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Abstract—In order to estimate performance of impulse ra-
dio communication systems, a characterization of the chan-
nel is required. In particular, knowledge of the multipath
angle and time-of-arrival distributions is useful for predict-
ing the performance of diversity reception schemes. In this
paper, the CLEAN algorithm is applied to ultra-wide band-
width (UWB) signals received on an array of sensors in order
to resolve the incident signal components.

I. INTRODUCTION

Techniques for generating ultra-wide bandwidth (UWB)
or “baseband carrierless short pulse” signals have been in
existence for more than three decades [1], with primary
utility in the radar community. A comprehensive reference
of early work in this area can be found in the paper by
Bennett and Ross [2]. More recently, UWB signals have
been considered for application in communication systems,
in particular spread-spectrum communications, in part be-
cause of the fine time resolution afforded by these signals
[7], [8]- These time resolution properties make UWB radio
a candidate for short range communications in dense mul-
tipath environments [9], [10]. In order to gain a more com-
plete understanding of this potential, an accurate model
of the propagation characteristics of the transmitted wave-
forms is required. In particular, the existence of multipath
components arriving at the receiver with different time de-
lays and from different directions can create a dynamic
and extended channel impulse response. Characterization
of the propagation channel may therefore influence the de-
sign of Rake receiver diversity algorithms for this channel.
A goal of this work is to develop channel models on which
spatio-temporal algorithms for UWB communication sys-
tems can be tested with confidence. Implicit in this is an
understanding of the distortions experienced along individ-
ual propagation paths.

This paper presents the results of delay-and-sum beam-
forming, applied to ideal UWB signals and to measured
UWB propagation data taken on an array of sensors at
different locations within an office building. The potential
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of the CLEAN algorithm is demonstrated in resolving sim-
ulated UWB signals. In particular, the dynamic range and
angular resolution performance is shown.

A bandwidth measure for UWB signals can be defined
by the fractional bandwidth By as [3],
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where fy and f; are the upper and lower 3 dB points of
the signal spectrum, respectively. UWB signals are defined
as having a fractional bandwidth greater than 25% [3], [4].

II. IMPULSE RADIO FUNDAMENTALS

The theoretical performance of UWB impulse radio com-
munication systems has been investigated in the absence
of degradations due to multipath interference [5], [6], [7],
[8]. The information bearing signal associated with impulse
radio is a time-hopped, pulse-position modulated signal,
given for the k" transmitter by

o0

5B (t("’)> =Y wn (t(’“) — Ty — P, - d§k)) 2)

j=—00

where t(*) represents the transmitters’ clock time, and
wyr(t) represents the transmitted waveform. The trans-
mission frame time is given by Ty and the unique time-
hopping sequence or code assigned to the k' user is given

by {c§k) } The parameter T, is the duration of an address-

able time bin. The sequence {dgk)} is determined from the

data sequence, with many pulses (values of j) used to rep-
resent one data symbol. Both multiple-access addressing
via distinct hopping patterns and information are encoded
in time-shifts relative to the frame clock.

The ideally modeled pulse shape propagating in free
space is the first derivative of the Gaussian pulse generated
by the transmitter. The response of the receive antenna to
this ideal pulse is given by the second derivative Gaussian
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Fig. 1. Ideal impulse signal at output of receiver antenna for 7,, =
0.8 ns.
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where t; represents the location of the pulse center in time
and 7, is a parameter which determines the temporal
width of the pulse, and is approximately 0.8 nanoseconds
(ns) in this work. This ideal signal is shown in Figure 1.

III. UWB PROPAGATION EXPERIMENT

A UWRB signal propagation experiment was performed
in an office building by sounding the channel with the
UWB waveforms [9]. Signal propagation measurements
were made from a fixed impulse transmitter location to 14
different rooms and hallways of the office building, trans-
mitting a pulse train of duty cycle 0.2% and of period
of 500 nanoseconds. In each room, measurements over a
window of 300 nanoseconds were made at 49 different lo-
cations arranged spatially in a fixed-height, 7 sensor x 7
sensor square grid with 6 inch inter-sensor spacing, shown
in Figure 2. In this figure, 6 represents the azimuth look
direction. The elevation look angle is measured from per-
pendicular to the array. The same absolute delay reference
for all recorded profiles was used. Typical measured high
SNR profiles are shown in Figure 3, 4 and 5 for three differ-
ent sensors located along a diagonal of the array. Based on
the array geometry, this collection of measurements sug-
gests an arrival direction for the direct path (leading edge
of the data).

