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During the past reporting period we have performed more UWB propagation measurements and
produced several technical papers that describe and analyze these measurements. These papers are
attached as technical documentation for the work.

Interference Tests in Cooperation with ARRL

We have carried out experiments aimed at quantifying the effect of a UWB signal on a high-quality
radio receiver. This work involved UWB radiation in the basement of the EE building at USC and
later on top of Parking Structure A (Saturday, Oct. 20, 2001, 9 am - 1 pm). The results of this
test, which to some extent illustrate the difficulties in assessing the effect of one specific UWB
transmission on a narrowband radio, are described in [1].

UWB Channel Measurements and Modeling
The work of Jean-Marc Cramer on channel modeling, reported last year to the FCC, has been
accepted for publication [2].

The UltRa Lab has taken the lead in a DoD sponsored MURI grant for the study of critical
problems in short-range UWB radio systems. The prototypical system application is UWB RF
tagging.

Our current focus in the propagation area is two-fold: (1) the upgrading of our experimental
equipment to conform to anticipated FCC restrictions on UWB radiation, (2) the study of propaga-
tion in a warehouse environment, (3) the evaluation of polarization and cross-polarization effects
that need to be characterized for randomly-oriented antennas in different environments. The ini-
tial antenna structure that we expect to use for the polarization measurements is currently being
tested in our new Paul G. Allen Wireless Test Facility, an anechoic chamber that can operate in the
500MHz - 20GHz range.

We have an interest in implementing FCC compliance testing in the anechoic chamber if pos-
sible. If you can put us (scholtz@usc.edu) in contact with the cognizant person at the FCC who is
developing measurement standards for UWB compliance, we would appreciate it.

UWB Channel Measurements for Ranging

We have performed in-building measurements in support of ranging system design studies. The
primary focus is the determination of the portion of the channel response function corresponding
to the direct-path signal. Statistics related to the problem of finding the direct path are developed
based on these measurements and reported in [3].

Other Work Outside the UltRa Lab

Rob Wilson led a team of student trainees in a propagation experiment on the evening of January
3, 2001, on the 5th floor of the USC Electrical Engineering building (mostly on the north side). The
measurements used the Avtech gaussian pulse generator to transmit and the HP DSO to record the
waveform for 6 different combinations of trasmit/receive locations, each one with the intervening
doors open and closed.




Robert Wilson and Sridhar Ramanujam took the measurements in a fifth floor office (EEB 506)
and the adjacent hallway, with one antenna inside the room and the other just outside. They took
the measurements on September 29, 2001, from 12 noon to 2pm. They used an Avtech pulser
controlled by an Altera FPGA board for generating pulses, with the time-hopping generator set in a
non-time hopping mode. This was a test of improvements in the measuring equipment, performed
in a typical low-power measurement situation.
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Transactions on Antennas and Propagation, to appear.
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ULTRA WIDEBAND INTERFERENCE EFFECTS ON AN AMATEUR RADIO RECEIVER

R. D. Wilson, R. D. Weaver, M.-H. Chung and R. A. Scholtz

UltRa Lab
Communication Sciences Institute
University of Southern California

ABSTRACT

This paper illustrates the complexity of issues that arise
in the accurate measurement and interpretation of ultra-
wideband (UWB) interference effects in narrowband re-
ceivers. The behavior of an amateur radio receiver in
the presence of sinusoidal and UWB interference is stud-
ied. We characterize antenna response and receiver non-
linearities, which lead to an understanding of UWB effects
on the receiver output during outdoor response measure-
ments as a function of range and antenna orientation.

1. INTRODUCTION

Ultra Wideband (UWB) Radio uses radio impulses to trans-
mit information [1]. The key concept underlying UWB
radio is that by using low power spread over a very wide
bandwidth, one may communicate information without se-
riously degrading the performance of other narrowband
users in the same frequency range. An important area of
research in UWB radio is to quantify the effect that UWB
transmissions will have on systems with which spectrum is
shared. Radio amateurs are one of the groups concerned
with this issue because there are bands allocated for ama-
teur radio within the possible range of future UWB systems.
This paper describes the results of sensitivity and linearity
measurements performed with a receiver system supplied
by the American Radio Relay League (ARRL) to quantify
the effects of UWB signals. Testing was performed at the
University of Southern California (USC), using the experi-
mental UWB transmitter and instrumentation of USC’s Ul-
tRa Lab. The receiver and its antenna were supplied by the
ARRL, which also provided samples of their standard re-
ceiver test procedures.

Sophisticated radio amateurs often use their receiving
equipment near the limits of its sensitivity in both practical

This work was supported in part by the National Science Foundation
under Award No. 9730556, by the Office of Naval Research through Grant
N00014-00-1-0221, by the MURI Project under Contract DAAD19-01-
1-0477, and by the Integrated Media Systems Center, an NSF Research
Engineering Research Center.
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Fig. 1. Experimental setup

and experimental settings. The Minimum Discernible Sig-
nal (MDS) test was suggested by the ARRL [2] as a mea-
sure of how strong a desired signal must be in order to be
detected. The MDS paradigm provides a useful framework
within which to think about the interference problem, in a
particular setting. However, one would like to say some-
thing more general, namely how much UWB interference
will be detected under a range of conditions (UWB source
power, range and propagation geometry). This requires a
propagation model and an understanding of receiver non-
linearities. Early on in our testing, it became clear that we
would need to put particular emphasis on characterizing the
non-linearities, because our UWB signal was pulsed with
high peak-to-average power ratio, and the receiver had quite
narrow dynamic range.

2. TESTING PROCEDURES

The test setup is shown in Figure 1. Tests were per-
formed using the UltRa Lab’s UWB transmitting equip-
ment, namely a custom-built time hopping trigger gener-
ator, an Avtech gaussian pulse generator and a wideband
omnidirectional antenna. A variable attenuator was used for
power control. The ARRL provided an ICOM IC-1271A
receiver and a loop-Yagi antenna as a typical amateur ra-
dio setup on which to investigate the interference effects.
Details on the UWB signal and antenna characteristics are
given in Section 3.

The receiver was operated in the upper-sideband mode,
with all other signal processing options, including auto-
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matic gain control, turned off. The RF gain was set at max-
imum while the audio gain (volume) knob was adjusted so
that audio noise output was nominally 30 mV(RMS) when
no input was present. The audio “tone” control was set to
mid-range. A digital voltmeter was used to measure the au-
dio output.

Testing included signal characterization and linearity
tests in a laboratory environment, followed by interference
measurements outdoors.

UWB signal characterization was done with a
HP54750A high-speed oscilloscope and a HP8563E
spectrum analyzer. Since neither instrument has particu-
larly good noise figure, a broadband low-noise amplifier
(LNA) was inserted where needed to aid in these charac-
terizations. All measurements are corrected for the gain of
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Fig. 3. Narrowband spectrum analyzer trace of the received
UWRB signal at full power, overlaid with the receiver’s au-
dio passband when tuned to 1296 MHz (dotted line, with
arbitrary dB offset). The resolution bandwidth is 30 Hz.

the LNA and for cable losses, where applicable.

