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Abstract—Pulse distortion is difficult to model by the state of the
art statistical measurements. In this paper, 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 many 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 inverse
fast Fourier transform (IFFT)-based frequency domain solutions.
These solutions are important to understanding the system
principle.

Index Terms—Physics-based signals, pulse distortion, Ultra-
wideband, urban radio propagation.

I. INTRODUCTION

U LTRA-WIDEBAND communication has received con-
siderable attention in recent years [1]–[6]. 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 dependency, as
predicted by the geometric theory of diffraction (GTD) in the
frequency domain [7]–[11]. From the electromagnetics point
of view, this frequency dependence is not surprising in the high
frequency radio propagation. However, the consequence of the
frequency dependency can cause pulse distortion in the time
domain [12]–[15]. This phenomenon was unexpected by the
wireless communications community for a long time until the
work of [16]–[25]. One reason is that the wireless communi-
cations community was so accustomed to Turin’s multipath
model where no pulse distortion is implicitly assumed for each
individual path. A true picture for UWB radio propagation is as
follows. If a pulse propagates along multiple rays or paths, the
received pulses will experience different pulse distortion for
different paths. In other words, the pulse waveforms of these
received pulses are different. However, these seemingly obvious
physical facts were not incorporated into the wireless commu-
nications channel model and baseband system analysis until the
work of [16]–[25]. In particular, recently the IEEE 802.15.4a
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channel model [26] adopted a special form of the channel model
suggested in [23]–[25]. It cited two papers [24], [25], as having
first introduced the frequency dependence in the channel model.

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 generalized path [21]–[23]. 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 rather the pulse delays. These physical facts
can be incorporated into the channel model (physics-based)
and the baseband system analysis.

The contribution of this paper is to present some new re-
sults, following the previous departure from the traditional view-
point [16]–[25]. 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 radio propagation. In the literature, only simple
structures are obtained in the time domain, e.g., [13]–[15], [22].
Time domain results can give more insight and are more con-
venient to use; e.g., in baseband system analysis. The con-
tributions 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 1 ns, the two pulses are often resolv-
able when the differential path delay between two pulses is
more than 1 ft. As a result, we can obtain the individual im-
pulse 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 affects
the performance of a UWB system. We also present analytical
expressions that are valid for either a matched or unmatched
front-end filter at the receiver. The results of simulations are
found to agree with those of the analytical expressions.

The structure of this paper is as follows. Section II gives a
generic channel model that includes pulse distortion and also
presents analytical expressions for system performance. In Sec-
tion III, closed form expressions for the impulse response of
the channel in Fig. 2 are obtained. We give numerical results in
Section IV. Section V concludes the paper.

1When pulse distortion is introduced, a path is called the “generalized” path.
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II. PHYSICS-BASED CHANNEL MODELS

Our point of departure is the fact that the functions defining the
impulse response of each path that passes through a multipath
channel are different from each other. Physically, the channel
is modeled as localized scattering centers whose impulse re-
sponses 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 [7]–[15]. Mathematically, the
generalized channel model is postulated as [6]

h(τ) =
L∑

n=1

Anhn (τ) ∗ δ(τ − τn ) (1)

where L generalized paths are associated with amplitude An ,
delay τn , and per-path impulse response hn (τ). The hn (τ) rep-
resents an arbitrary function that has finite energy. Symbol “∗”
denotes convolution and δ(x) is the Dirac delta function. Equa-
tion (1) is sufficient for most practical uses. A large class of
problems can be modeled in a form of [24], [25]

hn (τ) = τ−(1+αn )U(τ) Hn (jω) = (jω)αn (2)

where αn is a real number that describes the pulse distortion
of each path. The model in Section III is a special case of (2).
When an incident pulse p(t) passes through the path given by
(2), the distorted pulse is given by

yn (t) = p(t) ∗ hn (t) =
(

d

dt

)αn

p(t) (3)

where ((d/dt))αn is the fractional differential of the p(t).
Fractional calculus is a powerful tool in calculation and manip-
ulation [28]. The distorted pulse yn (t) is identical to the incident
pulse p(t) only if αn is zero. In this special case, (2) reduces to
the widely accepted Turin model.

