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ABSTRACT

Due to the large bandwidth allocation, UltraWideband (UWB) channels exhibit frequency-dependent
distortion of individual multipath components. This perpath distortion is particularly significant in outdoor UWB
applications, where line-of-sight (LOS) or non-distorted
reflected signals might not be available at the receiver,
and the dominant propagation mechanisms involve
shadowing (diffraction) or reflection by small objects (e.g.
signs or lamp-posts). In this paper, a physical model is
employed in the design of robust correlation receiver
templates for outdoor single and multipath impulse radio
channels characterized by per-path distortion. It is
demonstrated that receivers which employ a set of partial
derivatives templates are near-optimal in terms of energy
capture while the simple transmit pulse template provides
excellent complexity-performance trade-offs for most
practical scenarios. Moreover, iterative receiver structures
that maintain the energy capture in the receiver for
overlapping components are investigated. Finally, a large
gap between the propagation gains of the transmit pulses
in the lower and upper bands of the FCC spectrum is
characterized for several propagation mechanisms, and
implications for adaptive UWB transmissions are
discussed.*
I. INTRODUCTION
Ultra wideband (UWB) impulse radio [1] is a wireless
technology involving transmission of very short duration
pulses on the order of nanoseconds. It is defined by FCC
[2] as any wireless transmission scheme that possesses a
fractional bandwidth W/fc > 20%, where W is the
transmission bandwidth and fc is the center frequency, or a
-10 dB bandwidth greater than 500 MHz regardless of the
fractional bandwidth of the system. The FCC spectral
masks released in 2002 [2] allow the use of 0~0.96 GHz
and 3.1~10.6 GHz bands on an unlicensed basis subject to
certain restrictions on the signal power spectrum density
(PSD).
Due to the very large bandwidth allocation for UWB
systems, individual multipath components at the receiver
undergo frequency dependent per-path distortion through
reflection from small objects, shadowing (diffraction),
penetration through walls, etc. Template design for
distorted UWB channels was investigated in [3,4]. These
*
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methods employ basis expansion and are computationally
complex. To reduce complexity, we propose to take into
account physical channel characteristics in the receiver
design.
Physics-based studies on UWB pulse distortion have
been reported in [5,6], where the diffracted pulse is derived
directly from expressions of the Uniform Theory of
Diffraction (UTD) and Geometry Theory of Diffraction
(GTD). Moreover, a physical model for outdoor UWB
channels was developed in [7] and was used to investigate
the frequency-dependent behavior of per-path distortion in
single-path UWB channels with diffraction and reflection
as dominant outdoor propagation conditions. This model is
based on a Fresnel diffraction augmentation of the method
of images [8,9,10]. It provides a more accurate description
of the dependency of strength and shape of the received
pulse on position in given local environment. Based on this
study, we propose approximate per-path templates
generated by fractional differentiation and integration of
the transmit pulse, which effectively model the frequencydependent behavior of UWB channels characterized by
reflection from small reflectors and diffraction,
respectively. These propagation mechanisms are often
dominant in outdoor UWB channels [7]. We examine
complexity-performance tradeoffs for correlation receivers
which employ a set of these templates in terms of energy
capture for several Gaussian monocycle transmit pulses.
Moreover, we identify worst case and beneficial scenarios
for utilization of simple transmit pulse template.
We also address correlation receiver design for UWB
systems with pulse overlap at the receiver, or inter-pulse
interference (IPI). Although the pulse width of UWB
systems is on the order of nanoseconds, the assumption
that multipath components are clearly resolvable is not
always realistic [11,12]. In this paper, we demonstrate that
a simple iterative receiver employed in [3] is suitable for
diverse multipath scenarios affected by IPI and frequencydependent distortion.
Finally, we analyze and compare the frequencydependent propagation gains of Gaussian monocycle
pulses in the upper and lower bands of the FCC spectral
mask [2] for multipath UWB channels affected by
different propagation mechanisms. Adaptive transmission
techniques where the transmit pulse that resides in one of
the bands is selected when the channel is strong in that part
of the spectrum are discussed.

