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A Generalized Time Domain Multipath Channel and
Its Application in Ultra-Wideband (UWB) Wireless
Optimal Receiver Design—Part II: Physics-Based

System Analysis
Robert C. Qiu, Senior Member, IEEE

Abstract—This paper has established a new theoretical frame-
work that allows us to analyze the ultra-wideband system per-
formance using the closed form formulations. A new generalized
time-domain multipath channel based on the geometric theory of
diffraction/uniform theory of diffraction (GTD/UTD) framework
is incorporated into the system bit-error rate and signal-to-noise
ratio by modifying the existing system model. Closed form expres-
sions for important geometric configurations are derived in the
time domain for the first time. Some interesting insights into the
physical mechanisms and system analysis are observed through
explicit expressions and numerical results.

Index Terms—Code-division multiple-access (CDMA), correla-
tion receiver, generalized multipath model, system performance,
ultra-wideband (UWB).

I. INTRODUCTION

I T IS KNOWN that modeling of ultra-wideband (UWB)
channels, channel parameter estimation, and signal design

are pressing issues for UWB communications, especially in
environments from dense foliage and dense urban obstruc-
tions. These communications systems are sometimes highly
mobile, while some are small, very energy-limited, stationary,
unattended ground sensors. Fundamental understanding is still
needed for these and future systems. This paper is intended to
be fundamentally different from others in several ways that will
be clear.

The study of time-domain or transient wave electromagnetics
was initiated by Sommerfeld in 1901 [1], on the diffraction of
a pulse or a transient wave (acoustic or electromagnetic) by a
wedge or half plane. Following Sommerfeld, early researchers
in the time-domain electromagnetics centered on diffraction
by objects of simple geometric shapes. Today, his work on
wedge or half plane will be the conceptual basis for our ap-
proach in the time domain modeling multiple paths. Since
most time-harmonic solutions are available, it is important
to understand the relationship between short-pulse Maxwell
equation solutions and the high-frequency harmonic Maxwell
equation solutions. This relationship was first well established
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by the Lunberg-Kline series in 1949 [4]. One significance
of this paper is to show the approach of obtaining the pulse
responses through the high-frequency solutions is valid for the
UWB systems of practical interest. Let us review the concep-
tual development first. Early work in transient pulse response
was treated by Friedlander for sound pulses in 1958 [2]. In
transient elctromagnetics field it was Felsen, a pioneer in the
field [35], who edited the first monograph in 1976 [3]. The first
collection of early UWB papers was done by Miller in 1986
[5]. Since 1991 a biannual symposium was held first at the
Los Alamos Laboratory [6] and later Polytechnic [7]–[9]. The
impulse response approximation of diffraction or scattering,
the basis for our analysis, was done in 1965 [10]. The system
analysis started with Ross in 1966 [11]. The first application
was probably the transient electromagnetic pulse detonated
by a nuclear device [12]. More recent work was collected in
[13]–[15], especially on Russian work [13]. Recent renewed
interest in UWB is triggered by FCC rulings on the legal use
of UWB for wireless multiple access. The first publication
on the system analysis seems be due to Scholtz in 1993 [27]
followed by [29]–[32], although the internal report on personal
communication service (PCS) UWB system was available in
1992 [28]. Related work can be found in [16]. Our previous
work was documented in [16]–[26] and [47]–[51].

There are two approaches to modeling of UWB channels.
The first is based on the well-accepted empirical approach such
as in [54]. The other is physics-based. Since the modeling of
UWB channel is fundamental in channel parameter estimation
and signal design, the two different approaches may result in
two different frameworks on the UWB systems. In practice, we
may make full use of the complementary strengths of two ap-
proaches through a combined approach that is beyond the scope
of this work. In UWB, the second approach appears be sug-
gested first by the author one decade ago, e.g., [47]–[51]. The
conception of frequency dependency and its mathematical mod-
eling first suggested in [17], [20] have already found application
in the recent IEEE 802.15.4 (a channel model) [54] with appli-
cations including sensors and ranging [55].

