρ, φ) is the coordinate of the receiver. Assuming

electric polarization (V i
z = Ei

z), and ka >> 1, where a is the radius of the cylinder,

the electric field at the receiver within the shadow area is given as [31]

Ez(jω) =
∞∑

n=1

Dn(jω)[exp{−(jk + Ωn(jω))l1}+ exp{−(jk + Ωn(jω))l2}]
exp(−jkr)√

8jπkr

(2.8)

where r = A′P = B′P is the tangent distance between the receiver and the cylinder;

l1 and l2 are the arc lengths. Here, we have l1 = ÂA′, and l2 = ˆBB′; A, B are the

glancing points of the incident plane wave on the cylinder. Let θ1 and θ2 denote the

corresponding angles, respectively, then we have l1 = θ1a , l2 = θ2a. The attenuation

constant Ωn(jω) in (2.8) is given by

Ωn(jω) =
αn

a
(
ka

2
)

1
3 exp(

jπ

6
) (2.9)

while the amplitude weighting factor Dn(jω) in (2.8) is given by

Dn(jω) = 2Ai′(−αn)−2(
ka

2
)

1
3 exp(

jπ

6
) (2.10)

where −αn are the zeros of the Airy function Ai(.). In (2.10), Ai′(.) represents the

first derivative of the Airy function. The zeros of the Airy function and associated

values used in our simulation can be found in [31] or regular mathematical handbooks.

In (2.8) the arc lengths l1 and l2 can be calculated by the following equations:

l1,2 = (
π

2
∓ φ− cos−1 a

ρ
)a (2.11)
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Assuming that l1,2 is nonzero, which requires that the location of the receiver be in

the shadow, we can use the first N terms to represent the electric field Ez. Practically,

considering that the Airy function roots, −αn, increase with n, we will show in the

following that the first several terms will be enough for most of the cases when the

receiver is in the deep shadow.

It should be noted that an exact solution of the received field at P (ρ, φ) should

also include the contributions from infinite number of circling rays. For large ka,

however, these contributions are negligibly small and thus could be rightly ignored.

After some mathematical manipulations, (2.8) can be further expressed in a

more convenient form as

Ez(jω) =
N∑

n=1

[exp{−(jk + Ωn(jω))l1− jkr}+exp{−(jk+Ωn(jω))l2− jkr}]
Dn(jω)√

8jπkr

(2.12)

2.3.2 Time Domain Channel Model

The recent advances in the development of UWB communications and radar

systems have given rise to an increasing interest in analytically deriving the time-

domain (TD) impulse response for some relatively simple environments [25]-[27]. In

this section, we are to derive the impulse response of the cylinder environment, with

the help of Laplace transform.

Let s = jω, the diffraction term in (2.12) can be rewritten as

Dn(jω)√
8jπkr

=
2Ai′(−αn)−2( ka

2
)
1
3 exp( jπ

6
)√

8jπkr

=
2Ai′(−αn)−2( jka

2
)
1
3

√
8jπkr

= Ans
− 1

6

(2.13)
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where An = (a/2c)
1
3 {Ai′(−αn)}−2√

2πr/c
, and c is the speed of light.

The propagation delay terms in (2.12) can be expressed as

exp{−(jk + Ωn(jω))l1,2 − jkr}

= exp{−jk(l1,2 + r)− αn

a
(ka

2
)

1
3 exp(jπ/2)

1
3 l1,2}

= exp{−s(l1,2 + r)/c} exp{−αn

a
( a

2c
)

1
3 l1,2s

1
3}

= B1,2(s) exp(−β1,2
n s

1
3 )

(2.14)

where

B1,2(s) = exp{−s(l1,2 + r)/c} (2.15)

β1,2
n

=
αn

a
(
a

2c
)

1
3 l1,2 (2.16)

Then (2.12) can be rewritten as

Ez(s) =
N∑

n=1

Ans
− 1

6 [B1(s) exp(−β1
ns

1
3 ) +B2(s) exp(−β2

ns
1
3 )] (2.17)

For the early time approximation, it follows that

L−1
{
s−

1
6 e−αs

1
3

}
∼ α

1
2 exp[−2t−

1
2 (α/3)

3
2 ]

2
√
πt

u(t) (2.18)

where L−1 {.} represents the inverse Laplace transform and u(t) is the Heaviside’s

step function. The transform pair in (2.18) has been first derived by Friedlander [33]

and then proved in [32] through a numerical approach.
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Taking inverse Laplace transform, the time domain (TD) field is obtained.

Since the incident field is V i
z = exp(−jkρ cosφ), which corresponds to a Delta function

in the time domain, the time domain version of the received field Ez in (2.12) can be

viewed as the impulse response of the channel. Thus, it follows that

h(t) =
N∑

n=1

An[h1
n(t) ∗ δ(t− t1)+h

2
n(t) ∗ δ(t− t2)] (2.19)

where

An = 2−
5
6 (
π
√
ρ2 − a2

c
)−

1
2 (
a

c
)

1
3 {Ai′(−αn)}−2

(2.20)

h1,2
n (t) =

1

2

√
β1,2

n

π

exp[−2t−
1
2 (β1,2

n /3)
3
2 ]

t
u(t) (2.21)

t1,2 =
l1,2

c
+

√
ρ2 − a2

c
(2.22)

It is worth noticing that the subscript n in (2.19) is the number of terms used to

approximate the impulse response, and not the path number. In (2.19), there are two

paths (rays), distinguished by the different timing delays t1 and t2.

The impulse response derived above can also be reformed into the generalized

multipath model [23, 25, 27] as

h(t) =
2∑

l=1

hl(t) ∗ δ(t− tl) (2.23)
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we define the distortion parameter hm
n (t) for the m-th path as

hm
n (t) =

1

2

√
βm

n

π

exp[−2t−
1
2 (βm

n /3)
3
2 ]

t
u(t) (2.24)

Note that hm
n (t) can also be viewed as the diffraction factor of a creeping wave.

2.4 Numerical Results and Analysis

2.4.1 Comparison of Frequency and Time Domain Results

Widely accepted frequency domain results will serve as the reference for the

validity of our derived time domain expressions. In our simulation, the transmitted

pulse p(t) can be arbitrary, but a special pulse that is well suited for pulse distortion

analysis is used here. This pulse is defined in the frequency domain and thus it is

convenient to control the spectrum.

Frequency domain of the incident pulse P (ω) is defined by

P (ω) = C0(1− e−ωT )P1e−ωP2T (2.25)

where T = 1
2πfc

ln
(

P1+P2

P1

)
. Here fc represents the center frequency, which can be

adjusted conveniently according to different requirements. The peak of P (ω) is nor-

malized by choosing C0 =
(

P1+P2

P1

)P1
(

P1+P2

P1

)P2

. Then p(t) is obtained by taking

Inverse Fast Fourier transform (IFFT). The received signal can be calculated by us-

ing equation s(t) = p(t) ∗ h(t). Parameters used for the transmitted pulse in our

simulation are as follows: P1 = 2, P2 = 1, and fc = 2GHz. The time domain pulse

waveform and its spectrum are illustrated in Fig. 2.2.
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Figure 2.2. Transmitted pulse p(t) and its corresponding spectrum P (f).
Here, P1 = 2, P2 = 1, and fc = 2GHz.

Before studying the received signal s(t), let us analyze the impulse response

h(t) first. As we can see from (2.19), hm
n (t) is the key term which causes pulse

distortion. Our first step is to investigate the distortion effect of hm
n (t). Since βm

n is

a constant for the specific n and m, for simplicity, we let βm
n = 1.

Fig. 2.3 shows the pulse shape distorted by hm
n (t) with βm

n = 1. The solid

curve labeled “TD” denotes the received waveform, which is obtained by convolving

p(t) with hm
n (t); The “FD+IFFT” curve is obtained by taking IFFT of the product

P (ω)Hm
n (ω), where Hm

n (ω) = (jω)−
1
6 exp[−βm

n (jω)
1
3 ]. The original transmitted pulse

p(t) has also been plotted and normalized with respect to the “TD” result to compare

the waveforms. As shown in Fig. 2.3, the pulse shape is severely distorted. This

distortion appears in two perspectives: one is that the pulse shape is different; the

other one is that pulse is widened by the channel. Fig. 2.3 also shows that the
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Figure 2.3. Pulse waveform distorted by hm
n (t) with βm

n = 1. The original
transmitted pulse waveform p(t) has been plotted and scaled to the same amplitude
as the received signal to compare the waveform.

time domain result agrees well with the frequency domain result, which validates our

derivation in previous section.

After obtaining some insights from a simple case, a more complicated case is

analyzed. Our final interests are in calculating the strength and the shape of a pulse

diffracted by the cylinder, as well as in analyzing the effects of the waveform distortion

on system design. Using the same pulse p(t), we analyze the received signal at point

P (ρ, φ). The parameters used in our simulation are as follows: ρ = 2.5m, a = 1.5m,

and φ = π/20. After the above parameter values are used into (2.11) and (2.22), the

time delays t1 and t2 can be calculated. Knowing αn and Ai′(−αn), coefficients An,
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Figure 2.4. The received waveform at observation point P (ρ, φ). The solid
curve labeled “TD” is obtained by convolving p(t) with the impulse response derived
in this chapter. The “FD+IFFT” curve is obtained by applying inverse FFT on the
corresponding frequency domain result.

h1
n and h2

n are calculated by using (2.20) and (2.21), respectively. Let N = 10, which

means using the first ten terms to approximate the impulse response h(t).

Fig. 2.4 shows the received signal s(t). The solid curve labeled “TD” is ob-

tained by convolving p(t) with h(t) (shown in (2.19) with N = 10). The “FD+IFFT”

curve is obtained by applying inverse FFT on the frequency domain product P (ω)H(jω),

whereH(jω) = Ez(s) is calculated by using (2.12). It is observed that the “FD+IFFT”

curve agrees with the “TD” curve very well, implying that our time domain derivation

of the impulse response h(t) is correct.

It is also shown in Fig. 2.4 that the received signal strength is greatly reduced,

due to the diffraction by a cylinder. The strength of the diffraction signal is about
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8% of the incident signal. Notice that time domain result does not lose the amplitude

information, which is widely used in the traditional frequency domain framework to

predict the path loss due to diffraction. It should also be noted that the waveform of

the received signal is different from the transmitted signal. Distorted wave shapes are

observed in the two different paths in Fig. 2.4. These results are unusual compared

with narrowband signals. In the following, we will analyze the effect of this distortion

on system performance.

2.4.2 Calculation of Singularity in the Impulse Response

There is a tricky issue in calculating singularity in the impulse response. When

t → 0, then 1
t
→ ∞, and thus we have h1,2

n → ∞. Apparently, there is a singularity

in the impulse response at t = 0. This singularity causes problems in the numerical

calculation. Since the singularity is exactly where the energy concentrates and also

defines the type of the pulse distortion, it cannot be directly removed by using time

windowing. From an electromagnetic point of view, one can say that h1,2
n has an

essential singularity at the diffracted wave front. Again, one is referred to the integral-

differential approach (or simply int-diff approach), which has been used to solve the

singularity problem in our previous paper [23]. The principle of this int-diff approach

is based on the following equations:

p(t) ∗
∫ t

0
g(τ)dτ =

∫ t

0
[p(τ) ∗ g(τ)] dτ

p(t) ∗ g(t) = d
dt

[
p(t) ∗

∫ t

0
g(τ)dτ

] (2.26)

Assuming g(t) has a singularity in the time domain, one first mathematically inte-

grates g(t), removing the singularity. Then one convolves p(t) with the integration
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Figure 2.5. Approximation of the impulse response h1(t) in (2.23). (a) shows
the first four terms of the series in h1(t). (b) shows the approximation results with
the first two and ten terms.

of g(t). Finally, one differentiates the convolution result of p(t) with the integration

of g(t). This int-diff approach is powerful and convenient to solve the singularity

problems caused by diffraction.

For the case of Eq. (2.21), it follows that

∫
exp (−c0t−

1
2 )

t
dt = 2Ei(1, cot

− 1
2 ) (2.27)

where Ei(.) is the exponential integral function that can be found directly in the

Matlab Function list. Then it follows that, at t = 0, Ei(1,∞) = 0. In other words,

Ei(.) is regular at t = 0.

2.4.3 Approximation of the Impulse Response

The impulse responses for different paths, such as h1(t) and h2(t) in (2.23),

include a series, which is inconvenient for practical use. Therefore, simplifying the
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series in the impulse response is important. Simulations are conducted to study the

approximation of impulse response. Let us focus on h1(t) first. Fig. 2.5 shows the

convolution result of p(t) with h1(t), where h1(t) =
N∑

n=1

Anh
1
n(t). The different con-

volution results for the different numbers n, are plotted in Fig. 2.5(a). For example,

the curve labeled n = 1 represents the result of s1
1(t) = p(t) ∗ [A1h

1
1(t)], where A1

and h1
1(t) can be calculated by using (2.20) and (2.21), respectively. It is observed

that the signal corresponding to n = 1 is much stronger than the others. Particu-

larly, the signals corresponding to n = 3, 4 are very weak and thus could be rightly

ignored. We believe that the signal will become even weaker when the parameter n

turns to be larger and eventually the first two terms should be accurate enough to

approximate the impulse response. To verify this observation, the sum of the first ten

terms (N=10), together with the sum of the first two terms (N=2), has been plotted

in Fig. 2.5(b). As we can see from Fig. 2.5(b), the N = 2 curve almost fits with the

N = 10 curve, implying that two terms are accurate enough to truncate the series in

the practical application.

Following the same process of approximating h1(t), the approximation of h2(t)

is studied and the same conclusion has been obtained. It must be noted that the

approximation of h(t) is dependent on the location of the receiver. When the receiver

is located close to the shadow boundary, a larger N will be needed to approximate

the h(t).
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Figure 2.6. The output of a general correlator with different local templates.

2.4.4 The Effect of Pulse Distortion

All of the above sections show that a pulse is distorted after diffraction by

a PEC cylinder. Due to the presence of pulse distortion, the interest of this sec-

tion is to analyze how pulse distortion will affect system performance, if there is no

corresponding compensation.

Notice that the received signal s(t) in Fig. 2.4 consists of two paths, the

stronger path signal will be chosen to study pulse distortion in the following analysis.

If s(t) denotes the received pulse corresponding to the stronger path, then it can be

easily calculated by equation s(t) = p(t) ∗ h1(t). Different local templates of q(t) are

then selected to be correlated with the signal s(t), as done in a correlation based

receiver.



39

Fig. 2.6 shows the correlation results with different local templates. In Fig.

2.6, the dashed curve is the result of correlating s(t) with q(t) = p(t). Here, the

transmitted pulse p(t) has been used as the local template, which is the case in a

narrowband communication system. The solid curve represents the result of corre-

lating s(t) with itself q(t) = s(t), where the received signal s(t) is used as the local

template. Different templates have been normalized to have the same energy. This

normalization facilitates the comparison of results. As shown in Fig. 2.6, the peak in

the dashed curve is lower than that of the solid curve, and the corresponding timings

are different. As explained in the second section of this chapter, this distortion effect

causes performance degradation in terms of reduced SNR and timing errors. The

peak of the symmetric waveform correctly gives the position while the peak of the

asymmetric waveform gives an error in the position. The difference between these

two peaks defines the timing error (also shown in Table 2.1).

Fig. 2.7 shows the BER curves with different templates. Antipodal modulation

is assumed here and Eb/No = SNR/2, where SNR is calculated using (2.5). The

dotted curve is obtained with q(t) = p0(t)− p1(t), which uses the transmitted signals

to form the local template. The solid curve is obtained with q(t) = s0(t)−s1(t), using

the received signals to form the local template. It is observed that at BER = 10−3,

a 4dB loss in SNR is caused by the unmatched local templates.

Due to the facts that the transfer function, say (2.17), is frequency selective,

pulse distortion is closely related to the signal bandwidth. It follows that the degrada-

tion of the system performance depends on the bandwidths of different signals. In the

simulations carried in this chapter, the pulse bandwidth can be adjusted conveniently

by the pulse parameters P1, P2, and fc in (2.25). Table 2.1 shows the SNR loss and

timing errors caused by pulse distortion. Different pulses with different frequency
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Figure 2.7. Performance degradation due to the mismatch between the local
template and the received signal. The solid curve is with the transmitted waveform
as template, while the dotted curve is with the received waveform as template.

bandwidths have been tested. The RMS signal bandwidth is calculated using (2.7).

From Table 2.1, it is observed that the mismatch is proportional to signal bandwidth

in a nonlinear manner, implying that signal bandwidth is not the only cause for pulse

distortion.

The impact of template mismatch is significant to timing acquisitions and

positioning. Notice that one nanosecond in the timing error roughly transforms into

one foot in the positioning error. The CRLB is calculated by using (2.6) with SNR=0

dB. In Table 2.1 it is observed that the ranging error caused by template mismatch is

much bigger than the CRLB—the best achievable accuracy of position estimate. The

position error caused by template mismatch is the bottleneck for accurate positioning.

Note that NLOS paths are dealt with in this chapter. NLOS paths result in an error
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Table 2.1. Pulse Distortion and Its Impact on System Performance

Pulse Parameter Performance Degradation

P1 P2 fc RMS
Band-
width
(GHz)

SNR
Loss
(dB)

Timing
Error
(ns)

Range
Error
(inch)

CRLB
(inch)

2 2 1 1.41 3.67 0.17 2.06 0.95

2 1 1 1.47 3.07 0.24 2.85 0.91

1 2 1 1.76 4.23 0.12 1.43 0.75

1 1 1 1.82 3.67 0.17 2.01 0.73

2 2 2 2.81 4.26 0.11 1.30 0.47

2 1 2 2.93 4.03 0.15 1.77 0.45

1 2 2 3.52 4.47 0.08 0.95 0.38

1 1 2 3.64 4.26 0.11 1.30 0.37

in positioning that usually requires a LOS path. This is a very difficult problem for

a long time. Comparing this NLOS error with the error caused by a mismatched

template is an open problem and beyond the scope of this chapter.

2.5 Conclusion

The extremely wide bandwidth of a UWB pulse signal causes pulse distortion

due to the frequency selectivity of attenuation in the channel. This chapter advances

the prior art by developing an analytical framework to model the scenario in which a

UWB pulse is diffracted by a PEC circular cylinder, where the radius of the cylinder

is at least several times larger than the wavelengths of the frequencies contained in

a UWB pulse. When a pulsed plane wave is normally incident on a cylinder and the

observer (receiver) lies in the shadow region, closed form expressions for the impulse

response of this channel are derived for the first time. The analytical work has its
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intrinsic value from a view of propagation theory, although only limited applications

have been demonstrated in this chapter.

The applications of these analytical results are significant in several aspects.

First the possible impacts of the cylinder channel on system performance are fully

investigated. A 4 dB loss in SNR has been observed at BER=10−3 if the waveform of

the local template in a general correlation based receiver is mismatched to the wave-

form of the received signal. Second, pulse distortion caused by the cylinder channel

introduces timing errors in a correlation based receiver. In particular, it is discov-

ered that the error caused by pulse distortion in a mismatched template (mentioned

above) is much larger than the CRLB and thus one of the bottlenecks in achieving

the accuracy of TOA estimate in positioning. The results in this chapter thus suggest

that it is problematic to use the waveform of the transmitted signals to form the local

template in a general correlation based receiver. This result justifies the efforts to

understand the physical mechanisms in different pulse propagation environments and

their impacts on system designs. In the future more channels that are mathematically

tractable need to be investigated.

Pulse distortion can be compensated for by the use of time-reversal and precod-

ing. It is found that the per-path frequency dependence (or pulse distortion) serves

as a bandpass filter and upper-bounds the capacity the channel. The information-

theoretical view puts the work of this chapter under the context of understanding the

fundamental limits of a UWB system, as the system bandwidth goes unbounded. The

requirement of the physics-based channel model (such as it is derived for a simple case

in this chapter) is inevitable, since the statistic channel model requires a bandwidth of

infinity for the measuring system that is infeasible. However, the physics-based model

is asymptotically valid to the high-frequency components, as long as the dimension of
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the cylinder is several times larger than the wavelength of the used pulse. The abil-

ity to handle the asymptotic performance of the channel (as the system bandwidth

goes unbounded) is the very strength of the adopted physics-based approach in this

chapter.

Another application for the result of this chapter is the pressing system syn-

chronization issue. Pulse distortion is more challenging since the use of the training

sequences to learn the pulse distortion seems difficult in the synchronization stage.
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CHAPTER 3

UWB PROPAGATION IN URBAN ENVIRONMENT

Pulse distortion is difficult to model by the state of the art statistical mea-

surements. In this chapter we propose a physics-based deterministic model for urban

environments consisting of high-rise buildings. We first derive the channel impulse

response of the renowned Wolfisch-Bertoni model in closed form. This model captures

a lot of properties that are not available in the existing statistical models such as the

IEEE 802.15.4a model. The closed form time domain solutions are in good agreement

with the IFFT-based frequency domain solutions. These solutions are important to

understand the system principle.

3.1 Introduction

Our point of departure is the concept that every ray or path has its intrinsic

impulse response. If we model each ray as a generalized1 path, its impulse response

can uniquely determine the pulse shape of the pulse propagating along each gen-

eralized path [1]-[8]. Physically, the channel is modeled as the localized scattering

centers whose impulse responses correspond to those of the generalized multipath.

The propagation between these scattering centers will not affect pulse shapes but

the pulse delays. These physical facts can be incorporated into the channel model

(physics-based) and the baseband system analysis.

The central part of this work is to derive the impulse response of Bertoni’s

urban propagation configuration in a closed form. This configuration is important and

was well understood in the frequency domain by researchers working on narrowband

1 When pulse distortion is introduced, a path is called the “generalized” path.
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radio propagation. In the literature, only simple structures are obtained in the time

domain, e.g. [2, 16, 18]. Time domain results can give more insights and are more

convenient to use, e.g., in baseband system analysis. The contributions of different

paths are always separable in the time domain (the nature of the impulse response).

In narrowband this feature is not as useful as in UWB. Since the UWB pulse is so

short, say 1ns, the two pulses are often resolvable when the differential path delay

between two pulses is more than one foot. As a result, we can obtain the individual

impulse response for each individual path, a result very useful in system analysis.

To illustrate the application of the derived closed form channel model, we

investigate how the pulse distortion is to affect the performance of a UWB system.

We also present analytical expressions that are valid for either matched or unmatched

front-end filter at the receiver. The results of simulations are found to agree with those

of the analytical expressions.

3.2 Physics-based Channel Models

Physically, the channel is modeled as localized scattering centers whose impulse

responses correspond to those of the generalized multipath. The localized scattering

centers can be described by the Geometric Theory of Diffraction (GTD) which is

an approach for solving high-frequency radio problems [10]-[18]. Mathematically the

generalized channel model is postulated as [7]

h(τ) =
L∑

n=1

Anhn(τ) ∗ δ(τ − τn) (3.1)

where L generalized paths are associated with amplitudeAn, delay τn, and per-path

impulse response hn(τ). The hn(τ) represents an arbitrary function that has finite
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Figure 3.1. General model for binary baseband data transmission.

energy. Symbol “∗” denotes convolution and δ(x) is the Dirac Delta function. Eq.

(3.1) is sufficient for most practice uses.

One goal of this chapter is to investigate how pulse distortion would affect

the system performance if no compensation for this kind of distortion is included.

To achieve this, we first present a general system model and give its performance

expression. In Fig. 3.1 we present a general binary baseband system model for the

physics-based signals. The signals considered are given by s0(t) = Aψ0(t), s1(t) =

Aψ1(t), where {ψ0, ψ1}is a binary signal set. Here ψ0 and ψ1are finite-energy2, time-

limited signals of duration T. (When a pulse pi(t), i = 0, 1 is transmitted at the

transmitter, the received signal is s(t) = p(t) ∗h(t), i = 0, 1, where h(t)is the impulse

response of the channel, as given in the next section.)

The received signal Y (t) is the sum of the noise X(t) and the signal si(t) where

i = 0 if the binary digit “0” is sent and i = 1 if the binary digit “1” is sent. The

reception filter shown in Fig. 3.1 is a time-invariant linear filter with impulse response

q(t). The output of this filter, which is denoted as Z(t), is sampled at time T0. The

output Z(T0) of the sampler is then compared with an arbitrary threshold γ in order

to make a decision between two alternatives 0 and 1. In Fig. 3.1, the noise X(t) is

2 The finite-energy condition is important. Later we will find that the received physics-based
signals satisfy this condition. Although the signals are singular at some points, their energy is finite.
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additive Gaussian noise (AGN) channel, not necessarily white. The channel noise is

stationary with zero mean and is independent of the input to the receiver. The filter

q(t) is not necessarily matched to the signalsi(t). It is the optimization of the q(t)

that motivates this chapter.