The IEEE 802.15.4a model adopted the concept of frequency
dependency in the frequency domain, equivalently pulse distor-
tion in the time domain. This concept was introduced into UWB
channel modeling long ago [24], [25], as mentioned previously.
In particular, the IEEE 802.15.4a model is a special form of
(1), when all the hn (τ) are of the same functional form, i.e.,
hn (τ) = τ−(1+α)U(τ) and Hn (jω) = (jω)α ,∀n, where α is a
real number (also a random variable). U(x) is the Heaviside unit
function. The statistical model in the general form of (1) is not
available thus far due to the complexity of modeling pulse dis-
tortion. As an alternative, we can determine the channel impulse
response by using physics-based methods such as ray tracing.
The physics-based methods provide us with a powerful tool to
understand some basic propagation principles for UWB pulse
propagation. We must bear in mind that all radio propagation
must follow Maxwell’s equations. The high frequency methods
such as GTD are outstanding approximation to Maxwell’s equa-
tions, and accurate enough for UWB applications [21], [22].

One goal of this paper 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. 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

Fig. 1. General model for binary baseband data transmission.

signal set. Here ψ0 and ψ1 are 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
Section III.)

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. 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. 1, the noise
X(t) is 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 signal si(t). It is the optimization of
the q(t) that motivates this paper.

Following the steps of [29], we can obtain the probability of
error. The probability of error when 0 is sent and when 1 is sent
is given, respectively, by

Pe,0 = Q([µ0(T0) − γ]/σ) (4a)

Pe,1 = Q([γ − µ1(T0)]/σ) (4b)

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 (4), the γ is arbitrary. When the Bayes decision criterion

is used [29], the threshold is given by

γ̄ =
µ0(T0) + µ1(T0)

2
+

σ2 ln(π1/π0)
µ0(T0) − µ1(T0)

(5)

where π0 and π1 are probabilities that 0 and 1 are sent, respec-
tively.

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)

]
(6)

2The finite energy condition is important. In Section IV-B, 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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where the SNR is the signal-to-noise ratio at the input to the
threshold device, given by

SNR =
µ0(T0) − µ1(T0)

2
(7)

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) (8)

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‖
(9)

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 (34) in
Section IV-B. Equations (6) and (8) 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
results in performance degradation in terms of SNR, which will
be illustrated by numerical results.

UWB antennas must be considered. UWB antennas usually
distort the transmitted pulse [6]. The transmitter and receiver an-
tennas can be modeled as a linear filter with impulse response,
ha(t). Their impact can be absorbed in the new transmitted
pulse waveforms, p̃0(t) = p0(t) ∗ ha(t), p̃1(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 antenna’s
impact at this point and will report elsewhere. In Section III, we
will derive h(t) in a closed form for a typical urban configu-
ration. As a result, (8) and (9), combined with the closed-form
h(t), will be very useful.

III. UWB PULSE PROPAGATION IN URBAN ENVIRONMENTS

To analyze the scattering or radiation from realistic geome-
try structures, normally 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 scat-
tered field due to transient pulse excitation. The other solution is
to directly study the pulse propagation in the time domain with
TD-UTD, which is more efficient when the pulse is very nar-
row. Moreover, with the aid of TD-UTD, we can calculate the
channel impulse response, which is independent of the excita-
tion, thus providing more insight. We might obtain the response
directly in the time domain by doing a 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,

3UTD is a uniform version of GTD. UTD is more general than GTD in many
cases where GTD breaks down. The engineering community often uses UTD.
GTD is mentioned because of its theoretical significance.

Fig. 2. Pulse propagation and distortion above high-rise buildings.

which is especially important in the wideband case like UWB,
with the presence of pulse distortion.

A. Frequency Domain Model

Fig. 2 is a typical dense urban high rise building radio prop-
agation model, which has been investigated extensively in fre-
quency domain by researchers in narrowband radio propaga-
tion, e.g., [9]–[11], [30]. In this model, the primary propagation
mechanisms from the transmitted antenna to the received an-
tenna 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 [9]–[11], the total electric field at the
screen position N + 1 can be expressed as:

EN +1(jω) = E0

[
exp(−jkNd cos α)

+

{
Dα (Dπ/2)N

√
dN +1

exp(−jkd(1 + N − cos α)

×
N∑

m=1

[
Dπ/2√

d
exp[jkd(cos α − 1)]

]−m
}]

(10)

where E0 is the electric field of the incident plane wave at the
transmitter that is labeled by “Tx” in Fig. 2.