To evaluate receiver linearity, the output of the receiver
tuned to 1296 MHz was observed over a range of radiated
UWB powers, to determine what level of UWB interfer-
ence will drive the receiver into saturation. As a basis for
comparison, the same test was performed using a calibrated
continuous wave (CW) input to the receiver, such as to pro-
duce a 1000 Hz audio tone.

The MDS is the input signal level required to cause a 3
dB rise in the output audio power with respect to the power
when no input is applied. If the receiver is operating lin-
early, it is a measure of the input noise-plus-interference
power within the passband of the receiver. Therefore, mea-
suring the output power of the receiver, in linear response
conditions, also yields the MDS if the receiver gain is
known.

3. SIGNAL AND ANTENNA CHARACTERISTICS

The elementary UWB signal used in these tests is a gaus-
sian pulse of approximately 0.7 ns duration at 50% am-
plitude and with 90% bandwidth of 1.5 GHz. The pulse
shapes at the output of the pulser, after transmission be-
tween two ultra-wideband diamond-dipole [5] antennas,
and after transmission between one diamond dipole and the
loop-Yagi are shown in Figures 2(a), (b) and (c), respec-
tively.

The time-average pulser output power is -10.3 dBm in
the time-hopped mode, including transmission line losses
between the pulser and transmit antenna. The time hop-
ping system generates a sequence of 1023 pulses, randomly
pulse position modulated at an average interval of 1.27us,



thus producing an overall waveform period of 1.3 ms. In
Figure 3, the UWB spectrum is shown over a 4 kHz range
about 1296 MHz, measured between a wideband diamond-
dipole transmit antenna and the loop-Yagi receive antenna
at a separation of 3 m. Overlayed is the measured fre-
quency response of the ICOM receiver when tuned to that
frequency, plotted on an arbitrary dB scale.

Because of its periodicity, the UWB test signal has a line
spectrum. The 1.3 ms period indicates that we should ex-
pect spectral lines at intervals of approximately 770 Hz.
The expected 770 Hz spaced lines are apparent, as are other,
generally weaker, lines due to idiosyncracies of the trans-
mitter hardware. All measurements were performed using
no data modulation. Random data modulation will disrupt
the periodicity of the signal and therefore further smooth
the distribution of power over frequency.

The UWB antenna gain pattern and frequency response
are plotted in Figure 7(a). Its polarization is vertical. The
gain pattern and frequency response of the loop-Yagi an-
tenna are shown in Figure 7(b). Its polarization was found
to be nearly linear and it was oriented for maximum re-
sponse. To ensure repeatable results, the loop-Yagi was
pointed directly at the UWB antenna during signal char-
acterization and linearity testing.

4. EXPERIMENTAL RESULTS

In Figure 3, we can see how the UWB spectrum relates to
the passband of the receiver tuned to 1296 MHz. There are
four major spectral peaks within the receiver passband. As
the receiver is tuned, a different number of peaks may enter
the band and the detected interference power may change.
Because the receiver passband is approximately 2.5 kHz,
and the peaks are spaced at 770 Hz intervals, there will
always be three or four peaks within the passband, so we
should expect a variation in interference level of about 4/3
or 1.25 dB, plus any variations due to the shape of the signal
spectrum itself. We will see in section 4.2 that the interfer-
ence level varies about 3.5 dB when receiver response is
linear.

4.1. Receiver Linearity

The receiver linearity was characterized for both UWB and
sinusoidal signals. In Figure 4 we see that the receiver
behaves differently in each case. The response due to the
calibrated CW source may be considered as firmly known,
while the horizontal alignment of the UWB curve was more
difficult to establish. It involves estimating the portion of
input power, already filtered by the antennas, contained
within the passband of the receiver. This may be done by
reference to Figure 3, or using the time domain waveform of
Figure 2(c). In the latter case, we can estimate the average
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Fig. 4. Receiver linearity at maximum RF gain. Antenna
separation was 2 m for the UWB case.

power in the passband of the receiver by taking a discrete
Fourier transform and using our knowledge of the average
pulse period. By this method, at full transmitter power (the
rightmost point in Figure 4), the average received UWB
power within the receiver passband is approximately -107
dBm, which justifies the horizontal positioning of the UWB
curve to within 2 dB.

Assuming that our placement of the UWB curve is cor-
rect, the plot shows that the receiver begins to behave non-
linearly at approximately 5 dB lower average input power
when the UWB signal is present compared to the sinusoidal
signal. Also note the 5 dB lower compressed output level
for the UWB signal. This is thought to be due to the low
duty cycle of the pulse waveform, in that the receiver is in
compression due to the high peak power, but this amount of
power is not always present as it would be in a sinusoidal
signal. For some portion of the time between pulse arrivals
the input power is much lower than the peak and the re-
ceiver is not saturated, therefore although the response is
non-linear, the average output power is reduced.

The 5 dB difference in both the compressed output power
and the saturation point suggests a duty cycle for the UWB
waveform within the receiver of approximately 30% at the
point where compression occurs. This indicates that the
pulses are undergoing compression in an early IF stage with
bandwidth of about 2.5 MHz. With the receiver in compres-
sion, the measured interference level is lower than would be
the case if response were linear. The compressed receiver
stage acts as a bandpass limiter, which is well known to help
reduce the effects of pulsed interference. A lower duty cy-
cle UWB signal of equal average power, whose higher peak
power would be compressed in an earlier receiver stage,
would produce even less output interference.

The UWB linearity plot shows that the receiver will op-
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Fig. 5. Measured audio output vs. range and antenna bore-
sight angle. An idealized two-ray model is shown for com-
parison.

erate linearly if the input power is reduced by at least 15
dB. Therefore, increasing antenna separation to a minimum
of approximately 12 meters in free space should also result
in linear operation. This estimate of minimum separation is
supported in the following section.

4.2. Outdoor Measurements and MDS Estimate

Outdoor tests were performed to confirm ranges and an-
tenna orientations where the receiver could be expected to
behave linearly. This was done on the top floor of a park-
ing structure at USC. In addition to the direct path and the
ground reflection, there may have been other significant re-
flections due to perimeter walls and metal fences. The au-
dio output of the receiver was measured at different sepa-
rations and the receiving loop-Yagi antenna was pointed 0,
15 and 30 degrees away from the transmit antenna, with the
UWB signal at full power. The results are shown in Fig-
ure 5. Here, measured noise is subtracted from the UWB
measurements.

Also plotted are the predictions of a simple two-ray
model over an ideal ground plane, modified from [3].
The model assumes idealized antenna patterns similar to
Figure 7 and linear response extrapolated from Figure 4.
Clearly the model does not match the measurements very
well, but it does provide a useful frame of reference in
which to interpret our results. Viewed in this light, the data
support our expectation that audio output is compressed to
a constant for separations less than about 12 meters with the
loop-Yagi antenna boresighted, due to the non-linearity of
the receiver. The presence of a shallow null near 20 meters
also suggests that we are on the right track, but that the re-
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Fig. 6. Outdoor UWB response measured at 24 m range and

30 degrees off boresight. The MDS estimate is corrected for
the excess power of our transmitter.

flected ray is considerably weaker than is assumed by the
model.