Following the steps of [24], we can obtain the probability of error. The prob-

ability of error when 0 is sent and when 1 is sent is given by, respectively,

Pe,0 = Q ([µ0(T0)− γ] /σ) (3.2)

Pe,1 = Q ([γ − µ1(T0)] /σ) (3.3)

where µi(t) = si(t)∗ q(t), i = 0, 1 and σ2 = (q(t) ∗ q(−t) ∗RX(t)) |t=0. Q(x) is defined

as Q(x) =
∞∫
x

1√
2π

exp(−y2/2)dy. RX(t) is the auto-correlation of the AGN X(t). For

the AWGN noise, we have σ2 = 1
2
N0

∞∫
−∞

q2(t)dt where 1
2
N0 is the spectral density for

the white noise process X(t).

In Eq. (3.2), the γ is arbitrary. When the Bayes decision criterion is used [24],

the threshold is given by

γ̄ =
µ0(T0) + µ1(T0)

2
+

σ2 ln(π1/π0)

µ0(T0)− µ1(T0)
(3.4)

where π0 and π1 are probabilities of that 0 and 1 are sent, respectively.

The average probability is thus given by

P̄e = π0Pe,0(γ̄) + π1Pe,1(γ̄)

= π0Q [SNR− (2SNR)−1 ln(π1/π0)] + π1Q [SNR + (2SNR)−1 ln(π1/π0)]

(3.5)
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where the SNR is the signal-to-noise ratio at the input to the threshold device, given

by

SNR =
µ0(T0)− µ1(T0)

2
(3.6)

When 0 and 1 are sent with equal probability, then π0 = π1 = 1/2. As a result, the

average probability is reduced to

P̄e = Q(SNR) (3.7)

Now we can optimize q(t) in terms of SNR defined by

SNR =
(s0(t) ∗ q(t)) |t=T0 − (s1(t) ∗ q(t)) |t=T0√

2N0||q||
(3.8)

where ||q|| =

( ∞∫
−∞

q2(t)dt

)1/2

is the norm of q(t). Note that s0(t) = p0(t) ∗ h(t)and

s1(t) = p1(t) ∗ h(t) can be singular but their energies are limited, as will be observed

in Eq. (3.44).

Eq. (3.5) and Eq. (3.7) are valid when the filter impulse response, q(t), is

arbitrary. The receiver optimum filter is known to be the matched filter that is

matched to the signal s0(t) and s1(t), the pulse waveforms received at the receiver

antennas. However, due to lack of channel impulse response, h(t), our receivers are

designed to be matched to p0(t) and p1(t), the pulse waveforms at the transmitter.

This mismatch is to result in performance degradation in terms of SNR, which has

been illustrated by numerical results in Chapter 2.

UWB antennas must be considered. UWB antennas usually distort the trans-

mitted pulse [9]. The transmitter and receiver antennas can be modeled as a linear
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filter with impulse response, ha(t). Their impact can be absorbed in the new trans-

mitted pulse waveforms, p̃(
0
t) = p0(t) ∗ ha(t), p̃

(
1
t) = p0(t) ∗ ha(t). So the received

signals are s̃0(t) = p̃0(t) ∗ h(t)and s̃1(t) = p̃1(t) ∗ h(t). To simplify the analysis, we

assume ha(t) = δ(t) in numerical results. In other words, we ignore the antennas

impact at this point and will report elsewhere. In the next section we will derive h(t)

in a closed form for a typical urban configuration. As a result, the expressions Eqs.

(3.7) and (3.8) combined with the closed-form h(t) will be very useful.

3.3 UWB Pulse Propagation in Urban Environment

To analyze the scattering or radiation from realistic geometry structures, nor-

mally we have two solutions. One solution is to perform a frequency domain Uniform

Theory of Diffraction (UTD)3 analysis, and then simply apply an appropriate window

with the inverse fast Fourier transform (IFFT) to obtain the scattered field due to

transient pulse excitation. The other one is to directly study the pulse propagation in

the time domain with TD-UTD, which is more efficient when the pulse is very narrow.

Moreover, with the aid of TD-UTD, we can calculate the channel impulse response,

which is independent of the excitation, thus provide more insights. We might ob-

tain the response directly in time domain by doing convolution excitation pulse with

impulse response of the channel. By doing this, not only can we know the received

power, but also the pulse shape, which is specially important in the wideband case

like UWB, with the presence of pulse distortion.

3 UTD is a uniform version of GTD. UTD is more general than GTD in many cases where GTD
breaks down. Engineering community often uses UTD. GTD is mentioned because of its theoretical
significance.
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Figure 3.2. Pulse propagating above high-rise buildings.

3.3.1 Frequency Domain Model

Fig. 3.2 is a typical dense urban high-rise building radio propagation model,

which has been investigated extensively in frequency domain by researchers on nar-

rowband radio propagation, e.g., see [12, 13, 14, 25]. In this model, the primary

propagation mechanisms from the transmitted antenna to the received antenna are

composed of multiple diffractions over several rows of high buildings followed by

diffraction down to the street level of the field incident on the rooftops in the vicinity

of the received antenna. Traditionally, UTD is used in frequency domain to predict

the path loss of the Bertoni model. The closed form transfer function can be defined

using the path loss of each path and is already well accepted in the literature on

narrowband radio propagation. According to [12, 13, 14], the total electric field at
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the screen position N + 1 can be expressed as

EN+1(jω) = E0

exp(−jkNd cosα) +


Dα(D

π/2)
N

√
dN+1

exp(−jkd(1 +N − cosα)

×
N∑

m=1

[
Dπ/2√

d
exp[jkd(cosα− 1)]

]−m




(3.9)

where E0 is the electric field of the incident plane wave at the transmitter labeled by

“Tx” in Fig. 3.2.

Eq. (3.9) can be expressed in a more convenient form of

EN+1(jω) = E0

[
exp(−jkNd cosα) +

Dα(ω)√
d

CN(ω) exp [−jkd (1− cosα+N cosα)]

]
(3.10)

where

CN(ω) =
N−1∑
m=0

[
Dπ/2(ω)√

d
exp(−jkd(1− cosα))

]m

(3.11)

Ds,h
α (ω) =

−e−jπ/4

2
√

2πk

[
F (X3)

sin(α/2)
∓ F (X4)

− cos(α/2)

]
(3.12)

F (X) = 2j
√
XejX

∫ ∞

√
X

e−jt2dt (3.13)

Ds,h
π/2(ω) =

−e−jπ/4

2
√

2πk

[
−
√
πkd.ejπ/4 ∓ (−1)

]
(3.14)

where α is very a small angle defined by tan(α) = ht−hb

dt
, ht is the height for the trans-

mitter antenna, hb is the building height, and dtis the horizontal distance between the

transmitted antenna and the local screen. N is the number of the screens and k is the
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wavenumber. X3 and X4are defined by X3 = 2kd sin2(α/2) and X4 = 2kd cos2(α/2).

The superscript “s” and “h” in the diffraction coefficient Ds,h
α (shorthand for Ds,h

α (ω)

in Eq. (3.12)) for the angle α represents soft and hard boundary conditions [12, 13,

14, 17]. The buildings have an average distance of d between two buildings.

3.3.2 Time Domain Model

In this section, our task is to derive the time domain version of equation

(3.10) in closed form. The time domain expression gives us more insight for UWB

applications since each term will be separated from each other in the time domain,

as in Eq. (3.1).

To convert Eq. (3.10) into the time domain, Dα(ω) and CN(ω) are two key

terms. We will derive them one by one. Let us solve the Dα(ω) first. The Dα(ω)

can be derived as the time domain diffraction coefficient for a perfectly conducting

wedge. The derivation steps are as follows:

1. In Dα(ω) the transition function F (X) (defined by Eq. (3.13)) can be

expressed in a form of complementary error function, i.e.,

F (x) = ejπ/4
√
πxejxerfc(

√
jx);

2. Using s = jω notation, all the s related terms can be lumped together into

a form

f̃(X±, s) =
√
πX±e

sX±
c erfc

(√
sX±

c

)
(3.15)
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3. By taking the inverse Laplace transform of Eq (3.15), the time domain

diffraction coefficients are obtained as [17]

Ds,h
α (τ) = − 1

2
√

2π sin β0

[
f(X−, τ)

cos(φ−φ′

2
)
∓ f(X+, τ)

cos(φ+φ′

2
)

]
(3.16)

where

f(X±, τ) =
X±

√
πcτ(τ + X±

c
)

(3.17)

X± = 2L cos2(
φ± φ′

2
) (3.18)

where φ and φ′ are diffraction and incident angle, respectively, L is the

distance parameter, and c is the speed of light. For our configuration in

Fig. 3.2, we obtain

Ds,h
α = Ds,h

α (L = d, φ =
3π

2
, φ′ =

π

2
+ α, β0 =

π

2
) (3.19)

Ds,h
α (τ) = − 1

2
√

2π

[
f(X−, τ)

sin(α/2)
∓ f(X+, τ)

− cos(α/2)

]
(3.20)

where

X− = 2d sin2(α/2)

X+ = 2d cos2(α/2)
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Once we obtain the closed form for Ds,h
α (τ), we can use similar steps to derive

CN(ω). CN(ω) consists of a series that cannot be transformed term by term. We

must manipulate this series so that they can be transformed into the time domain

term by term. To do this, we can express Ds,h
π/2

(ω) as

Ds,h,π/2(ω)√
d

=
1

2
√

2

(
1∓ 1

x

)
; x =

√
jπkd =

√
jωπd/c (3.21)

Using the binomial theorem together with Eq. (3.21), CN(ω) can be rewritten as

CN(ω) =
N−1∑
m=0

e−jkdm(1−cos α)(
2
√

2
)m m∑

l=0

(∓1)l

 m

l

 1

xl
(3.22)

Now CN(ω) is in a form for transformation. Using the Laplace transform pair [22]

1

sγ
<=>

τ γ−1

Γ(γ)
; γ ≥ 0; γ = real (3.23)

The total field EN+1(jω) at local screen can be expressed in the time domain in a

closed form. Often it is more convenient to define the transfer function asHN+1(jω) =

EN+1(jω)/E0. The impulse response is thus obtained as

hN+1

(
τ − Nd cosα

c

)
= δ(τ) +

Dα(τ)√
d

∗ CN(τ) ∗ δ
[
τ − d(1− cosα)

c

]
(3.24)

where

CN(τ) = δ(τ)

+
N−1∑
m=1

1

(2
√

2)
m

{
δ
(
τ − d

c
m (1− cosα)

)
+ Cm(τ) ∗ δ

(
τ − d

c
m (1− cosα)

)}
(3.25)
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Cm(τ) =
m∑

l=1

Am,l(τ); Am,l(τ) = (∓1)l

 m

l

 1

τ1Γ(l/2)
(τ/τ1)

l/2−1 (3.26)

Am,1 = −

 m

1

 1

τ1
√
π

U(τ)√
τ/τ1

; Am,2 =

 m

2

 U(τ)
τ1

(3.27)

Am,3 = −

 m

3

 2

τ1
√
π

√
τ/τ1U(τ); Am,4 =

 m

4

 (τ/τ1)U(τ)
τ1

(3.28)

where Γ(x) is the Gamma function and τ1 = πd/c. The above equation is the central

result of this chapter. Eq. (3.22) can be combined with Eqs. (3.4)-(3.7). The resultant

closed form expressions will prove to be powerful in system design and analysis.

3.3.3 Generalized Multipath Model

Following Zhang’s paper [14], we trace two dominant rays in the signal received

at the receiver labeled “Rx” in Fig. 3.2. The transfer functions for the two rays can

be written in the form of

H(jω) = H1(jω) +H2(jω) (3.29)

where

H1(jω) =
EN+1(jω)

E0

Ds,h
1 (jω)

√
D1

(D1 +D2)D2

e−jω(D1+D2)/c (3.30)
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H2(jω) = RH,V (jω)
EN+1(jω)

E0

Ds,h
2 (jω)

√
D1

(D1 +R2)R2

e−jω(D1+R2)/c (3.31)

where

Ds,h
1 = Ds,h

α (L = L1, φ =
3π

2
+ β, φ′ =

π

2
+ α, β0 =

π

2
) (3.32)

Ds,h
2 = Ds,h

α (L = L2, φ =
3π

2
+ θ, φ′ =

π

2
+ α, β0 =

π

2
) (3.33)

H1(jω) is the transfer function of the first path, which is the ray directly diffracted

from the local screen to the received antenna. H2(jω) is the transfer function of the

second path, which is the ray of diffraction from the local screen and then reflected

to the received antenna. RH,V is the reflection coefficient.

The definition of correspondent parameters is as follows:

L1 =
D2

1 +D2/D1

, L2 =
R2

1 +R2/D1

(3.34)

β = arctan(hb−hr

dr
), θ = arctan(hb−hr

2d−dr
) (3.35)

D1 =
√
d2

t + (ht − hb)2D2 =
√
d2

r + (hb − hr)2 (3.36)

R2 =
√

(2d− dr)2 + (hb − hr)2 (3.37)
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The reflection coefficient is

RH,V =
cos θ − aH,V

√
εr − sin2 θ

cos θ + aH,V

√
εr − sin2 θ

(3.38)

where aH = 1 and aV = 1/εr correspond to the horizontal and vertical polarization.

θ is the angle defined in Fig. 3.2. For concrete walls at UHF (300 MHz and 3 GHz),

εr = 5. For a practical UWB pulse, we have observed [7] that the pulse distortion

due to reflection can be neglected.

Then by doing the Laplace transform in the time domain, Eq. (3.24) can be

expressed as

h1(τ) =

√
D1

(D1 +D2)D2

× hN+1(τ) ∗ D̃s,h
1 (τ) ∗ δ(τ − D1 +D2

c
) (3.39)

h2(τ) =

√
R2

(D1 +R2)R2

RH,V × hN+1(τ) ∗ D̃s,h
2 (τ) ∗ δ(τ − D1 +R2

c
) (3.40)

where D̃s,h
1 (τ)and D̃s,h

2 (τ) (defined by Eq. (3.20)) are the corresponding time domain

UTD diffraction coefficients of Ds,h
1 (jω) and Ds,h

2 (jω), respectively.

If a UWB pulse of waveform p(τ) is sent at the transmitter in Fig. 3.2, the

received signal at the receiver will consist of two pulses

r1(τ) = p(τ) ∗ h1(τ) r2(τ) = p(τ) ∗ h2(τ) (3.41)

The entire impulse response of the channel in Fig. 3.2 can be expressed in a special

form of Eq. (3.1), as will be illustrated in Fig. 3.7.



63

3.4 Numerical Results

The incident pulse used in the simulation is the second order derivative of

Gaussian pulse, which mathematically is expressed as

p(τ) = [1− 4π(
τ − τc
a

)2]e−2π( τ−τc
a

)2 (3.42)

where a is the parameter used to control the width of the pulse. τc is time shift to

put the pulse in the middle of the window. In our simulation, we used a=0.28ns

and τc=1.5ns. Fig. 3.3a is the time domain incident pulse shape and Fig. 3.3b is

the spectrum of this pulse. The environment parameters in Fig. 3.2 are as follows:

transmitted antenna height ht = 70m, average height of building hb = 10m, receiving

antenna height hr = 1.6m, horizontal distance between the transmitted antenna and

local screen dt = 1000m, the distance between the local screen and receiving antenna

dr = 5m, average distance between all the screen d = 10m, and screen number N = 5.

A. Comparison of Frequency and Time Domain Results

Throughout the chapter the frequency domain results serves as the sanity

check for the validity of the derived expressions. These frequency domain results are

considered to be valid for UHF and even higher frequencies such as 3.1 GHz and 10

GHz [14]. As a result the inverse Fourier transform of these frequency domain results

gives a solution for the time domain pulse response. The time harmonic solutions

in this chapter are only valid for high frequencies (whose wavelengths are very small

compared with the obstacles). Moreover, the corresponding time domain solutions in

this chapter are only valid for so-called early time (τ is very small). Since our UWB

pulses are very short, these early time time-domain solutions can be approximated as

the impulse response of the channel. This fact was pointed out in [7], using a simple
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Figure 3.3. Transmitted pulse p(t) (the second order derivative Gaussian
pulse) and its corresponding spectrum P (f).

structure of a wedge. In this chapter this fact is confirmed again by using a relatively

complicated environment in Fig. 3.2.

To analyze the distortion caused by the factor Dα(τ) (in Eq. (3.8)), we

use p(τ) as a check pulse. By doing convolution operation with Dα(τ), we have

rα(τ) = p(τ) ∗ Dα(τ). In Fig. 3.4, the solid curve denoted as “rα(τ) − TD” is cal-

culated by doing direct convolution. The dash dot curve lablled “rα(τ) − IFFT”

is calculated by applying inverse Fast Fourier Transform (IFFT) of Rα(jω), where

Rα(jω) = P (jω)Dα(jω), Dα(jω) is the formula (3.14), and P (jω) is the Fourier

transform of p(τ). As we can see from Fig. 3.4, our time domain result agrees well
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Figure 3.4. Pulse waveform distorted by the time domain diffraction coeffi-
cient Dα. Here, rα = p(τ) ∗Dα(τ).

with the frequency domain result. The dotted curve in Fig. 3.4 shows the shape of

the transmitted pulse p(τ), and has been normalized to the same amplitude of rα(τ)

for the convenience of comparing the waveform.

In Fig. 3.6 and Fig. 3.7, we can find that the results obtained from both time

domain and frequency domain agree with each other very well. This again serves as

a sanity check of our analytical results in Eq. 3.22.

B. Calculation of Singularity in the Impulse Response

Let us deal with an important mathematical problem. When τ → 0, 1√
τ
→∞,

thus f(X±, τ) →∞ in Eq. (3.17), there is a singularity in impulse response at τ = 0.

This singularity causes some problems in the numerical calculation. Actually, it is

this singular point (at τ = 0 in impulse response) that makes the main contribution

to the waveform distortion. We cannot directly remove it using the time window.
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Otherwise we will lose a lot of information and energy. Our task is to numerically

calculate p(t) ∗ g(t) where p(t) is the incident pulse and g(t) is the impulse response

that has a singularity similar to f(X±, τ). An efficient approach was used to remove

this discontinuity during calculation. The principle of this approach is based on the

following equation:

p(t) ∗
t∫

0

g(t)dt =

t∫
0

{p(t) ∗ g(t)}dt (3.43)

where g(t) has a singularity in the time domain. The integration
t∫

0

g(t)dt removes the

singularity and often can be obtained in a closed form. For our case of Eq. (3.17),

we reach

f1(Xm, τ) =

∫ τ

0

f(Xm, τ)dτ = 2 ∗
√
Xm

π
a tan(

√
cτ

Xm

) (3.44)

We then sample in the new regular function
t∫

0

g(t)dt (or f1(Xm, τ) in (3.44)) and

convolve the new function with the incident pulse p(t). Finally we differentiate the

result in Eq. (3.44), which gives us the correct result, p(t) ∗ g(t). In our case of

simulation, we have

D̄s,h
α (τ) = − 1

2
√

2π

[
f1(X

−, τ)

sin(α/2)
∓ f1(X

+, τ)

− cos(α/2)

]
(3.45)

Ds,h
α (τ) =

d

dτ
D̄s,h

α (τ) (3.46)
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The approach in this section is very important because in reality we always face a

singularity in the impulse response.

C. Approximation of the Impulse Response

Our interest in this section is to focus on the important factor CN(τ) (in Eq.

(3.22). For convenience, we reproduce the target formulas as follows:

CN(τ) = δ(τ)

+
N−1∑
m=1

1

(2
√

2)
m

{
δ
(
τ − d

c
m (1− cosα)

)
+ Cm(τ) ∗ δ

(
τ − d

c
m (1− cosα)

)}
(3.47)

Cm(τ) =
m∑

l=1

Am,l(τ); Am,l(τ) = (∓1)l

 m

l

 1

τ1Γ(l/2)
(τ/τ1)

l/2−1 (3.48)

The convergence of the series Cm(τ) in CN(τ) is critical to the application of

our analytical model. Fortunately we find that the series converges very fast. In fact

only the first several terms are sufficient for practical use. Fig. 3.5 plots the first

several series terms, Am,l, where m = 5 was used for simulation. Note “m” represents

the index of building screens. As we can see from the result, the first term Am,1 is

the dominant term. The second term Am,2 is a small constant, and the third term

Am,3 is very small and approximately equal to zero.

To investigate the properties of CN(τ), we calculate rN(τ) = p(τ) ∗ CN(τ).

Fig. 3.6 is the simulation result of rN(τ), which was calculated using the singularity

removal approach addressed in the previous section. The solid curve denotes the

rN(τ) computed using all the series terms of Cm(τ), Am,l(τ), l = 1, 2, ...,m. The dash

dotted curve is the rN(τ) calculated by using only the first term of Cm(τ), Am,1(τ).

As we can see from Fig. 3.5, one term result is approximately equal to the result
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Figure 3.5. Study of the convergence of the series Am,l in Eq. (3.22).

obtained by summation of all the terms. Thus, in practice we could use the first

term of Cm(τ) only and neglect the other terms. Therefore, CN(τ) can be further

simplified as

CN(τ) ≈ δ(τ) +
N−1∑
m=1

1

(2
√

2)m

{(
δ(τ)− m

√
πτ1

1√
τ

)
∗ δ
(
τ − d

c
m(1− cosα)

)}
(3.49)

Eq. (3.49) is a key result of this chapter, replacing accurate but complex Eq. (3.25).

Eq. (3.24) can be used together with (3.49) to calculate the impulse response of the

channel in Fig. 3.2. The final result is remarkably simple.

D. Pulse Distortion and Its Impact on System Performance
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Figure 3.6. Pulse distortion caused by the term CN(τ) defined in Eq. (3.22).
rN(τ) = p(τ) ∗ CN(τ).

In Eq. (3.1), hn(τ) represents the pulse distortion of the received pulse after

the transmitted pulse passes through propagation medium. In our case for the high-

rise buildings in Fig. 3.2, hn(τ) can be obtained directly by comparing with Eq. (3.1).

Instead, in Fig. 3.7 we give the waveforms of the received signal. We neglect a time

delay factor common to two pulses, without loss of generality. It is observed that the

two received pulses have waveforms very different from the incident pulse p(t). It is

apparent that in Eq. (3.24), both CN(τ) and Ds,h
α (τ) ( in Eq. (3.20)) are to distort

the shape of the transmitted pulse. The effects of these two terms are illustrated in

Fig. 3.4 and Fig. 3.6.
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Figure 3.7. The pulse waveform is distorted after propagation through urban
high rise buildings

3.5 Conclusion

This chapter derived for the first time the closed form expressions of the im-

pulse response for the Bertoni’s urban propagation model. The numerical results

showed that the time domain results agree with the frequency domain results that

are widely adopted in the literature. A lot of insights were gained from these time

domain expressions. This investigation further confirmed that Eq. (3.1) is the right

model to postulate. The closed form impulse response, (3.22) and (3.49), combined

with the analytical BER expressions, (3.7) and (3.8), will prove to be a very powerful
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tool. The result will be important to understand the basic principle of UWB com-

munications through urban environment. Finally our approach has overcome some

practical problems. First, we have overcome the lack of a UWB channel sounder in

such an environment where a distance of 1km is typical. Second, we have built an

analytical model that is simple enough for engineering applications. If a statistical

model is used, modeling is to be very complicated since too many parameters are

needed.
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CHAPTER 4

UWB CHANNEL MEASUREMENT

4.1 UWB Channel Sounding

When a pulse is launched from the transmit antenna, it may experience two

or more paths (depending on the environment) before it is finally captured by the

receive antenna. Therefore, at the receiver, more than one pulse will be received,

and each of them arrives at a different time, with a different attenuation. In wire-

less telecommunications, this phenomenon is called multipath, and can cause errors

and affect the quality of communications. Therefore, characterization of the wireless

channels (finding the delays and attenuations corresponding to each path) is one of

the key tasks for the optimum transmitter and the receiver design.

Generally, one uses a probing signal to sound the channel and then estimates

the channel parameters such as delays and attenuations based on the received signal.