Equation (10) can be expressed in a more convenient form of
EN +1(jω)

= E0

[
exp(−jkNd cos α) +

Dα (ω)√
d

CN (ω)

× exp[−jkd(1 − cos α + N cos α)]
]

(11)

where

CN (ω) =
N −1∑
m=0

[
Dπ/2(ω)√

d
exp(−jkd(1 − cos α))

]m

(12)



QIU et al.: PHYSICS-BASED PULSE DISTORTION FOR ULTRA-WIDEBAND SIGNALS 1549

Ds,h
α (ω) =

−e−jπ/4

2
√

2πk

[
F (X3)

sin(α/2)
∓ F (X4)

− cos(α/2)

]
(13)

F (X) = 2j
√

XejX

∫ ∞

√
X

e−j t2 dt (14)

Ds,h
π/2(ω) =

−e−jπ/4

2
√

2πk

[
−
√

πkd · ejπ/4 ∓ (−1)
]

(15)

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

dt
, ht is

the height for the transmitter antenna, hb is the building height,
and dt is the horizontal distance between the transmitted antenna
and the local screen. N is the number of the screens and k is the
wavenumber. X3 and X4 are defined by X3 = 2kd sin2(α/2)
and X4 = 2kd cos2(α/2). “s” and “h” in the diffraction co-
efficient Ds,h

α (shorthand for Ds,h
α (ω) in (13)) for the angle α

represents soft and hard boundary conditions [9]–[11], [14]. The
buildings have an average distance of d between two buildings.

B. Time Domain Model

In this section, our task is to derive the time domain version
of (11) in closed form. The time domain expression will gives
us more insight into UWB applications, since each term will be
separate from each other in the time domain, as in (1).

To convert (11) 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,
as obtained in [14]. The derivation steps are as follows: 1) In
Dα (ω) the transition function F(X) (defined by (14)) can be
expressed as an 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 to form

f̃(X±, s) =
√

πX±e
s X ±

c erfc

(√
sX±

c

)
; (16)

3) By taking the inverse Laplace transform of (16), the time
domain diffraction coefficients are obtained as [14]

Ds,h
α (τ) = − 1

2
√

2π sin β0


 f(X−, τ)

cos
(

φ−φ ′

2

) ∓ f(X+, τ)

cos
(

φ+φ ′

2

)


(17)

where

f(X±, τ) =
X±

√
πcτ

(
τ + X ±

c

) (18)

X± = 2L cos2
(

φ ± φ′

2

)
(19)

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. 2, [10], we obtain

Ds,h
α = Ds,h

α

(
L = d, φ =

3π

2
, φ′ =

π

2
+ α, β0 =

π

2

)
(20a)

Ds,h
α (τ) = − 1

2
√

2π

[
f(X−, τ)
sin(α/2)

∓ f(X+, τ)
− cos(α/2)

]
(20b)

where

X− = 2d sin2(α/2)

X+ = 2d cos2(α/2)

Once we obtain the closed form for Ds,h
α (τ), we can use simi-

lar steps to derive the 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 (21)

Using the binomial theorem together with (21), CN (ω) can be
rewritten as

CN (ω) =
N −1∑
m=0

e−jkdm (1−cosα)

(2
√

2)m

m∑
l=0

(∓1)l

(
m
l

)
1
xl

(22)

Now CN (ω) is in a form for transformation. Using the Laplace
transform pair [27]

1
sγ

〈=〉τ
γ−1

Γ(γ)
; γ ≥ 0; γ = real (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 as HN +1(jω) = EN +1(jω)/E0.
The impulse response is thus obtained as

hN +1

(
τ − Nd cos α

c

)

= δ(τ) +
Dα (τ)√

d
∗ CN (τ) ∗ δ

[
τ − d(1 − cos α)

c

]
(24a)

where

CN (τ) = δ(τ) +
N −1∑
m=1

1
(2
√

2)m

{
δ

(
τ − d

c
m(1 − cos α)

)

+Cm (τ) ∗ δ

(
τ − d

c
m(1 − cos α)

)}
(24b)