This paper is the second paper in a series of three papers
[16], [53] on physics-based signal processing for UWB systems.
Some related work has appeared in book and tutorial forms
[47]–[51] (after this paper was accepted). The goal of this paper
is to understand the fundamental mechanisms that are crucial
to channel parameter estimation and signal and system design,

1536-1276/04$20.00 © 2004 IEEE



QIU: GENERALIZED TIME DOMAIN MULTIPATH CHANNEL AND ITS APPLICATION IN UWB WIRELESS OPTIMAL RECEIVER DESIGN—PART II 2313

similar to [34], [35]. It seems that very little work on time-
domain electromagnetics solutions [35]–[38] was reported. It
seems that the work done from the point view of deterministic
time domain propagation is separate from that of system anal-
ysis. We are motivated to fill the gap between two areas, as first
suggested in [16]. This work may be the first one that attempts
to systematically investigate the relationship of the deterministic
UWB generalized time-domain multipath model with the UWB
system analysis.

One important factor we neglected in the current framework
was the antenna effect. Antennas serve as a signal filter in a
UWB system. Its treatment will be included together with the
pulse propagation through the environments.

II. GENERALIZED TIME-DOMAIN MODEL BASED ON

GEOMETRIC OPTIC (GO) AND GEOMETRIC THEORY OF

DIFFRACTION/UNIFORM THEORY OF DIFFRACTION (GTD/UTD)

The concept of per path frequency dependence (or per path
pulse distortion) and its impact on UWB propagation are ad-
dressed extensively in [16]–[26] and [47]–[51] with applica-
tions in [54], [46], and [55]. Starting from this concept, we will
present new results for the typical situations, using the existing
time-harmonic frequency-domain results in the electromagnetic
(EM) field. All the obtained time domain expressions are not
published before. The UWB propagation mechanisms include
the GO rays and diffracted rays.1 The diffracted rays can be
modeled by the physics-based framework. Without loss of gen-
erality, the impulse response defined using some field compo-
nent of interest is

(1)

where , and are real values. and
are, respectively, the impulse responses of a ray arising from
multiple reflections or refractions and multiple diffractions. The
fourth term in (1) denotes one arising from a ray that experi-
ences both GO and diffraction mechanisms. The limit of (1) is
worth pointing out. When the assumption of high-frequency is
valid, i.e., the characteristic dimensions are much larger than
that of the wavelength, the underlying assumptions of high-fre-
quency physics are also valid. For special cases such as reflec-
tion from a plane and diffraction by wedge and half-plane, exact
time-domain solutions are available. These expressions are very
important to understand the accuracy of the proposed approach
in typical situations. Mathematically speaking, a large class of
the propagation mechanisms can be modeled by (1). Combining
with experiments and exact solutions, we could decompose the

1Any deviation of wave propagation rays from rectilinear paths which cannot
be interpreted as reflection or refraction is called diffraction.

Fig. 1. Optimum demodulation is performed by match-filtering through
known training sequence.

Fig. 2. Illustrate the concept of UWB pulse distortion due to reflection and
diffraction.

complex generic propagation mechanisms into many simple lo-
calized ones and their multiple interactions, based on Fock’s lo-
calization principle [13] that is valid for high-frequency fields.
This decomposition is the power of the physics-based frame-
work. In Section IV, three such models are considered. Based on
our experience, these three such models are sufficient for many
real UWB applications.

The motivation of the physics-based system analysis is illus-
trated in Figs. 1 and 2 by the optimum detection [47], [48], [51].
In presence of intersymbol interference the maximum likely se-
quential estimation (MLSE) is required and can be implemented
by the Viterbi algorithm. It is noticed that the matched filter
is required as the front-end of the optimum receiver. When we
model the channel unrealistically, the performance tends to be
suboptimum. The receiver structure in Fig. 1 is valid for any
UWB channel if the receiver noise can be modeled as addictive
Gaussian. In Section III, we study a simpler example.