The techniques for channel sounding can generally be categorized into two groups:

time domain channel sounding and frequency domain channel sounding. The following

is a brief review of these two channel sounding techniques.

4.1.1 Time Domain Sounding System

In time domain sounding techniques, the channel is generally excited by a

very short pulse, and a receiving device (e.g., DSO) records samples of the channel

response captured by its antenna, with high sampling rate. The variation in the

channel can be observed in real time. Therefore, unlike the FD approach (will be

stated later), the TD technique can support non-stationary channels. This is the main

76



77

advantage for the time domain sounding technique. Time domain sounding, however,

requires the generation of ultra-short pulses (ideal pulse shape should be like a Delta

function), which is hard to implement. Moreover, the observed impulse response is

always impaired by the use of non-ideal transmit antennas. For these reasons, a

deconvolution technique is required to extract the real CIR from the observed CIR.

Instead of using a wideband pulse, another time domain sounding technique

called sliding correlator transmits a direct sequence spread spectrum signal (pseudo-

random noise (PN)) into the wireless channel. At the receiver, the spread spectrum

waveform is processed via sliding correlation, i.e., the received signal is correlated

with slower copy of the transmitted PN sequence. The slower rate of the local PN

sequence makes it slide past the received sequence so a correlation can be performed

between them over all time delays. For Sliding correlator channel sounding, accurate

results require the measurement to take place within the channels’ coherence time [1].

4.1.2 Frequency Domain Sounding System

The most straightforward means of performing channel measurements is in

the frequency domain using a vector network analyzer (VNA) to record the channel

frequency response for fixed transmitter-receiver locations. To measure the com-

plex frequency domain transfer function, a S21 parameter measurement is performed

where the device under test (DUT) is the UWB channel to be measured. Both mag-

nitude and phase are measured directly. Time domain CIR then can be obtained

by applying IFFT to the measured transfer function. VNA-based channel sounding

technique has many advantages such as large dynamic range and high multipath reso-

lution. However, VNA suffers from relatively long measurement time and slow update

rate. Moreover, since both the transmit and the receive antennas are connected to
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the same device, the range of the measurement channel is limited. These features

restrict its use only to the characterization of the short radio links where the channel

is relatively stationary.

4.2 Channel Sounding Systems Used in WNSL

In our Wireless Networking Systems Lab (WNSL), there are two sets of channel

sounding systems. One is VNA-based frequency domain sounding system and the

other is DSO-based time domain sounding system.

4.2.1 Time Domain Sounding System

Fig. 4.1 shows an experiment set up for DSO-based time domain channel

sounding system. Major equipment used in the measurements includes: (1) a wave-

form generator for triggering the pulser, (2) a UWB pulser that generates Gaussian

like pulses with RMS pulse width of approximate 250 ps, (3) a wideband low noise

amplifier (LNA) with bandwidth over 10 GHz and noise figure less than 1.5 dB, (4)

a Tektronix CSA8000 Digital Sampling Oscilloscope (DSO) with a 20 GHz sampling

module 80E03, and (5) a pair of omni-directional antennas with relatively flat gain

over the signal band. To maintain synchronization, the same waveform generator is

employed to trigger the DSO. Moreover, a pulse generator from Picosecond (Impulse

Generator 3600) and a pair of double ridge guide horn antenna from A. H. Systems,

with a frequency band from 700 MHz to 1.8 GHz, are available as alternative to the

pulse generator and antenna used in the above system.



79

Figure 4.1. DSO-based time domain channel sounding system setup.

4.2.2 Clean Algorithm

As mentioned in Section 4.1.1, due to the difficulty in generating Delta-like

sounding pulse, a deconvolution technique is involved to extract the real CIR from the

observed CIR. Clean Algorithm, first introduced in [2], is one of such deconvolution

techniques. The accuracy of this algorithm applied to UWB channel extraction has

been investigated in [3]. The principle of this algorithm is summarized below.

In Clean Algorithm, a tapped-delay line channel model is assumed; More

specifically, the channel is assumed to be be a series of impulses, represented by

a group of Delta functions, with different delays and amplitudes. Mathematically,

the channel is modeled as

h(t) =
N∑

n=0

αn δ(t− τn) (4.1)

where N is the number of paths in the channel, αn and τn are the corresponding

attenuation and delay of the nth path.

The received signal, which will be measured by DSO, is expressed as

r(t) = pLOS(t) ∗ h(t) (4.2)
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where pLOS(t) is the pulse waveform template for only LOS propagation. The tem-

plate pLOS(t) = p(t) ∗ htx(t) ∗ hrx(t) includes the effects of both the transmit and the

receive antennas, as well as sounding pulse (p(t)) generated by the pulser. To extract

the CIR h(t) from the received data r(t), the measurement of the template pLOS(t) is

very important and will be discussed later. Here we assume pLOS(t) is available and

will be correlated with the received waveform iteratively to find the maximum peak.

The steps for Clean Algorithm are as follows [3]:

1. Calculate the autocorrelation of the template Rpp(t), Rpp(t) = pLOS(t) ∗

pLOS(−t).

2. Calculate the cross correlation of the template with the received signal r(t).

Rpr(t) = pLOS(t) ∗ r(t).

3. Find the largest correlation peak in Rpr(t), record the normalized amplitude

αn, and the relative time delay τn of the correlation peak,

4. Subtract Rpp(t) scaled by αn from Rpr(t) at the time delay τn.

5. Compare αn to a minimum threshold γ0, (e.g., set γ0 = α0/10, where α0

is the normalized amplitude of the first correlation peak in Step 2). If

αn < γ0, program stops. Otherwise go to step 2 for another iteration, untill

the condition αn < γ0 is met.

4.2.3 Template Measurement

To extract the CIR h(t) from the received data r(t), the measurement of the

template pLOS(t) is very important. Ideally, an anechoic chamber is required to

measure a LOS template waveform; however, considering the high cost of chambers,

we are particularly interested to find some other alternative approaches. The idea is

to take advantage of the LOS propagation in open space. Fig. 4.2 shows experiment
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Figure 4.2. Experiment setup for template measurement.

setup for template measurement on open ground. We put the transmit antenna and

the receive antenna in an open place that is far away from any object that could

cause radio reflection. By choosing open space we have assured that the received

signal would only consist of two multipath components: one is LOS path, the other

is the reflection signal from the ground, as shown in Fig. 4.2. The difference between

the time arrivals of these two paths is

∆t = 2
(√

h2 + (d/2)2 − d/2
)
/c (4.3)

By carefully choosing the antenna separation d and the height h such that ∆t is

larger than pulse width of pLOS(t), we can use time gating to remove the second path

caused by the reflection from the ground. Another approach to remove the reflection

path is to put an RF absorber on the ground, as shown in Fig. 4.2.

A template measured for Clean Algorithm is shown in Fig. 4.4. It should

be noted that the template measured in an open space could include narrow band

interference, thus is not as accurate as the one measured in a chamber. When we
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Figure 4.3. Experiment setup for template measurement. An RF absorber
is employed to remove the reflection signal from the ground

choose the open space to measure the template, we should choose a place that is far

away from narrow band interference source (e.g., cellular base station), if possible.

4.2.4 Frequency Domain Measurement

The Frequency domain measurement system in WNSL consists of a vector

network analyzer (VNA)(Agilent N5230A), a 30-dB gain wideband power amplifier,

and a 32-dB gain low-noise amplifier (LNA), and a pair of vertically polarized wide-

band antennas. Fig. 4.5 shows an overview of the measurement setup. The transfer

function measured with a VNA includes the effect of amplifiers, cables and antennas,

in order to remove these hardware effects and get the real transfer function of the
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Figure 4.4. A measured template for Clean Algorithm.

Figure 4.5. Experiment setup for a VNA-based channel sounding system.

“radio channels”, calibration before the measurement is really a necessary procedure.

Again, ideally, all measurement data should be calibrated with the calibration data

measured in anechoic chamber with respect to LOS propagation. It should be noted
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that the antenna effect is different when signal incident on the antenna with different

angles. It will be a difficult task to calibrate the antenna effects exactly, in a practical

multipath propagation situation, where different paths come at different angles.

4.3 Conclusion

In this chapter, the measurement techniques of ultra-wideband characteriza-

tion were discussed. Particularly, the channel sounding systems used in WNSL were

introduced. One of the deconvolution algorithm, Clean Algorithm, was stated and

will be used in the time domain channel sounding measurement in this dissertation.

Moreover, an economical way to measure LOS propagation template were proposed,

when an anechoic chamber is not available.
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CHAPTER 5

CHANNEL RECIPROCITY AND TIME REVERSAL

5.1 Channel Reciprocity: Foundation of Time Reversal

UWB communications has been studied in the pioneering work of Win and

Scholtz [1] and others [2, 3, 4]. For UWB sensor networks, a feasible system struc-

ture is to use energy detection that suffers from performance degradation caused by

rich multipath. As a result, time reversal transmission—see [5] for a review—is used

to collect multipath energy and overcome inter-symbol-interference (ISI). Although

time reversal proves to be promising for UWB systems, some basic questions are still

open. If advanced system concepts are explored to cope with co-channel and mul-

tiuser interference in a UWB-MIMO (Multiple-Input Multiple Output) context, more

fundamental work needs to be carried out. One such problem is channel reciprocity

and its significance to system concepts.

Channel State Information (CSI) at the transmitter is critical to future gener-

ation wireless communication. CSI at the transmitter provides the flexibility to shift

the signal processing to wherever it is desired—for UWB systems, the receiver com-

plexity is minimized for easy implementation in the current semiconductor industry.

This topic has been systematically investigated in narrowband systems. In UWB

systems, this principle is rarely studied.

Due to channel reciprocity, the CSI can be used to preprocess the transmitted

data and to control the scheduling of multiple users signals in the space-time domain.

The key challenge is to make CSI of sufficient quality instantaneously available at
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the transmitter. The fundamental problem at hand is the question of whether chan-

nel reciprocity holds at the baseband. Channel reciprocity holds at the antennas—but

usually gets lost in the baseband for narrowband systems [6]. From CSI point of view,

time-division duplexing (TDD) is preferred to frequency-division duplexing (FDD).

UWB uses a TDD transmission. The challenge of TDD is to provide channel reci-

procity at the baseband inputs and outputs of the communication system.

To answer the above fundamental questions, we will firstly provide some the-

oretical analysis based on EM theory, for a simple diffraction model that is mathe-

matically tractable. Since a practical environment is always too complicated to be

handled with closed form formula, we will have to go for experiment, to investigate the

channel reciprocity in real life communications channels. It is found that channel reci-

procity holds both in a typical office environment as well as a harsh environment like

engine compartment. A basic difference has been found between the UWB systems

and the narrowband systems, with respect to the principle of channel reciprocity—

called symmetry below. It is found that channel reciprocity holds at the baseband for

UWB systems—in contrast to the narrowband systems. In the harsh environment

within the engine compartment, forward link and reverse link are highly symmetric

and stationary for the whole measurement duration1 of 40 minutes!

One explanation for the above amazing result is at hand. RF non-reciprocity is

typically caused by different I/Q mixers, amplifiers and path lengths in the separate

RF chains at the transmitter and receiver. For the pulse-based UWB systems, no

carrier is used—this may be the reason.

Once channel reciprocity at the baseband is established, this principle can be

used for novel system concepts. Since the channel symmetry holds for such a long

1A longer time will be measured in the future. The engine is operating during measurement.
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period, the initial learning for the sufficiently accurate CSI is negligible2. As a result,

the focus of the system is on the transmitter pre-coding—to take full advantage of

the long-term channel symmetry.

5.2 Green Function

The fundamental idea comes from the impulsive nature of the UWB commu-

nication. For an impulsive point source, located at r′ for time t′ in a homogeneous

medium, the scalar Green function, for an observation point, located at r for time t,

satisfies [7]

(
∇2 − 1

c2
∂2

∂t2

)
g(r, r′; t, t′) = −δ(r − r′)δ(t− t′) (5.1)

where c is the speed of light. The impulse response of the channel is that a linear

time-invariant (LTI) system is a function of the scalar Green function, depending on

the antenna configurations. The Green function is given by

g(r, r′; t, t′) = δ [(t− t′)− |r − r′| /c] /4π |r − r′| . (5.2)

It is obvious, from (5.2), that switching the locations of source and observation does

not affect the Green function. This implies the spatial reciprocity of the channel.

Mathematically, spatial reciprocity is satisfied as long as the spatial part of the wave

operator is self-adjoint. Eq. (5.2) represents an outgoing propagation wave. How-

ever, exchanging the time instants of source and observation points will lead to an

2The perfect CSI can be assumed without loss of practical significance.
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interesting result,

g(r′, r; t′, t) = δ [(t− t′) + |r − r′| /c] /4π |r − r′| (5.3)

Eq. (5.3) represents an inward propagation wave carrying the same energy as the

outgoing wave in (5.2). This exercise suggests that if the time-reversed version of the

received fields is sent again at the received point, the energy will retrace the same

path back to the original source point. If all the fields are captured, time-reversed,

and sent again at these observation points, then these fields will travel backward along

their forward paths and converge to the original point source, r′, at the same time,

t′, leading to δ(r − r′)δ(t − t′) in Eq (5.1). This property is called spatio-temporal

focusing, unique to the impulse nature of UWB communications. For a monochro-

matic, sinusoidal signal, time-reversal is equivalent to complex phase conjugation of

the amplitude. The spatial refocusing process works only with broadband pulses,

with a large number of eigenmodes in the bandwidth of the transmitted pulse. Here,

the averaging process that gives a good estimate of the spatial correlation function is

not obtained by summing over different realizations of the waveguide, but a sum over

“pseudo-realizations” which correspond to the different modes in the same waveguide.

The signal-to-noise level should increase as the square-root of the number of modes

in the width of the transmitted pulse. For a large bandwidth like UWB, if one has

statistical decorrelation of the wave fields for different frequencies, the time-reversed

field is self-averaging.
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Figure 5.1. Channel reciprocity study for a scenario where Light of Sight
(LOS) propagation is blocked by a object that can be modeled as a wedge

5.3 Channel Reciprocity in a Diffraction Channel

To be more specific, let us take a look at the particular propagation mecha-

nisms. When a signal passes through a propagation channel, there are typically four

propagation mechanisms involved, LOS propagation, reflection, diffraction and trans-

mission. Diffraction is the most complicated one, among all these mechanisms. This

section we will focus on the diffraction mechanism and study if channel reciprocity

holds when a signal is diffracted by a object within a physical channel.

In an environment with few reflecting objects, or where the transmitter to

receiver path is shadowed, diffraction may play a crucial role in the propagation

of the signal from the transmitter to the receiver. This is most often seen in the

outdoor environment where one of the communicating entities is frequently shadowed

by buildings. As illustrated in Fig. 5.1, we consider that a scenario that (LOS)

propagation is blocked by a object that can be modeled as a wedge (e.g., a mountain).

We are interested in a wedge channel here because such a model is a cannon problem

and has been well solved in EM theory. In Fig. 5.1, α and β represent the incident
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and the diffraction angle, respectively. The subscript 1, 2 represents forward link and

reverse link, respectively. φ0 = (2− n)π is the angle of the wedge.

If the observation angle is not in the transition zone, we have the time domain

diffraction coefficient for GTD (Keller) solution [8]

Ds,h(t) =

√
c

2t

sin π
n

nπ sin β0

·

[
1

cos π
n
− cos(φ−φ′

n
)
∓ 1

cos π
n
− cos(φ+φ′

n
)

]
(5.4)

where the parameters are

“s, h” soft and hard boundary conditions

β0 the angle between the edge and the incident ray

φ the angle between the wedge surface and the diffraction ray

φ
′

the angle between the wedge surface and the incident ray

To prove that such a diffraction channel is reciprocal, we need to prove that

the diffraction coefficient Ds,h(t) are the same for the forward link and the reverse

link. In other words, we need to prove

1

cos π
n
− cos(α1−β1

n
)
∓ 1

cos π
n
− cos(α2+β2

n
)

=
1

cos π
n
− cos(α2−β2

n
)
∓ 1

cos π
n
− cos(α1+β1

n
)

(5.5)

As we can see from Fig. 5.1, it follows that α1 − β1 = α2 − β2, the objective

is then to simplified to prove

cos(
α1 + β1

n
) = cos(

α2 + β2

n
) (5.6)
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Figure 5.2. Received waveform comparison between the forward link and the
reverse link transmission for a wedge channel illustrated in Fig. 5.1

Based on the angle relationship in Fig. 5.1, we have

α1 + β1 = α1 + 2π − φ0 − α2

= α1 + 2π − (2− n)π − α2

= nπ + α1 − α2 (5.7)

Then we have

cos(
α1 + β1

n
) = − cos(

α1 − α2

n
)

Similarly, for reverse link, we have

α2 + β2 = nπ + α2 − α1 (5.8)
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and

cos(
α2 + β2

n
) = − cos(

α2 − α1

n
)

We then have proved that Eq. 5.6 holds. In other words, channel is reciprocal

for such a wedge channel. When the incident ray is within the transition zone, GTD

theory breaks down and Eq. 5.4 does not hold anymore. We have to go to its UTD

form. UTD formulate will be discussed in more detail in the subsequent chapter.

Fig. 5.2 shows a comparison of the waveform between the forward link and

the reverse link, considering a channel illustrated in Fig. 5.1. The incident pulse

is a second order derivative Gaussian. The parameters used are as follows: β0 =

π/2,n = 3/2, α1 = π/4, and α2 = π/8. It can be seen from Fig. 5.2 that the received

waveforms for the forward link and the reverse link experience the same distortion,

despite their incident direction.

5.4 Channel Reciprocity in an Office Environment

5.4.1 Experiment Description

Some initial verification on channel reciprocity has been obtained using the

time domain UWB channel sounding in an office environment. A set of measurements

has been conducted in a lab/office area of TTU. That is a typical indoor area with

wooden and metallic furniture (chairs, desks, bookshelves and cabinets). Directional

horn antennas are used. A layout of the measurement environment is shown in Fig.

5.3. The experiment setup (time domain channel sounding system) can be found in

Chapter 4. No LOS is available during the measurement.
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Figure 5.3. UWB pulse propagation in a typical office environment.
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Figure 5.4. Comparison of the received waveforms of the reciprocal channels
in an office environment. (a) shows the overall received waveforms and (b) shows the
zoom in waveforms in the duration of 10-36 ns.
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Figure 5.5. A comparison between the parameters S21 and S12 for a typical
indoor channel. S21 and S12 are directly measured with VNA.

5.4.2 Experiment Results

The transceiver (Tx and Rx) locations for the forward link are shown in Fig.

5.3. The received waveform is measured and is shown in Fig. 5.4 as forward link

waveform. We then switch the transmitter and the receiver (excluding the antenna)

locations and then measure the channel again; the received waveform is shown in Fig.

5.4 as reverse link waveform.

Amazingly, two received waveforms almost coincide with each other, as shown

in Fig. 5.4. The correlation between these two waveforms is as high as about 0.98.

Fig. 5.4(b) shows a closer look of Fig. 5.4(a) with the arrival time from 10 ns to 36

ns. This plot demonstrates channel reciprocity.
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5.4.3 Frequency Domain Measurement

In this section, we study the channel reciprocity in frequency domain with

VNA. A detailed experiment setup for frequency domain channel sounding system

has been described in Chapter 4. Note that in the frequency domain with VNA to

switch the TX and Rx is much more convenient than time domain measurement.

The parameters S21 and S12 represent the channel transfer function for the forward

link and the reverse link, respectively. After the necessary calibration process (up to

the cables), we measure these two parameters and compare them. Fig. 5.5 shows a

comparison of these two parameters, starting from 1 GHz to 12 GHz. It can be seen

that S21 and S12 agree very well with each other.

5.5 Channel Reciprocity in Harsh Environment

5.5.1 Experiment Description

We have shown that channel reciprocity holds in a typical office environment,

this section we wish to investigate this property in a harsh environment. We are, in

particular, interested in intra-vehicle sensors. See Fig. 5.6 for a picture. A template

waveform is measured when the distance between the transmitter antenna and the

receiver antenna is one (1) meter—See Fig. 5.7(b) for this waveform. Antenna near-

field effects are removed this way. Antennas are located deeply in the engine such

that only non-line-of-sight (NLOS) pulses are present.

Major equipment used in the measurements includes: (1) a waveform gener-

ator for triggering the pulser, (2) a UWB pulser that generates Gaussian like pulses

with RMS pulse width of approximate 250 ps, (3) a wideband low noise amplifier
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Figure 5.6. UWB pulse propagation within the engine compartment.

(LNA) with bandwidth over 10 GHz and noise figure less than 1.5 dB, (4) a Tek-

tronix CSA8000 Digital Sampling Oscilloscope (DSO) with a 20 GHz sampling module

80E03, and (5) a pair of omni-directional antennas with relatively flat gain over the

signal band. The experiment is conducted under the hood of Honda Accord. Mea-

surements are made within the vehicle and the vehicle engine compartment. Similar

conclusions are obtained both within the vehicle and the vehicle engine. In this

chapter, only the engine result will be presented.

5.5.2 Experiment Results

The transceiver antennas are put in the engine compartment. The positions

of antenna A and G are labeled in Fig. 5.6. Fig. 5.7 illustrates channel reciprocity

between channel A-G and G-A. The forward link is defined as the link from antenna
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Figure 5.7. Channel reciprocity in the engine compartment.

Figure 5.8. Channel Reciprocity holds for a long period of time (40 minutes).



100

A to antenna G. Two received waveforms measured in the forward and reverse links

almost coincide with each other. The correlation between these two waveforms is

as high as about 0.98. In Fig. 5.7(a), the forward and reverse link waveforms are

measured under the same conditions, except that the DSO (excluding antenna and

cable) and the pulser (excluding antenna and cable) are switched. In other words,

antenna and cable are treated as part of the channel. The bottom plot of Fig. 5.7

(a) shows a closer look of the above plot of Fig. 5.7 (a). The waveforms shown in

Fig. 5.7(a) are measured while the engine is on. The result is almost the same when

the engine is off. The similar result can be observed when the antenna positions are

changed.

Some experiments are also performed to investigate the instantaneousness of

channel reciprocity. The transmitter antenna is located in the position A in Fig. 5.6.

The receiver antenna3 is located in the position G in Fig. 5.6. Forty (40) received

waveforms are recorded at every one minute for a duration of 40 minutes. For each

waveform, the signal lasts 50ns, compared with the template waveform in Fig. 5.7(b).

The 40 waveforms are plotted in Fig. 5.8. The correlation between any two waveforms

is greater than 0.99—These waveforms are almost identical within 40 minutes!

5.6 Conclusion

Experiments are made to investigate channel reciprocity both in a typical office

environment and a harsh environment like engine compartment. Moreover, channel

instantaneousness in the intra-vehicle environment are studied experimentally. This

investigation helps to understand applications such as ship-board and inside-ship

3Points E, F, H in Fig. 5.6 are also measured and similar results are obtained.
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communications. It is found that the channel is highly reciprocal at the baseband—

very different from the narrowband channel. Further, channel reciprocity holds for

the whole measurement duration of forty minutes.

The intra-vehicle environment has fewer multipath components than indoors—

but is more static. One reason is that the distance of the former is much shorter.

Pulse waveform distortion is more obvious than the latter: antenna near-field effects

are present in the intra-vehicle environment. These experimental studies suggest that

the transmitter-centric system paradigm is efficient and promising.
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CHAPTER 6

TIME-REVERSED UWB ELECTROMAGNETIC WAVES IN A

HALLWAY ENVIRONMENT

In this chapter, spatial focusing of Time-Reversed UWB electromagnetic waves

is demonstrated in a hallway environment. Firstly, a general time domain channel

model for the hallway environment has been developed. This model takes into account

the materials as well as the geometric configuration of the environment. Based on this

model, spatial focusing of TR technique is investigated and simulation results show

there is 10dB energy drop when the receiver is 1m away from the intended receiver.

6.1 Introduction

Ultra-wideband wireless communications techniques have many attractive char-

acteristics, including an extremely simple radio that inherently leads to low-cost

design, and fine time resolution for accurate position sensing. However, there are

a number of challenges in UWB receiver design, such as the capture of the multipath

energy, inter-symbol interference, and co-channel interference. A Time-Reversal (TR)

technique has been applied to deal with these problems [1].