Having determined the minimum antenna separation re-
quired by the receiver to operate linearly, we performed a
final series of measurements aimed at estimating the MDS.
We chose a 24 meter separation, with the receiving loop-
Yagi antenna pointed 30 degrees away from the UWB trans-
mitter. The test was done over a 30 kHz span in 1 kHz steps
beginning at 1296 MHz, with the UWB signal alternately
turned on and off. The results are shown in Figure 6. The
scaling of the vertical axis is based on Figure 4. The UWB
signal produced an output power 5 to 8 dB above the re-
ceiver noise floor, while the noise varied less than 1 dB.
The variability of the UWB-induced output is due to the
line spectrum of the UWB signal.

S. COEXISTENCE AND REGULATION

In this paper, we studied the behavior of an amateur radio
receiver in the presence of the UWB interference. It is im-
portant to understand the limitations of the data presented
above.

Our UWRB signals did not conform to proposed UWB
regulatory limits on average power spectral density [6]. The
limit, below 2 GHz, is 12 dB below 500 xV/m into any 1
MHz of bandwidth at 3 m. Our calculations show that our
output at 1296 MHz was 287 1 V/m per MHz, or roughly
7 dB higher. Figure 6 shows our best estimate of what the
receiver’s MDS might have been if our transmitter had been
in compliance with the proposed limit.

Test configurations were chosen, not as realistic inter-
ference scenarios, but rather to facilitate obtaining reason-
ably clean and repeatable measurements and to achieve an



understanding of potentially important effects. Pointing a
beam antenna directly at the source of UWB interference
at close range in an enclosed space, as we did, is a good
way to measure interference effects, but the results cannot
be taken as a direct illustration of the impact of UWB on
amateur radio in general.

Despite our emphasis in this paper on characterizing and
later avoiding non-linearities in receiver response measure-
ments, one should not assume that this non-linear behavior
is undesirable. To the contrary, in this case, a high peak-to-
average power ratio UWB signal caused less interference
than did a CW input having equal average power in-band, as
was pointed out in Section 4.1. Notwithstanding any other
considerations motivating FCC’s proposed limits on peak-
to-average power ratios, this narrowband receiver system
would probably benefit from an even higher ratio. Since
the pulse width seen by the receiver is effectively set by its
antenna, this might mean raising the UWB pulse amplitude
while slowing the pulse repetition frequency to maintain the
same average power level.
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Evaluation of an Ultra-Wideband Propagation
Channel

J.M. Cramer, R.A.

Abstract— This paper describes the results of an ultra-
wideband (UWB) propagation study in which arrays of
propagation measurements were made. After a description
of the propagation measurement technique, an approach to
the spatial and temporal decomposition of an array of mea-
surements into wavefronts impinging on the receiving array
is presented. Based on a modification of the CLEAN algo-
rithm, this approach provides estimates of time-of-arrival,
angle of arrival, and waveform shape.

This technique is applied to 14 arrays of indoor propa-
gation measurements made in an office/laboratory building.
Statistical description of the results is presented, based on
a clustering model for multipath effects. The parameters of
these statistical models are compared to results derived for
narrowband signal propagation in the indoor environment.

I. ULTRA-WIDEBAND RADIO

An ultra-wideband (UWB) radio signal is one whose frac-
tional bandwidth (i.e., its 3 dB bandwidth divided its cen-
ter frequency) is large, typically over 0.25. Such signals are
generated by driving an antenna with very short electrical
pulses (on the order of a few nanoseconds to fractions of
a nanosecond in duration). Hence these radio systems of-
ten are referred to as short-pulse or impulse radio systems.
Typically the radiated pulse signals are generated without
the use of local oscillators or mixers.

The antennas in UWB systems are significant pulse-
shaping filters. In addition, many environments provide
a wealth of resolvable multipath. As a result, the received
signal often bears little resemblance to the signal driving
the transmitter’s antenna. If the result of an impulse trans-
mission in free space is a received waveform p(t), then in
a typical environment, a typical multipath model for the
signal r(t) received over an indoor propagation channel is

)~ S anplt =), (1)

with a, and 7, representing the amplitude and relative de-
lay of the ntP component of the received signal. This is a
considerably simplified model of reality that is best inter-
preted as saying that the signal r(t) can be represented as a
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weighted sum of time-shifted versions of the waveform p(t),
without attempting to make strong connections between a,
and 7, and the physical environment. This model’s value
is in designing a radio receiver for a digital communication
system using modulations constructed from similar pulse
sources driving a similar antenna system in a similar envi-
ronment.

It is more common for a, and 7, to be referred to as
the amplitude and delay of the n'? propagation path, sug-
gesting a more physical interpretation of the environment.
This physical interpretation of the channel model is ques-
tionable for several reasons. When a wave reflects off an
object or penetrates through a material in the process of
“multipath” propagation, the effects are frequency sensi-
tive and therefore the waveform is filtered in some way,
and the resulting single “multipath component” may actu-
ally be represented by several or many terms in the model
for r(t). This suggests that a channel model for UWB sig-
nals that is more closely related to physical propagation
paths should be of the form

r(t)~ Y anpalt—Ta), (2

where now the pulse shape associated with a propagation
path is dependent on that path. Even more perplexing is
the fact that if an antenna is electrically large (e.g., com-
pared to the wavelength of the center frequency of the re-
ceived signal) the waveforms radiated in different directions
from the transmitted antenna look considerably different in
the far field [6], and undergo similar direction-dependent
distortions on reception. This effect also could be imbed-
ded in a model with path-dependent pulse shape.

A number of propagation studies have been reported, for
both indoor and outdoor environments (2], [4], [5], [7], [8],
[14], [17], some examining just the temporal properties of
the channel and some characterizing the spatio-temporal
channel response. The results of these studies may not
adequately reflect the special bandwidth-dependent effects
associated propagation of UWB signals.

II. AN UWB PROPAGATION EXPERIMENT

The propagation experiment that we analyze here used
two vertically polarized diamond-dipole antennas [9], each
1.65 meters above the floor and 1.05 meters below the ceil-
ing in an office/laboratory environment [21]. The equiva-
lent received pulse at 1 meter in free space can be estimated
as the “direct path” signal in an experiment in which there
is no multipath signal at small relative delays from the di-
rect path signal. This received waveform, embodying char-
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Fig. 1. Transmitted pulse shape captured at 1 meter separation from
the transmit antenna

acteristics of the antenna system and pulse driver, is shown
in Figure 1.

The placement of the transmitter and various receiving
antenna positions are shown on a floor plan in Figure 7?.
The building construction is steel stud and dry wall. A
typical pulse-induced channel response function is shown
in Figure 2. In the experiment, rectangular arrays of mea-
surements are made by moving the receiving antenna to the
49 points in a 7 x 7 array with 6 inch spacing. Hence each
measurement array covers one square yard, and 14 such ar-
rays of measurements are taken at the locations marked on
Figure 3. The experimental arrangement included a stable
clock that triggered both the receiver (a sampling oscillo-
scope) and the transmitting pulser. This receiver timing
control allowed the sequence of measurements composing
the array to be interpreted as simultaneous measurements
so that array processing could be used to analyze spatial
properties of the received signal. Buried in this approach
is the assumption that the environment does not change
while the sequence of measurements is being made, and
that the receiving antenna support structure, etc., does
not significantly affect the measurement. One such array
of time-response measurements has been animated and is
displayed at http://ultra.usc.edu/ulab/.