The rest of this paper is organized as follows. In
section II, we discuss the UWB system model and receiver
design. In section III, template design for single path UWB
channels characterized by per-path distortion due to
diffraction or reflection from small reflectors is
investigated. In section IV, we address iterative receiver
design for overlapping multipath components and extend
receiver design to realistic multipath channels with perpath distortion, with focus on complexity/performance
tradeoffs for proposed templates. Propagation gain analysis
for multipath channels and possible implications on
adaptive transmission are discussed in section V.
II. UWB SYSTEM MODEL AND RECEIVER DESIGN
The multipath UWB channel impulse response can be
modeled as
L
h(t) = ∑ hk(t-τk) ,
(1)
k=1
where L is the total number of paths, hk(t) is the
impulse response and τk is the propagation delay of the kth
multipath component, respectively [13]. The received
signal is given by the convolution of the channel impulse
response with the transmit signal pt(t) and can be
represented by:
L
pr(t) = ∑ pr(k) (t-τk) + n(t) ,
(2)
k=1
(k)
where p r (t) = hk(t)* pt(t) is the received pulse
waveform associated with the kth path, n(t) is zero-mean,
Additive White Gaussian Noise (AWGN) random process
with double-sided power spectrum density N0/2, and ‘*’
denotes convolution. To simplify timing estimation and to
isolate the impact of per-path distortion, the effects of the
additive noise on the receiver design are ignored in the
paper.
In typical UWB channels, the received signal contains
many multipath components [14]. Each of these
components corresponds to a path affected by certain
propagation mechanism. The transmitted signal is detected
by collecting the energy associated with dominant
(strongest) multipath components using the RAKE
receiver. Each finger of the RAKE receiver is given by a
matched filter/correlation receiver [1,15]. The correlation
template signal

L'
v(t) =

∑ vk(t-τ^k) ,

(3)

k=1
is the sum of
individual per-path templates v k(t),
1<k<L' (referred to as the “templates” in the remainder of
the paper), each delayed by time of arrival estimate τ^k. We
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assume that v(t) is normalized to unit energy. Suppose the
L multipath components in (2) do not overlap (pulse
overlap will be addressed in Section IV). Denote the
∞
⌠
energy of the received pulse as Er = ⌡pr2(t)dt . Then the
-∞
peak of the cross-correlation between the received pulse
and the correlation template (3) is [16]:
L' ∞
⌡ pr(k)(t-τk)vk(t-τ^k)dt
ρ= ∑ ⌠
Er ,
(4)
k=1 -∞

/

where the peak of the cross-correlation for each
individual path is achieved at τ^k . The parameter ρ in (4)
plays a key role in the performance of the correlation
detector. When the kth path is not distorted, the optimum
template for that path is the normalized transmit pulse pt(t),
while the optimum template choice for any received path is
vk(t) = p r(k)(t)/ Er , and the corresponding maximum value
of ρ = 1. However, ρ < 1 if the template is not matched to
the channel response, resulting in reduced energy capture
[3]. In this paper, this loss is characterized by the SNR
capture
SNRc= ρ2 (dB) ,
(5)
We employ Gaussian monocycle transmit pulses,
which are frequently adopted in UWB systems [14,17].
The nth order Gaussian monocycle pulse is defined as:
dn
wn(t) = n (e-2π(t/tp)2) ,
(6)
dt
where tp is a parameter that controls the bandwidth of
the pulse, and n corresponds to the shift in the ‘mode
frequency’ of the spectrum, or the peak of the PSD, given
by fm =

n

1
tp π

[16]. Fig. 1(a) shows the power spectral

densities (PSD) of several Gaussian monocycle pulses and
the FCC spectral mask, and Fig. 1(b) illustrates a 2nd order
Gaussian monocycle waveform. Note that the 2nd order
pulse (tp=2.5ns) and the 8th order pulse (tp=0.25ns) have
mode frequencies of 0.34 GHz and 6.5 GHz and reside in
the lower (0-0.96 GHz) and upper (3.1-10.6 GHz) bands of
the FCC spectral mask, respectively. Fig. 1(a) also
illustrates the PSD of the 2nd order Gaussian monocycle
pulse with tp=0.25ns. While this pulse does not fit the
spectral mask, it is often used in the literature on pulse and
template design [18,19]. In this paper, we employ the 2nd
order Gaussian monocycle pulses with tp=0.25ns and 2.5ns
to illustrate the worst case frequency-dependent distortion.
III. TEMPLATE DESIGN FOR SINGLE-PATH CHANNELS
WITH DISTORTION

The frequency responses of simulated UWB channel
are obtained using our physical model [7]. The sample
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Figure 2. A simple geometry for the UWB physical model.