The irreversibility of time is a topic generally associated with fundamental

physics [2]. The object is to exploit TR invariance, a fundamental symmetry that

holds everywhere in fundamental particle physics to create useful systems. What one

wants is macroscopic time-reversal invariance. Happily this symmetry does hold in

both acoustic-wave and electromagnetic-wave phenomena. Due to the high resolution

of a short UWB pulse, rich resolvable multipath makes the UWB channel act like an

104
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underwater acoustical channel. The success of using time reversal for underwater

acoustical communications motivates this chapter.

In a TR communication system, after the intended receiver sounds the channel

by transmitting a pilot sequence to the transmitters, the transmitters record, time-

reverse, and then retransmit the time reversed signal back to the channel. As a

result, the energy will be focused in both the time and the space at the intended

receiver. TR has been studied for a long time in acoustic [2] and extended to wireless

communication recently [3].

The complexity of realizing TR is one of concerns in TR implementation. The

fact that TR technique uses the channel itself as the matched filter enables the low

complexity of the system. It is interesting to know that sampling the Channel Impulse

Response (CIR) and using reduced-bit A/D conversion can be as good as full rate

and normal-resolution (8 bits) A/D approach [4]. Some implementation schemes have

been reported recently in [5].

In this chapter, the spatial focusing of time-reversed UWB electromagnetic

waves in a hallway environment has been investigated. We first derive a closed form

impulse response of the hallway environment in 2D, based on the powerful ray tracing

technique. Image theory has been employed to do the ray tracing. The impulse

response derived in this chapter is different from that of previous work, e.g., the work

in [6, 7, 12], in the following aspects. First, the closed form impulse response has been

given in time domain directly; Secondly, the impulse response derived in this chapter

is more general because it takes into account the materials of the environment as well

as its geometric configuration. Moreover, this model can be easily generalized to 3D

case. Based on the derived impulse response, the spatial focusing of TR has been
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demonstrated by simulation. The results show that there is 10dB energy drop down

when the receiver is 1 m away from the intended receiver.

6.2 TR Spatial Focusing in a Hallway

Three main benefits can be achieved by employing TR technique in a communi-

cation system. These benefits are temporal focusing, spatial focusing, and hardening

of the effective channel [8]. In this chapter, we will only focus on the spatial focusing

characteristics. Spatial focusing near the intended receiver has many important appli-

cations. For example, co-channel interference in a multi-user system can be greatly

reduced by increasing the spatial focusing of the system. In military applications,

increasing the spatial focusing is a very efficient way to deal with the interception.

In this sense, TR technique can exploit multipath to create a secure communication

channel with a receiver at a particular location.

Consider a TR system with single input and single output (SISO) antenna . Let

h(~r0, t) represent the CIR for the intended receiver located in position ~r0(x0, y0, z0).

The transmitter will use the complex conjugate of the time reversed version of h(~r0, t)

as the prefilter. Similarly, let h(~r1, t) denote the CIR of another unintended user at

position ~r1. Assuming channel is reciprocal and slowly varying, which is the case for

UWB signals [9], the equivalent CIR for the intended user would be

heq(~r0, t) = h(~r0,−t) ∗ h(~r0, t) (6.1)
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where ∗ represents convolution operation. For the unintended user, the equivalent

CIR would be

heq(~r1, t) = h(~r0,−t) ∗ h(~r1, t) (6.2)

The spatial focusing can be characterized by the metric Directivity D(~r0, ~r1),

which is defined as

D(~r0, ~r1) =
max |heq(~r0, t)|2

max |heq(~r1, t)|2
(6.3)

The value of Directivity D(~r0, ~r1) determines how well we can, by employing TR,

focus the transmitted energy into a point of interest. Similar metric has been used

in measurement paper [8] to characterize the spatial focusing of TR system. In the

following, we will investigate this parameter by moving the receiver away manually

from the intended focusing point and studying how rapidly the receiving energy will

drop down.

6.3 Time Domain Modeling Wideband Radio Propagation in the Hallway

Hallway is a special indoor environment in the sense of its long and relative

narrow geometric configuration. In a hallway environment, multiple reflection rays,

together with the Light of Sight (LOS) ray, will dominate the received signal. The-

oretically, radio propagation in a hallway can be modeled as a tunnel propagation

problem, which has been investigated intensively over the past decades. Two ap-

proaches have been employed to model the radio propagation in tunnels. One is

modal approach [6], and the other one is ray approach [11, 12]. In a tunnel whose
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size is very large relative to wavelength, which is the case for the analysis of UWB

signal propagation in a hallway, the ray model should be more accurate and simpler.

Ray tracing is a very powerful method to model the wireless channel at high

frequencies when the entire geometry of the environment is taken into account. This

technique will be employed to build our propagation model. Moreover, due to the

transient characteristics of UWB pulses, it should be more convenient to analyze the

UWB signals in the time domain directly. That is the motivation behind our time

domain propagation model proposed in this chapter.

Specular reflection is assumed for all the reflections undergoing in the hallway

environment. This is a reasonable assumption considering the roughness of the walls

is far less than the wavelength of the propagation signal. We also assume all the

reflection interfaces (ceiling, floor, and two side walls) are made of the same material

with a relative dielectric constant εr.

We first consider a two-dimension model, and then extend the result to a

three-dimension environment. The physical configuration of two-dimensional hallway

modeling is shown in Fig. 6.1. Image theory is employed in the ray tracing. According

to image theory, all the rays can be viewed as coming from the multiple images of the

source S0. These rays can be divided into two categories; one is that the first reflection

happens on the floor surface, the other one is that the first reflection happens on the

ceiling. It should be noted that these two cases have common rules. Firstly, our

interest will focus on case 1, where the first reflection happens on the floor. We will

show that this model, although established based on case 1, is valid for case 2 as well.

Fig. 6.1 shows the first and the second ray (corresponding ray1 and ray2 in

Fig. 6.1) that the first reflection happens on the floor. In Fig. 6.1, S1 is the image
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Figure 6.1. The physical configuration of a two-dimensional hallway. All the
paths can be viewed as coming from the images of source S0.

of S0 relative to the floor, while S2 is the image of S1 relative to the ceiling. Viewed

from the receiver, ray1 and ray2 seem coming from image S1, S2 , respectively.

The electric field of a ray arriving at the receiving antenna can be calculated

by the following equations.

For the direct ray, which is LOS path,

EDirect(f) =
E0

r
e−jkr (6.4)

where E0 is the electric field transmitted by the antenna, k is the wave number, and

r is the distance that the ray travels from the transmitter to the receiver.

For reflected rays,

Ereflected(f) = Γ
E0

r
e−jkr (6.5)

where Γ =
∏n

i=1 Γ(θi) is the accumulated reflection coefficient. Here, n represents

the number of reflections undergone by the ray, and θi is the corresponding reflection
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angle. Since the ceiling and the floor are parallel, equal reflection angle will be

assumed for the same ray undergoing multiple reflections. For example, ray2 in Fig.

6.1 has the same reflection angle θ2 for the two reflections. Therefore, we can simplify

(6.5) as Γ =
∏n

i=1 Γ(θi) = [Γ(θ)]n.

It is known that reflection coefficient Γ(θ) is frequency dependent. Calculation

of Γ(θ) for UWB signals in the time domain has been well studied in [13]. For early

time-response, the impulse response of reflection can be approximated as [13]

href (t) ≈ K

{
δ(t) +

2aκ

1− κ2
exp[−(1 +K)at]

}
U(t) (6.6)

where K = (1 − κ)/(1 + κ), and a = 60πσc/εr. Here, c is the speed of light, σ

is the conductivity of the reflection surface, κ =
√
εr − sin2θ/(εrcosθ) for vertical

polarization, and κ = cosθ/
√
εr − sin2θ for horizontal polarization. Notice that the

reflection signal consists of two parts: One is undistorted signal corresponding to the

delta function in (6.6), and the other one is distorted signal corresponding to the

second term in (6.6). The simulation results in [13] show that the contribution from

the second term is very small and thus can be ignored in a typical reflection situation.

In this case, Eq. (6.6) could be simplified as href (t) ≈ Kδ(t). After some mathematic

manipulations, the parameter K can be reformed as

KH,V =
cos θ − aH,V

√
εr − sin2 θ

cos θ + aH,V

√
εr − sin2 θ

(6.7)

where aH = 1 , aV = 1/εr, and “H” and “V ” correspond, respectively, to the horizon-

tal and vertical polarizations. Therefore, (6.6) naturally reduces to traditional Fresnel

reflection coefficient, which is frequency independent. This gives us confidence to use

the frequency independent reflection coefficient, despite the wideband characteristics
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of UWB signals. Therefore, we have

ΓH,V (θ) =
cos θ − aH,V

√
εr − sin2 θ

cos θ + aH,V

√
εr − sin2 θ

(6.8)

For different rays, reflection angle θ is different. It should be noted that θ is

closely related to the number of the reflections that the ray has experienced. Let θn

denote the reflection angle for the nth ray, which is the ray with reflection time of n,

then θn can be calculated by the well known triangulation

θn = arcsin(
d0

rn

) (6.9)

where d0 is the antenna separation distance and rn is the distance that the ray prop-

agates. Note that rn =
√
l2n + d2

0, where ln is the vertical distance between the image

Sn and the receiver. The distance l1, l2 and d0 are shown in Fig. 6.1. ln can be

further calculated by the following equation:

ln =

 (ht + hr) + 2h(n− 1)

(ht − hr) + 2hn

n is odd

n is even
(6.10)

where, as shown in Fig. 6.1, ht, hr, and h represent the height of transmitting antenna,

receiving antenna, and the hallway, respectively. The total received electric field in

the receiver can be expressed as

E(f) =
N∑

n=1

[Γ(θn)]n
E0

rn

e−jkrn (6.11)
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Let H(f) be the channel transfer function, which is defined by H(f) = E(f)/E0,

then we have

H(f) =
N∑

n=1

[Γ(θn)]n
1

rn

e−jkrn (6.12)

For the wideband signal such as UWB pulse, it is believed that efficiency will be

achieved by analyzing the signal directly in the time domain. Taking Inverse Fourier

Transform on (6.12), the impulse response can be expressed as

h(t) =
N∑

n=1

[Γ(θn)]n
1

rn

δ(t− rn

c
) (6.13)

Note that the general channel model without distortion is h(t) =
N∑

n=1

anδ(t− tn),

where an is the amplitude attenuation and tn is the time delay. Time domain model

given in (6.13) can be reduced to general channel model with an = Γn(θn)/rn, and

delay tn = rn

c
.

Theoretically, we can trace an infinite number of paths with Eq. (6.13), how-

ever, only a limited number of them will be meaningful. The reason is that the energy

of the signal decreases very rapidly due to the energy loss caused by reflection and

free space spherical wave propagation.

So far, we only consider the contribution from the rays that first reflection

happens on the floor. Similar analysis can be applied to those rays that first reflection

happens on other interfaces. For example, if we rotate Fig. 6.1 180 degree so that the

positions of roof and floor are exchanged, while keeping the position of antenna fixed,

(6.13) will be the contribution from those rays that the first reflection happens on the

roof. In this case, ht and hr in (6.10) will be the distance from corresponding antenna
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Figure 6.2. Ray tracing result in the hallway. The rays with a maximum of
10 reflections has been traced (N = 10). ht = 1m, hr = 1.5m, h = 3m.

to the roof. If we rotate Fig. 6.1 90 degree, one of the side walls will become the floor.

The antenna height ht and hr in (6.10) then will be replaced by the distance between

the antenna and the corresponding side walls. In this case, since the incidence plane

is rotated by 90 degree, a different formula in (6.11) corresponding to a different

polarization should be used for calculation of the reflection coefficient.

Fig. 6.2 shows the retracing result in 2D case. This result shows all the

reflection rays that the first reflection happens on the floor, as well as those that

happens on the ceiling. The parameters used in the simulation are as follows: ht =

1m, hr = 1.4m, the height of the hallway h = 3m, the distance between two antennas

d0 = 10m, and the maximum path number traced in every reflection interface N = 10.

Considering the ray from all the four interfaces, the impulse response of the

hallway in 3D case can be modeled as

h(t) =
4∑

m=1

N∑
n=1

[Γm(θmn)]n
1

rmn

δ(t− rmn

c
) (6.14)

where θmn and rmn can be calculated by (6.9) and (6.10), with the corresponding

parameters.
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Figure 6.3. An example of 3D Ray tracing result in the hallway.

Eq. (6.14) gives a very general time domain channel model for hallway environ-

ment. Given the coordinates of the Tx and Rx, as well as the geometric parameters

of the environment, all the paths can be retraced with this model.

It should be noticed that the model given in this chapter ignores the impact

of antennas. Generally antennas play a very important role in UWB communication

systems. However, since the transmitter and receiver antennas can be as a whole

modeled as a linear filter with impulse response ha(t), their impact can always be

addressed in the new transmitted pulse waveforms [14].

Fig. 6.3 shows the retracing result in 3D case. The transmitter antenna

locates in position (0, 0.5, 1.5) and the receiver antenna locates in position (10, 1.1, 1).

Maximum path number traced in each reflection interfaces N = 3. The width of the

hallways is 3m. The rest of parameters are the same to 2D case.
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Figure 6.4. Channel impulse response of the hallway: simulation result. Very
short pulse plotted in (a) was sent to sound the channel. The impulse response is
calculated by Eq. (6.14) for 3D case with N = 10, εr = 15, d0 = 10. LOS has been
blocked.
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Figure 6.5. Equivalent channel impulse response. (a) is the equivalent CIR
of the intended user located at d0 = 10m; (b) is the equivalent CIR of the unintended
user with 1m away from the intended user.

6.4 Numerical Result

In a TR communication system, firstly the receiver will send a pulse to sound

the channel. In our simulation, the second order derivative of Gaussian pulse has
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been used as the sounding pulse, which mathematically can be defined as

s(t) =

[
1− 4π

(
t− tc
w

)2
]
e−2π( t−tc

w )
2

(6.15)

where w is the parameter used to control the width of the pulse and tc is time shift

to put the pulse in the middle of the window. Fig. 6.4(a) shows the sounding pulse

with w = 0.2ns and tc = 0.5ns. After the pulse passes through the channel, which

has been described in Fig. 6.3, the receiving signal in the transmitter was shown in

Fig. 6.4(b). Here, vertical polarization wave is assumed. It should be noted that we

manually block the LOS path to avoid the dominated path in the receiving signal.

Since the sounding pulse is very short, we can treat the result in Fig. 6.4(b) as the

impulse response of the channel. Then the transmitter will adopt the time reversed

of the CIR, denoted by h(~r0,−t), as the prefilter.

To simplify the problem, we restricted the moving range of the receiver only in

the direction of ~r0. Under this condition, the problem reduces to one-dimension case.

D(~r0, ~r1) then can be reformed as D(d0, d), where d is the separation distance between

the transmitter and the receiver, and d0 is the distance between the transmitter and

the focusing point.

Fig. 6.5 shows the equivalent CIR for different users. Fig. 6.5(a) shows the

equivalent CIR for the intended user located at d0 = 10m, while Fig. 6.5(b) gives the

equivalent CIR of the undesired user located at d = 11m. It is evident that the power

received by intended user will be much stronger than the unintended user, hence,

spatial focusing is achieved by employing TR technique.

Let d0 = 10m, and we move the receiver away from the intended focusing point,

with a step of 0.2m. Fig. 6.6(a) shows how the parameter D(d0, d) changes with the

distance d. It is observed in Fig. 6.6(a) that there is a peak at distance d0 and then
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Figure 6.6. Spatial focusing characterized by the parameter Directivity
D(d0, d). In (a) the energy curve for the receiving signal has been plotted as a
reference. (b) is for the case that all the receivers receive identical power despite their
locations.

D(d0, d) decays rapidly when the receiver is away from d0. It is known that, due to the

energy loss caused by free space propagation, the receiving power will drop down when

the receiver moving away from the transmitter, even there is no TR prefilter in the

system. In other words, the energy dropping down in Fig. 6.6(a) is not only caused

by TR prefilter. Thus, in Fig. 6.6(a), a curve describing the energy of receiving signal

has also been plotted as a reference. This is the case when there is no power control

components in the transmitter, which makes it hard to give the “real” D(d0, d) of TR.

Assuming the transmitter has the capability to dynamically adjust the transmitting

power so that the receivers receive identical power, despite their locations, we then

can remove the energy loss curve caused by free space propagation. Fig. 6.6(b) shows

the D(d0, d) curve caused by TR prefilter, assuming the receiving energy fixed when

the receiver movies away from d0. A 10-dB energy down can be observed in Fig.

6.6(b) when the undesired receiver is 1m away from the intended receiver.
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Note that TR technique takes advantage of the multipath. Therefore, the

richer the multipath, the better will be the performance. For our case, one can see

that the multipath is not that rich. Two reasons cause the paths to be fewer than that

in a practical hallway environment. The first one is that we cannot trace every path

due to the limitation of the algorithm. For example, the diffraction path caused by

possible large edge has been ignored in our time domain model, due to the complexity

involved in the diffraction process. Another reason is that in reality, the environment

is much more complicated than the model used in this chapter. Therefore, the spatial

focusing results given in a practical hallway environment should be better than what

provided in this chapter. Some experimental results regarding TR spatial focusing

in a hallway environment have been reported in [15] and the same trend has been

observed there.

6.5 Conclusion

TR technique takes advantage of multiple scattering. Using a hallway as an

example, the spatial focusing has been demonstrated. The impulse response of a

hallway channel is conveniently obtained through time-domain ray tracing. Although

similar work has been done in acoustics, this demonstration appears to be for the

first time in electromagnetics. Our approach of using time domain ray tracing is also

novel for TR in electromagnetics. The simulation model can be conveniently applied

to study the impact of the size of building on the performance of TR. Moreover,

although it is built based on hallway environment, this propagation model can be

applied to analyze the EM wave propagation in lots of other environments such as

urban canyons and tunnels.
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CHAPTER 7

MISO TR FOR UWB COMMUNICATIONS

This chapter experimentally investigates the scheme of time reversal (TR)

combined with multiple-input single-output (MISO) antennas over ultra-wideband

(UWB) channels. In particular, temporal and spatial focusing as well as array gain

are studied based on a (4 × 1) MISO scheme in an office environment. The results

confirm that the energy of UWB signals in an MISO scheme is more spatial-temporally

focused than in a single-input single-output (SISO) scheme. As a result, a strong

peak is observed in the equivalent channel impulse response. The magnitude of this

peak grows linearly with the square root of the number of antenna elements at the

transmitter. All the measurements and data processing are completed in the time

domain.

7.1 Introduction

The complexity of realizing TR is one of concerns in TR implementation. The

fact that TR technique uses the channel itself as the matched filter enables the low

complexity of the system. It is interesting to know that sampling the CIR and using

reduced-bit A/D conversion can be as good as full rate and normal-resolution (8 bits)

A/D approach [1]. Some implementation schemes have been reported recently in [2].

Using TR for UWB communications generally provides two merits, temporal

focusing and spatial focusing. The temporal focusing compresses the channel’s energy

into one single peak, which significantly reduces the task of the energy collection and

equalization at the receiver. The spatial focusing, on the other hand, can result

in much lower intercept probability and co-channel interference. In this chapter,
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we experimentally demonstrate that these two merits can be further improved by

employing multiple antenna at the transmitter.

Time reversal combining with antenna array at the transmitter (MISO-TR)

seems to be a natural idea and has gained growing attention recently. Some measure-

ments, e.g., the work in [3, 4], have been developed to investigate the spatial focusing

and temporal focusing of the MISO-TR system. However, most of the work is done

in narrowband and in outdoor environments. Noticing the fundamental differences

between the wideband channels and the narrowband channels, we carry out a series

of measurements with UWB signals. Moreover, due to the wideband characteristic of

UWB signals, time domain approach appears to be a better framework to study the

radiation, propagation, and reception of the UWB systems. We conduct the measure-

ments and the data processing directly in the time domain, which is another feature

distinguishing our work from most of the previous work.

Our contributions in this study are trifold. First, we experimentally demon-

strate that the UWB transmission range could be extended by employing multiple

antennas at the transmitter. It is found that the peak energy at the receiver increases

linearly with the number of antennas employed in the transmit array. Part of the ex-

perimental results are reported in [5], and this chapter gives the mathematical proof.

Second, we demonstrate very good spatial focusing of the MISO-TR systems. A com-

parison is made between Single Input and Single Output Time Reversal (SISO-TR)

and MISO-TR, and the results show that the MISO-TR increases the spatial focusing

by several decibels, compared with the SISO-TR. Finally, a detailed comparison of

the temporal focusing for MISO-TR, SISO-TR, and the original channel without TR

scenarios is provided, confirming that MISO-TR can further temporally compress the

channel.
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Figure 7.1. Time reversal precoded MISO communication systems with M=4
transmit antennas and one receive antenna.

7.2 UWB MISO-TR System

7.2.1 Impulse MISO

A 4 × 1 MISO-TR system configuration is illustrated in Fig. 7.1. Let hm(t)

denote the channel impulse response (CIR) between the m-th element of the transmit

array and the receiver, and cm(t) be the corresponding prefilter code employed in that

antenna branch. In a TR system, the conjugate of the CIR will be used as the prefilter

of that channel. Thus, we have

cm(t) = Amhm(−t) (7.1)

where Am is the power scaling factor that describes various power allocation situations

[4]. Notice that the transmit power is normalized by utilizing the power scaling factor

Am [4].

Generally, one uses channel sounding to get the CIR hm(t). Let p(t) denote the

sounding pulse sent by the receiver, and q(t) be the signal received by the transmitter.

Then it follows that q(t) = p(t)∗h(t), where h(t) is the CIR, and ∗ denotes convolution

operation. The transmitter directly samples q(t) and uses the complex conjugate of
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q(t) as the prefilter. In the next step, the transmitter sends the same pulse p(t) (or a

modulated pulse) to the receiver, and the receiving signal would be

r(t) = p(t) ∗ q(−t) ∗ h(t)

= Rpp(t) ∗Rhh(t)
(7.2)

where Rpp(t) and Rhh(t) are the autocorrelation of the p(t) and h(t), respectively.

Note that noise term has been ignored in (7.2) for the sake of simplicity. Tra-

ditionally, h(−t), instead of q(−t), is applied as the prefilter code. Then the received

signal is described by r(t) = p(t)∗Rhh(t). Often Rpp(t) is sharper than p(t), especially

when we use a chirp pulse as the sounding pulse p(t). Under this condition, Rpp(t)

will approach the delta function by choosing proper parameters. Thus, from (7.2) it

follows that

r(t) ≈ Rhh(t) (7.3)

It is known that a short UWB pulse signal, by its nature, is impulsive and

transient. The limit of a UWB signal is the Dirac pulse of zero duration, but of

infinite bandwidth. The interest in this chapter is to study the limit of MISO in

the context of TR. In the following time domain measurements, we will first use the

CLEAN algorithm [7][8] to extract the impulse response from the received waveforms.

Later on all of the analysis will be based on the CIRs.

7.2.2 Array Gain

Array Gain is the gain achieved by using multiple antennas so that the signal

adds coherently. This section will illustrate, by employing MISO-TR technique, how
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the peaks of the signal at the receiver are automatically aligned and an array gain

factor of M (the number of antenna elements at the transmitter) over the SISO is

achieved.

For equal power allocation [4], we have

Am =
1

√
M
√
‖hm(t)‖2

(7.4)

where “‖ ‖” denotes the Frobenius norm operation defined as ‖x(t)‖2 =
∫ +∞
−∞ |x(t)|2 dt.

The equivalent impulse response can be expressed as

heq(t) =
M∑

m=1

cm(t) ∗ hm(t) (7.5)

It should be noted that, in reality, time cannot be truly reversed to obtain the

reversed CIR hm(−t) in (7.1). Therefore, a FIR filter with a length of T is always

required to implement the time reverse operation. This will lead an expression of

hm(T − t), instead of hm(−t), in (7.1). The filter length T should be chosen to be

bigger than the maximum delay spread of all of the CIRs.

For the MISO case we have

hMISO
eq (t) =

M∑
m=1

1√
M
√
‖hm(t)‖2

h∗m(T − t) ∗ hm(t)

=
M∑

m=1

1√
M
√
‖hm(t)‖2

Rhmhm(t) ∗ δ(t− T )

(7.6)

where Rhmhm(t) is the autocorrelation of hm(t).
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As a special case when M = 1, which corresponds to a SISO scenario, it follows

that

hSISO
eq (t) = 1√

‖h1(t)‖2
h∗1(T − t) ∗ h1(t)

= 1√
‖h1(t)‖2

Rh1h1(t) ∗ δ(t− T )
(7.7)

Notice that a sharp peak will usually be generated in the equivalent CIR, due

to the temporal focusing of the TR technique. Most of the time we may only need

a simple receiver to pick up the peak energy of the impulse response. Therefore, our

focus will be on the peak.