III. PHYSICS-BASED SYSTEM ANALYSIS FORMULATION FOR

THE OPTIMUM UWB RECEIVER

A. UWB System Model

In this section, our goal is to incorporate our generalized
time domain model given in (1) and closed form expressions
of specific geometric configurations into UWB system anal-
ysis. To save space in notation description, we extend the UWB
system model of [39], [31] to the generalized multipath mode
given by (1). More general treatment was given in [47]–[51]
and will be also given in [53]. A simplified multipath model of

was used in [39], [31]. For brevity,
we use
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where is a real value and with delay is a real function
corresponding to the impulse response of a generalized2 ray. For
one user, the received signal is

(2)

where , is the transmitted pulse with
its autocorrelation , and “ ” denotes the integer op-
erator. The duration of each symbol represented by pulses
is where is bit rate. is modu-
lation index which is a time shift unit incurred by the binary
symbol , is the th code of a user’s PN se-
quence, is the time shift unit incurred by the PN sequence,
and is the AWGN with double-side power density of
W/Hz. The energy of a bit symbol is where

is the energy of . The normalized
cross-correlation of arising from the th path is

(3)

B. Optimum Receiver With Matching Filtering Demodulation

For an optimum receiver in Fig. 1, is attempted to
match the waveform of . The waveform of

is unknown since the impulse response of a gener-
alized ray is unknown. Thus, the matched filter required for an
optimum receiver cannot be realized using the system design of
[39], [31] if the generalized channel model in (1) (instead of the
simplified channel model ) is used.
We consider a new system design shown in Fig. 1. Other as-
pects of system design are shown also in [52]. The transmitted
pulse is distorted for some propagation mechanisms such
as diffraction by some objects or transmission through some
media. Section IV models three such mechanisms. The distor-
tion is incorporated in the generalized time domain channel
mode in (1). The received signal consists of distorted
pulses . The known training sequence is
used to obtain the estimate of the pulse signature through gen-
eralized channel propagation. This estimate leads to the com-
pound channel response that can be used as the generalized
template . The match-filtering is performed by the cor-
relation between the received signal and the generalized
template . The output of the correlator is represented by

.
For a binary correlation receiver, the statistic within symbol

duration is defined as

(4)

where denotes the propagation delay of the direct line-of-
sight (LOS) path. of the i-th symbol is locally generated

2A generalized ray includes single reflected/refracted rays and diffracted rays
as well as their arbitrary combinations.

pulse train to be correlated with the received signal . Con-
sider two receivers: (1) conventional receiver of [39], [31], i.e.,

, (2) optimum receiver, i.e., .

C. System Performance

We use the same detection scheme as [39], [31]. The detection
decision is

'' ''

Using the same arguments as [39], we find that is a Gaussian
random process. Since is Gaussian and and are
deterministic, is also Gaussian. Following the same steps
as [39], [31], for “0” and “1” transmitted with identical a priori
probability we reach the average bit-error rate (BER)

(5)

where and are, re-
spectively, the condition mean of the statistics, and the con-
ditional variance of the statistics. Specifically, we have the fol-
lowing.

1) Conventional Receiver:

(6a)

(6b)

(6c)

(6d)

where
with . In (6) and (7),

and
can be readily calculated given

. To verify the expressions in this section, we replace the
generalized channel model with the simplified one obtained
with . This exercise leads to the expressions iden-
tical to [39], which serve as a sanity check on our derivation.

2) Optimum Receiver:

(7a)

(7b)

(7c)

(7d)
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(7e)

The system BER is determined by statistic parameters ,
and that in return depends on the , and of the gen-
eralized multipath model. The signal-to-noise ratio (SNR) is de-
fined as . Note that BER and SNR is a func-
tion of the per path impulse response . This fact justifies the
effort of modeling the path impulse response for typical UWB
situations.

D. Multiband Technology

Mathematically, we just need use the correlation function
of the transmitted pulse used for the multiband

system. For example, for a sinusoidal burst with Gaussian
envelope, where and a are given
pulse parameters [56]. The autocorrelation function is

(8)

E. Discussions and Applications

It is worth pointing out that our generalized multipath model
is deterministic so far since

, and for specific geometric configurations are de-
terministic.3, in contrast to the statistic multipath model [45].
Section IV will develop some explicit expressions of ,
and for some typical site-specific propagation environment.
The formulation developed in this section combined with the
formulations of Section IV in the form of (1) provides a pow-
erful analytic tool for studying UWB propagation mechanisms
and evaluating the system performance.