0.5

α

0

-0.5
-4

with α > 0 for reflection and α < 0 for diffraction. Note
that (j2πf) Pt(f) is the Fourier transform of the fractional
derivative operator [19,20] (also referred to as the
fractional integral for α<0), which reduces to the derivative
for α=1 and the integral for α=-1. Thus, we employ perpath correlation templates given by the fractional
derivatives of the transmit pulse
Dαpt(t)=F-1((j2πf)αPt(f)) ,
(7)
-1
where F is the inverse Fourier transform.
In Fig. 4, fractional integrals are utilized as templates
for several diffraction paths along line A in Fig. 2 (see also
Fig. 3(b)). For the 2nd order Gaussian monocycles in Fig.
1(a), per-path distortion is higher for tp=0.25ns than for
tp=2.5ns since in this case higher frequencies are
attenuated more due to diffraction. Thus, we choose the
signal with tp=0.25ns as the transmit pulse in Fig. 4. At
each receiver position, we plot the SNR capture (5) for
per-path correlation templates generated by varying the
order of fractional integration α from -1 to 0 in (7). At
location (5,20) the receiver is in the region of deep
shadowing, and diffraction is the dominant propagation
mechanism. In this case, the peak energy capture is
achieved for α=-0.5 (semi-integral) correlation template
since it closely matches the deep shadowing curve in Fig.
3(b). The loss in SNR capture when the transmit pulse pt(t)
⌡pt(t)dt (α=-1) are employed as
(α=0) and it’s integral ⌠
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Figure 1. a) PSD of Gaussian monocycle pulses and the FCC
spectral masks. b) 2nd order Gaussian monocycle pulse tp=2.5ns.

input geometry to the physical channel model for a single
path UWB channel is shown in Fig. 2. The propagation
mechanisms for paths 1 and 3 are diffraction through the
transmitter aperture and reflection, respectively. Consider
single path impulse response h(t), i.e. L=1 in (1). The
magnitude of the frequency response |H(f)| for path 3 in
Fig. 2 is plotted in Fig. 3(a) for reflectors of various sizes
and receiver located at position (10, 20). In this paper, we
only consider flat reflectors. We observe that the
magnitude response |H(f)| ≈ C f α , where C is a constant
and α > 0 decreases as reflector size increases. For very
small reflectors (size less than 1m) α ≈ 0.5, while for large
reflectors (size greater than 10m) α≈0.
Fig. 3(b) shows the magnitudes of the frequency
responses as the receiver moves along line A in Fig. 2, and
the reflector is absent. In this case |H(f)|≈ C f α , α < 0 with
α ≈ -0.5 for deep shadowing, i.e. for receiver positions to
the left of (10,20) on line A in Fig. 2. As the receiver
approaches the LOS region, the value of α tends to 0.
Given the transmit signal pt(t) with the Fourier
transform Pt(f), the output of the channel in frequency
domain is Pr(f) = H(f)Pt(f). Therefore, |Pr(f)| ≈ Cf α |Pt(f)|
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templates is less than 0.5 dB. As the receiver moves
towards the LOS region, diffraction-induced distortion
becomes less severe, and the performance of transmit pulse
pt(t) as correlation template improves: at position (25,20),
its SNR capture approaches one while at the boundary
between shadowed and LOS region at (30,20), the transmit
pulse is the optimal template. We have also investigated
template design for reflection-induced per-path distortion
[16]. In this case, the worst case distortion occurs for the

(a)

Figure 4. SNRc capture for fractional integral templates of order
α for receiver positions along line A in Fig. 2 (diffraction to
LOS), 2nd Gaussian monocycle tp=0.25ns transmit pulse.

IV. TEMPLATE DESIGN FOR MULTIPATH CHANNELS.

(b)
Figure 3. Amplitudes of frequency responses for paths in Fig. 2.
(a) Path 3, reflectors of various sizes, receiver position at
(10, 20) (b) Diffraction path for receiver positions along line A.