It is known that the peak of the autocorrelation Rhmhm(t) occurs at the instant

t = 0 with a magnitude equal to the energy of hm(t). Mathematically, it follows that,

Rhmhm(0) = ‖hm(t)‖2. If the same initial timing between antenna elements is assumed

(this is reasonable assumption because all the antenna elements at the transmitter

are using the same clock), then all the peaks of the fields in (7.6) reach at the same

time instant T independent of the element location, antenna type and channel [9]. It

seems like that the peaks are aligned automatically .

For the MISO case, all the energies from different elements coherently add up

at time T . It follows from (7.6) that

hMISO
eq (T ) =

M∑
m=1

1√
M
√
‖hm(t)‖2

Rhmhm(0)

=
M∑

m=1

1√
M

√
‖hm(t)‖2

(7.8)

For the SISO case, it follows from (7.7) that

hSISO
eq (T ) =

√
‖hm(t)‖2 (7.9)
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Let µ = 1
M

M∑
m=1

√
‖hm(t)‖2, where µ represents the average peak height over

all the M TR channels. Eq. (7.8) is reduced to

hMISO
eq (T ) =

M∑
m=1

1√
M

√
‖hm(t)‖2

=
√
Mµ

(7.10)

Eq. (7.10) can be physically interpreted as the peak in the equivalent CIR of MISO

case is
√
M higher than the peak average over all the M SISO cases. In terms of

energy, by using MISO of M elements an array gain factor of M over the SISO can

be achieved. This result is inspired by the maximum radio combining (MRC) in the

narrowband MISO array.

7.2.3 Spatial Focusing

Let h(r0, t) represent the CIR for the intended receiver located in the position

r0(x0, y0, z0), and h(r1, t) denote the CIR of another unintended user at the position

r1. The equivalent CIR for the intended user would be

heq(r0, r0, t) = h(r0,−t) ∗ h(r0, t) (7.11)

For the unintended user, the equivalent CIR would be

heq(r0, r1, t) = h(r0,−t) ∗ h(r1, t) (7.12)
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The spatial focusing can be characterized by the metric directivity D(r0, r1)

defined as

D(r0, r1) =
max

t
|heq(r0, r0, t)|2

max
t
|heq(r0, r1, t)|2

(7.13)

For the MISO-TR case, the equivalent CIR for different users can be expressed as

heq(r0, r0, t) =
M∑

m=1

1√
M
√
‖hm(r0,t)‖2

hm(r0,−t) ∗ hm(r0, t)

heq(r0, r1, t) =
M∑

m=1

1√
M
√
‖hm(r0,t)‖2

hm(r0,−t) ∗ hm(r1, t)

(7.14)

where hm(r0, t) denotes the CIR between the m-th element in the transmit array and

the receiver located in r0.

Note that for simplicity, the receiver is restricted to move along a line in the

measurements carried out in this chapter. Under this condition, Eq. (7.13) can be

simplified as

D(r0, d) =
max

t
|heq(r0, 0, t)|2

max
t
|heq(r0, d, t)|2

(7.15)

where d is the distance between the unintended receiver and the intended receiver (fo-

cal point) located at r0. For the case where the antenna elements are not distributed

along a line, but in some shapes (e.g., circle, square, etc.), (7.15) will be still valid by

replacing the scalar d with a vector d, where d = r1 − r0.

The value of directivity D(r0, d) determines how well we can, by employing

TR, focus the transmitted energy into an intended point of interest. A similar metric

has been used in [10]. Our previous paper [12] uses the same metric to investigate

the spatial focusing of the UWB signal in the hallway environment by simulation. In
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this chapter, we will experimentally investigate this parameter by moving the receiver

away from the intended focusing point, r0, and studying how rapidly the receiving

energy will drop with this moving.

7.2.4 Temporal Focusing

One of the metrics to characterize the temporal dispersion of a radio channel

is the Root Mean Square (RMS) delay spread, which is the square root of the second

central moment of the power delay profile. Mathematically, RMS delay spread τrms

can be expressed as

τrms =

[∫∞
−∞ (t− τm)2|h(t)|2dt

‖h(t)‖2

]1/2

(7.16)

where

τm =

∫∞
−∞ t|h(t)|2dt
‖h(t)‖2 (7.17)

is the mean excess delay spread of the channel. RMS delay spread is one of the most

important parameters for system design since it is closely related to the inter-symbol

interference (ISI).

Another metric of interest to measure temporal focusing is the peak to sidelobe

energy ratio, defined as the ratio of the energy in the main peak to the rest of the

impulse response. Mathematically, the peak to sidelobe energy ratio η is expressed

as

η =
max

t
|heq(t)|2

‖heq(t)‖2/dt−max
t
|heq(t)|2

(7.18)
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The metric η defined in this chapter is similar to the temporal compression ratio

defined in [6] and the temporal energy ratio in [11].

7.3 Measurement Description

A set of measurements have been developed in the office area of Clement Hall

400 at Tennessee Technological University. Fig. 7.2 shows the experimental layout

for these experiments. The environment for the experiment is a typical office area

with abundance of wooden and metallic furniture (chairs, desks, bookshelves, and

cabinets). A detailed measurement setup can be found in Chapter 4.

Figure 7.2. Experiment environment

A virtual antenna array is employed in the experiments. The elements of the

array are spaced far enough such that there is no coupling between them. This can

be achieved if the spacings between any two adjacent antenna elements are greater

than 20 cm, which corresponds to the half wavelength of the lowest frequency. The

value of 20 cm is found to be sufficient after some trials of bigger values. In Fig. 7.2,
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four virtual elements are equally spaced along a line. The heights of antennas are

set to 1.4 m. The receiving antenna is moved to different locations, and individual

channel was sounded and measured sequentially. No Line of Sight (LOS) is available

for all the measurements.

7.4 Measurement Results and Analysis

A typical receiving waveform is shown in Fig. 7.3(b). Let Tn denote the n-

th element of the transmitting array and Rn the receiver located in n-th position.

Fig. 7.3(b) shows the receiving waveform for the channel between T2 and R4. The

CLEAN algorithm is employed to extract CIR from the receiving waveform. The

template used in the CLEAN algorithm is shown in Fig. 7.3(a).
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(b) Typical receiving waveform

Figure 7.3. 1 meter template for CLEAN algorithm and a typical receiving
waveform in an office environment.
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Figure 7.4. Comparison of the equivalent CIRs for different scenarios: SISO
and MISO

7.4.1 Array Gain

In this section, we investigate the array gain by comparing the peak power in

the equivalent CIRs of SISO-TR and MISO-TR systems. The equivalent CIRs for

different scenarios are shown in Fig. 7.4. Fig. 7.4(a) is for SISO-TR case between

T2 and R4. The equivalent CIR for SISO-TR is calculated by (7.7). Fig. 7.4(b) is

for MISO-TR case with T1,2,3,4 as the transmitter array and R4 the receiver. The

equivalent CIR for MISO-TR is calculated by (7.6). It is observed that the peak in

Fig. 7.4(b) is about two times higher than that in Fig. 7.4(a). We then further

calculate the average peak height of all the four SISO cases (T1R4, T2R4, T3R4, T4R4).

The results confirm the conclusion obtained above that the peak of the CIR for the

MISO is
√
M times higher than that of the SISO. The higher peak in the equiva-

lent CIR corresponds to a stronger signal that could be captured by the receiver.

Noticing that the transmitting power for MISO and SISO cases have been set to be

identical according to (7.4), therefore the MISO-TR technique greatly improves the

power efficiency of the system. Since the propagation distance is limited by the low



134

−150 −100 −50 0 50 100 150
−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Time(ns)

A
m

pl
itu

de

(a) target user

−150 −100 −50 0 50 100 150

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Time(ns)

A
m

pl
itu

de

(b) Unintended user

Figure 7.5. Demonstration of MISO-TR spatial focusing by the equivalent
CIR. (a) is the equivalent CIR of the target user. (b) is the equivalent CIR of the
unintended user with 0.2m away from the target user.

transmitting power for a UWB system, MISO-TR could be an effective solution used

for UWB range extension.

7.4.2 Spatial Focusing

We first investigate the spatial focusing of a MISO-TR system. Consider down-

link transmission. Assume there are two users separated by a distance d, with one of

them as the target user (focal point) and the other one as the undesired user. Each

user has one receive antenna and shares the same transmit array with four elements.

The equivalent CIRs for the target user and the undesired user of 0.2m away are

shown in Fig. 7.5(a) and Fig. 7.5(b), respectively. The equivalent CIRs for different

kinds of users are calculated by using (7.14). As we can see from Fig. 7.5, the signal is

very strong for the target user while it is almost behind the background noise for the

undesired user with a short distance of 0.2m away. We further investigate the varia-

tion of parameter directivity D with respect to different distances d. A comparison
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of spatial focusing for MISO-TR and SISO-TR is shown in Fig. 7.6. In the SISO-TR

case, it is observed that more than 15dB energy drops when the undesired receiver is

located 0.2m away from the intended user. This number will slightly change when the

unintended receiver moves to a farther place. In Fig. 7.6, the “SISO average” curve

represents the average directivity of the four SISO-TR cases. It is observed that the

“MISO” directivity curve drops much faster than the “SISO average” curve, imply-

ing that spatial focusing is improved by employing antenna array at the transmitter.

With a 4 element array at the transmitter, 22dB energy drops when the unintended

receiver is 0.2m away from the target receiver.
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Figure 7.6. Spatial focusing characterized by the parameter directivity.

7.4.3 Temporal Focusing

As illustrated in Fig. 7.2, we use a 4 × 4 MIMO (multiple-input, multiple-

output) virtual array, corresponding to 16 SISO channels, or four sets of MISO (4×1)
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channels. Fig. 7.7 shows a comparison of RMS delay for different scenarios. The curve

labeled by “Original Channel” gives the RMS delay spreads for all the 16 channels, as-

suming neither antenna array nor time reversal technique is involved. Then we apply

TR technique on these 16 channels, respectively, and their corresponding equivalent

RMS delay spreads are shown in the curve labeled by “With SISO-TR ”.

It is interesting to notice that TR alone will not reduce the RMS delay spread,

as we can see when we compare the “original channel” curve and the “With SISO-

TR” curve. The reason why TR alone does not reduce the RMS delay spread is

that the length of the equivalent CIR, after an autocorrelation operation, is almost

doubled. The additional length of the channel contributes to the calculation of the

delay spread.

Four SISO-TR channels sharing the same receive antenna are chosen to form

a 4× 1 MISO-TR channel. Totally we have 4 sets of 4× 1 MISO-TR channels, with

their equivalent RMS delay spreads described by the curve labeled by “With MISO-

TR M=4”. As a reference, the average RMS delay spreads over these four SISO-TR

channels are calculated and shown in the curve labeled by “ SISO-TR-Ave m=4”.

It is apparent that the RMS delays in the “With MISO-TR M=4” curve are much

smaller than that in the “SISO-TR-Ave m=4” curve, indicating that the RMS delay

spread is greatly reduced by employing multiple antennas at the transmitter.

To study the impact of the element number in an MISO-TR channel on the

RMS delay spread reduction, we repeat the above processing by forming 2×1 MISO-

TR channels with the two channels sharing the same receiver. The corresponding

RMS delay spreads are shown by the curve “With MISO-TR M=2” and “ SISO-TR-

Ave m=2”, respectively. It is observed that RMS delay spread reduction is closely
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Figure 7.7. Demonstration of MISO-TR temporal focusing by RMS delay spread.

related to the number of elements at the transmitter array and is almost doubled

when we increase the number of elements from 2 to 4.

Under certain circumstances we are more interested in the peak energy, e.g.,

in the case that a simple receiver such as directly thresholding is used. Fig. 7.8

gives a comparison of the peak to sidelobe energy ratios, η, for different scenarios.

A comparison between the “original channel” curve and the “SISO-TR” curve shows

that, though unable to reduce RMS delay spread, TR does temporally compress the

channel in the sense that it increases the value of η. As shown in Fig. 7.8, MISO-

TR can further increase the value of η to some extent, depending on the number of

elements at the transmitter. For example, for an SISO-TR channel, the value of η

is about 0.5. This number is increased to, roughly, 1.9 and 3.5, by employing an

antenna array with 2 and 4 elements, respectively. The highly temporal focusing

provided by an MISO-TR scheme (e.g., for a 4 × 1 MISO-TR, eighty percent of the
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energy is focused in the main peak) will significantly reduce the task of equalization

and energy collection and hence the complexity of the receiver.

We repeat the experiments by moving the receiver array (virtual array) to

different locations ( marked in Fig. 7.2 by cross lines) in the office. Similar conclusions

are obtained from different locations.

7.5 Conclusion

It is known that time reversal technique provides spatial focusing as well as

temporal focusing. In this chapter, we experimentally show that these two charac-

teristics can be further improved by employing multiple antennas at the transmitter.

A series of measurements are carried out in an office environment with UWB sig-

nals. All the measurements and data processing are done in the time domain. It is
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also shown that the peak power in the equivalent impulse response of the MISO-TR

scheme increases linearly with the number of the antennas employed at the transmit-

ter. Therefore, MISO-TR could be a good solution to extend the transmission range

of UWB systems.

The excellent spatial focusing characteristic provided by MISO-TR hints at a

significant advantage for parallel information transmission when multiple antennas

are employed at both ends (MIMO-TR). UWB MIMO-TR is a promising topic, and

will be studied in the next chapter.
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CHAPTER 8

IMPULSIVE MIMO UWB—PERFORMANCE ANALYSIS

UWB technology is generally limited to short range applications, due to the

strong power limitations imposed by Federal Communications Commission (FCC). In

this chapter we propose to use MIMO combined with Time Reversal (TR) technique

to increase its transmission distance. The performance of such a UWB-MIMO-TR

system is analyzed, considering a simple one correlator receiver. Performance com-

parisons are made among the scenarios of SISO-TR, MISO-TR, and MIMO-TR. The

results show that a UWB-MIMO-TR system can achieve a huge power gain, depend-

ing on the antenna numbers employed at both the transmitter and the receiver, but

still keeps low complexity at the receiver. The performance analysis is based on

realistic channels measured in an office environment.

8.1 Introduction

Time Reversal (TR) is a technique originated from underwater acoustic and

ultrasound communications [1] and has recently been extended to wireless applications

[2, 3, 4, 5, 6]. Given specific time and location, TR precoding has been mathematically

proved to be the optimum in the sense that it maximizes the amplitude of the field at

that time and location [7]. It is then called spatio-temporal matched filter [8] because

it is analogous to a matched filter both in time and space. It is also called transmit

matched filter since the matched filter is placed at the transmitter side.

Considering the severe power constraints imposed on the system, the main

focus of Ultra-wide Band (UWB) study has been restricted to short range applications

such as communications between PCs, PDAs, cordless phones, smart appliances, and
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entertainment systems anywhere in and around the home. In this chapter, we propose

to use multiple antennas combined with TR technology (TR-MIMO) to increase the

transmission distance of pulse-based UWB systems. It should be noted that MIMO

technology could either be employed to increase the data rate by decomposing the

channel into a series of parallel sub-channels or to increase the signal to noise ratio

(SNR), by beamforming. this chapter will mainly focus on the latter application.

TR-MIMO [9] implements MIMO directly in the time domain, and hence is be-

lieved to be much simpler, compared to those algorithms implemented in the frequency

domain. However, most research on UWB-MIMO is carried out in the frequency do-

main, and relatively fewer results on time domain UWB MIMO have been reported.

The paper [10] studies time domain MIMO and proposes to use Maximum Ratio

Combining (MRC) to accomplish the temporal alignment of received pulses, which

unfortunately also causes a high complexity at the receiver. By the use of TR pre-

coding, however, pulses are automatically aligned, and thus the receiver complexity

is greatly reduced. Moreover, it is shown in [11] that TR precoding can achieve the

same error performance as the MRC combining scheme.

Due to the spatial-temporally focusing of the TR technology, the energy of the

received signal tends to form as a short peak. We propose to use a simple coherent

receiver with one correlator to capture the main lobe energy, and treat the rest of

the received signal as interference. By doing this, the receiver complexity is greatly

reduced since there are no channel estimation and equalization at the receiver side.

However, as we will show in this chapter, the performance of such a simple receiver

can still achieve the AWGN bound under ideal conditions that all the multipath com-

ponents are resolvable and there is no ISI in the system, given the same transmitted
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power. It is shown that a gain of 10log10(MN) dB can be achieved by using an MIMO

with M antennas at the transmitter and N antennas at the receiver.

In practice, when the pulse is short and the data rate is low, the above condi-

tions tend to be satisfied. However, for the case of high data rate and practical pulse

width, the conditions may not hold. The performance of such a practical system

is investigated by Monte Carlo simulations. Considering that there is no available

channel data involving multiple antennas, we carry out a series of spatial channel

measurements in an office environment.

8.2 Performance Analysis

8.2.1 MIMO-TR Precoding

An MIMO-TR (4 × 4) system configuration is illustrated in Fig. 8.1. Let

hmn(t) denote the channel impulse response (CIR) between the m-th antenna at the

transmitter and the n-th antenna at the receiver, and cm(t) be the corresponding

prefilter code employed in the m-th antenna branch at the transmitter. In a general

M ×N MIMO-TR system, the code cm(t) can be written as

cm(t) = Am

N∑
n=1

hmn(T − t) (8.1)

where T is the length of the filter required to implement time reversal operation

[12], and Am is the power scaling factor to normalize the total transmission power

from different antenna branches. It should be noted that different power allocation

schemes can be implemented by choosing different Am value [13]. In this chapter, for



146

Figure 8.1. Time reversal precoded MIMO communication system with M=4
and N=4.

simplicity, values of Am are set to be equal for all the antenna elements, i.e.,

Am = A =
1√

M∑
m=1

N∑
n=1

Gmn

(8.2)

where Gmn =
∫ +∞
−∞ |hmn(t)|2 dt is the channel gain of CIR hmn(t).

The precoder cm(t) for the m-th antenna branch can be readily obtained by

channel sounding, assuming channel is reciprocal and is static over one symbol dura-

tion. These two assumptions have been verified for UWB system by measurements

in [6]. The process of MIMO-TR channel sounding includes two steps: Firstly, all

N antennas at the receiver send a sounding pulse w(t) to the transmitter simultane-

ously; Secondly, the received signal at each transmitter antenna branch is recorded,

digitized, and time reversed. The time reversed version of the signal in each antenna

element will be used as the precoder for that antenna branch.
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8.2.2 System Description

Consider a single user transmission. Transmitted signals before precoding can

be expressed as

s(t) =
+∞∑

i=−∞

si(t) =
+∞∑

i=−∞

√
Ebbi p(t− iTb) (8.3)

where Eb is the transmitted bit energy, bi ∈ {±1} is the i-th information bit. Without

loss of generality, binary antipodal modulation has been considered in this chapter.

p(t) is the UWB pulse with a width of Tp. The energy of p(t) is normalized to unity,

i.e., Ep =
∫ +∞
−∞ p2(t)dt = 1. Tb is the bit interval. Generally, we have Tb >> Tp,

in order to avoid the possible Inter Symbol Interference (ISI) caused by multipath

channel. In this chapter, we will show that, by using a MIMO-TR technology, Tb

and Tp could be chosen to be in the same level, without significant performance

degradation.

For the sake of simplicity, we assume there is no per-path pulse distortion [15]

caused by channel. In this case, the received signals are just a series of replicas of the

transmitted signals, with different attenuations and time delays. The CIR then can

be modeled as

h(t) =
L∑

l=1

αlδ(t− τl) (8.4)

where L is the number of multipath components and αl and τl are its individual

amplitudes and delays.
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8.2.3 Performance Analysis

Before we consider MIMO-TR, let us start with a simpler scenario of SISO-TR.

If there is no time reversal and a single antenna is employed at both the transmitter

and the receiver, the received signal can be expressed as

ri(t) =
L∑

l=1

αlsi(t− τl) + n(t) (8.5)

where n(t) is Additive White Gaussian Noise (AWGN) with a two-sided power spec-

tral density of N0/2.

The optimum receiver for the above signal would be a matched filter matched

to the signal part of ri(t). Such a receiver would achieve the performance bound,

namely matched filter bound, described as

Pe = Q

(√
2GEb

N0

)
(8.6)

where G is the channel gain defined in the previous section. It should be noted that

the notation Eb here represents the transmitted bit energy, instead of the bit energy

at the receiver side, which is noted with Ẽb.

In reality, it is believed that the performance bound in (8.6), requires very

complex receiver and thus is hard to achieve, due to the complicated UWB multipath

channel. In this section, we will show that, by using TR precoding at the transmitter,

the AWGN performance bound can be achieved with a simple one correlator receiver,

under some conditions.

Consider a nonrealistic case where we use such a short pulse that the propa-

gation delay difference between any adjacent multipath components is always bigger
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than pulse duration Tp. As suggested in the title of this chapter, we are interested in

an impulse UWB case. An ideal UWB pulse will be a Delta function, an impulse with

infinite short width in the time domain, or equivalently infinite bandwidth in the fre-

quency domain. Mathematically, for an arbitrary l ∈ [1, L), we have |τl+1 − τl| > Tp.

This assumption implies that there is no inter pulse overlap after the pulse passes

through the multipath channel, which corresponds to the ideal case that all the paths

are resolvable. Also we assume that Tb is large enough so that there is no Inter-

Symbol-Interference (ISI).

For SISO-TR, the received signal can be expressed as

rSISO
i (t) = si(t) ∗ c(t) ∗ h(t) + n(t)

= si(t) ∗
{

1√
G
h(T − t) ∗ h(t)

}
+ n(t)

= si(t) ∗ hSISO
eq (t) + n(t)

(8.7)

where c(t) = h(T − t)/
√
G is the prefilter code, and hSISO

eq (t) = h(T − t) ∗ h(t)/
√
G

is the equivalent CIR for the SISO-TR scenario. It is apparent that hSISO
eq (t) is an

autocorrelation with peak occurring at t = T . The magnitude of the peak is equal to
√
G, i.e., hSISO

eq (t = T ) =
∫ +∞
−∞ |h(t)|2 dt/

√
G =

√
G.

Due to its autocorrelation nature, most of the energy is focused in the cen-

tral (main) peak of the CIR hSISO
eq (t). Since we assume there are no Inter Pulse

Interference (IPI), ISI, and pulse distortion, we can use a filter matched to the main

component of the received signal. The following is to prove that even using such a

simple receiver (with one correlator), we can achieve the same performance as the

matched filter bound.
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8.2.3.1 Performance analysis based on transmit bit energy Eb. For

SISO-TR, the main component of the receiving signal can be expressed as

rmain
i (t) =

√
G
√
Ebbip(t− iTb − T ) (8.8)

we then use a filter matched to p(t),1 to pick up the energy lying in the above main

component of the received signal. The performance can be characterized using the

following analytical formula,

P SISO
e = Q

(√
2GEb

N0

)
(8.9)

where Q(x) =
∫∞

x
1√
2π
e−y2/2dy is the Q-function.

Comparing (8.9) and (8.6), it is evident that a TR system with one correlator

receiver can achieve the same performance as a system without TR but with ideal

matched filter. Same conclusion has been obtained by other researchers [11, 16],

through different approaches, in a Pre-rake system. In the following, we will extend

this result to a scenario of TR with multiple antennas.

For MIMO-TR, signal captured by the n-th receive antenna can be expressed

as

rn
i (t) = si(t) ∗

M∑
m=1

{cm(t) ∗ hmn(t)}+ n(t) (8.10)

The beauty of TR is that all the signal peaks are automatically aligned at

t = T , which is independent of the antenna location, channel, and antenna type [12].