The formulation in Section III-C serves several purposes.
1) First, these expressions in closed forms relate the system
performance with the channel propagation parameters. This
will simplify the study the impact of multiple interactions and
pulse distortion on the system performance. 2) Pulse distortion
due to frequency dependence caused by diffraction is regarded
as a challenge in some applications using theoretical analysis
[16]–[26] and experimental data [32], [46], [54], [55]. System
design shown in Fig. 1 is needed for optimum demodulation.
Theses expressions are needed for system performance anal-
ysis. 3) The success of the earlier results will encourage more
complex and real investigations into the typical propagation
mechanisms that are expressed in closed forms in terms of the
channel parameters.

To illustrate the use of the proposed approach, consider two
simple two-ray examples: 1) two-ray path channel in (9) and 2)
impulsive plane wave incident normally at an half plane (Som-
merfeld’s Problem) given by (19). Both solutions are exact in
order to gain insights. From (9) and (19), generalized multi-
path channel parameters , and can be obtained. Then,

3There parameters can be modeled and measured as random variables, as done
in [54]. The suggestion of modeling frequency dependence as a random variable
was given in 1995 [57]. The impact of the frequency dependence � on UWB
pulses was given in [16].

Fig. 3. Illustration of UWB pulse propagation by two basic objects. (a) UWB
pulse reflected by a ground. (b) UWB pulse diffracted by a half plane.

through , (6) and (7) are used to ob-
tain statistic parameters and . Finally, the average BER
is achieved using (5).

Deeper insights can be gained though these explicit expres-
sions. For example, for Case 2, the path loss determined by

is highly correlated with the path delay . This
phenomenon is observed by experiments [42]. It is also exper-
imentally observed that the path loss varies according to
with where is the distance between two antennas. We
can easily observe this behavior from the previous closed form
expressions for Case 1. The condition for this behavior to occur
is and where is the
pulse width of the transmitted pulse . Under this condition,
the energy coming from the LOS path dominates the total en-
ergy received from the two-ray half space model.

IV. MODELING TYPICAL UWB PROPAGATION MECHANISMS

The purpose of this section is to model in time-domain close
forms three dominant propagation mechanisms in typical UWB
propagation channel: 1) GO rays [Fig.3(a)], 2) diffraction by
half plane [Fig.3(b)], and 3) diffraction by dielectric slab (Fig.4).
Generic diffracted field is also given. The formulation in this
section is made self-contained for easy use and only practical
results are put in the text while the derivation and involved ex-
pressions are put in the end of the paper in the Appendix. We
use the well-known frequency domain results obtained in the
radio propagation field. Since our closed-form formulation in
Section III-C requires the time domain expressions, we convert
these frequency domain expressions into the time domain. This
approach is simple but the derivation is complex. The beauty of
our proposed framework in Section III-C is based on the pos-
sibility of the availability of the closed form expressions for
special UWB propagation mechanisms that are generic enough
to model the realistic channel. After we obtain more and more
closed form solutions that cover the majority of UWB propaga-
tion environments, the framework formulated in Section III will
be powerful. Without loss of generality, in this paper, the space
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Fig. 4. UWB pulse is reflected, transmitted and diffracted in a slab. (a)
Mechanisms in different regions. (b) Multiple reflections and transmissions.

can only contain three most important UWB propagation mech-
anisms. We use the existing frequency domain results from the
ray tracing theory.

Note that the results in this section are valid for any EM wave,
not limited for optical waves. The ray theory is valid for any EM
wave when the size of the object is large enough, say ten times,
compared with the wavelength of the EM wave. In addition, it is
not our intention to justify the accuracy of the ray tracing theory.
We only use the existing standard results in the EM propagation
field, in order to relate explicitly the UWB propagation mecha-
nisms to the UWB system parameters such as SNR and BER.
This closed form relation enables us to decompose the complex
UWB channel into many simple localized propagation mecha-
nisms. These simple localized ones can be modeled by the ele-
gant ray theory. The experiences gained in experiment measure-
ments and the ray tracing theory justify the decomposition that
is not obvious for novice.