2nd order Gaussian monocycle with tp=2.5ns. For path 3 in
Fig. 2, the semi-derivative (α=0.5) is a near-optimal
template for reflectors of small size (less than 3m), while
the transmit pulse is the optimal template for medium-tolarge sized reflectors (greater than 3m).
From the above results, we conclude that the semiintegral and the semi-derivative of the transmit pulse shape
represent near-optimal templates in terms of SNR capture
for the per-path distortion caused by deep shadowing and
reflection by small reflectors, respectively. The loss in
SNR capture when the transmit pulse pt(t) is employed as
template is less than 0.5dB of the ideal template in this
region while the transmit pulse is the optimal template
choice for mild shadowing or reflection from large
reflectors. When the higher order transmit pulses (e.g. the
8th order Gaussian monocycle in Fig. 1) are employed, the
loss in SNR capture reduces considerably due to the high
cross-correlations among their fractional derivatives of
various orders [16]. Thus, the transmit pulse is a simple
but robust template choice in practical UWB systems [1,
7].
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A. Channel Model and Receiver Design
A physical model scenario Fig. 5(a) is employed to test
template design for outdoor multipath UWB channels. The
received signal contains more than 20 multipath
components, which are due to small reflectors (less than
3m) and shadowing. For the receiver position (12, 15),
reflection is the dominant propagation mechanism due to
the direct (specular) reflection at this position [7,21,16]. At
(3, 15), direct reflections are not present due to the
orientation of the reflectors, and the received signal is
made up of multipath components diffracted from the
edges of the reflectors and the aperture. At this location
diffraction is the dominant propagation mechanism as
illustrated in 5(b).
Several approaches to transmitter [22] and receiver
[3,23] design have been proposed. In this paper, we
employ the iterative receiver described in [3]. For the kth
iteration, the location of the peak of the correlation
between the template waveform and the received signal
determines the estimated arrival time τ^k of the kth multipath
component, and the received energy at the output of this
correlator is used to estimate the channel attenuation for
that component. The template, scaled by this estimate, is
then subtracted from the received signal, and the next
iteration is performed, until a predetermined number of
paths are captured.
Since the fractional derivative templates are nearoptimal for single path channels as discussed in section III,
we employ them as per-path templates for the iterative
receiver in multipath scenarios. Multiple waveforms are
employed in each iteration, and the waveform that
produces the highest correlation is selected as the template.

y (m)

B. Template design for channels with interpulse
interference (IPI)
While template design for multipath channels with
non-overlapping
multipath
components
is
a
straightforward extension of the single path case, the IPI
results in additional distortion that can affect template
design. IPI occurs when the difference between the timesof-arrival of several multipath components is less than the
pulse width of the transmit pulse selected for UWB
transmission. For outdoor UWB channels, IPI can occur
due to a group of closely spaced reflectors (scatterers),
diffraction of pulses from the edges of a reflector or from
ground bounce where the LOS multipath component
overlaps with the component reflected from the ground.
For simplicity and without loss of generality, we assume
that IPI occurs between two arriving multipath components
at the receiver, but it will be clear that our proposed
method of template design is applicable for IPI among
multiple pulses. Since pulses in the lower band of the
UWB mask are more susceptible to IPI than pulses in the
upper band due to larger pulse width, we employ the 2nd
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Figure 5. (a) Sample geometry for an outdoor multipath channel.
(b) Magnitude response of multipath UWB channel at receiver
location (3, 15) in (a) (diffraction-dominated scenario).

Three suboptimal receivers are investigated,
distinguished by the sets of templates employed in each
iteration: (i) 1 template (the transmit pulse); (ii) 3
templates (the transmit pulse, its semi-integral (α=-0.5),
and semi-derivative (α=0.5)); (iii) 11 templates (the
transmit pulse and the fractional derivatives waveforms
with uniformly spaced α in the interval [-0.5, 0.5]). Note
that these values of α span the range of dominant
propagation mechanisms from deep shadowing to LOS to
reflection by small reflectors. Here α=0.5 and α=-0.5
denote the optimal templates for worst case distortion
caused by reflection from small reflectors and deep
shadowing, respectively. Thus, iterative receivers (ii) and
(iii) are robust to frequency-dependent distortion and are
simple to implement since the knowledge of the
propagation mechanism is not required at the receiver.
Finally, we employ the transmitted reference template [24]
in simulations to provide an upper bound on the SNR
capture.
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Figure 6. (a) Received signal and template waveform for two
overlapping pulses. (b) SNR capture vs. number of paths
employed at the receiver for signal in (a).

SNR capture. As the number of iterations increase, the
SNR capture improves significantly. The receiver that
chooses from three templates at each iteration achieves
near-optimal SNR capture after just three iterations.
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Figure 7. SNR capture as a function of the number of paths
captured at the receiver position (3,15). Diffraction is the
dominant propagation mechanism; 2nd order Gaussian monocycle
transmit pulses: a) tp=0.25ns b) tp=2.5ns