Several measurement traces and the results of data
analysis of individual measurements in this collection (e.g.,
variations in total trace energy across the array, the ef-
fective bit-error rate achieved by an L-tap selective Rake
receiver in some array measurement locations as a function
of L) are presented in [21].

III. STRUCTURE OF THE CLEAN ALGORITHM

Our approach to the data analysis uses a variation of
the CLEAN algorithm to process arrays of UWB measure-
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Fig. 2. Received signal on a single sensor at location P

ments with a minimum of a priori information. Initially
used to enhance radio astronomical maps of the sky [3], the
CLEAN algorithm also has been used in more narrowband
communication channel characterization problems [14], [18]

As applied here, the CLEAN algorithm uses delay-and-
sum beamforming to construct the beamformer’s response
as a function of beam direction and time. The beam direc-
tion and time giving maximum response are found and a
UWB pulse signal is assumed to be present at that time.
The only assumption made about the structure of the sig-
nal is that it exists within a small window of time at the
beamformer output. No canonical wave shape (e.g., the
p(t) assumed in (1)) was assumed. Here we develop a
directional version of the model in (2) in which different
waveform shapes are allowed for different values of n.

We refer to the variant of the CLEAN algorithm used
here as the Sensor-CLEAN algorithm, since the relaxation
step takes place on the sensor data directly, rather than on
the beamformer output. This algorithm is summarized by
the following steps.

Sensor-CLEAN Algorithm
1. Input : Digitized pulse response functions in the form
of N-tuples from M different sensors; loop gain factor 7y
(algorithm parameter); the relaxation window half-width
T, in samples; a detection threshold Tyey which is used to
control the stopping time of the algorithm; the set of beam
pointing angles (azimuth 6;, elevation ¢;), defining the J
beampointing directions that discretize the angle of arrival
search space.
2. Initialize : Form an M N-dimensional measurement vec-
tor d(0) (the initial residual data vector) by concatenat-
ing the N-tuples of waveform time samples for each of M
antenna (sensor) positions. Construct the delay-and-sum
beamforming matrix B such that
s(0) = Bd(0), &)
where the n+ N(j—1)t® element of s(0) is the output of the
4** beam at sample time n, associated with beamforming
at azimuth angle 6; and elevation angle ¢;. (The JNxMN
beamforming matrix B need only be constructed once.) Set
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Fig. 3. Measurement floor plan with concentric circles spaced 1 meter
apart, centered at transmitter, and measurement array locations
indicated by labeled squares. Estimated locations of the measure-
ment sites, determined from the recovered signal information, are
indicated by an x.

the iteration counter i to i = 0. Set the detection list D to
the empty list.

3. Signal Detection : Find the index ki4+1 of the entry
which has maximum magnitude in the modified beam-
former output si(3).

ki1 = argmax; << |5k (3)| - (4)
The entry having maximum magnitude is
Qitl = Skiy (7') (5)

If the largest signal is below threshold, i.e., |ai| < Tget,
then set the number of iterations I = ¢ and STOP.

4. Increment the iteration counter : ¢ — i+ 1.

5. Window the array data : Form the i*" mask vector b;,
an M N dimensional vector to be used to mask the it" resid-
ual data vector. The mask b; has a 1 in every sensor data
position which was used to compute the delay-and-sum
beamformer output in the range si,_7,(3),..., Sk,4T, ().
Mask the residual sensor data to extract the data affect-
ing the i*" detected waveform by constructing the MN
dimensional vector b; ® d(i — 1), where ® represents the
element-by-element multiplication of the two vectors.

6. Residual Beamform : Reduce the residual sensor data
vector by a fraction 1 — v to produce the residual data
vector for the next iteration.

d(@) =d(i-1)-yb;®d(i-1) (6)

and regenerate the residual beamformer output

s(i) = Bd(s). (7)
7. Detected signal storage : Append {ai, 6;, ¢, ti, w(i)} to
D, where w(i) is the waveform detected at the beamformer
output and removed on the ! iteration,

w(i) =7(0...,0,86,-7, (i), - - -, 8ker, (6),0,...,008  (8)

where k; = t; + [j; — 1] N and 0 < ¢; < N, and 6; and ¢;
are the azimuth and elevation angles of beam j;.
8. Iterate : Go to step 3.

End Sensor-CLEAN

The convergence of the Sensor-CLEAN algorithm is guar-
anteed through a monotonic reduction in the residual en-
ergy on each iteration. As with most indirect algorithms,
the solution generated by the Sensor-CLEAN algorithm is
not unique; it is a function of the input parameters, in
this case v, Tp,, and Ty, as well as the measured data.
The algorithm parameters must be selected based on some
criterion which generally trades estimate fidelity against
computation time.

Since the precise shape and duration of the received sig-
nals is not known a-priori, the Sensor-CLEAN algorithm
described above was applied to the measured data mul-
tiple times with different relaxation windows, to better
match the processing to the anticipated variations in the
received signals. Each of these applications results in a
list {a;, 6;, ¢s, t;, w(i)}{=1 of the amplitude a;, the azimuth
look direction 6;, the elevation look direction ¢;, the time-
of-arrival, ¢; and the waveform w(i) recovered on each it-
eration. A post-processing algorithm also was developed
to combine elements of each resulting detection list into a
final list of resolvable signal arrivals.

For the results presented below, the beamformer output
was generated at 1° increments in azimuth, and the follow-
ing nineteen elevations angles are used: 90°, 88°, 86°, 84°,
82°, 80°, 78°, 76°, 74°, 72°, 70°, 65°, 60°, 55°, 50°, 45°,
40°, 30°, 20°. The three Sensor-CLEAN relaxation win-
dows of T, = £6 samples, T, = 8 samples and T, = £12
samples are used, with v = 0.10 and a detection threshold
of 0.104 volts. The three relaxation windows and the value
of v were selected to balance algorithm performance and
computation time. The detection threshold was chosen to
give the algorithms a 30 dB range between the largest and
smallest recovered signals at Location P.

IV. APPLICATION OF SENSOR-CLEAN TO THE
MEASURED DATA

The Sensor-CLEAN algorithm and the post-processing
algorithms were applied to the measured propagation data.
In this section, channel models for UWB signal propagation
in an indoor environment are proposed. The primary goal
of this effort was to develop models by which quantitative
comparisons of the UWB channel with more narrowband
indoor propagation results [2], [5], [7], [8], [14] could be
made and the performance of UWB communication sys-
tems could be predicted. A secondary goal was to use the



Fig. 4. Recovered signal location and amplitude information at lo-
cation P.

output of the processing algorithms to study the effects of
propagation on the transmitted UWB signals.