Cm (τ) =
m∑

l=1

Am,l(τ)

Am,l(τ) = (∓1)l

(
m
l

)
1

τ1Γ(l/2)
(τ/τ1)l/2−1 (24c)

Am,1 = −
(

m
1

)
1

τ1
√

π

U(τ)√
τ/τ1

Am,2 =
(

m
2

)
U(τ)
τ1

(24d)
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Am,3 = −
(

m
3

)
2

τ1
√

π

√
τ/τ1U(τ)

Am,4 =
(

m
4

)
(τ/τ1)U(τ)

τ1
(24e)

where Γ(x) is the Gamma function and τ1 = πd/c. The above
equation is the central result of this paper. Equation (24) can be
combined with (6)–(9). The resultant closed form expressions
will prove to be powerful in system design and analysis.

C. Generalized Multipath Model

Following Zhang’s paper [11], we trace two dominant rays in
the signal received at the receiver labeled as “Rx” in Fig. 2. The
transfer function for the two rays is

H(jω) = H1(jω) + H2(jω) (25)

where

H1(jω) =
EN +1(jω)

E0
Ds,h

1 (jw)

× (jω)

√
D1

(D1 + D2)D2
e−jω (D1+D2)/c (26a)

H2(jω) = RH,V (jω)
EN +1(jω)

E0
Ds,h

2

× (jω)

√
D1

(D1 + R2)R2
e−jω (D1+R2)/c (26b)

where

Ds,h
1 = Ds,h

α

(
L = L1, φ =

3π

2
+ β, φ′ =

π

2
+ α, β0 =

π

2

)
(27a)

Ds,h
2 = Ds,h

α

(
L = L2, φ =

3π

2
+ θ, φ′ =

π

2
+ α, β0 =

π

2

)
(27b)

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 definitions of correspondent parameters are as follows:

L1 =
D2

1 + D2/D1
, L2 =

R2

1 + R2/D1
(28a)

β = arctan
(

hb − hr

dr

)
, θ = arctan

(
hb − hr

2d − dr

)
(28b)

D1 =
√

d2
t + (ht − hb)2 D2 =

√
d2

r + (hb − hr )2 (28c)

R2 =
√

(2d − dr )2 + (hb − hr )2 (28d)

The reflection coefficient is

RH,V =
cos θ − aH,V

√
εr − sin2 θ

cos θ + aH,V

√
εr − sin2 θ

(29)

where aH = 1 and aV = 1/εr correspond to the horizontal and
vertical polarization. θ is the angle defined in Fig. 2. For concrete
walls at UHF (300 MHz and 3 GHz), εr = 5. For a practical
UWB pulse, we have observed [22] that the pulse distortion due
to reflection can be neglected.

Then by doing the Laplace transform in the time domain, (26)
can be expressed as

h1(τ) =

√
D1

(D1 + D2)D2

× hN +1(τ) ∗ D̃s,h
1 (τ) ∗ δ

(
τ − D1 + D2

c

)
(30a)

h2(τ) =

√
R2

(D1 + R2)R2
RH,V

× hN +1(τ) ∗ D̃s,h
2 (τ) ∗ δ

(
τ − D1 + R2

c

)
(30b)

where D̃s,h
1 (τ) and D̃s,h

2 (τ) (defined by (20b)) are the corre-
sponding 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. 2, the received signal at the receiver will consist of two
pulses

r1(τ) = p(τ) ∗ h1(τ) r2(τ) = p(τ) ∗ h2(τ) (31)

The entire impulse response of the channel in Fig. 2 can be
expressed in a special form of (1), as will be illustrated in Fig. 7.

IV. NUMERICAL RESULTS

Throughout the paper, the incident pulse is the second order
derivative of the Gaussian pulse, which can be mathematically
expressed as

p(τ) =

[
1 − 4π

(
τ − τc

a

)2
]

e−2π ( τ −τ c
a )2 (32)

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 = 0.28 ns and τc = 1.5 ns. Fig. 3(a)
is the time domain incident pulse shape and Fig. 3(b) is the
spectrum of this pulse.