1In reality, considering antenna effect in the system, p̃(t) instead of p(t) should be used. p̃(t) =
p(t) ∗ htx

a ∗ hrx
a , where htx

a and hrx
a represent the impulse response of transmit antenna, receive

antenna, respectively.
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In this case, all the signals captured by different antennas at the receiver can be

combined directly, without additional pulse alignment process. The received signal

ri(t) after combining can be expressed as

ri(t) = si(t) ∗
N∑

n=1

M∑
m=1

{cm(t) ∗ hmn(t)}+ n(t)

= si(t) ∗ A
N∑

n=1

M∑
m=1

{[
N∑

k=1

hmk(T − t)

]
∗ hmn(t)

}
+ n(t)

(8.11)

The equivalent impulse response for MIMO-TR scenario is then expressed as

hMIMO
eq (t) = A

N∑
n=1

M∑
m=1

{[
N∑

k=1

hmk(T − t)

]
∗ hmn(t)

}
= A

N∑
n=1

M∑
m=1

{
N∑

k=1,k 6=n

hmk(T − t) ∗ hmn(t)

}
︸ ︷︷ ︸

Interference

+A
M∑

m=1

N∑
n=1

{Rmn(t) ∗ δ(t− T )}︸ ︷︷ ︸
Signal

(8.12)

where Rmn(t) = hmn(−t) ∗ hmn(t) is the autocorrelation of hmn(t). It can be seen

from (8.12) that the equivalent CIR hMIMO
eq (t), mathematically, has MN2 terms,

consisting of MN autocorrelations and MN(N − 1) cross correlations. The peak of

the autocorrelation terms will coherently add up, at the time instant of t = T , while

the cross correlation term will add up noncoherently.

For t = T , the magnitude of the peak of the CIR hMIMO
eq can be approximated

as

hMIMO
eq (T ) ≈ A

M∑
m=1

N∑
n=1

Gmn =

√√√√ M∑
m=1

N∑
n=1

Gmn (8.13)
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Here ”≈” is used because the contributions from the cross correlation terms in the

main peak have been ignored.

Signal in the main component is then written as

rmain
i (t) ≈

√√√√ M∑
m=1

N∑
n=1

Gmn

√
Ebbip(t− iTb − T ) (8.14)

Again, we use a filter whose impulse response is set to be p(−t) to pick up

the energy lying in the above main component, and ignore the other sidelobe energy.

The error probability of such a system can be expressed using Q-function as

PMIMO
e = Q


√√√√2

M∑
m=1

N∑
n=1

GmnEb/N0

 (8.15)

Let Ḡ denote the average channel gain of the whole M × N channels, i.e.,

Ḡ = 1
MN

M∑
m=1

N∑
n=1

Gmn, we have

PMIMO
e = Q

(√
2MNḠEb/N0

)
(8.16)

According to Eq. (8.16), it is straightforward that the performance of MIMO-

TR depends on the following parameters: the antenna number M, N , and the

multipath condition (channel gain Ḡ).

When M = 1, N = 1, the Eq. (8.16) reduces to (8.9) for SISO-TR scenario.

Moreover, comparing (8.9) with (8.16) we can find that a power gain of MN can be

achieved by employing M antennas at the transmitter and and N antennas at the
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receiver, respectively. This fact suggests that TR combined with MIMO can be used

to extend the system transmission distance.

8.2.3.2 Performance analysis based on receiving bit energy Ẽb. The

above analysis is based on the bit energy Eb at the transmitter side. Considering a

lot of researchers analyze the performance based on Ẽb, bit energy measured at the

receiver side, we also derive the performance formula for Ẽb. It should be noted that

one correlator receiver proposed in this chapter is not optimum. Instead, the optimum

receiver should be a matched filter matched to the whole receiving waveform. The

performance bound for such a receiver would be the matched filter bound, expressed

as Pe = Q(
√

2Ẽb

N0
).

We introduce a new metric, peak energy ratio κ, defined by κ =
Epeak

Ẽb
, denoting

the ratio of the main lobe energy to the whole receiving bit energy . The performance

of one correlator receiver then can be expressed with κ as Pe = Q(
√

2Ẽbκ
N0

).

Let νmn,ij represent the sidelobe power of the equivalent impulse response

hmn,ij(t). We define νmn,ij =
∫ +∞
−∞ |hmn(−t) ∗ hij(t)|2 dt− I2

mn,ij for unintended CIRs

(m 6= i or n 6= j), and νmn,ij = νmn = GRmn−G2
mn for intended CIRs (m = i and n =

j). Here,

Imn,ij = |hmn(−t) ∗ hij(t)|t=0 =

∫ +∞

−∞
|hmn(t)× hij(t)| dt

, and GRmn =
∫ +∞
−∞ |Rmn(t)|2 dt is the channel gain of the equivalent CIR Rmn(t).
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For MIMO-TR, the peak energy ratio κMIMO can be expressed as Eq. (8.17).

κMIMO ≈
(

M∑
m=1

N∑
n=1

Gmn+
N∑

n=1

M∑
m=1

N∑
k=1,k 6=n

Imn,mk)2

2
N∑

n=1

M∑
m=1

N∑
k=1,k 6=n

νmn,mk+
M∑

m=1

N∑
n=1

νmn+(
M∑

m=1

N∑
n=1

Gmn+
N∑

n=1

M∑
m=1

N∑
k=1,k 6=n

Imn,mk)2

=
[Ḡ+(N−1)Ī]

2

2N−1
MN

ν̄+[Ḡ+(N−1)Ī]
2

(8.17)

In Eq. (8.17), the bar notation (̄.) represents an averaging operation, i.e.,

Ḡ = 1
MN

N∑
n=1

M∑
m=1

Gmn, Ī = 1
MN(N−1)

N∑
n=1

M∑
m=1

N∑
k=1,k 6=n

Imn,mk, and

ν̄ =
1

MN(2N − 1)
{2

N∑
n=1

M∑
m=1

N∑
k=1,k 6=n

νmn,mk +
M∑

m=1

N∑
n=1

νmn}

.

In reality, if the antenna elements are placed far enough so that there is no

correlation among the CIRs, the value of Imn,ij is very small and could be ignored.

Then we have

κMIMO ≈
Ḡ2

2N−1
MN

ν̄ + Ḡ2
(8.18)

For large N , Eq. (8.18) can be approximated by

κMIMO ≈ Ḡ2

2
M

ν̄+Ḡ2
(8.19)

For MISO-TR

κMISO ≈
(A

M∑
m=1

Gm)2

A2
M∑

m=1

νm + (A
M∑

m=1

Gm)2

=
Ḡ2

1
M
ν̄ + Ḡ2

(8.20)
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Figure 8.2. Channel impulse response extracted with CLEAN Algorithm

For SISO-TR

κSISO =
G2

ν +G2
(8.21)

As a sanity check, when N = 1 (8.18) reduces to MISO case (8.20), and for

M = 1 and N = 1, (8.18) reduces to SISO case (8.21).

It is evident from (8.19) and (8.20) that the performance of both MIMO and

MISO depends on the number of transmit antenna M . If we increase M , we actually

improve the focusing and then get better performance. Overall, in terms of κ, MISO

outperforms MIMO, especially when N is large, the κ improvement caused by increase

of M for an MISO is much faster than that of an MIMO. This has been verified by

our measurement, as will be illustrated by Table 8.1 in the following section.
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8.3 UWB Spatial Channel Measurement

Considering that there is no available channel model with multiple antennas

available so far, we conduct a series of measurements in an office environment. A

virtual antenna array is employed in the experiments. The elements of the array are

spaced far enough such that there is no coupling between them. Line of Sight (LOS)

is not available for all the measurements. The environment for the experiment is a

typical office area with abundance of wooden and metallic furniture (chairs, desks,

bookshelves, and cabinets). A detailed experiment setup and environment description

can be found in [12].

A (4 × 4) virtual MIMO array, corresponding to 16 SISO channels and four

(4×1) MISO channels, were measured in our experiment campaign. A typical received

waveform and its corresponding CIR are shown in Fig. 8.2. The CLEAN algorithm

[14] is employed to extract CIR from the received waveform.

Based on the measured CIRs, comparisons of κ among different scenarios are

given in Table 8.1. In Table 8.1, TmRn denotes the channel between the m-th transmit

antenna and the n-th receive antenna. The parameters ν andG2 are directly measured

from the equivalent CIRs of different channels. For SISO-TR, the parameter κ is

calculated using (8.21), while for MISO-TR and MIMO-TR, we have two approaches

to calculate the value of κ. The approximated values are calculated using (8.19) and

(8.20), while the experimental values are exact values calculated directly based on

their equivalent CIRs. It can be seen that approximated values and experimental

values are very close, implying our approximations are valid.
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Figure 8.3. BER performance based on the bit energy at the receiver side,
assuming there are no ISI and IPI.

8.4 Numerical Result

In our simulation, the second order derivative of Gaussian pulse has been used

as the transmitted pulse p(t), which is mathematically defined as

p(t) =

[
1− 4π

(
t− tc
w

)2
]
e−2π( t−tc

w )
2

(8.22)

where w is the parameter controlling the width of the pulse (and therefore the fre-

quency bandwidth of the transmit signal), and tc is the parameter to shift the pulse

to the middle of the window. In the following simulation, we let w = 1 ns and

tc = 0.5 ns. To avoid the presence of severe ISI in the system, we add an inter-pulse

guard time Tg. Therefore, we have Tb = w + Tg. Moreover, Tg can be used to adjust
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Figure 8.4. BER performance in terms of received bit energy. Both IPI and
ISI have been considered.

the transmission data rate. Unless stated otherwise, we let Tg = w, corresponding to

a data rate of 500 Mb/s.

Throughout the chapter, we assume perfect synchronization and the trans-

mitter has the full knowledge of the channel information. Under these assumptions,

we conduct Monte Carlo simulations to investigate the performance of one correlator

receiver and compare them under different scenarios: SISO, MISO, and MIMO.

To make the comparison fair, performance of SISO and MISO scenarios have

been averaged over all the corresponding specific channels that form the MIMO chan-

nel, i.e., P SISO
ave = 1

16

16∑
i=1

P SISO
i , and PMISO

ave = 1
4

4∑
i=1

PMISO
i .

First let us consider a system without ISI and IPI. The performance of one

correlator receiver can be characterized with Q-function as Pe = Q(
√

2Ẽbκ
N0

). Fig. 8.3

shows a comparison of BER performance among SISO, MISO, and MIMO scenarios,

based on receiver SNR Ẽb/N0. The values of κ are obtained from Table 8.1. From
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Fig. 8.3 we can see that, given the same SNR at the receiver side, MISO-TR has

the best performance. This is due to the best temporal focusing provided by MISO-

TR. A comparison of BER performance with ISI and IPI is shown in Fig. 8.4. The

performance bound for AWGN channel is also plotted as a reference. It should be

noted that the comparisons in Fig. 8.3 and 8.4 are based on the same received

SNR. In reality, however, given the same transmitted power, the SNR at the receiver

side for MIMO-TR is much higher than that of MISO-TR, which makes MIMO-TR

outperform MISO-TR. In the following, we compare the performances for different

scenarios based on same total transmit (total) power constraint.

Fig. 8.5 shows the BER performances for the SISO, MISO , and MIMO scenar-

ios, based on transmitter bit energy, with different transmission data rates. Both IPI

and ISI have been considered. As we can see from Fig. 8.5, MIMO-TR outperforms

MISO-TR and then MISO-TR outperforms SISO-TR. Tests were conducted for data
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rates of 500Mb/s and 225Mb/s. As expected, An increase in the data rate leads to

a degradation performance. For a data rate of 250 Mb/s, about 13 dB power gain

is achieved by employing a 4 × 4 MIMO array. The power gain with ISI and IPI is

slightly higher than the theoretical power gain 10log10(MN), derived in this chapter,

where we assume there are no ISI and IPI.

8.5 Conclusion

We evaluate the performance of UWB-MIMO-TR system, considering a simple

one-correlator receiver. Performance comparisons among different scenarios, namely,

SISO-TR, MISO-TR, and MIMO-TR are provided, based on both the transmitted

bit energy and the received bit energy. The results show that a power gain of MN

could be achieved with a system of MIMO-TR. The gain becomes even larger, if both

ISI and IPI are considered, due to the MIMO-TR has better temporal focusing.

It should be noted that MIMO-TR is, indeed, simple, but not the optimal

way. The philosophy behind time reversal is so called transmit centric processing,

i.e., processing the signal at the transmitter side before transmission to combat the

deteriorating effects of the channel. Transmit centric processing greatly simplifies the

receiver, and is desirable in the case where one base station (BS) serves many mobile

stations (MS).

A single user scenario has been considered in this chapter. Considering TR

with multiple antennas further increases spatial focusing, thus reducing the multi-

user interference, MIMO-TR should have even better performance when a multi-user

(MU-MIMO-TR) scenario is studied.
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Table 8.1. A Comparison of κ for Different Scenarios
Channel ν G2 κ

SISO-TR

T1R1 0.0459 0.0483 0.5124
T1R2 0.0414 0.0454 0.5230
T1R3 0.0485 0.0467 0.4906
T1R4 0.0572 0.0581 0.5040
T2R1 0.0516 0.0512 0.4979
T2R2 0.0446 0.0413 0.4810
T2R3 0.0457 0.0455 0.4991
T2R4 0.0556 0.0477 0.4615
T3R1 0.0562 0.0543 0.4915
T3R2 0.0363 0.0355 0.4944
T3R3 0.0346 0.0367 0.5148
T3R4 0.0454 0.0451 0.4983
T4R1 0.0502 0.0485 0.4916
T4R2 0.0462 0.0445 0.4906
T4R3 0.0595 0.0573 0.4907
T4R4 0.0366 0.0369 0.5020
Average 0.0472 0.0464 0.4965

MISO-TR

T1234R1 0.0577 0.2022
Appro:
0.8044
Exper:
0.7781

T1234R2 0.0493 0.1663
Appro:
0.7900
Exper:
0.7714

T1234R3 0.0520 0.1851
Appro:
0.7992
Exper:
0.7807

T1234R4 0.0605 0.1865
Appro:
0.7955
Exper:
0.7552

Average 0.0549 0.1850
Appro:
0.7977
Exper:
0.7713

MIMO-TR T1234R1234 0.6401 0.6781
Appro:
0.5680
Exper:
0.5144
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CHAPTER 9

OPTIMUM TRANSMIT WAVEFORM DESIGN

This chapter initiates a new investigation of optimum transmission waveforms

in the presence of per-path pulse wave shape distortion—a physical mechanism unique

to impulsive signals. First, the transient electromagnetic analysis is carried out to

derive, for the first time, closed-form expressions for the impulse responses of sev-

eral canonical channels—that are suitable for communication engineers. Second,

numerical calculation using the inverse Fourier transform of the frequency-domain

expressions is compared with the derived closed-form expressions, to verify the valid-

ity of these derived impulse responses. Third, propagation mechanisms responsible

for multipath and per-path pulse shape distortion can be clearly identified using the

closed-form impulse responses. Finally, using these closed-form expressions as a de-

parture point, optimum transmission waveforms that are determined by a Fredholm

integration equation are investigated, for different physical mechanisms, including one

path or no multipath (wedge), two paths (rectangular building), and more than two

paths (two half plane waveguide).

9.1 Introduction

Ultra-wideband impulsive radio transmission requires a paradigm shift in think-

ing [1] -[6], especially for modulation waveform using short impulsive pulses. During

transmission, these impulsive pulses will generally interact with the propagation

environment [7]—a process involves transient analysis of electromagnetic wave prop-

agation. Although the physical mechanisms are well investigated through previous

165
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work, e.g., [8] - [11], the impacts of these mechanisms on system design [12] [13]

require more attention.

The dispersive channel causes two pulse distortion mechanisms to the inci-

dent impulsive signal: (1) multipath; (2) per-path wave shape distortion. The first

mechanism is common to narrowband systems and UWB impulse radios. The sec-

ond mechanism that is included in IEEE 802.15.4a channel model [16] is unique to

impulse radio [7]—first investigated in [14] [15]. This mechanism is caused by the

frequency-dependent physical processes, such as diffraction and media absorption.

Time reversal [17] - [29] is an effective approach suggested to compensate for this

unique mechanism, to simplify the transceiver of the generalized RAKE in [13]. This

chapter is different from previous work in that the optimum modulation waveforms

are investigated in the presence of per-path wave shape distortion. In the absence

of multipath and per-path wave shape distortion, any pulse waveform performs the

same. In the presence of per-path wave shape distortion, the optimization of pulse

waveform is required, even in the absence of multipath—unique to UWB impulsive

signal.

The objective of this chapter is to model several canonical channels using a

transient electromagnetic analysis, and to derive the optimum modulation waveforms

for impulsive pulses. The contributions of this chapter are as follows. First, the time

domain impulse responses for several diffraction environments have been derived for

the first time. Specifically, the closed-form impulse responses for perfect electromag-

netic conducting wedge, large rectangular plates, and parallel planes waveguide, are

derived. The received signal is calculated, through convolution, using these time

domain impulse responses. The impulsive pulse waveforms passing through these

channels are compared with their original waveforms. The comparison shows that
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these pulses could be distorted by diffraction mechanisms. Secondly, the results,

numerically calculated from frequency domain by applying an inverse fast Fourier

Transform (IFFT), are in close agreement with the derived closed form time domain

results. Third, given the time domain channel impulse responses, the optimum trans-

mission waveforms, in the sense of maximizing the signal to noise ratio (SNR) at the

receiver, are obtained—under the constraint of fixed transmitted power.

The rest of this chapter is organized as follows. In Section 9.2, the system

level impact of pulse waveform distortion caused by frequency-selective diffraction is

considered. Then, channel impulse responses for several canonical channel are derived

in Section 9.3. The optimum modulation pulse waveforms for these canonical channels

are obtained in Section 9.4. In Section 9.5 numerical results are presented. Finally,

the chapter is concluded in Section 9.6.

9.2 Pulse Distortion and Its Impact on UWB System Design

9.2.1 Per-Path Pulse Shape Distortion Caused by Wide Bandwidth

The traditional (narrowband) communication theory is based on the assump-

tion of no per-path wave shape distortion, which suggests that the received signal

consists of a train of the replicas of the transmitted pulse. This assumption is valid

when the signal bandwidth is not wide. For ultra-wideband signals, this assumption

is invalid. As a simple example, Fig. 9.1 shows the wave shape distortions for two

pulses with different bandwidths after they pass through a wedge channel—the trans-

mitted pulse is diffracted by a perfectly electrically conducting (PEC) wedge. The

incident pulse in Fig. 9.1(a) is a second order derivative of Gaussian waveform with

a pulse width of 0.2 ns, corresponding a 5.86 GHz 10-dB bandwidth in the frequency
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Figure 9.1. Pulse distortion for pulses with different bandwidths. The inci-
dent pulse for (a) is about 0.2 ns wide, corresponding to a 10 dB bandwidth of 5.86
GHz, and for (b) is about 10.2 ns wide, corresponding to a 10 dB bandwidth of 128
MHz. The amplitudes of incident pulse and diffracted pulse were scaled to the same
level to better compare the waveforms

domain, and the pulse in Fig. 9.1(b) is about 10 ns wide, corresponding a 128 MHz

10-dB bandwidth. For the convenience of waveform comparison, the amplitudes of

both incident waveform and the diffracted waveform have been normalized. It is

evident that the shorter pulse (wider bandwidth) experiences more distortion than

the longer pulse after they pass through the same diffraction channel. When the

signal bandwidth is not very wide (e.g., the 128 MHz waveform in Fig. 9.1(b)), the

distortion caused by channel is negligible. However, when the signal bandwidth is

increasing, the distortion becomes noticeable. The details of the calculation of the

diffracted waveform for a wedge channel will be given in Section 9.5.1. Since the

distortion illustrated in Fig. 9.1 is independent of multipath, we call this physical

phenomenon the per-path wave shape distortion. It will be clear in the derived closed

form impulse response later that only one path is present in this configuration.
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9.2.2 The Impact of Pulse Distortion on System Design

Consider a communication system illustrated in Fig. 9.2. Here, p(t) is the

transmitted pulse waveform, and h(t) denotes the Channel Impulse Response (CIR).

The received signal before c1(t) can be written as

r(t) = p(t) ∗ h(t) + n(t) = y(t) + n(t), (9.1)

where n(t) is Additive White Gaussian Noise (AWGN) with a two-sided power spec-

tral density of N0/2. Given y(t) = p(t) ∗ h(t), a matched filter—matched to y(t)—

provides the maximum signal-to-noise power (SNR) ratio at its output. The matched

filter here can be virtually decomposed into two filters, with the first filter matched

to the CIR h(t) and the second matched to the pulse waveform p(t). As shown in

Fig. 9.2, this decomposition can be done by setting c1(t) = h(−t) and c2(t) = p(−t).

A conventional channel is modeled as a tapped delay line, that is

h(t) =
L∑

l=1

αlδ(t− τl) (9.2)

where L is the number of multipath components and αl and τl are their individ-

ual amplitudes and delays. The received signals are just a train of replicas of the

transmitted pulse, with different attenuations and time delays.

In practice, the estimation of h(t) is generally a very difficult task, especially

when there is per-path pulse distortion for the wide band signals. The receiver suffers

significant performance loss (as big as 4 dB), if the system is designed without the

necessary compensation for pulse shape distortion [37]. Along with system perfor-

mance loss, this per-path pulse shape distortion can cause timing and synchronization



170

0 / 2N
 

1( )c t 2( )c t
 ( )p t

 

Receiver Channel Transmitter 

( )h t

Figure 9.2. General model for wireless data transmission

error as well. It has been shown in [37] that the timing error caused by distortion due

to cylinder diffraction can be much larger than the Cramer-Rao lower bound, thus is

another fundamental issue that should be considered in system design.

A new channel model that takes into account per-path pulse shape distortion

is then proposed in [7] [30]

h(t) =
L∑

l=1

hl(t) ∗ δ(t− τl) (9.3)

where per-path impulse response hl(t) includes both attenuation and distortion of the

pulse when it passes through the channel along that path.

Note that per-path impulse response information can only be provided by

the time domain framework, which justifies our effort for the time domain transient

electromagnetic analysis.

9.3 Channel Impulse Responses for Several Canonical Channels

In this section we study several simple propagation models that are mathe-

matically tractable. For these models, the analytical results can often be obtained
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through exploring the physical mechanism behind it. These analytical results pro-

vide us unique insight into the signal propagation in practical environments which

are usually formed by these simple models. In this section, we are aimed at deriving

closed form time domain channel impulse response for these models. We will firstly

start with its frequency domain model and then transform it to time domain via the

inverse Laplace transform. The idea is simple, but the analytical work is involved.

Figure 9.3. Plane wave is normally incident on a perfectly conducting wedge

9.3.1 Wedge Channel (One Path)

Rather than seeking the exact solution for Maxwell’s equations, the Geomet-

ric Theory of Diffraction (GTD) uses generalization of Fermat’s principle to find

high-frequency harmonic Maxwell equation solutions for many complicated objects.

The Uniform Theory of Diffraction (UTD) was proposed to complement GTD in the

situations where GTD was invalid [31]. The original GTD/UTD was proposed in fre-

quency domain and then was widely used in narrowband radio propagation, e.g., for

path loss prediction. In 1990, time domain UTD was firstly derived by Veruttipong
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and Kouyoumjian in [32] by applying an inverse Laplace transform to the correspond-

ing frequency domain results. The TD-UTD diffraction coefficient for a straight PEC

wedge illustrated in Fig. 9.3 can be expressed as [32]

Ds,h(t) =
−1

2n
√

2πsinβ0

4∑
m=1

Ks,h
m F (Xm, t) (9.4)

where

Ks,h
1 = cot(π+φ−φ

′

2n
)

Ks,h
2 = cot(π−φ−φ

′

2n
)

Ks,h
3 = ±cot(π+φ+φ

′

2n
)

Ks,h
4 = ±cot(π−φ+φ

′

2n
)

(9.5)

and

F (Xm, t) =
Xm√

πct (t+ Xm

c
)
u(t) (9.6)

where the unit step function u(t) is defined as

u(t) =

 1,

0,

t ≥ 0

t < 0.

The value of Xm in (9.6) is given by

X1 = 2Lcos2(2nπN+−(φ−φ
′
)

2
)

X2 = 2Lcos2(2nπN−−(φ−φ
′
)

2
)

X3 = 2Lcos2(2nπN+−(φ+φ
′
)

2
)

X4 = 2Lcos2(2nπN−−(φ+φ
′
)

2
)

(9.7)
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where N± is the nearest integer solution of equation 2πnN±− θ± = ±π, and L is the

distance parameter determined by the incident wavefront. For plane wave incidence,

we have L = r sin2β0, where r is the distance along the diffraction ray from the edge

to the observation point. The rest of parameters used in (9.4)-(9.7) are described as

follows:

“s, h” soft and hard boundary conditions

n the parameter describing wedge angle; wedge angle φ0 = (2− n)π

β0 the angle between the edge and the incident ray

φ the angle between the wedge surface and the diffraction ray

φ
′

the angle between the wedge surface and the incident ray

These parameters are also illustrated in Fig. 9.3, which shows a special case

when β0 = π/2.

