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Abstract—One of the characteristics of ultrawideband (UWB) signals is
pulse distortion, which is inherently determined by their huge bandwidth.
Using a cylinder model as an example, pulse distortion and its impacts
on UWB system performance have been investigated, based on the closed-
form impulse response first derived in this paper. Although a lot of papers
have addressed the pulse-distortion issue, quantifying the impacts of pulse
distortion on system performance appears to be novel. The simulation
results show that the SNR loss caused by template mismatch could reach
as high as 4 dB. It is also found that the range error caused by pulse
distortion is much larger than the Cramer–Rao lower bound; thus, it is
another fundamental source of errors limiting the accuracy of times of
arrival of a received signal. These results have direct applications in timing
synchronization and positioning.

Index Terms—Cylinder diffraction, pulse distortion, ray tracing, timing
and positioning, ultrawideband.

I. INTRODUCTION

Emerging applications of ultrawideband (UWB) are foreseen
for sensor networks that are critical to mobile computing [1],
[2]. Such networks, combining low medium-rate communications
(50 kb/s–1 Mb/s) over distances of 100 m with positioning capabilities,
allow a new range of applications [1], including military applications,
medical applications (monitoring of patients), family communications/
supervision of children, search-and-rescue (communications with fire
fighters, or avalanche/earthquake victims), control-of-home applica-
tions, logistics (package tracking), and security applications (localiz-
ing authorized persons in high-security areas).

When a sensor is placed in different environments, a nonline-
of-sight (NLOS) propagation is encountered very often, sometimes
in military communications [3]. Sometimes, the propagation path is
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blocked by objects that can be modeled by a cylinder [4], [10]. 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 [4]. The purpose of this paper is to model such an environment,
analyzing the possible pulse distortion and its impacts on 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. Noting that the research of UWB sensors is still in its early
stage, such a mathematically tractable physics-based channel model,
although simple, may still bring us a lot of insight.

The work in this paper is different from previous works [5],
[7]–[9] in several aspects. First, it is the first time for us to use
the cylinder model, which is mathematically difficult to deal with.
Second, the study of pulse distortion from the point of ranging
is also new. Third, the results are different from other canonical
structures. Particularly, we found that the SNR loss and timing error
caused by pulse distortion in the correlation-based receivers could be
significant and thus deserved special attention. It is thus shown that
physical mechanisms can be naturally connected with the system-level
parameters, such as SNR, timing errors, etc. This unique feature
motivates the research behind this paper.

The rest of this paper is organized as follows. Section II will
analyze the impacts of pulse distortion on the system performance. A
closed-form impulse response for a cylinder channel will be derived
in Section III, based on the well-known frequency-domain results.
Some numerical results on pulse distortion and its impact on system
performance will be shown in Section IV. Finally, Section V will
conclude this paper.

II. PERFORMANCE DEGRADATION DUE TO PULSE DISTORTION

A. Impact of Pulse Distortion on System Performance

We follow the general system model and its performance expression
in the studies in [5] and [14]. When zero and one are sent with
equal probability, the average error probability in the receiver can be
expressed as

P̄e = Q(
√

SNR) (1)

where Q(x) is defined as Q(x) =
∫∞

x
(1)/(

√
2π) exp(−y2/2)dy,

and SNR is the signal-to-noise power ratio at the input to the threshold
device. The square root of SNR is given by

√
SNR =

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

(2)

where s0(t) and s1(t) are the received signals, which can be singular
but with limited energy, and ∗ denotes convolution operation. While
(2) is valid for any binary modulation, the antipodal modulation will
be assumed in this paper.

Let p0(t) and p1(t) denote the transmitted signals, and h(t) denote
the channel impulse response, then it follows that s0(t) = p0(t) ∗ h(t)
and that s1(t) = p1(t) ∗ h(t). In (2), q(t) is the local template 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
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channel. This mismatch in practice will result in performance degra-
dation in terms of SNR, which will be illustrated by numerical results.

B. Impact of Pulse Distortion on Timing Synchronization
and Positioning

In addition to SNR loss due to the pulseshape 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 [1].