A. Geometric Optics Rays

For a lot of UWB applications, the two-ray model shown in
Fig. 3(a) is the most studied model, e.g., [42], [38]. Note that
the pulse distortion due to GO rays is in physics fundamentally
different from that due to diffracted rays in the next section. For
nongrazing angles, the transfer function and its corresponding
impulse response via inverse Laplace transform are

(9)

where and
with

Fig. 5. Approximation of the exact series solution using the first several terms.
The actual results are obtained using the exact series solution. When at � 1,
the first term is sufficient.

, and
for vertical polarization and for
horizontal polarization. with

and .
. Here, and are, respectively, rela-

tive dielectric constant and the conductivity of the reflecting
surface, and are the heights of transmitter and receiver
antennas, respectively, is the distance between two antennas,

is the speed of light in free space, and is the modified
Bessel function. The derivation of is given in [37] for
conductors above the ground. Here, we extend the results of
[37], [38] and use the results to model our UWB system.

For easier use a transformation of the original series into an-
other rapidly convergent series is needed. If there is only one
reflection in Fig. 3(a), e.g., , we obtain from (A5), lo-
cated in Appendix A

(10)

where . The first two terms and are identical to
[37]. The numerical plots using our series in Fig. 5 are same as
these of [37] for the first three terms. It is remarkable to find
that retaining the first term is sufficient to approximate
for early-time response, when . This condition can be
expressed as . For example, typically for

and , the condition is ns. For practical
UWB wireless communications, the pulse duration is smaller
than 1 ns. Thus, the first term will be used to approximate the
entire series

(11)
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The feasibility of this first-order solution allows for prac-
tical calculations and closed forms for other system parameters.
Thus, we have

.
For some indoor UWB applications, multiple interactions

between walls and grounds are taken into account. Since the
reflections arising from different half-planes are in general
different, successive reflections from these half-planes lead
to the model of different reflections from half-planes. This
model is an extension of the identical reflections. Since this
model is commonly encountered [38], we include the closed
form expressions for the impulse response in Appendix B.
This model will also be used in the study of the dielectric slab
(Fig. 4)—a relatively complex and practical object.

B. Transient Responses Arising From Diffraction

It is known that apart from a transient that can be neglected
for large time, the fields can be treated as the time-harmonic
ones. The geometric optics rays can be treated as a general-
ized diffracted ray. The rigorous mathematical theorem given
by Kline [4] shows that the singularities of the step pulse re-
sponse as a function of time determine the asympototic repre-
sentation of the field in fractional power of . This theorem
suggests that if we know the behavior of the transient fields in
the neighborhood of the singularities, we can use this theorem
to obtain the asymptotic series representation of the steady state
or time harmonic solution of Maxwell’s equations. The asymp-
totic form is only determined by singularities, singularities of
the step pulse response or impulse response. In practical appli-
cations, most time we know the asymptotic form instead that
can be used to derive the singularities in return determining the
pulse wave shapes of UWB signals. If in the neighborhood of the
singularity any field component has the behavior (see
(12), located at the bottom of the page) where and are
rather general, then the corresponding transfer function has the
form [4]

(13)

For the important special case in which and are
each , the asympototic series contain fractional powers of

, e.g., where is an integer. For each
term of the series vanishes. This is as expected, for there is no
classical diffracted geometric optics field. The leading term for
large may well serve as the geometric optics diffracted field.

For a special case, see (14), located at the bottom of the page,
where and are real and nonnegative we can obtain

(15)

where is a Gamma function.