If the observation angle is not in the transition zone, we have the time domain

diffraction coefficient for GTD (Keller) solution [32]

Ds,h(t) =
1√
t
u(t)

√
c

2

sin π
n

nπ sin β0

·

[
1

cos π
n
− cos(φ−φ′

n
)
∓ 1

cos π
n
− cos(φ+φ′

n
)

]
(9.8)

Veruttipong’s TD wedge diffraction coefficient given in (9.4) is a special case

of the diffraction coefficient for curved wedge in [33], where an analytical signal rep-

resentation for the transient fields has been used. The details for analytical TD-UTD

will be given in Section 9.5.1.2.

9.3.2 Rectangular Building (Two Paths)

Rectangular PEC plate (building) illustrated in Fig. 9.4 is one of the typical

shapes often encountered in a practical propagation environment. Moreover, a lot
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of obstacles in the propagation environment can be approximated by a rectangular

plate, with a limited degree of accuracy [34]. This model has been widely studied

in the past decades. However, most of research is focused on frequency domain

such as path loss prediction under different frequency bands. In the following, we

will investigate its time domain characteristics such as pulse distortion introduced

by diffraction of the edges of the building—this configuration has more than one

edge compared with wedge in Fig. 9.3. We will also analyze the optimum transmit

waveform, given such a rectangular plate model, based on the derived closed form

time domain CIR. As illustrated in Fig. 9.4, we consider a simple UWB channel

Figure 9.4. UWB pulse diffracted by a rectangular building. Tx: Transmitter
antenna, Rx: Receiver antenna. dt/dr denotes the distance between Tx/Rx and the
building. The size of the building is 2a× b. The lower half plane plotted by dash line
denotes the image of the building relative to the ground.

consisting of a transmitter, a receiver, and a rectangular PEC building that blocks

the Light of Sight (LOS) transmission. In Fig. 9.4, dt, dr denote the distance from

the building to the transmitter (Tx) and the receiver (Rx), respectively. The size of
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the building is 2a × b. The lower half plane plotted by dash line denotes the image

of the building relative to the ground and is considered as perfectly absorbing.

A good analysis of the path loss prediction in frequency domain can be found

in [34] and the references therein. Two different approaches, Fresnel-Kirchhoff scalar

approach and GTD approach tracing up to four propagation rays, are applied below

to study the diffraction effects of rectangular building.

9.3.2.1 Propagation Model Based on Fresnel-Kirchhoff Integral.

The Fresnel-Kirchhoff integral is one of the traditional approaches used to calcu-

late the propagation loss due to the blocking of a rectangular building. We define

the channel transfer function as the ratio of the strength of the received signal to

the transmitted signal. Mathematically, the transfer function can be expressed as

H(jω) = E(jω)
E0(jω)

. Then the transfer function describes the rectangular diffraction can

be expressed as [34]:

H(jω) =
1

2

[
1− 2j

∫ A

0

exp (−j π
2
y2)dy

∫ B

0

exp (−j π
2
x2)dx

]
e−jkd (9.9)

where k is the wavenumber and d is the propagation distance. In our case we have

d = dt + dr. In (9.9), variable A and B are the normalized half width and normalized

height of the building, given by

A = a

√
2(dt + dr)

λdtdr

B = b

√
2(dt + dr)

λdtdr

(9.10)

where λ is the wavelength. The validity of (9.9) is based on the condition that

the distances to and from the obstacle must be greater than its dimensions and the

wavelength, i.e., dt, dr >> a, b, λ.
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In the following, we will derive the time domain channel impulse response

based on (9.9). We firstly work on one of the integrals and express them to a form

ready for inverse Laplace transform.

∫ A

0

exp(−j π
2
y2)dy =

∫ A

0

exp

{
−(

√
πj

2
y)2

}
dy

=

√
2

πj

∫ A′

0

exp(−z2)dz

=
1

2
(1− j)(1− erfc(A′)) (9.11)

where z =
√
πj/2y and the complementary error function is defined as

erfc(x) =
2√
π

∫ ∞

x

exp(−t2)dt ,

and

A′ = A ·
√
πj

2
=
√
sτa ,

Here s = jω, the propagation delay τa = a2(dt + dr)/(2dtdrc), and c is the speed of

light.

Similarly we have

∫ B

0

exp(−j π
2
y2)dy =

1

2
(1− j)(1− erfc(

√
sτb)) . (9.12)

where τb = b2(dt + dr)/(2dtdrc).
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Substitute (9.11)and (9.12) into (9.9) and after some manipulations we can

reformulate (9.9) as

H(s) =
1

2
[1− (1− erfc(

√
sτa)) (1− erfc(

√
sτb))] e

−sτ0 . (9.13)

where τ0 = d/c is the common time delay.

Recall the Laplace transform pair

erfc(
√
sτa)

Laplace⇐⇒
√
τa
π

1

t
√
t− τa

u(t− τa) . (9.14)

By applying inverse Laplace transform to (9.13), its time domain impulse re-

sponse can be obtained

h(t) = δ(t− τ0)∗[
1

2πt

(√
τa

t−τa
u(t− τa) +

√
τb

t−τb
u(t− τb)

)
−

√
τaτb

2π2

(
u(t−τa)

t
√

t−τa
∗ u(t−τb)

t
√

t−τb

)]
.

When a→∞, τa →∞, (9.15) reduces to

h(t) = 1
2
δ(t− τ0) ∗ 1

πt

√
τb

t−τb
u(t− τb) , (9.15)

which is exactly the time domain formula for the well-known expression for knife edge

diffraction [Page 503, [44]].

Eq. (9.15) consists of three parts. The physical interpretations for the three

parts are straitforward. They represent the response from horizontal edge, vertical

edge, and the mutual interaction between these two edges, respectively.

9.3.2.2 Propagation Model Based on GTD. Ray concept is used when

we attack the diffraction problem with GTD/UTD. The total received field strength
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is calculated by adding contributions from various rays, which are also referred to

as multipath components in the wireless communication. Literature [34] provides a

good GTD-based model in the frequency domain, as our departure point,

H(jω) = D̆s,h(jω, ψ′, ψ)
√

d1+d′1
d1d′1

e−jk(d1+d′1)

+ D̆s,h(jω, φ′, φ)
√

d2+d′2
d2d′2

e−jk(d2+d′2) ,
(9.16)

where the frequency domain GTD diffraction coefficient for half plane (zero-angle

wedge) D̆s,h(jω, ψ′, ψ) can be expressed as

D̆s,h(jω,Ω′,Ω) = −e
−jπ/4

√
λ

4π
·

[
1

cos(Ω′−Ω
2

)
∓ 1

cos(Ω′+Ω
2

)

]
, (9.17)

The corresponding angle and the distance parameters in (9.16) and (9.17) are given

by

ψ′ = tan−1(dt

b
) ψ = ψ′ + π + tan−1( b

dt
) + tan−1( b

dr
)

φ′ = tan−1(dt

a
) φ = ψ′ + π + tan−1( a

dt
) + tan−1( a

dr
)

d1 =
√
d2

t + a2 d′1 =
√
d2

r + a2

d2 =
√
d2

t + b2 d′2 =
√
d2

r + b2

(9.18)

To transform (9.12) to time domain, the key term is the GTD diffraction

coefficient, which here can be obtained by setting n = 2 and β0 = π/2, from the GTD

soltuion (9.8) for wedge diffraction in Section 9.3.1

Ds,h(t,Ω′,Ω) =
−1

2π

√
c

2
·

[
1

cos(Ω−Ω′

2
)
∓ 1

cos(Ω+Ω′

2
)

]
1√
t
u(t) . (9.19)
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We will verify our time domain derivations of two approaches, namely Freshnel-

Kirchholf and GTD, through numerical results in Section 9.5, where it will be clear

that two approaches end up with similar waveform results.

9.3.3 Two Parallel Half Planes Model (More than Two Paths)

Diffraction of a pulse or a transient wave (acoustic or electromagnetic) by a

half plane is the earliest diffraction problems. Exact time domain solution of the

CIR for such a channel has been obtained by Sommerfeld one century ago. The

impulse response for the pulse diffracted by two parallel half planes, is not available

in the literature, to the best knowledge of us. Here we will fill this gap. The existing

frequency domain solution in the literature is used, as our departing point; the inverse

Laplace transform is used to convert the frequency domain solution into time domain.

This case is of interest to us since it has multipath components greater than two.

Figure 9.5. UWB pulse diffracted by parallel plates.

In reality, a lot of environments can be approximately modeled as the problem

of diffraction by two parallel PEC planes. Fig. 9.5 illustrates an example. It is

assumed that the transmitting antenna is located far away from the edges of two half
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planes, so that the incident wave can be treated as a plane wave. Moreover, we assume

the observation point is also far from these plane edges, so that the distance parameter

ρ → ∞. The incident angle φ0 is restricted in the range of 0 < φ0 < π, and the

observation angle φ 6= π± φ0, which means φ is not in the vicinity of the geometrical

optics shadow boundary and the reflection boundary. Using the expressions of [43],

the transfer function for such an channel can be expressed as

H(jω) =
√

2
πkρ

ej(kρ+ 1
4
π) 2 sin 1

2
φ sin 1

2
φ0

cos φ+cos φ0
cos [ka(sinφ+ sinφ0)] +

+ e
1
4 jπ

√
4πka

(
1

cos φ
+ 1

cos φ0

) ∞∑
m=0

ej(2m+1)2ka

(2m+1)3/2 cos [ka(sinφ− sinφ0)]−

− e
1
4 jπ

√
4πka

(
1

cos φ
+ 1

cos φ0

) ∞∑
m=1

ej(2m)2ka

(2m)3/2 cos [ka(sinφ+ sinφ0)] +O
(

1
ka

)


(9.20)

where a is the distance between two planes. Note that an implicit assumption has

been made here is ka >> 1, which can be satisfied either if the distance a is large or

the frequency is high.

Taking inversion Laplace transform (by setting s = −jω), the time domain

impulse response can be obtained as

h(t) =



A0
u(t)√

t
∗

 δ (t− a/c (sinφ+ sinφ0)− ρ/c) +

δ (t+ a/c (sinφ+ sinφ0)− ρ/c)

+

A1

∞∑
m=0

1
(2m+1)3/2u(t) ∗

 δ (t− a/c (sinφ− sinφ0)− 2(2m+ 1)a/c− ρ/c) +

δ (t+ a/c (sinφ− sinφ0)− 2(2m+ 1)a/c− ρ/c)


−A1

∞∑
m=1

1
(2m)3/2u(t) ∗

 δ (t− a/c (sinφ+ sinφ0)− 2(2m)a/c− ρ/c) +

δ (t+ a/c (sinφ+ sinφ0)− 2(2m)a/c− ρ/c)




(9.21)
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where

A0 =

√
2

π

1√
ρ/c

sin 1
2
φ sin 1

2
φ0

cosφ+ cosφ0

A1 =
1√
2π

sin 1
2
φ sin 1

2
φ0

cosφ+ cosφ0

(
1

cosφ
+

1

cosφ0

)
c

√
ρa

(9.22)

Physical interpretation for (9.21) is as follows. The first term in (9.21) consists

of a superposition of edge waves from the two half planes, with the condition that

each is excited by the incident pulse alone. The edge wave is characterized by the

kernel of u(t)/
√
t and can be interpreted with fractional calculus as “semi-integral”,

f(t) ∗ u(t)√
t

= Γ(1/2) ·D−1/2 {f(t)}

where Γ(x) is the Gamma function and the fractional integral of order γ is defined

by [30]

D−γ {f(t)} =
1

Γ(γ)

∫ t

−∞
(t− ξ)γ−1f(ξ)dξ

The second and the third terms are infinite sums, which represent the succes-

sive mutual interactions between the two half planes. These two terms are character-

ized by the kernel of u(t) and we have

f(t) ∗ u(t) =

∫ t

−∞
f(ξ)dξ (9.23)

The coefficient 1
(2m+1)3/2 or 1

(2m)3/2 decreases rapidly as the value of m is increased.

Practically, computation of infinite sums in (9.21) requires few terms to obtain rea-

sonable accuracy. This will be verified in our numerical results in Section 9.5.
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It should be noted that if both the transmitter antenna and the receiver an-

tenna are located in the cannon between two half planes, then diffraction phenomena

is small and multiple reflections dominate the received signal. Time domain CIR for

such a channel has been studied in [45].

9.4 Time Domain Optimum Transmit Waveform Design

Section 9.2.2 shows that the optimum receiver should be a matched filter

matched to the received waveform that is distorted by the channel, not the trans-

mit waveform itself. However, from system point of view, such a matched filter alone

is not enough. We can further maximize SNR at the receiver side by carefully design-

ing the transmit waveform [38]. The primary difference between the problem in this

chapter and the standard matched filter problem is the pulse distortion caused by

channel. We will show later that if the channel causes no waveform distortion, then

the SNR at the receiver side is independent of transmit waveform, and thus there is

no requirement for optimum transmit waveform.

9.4.1 Optimum Transmit Waveform for the Channel with Pulse

Waveform Distortion

The transmit waveform optimization problem can be stated as follows. Given

the channel impulse response h(t) and fixed transmitted energy Ep, we wish to achieve

the maximum SNR at the receiver side by a joint design of the transmit waveform and

a receiver waveform. This joint optimization problem caught attention in academia

decades ago and has been discussed in [38] for radar detection.
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Assuming the transmitted pulse p(t) (to be optimized) is confined to the sym-

metric time interval [−T/2, T/2]. The energy of transmitted pulse is then

Ep =

∫ T/2

−T/2

|p(t)|2 dt . (9.24)

It follows from detection theory that the best receiver to maximize the SNR

after the receiver filter is a matched filter matched to the signal component in r(t) =

y(t) + n(t) in (9.1): the SNR after such a matched filter is given as

SNR = 2Ey/N0. (9.25)

where Ey =
∫ T/2

−T/2
|p(t) ∗ h(t)|2 dt is the received signal energy. The problem is then

reduced to finding the optimum p(t) such that Ey is maximized, under the constraint

of fixed Ep.

It has been shown in [40] (p. 125) and [38] that the optimum p(t) can be

obtained by solving the following homogeneous Fredholm integral equation

µnφn(t) =

∫ T/2

−T/2

κ(t− τ)φn(τ) dτ , (9.26)

and let p(t) = φ0(t), where φ0(t) is the eigenfunction corresponding to the maximum

eigenvalue µ0. Here, the time reversal operator κ(t) is defined as κ(t) = h(t) ∗ h(−t).

Without loss of generality, for the eigenvalues µn corresponding to the eigenfunctions

φn(τ), it has been assumed that µ0 > µ1 > µ2, · · · . An eigenfunction pulse waveform

φn(t) reproduces itself, scaled by a constant µ0, when convolved with the time re-

versal operator over the interval [−T/2, T/2]. In other words, an eigenfunction pulse

waveform reproduces itself after it propagates through a linear time invarying (LTI)
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channel with impulse response h(t) ∗ h(−t). A time reversal filter h(−t) can be put

in front of the channel h(t) to form the effective channel of h(t) ∗ h(−t), as done in

our previous work [17] - [29]. With optimum p(t) and c(t), we achieve the maximum

SNR (after the matched filtering)

SNR = 2µ0Ep/N0. (9.27)

Note that The requirement of optimum information transmission (instead of

SNR at the receiver) might result in another transmit waveform. Maximization of

SNR requires the transmitter to put as much as possible energy to the frequency

with high transmission capability through the channel, under the fixed transmitted

energy constraints, while ignore the other frequency modes with small transmission

capability. It is possible that these smaller modes contain a significant quantity of

information useful for the system. We consider an extreme case here. When T →∞,

it has been shown in [42] (p. 360) that all the energy should be placed into one single

frequency fmax in the operation band for which H(f) is the greatest. This leads to

a transmit waveform of a sine wave at fmax. However, such a signal of arbitrarily

narrow bandwidth conveys information at a zero rate. Therefore, a trade-off should

be made between SNR and information transmission. A chirp signal reflects such a

trade-off [26] [28]. There is a big performance gap between the chirp waveform and

the optimum waveform for modulation, in a dense multipath channel. Here, we deal

with per-path pulse wave shape distortion—a mechanism different from the dense

multipath in [26][28].

To illustrate the principle, we study the optimum transmit waveform for the

following channels. One’s first thought is to sample (9.26) directly, replacing the

integral by a summation and solving the resultant set of linear, simultaneous equations
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for the values of φn(t) in the interval of 0 < t < T . However, a solution involving

delta-function like singularities—which is our case—can hardly be well approximated

in this way [41]. In fact, a continuous solution φn(t) does not, in general, exist, unless

the kernel κ(t) = h(t) ∗ h(−t) has some singularity or the range of integration is

unbounded (Page 133, [41]).

We will circumvent this singularity problem using a small trick. Practically,

all the communication systems are band limited, so we impose such a band pass filter

in the system block, to avoid delta-function like singularities in numerical calculation.

The transfer function of this filter HF (f) is defined as

HF (f) =

 1,

0,

f1 < |f | < f2

otherwise

where f1 and f2 are the low and high frequency of the filter, respectively. Its time

domain impulse response can be expressed as

hF (t) = 2f2sinc(2f2t)− 2f1sinc(2f1t) (9.28)

where sinc function is defined as

sinc(t) =
sin(πt)

πt
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The autocorrelation of the impulse response of this filter can be written as

hF (t) ∗ hF (−t) = [2f2sinc(2f2t)− 2f1sinc(2f1t)] ∗ [2f2sinc(−2f2t)− 2f1sinc(−2f1t)]

= 2f2sinc(2f2t) + 2f1sinc(2f1t)− 4f1sinc(2f1t)

= hF (t) (9.29)

It is shown that autocorrelation of the function of hF (t) reproduces itself. For cogni-

tive radio purpose[49], the frequency response of this filter could be in an arbitrary

passband (e.g., kth element subband) located under the FCC spectral mask (3.1 GHz

-10.6 GHz ) [46]. Assuming the CIR of a specific channel hc(t), then the overall of

the CIR will be h(t) = hF (t) ∗ hc(t).

9.4.1.1 Wedge Channel. Consider a case that LOS is blocked by a PEC

wedge, which is illustrated in Fig. 9.3. The CIR of such an ideal wedge channel

(implying an infinite bandwidth) can be expressed as

hc(t) =
√

c
2t
· sin π

n

nπ sin β0
·
[

1

cos π
n
−cos(φ−φ′

n
)
∓ 1

cos π
n
−cos(φ+φ′

n
)

]
· u(t)

= C(n, β0, φ, φ
′
) · u(t)√

t

(9.30)

where

C(n, β0, φ, φ
′
) =

√
c

2

sin π
n

nπ sin β0

·

[
1

cos π
n
− cos(φ−φ′

n
)
∓ 1

cos π
n
− cos(φ+φ′

n
)

]

is a time-independent constant whose value depends on the environment. The auto-

correlation of the above CIR in (9.30) is given by

hc(t) ∗ hc(−t) = C2 · u(t)√
t
∗ u(−t)√

−t
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Then, the autocorrelation of the overall CIR for a band-passed wedge channel is

written as

κ(t) = hc(t) ∗ hc(−t) ∗ hF (t) ∗ hF (−t)

= C2 · χ1(t) ∗ χ1(−t) (9.31)

where χ1(t) = u(t)/
√
t ∗ hF (t). Substituting (9.31) into (9.26), and solve (9.26) for

φ(t) numerically, we can obtain the optimum waveform for wedge channels. The

numerical calculation of the singular function χ1(t) will be shown in Section 9.5.1.

9.4.1.2 Rectangular Building Channel. The time domain CIR for such

a channel has been derived in Section 9.3.2. It follows from Eq. (9.15) that the

CIR consists of three parts. Practically, the contribution from the third part (mutual

interaction between two edge waves) in (9.15) is very weak and could be ignored.

Mathematically, the CIR of (9.15) can be approximated by the first two parts

h(t) ≈
√
τa

2π
· 1

(t+ τa)
√
t
u(t) ∗ δ(t− τa) +

√
τb

2π
· 1

(t+ τb)
√
t
u(t) ∗ δ(t− τb) (9.32)

where the common time delay τ0 has been ignored, without loss of generality of the

final numerical results for optimum waveforms.

In Laplace transform, it is known that the high frequency asymptotic response

as f → ∞ is determined by transient early time response as t → 0+. For the

term of 1
(t+τa,b)

√
t
, the energy is concentrated in the neighborhood of t → 0+. The

asymptotic limit of this function can be investigated, instead, to simplify the analysis

and gain insight. It has been shown in [9] that the use of this asymptotic limit to

approximate the edge diffraction causes no difference to the exact solution. Therefore,

for high frequency (i.e., f1,2 in (9.28) is large), we have 1
(t+τa,b)

√
t
≈ 1

τa,b

√
t
. With this
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approximation, (9.32) can be further expressed in the form of

h(t) ≈ Ca
u(t)√
t
∗ δ(t− τa) + Cb

u(t)√
t
∗ δ(t− τb) (9.33)

where Ca = 1
2π
√

τa
and Cb = 1

2π
√

τb
. With (9.33), the time reversal operator κ(t) for

such a rectangular plate channel can be expressed as

κ(t) ≈ (C2
a + C2

b ) · χ1(t) ∗ χ1(−t)

+CaCb · χ1(t) ∗ χ1(−t) ∗ {δ(t− τa + τb) + δ(t− τb + τa)}
(9.34)

For a special case when the width of the building is twice as its height, i.e.

a = b, then the time reversal operator κ(t) can be simplified in the form of

κ(t) ≈ 4C2
a · χ1(t) ∗ χ1(−t) (9.35)

It is interesting to note that the optimum transmit waveform for such a channel is

the same as a wedge channel studied in Section 9.4.1.1.

9.4.1.3 Two Half Planes Waveguide Channel. As stated earlier in

Section 9.3.3, the half plane waveguide model is a little more complicated than the

other two models studied in this chapter, due to the existence of multiple diffraction

(caused by waveguide edges). However, we can simplify the problem by focusing on

the main lobe of the κ(t), instead of the whole κ(t). Given the CIR h(t) derived in

(9.21), the main lobe of κ(t) for two half planes channel can be approximated as

κ(t) ≈ 2A2
0 · χ1(t) ∗ χ1(−t) + 2A2

1 · {
∑∞

m=1m
−3} · χ2(t) ∗ χ2(−t) (9.36)
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where χ2(t) = u(t) ∗ hF (t). Considering the convolution property of u(t) shown in

(9.23), closed form expression for χ2(t) ∗ χ2(−t) can be derived as follows

χ2(t) ∗ χ2(−t) = u(−t) ∗
{∫ t

−∞ hF (ξ)dξ
}

= u(−t) ∗ {Si(2πf1t)/π − Si(2πf2t)/π}

= u(−t) ∗ {−Si(−2πf1t)/π + Si(−2πf2t)/π}

(9.37)

Here, the sine integral function Si(x) is defined as

Si(x) =

∫ x

0

sin(t)

t
dt

Note that Si(x) is an odd function and can be implemented with a Matlab built-in

function. The closed form expression for the integral of Si(x) is written as

∫
Si(t) dt = cos(t) + t · Si(t)

Thus, we have

χ2(t) ∗ χ2(−t) = cos(2πf2t)
2π2f2

− cos(2πf1t)
2π2f1

+ t
π
· [Si(2πf2t)− Si(2πf1t)] (9.38)

Note that the general solution for such a model is still open. The delay spread is

too big, such that the sampling points are too big for the computer to handle. Some

alternative approach has to be found to overcome this problem. More analytical

treatment about the series in (9.21) is needed to retain only the leading terms; then

closed form expressions can be derived from these leading terms. Further results will

be reported elsewhere.
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9.4.2 Numerically Computing Eigenfunctions

Except for some classical cases such as band limited signals [40, 38], the eigen-

functions and eigenvalues are generally difficult to be solved in a closed form. In this

section we are interested in computing the eigenfunctions and eigenvalues numeri-

cally. The idea is to sample the function waveform and borrow the powerful matrix

theory to solve the problem. We firstly sample the autocorrelation function κ(t)

with sufficiently low sampling rate such that all the significant channel frequencies is

included.