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 additive white Gaussian noise (AWGN). 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 probability estimate of the location of
the node in question [1]. 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 satis-
fies the following inequality [1]:

√
var(d̂) ≥ c

2
√

2π
√

SNRβ
(3)

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
∆
=


 ∞∫
−∞

f2 |P (f)|2 df

/ ∞∫
−∞

|P (f)|2 df




1/2

(4)

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 1 in 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 paper. 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.

III. UWB CHANNEL MODELING FOR CYLINDER DIFFRACTION

Consider a simple environment that only consists of a cylinder, as
illustrated in Fig. 1. The transmitter is located far from the cylinder,
and the receiver is within the shadow of the cylinder. We will first start
from the frequency domain, borrowing some well-known results from
the radio-propagation literature. Then, the inverse Laplace transform is
applied to obtain the time-domain (TD) impulse response. It should be
noted that not all of the frequency-domain results can be transformed

Fig. 1. Plane-wave diffraction by a circular cylinder.

to TD. It is, thus, fortunate that the impulse response of the cylinder
environment could be derived analytically.

A. Frequency-Domain Channel Model

As shown in Fig. 1, the incident plane wave with unit amplitude
is normally incident upon a 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), where k is wavenumber, 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 [11]

Ez(jω) =

∞∑
n=1

Dn(jω) [exp {− (jk + Ωn(jω)) l1}

+exp {− (jk + Ωn(jω)) l2}]
exp(−jkr)√

8jπkr
(5)

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 = ˆAA′,
and l2 = ˆBB′; A and 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 and l2 = θ2a. The attenuation
constant Ωn(jω) in (5) is given by

Ωn(jω) =
αn

a

(ka
2

) 1
3

exp
(
jπ

6

)
(6)

while the amplitude weighting factor Dn(jω) in (5) is given by

Dn(jω) = 2Ai′(−αn)−2
(ka

2

) 1
3

exp
(
jπ

6

)
(7)

where −αn are the zeros of the Airy function Ai(·). In (7), Ai′(·)
represents the first derivative of the Airy function. The zeros of the
Airy function and the associated values used in our simulation can be
found in [11] or regular mathematical handbooks.

In (5), the arc lengths l1 and l2 can be calculated by the following
equation:

l1,2 =

(
π

2
∓ φ− cos−1 a

ρ

)
a. (8)

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
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the electric field Ez . Considering that the Airy function roots −αn

increase with n, we will show in the following that the first few terms
will be enough for most of the cases when the receiver is in deep
shadow.

It should be noted that an exact solution of the received field
at P (ρ, φ) should also include the contributions from an infinite
number of circling rays. For large ka, however, these contributions are
negligibly small and, thus, could be ignored.

After some mathematical operations, (5) 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

. (9)

B. Time Domain Channel Model

The recent advances in the development of UWB communications
and radar systems have given rise to an increasing interest in analyt-
ically deriving the TD impulse response for some relatively simple
environments [6]–[8]. In this section, we will derive the impulse
response of the cylinder environment, with the help of the Laplace
transform.

Let s = jω; the diffraction term in (9) 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 (10)

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

2πr/c), and c is the
speed of light.

The propagation delay terms in (9) 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

)
(11)

where

B1,2(s) = exp {−s(l1,2 + r)/c} (12)

β1,2
n =

αn

a

(
a

2c

) 1
3
l1,2. (13)

Then, (9) 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

)]
. (14)

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) (15)

where L−1{·} represents the inverse Laplace transform, and u(t) is
the Heaviside’s step function. The transform pair in (15) has been
first derived by Friedlander [13] and then proved in the study in [12]
through a numerical approach.