C. Diffraction of Plane Pulsewave Incident on a Perfectly
Conducting Half-Plane

Let us treat the diffraction of a plane pulse wave incident
on a perfectly conducting half-plane [Fig. 3(b)]—Sommerfeld’s
diffraction problem in the time domain [4]. The configuration of
Fig. 4(b) is commonly encountered such as diffracted rays from
edges of buildings, furniture, etc. Although the slab (Fig. 4)
is more realistic, the exact solution is available for this case.
The simple expressions highlight the critical features of our ap-
proach. It is also theoretically important since the relationship
between the exact pulse solution and the asymptotic series solu-
tion can be established. The exact unit step pulse solution of our
problem has a simple form. Its electric field shown in Fig. 3(b)
is

(16)

The diffracted field can be expanded in the form

(17)

where

This result agrees completely with the asymptotic expansion of
the exact solution of our problem. One starts with Sommerfeld’s
solution, namely,

(18)

One at once obtains (17) using the asymp-
totic expansion of the Frenel function

(12)

(14)
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. The con-
dition that the higher order terms are neglected is

. At high-frequencies, Fock’s principle of locality
says that diffraction at an edge only depends on immediate
neighborhood of the point of diffraction, here, at the edge of

. At a distance of away from this diffraction
point, the diffracted field follows the law of geometric optics.
At an instant of , we are led to
assuming the angle of incidence is not very small. For a UWB
pulse, our interest lies on the wave shape transformation caused
by diffraction. If the pulse duration is sufficiently short, this
condition will be met readily. This is, in fact, the case. For
example, typical values of for a UWB wireless system are

– ns, thus or – m. Therefore, we
conclude that the first-order approximation of the asymptotic
series in (17) will be sufficient for our practical UWB wireless
applications. We guess this conclusion will be also valid for
other structures although verifying this claim may be difficult.

The impulse response of Fig. 3(b) can be defined as

(19)

At the wave front , the diffracted component
of the impulse response assumes a singularity of where

. In other words,
where is a regular function. The singularity factor

depends on the geometry and the space regions. For ex-
ample, for a wedge the singularity at the front of the diffraction
component varies in the exact solution from at the geomet-
rical optics solution boundary to outside the transition
region [3], [13]. In the latter situation, the asymptotic relation-
ships hold true, so the response waveform does not change with
the distance from the light-shadow boundary. For an arbitrary
incidence angle at a half plane, the exact impulse response
expression of the total field at the position is given by

(20)

For the normal incidence where and ,
(20) reduces to the diffracted field part of (19). Following the
same notation, Keller’s GTD solution for a half plane is given
by [36]

(21)

D. Slab

Compared with Fig. 3(b), the configuration of Fig. 4 is more
commonly used in indoor UWB applications such as doors,
desks, furniture, etc. Based on the frequency domain model [43]

the harmonic frequency domain total layer reflection coefficient
may be expressed in series form by

(22a)

(22b)

where
, and

with thickness of the slab. is the frequency
domain Fresnel reflection coefficient. Using the transient
time-domain closed form expression corresponding to

in (5)–(6), we obtain

(23a)

(23b)

where . The rapidly convergent se-
ries of is given in (B7) (see also Appendices A and
B). Thus, we have obtained the exact expression for in
a series form. Note the exact expression for different
reflections is already given by (B2). In practice only the first
several leading terms are needed to approximate the exact ex-
pression for (see Fig. 5). At the same time, each term
of the leading terms can be approximated using its first order ap-
proximation. Therefore, the obtained expression can be readily
evaluated and suitable for system analysis. Similarly, the total
transmission coefficient is derived as follows:

(24a)

(24b)
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Fig. 6. UWB pulse is reflected by a half-space. The distorted UWB pulse
is obtained using the derived exact series solution that contains two pulse
terms: undistorted term and distorted term. Parameters: � = 1:7262 ns,
" = 25; � = 0:1 mho/m;  = �=4; vertical polarization.

where
,

and . Equations (23) and (24) are valid
for any thickness of slab, which is met in indoor propagation
through walls and other obstacles. In the frequency domain, the
total diffraction coefficient for a finite dielectric layer is

(25a)

(25b)

where ,
and .

The time-domain total diffraction coefficient is, thus, given
via inverse Laplace transform by

(26a)

(26b)

Equations (25) and (26) are only valid for thin thickness of
slab. The valid limits of (25) and (26) are the same as their fre-
quency domain counterparts [43]. We have made no approxima-
tion when we converting the frequency-domain results of [43]
to the time domain.