Throughout the paper, the environment parameters in Fig. 2
are as follows: transmitted antenna height ht = 70 m, average
height of building hb = 10 m, receiving antenna height hr = 1.6
m, horizontal distance between the transmitted antenna and local
screen dt = 1000 m, the distance between the local screen and
receiving antenna dr = 5 m, average distance between all the
screen d = 10 m, and screen number N = 5. The number of N
can vary according to our need.

A. Comparison of Frequency and Time Domain Results

Throughout the paper, the frequency domain results serve 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 [11]. As a
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Fig. 3. Second-order Gaussian pulse is used as the incident pulse transmitted at the transmitter in Fig. 1. (a) Pulse waveform. (b) Pulse spectrum.

result, the inverse Fourier transform of these frequency domain
results gives a solution for the time domain pulse response. The
time harmonic solutions in Section III-A are only valid for high
frequencies (whose wavelengths are very small compared with
the obstacles). The corresponding time domain solutions in Sec-
tion III-B 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 [22], using a simple
structure of a wedge. In our paper, this fact is confirmed again by
using a relatively complicated environment represented in Fig. 2.

To analyze the distortion caused by the factor Dα (τ) (10b),
we use p(τ) as a check pulse. By doing convolution opera-
tion with Dα (τ), we have rα (τ) = p(τ) ∗ Dα (τ). In Fig. 4,
the solid curve denoted as “rα (τ) − TD” is calculated by per-
forming direct convolution. In Fig. 4, the dash dot curve de-
noted “rα (τ) − IFFT” is calculated by performing an IFFT
of Rα (jω), where Rα (jω) = P (jω)Dα (jω), Dα (jω) is (15),
and P (jω) is the Fourier transform of p(τ). As we can see from
Fig. 4, our time domain result agrees well with the frequency
domain result. The dotted curve is the transmitted pulse p(τ),
which has been normalized to the same amplitude of rα (τ) for
the convenience of comparing the waveform.

In Figs. 6 and 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 (24).

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 (18), 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 can not di-

Fig. 4. Pulse shape of the incident pulse is distorted by the time domain
diffraction coefficient.

rectly remove it using the time window. Otherwise, we will lose
considerable 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 dur-
ing calculation in [21]. The principle of this approach is based
on the following:

p(t) ∗
∫ t

0

g(t) dt =
∫ t

0

(p(t) ∗ g(t)) dt (33)

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
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Fig. 5. Study the convergence of the series consisting of Am ,l in (24) where
m is the index of the building screens and l is the index of the series. Am ,1 is
the dominant term.

a closed form. For our case of (18), we reach

f1(Xm , τ) =
∫ τ

0

f(Xm , τ) dτ = 2

√
Xm

π
a tan

(√
cτ

Xm

)

(34)

We then sample in the new regular function
∫ t

0 g(t) dt (or
f1(Xm , τ ) in (34)), and convolve the new function with the
incident pulse, p(t). Finally we differentiate the result in (34),
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)

]
(35)

Ds,h
α (τ) =

d

dτ
D̄s,h

α (τ) (36)

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 here is to focus on CN (τ) (24), which is important
in our model. For convenience, we reproduce here

CN (τ) = δ(τ) +
N −1∑
m=1

1
(2
√

2)m

{
δ

(
τ − d

c
m(1 − cos α)

)

+Cm (τ) ⊗ δ

(
τ − d

c
m(1 − cos α)

)}
(37)

Cm (τ) =
m∑

l=1

Am,l(τ);

Am,l(τ) = (∓1)l

(
m
l

)
1

τ1Γ(l/2)
(τ/τ1)

l/2−1 (38)

Fig. 6. Pulse shape of the incident pulse is distorted by the term CN (τ ) defined
in (24). rN (τ ) = p(τ ) ∗ CN (τ ).

The convergence of the series Cm (τ) in CN (τ) is critical to
the usefulness of our analytical model. Fortunately, we find that
the series converges very fast. In fact, only the first several terms
are necessary for practical use. In Fig. 5, we plot the first several
series terms, Am,l , where m = 5 was used for simulation. Note
that “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 approximately equal to zero.
To investigate the properties of CN (τ), we calculate

rN (τ) = p(τ) ∗ CN (τ). Fig. 6 is the simulation result of rN (τ),
which was calculated using the singular removal approach
mentioned previously. The solid curve denotes the rN (τ), 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 in Fig. 5, the one term
result is approximately equal to the result obtained by all the
terms. Thus, in practice, we can only use the first term of Cm (τ)
and neglect the other terms. In such a case, 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 − cos α)

)}
(39)

Equation (39) is a key result of this paper, replacing the
accurate but complex expression in (24b). Equation (24a)
can be used together with (39) to calculate the impulse
response of the channel in Fig. 2. The final result is remarkably
simple.