Taking inverse Laplace transform, the TD field is obtained. Since the
incident field is V i

z = exp(−jkρ cosφ), which corresponds to a Delta
function in the TD, the TD version of the received field Ez in (9) 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) + h2
n(t) ∗ δ(t− t2)

]
(16)

where

An =2− 5
6

(
π
√

ρ2 − a2

c

)− 1
2 (

a

c

) 1
3 {Ai′(−αn)}−2 (17)

h1,2
n (t) =

1

2

√
β1,2

n

π

exp
[
−2t−

1
2 (β1,2

n /3)
3
2

]
t

u(t) (18)

t1,2 =
l1,2

c
+

√
ρ2 − a2

c
. (19)

It is worth noting that the subscript n in (16) is the number of terms
used to approximate the impulse response and not the path number. In
(16), 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 [5], [6], [8] as

h(t) =

2∑
l=1

hl(t) ∗ δ(t− tl). (20)

IV. NUMERICAL RESULTS AND ANALYSIS

A. Comparison of Frequency- and Time-Domain Results

Widely accepted frequency-domain results will serve as the refer-
ence for the validity of our derived TD 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

)P1
e−ωP2T (21)

where T = (1)/(2πfc)ln(P1 + P2/P1). Here, fc represents the cen-
ter frequency, which can be adjusted conveniently according to dif-
ferent requirements. The peak of P (ω) is normalized by choosing
C0 = (P1 + P2/P1)

P1(P1 + P2/P1)
P2 . Then, p(t) is obtained by

taking the Inverse Fast Fourier transform (IFFT). The received signal
can be calculated by using 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 = 2 GHz.
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Fig. 2. 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.

Before studying the received signal s(t), let us analyze the impulse
response h(t) first. As we can see from (16), 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 shows the pulseshape distorted

by hm
n (t) with βm

n = 1. The solid curve labeled by “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, the pulseshape is severely distorted. This distortion appears
in two perspectives: One is that the pulseshape is different, and the
other one is that the pulse is widened by the channel. Fig. 2 also shows
that the TD result agrees well with the frequency-domain result, which
validates our derivation in Section III.

After obtaining some insights from a simple case, a more compli-
cated 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 ana-
lyzing 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 = 2.5 m,
a = 1.5 m, and φ = π/20. After the above parameter values are used
into (8) and (19), the time delays t1 and t2 can be calculated. Knowing
αn and Ai′(−αn), coefficients An, h1

n, and h2
n are calculated by using

(17) and (18), respectively. Let N = 10, which means we use the first
ten terms to approximate the impulse response h(t).

Fig. 4 shows the received signal s(t). The solid curve labeled by
“TD” is obtained by convolving p(t) with h(t) [shown in (16) with
N = 10]. The “FD + IFFT” curve is obtained by applying inverse
FFT on the frequency-domain product P (ω)H(jω), where H(jω) =
Ez(s) is calculated by using (9). It is observed that the “FD + IFFT”
curve agrees with the “TD” curve very well, implying that our TD
derivation of the impulse response h(t) in Section III is correct.

It is also shown in Fig. 4 that the received-signal strength is greatly
reduced, due to the diffraction by a cylinder. The strength of the
diffraction signal is about 8% of the incident signal. Notice that TD
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. 4. These results
are unusual compared with narrowband signals. In the following, we
will analyze the effect of this distortion on system performance.

B. 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 is concentrated and 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 wavefront. 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 [5]. 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


 . (22)

Assuming g(t) has a singularity in the TD, one first mathematically
integrates g(t), removing the singularity. Then, one convolves p(t)
with the integration 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 (18), it follows that

∫ exp
(
−c0t

− 1
2

)
t

dt = 2Ei
(
1, cot

− 1
2

)
(23)

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.

C. Approximation of the Impulse Response

The impulse responses for different paths, such as h1(t) and h2(t)
in (20), include a series, which is inconvenient for practical use.
Therefore, simplifying the 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. 3 shows the convolution
result of p(t) with h1(t), where h1(t) =

∑N

n=1
Anh

1
n(t). The dif-

ferent convolution results, for the different numbers n, are plotted in
Fig. 3(a). For example, the curve labeled by 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 (17) and (18), respectively. It is observed that the signal
corresponding to n = 1 is much stronger than the others. Particularly,
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
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Fig. 3. Approximation of the impulse response h1(t) in (20). (a) First four terms of the series in h1(t). (b) Approximation results of the sum of the first two and
ten terms.

Fig. 4. Received waveform at observation point P (ρ, φ). The solid curve
labeled by “TD” is obtained by convolving p(t) with the impulse response
derived in this paper. The “FD + IFFT” curve is obtained by applying the
inverse FFT on the corresponding frequency-domain result.

in Fig. 3(b). As shown in Fig. 3(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 approxima-
tion 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).