V. NUMERICAL RESULTS

Since most critical results are confirmed analytically and
available in closed forms, given the current space it is difficult
to present extensive numerical results although we have done

Fig. 7. UWB pulse propagates via direct (LOS) path and reflected path from an
half-space (e.g., floor or ceiling). The basic two-ray model is used to model this
channel. The total energy consists of the energy via three paths: LOS, reflection
from floor, and reflection from ceiling. Away from the floor, h = 1:65 m,
h = 1:2 m. Away from the ceiling, h = 1:05 m, h = 1:5 m, " = 4:44.

Fig. 8. UWB pulse is diffracted by a half-plane edge. The received diffracted
pulse r(t) = y (t � � ) is distorted by the edge where � = 0:92735 ns.
The direct path is � = 0:35 ns. The peak amplitude of the diffracted pulse
r(t) = w(t) is half of the incident UWB pulse s(t).

this kind of work. The central purpose of the section is to show
the correctness of our analytical results.

For , we consider a UWB pulse of the second
derivative of a Gaussian function . The
transmitted pulse is and the received
pulse is .
The auto-correlation of is

,
which gives at ns for

ns [31]. We have used throughout the
calculations. In Fig. 5, we approximate the exact series solution
in (10) using the first several terms of rapidly convergent
series in (10), located in Appendix A. The actual results are
obtained using the exact series solution. When , the
first term is sufficient. In Fig. 6, a UWB pulse is reflected by
half-space. The distorted UWB pulse is obtained using the
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Fig. 9. For the UWB propagation environment illustrated in Fig. 2, we model the received signals r(t) as a three ray model defined by r(t) = x(t � � ) +
R (t�� )+y (t�� ). The autocorrelation R is using r(t). The direct LOS pulse x(t) has a unit energy and the energy of the reflected pulse
R(t) [Fig. 3(b)] and diffracted pulse d(t) [Fig. 3(b)] are equal to half of the energy of x(t). The reflected pulse overlaps both the direct LOS pulse and diffracted
pulse. Parameters: � = 0:35 ns, � = 0:65 ns, � = 0:92735 ns.

derived exact series solution given in (9) that contains two
pulse terms: undistorted term corresponding to (the first
term of ) and distorted term (the second term of

). The term is in general much weaker than the
term . Note that distorted term can be obtained
using the simple equation.

In Fig. 7, a UWB pulse propagates via direct (LOS) paths and
reflected path from an half-space (e.g., floor or ceiling). The
basic two-ray model is used to model this channel. The total
energy consists of the energy via three paths: LOS, reflection
from floor, and reflection from ceiling.

In Fig. 8, a UWB pulse is diffracted by a half-plane edge. To
verify the validation of the different methods, using a half-plane
we compare the three methods: Felsen’s exact solution [35],
UTD solution [36], and Keller’s GTD solution [36]. Felsen’s
exact solution for a wedge reduces to (20) for a half-plane.
UTD solution is given in (26b). Keller’s solution is given by
(21). If is the incident pulse and is the impulse re-
sponse of the edge, the received distorted pulse is

. The first cross-correlation is defined by the
cross-correlation between and . The second cross-cor-
relation is by and . No noise is introduced in
so .

The fundamental difference between our formula-
tion and [39] is the cross-correlation of the th path

that is shown in Fig. 10. For the UWB
propagation environment illustrated in Fig. 2, in Figs. 9 and 10,
we model the received signals as three ray model defined
by

where the direct LOS pulse has a unit energy and the energy
of the reflected pulse [Fig. 3(b)] and diffracted pulse
[Fig. 3(b)] are equal to half of the energy of .
is the first cross-correlation plotted using the received signal

in Fig. 10. From in (6), (7)
can be obtained. Thus, the BER in (5) with SNR can be obtained
with given modulation index . Calculation of BER is beyond
the scope of this paper, due to space limitation. We also note
that the three models (Felsen, UTD, GTD) are almost identical.
This gives us the confidence in using the ray theory based
approximate UTD/GTD results since Felsen model is exact.
This is another reason for us to include the simple half-plane in
our study to capture the key feature of a diffracted ray.