order Gaussian monocycle pulse with tp=2.5ns illustrated
in Fig. 1(b) in the numerical results below.
Fig. 6(a) illustrates the IPI between two received
multipath pulses (e.g. due to a ground bounce) with
individual times-of-arrival at τ1=143ns and τ2 =145ns when
a single UWB pulse is transmitted. We observe that the
received signal affected by IPI can be approximated by a
sum of fractional derivatives of the transmit pulse for
various α and time shifts, and the dominant component is
at τd=143.9ns for the IPI illustrated in Fig. 6(a). Thus, a
simple approach to iterative receiver design is to employ
more than two iterations to capture sufficient energy from
the received signal. For example, in Fig. 6(a), the first
three iterations correspond to the times of arrival τd, τ1 and
τ2, respectively. Note the resulting weighted sum of
templates closely matches the received waveform. In Fig.
6(b), we plot the SNR capture vs. the number of iterations
for the received signal in Fig. 6(a). We observe that
capturing only two paths results in more than 1dB loss in
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C. Template design for multipath UWB channels with
per-path distortion.
We investigated SNR capture (5) of proposed
receivers for multipath channels affected by diffraction and
reflection by small reflectors [16]. Fig. 7 shows the SNR
capture vs. the number of paths L' captured by the iterative
receiver when the receiver is at location (3, 15) (see Fig.
5), and the dominant propagation mechanism is diffraction
from the edges of the reflectors and the transmitter
aperture. Since higher frequencies are attenuated in this
case, employing multiple templates at each iteration is
more beneficial for the pulse with tp=0.25ns in Fig. 7(a)
than for the pulse with tp=2.5ns in Fig. 7(b), where the
receiver that employs single transmit pulse template
suffers relatively small performance degradation as
compared to the fractional derivatives templates. We also
observe that the receiver that employs just three templates
has a very small loss (less than 0.2 dB) in SNR capture as
compared to the transmitted reference receiver restricted to
the duration specified by the number of paths. This
example and results in [16] illustrate that using fractional
derivatives/integrals as templates provides near-optimal
performance while simple iterative receiver based on the
transmit pulse provides excellent complexity-performance
trade-off for practical multipath outdoor scenarios.
We also observe that approximately twice as many
paths are required for the pulse with tp=0.25ns than for the
pulse with tp=2.5ns to attain a particular value of SNR
capture. This is due to the fact that the received multipath
components arrive after undergoing diffraction from the
two edges of that reflector/aperture since direct reflection
is absent in this case. When the difference in the arrival
time of these two multipath components is greater than the
transmit pulse width (e.g. for the pulse with tp=0.25ns in
Fig. 7(a)), they resolve completely at the receiver, and two
separate iterations are required to capture their energy. On
the other hand, the signals diffracted from the two edges
overlap when the transmit pulse width is longer (e.g. for
the pulse with tp=2.5ns in Fig. 7(b)). Although the wider
pulse is more susceptible to IPI, the number of iterations
required to approach desired SNR capture for this pulse is
smaller than for the shorter pulse in Fig. 7(a).
V. PROPAGATION GAIN COMPARISON
The propagation gain (PG) is defined as the ratio of the
received and transmitted signal energies [7]:
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Near-optimal SNR capture was demonstrated using
fractional derivatives per-path templates in multipath
channels with inter-pulse interference for dominant
outdoor propagation mechanisms. Comparison of the
propagation gain demonstrated benefits of utilizing
transmit pulses in the lower and upper bands of the FCC
mask in environments dominated by diffraction and
reflection, respectively.
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Figure 8. Comparison of propagation gain for the Gaussian
monocycle pulses in Fig. 1 as the receiver moves along line A in
Fig 5.
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⌡pr2(t)dt
PG = ⌠

/

∞

⌠
⌡pt2 (t)dt.

(8)

-∞
-∞
As discussed in [7], the PG depends strongly on the
propagation mechanism and the frequency band occupied
by the transmit pulse within the UWB spectrum. In Fig. 8,
we compare frequency and position-dependent propagation
gain for the 2nd (tp=2.5ns) and 8th (tp=0.25ns) order
Gaussian monocycles as the receiver moves along line A
in Fig. 5. The spectra of these pulses reside in the lower (00.96 GHz) and upper (3.1-10.6 GHz) bands of the FCC
spectral mask, respectively (see Fig. 1). Note that the
upper band pulse is about 10dB stronger than the lower
band pulse at position (12,15) where the dominant
propagation mechanism is direct reflection from small
reflectors. The PG of this signal in the non-LOS region
depends strongly on the presence of specular reflection in
given location [21]. On the other hand, the lower band
pulse is more robust and maintains its gain in the
diffraction-dominated scenario (e.g. at (3,15)), with over
10dB advantage over the upper band pulse.
From these results and [7], we conclude that exploiting
lower band pulses can be beneficial in practical UWB
systems. These conclusions motivate development of
adaptive UWB transmission methods that select pulses in
either the lower or upper band depending on the dominant
propagation mechanism.
VI. CONCLUSION
The UWB physical model was used to investigate perpath distortion and robust template design for scenarios
affected by diffraction and reflection by small reflectors.
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