D. Pulse Distortion and Its Impact on System Performance

In (1), hn (τ) represents the pulse distortion of the received
pulse after the transmitted pulse passes through propagation
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Fig. 7. Pulse waveforms of the received signal at the receiver in Fig. 1 are different from the those of the incident pulse transmitted at the transmitter in Fig. 1.

medium. In our case for the high rise buildings in Fig. 2, hn (τ)
can be obtained directly by comparing with (1). Instead, in
Fig. 7 we give the waveforms of the received signal. We ne-
glect 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(τ). From
(24a), both CN (τ) (39) and Ds,h

α (τ) (20b) are to distort the
pusle shape of the incident pulse transmitted at the transmit-
ter in Fig. 2. The effects of these two terms are illustrated
in Figs. 4 and 6.

In Fig. 8, we compare the performance when the front-end
filter is matched or not matched to the received pulses predicted
with the channel model in (24). The antipodal modulation is
used. The matched filter bound is obtained when the filter is
matched to the received pulse in (9); i.e., q(t) = si(t), i = 0, 1.
The curve labeled “theoretical BER for conventional RAKE”
implies that the front-end filter is matched to the transmit-
ted pulse at the transmitter in (9); i.e., q(t) = pi(t), i = 0, 1.
The curve labeled “conventional RAKE” is obtained by sim-
ulation. A FIR filter of several taps can be used to represent
the pulse distortion, hn (τ), in (1). Three taps are sufficient
to get results close to the approximation using eighty terms
that are close to the theoretical matched filter bound based
on (9). The results for generalized RAKE are obtained by
simulations [16].

Fig. 8. Impact of pulse distortion on receiver performance. The channel model
is given in (10) and (24) for Fig. 2.

V. CONCLUSION

This paper derives, for the first time, closed form expres-
sions in the time domain for Bertoni’s urban propagation
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configuration. The numerical results show that the time do-
main results agree with frequency domain results that are widely
adopted in the literature. The obtained analytical model is very
simple to use. Much insight is gained in this model. This inves-
tigation further confirms that (1) is the right model to postulate.
Equation (2) (currently used in IEEE 802.15.4a) is not general
enough for this urban environment (see (39)). The closed form
impulse response, (24) and (39), combined with the analytical
BER expressions, (8) and (9), will prove to be a very powerful
tool. The result will be important to understanding the basic prin-
ciple of UWB communications through the 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 1 km is typical.
Second, we built an analytical model that is simple enough for
engineering applications. If a statistical model is used, modeling
will be very complicated since too many parameters are needed.

ACKNOWLEDGMENT

The authors would like to thank J. Q. Zhang for his help in
the simulation of Fig. 8. We also want to thank B. M. Sadler,
R. Ulman and A. Molisch for useful discussions.

REFERENCES

[1] R. A. Scholtz, “Multiple access with time-hopping impulse modulator,”
in MILCOM’93, Bedford, MA, Oct. 11–14, 1993, invited paper.

[2] M. Z. Win and R. A. Scholtz, “Impulse radio: How it works,” IEEE
Commun. Lett., vol. 2, pp. 36–38, Feb. 1998.

[3] M. Z. Win, “Ultra-wide bandwidth time-hoping spread-spectrum impulse
radio for wireless multiple-access communications,” IEEE Trans. Com-
mun., vol. 48, no. 4, pp. 679–690, Apr. 2000.

[4] D. Porciono and W. Hirt, “Ultra-wideband radio technology: potential and
challenges ahead,” IEEE Commun. Mag., pp. 2–11, Jul. 2003.

[5] S. Roy, J. R. Foerster, V. Somayazulu, and D. Leeper, “Ultra-wideband ra-
dio design: the promise of high-speed, short range wireless connectivity,”
Proc. IEEE, vol. 92, no. 2, pp. 295–311, Feb. 2004.