One point we want to the make is the overlapping of different
mechanisms as shown in Figs. 9 and 10. Using the knowledge
of the distortion of a specific configuration such as edge, we
will not confuse the diffracted mechanism with other mecha-
nisms. Elements about distortion due to specific interactions are
already addressed in [16] and [17]. A procedure is followed:

1) locate the strongest path from the auto-correlation plot
of in Fig. 9;

2) remove the strongest path from the received resultant
signal;

3) similarly locate and remove the second strongest path
that is a reflected ray;

4) the last path is the diffracted path shown in Fig. 8. We
keep this one as our third path.

Once the cross-correlation functions and
for the conventional receiver and optimum receiver, respec-
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Fig. 10. Model the received signals r(t) as a three ray model defined by r(t) = x(t� � ) +R (t� � ) + y (t� � ) where the direct LOS pulse
x(t) has a unit energy and the energy of the reflected pulse R(t) [Fig. 9(a)] and diffracted pulse d(t) [Figs. 8 and 9(a)] are equal to half of the energy of x(t).
(a) Conventional receiver: the first cross-correlation is defined by the cross-correlation R (�) between r(t) and x(t � � ). (b) Optimum receiver: the
second one is R (�) between r(t) and r(t), i.e., auto-correlation. � = 0:35 ns, � = 0:65 ns, � = 0:92735 ns.

tively, are available as shown in Figs. 9 and 10, calculation
of BER and SNR is possible using the expressions in Sec-
tion III-C, which will be reported elsewhere [53]. Our purpose
is to establish the formulation of the relation of the channel
environment parameters such as antenna heights, distance
between antennas, etc.

VI. CONCLUSION

This paper has established a new theoretical framework
called physics-based system analysis that allows us to analyze
the UWB system performance using the closed form formu-
lations. A new generalized time-domain multipath channel
based on the GTD/UTD is incorporated into the system BER
and SNR by modifying the existing system model. This new
model includes the pulseshape distortion caused by diffractions.
Closed form expressions for three important geometric config-
urations are derived in the time domain for the first time. Some
interesting insights into the physical mechanisms and system
analysis are observed through explicit expressions and numer-
ical results. We also want to point out that the physics-based
model is not intended to replace the empirical model in practical
applications. Rather the two fundamentally different models are
complementary in strengths. For example, due to the equipment
limits, channel sounding for some UWB environments is either
difficult or impossible using the empirical model.

APPENDIX A
TRANSFORMATION OF ORIGINAL SERIES TO RAPIDLY

CONVERGENT SERIES

Using the series of with into the
and exchange the

order of index of series lead to

(A1)

Our goal is to sum up the series in closed form. For the
-term

(A2)
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where . Further, we can reduce series A to the fol-
lowing:

(A3)

Using the series of an exponential function
, we reach

(A4)

Thus, from (A2) we obtain with

(A5)

From (A5), (B7) is readily obtained. To verify (A5), we con-
sider several special cases. For and , (A5) is iden-
tical to [37]. Numerical results are obtained using the k terms
same as the exact solutions.

APPENDIX B
INCIDENT PULSE IS REFLECTED TIMES

BY THE HALF SPACE

Now, consider the multiple reflections of geometric optics
rays from half space. The reflection coefficient for a ray due to

times reflection from half space is given by

(B1)

where and for horizontal polarization and
when is even for vertical polarization and when

is odd for vertical polarization. The transmitted coefficient
is . Working out the case of arbitrary is
analytically difficult for different reflections but for

this is analytically tractable. The closed form time domain
solution can be obtained only for different reflections.
The case of is sufficient for our applications

(B2a)

(B2b)

(B2c)

(B2d)

For identical reflections, i.e.,

(B3)

From (B1), we derive the following series that can be trans-
formed to a rapidly convergent series:

(B4)

(B5)

For identical reflections, we are able to derive the closed
forms. Consider a general series of the th term given in (B5)

(B6)

Using similar approach for the single reflection (see Ap-
pendix A), we can derive the rapidly convergent series

(B7)
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where

When , the series given in (B7) reduces to (10), which is
expected. The solution for different reflections can be
obtained from (B2) and (B7) using the first term approximation.
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