IV. BEAMFORMING WITH ULTRA-WIDE BANDWIDTH
SIGNALS.

Given the bandwidth extent of the UWB signals, a delay-
and-sum beamformer is used to process the received array
of signals. Let the beamformer output for a planar array of
sensors steered to an azimuth angle of  and an elevation
angle of ¢, on incidence of a plane wave from an azimuth
angle of 6, and an elevation angle of ¢,, be represented by

31,

° ) ° ° ) °
(0,0) (0,6)
) ) ) ) ) ) )
° ° ) °
) ) ) °
° ° ) °
D) ) D) ) ° ) °
° ° ° ° ° °
(6,0) (6.6)

Fig. 2. Geometry and indexing of the array on which UWB signal
propagation measurements were made.
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Fig. 3. Measured amplitude vs. time at sensor (0,6).
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Fig. 4. Measured amplitude vs. time at sensor (3,3).
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Fig. 5. Measured amplitude vs. time at sensor (6,0).



Fig. 6. Beamformer response to the ideal signal (3) vs. time and
azimuth look angle at 90° elevation, for the 49 element planar
array with srec () incident at an azimuth angle of 45° and 90°
elevation.
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where v = sinfsin¢g, v = cosfsin¢g, u, = sinf,sin¢,,
v, = cosl,sin¢,, d, and d, represent the inter-element
spacings in the x and y-directions, respectively, and
amn(0,®) is the antenna pattern of the element at posi-
tion (mdy,nd,) in the array. All time-shifts are referenced
to the array geometric center at (Md,, Nd,). It is assumed
here that each element has an isotropic pattern. Just as
the expression for the array factor in the narrowband case
is dependent on the assumed sinusoidal signal characteris-
tics, this expression also explicitly depends on the received
pulse shape. Distinct from the ideal narrowband case, it
is seen in (4) that the beamformer can impart distortions
to the received signal as it is steered away from the actual
angle-of-arrival.

The response of the array in Figure 2 to s, (t) of Figure
1 is given in Figure 6. The delay-and-sum beamformer was
applied to measured data as well, and one case containing a
pulse with arrival angle similar to that in Figure 6 is shown
in Figure 7. Other signal components are present in this
case, but are not as easily distinguishable.

Another plot of the beamformer output, where the time
dependence has been removed, and the maximum ampli-
tude at each look direction is recorded, is given in Figure 8
for the beamformer output of Figure 6. UWB array perfor-
mance is governed by the sidelobe level of the beamformer
and the ability to resolve closely spaced sources. The max-
imum sidelobe level of a UWB array is determined by the

Fig. 7. Beamformer response to measured data for a "high SNR”
case at 90° elevation, between rooms in an office building.

number of sensors that can add coherently at any off-peak
look direction. Sidelobes with amplitude of nearly 1/7 that
of the main beam appear in Figure 8, corresponding to the
coherent addition of a row, column or diagonal of the array.
The dynamic range of this beamformer in the absence of
any post-processing is therefore limited by these sidelobes
to approximately 20logio (7/1) or 16.9 dB. The resolution
capability of the array is a function of both the temporal
and angular separation of the incident UWB signals. Ig-
noring elevation angle, sources co-incident in time with an
azimuth angular separation of less than cr/L radians are
not resolved, by assumption, without further processing [3].
Here 7 is the time duration of the pulse, ¢ is the speed of
light and L is the length of the array. For the array ge-
ometry utilized here and ideal signals with 7,,=0.8 ns, this
corresponds to an azimuth angular separation of roughly
15°. These limitations are fundamental to interpretation
of the measured data and suggest continued research on
UWRB array design and post-processing algorithms.