[6] R. C. Qiu, H. P. Liu, and X. Shen, “Ultra-wideband for multiple access,”
IEEE Commun. Mag., pp. 2–9, Feb. 2005.

[7] R. L. Luebbers, “Propagation prediction for hilly terrain using GTD wedge
diffraction,” IEEE Trans. Antennas Propag., vol. 32, no. 9, pp. 951–955,
Sep. 1984.

[8] R. L. Luebbers, W. A. Foose, and G. Reyner, “Comparison of GTD
propagation model wide-band path loss simulation with measurements,”
IEEE Trans. Antennas Propag., vol. 37, no. 4, pp. 499–505, Apr.
1989.

[9] M. J. Neve and G. B. Rowe, “Contributions towards the development of a
UTD-based model for cellular radio propagation prediction,” Proc. Inst.
Elect. Eng.—Microwaves Antennas Propag., vol. 141, no. 5, pp. 407–414,
Oct. 1994.

[10] W. Zhang, “A more rigorous UTD-based expression for multiple diffrac-
tion by buildings,” Proc. Inst. Elect. Eng.—Microwaves Antennas Propag.,
vol. 142, no. 6, pp. 481–484, Dec. 1995.

[11] , “A wideband propagation model based on UTD for cellular mobile
radio communications,” IEEE Trans. Antennas Propag., vol. 45, no. 11,
pp. 1669–1678, Nov. 1997.

[12] E. M. Kenaugh and D. L. Moffatt, “Transient and impulse response ap-
proximation,” Proc. IEEE, vol. 53, no. 8, pp. 893–901, 1965.

[13] S. W. Lee, V. Jamnejao, and R. Mittra, “An asympototic series for early
time response in transient problems,” IEEE Trans. Antennas Propag.,
vol. 21, no. 11, pp. 895–899, Nov. 1973.

[14] T. Veruttipong, “Time domain version of the uniform GTD,” IEEE Trans.
Antennas Propag., vol. 38, no. 11, pp. 1757–1763, Nov. 1990.

[15] P. R. Rousseau and P. H. Pathak, “Time domain uniform geometrical
theory of diffraction for curved wedge,” IEEE Trans. Antennas Propag.,
vol. 43, no. 12, pp. 1375–1382, Dec. 1995.

[16] R. C. Qiu, Q. Zhang, and N. Guo, “A generalized RAKE receiver for
UWB communications,” IEEE J. Sel. Areas Commun., to appear.

[17] R. C. Qiu, “Pulse propagation and detection,” UWB Wireless Communica-
tions, S. Shen, M. Guizani, R. C. Qiu, and T. Le-Ngoc, Eds., Wiley, New
York, 2005.

[18] , “UWB wireless communications,” Design and Analysis of Wire-
less Networks Y. Pan and Y. Xiao, Eds., Nova, Commack, NY,
2004.

[19] “UWB pulse propagation processes (ch.),” , in UWB Wireless
Communications—A Comprehensive Overview, T. Kaiser, Ed.. Germany:
Eurasip, 2005.

[20] “UWB pulse propagation—A deterministic overview” , in Dy-
namics of Continuous, Discrete and Impulsive Systems—An Int. J. for
Theory and Appl., Series B, Special Issue on UWB, R. C. Qiu and S. Shen,
Eds., vol. 12, no. 3, Jun. 2005. ISSN, pp. 1492–8760

[21] , “A generalized time domain multipath channel and its application in
ultra-wideband (UWB) wireless optimal receiver design: Part III system
performance analysis,” in IEEE Trans. Wireless Commun., to appear.

[22] , “A generalized time domain multipath channel and its application
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.

[23] , “A study of the ultra-wideband wireless propagation channel and
optimum UWB receiver design, part I,” IEEE J. Sel. Areas Commun., First
Special Issue UWB Radio in Multiple Access Wireless Commun., vol. 20,
no. 9, pp. 1628–1637, Dec. 2002.

[24] R. C. Qiu and I. T. Lu, “Multipath resolving with frequency dependence for
broadband wireless channel modeling,” IEEE Trans. Veh. Tech., vol. 48,
no. 1, pp. 273–285, Jan. 1999.