As treated in Section 9.4, the optimal pulse waveform (maximizing SNR) is,

according to (9.26), a solution to the integral function

µn · φn(t) =

∫ T/2

−T/2

κ(t− τ)φn(τ) dτ n = 1, . . . ,∞ , (9.39)

After sampling t = m∆t, where ∆t is sampling time with a total of 2N + 1 samples,

(9.39) becomes

µn ·



φn(−N)

φn(−N + 1)

...

φn(N)


=



κ(−2N) . . . κ(0)

κ(−2N + 1) . . . κ(1)

...
. . .

...

κ(0) · · · κ(2N)


·



φn(−N)

φn(−N + 1)

...

φn(N)


· ∆t

(9.40)

We, then, transform the integral function to a matrix problem. The solution of the

integral function (9.39) is equivalent to finding the eigenvector of matrix K with

dimensions ((2N + 1) × (2N + 1)), containing values of κ(t) at t = m∆t in (9.40).

Several remark notes can be drawn from (9.40)
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• The optimum waveform obtained via the numerical solution introduced

above is not necessarily the unique one; though the maximum eigenvalue is

unique, the corresponding eigenfunction (eigenvector) might not.

• If there is no per-path pulse distortion (e.g., free space transmission), the

time reversal operator κ(t) = α0δ(t−τ0), where α0 and τ0 are the constants

depending on the distance between the transmitter and the receiver. For

this special case, there is no need for solving for optimum transmit wave-

forms, since any waveform will reproduce itself after being convoluted with

this time reversal operator.

• We can improve computation accuracy by decreasing sampling interval ∆t.

The selection of ∆t must satisfy the Nyquist condition 1/∆t ≥ 2(f2 − f1),

where f2 − f1 is the bandwidth of the signal.

It is also evident that the availability of time domain CIR h(t) (and thus its

time reversal operator κ(t)) is critical to computing the optimum waveform φ0(t).

9.5 Numerical Results

9.5.1 Calculation of Singularity in the Impulse Response of Wedge

Diffraction

A singularity appears in the impulse response for most of channels where

diffraction phenomena is involved, e.g., in Eq. (9.6) (wedge diffraction), when t→ 0,

then Ds,h(t) → ∞, thus in Eq. (9.4), there is a singularity at t = 0. How to numer-

ically calculate this singularity is not a trivial issue. Since the singularity is exactly

where the energy concentrates (and also defines the type of the pulse distortion),

it cannot be directly removed using the time windowing. From an electromagnetic



192

point of view, this singularity at the diffracted wavefront is essential. An integral-

differential (Int-Diff) approach has been proposed and proved to be an efficient way

to remove this discontinuity at t = 0 during the calculation [11, 37]. In this section,

we will further verify this approach by comparing it with the more exact approach

called Analytic Time Transform [35].

9.5.1.1 Int-Diff Approach. Mathematically, the principle of this Int-Diff

approach can be described as follows,

∫ t

0

[p(t) ∗ g(t)] dt = p(t) ∗
∫ t

0

g(t)dt (9.41)

hence, we have

p(t) ∗ g(t) =
d

dt

[
p(t) ∗

∫ t

0

g(t)dt

]
(9.42)

where g(t) has a singularity in the time domain. The integration
∫ t

0
g(t)dt removes

the singularity and can often be obtained in a closed form. The reason why we call

this approach Int-Diff approach is because additional integration and differentiation

operation are involved to get the convolution result.

Again, we consider the wedge diffraction case as an example. Notice that the

singularity in (9.4) is solely caused by term F (Xm, t). We will focus on this term first.

The rest of work is just linear summation. According to int-diff approach, firstly we

will need to integrate F (Xm, t). Happily, we have a closed form for the integration of

F (Xm, t), which can be expressed as

F̄ (Xm, t) =
∫ t

0
F (Xm, t)dt

= 2
√

Xm

π
atan

(√
ct

Xm

) (9.43)
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Let D̄s,h(t) denotes the integration of the wedge diffraction coefficient Ds,h(t), then

we have

D̄s,h(t) =
−1

2n
√

2πsinβ0

4∑
m=1

Ks,h
m F̄ (Xm, t) (9.44)

Note that singularity in Ds,h(t) has been removed in the new integration expression

D̄s,h(t). The latter can be used to do the convolution, followed by a differentiation

operation as a compensation.

9.5.1.2 Analytic Time Transform (ATT). ATT is another classic tech-

nique used to perform an efficient convolution with a broad class of excitation pulse

functions. In this chapter, this classic approach will be briefly introduced and serve

as a benchmark for the int-diff approach.

The second version ATT in [35] is defined as

+

f (t) =
j

π

∫ ∞

−∞

f(τ)

t− τ
dτ , for Im(t) > 0 (9.45)

Here, f(t) is an arbitrary function. The “+” sign over f means an analytical signal in

a complex-time domain. Let p(t), and h(t) denote the incident pulse and the impulse

response of the system, respectively. Then we have,

p(t) ∗ h(t) =
1

2
Re

[
+
p (t)∗

+

h (t)

]
(9.46)

Notice that the singularity on real time axis (Im(t) = 0) in
+

h (t) is only a branch point

singularity and not a pole. Therefore, the difficulty in calculation of the singularity

in h(t) has been removed by ATT in
+

h (t). Moreover, if we choose the incident pulse
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such that in the frequency domain p(ω) can be modeled, using exponentials, as

p(ω) =
N∑

n=1

Ane
−αnω for ω > 0 (9.47)

or equivalently, in time domain

+
p (t) =

N∑
n=1

An

+

δ (t+ jαn) (9.48)

where δ(t) is Dirac delta function. Then the convolution can be evaluated in closed

form as

p(t) ∗ h(t) = Re

[
N∑

n=1

An

+

h (t+ jαn)

]
(9.49)

where the shifting property of the analytic delta function

1

2

+

δ (t+ jαn)∗
+

h (t) =
+

h (t+ jαn) (9.50)

has been used.

To verify our result with int-diff approach, we use the same incident pulse

as used in [35]. Mathematically, the frequency domain of the incident pulse p(ω) is

defined by

p(ω) = C0(1− e−ωT )P1e−ωP2T (9.51)

where T = 1
2πfc

ln
(

P1+P2

P1

)
, fc represents the center frequency, which can be adjusted

easily according to different requirements. The peak of the p(ω) is normalized by

choosing C0 =
(

P1+P2

P1

)P1
(

P1+P2

P1

)P2

. Time domain waveform of the incident pulse
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can be conveniently obtained by

p(t) = Re

[
+
p (t)

]
= Re

[
j

π

P1∑
n=0

C0(
P1
n)

t+ j(n+ P2)T

]
(9.52)

where (
P1
n) = P1!

n!(P1−n)!
.

Let
+

D (t) denote the analytic impulse response of wedge diffraction, then using

the convolution property in Table 2.1 in [35], the received pulse will be

r(t) = Re

[
1
2

+
p (t)∗

+

D (t)

]
= Re

[∑P1

n=0C0(
P1
n)

+

D (t+ j(n+ P2)T )

] (9.53)

Instead of integration, the ATT approach removes the singularity by perform-

ing an analytic transform. The analytic transform of an time domain function is not

so straightforward, especially when the function itself is complicated. According to

[35], the analytic wedge diffraction coefficient
+

D (t) can be expressed as

+

Ds,h (t) =
−1

2n
√

2πsinβ0

4∑
m=1

Ks,h
m

+

F (xm, t) (9.54)

where

+

F (xm, t) =

√
xm/π√

−jt(
√
−jt+

√
jxm/c)

(9.55)

and the rest of the parameters are the same with that of TD-UTD, presented in

Section 9.3.1.

Fig. 9.6 shows the received waveforms, calculated with ATT and Int-Diff

approaches, respectively. The incident waveform, marked as red slash curve, is also
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(a) Incident pulse and the received pulse
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(b) Waveform comparison

Figure 9.6. Waveform comparison between the Int-Diff and the ATT ap-
proach. In (a) amplitudes have been normalized to the incident pulse to compare the
power of the incident pulse and the received pulse. In (b), the incident pulse has been
scaled to the same amplitude of the received pulse to compare their waveforms

plotted, as a reference. Firstly, it is found that the received waveforms, calculated with

different approaches, are in excellent agreement. Secondly, it can also be observed

from Fig. 9.6(a) that the diffracted pulse is much weaker than the incident pulse,

due to the huge energy loss caused by diffraction. To better compare the waveform
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between incident pulse and the diffracted pulse, their amplitudes are scaled to the

same value and their waveforms are shown in Fig. 9.6(b). It is evident that the

diffracted pulse waveform is much different from the incident one, indicating a pulse

wave shape distortion caused by diffraction.

The parameters used in our simulation are as follows: For the incident pulse,

P1 = 2, P2 = 1, and fc = 2 GHz. The parameters for the wedge are: β0 = π/2,

n = 3/2, φ = 5π/6, φ
′
= π/3, and the soft boundary condition has been considered.

9.5.2 Rectangular Building

For all the figures (unless otherwise specified) in this chapter, the waveform la-

beled “TD” is obtained by convolution of the incident pulse p(t) with the time domain

CIRs derived in this chapter, and the waveform labeled “FD+IFFT” is obtained by

applying inverse Fast Fourier Transform (FFT) of the product of P (f)H(f), where

P (f) and H(f) are Fourier Transform of p(t) and channel transfer function, respec-

tively. We have verified our time domain derivation by showing good agreements

between “TD” results and their corresponding “FD+IFFT” results.

In the following numerical results, we choose the second order derivative of

Gaussian pulse as the incident pulse, which mathematically is defined as

p(t) =

[
1− 4π

(
t− tc
w

)2
]
e−2π( t−tc

w )
2

(9.56)

where w is the parameter controlling the width of the pulse (and therefore the fre-

quency bandwidth of the transmit signal) and tc is time shift to put the pulse in the

middle of the window.
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Fig. 9.7 shows a comparison between GTD and Fresnel-Kirchhof models. Here,

we set w = 0.1 ns and tc = 0.3 ns. The environment parameters used in the simulation

are as follows: dt = 1000m, dr = 900m, a = 15m, and b = 10m.Several observations

can be made from Fig. 9.7:

• For both GTD model and Fresnel-Kirchhoff Models, time domain results

show very good agreement with the results transformed from the frequency

domain via IFFT (labeled “FD+IFFT”). This verifies our time domain

derivation.

• The diffracted waveforms based on GTD approach and Fresnel-Kirchhoff

approach agree very well to each other, except that the Fresnel-Kirchhoff

result has an additional small waveform response. This extra “baby re-

sponse” can be identified from its time domain formula to be the mutual

interaction (coupling) term between two edges, which has not been taken

into account by the GTD-based model.

9.5.3 Two Parallel Half Planes Model

As mentioned in Section 9.3.3, when a UWB pulse is incident on the parallel

half plane channel, the received signal consists of three parts, with each part including

two identical (but separated in time) signal components. The relative signal strengths

of these three parts depend on the values of the coefficient A0 and A1, which in turn

depend on the environment and the location of the antenna. Fig. 9.8 shows the

received signal when a second order derivative of Gaussian pulse is incident on the

parallel half plane channel. The incident pulse width is w = 2 ns. The geometrical

parameters for parallel planes are as follows: ρ = 20m, φ = 8/15π, φ0 = 5/6π,

a = 2m.
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Figure 9.7. Simulated pulse waveforms after a second order derivative of
Gaussian pulse passes through a rectangular channel described in Fig. 9.4

It can be seen from Fig. 9.8 that the waveforms of the received pulses are not

the second order derivative Gaussian (the transmitted pulse). It follows from Section

9.3.3 that they are actually “semi-integral” (or integral) forms of the second order

derivative Gaussian pulse. Again, the agreement between the waveform obtained

by time domain convolution (labeled “TD”) and frequency domain result (labeled

“FD+IFFT”) shows our time domain closed-form derivation is correct. Additionally,
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Figure 9.8. UWB pulse diffracted by a two-half-plane waveguide

although Eq. (9.21) shows infinite terms, it is seen from Fig. 9.8 that these sums

converge very quickly.

9.5.4 Optimum Transmit Waveform Design

Fig. 9.9 shows the optimum transmit waveforms for the different propagation

channels, namely, the wedge channel (labeled “Wedge”) studied in Section 9.3.1, the

rectangular building channel (labeled “RectBuilding”) studied in Section 9.3.2, the

two half planes waveguide channel (labeled “Waveguide”) studied in Section 9.3.3, and

the band pass channel (labeled “Band Pass”). Here band pass channel is a free space

channel (no diffraction mechanism involved) but only let selected frequency band

pass through. The optimum waveforms have been obtained by substituting κ(t) of

corresponding channels into (9.40) and numerically computing φ(t) associated with
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Figure 9.9. Optimum transmit waveform design for different propagation
channels. The energy of each waveform has been normalized.

the maximum eigenvalue. A comparison of these waveforms shows that frequency

selectivity determined by the physical process of diffraction does have critical impact

on modulation waveform optimization. For the convenience of waveform comparison,

the energy of the computed optimum transmit waveforms (φ(t)) for different channels

have been normalized. The parameters used in the simulation are as follows: T = 2ns,

f1 = 3GHz, f2 = 5GHz. In each model, the environmental parameters used to

calculate the optimum waveform are the same as those used for the computation of

the distorted receiving waveforms in this section.

For the purpose of maximizing the SNR at the receiver side, all the energy

should be sent through the optimum transmit waveform, which is the eigenfunction

associated with the maximum eigenvalue of κ(t). For the purpose of flexibility, how-

ever, we are interested in transmission of a linear combination of the eigenfunctions
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Figure 9.10. The first six eigen waveforms for a band pass channel

whose eigenvalues are close to the maximum one. Fig. 9.10 shows the first six eigen

waveforms for the ideal passband channel with WT = 4. Their corresponding eigen-

values are 1.0000, 0.9999, 0.9979, 0.9976, 0.9621, and 0.9599. We can also transmit

these waveforms, in parallel, to increase the data rate. Note that the eigenfunctions

for the low pass channel (which can be viewed as a special case of the band pass

channel discussed in this chapter when f1 = 0) is known as prolate spheroidal wave

functions [47], and has been proposed as a novel UWB pulse shaping technique in

[48].
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9.6 Conclusion

The motivation of this work is to understand the implication of the ultra-

wide bandwidth in the context of modulation pulse waveforms. The derivation of the

closed-form channel impulse response for the canonical channels, including wedge,

rectangular plate, and two parallel half planes, is of fundamental significance to time

domain channel modeling. In contrast with the narrowband modeling, transient elec-

tromagnetic analysis is required.

The resultant expressions are used to calculate the optimum modulation wave-

forms. Some interesting results are obtained: frequency selectivity determined by the

physical process of diffraction does have critical impact on modulation waveform op-

timization. More important, for short pulses of duration (e.g., of two nanoseconds),

the optimum waveforms are not sinusoidal. It is well known that, when the pulse du-

ration becomes infinite, the optimum waveforms, i.e., the eigenfunctions of the kernel,

will become sinusoidal—thus justification for OFDM (Orthogonal Frequency Division

Multiplexing). The eigenfunctions of the kernel (being sinusoidal) for narrowband sys-

tems are always identical, but with different frequencies (tones) for these sinusoidal

eigenfunctions. The optimization needed is the power allocation for each tone. The

transient UWB pulses, on the other hand, require more optimization: the waveform

families are not known in general, but needs numerical calculation (as a functional of

the channel impulse response through the kernel of the Fredholm integral equation).

This fundamental observation appears to suggest that the transmission for impul-

sive short pulses (of ultra-wide bandwidth) is fundamentally different from that of

narrowband communication systems using (asymptotically) infinitely long pulses (of

narrow bandwidth). Using some canonical channels as examples, this chapter paves
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the way for understanding this conceptual difference between two types of wireless

communications systems.

Singularity caused by light diffraction is the dominant mechanism for imaging—

this reflects the success of JPEG-2000 for imaging compression standard, since wavelet

representation is ideal for such point singularities. UWB communication is analogous

to imaging in some sense. As a result, the edge diffraction of a short pulse is funda-

mental to UWB communication. One interesting property of the UWB signal is its

compressibility [50]—due to the isolated singularity of 1√
t
u(t) in the impulse response

seen in Section 9.5.1; we can find a basis (e.g, wavelet) in which the expansion coeffi-

cients of these signals decay rapidly. This unique property of a diffracted UWB signal

has a natural connection with compressed sampling [51]. As seen in Section 9.5.1,

uniform sampling using Shannon’s sampling theorem is infeasible since the signal has

infinite bandwidth.

In closing, the physics-based channel modeling is critical to understanding the

fundamental limits of a UWB communication system. An empirical model cannot

capture all the information of physical signals.
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CHAPTER 10

CONCLUSIONS AND FUTURE WORK

This chapter summarizes the major results of this dissertation, and also gives

some suggested future work based on these results.

10.1 Summary of Contributions

The content covered in this dissertation touches many areas of research, from

EM theory to communication theory. Using some simple but common EM models, we

have shown how geometry of the channel affect the system (BER) performance, thus

established a connection between EM theory and communication theory. Moreover,

we have investigated a scheme of time reversal combining multiple antennas, under

the context of UWB communications. The detailed contributions of this dissertation

are summarized as follows:

• The extremely wide bandwidth of a UWB pulse signal causes pulse distor-

tion due to the frequency selectivity of attenuation in the channel. We have

developed an analytical framework to model the scenario in which a UWB

pulse is diffracted by a PEC circular cylinder, where the radius of the cylin-

der is at least several times larger than the wavelengths of the frequencies

contained in a UWB pulse. The analytical work has its intrinsic value from

the view of propagation theory, and its applications are significant. The

received pulse waveforms are computed, based on the closed form CIR first

derived in this dissertation, for such a communications channel. The dis-

tortion is obvious when we compare the receive waveform and the transmit
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waveform. The significant impact of pulse distortion on the system perfor-

mance are then investigated, with such a cylinder model as an example. A

4 dB loss in SNR has been observed at BER=10−3 if the waveform of the

local template in a general correlation based receiver is mismatched to the

waveform of the received signal. Moreover, pulse distortion introduces tim-

ing errors in a correlation based receiver. It is found that the error caused

by pulse distortion in a mismatched template (mentioned above) is much

larger than the CRLB and thus becomes one of the bottlenecks in achiev-

ing the accuracy of TOA estimate in positioning. The results in this study

thus suggest that it is problematic to use the waveform of the transmitted

signals to form the local template in a general correlation based receiver.

The insight gained from this study will guide us on optimum receiver design

and system synchronization.

• Excluding cylinder, closed form expressions of CIR for some other sim-

ple but important geometric configurations are derived for the first time.

These geometric configurations include: wedge, rectangular screen, two half

plane waveguide. Pulse propagation in some practical environments such

as urban high rise buildings, and hallway environment, are analyzed. The

waveform after distorted by the above channels are computed. To verify

our derivation of time domain CIR, we compare the waveforms calculated

by time domain convolutions with that obtained by IFFT from frequency

domain multiplication and find a very good agreement.

• Numerical calculation of singularity is challenging but critical to predict

pulse waveform after a diffraction process. Since most of diffraction sce-

narios have a singularity at t = 0, the time instant when the diffraction
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happens. We have to find a solution to overcome this difficulty. An Int-

Diff approach is proposed and formulized in this dissertation. The result

calculated with Int-Diff is compared with that of canonical ATT method

and the comparison shows very good agreement.

• As the foundation of time reversal, channel reciprocity has been investi-

gated both theoretically and experimentally. We first start from Green

function and GTD theory, showing that channel is reciprocal. Experiments

are made then to investigate channel reciprocity both in a typical office

environment and a harsh environment like engine compartment. Moreover,

channel instantaneousness in the intra-vehicle environment is studied ex-

perimentally. This investigation helps to understand applications such as

ship-board and inside-ship communications. It is found that the channel

is highly reciprocal at the baseband—very different from the narrowband

channel. Furthermore, channel reciprocity holds for the whole measurement

duration of forty minutes.

• A complex ray tracing model for 3D hallway is developed, based on im-

age theory. This model takes into account the materials as well as the

geometric configuration of the environment. Although developed based on

hallway environment, this propagation model has a lot of other applica-

tions. e.g., urban canyons and tunnels. Time reversed EM in a hallway

environment is investigated, based on the time domain simulated channel

model developed in this dissertation. With single antenna at both ends of

the communication link, good spatial focusing has been demonstrated by

simulation results. It is found that 10dB energy drop when the receiver is

1m away from the intended receiver. This result motivates us to study TR
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in more complicated environments, which cannot handle by simulation and

have to turn to experiment method.

• The scheme of TR combined with multiple antennas has been studied exper-

imentally in an office environment. Spatial focusing and temporal focusing,

as well as array gain are investigated. The results confirm that the energy

of UWB signals in an MISO scheme is more spatial-temporally focused

than in a SISO scheme. As a result, a strong peak is observed in the

equivalent channel impulse response. The magnitude of this peak grows

linearly with the square root of the number of antenna elements at the

transmitter. It is then suggested to use a one-correlator receiver to pick up

the energy lying in the main peak and treat the other sidelobes as inter-

ference. Viewed from receiver side, this detection scheme is sub-optimal.

However, we have theoretically shown that the performance of such a re-

ceiver (when combined with TR )can reach matched filter bound, given

the fixed transmitted power. Considering UWB is power limited radio, we

have proposed an MIMO-TR scheme to increase the transmission distance

of the UWB technology. The performance of such a UWB-MIMO-TR sys-

tem is analyzed, considering a simple one-correlator receiver. Performance

comparisons are made among the scenarios of SISO-TR, MISO-TR, and

MIMO-TR. The results show that a UWB-MIMO-TR system can achieve

a huge power gain, depending on the number of antennas employed at both

the transmitter and the receiver, but still keeps low complexity at the re-

ceiver.
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• Optimal transmit waveforms (maximizing SNR at the receiver side) for

different channels are studied. Waveform design is important for cogni-

tive radio, where transmitter needs to sense the channel and adjust itself

according to the channel.

10.2 Suggested Future Work

As illustrated above, through the work in this dissertation, several problems

have been identified and made clear. However, there are still many other important

issues that need to be further explored in the area of time reversal and UWB pulse

propagation. Some of these topics are summarized below.

1. The closed form CIRs for several canonical geometrical configurations have

been obtained through the derivations in this dissertation. In the future,

more cases need to be studied, especially for those that have been well

studied in frequency domain, investigating it in time domain under the

context of UWB pulse propagation will be meaningful. Future cases may

include the following: double wedge diffraction, signal diffraction from a

sphere and so on. Moreover, for some simple case such as wedge diffraction,

experimental verification of pulse distortion within a anechoic chamber is

also expected.

2. In reality propagation environments are usually very complex and some-

times we have to count on measurements to obtain their CIRs. The mea-

sured CIRs are “real” but lack of flexibility. For example, if we want to

study how the width of a hallway affects pulse propagation, it is almost im-

possible to find several hallways that are identical except for their widths.

That is the motivation of our closed form CIR that is based on Maxwell
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equations. For those cases whose closed form CIRs have been obtained,

more applications need to be identified. So far we have successfully applied

the closed form CIR for our performance analysis. We have studied how the

geometry configurations of the environment affect the system performance

such as BER and synchronization. Given closed form CIR, it will be very

interesting to study its channel capacity and how geometry configurations

affect its capacity. By doing so, we can further link EM theory with in-

formation theory. The insight gained from this physics based information

theory will be very helpful for practical system design.

3. The availability of the CSI at the transmitter side is critical for the per-

formance of a TR system. Throughout the dissertation, we have assumed

that the transmitter has the full knowledge of the channel information.

However, in a practical communication system, due to the noise or some

other potential difficulties, it is hard to get the full knowledge of a channel.

Therefore, it will be very important to study the impact of the imperfect

channel on the system performance.

4. A single user scenario has been considered in this dissertation. Considering

the fact that TR with multiple antennas further increases spatial focusing

(thus reducing the multi-user interference), MIMO-TR should have even

better performance when a multi-user (MU-MIMO-TR) scenario is studied.

5. Note that time reversal is, indeed, simple, but not the optimal way. The

philosophy behind time reversal is so called transmit centric processing, i.e.,

processing the signal at the transmitter side before transmission to combat

the deteriorating effects of the channel. Through time reversal precoding,
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a simple receiver can be employed in the system without significant per-

formance degradation. A coherent with one-correlator receiver has been

studied in this dissertation. The performance of time reversal with non-

coherent receiver such as energy detector need to be explored. This type

of receivers can be implemented, using such cheap analog components as

schottky, tunnel and germanimum diodes, as its detector.
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