V. CHANNEL CHARACTERIZATION

The goal of a channel characterization in this context is
to extract the structure of the channel from the received
data. Define the channel model for impulse radio commu-
nications to be

N
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where 71, is the time-of-arrival of the k" out of N com-
ponents, at an azimuth angle of 05 degrees and an eleva-
tion angle of ¢, degrees. The received impulse waveform,
srec’k(t) depends on the index k, due to variations in the
received signal shape. This dictates that the algorithm
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Fig. 8. Maximum projection for the 49 element array on incidence
from an azimuth of 45° and an elevation of 90°.

should estimate Syc x(t) from the received data. The tech-
nique proposed here for evaluation of the UWB channel is
the CLEAN algorithm, introduced in [13] for the enhance-
ment of radio astronomical maps of the sky. The algorithm
has also found utility in the microwave and radar imaging
communities [12], [14], for the reduction of antenna side-
lobes. Use of the CLEAN algorithm here involves a variable
array response with extent both in time and space. Mod-
ifications were therefore made, allowing estimation of the
array response from the beamformer output. The steps in
this modified CLEAN algorithm are as follows:

1. Generate the beamformer response to the input data over a win-
dow in time and angle.

2. Search the beamformer output window over time and angle for
the peak response.

3. Determine and store the amplitude, time and angle-of-arrival of
this peak response.

4. Estimate the signal corresponding to the peak response and store
this waveform.

5. Generate the beamformer response to this estimated waveform.
6. Update the beamformer response by subtracting a fraction 7y of
the response to the estimated signal from the previous beamformer

response,

B, (0,t)= B,-1(0,t) —“YBk,n—1 0,t) (6)

where,
k is an index of the largest response in B,,_1 (9, t) .

th iteration.

Bn((g7 t) is the beamformer response at the 1
Bk,n—l (9, t) is the estimated response to the Eth impulse at
time 1 — 1.
7. Add the current signal amplitude, scaled by 7, to the appropriate
place in a list of signal locations.
8. If a stopping criterion (a threshold on the signal level or residual
energy) is not met, go to step 2.
9. Generate a list of the signals found, including amplitude and the
time and angle-of-arrival.
10. Form the CLEAN map by convolving the list of signals with

delta functions.

CLEAN has been characterized using simulated impulse
radio waveforms to define its performance limits. The abil-
ity to identify impulses which are coincident in time, with
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Fig. 9. CLEAN beam for two signals with a 40 dB difference in signal
level.

Fig. 10. CLEAN map for two signals in noise.

spatial separation equal to the angular resolution limit,
both for equi-amplitude signals and those with an ampli-
tude difference of 40 dB, was demonstrated. This is a sig-
nificant improvement in the dynamic range, and the output
of the algorithm is shown in Figure 9 for 2° of angular quan-
tization. Note that the ability of the algorithm to resolve
closely spaced sources is a function of both the angular
and temporal separation of the sources. The performance
of the algorithm was also tested in the presence of noise. A
typical CLEAN map for a moderate SNR, in the presence
of two impulses separated in time by 0.5 ns (10 samples)
and in azimuth angle by 10°, is shown in Figure 10.

The CLEAN algorithm has been applied to measured
data as well, under the assumptions of plane-wave incidence
and an elevation angle-of-incidence of 90°. The output of
the algorithm, upon input of the measured data of Figure
7, is shown in Figure 11.

Current work includes the development of a theory for
the selection of the loop gain and stopping criterion. Ef-
ficient methods of accounting for wavefront curvature and
sensor position errors are also under investigation, as are
improved array geometries for future measurements.

VI. CONCLUSION

An overview of impulse radio and UWB array signal pro-
cessing was given and some of the current problems were



Fig. 11. Output of CLEAN algorithm upon input of high SNR data

outlined. A variant of the CLEAN algorithm was intro-
duced as a potential means of extracting the channel model.
The goal of this research is to develop an algorithm capa-
ble of characterizing the indoor UWB channel, and apply
it to measured data taken in the channel. The final result
should be a statistical characterization of typical UWB in-
door propagation channels. This model may then be uti-
lized in the design of UWB communication systems.
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