The floor plan of the building in which the measure-
ments were made is shown in Figure 3, with the actual lo-
cation of the measurement arrays indicated by the squares.
The recovered measurement locations, indicated by an x
in each room, were determined by the time-of-arrival and
azimuth angle-of-arrival of the first incident signal in time
recovered by the Sensor-CLEAN and post-processing algo-
rithms. The corresponding direct path length was calcu-
lated according to

dros = (n1 — ng) X ¢/fs + 1 meters

9)

where n; is the sample at which the direct-path signal ar-
rives, ng = 122 is the known propagation delay in samples
at a 1 meter separation between the transmitter and the
receiver, c is the speed of light and f, is the sampling fre-
quency. With the exception of the result at location A
in the building, where the signal strength is weak and the
interference is high, the calculated measurement locations
correlate reasonably well with the floor plan.

The scatter plots of Figure 4 - Figure 7 display the loca-
tion of the recovered signal in the time and azimuth plane,
and the height of the line is proportional to the amplitude
of the recovered signal. Dependence on the elevation an-
gle has been suppressed. In most figures, the existence
of clusters of arrivals can be seen, some locations exhibit-
ing a stronger clustering effect than others. These clusters
are determined by large scale building features such as the
walls, doors and hallways.

The algorithms also recover signal waveform informa-
tion, and in particular, the direct path waveform recovered

Fig. 5. Recovered signal location and amplitude information at lo-
cation B.

at each of the measurement locations was recorded. This
gives some insight into the effect of this indoor propagation
channel on the transmitted UWB waveforms. For compari-
son purposes, consider first the signal recorded at a 1 meter
separation between the transmitter and the receiver, shown
in Figure 1.

Given the transmission of this signal and the processing
described above, some of the recovered direct path wave-
forms are shown below in Figure 8 - Figure 9.

The recovered direct path waveforms are shown in Fig-
ure 8 and Figure 9. Each of the waveform plots displays
two curves, corresponding to the waveform recovered by
the processing algorithms using time windows of different
sizes. A larger window has the advantage of giving a more
complete picture of isolated signals, while a smaller window
may be more successful in resolving dense multipath. Note
that there is a progressive distortion of the signal when
viewed at 1 meter (Figure 1), shadowed in the same room
(Figure 9) and through walls (Figure 8).

V. CLUSTERING MODELS FOR THE INDOOR MULTIPATH
PROPAGATION CHANNEL

Previous models for the indoor multipath propagation
channel [2], [5], (8], [14], [15] have reported a clustering
of multipath components, in both time and angle. In the
model presented in [14], the received signal amplitude, S,
is a Rayleigh distributed random variable with a mean-
square value that obeys a double exponential decay law,
according to

B = B7(0,0)e™T/Temma/ (10)
where (32 (0,0) describes the average power of the first ar-
rival of the first cluster, T} represents the arrival time of
the I** cluster, and 7y is the arrival time of the k** arrival
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Fig. 6. Recovered signal location and amplitude information at lo-
cation H.

within the [** cluster, relative to 7. The parameters I' and
v determine the inter-cluster signal level rate of decay and
the intra-cluster rate of decay, respectively. The parameter
T is generally determined by the architecture of the build-
ing, while v is determined by objects close to the receiving
antenna, such as furniture. The results presented in [14]
make the assumption that the channel impulse response as
a function of time and azimuth angle is a separable func-

tion, or
h(t,0) =h(t)h(8) (11)

from which independent descriptions of the multipath time-
of-arrival and angle-of-arrival are developed. This is justi-
fied by observing that the angular deviation of the signal
arrivals within a cluster from the cluster mean does not
increase as a function of time.

Following this model, and based upon the apparent ex-
istence of clusters in the UWB channel seen in Figure 4 -
Figure 7, UWB channel models which account for the clus-
tering of multipath components are developed here. As
was noted in [14], it is very difficult to develop a robust al-
gorithm for the automatic identification of cluster regions.
Here, cluster regions were selected manually by consider-
ing both sliding window plots of the arrival density (in time
and angle), an example of which is shown in Figure 10, and
scatter plots of the time and azimuth angle-of-arrival. In
all, 65 clusters were identified in the recovered signals for
the fourteen measurement locations.

Following the identification and sorting of the cluster in-
formation, the reference arrival, i.e., the earliest arrival in
each cluster, was identified, and a decay exponent was de-
termined, again following the methodology in [14]. The
time of the first arrival within the cluster is set to zero,
and all other arrivals are reported relative to this time.

Fig. 7. Recovered signal location and amplitude information at lo-
cation M.

Recovered signal amplitude (Volts)

Time (ns)

Fig. 8. Recovered direct path waveform at location P.

The recovered energy in the collection of signals is also re-
ported relative to the energy in the first arrival in the first
cluster, which is normalized to 1, and is referred to as the
normalized relative energy, as in [14].

With the measurements at locations A and E excluded
because of their low signal-to-noise ratio, the resulting
UWRB cluster energy versus relative delay models for the
indoor channel are shown below in Figure 11 and Figure
12. The first plot reports the decay of the energy in the
recovered waveforms, and the second reports the energy as
a function of the recovered amplitude only, under the as-
sumption that all incident waveforms are identical. Several
values for the decay exponent I" are shown for each plot, in
order to demonstrate the consistency of the results. I'meq
is the median and T'yean represents the mean of the val-
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Fig. 9. Recovered direct path waveform at location F2.

Time-of-Arrival (ns

Angle-of-Arrival (degrees)

Fig. 10. Density of signal arrivals over time and azimuth angle at
location P.

ues obtained by considering the best-fit line for each mea-
surement location individually. I'Lg is the exponent of the
best fit line obtained by considering the clusters from all
measurement locations simultaneously. In both cases, the
results are fairly close, and I'Ls is reported as the rate of
decay of the inter-cluster energy versus delay. These results
compare to values of 33.6 ns and 78.0 ns reported in [14] for
two different buildings, and 60 ns reported in [8]. Thus the
UWB signals recovered in this case exhibit a rate of decay
that is comparable to some of the results reported previ-
ously, although it has been noted that this parameter is a
strong function of the building architecture, as are many
parameters of the propagation channel. These results allow
for comparison against other experiments reported in the
literature and for the derivation of a common parameter,
the decay exponent, I'.

Plots of the intra-cluster rate of decay, i.e., the rate at
which the recovered energy in individual signal arrivals
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Fig. 11. Inter-cluster loss vs. relative delay when considering the
energy in the recovered waveforms (energy of first arrival within
a cluster).
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Fig. 12. Inter-cluster loss vs. relative delay when considering the

amplitude of the recovered waveforms (amplitude of first arrival
within a cluster).

within a cluster falls off as a function of the delay (also
called the ray decay rate (8], [14]) are shown below in Fig-
ure 13. The absolute deviation between the mean and me-
dian of the results from each measurement location and
the least-squares fit to all of the recovered signal informa-
tion is larger here, excluding the results at locations A and
E. The results generated by considering the energy in the
recovered waveform and the results from considering the
amplitude only are so close that only the former is shown.