[25] R. C. Qiu and I.-T. Lu, “Wideband wireless multipath channel modeling
with path frequency dependence,” in IEEE Int. Conf. Communications
(ICC’96), Dallas, TX, Jun. 23–27, 1996.

[26] A. F. Molisch et al. “IEEE 802.15.4a channel model – final report,” Tech.
Rep. Document IEEE 802.15-04-0662-02-004a, 2005.

[27] M. Abramowitz, I. A. Stegun, in Handbook of Mathematical Functions
with Formulas, Graphs, and Mathematical Tables, National Bureau of
Standards, 4th printing, Dec., 1965.

[28] K. B. Oldham and J. Spanier, The Fractional Calculus. New York:
Academic, 1974.

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

[30] H. Bertoni, Radio Propagation for Modern Wireless Systems. Engle-
wood Cliffs, NJ: Prentice-Hall, 2000.

Robert C. Qiu (S’93–M’96–SM’01) received the
Ph.D. degree in electrical engineering from Polytech-
nic University, Brooklyn, NY in 1996.

He is currently an Associate Professor in the De-
partment of Electrical and Computer Engineering,
Center for Manufacturing Research, Tennessee Tech-
nological University, Cookeville, TN. His current in-
terest is in wireless communication and networking
systems, in particular ultra-wideband (UWB). He was
Founder-CEO and President of Wiscom Technolo-
gies, Inc., manufacturing and marketing WCDMA

chipsets. Wiscom was sold to Intel in 2003. Prior to Wiscom, he worked for
GTE Labs, Inc. (now Verizon), Waltham, MA, and Bell Labs, Lucent, Whip-
pany, NJ. He has worked in wireless communications, radio propagation, digital
signal processing, EM scattering, composite absorbing materials, RF microelec-
tronics, UWB, underwater acoustics, and fiber optics. He holds over 10 U.S.
patents pending in WCDMA and authored over 35 technical papers. He con-
tributed to 3GPP and IEEE standards bodies, and delivered invited seminars to
institutions including Princeton University and the U.S. Army Research Lab.

Dr. Qiu serves as Associate Editor, IEEE Transactions on Vehicular Technol-
ogy and Wireless Communication and Mobile Computing (New York: Wiley).
He is a Guest Book Editor for Ultra-Wideband (UWB) Wireless Communica-
tions 2005 (New York: Wiley), and three special issues on UWB in the IEEE
Journal on Selected Areas in Communications, IEEE Transactions on Vehicular
Technology, and Dynamics of Continuous, Discrete and Impulse Systems Series
B: Applications & Algorithms. He serves as a Member of TPC for GLOBE-
COM, WCNC, and MILCOM. In addition, he served on the advisory board of
the New Jersey Center for Wireless Telecommunications (NJCWT).



QIU et al.: PHYSICS-BASED PULSE DISTORTION FOR ULTRA-WIDEBAND SIGNALS 1555

Chenming Zhou (S’05) received the M.S. degree in
optical science from Beijing University of Technol-
ogy, Beijing, China, in 2003. He is currently a Ph.D.
student in the Department of Electrical and Computer
Engineering at Tennessee Technological University.

His general research interests include radio prop-
agation and UWB geolocation.

Qingchong Liu (S’93–M’99) was born in Shaanxi,
China, in 1966. He received the Diploma in automatic
control from Shaanxi Engineering College, Xi’an,
China, in 1985; the B.S. degree in electronics and
information systems in 1990 and the M.S. degree in
computer science in 1992, both from Peking Univer-
sity; the M.S. degree in electrical engineering from
New Mexico State University, Las Cruces, NM in
1993; and the Ph.D. degree in electrical engineer-
ing from the University of Southern California, Los
Angeles, CA, in 1996.

From 1985 to 1986, he practiced as a Research Engineer in control. From

1990 to 1992, he performed research and development in broadband com-
munications networks at the Institute of Computer Science and Technology,
Peking University. He was a Senior Member of the Technical Staff with Hughes
Network Systems from 1996 to 2000. Since 2000, he is Associate Professor
of Engineering, with School of Engineering and Computer Science Oakland
University, Rochester, MI. His research includes communications networks,
security in wireless networks, ultra-wideband communications, gigabit optical
wireless networks, modulation and coding for nonlinear radio systems, synchro-
nization, signal design, and detection.