D. Effect of Pulse Distortion on System Performance
and Timing Errors

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 section 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. 4 consists of two paths,
the stronger path signal will be chosen to study pulse distortion in the

Fig. 5. Output of a general correlator with different local templates.

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 is done in a correlation-based
receiver.

Fig. 5 shows the correlation results with different local templates.
In Fig. 5, 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 correlating s(t) with itself
as in 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. 5, the peak in the dashed curve is lower than that of the
solid curve, and the corresponding timings are different. As explained
in Section II, 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 asymmet-
ric waveform gives an error in the position. The difference between
these two peaks defines the timing error (also shown in Table I).
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TABLE I
PULSE DISTORTION AND ITS IMPACT ON SYSTEM PERFORMANCE

Fig. 6. Performance degradation due to the mismatch between the local
template and the received signal. The solid curve is with the transmitted
waveform as the template, while the dotted curve is with the received waveform
as the template.

Fig. 6 shows the BER curves with different templates. Antipodal
modulation is assumed here, and Eb/No = SNR/2, where SNR is
calculated using (2). 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 4-dB loss in SNR is caused by the unmatched local
template.

Due to the fact that the transfer function, for example, (14), is
frequency selective, pulse distortion is closely related to the signal
bandwidth. It follows that the degradation of the system performance
depends on the bandwidths of different signals. In the simulations
carried in this paper, the pulse bandwidth can be adjusted conveniently
by the pulse parameters P1, P2, and fc in (21). Table I shows the
SNR loss and timing errors caused by pulse distortion. Different
pulses with different frequency bandwidths have been tested. The RMS
signal bandwidth is calculated using (4). From Table I, 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 acquisi-
tions and positioning, as pointed out in Section II-B. Notice that 1 ns
in the timing error roughly transforms into 1 ft in the positioning error.
The CRLB is calculated by using (3) with SNR = 0 dB. In Table I,
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 paper. NLOS paths result in an error in positioning that
usually requires an LOS path. This has been 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 is beyond the scope of
this paper.

V. CONCLUSION

The extremely wide bandwidth of a UWB pulse signal causes
pulse distortion due to the frequency selectivity of attenuation in the
channel. This paper 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 gets its intrinsic value from a
view of propagation theory, although only limited applications have
been demonstrated in this paper.

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 waveform of
the received signal. Second, pulse distortion caused by the cylinder
channel introduces timing errors in a correlation-based receiver. In
particular, it is discovered that the error caused by pulse distortion in a
mismatched template (aforementioned) is much larger than the CRLB
and, thus, is one of the bottlenecks in achieving the accuracy of the
TOA estimate in positioning. The results in this paper 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 precoding (e.g., see [15]–[18] and references therein). It is found
that the per-path frequency dependance (or pulse distortion) serves
as a bandpass filter and upper-bounds the capacity of the channel
[19]. The information-theoretical view puts the work of this paper
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 paper) is inevitable, since the statistic channel model
requires a bandwidth of infinity for the measuring system that is
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infeasible. However, the physics-based model is asymptotically valid
to the high-frequency components, as long as the dimension of the
cylinder is several times larger than the wavelength of the used pulse.
The ability 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 paper.

Another application for the result of this paper is the pressing
system synchronization issue. Pulse distortion is more challenging
since the use of the training sequences to learn the pulse distortion
seems difficult in the synchronization stage.

ACKNOWLEDGMENT

The authors would like to thank Dr. B. M. Sadler, Dr. S. K. Das,
and Dr. R. Ulman for useful discussions and M. A. Calderon for her
careful revision of the language of this paper. They would also like to
thank the anonymous reviewers for their valuable comments.

REFERENCES

[1] S. Gezici, Z. Tian, G. B. Giannakis, H. Kobayahsi, A. F. Molisch,
H. V. Poor, and Z. Sahinoglu, “Location via ultra-wideband radios,” IEEE
Signal Process. Mag., vol. 22, no. 4, pp. 70–84, Jul. 2005.