In [14], very different results are found for the inter-
cluster decay exponent 7, depending on the building in
which the measurements were conducted. In one building
(cinderblock), a value of 28.6 ns is reported for <y, while in
another building (steel frame and gypsum board) - is found
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Fig. 13. Intra-cluster loss vs. relative delay when considering the

energy in the recovered waveforms.

to be 82.2 ns. Another reference, (8] reported a -y of 20 ns.
The values for v derived here for the UWB propagation
channel are in the same neighborhood as those reported
for the steel-frame and gypsum board building in [14].

The cluster decay rate I' and the ray decay rate v ob-
tained here can be interpreted for the environment in which
the measurements were made. Figure 3 indicates that with
the exception of the measurements at locations F1 and F2,
at least one wall separates the transmitter and the receiver.
Each cluster can be viewed as a path that exists between
the transmitter and the receiver along which signals prop-
agate. This cluster path is generally a function of the ar-
chitecture of the building itself. The component arrivals
within a cluster vary because of secondary effects, e.g. re-
flections off of furniture or other objects. Our interpreta-
tion is that the primary source of degradation in the prop-
agation through the features of the building is captured in
the decay exponent I. Relative effects between paths in
the same cluster do not always involve the penetration of
additional obstructions or additional reflections, and there-
fore tend to contribute less to the decay of the component
signals.

A Rayleigh distribution has been shown [8], {14] to pro-
vide a good fit to the deviation of the arrival energy from
the mean curve, where the Rayleigh probability density
function is given by

T _ a2
fz($)=?e =

A histogram of the deviation values is shown in Figure 14,
with a Rayleigh density with a = 0.46 overlaid on top of
the recovered distribution. This distribution represents the
best-fit to the recovered UWB data when considering the
Rayleigh, lognormal, Nakagami-m and Rician distributions
as possibilities.

Consider next the angle-of-arrival properties of the clus-
ter model. Assuming again the separable impulse response
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Fig. 14. Distribution of the arrival energy deviation from the mean,

with a Rayleigh density overlayed.

of equation (11), the model proposed in [14] to describe the
angular impulse response is

[o <IN <]
h(O) =3 Bus(6— 6 —ww) (12)
=0 k=0
where S is the amplitude of the k*® arrival in the I** clus-

ter, O, is the mean azimuth angle-of-arrival of the I*» clus-
ter and wyy is the azimuth angle-of -arrival of the kt* arrival
in the I** cluster, relative to ©;. It is proposed in [14] that
©, is distributed uniformly in angle, and wy; is distributed
according to a zero-mean Laplacian distribution,
-|v26/e|

p() = e (13)

The recovered rays, i.e., intra-cluster arrivals, were tested
against truncated Gaussian and Laplacian densities. It was
determined that the relative azimuth arrival angles of the
recovered UWB signals were best fit to a Laplacian den-
sity, with a standard deviation, o, of 38°. The recovered
signal information and the best-fit distribution are shown
in Figure 15 at 1° of resolution.

These distributions compare with standard deviations on
the Laplacian density of 25.5° and 21.5° reported in {14] as
the best fit to the recovered angular information for two
different buildings. It is likely that this parameter is a
function of the building architecture, which again would
suggest that further propagation studies are needed to de-
termine whether the results presented here are typical. It
is also possible that the difference in the results is due in
part to the fractional bandwidth and center frequency of
the UWB waveforms used in this study. The penetration
properties of these signals, including the larger 7, might
lead to the detection of responses that would remain un-
detected at if transmitted at a single frequency or over a
smaller frequency range.
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Fig. 16. Distribution of the cluster azimuth angle-of-arrival, relative
to the reference cluster.

It was found in {14] that the relative cluster azimuth
arrival angles were approximated by a uniform distribution
over all angles. The recovered cluster angles in this work
are shown in Figure 16, relative to the reference cluster
angle-of-arrival, where the reference cluster is taken to be
the first cluster to arrive in time, for each measurement
location. This distribution is also approximately uniform,
although it is noted that no clusters were reported to exist
at angles above approximately 135°. It is conjectured that
if more measurements were taken, angles would occur in
this region, and this function would tend to more closely
approximate a uniform distribution.

Finally, to complete this model of the UWB propagation
channel, based on the multipath clustering phenomenon,
the rates of the cluster and the ray arrivals must be de-
termined. The inter-arrival times are hypothesized [14] to

TABLE 1
COMPARISON OF CHANNEL MODELS

Spencer Spencer Saleh-
Parameter UWB et al. et al. Valenzuela
r 279ns 336ns T78.0ms 60 ns
¥ 84.1ns 28.6ns 822nmns 20 ns
1/A 455ns 168 ns 173 ns 300 ns
1/A 23ns 5.1ns 6.6 ns 5 ns
4 370 25.50 21.50 -
follow exponential rate laws, given by
p(Ti|Ticy) = Ae~ AT =Ti-1) (14)
P (Tkt |Tko1,) = e MT=Ti-0) (15)

where A is the cluster arrival rate and A is the ray arrival
rate. Following this model, the best fit exponential distrib-
utions, parameterized on A and A were determined for the
recovered UWB cluster and ray arrival times, respectively.
The resulting plots are shown in Figure 17 and Figure 18.
The ray arrival rate determined for the UWB signals was
faster than that reported in either [14] or [8]. A ray arrival
rate of 1/A=2.3 ns defined the best-fit exponential distrib-
ution for the ray arrival times over all measurement loca-
tions, while ray arrival rates of 1/A=5.1 ns and 1/A=6.6 ns
were reported in [14] for the two different buildings. A ray
arrival rate of 1/A=5.0 ns was given in [8]. Several reasons
are possible for the faster arrival rate. First, it may be due
in part to the building architecture. Second, the fractional
bandwidth of the UWB signals and the post-processing al-
gorithms permit multipath time resolution on the order of
1 ns. The measurement equipment used in [14] allowed a
time resolution on the incident signals of about 3 ns. Also
shown in Figure 17 is a curve which represents the best-
fit exponential to ray arrival times of greater than 8 ns,
although this represents less than 10% of the values.

A cluster arrival rate of 1/A=45.5 ns was found to de-
fine the best-fit exponential distribution in the UWB signal
propagation model. This value is larger than the cluster ar-
rival rates of 16.8 ns and 17.3 ns reported in {14}, but less
than the 300 ns given in [8]. Again, several explanations
are possible to describe the differences. They could be due
to the difference in the fractional bandwidths of the signals
involved, the sensitivity of the measurement equipment or
the building architecture. As discussed above, they could
also be due to the orientation of the transmitter and re-
ceiver in the building,.

The model parameters derived herein for the UWB signal
propagation model and a comparison with the earlier work
in {8], [14] are summarized in Table I.

VI. CONCLUSIONS

The main goal of this work was to develop an under-
standing of the indoor UWB propagation channel, includ-
ing the time-of-arrival, angle-of-arrival and level distrib-
utions of a collection of received signals. To accomplish
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this, a set of algorithms suitable for processing UWB sig-
nals incident on an array of sensors was developed. These
techniques were applied to the measured propagation data.
From this, models for the propagation of UWB signals in
an indoor channel were generated.