[2] R. C. Qiu, H. Liu, and X. Shen, “Ultra-wideband for multiple access
communications,” IEEE Commun. Mag., vol. 43, no. 2, pp. 80–87,
Feb. 2005.

[3] B. M. Sadler and A. Swami, “On the performance of episodic UWB
and direct-sequence communication systems,” IEEE Trans. Wireless
Commun., vol. 3, no. 11, pp. 2346–2355, Nov. 2004.

[4] H. B. Bertoni, Radio Propagation for Modern Wireless Systems.
Englewood Cliffs, NJ: Prentice-Hall, 2000.

[5] R. C. Qiu, C. Zhou, and Q. Liu, “Physics-based pulse distortion for
ultra-wideband signals,” IEEE Trans. Veh. Technol., vol. 54, no. 5,
pp. 1546–1555, Sep. 2005.

[6] R. C. Qiu, “A generalized time domain multipath channel and its ap-
plication in ultra-wideband (UWB) wireless optimal receiver design:
Part III system performance analysis,” IEEE Trans. Wireless Commun.,
vol. 5, no. 10, pp. 2685–2695, Oct. 2006.

[7] R. C. Qiu, “A theoretical study of the ultra-wideband wireless propaga-
tion channel and optimum UWB receiver design,” IEEE J. Sel. Areas
Commun. Special Issue on UWB, vol. 20, no. 12, pp. 1628–1637,
Dec. 2002.

[8] R. C. Qiu, “A generalized time domain multipath channel and its applica-
tion in ultra-wideband (UWB) wireless optimal receiver design: Part II
wave-based system analysis,” IEEE Trans. Wireless Commun., vol. 3,
no. 11, pp. 2312–2324, Nov. 2004.

[9] R. C. Qiu, Q. Zhang, and N. Guo, “Detection of physics-based ultra-
wideband signals using generalized RAKE and multi-user detection
(MUD),” IEEE J. Sel. Areas Commun., vol. 24, no. 4, pp. 724–730,
Apr. 2006.

[10] P. A. Sharples and M. J. Mehler, “Cascaded cylinder model for pre-
dicting terrain diffraction loss at microwave frequencies,” Proc. Inst.
Electr. Eng.—H Microw. Antennas Propag., vol. 136, no. 4, pp. 331–337,
Aug. 1989.

[11] G. L. James, Geometrical Theory of Diffraction for Electromagnetic
Waves. Stevenage, U.K.: Peregrinus, 1976.

[12] P. R. Rousseau and P. H. Pathak, “Time domain version of the uni-
form geometrical theory of diffraction,” Ohio State Univ. ElectroScience
Lab., Columbus, OH, Tech. Rep. 721564-3, 1996.

[13] F. G. Friedlander, Sound Pulse. Cambridge, U.K.: Cambridge Univ.
Press, 1958.

[14] M. B. Pursley, Introduction to Digital Communications. Englewood
Cliffs, NJ: Prentice-Hall, 2004.

[15] R. C. Qiu, “A theory of time-reversed impulse multiple-input multiple-
output (MIMO) for ultra-wideband (UWB) communications (Invited
Paper),” in Proc. Int. Conf. UWB, Waltham, MA, Oct. 2006.

[16] R. C. Qiu, C. Zhou, N. Guo, and J. Q. Zhang, “Time reversal with
MISO for ultra-wideband communications: Experimental results,” IEEE
Antenna Wireless Propagation Lett., vol. 5, pp. 269–273, 2006.

[17] R. C. Qiu and B. M. Sadler, “Time reversal and precoding for ultra-
wideband multiple input multiple output (UWB-MIMO) wireless com-
munications (Invited Paper),” in Proc. Int. Conf. UWB, Singapore,
Oct. 2007.

[18] R. C. Qiu, C. Zhou, J. Q. Zhang, and N. Guo, “Channel reciprocity
and time-reversed propagation for ultra-wideband communications,” in
Proc. IEEE AP-S Int. Symp. Antennas Propagation, Honolulu, HI,
Jun. 2007.

[19] R. C. Qiu, Generalized time domain multipath channel and its application
in ultra-wideband wireless optimal receiver design: Part IV: Information-
theoretical considerations. in preparation.