The channel models presented in this work are based on
a set of measurement made at a number of locations within
an office building. It has been noted that the geometry of
the situation and the building architecture can have a sig-
nificant effect on the received signals [15], [14]. Therefore,
further work remains in the collection and processing of
propagation data from different buildings,to increase the
significance of and augment the results presented in this
work. It is possible therefore, that the strongest contribu-
tion of this work is in the development of the processing
algorithms, and that as more measurements are taken in

different environments, the parameters of the UWB chan-
nel model presented here will change to reflect this new
information.
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Ranging in a Dense Multipath Environment Using
an UWB Radio Link

Joon-Yong Lee and Robert A. Scholtz

Abstract— A time of arrival (ToA) based ranging scheme
using an ultra-wideband (UWB) radio link is proposed. This
ranging scheme implements a search algorithm for the de-
tection of direct path signal in the presence of dense mul-
tipath, utilizing deterministic maximum likelihood (DML)
estimation. Models for critical parameters in the algorithm
are based on statistical analysis of propagation data, and
the algorithm is tested on another independent set of prop-
agation measurements. The proposed UWB ranging system
uses a correlator and a parallel sampler with a high speed
measurement capability in each transceiver to accomplish
two-way ranging between them in the absence of a common
clock.

I. INTRODUCTION

HE fine time resolution of ultra-wideband (UWB) sig-

nals enables potential applications in high-resolution
ranging. The novel aspect of UWB ranging is the fact that
the multipath time-spread in many channels of interest is
often 100 to 1000 times the inherent time resolution of the
UWB signal detected in a matched-filter receiver. Detec-
tion of the direct path signal in the presence of dense mul-
tipath, which determines ranging quality, becomes a dif-
ferent kind of problem in this case. Multipath resolution
techniques in narrowband systems have been well devel-
oped [8], [9]. Win and Scholtz [2] introduced a maximum
likelihood (ML) detector for multipath in UWB propaga-
tion measurements and Cramer et al. [4], [5], [6] used the
CLEAN algorithm to develop a UWB channel model in-
volving angle of arrival (AoA) as well as time of arrival
(ToA).

This paper introduces a time-of-arrival (ToA) measure-
ment algorithm utilizing deterministic maximum likelihood
(DML) estimation for the detection of the direct-path sig-
nal. Multipath delay and amplitude parameters appearing
in this algorithm are modeled statistically from propaga-
tion data, and the algorithm is tested on an independent
set of propagation measurements. Probabilistic analysis
of different kinds of errors using these statistical models
provides a way of determining the thresholds used in the
ToA algorithm, as well as estimating the algorithm’s per-
formance. We conclude by presenting the schematic design
of an UWB ranging system with a high-speed measurement
capability and a two-way ranging technique that utilizes
this algorithm.
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II. PROPAGATION MEASUREMENT

A set of indoor propagation measurements was con-
ducted at the University of Southern California to test the
ToA algorithm presented in the next section. Pulses with a
sub-nanosecond width were transmitted with one microsec-
ond spacing and measured with a digital sampling scope.
The antennas were vertically polarized diamond dipoles
{10], approximately 5 feet above the floor. The sampling
rate of the measured signal is 20.5 GHz. Sampled wave-
forms were averaged over 512 sweeps to acquire a higher
signal-to-noise ratio (SNR).

Figure 1 is the floor plan of the building where the mea-
surements were taken. Signals were measured at 18 dif-
ferent locations while the transmitter was fixed in the lab-
oratory. At location 1, the signal was measured with a
visually clear line-of-sight (LoS) and used to calibrate the
arrival time of the direct path signal. The other 17 signals
were measured with a blocked LoS. At location 16, 17, and
18, the LoS path was blocked by an elevator (a metallic
structure), so the direct path signal could not be measured
while multipath could be observed.

Figure 2 shows the samples of signals taken at location
1, 4, and 14, respectively. Notice that the signals shown
in the second and the third plot have stronger multipath
components than the direct path signal. In these cases,
if a ranging system synchronizes with the strongest signal
component for the purpose of range estimation, a large-
scale error will occur. The presence of reflected signals that
are stronger than the direct path signal makes ranging to
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Fig. 1. Basement floor plan of the building where the experiments
were conducted. Interior walls are metal stud and dry wall construc-
tion. Circular marks stand for the locations of the receiving antenna
and the rectangular mark indicates the tranmitting antenna’s loca-
tion.
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Fig. 2. Measured signals at location 1, 4, and 14. The vertical axis
indicates signal strength in millivolts. The vertical scales of each plot
are different, indicating differences in channel attenuation. The signal
shown in the first plot was measured with a clear LoS and the others
were measured in the presence of LoS blockages.

the full capabilities of ultra-wideband signals challenging.

ITI. DETECTION OF DIRECT PATH SIGNALS

In this paper the direct path signal is assumed to be the
earliest arrival at the receiver. When the straight-line path
from transmitter to receiver is in fact a viable propagation
path, ToA estimation of the direct path signal is useful for
ranging. As shown in the signals of Figure 2, the direct
path signal is not always the strongest in the presence of
a visual LoS blockage. The ToA algorithm in this section
does not assume that the direct path always supplies the
strongest response.

A. Signal Representation

When a single pulse is transmitted, the received signal
is composed of direct path signal, reflected signals, noise,
and interference [1]. So the received signal 7 (t) can be
represented by

L
Tm(t) = ags(t — 7q) + Z ans(t — Ty) + n(t),

n=1

@)

where 74 < 71 < 73 < --- < 71. The parameters 74 and ag4
are the arrival time and strength of the direct path signal,
respectively, and 7, and a, are those of the nt® reflected
component. The waveform s(t) denotes the the canonical
single-path signal, used as a correlator template, with a
width of T, seconds. The number of multipath signals L
is unknown a priori. The noise ny(t) is assumed to be
additive white Gaussian, and interference is assumed to be
Zero.

Let Tpeak and apeak be the arrival time and amplitude of
the strongest path and assume these have been determined
by correlation. Then rs(t), a normalized and shifted version

of rm(t), can be represented by
1

Ts(t) = ——Tm(t + Tpeak) (2)
lapeax|
L
= ps(t+0)+ > ans(t+Bn) +ns(t), ®3)
= ps(t + 5) + z ans(t + ﬂn) + Z ans(t + ﬂn)
Bn.>.0 Bn<0
+  ng(t), 4)
where
d = Tpeak—Td, 62>0,
P = ad/lad|1 0<p<l, (5)
Bn = Tpeak — Tn, <s>ﬁl>[;2>"‘>,BL
ap = agf|adl, 0<a,<1,¥n<L

The noise ns(t) being a time-shifted version of ny(t), is a
white Gaussian noise signal. The third term in (4) repre-
sents the multipath components which arrive later than the
peak path. To simplify the problem, let’s restrict our ob-
servation to the portion of the signal prior to and including
the arrival of the strongest path by truncating rs(¢). Let’s
define r(t) as

() =r(), t< 2 ©)
=ps(t+0)+ > aws(t+ i) +n(t), t< 2 (7)
Bk 20

M

=ps(t+0)+ Y ars(t+ i) +n(t), t < -29, (8)
k=1

where M is the number of signal components that arrived

earlier than the peak component. If M is equal to 0, then

0 =0, p =1, and the second term in (8) is ignored. The

noise n(t) is white Gaussian noise (truncated to the interval

(—00,T;/2), whose correlation function is represented by

Ry (7) = of - dp(7). (9)
Assuming r(t) is sampled, let’s represent it as a vector of
samples, namely,

M

pss + ) arsp, +1,
k=1

r =

(10)

where s represents the vector of samples of s(t + 8) with
a same length as r. The noise vector n is a white gaussian
vector whose correlation matrix Ry is given by

Rxn=of -1, (11)
I being an identity matrix.
B. ToA Measurement Algorithm Using DML Estimation

In (10), 6 is the parameter to be estimated, and M 1,

oM, and ,6 are nuisance parameters, where o™ and ﬂ
are defined as
gM = (alya2)"')aM)) (12)
BM = (B1,Ba 1 Bu) (13)



Deterministic maximume-likelihood estimation treats all of
these unknown parameters as deterministic and estimates
é to be

— M oM
6—argmgX[pyrplgéf(zlé,p,M,g B )]- (14)

Because n is a white Gaussian vector, this is equivalent to
M

0 = al min[ mi —S_Z 2].
rg mi le};éllz PS5 k=lak§g,¢ll

(15)

Using (15) to estimate & is computation-intensive because
2(M+1) unknown parameters are involved. To reduce com-
putational complexity, an iterative nonlinear programming
technique is employed, by which the unknown parameters
are estimated in a sequential manner [2]. Specifically, the
arrival time of each component signal is estimated individ-
ually while all other parameters are fixed.

Modification of the estimation criterion shown in (15) is
done as follows. First, the duration of the search region
for the time & of arrival of the direct path signal is lim-
ited to prevent the probability of a false detection in the
noise only portion of the observed signal from becoming
too large. We define 65 as a limiting threshold on § so that
the direct path signal is searched over the portion of r(t)
satisfying t > —6;. Secondly, a stopping rule is used to ter-
minate the search, because the value of the norm in (15)
generally continues to decrease with increasing M. The
stopping rule is consists of applying a threshold on the rel-
ative path strength p. The iterative search process stops
when no more paths satisfying p > 6, are detected in the
search region, where 6, is the threshold of p. Thirdly, we
skip the estimation of some nuisance parameters by ignor-
ing the multipath components that arrive later than al-
ready detected paths. By doing this, we can speed up the
search process. Following is a brief description of the ToA
algorithm:

1. Letn=1, w; =0, and p3; = 1.

2. Increase n by 1.

3. Find w, which satisfies

n—1
t
wn=arg max_ (r— D p(no1)ify;) S (16)
i=1

Wn-1<w<bs

4. Find (Lni,pn2, ", fnn) such that

n
(Bn1s Bn2, "+ Ban) = arg#’min , llr - Zu:%.”z

et po
(17)
5. If pipn > 6,, go to step 2. Otherwise proceed to the
next step. .
6. 4 is estimated as § = wy,—;.

IV. STATISTICAL MODELING OF RANGING PARAMETERS

The thresholds, 85 and 6,, which are used in the ToA
algorithm have to be determined so that they satisfy a given

x 10’

& (sec) p
(a) (b)

Fig. 3. Normalized histograms of (a) § and (b) p and approximation
of marginal densities using curve-fitting.

performance criteria. One of the potential criteria is that
the probability of error is minimized. For the purpose of
error analysis, the parameters § and p which were defined
in III-A were modeled statistically.

A set of propagation data taken by Win (3] in an office
building was used for this modeling. The values of §’s and
p’s of 622 signals which were measured with a blocked LoS
were extracted using the ToA algorithm. The values of 6
and 6, used in this process were 70ns and 0.2, respectively.
Some large scale errors relative to the approximately known
distance information were corrected by manually adjusting
the thresholds. In 95 of 622 observed signals, the direct
path signal was the strongest. So if we define P, as the
probability that 4 is equal to 0 , it can be modeled by

Py =Pr(6 =0)= Pr(p=1) =0.1527. (18)

Figure 3-(a) and (b) are normalized histograms of &
and p which were produced with 527 signals that have a
stronger reflected path than the direct path. By curve-
fitting on this data, marginal densities of § and p can be
modeled by

f5(86 #0) = aie"“/"‘, §>0, (19)
]
1 2 2
folplp#1) = e~ (Inp=p,p)*/207
) V21Q(—1/3,)0,p
0<p<l, (20)

where o5 = 1.524 x 1078, 0, = 0.3220, and p, = —0.7565.
The @Q-function appearing in (20) is for normalization.

Independence between § and p was tested using a chi-
squared test. Pearson’s statistic x* with 100 degrees of
freedom, which was evaluated with the data set, is 117.2.
According to the x? distribution table, the critical value
corresponding to a 10% significance level and 100 degrees
of freedom is 118.5, which is greater than the value eval-
uated with data. So we can accept the hypothesis of in-
dependence between § and p with a 10% significance level
[13], [14]. Based on this result, the joint density of 6 and
p can be modeled by

f&p(d,plé # 01p # 1)
= f5(816 # 0) - fo(plp # 1)



(In P2';2l‘p)2] } ,

= ! ex {— [— +
V2rQ(=nfo)asomm T\ Log 2
(21)

where § > 0,and 0 < p < 1.

V. ERROR ANALYSIS

Range estimation error can result from two major
sources. One is ToA estimation error, and the other is
any unknown propagation delay in a LoS blockage struc-
ture, which is difficult to estimate without a more thorough
knowledge of the blockage. In this section, errors in ToA
estimation of the direct path signal are analyzed proba-
bilistically.

We can classify ToA errors into two categories. One is
early false alarms which occur when a false detection in
the noise-only portion of the signal is regarded as that of
direct path signal. The other is a missed direct-path error,
which occurs when the actual direct path signal is missed
and a multipath signal is falsely declared to be direct path
signal.

A. Probability of an Early False Alarm
An early false alarm probability Pra can be expressed as

Pgy = Pr sup ln's 'Bl > 6, and & < b5 22
2
BE[—05,~8) “§o||
bs [ntsg]
= / Pri suwp T >0, fs(6l6 # 0)db
0 Be[—0;5,—6) S0
(1 - Py) + Pr sup In’s —ﬁ2| >0, P (23)
BE[—65,0) ”_o“
bs [w'sg|
- / Pr{ swp ”"2 } £5(316 # 0)do
0 Be(-85,—6) li2g
wts 6,
(1= Py) +Pr{ sug) o |" ‘”B' > £ } Py (24)
§
where 1
w= aﬂ- (25)

Let’s define the peak SNR as the ratio of the peak signal
power to the noise power. This can be expressed as

1

SNR, = 7, (26)

because the signal was normalized to its peak strength.
Substituting (26) into (24),

0s
/ Pr{ sup ll";‘”‘;l >0 \/SNRP}
0 Be(—65,—6) lIS0
-f5(8|8 #0)dé - (1 — Py)

+Pr{ sup >0 \/SNRP} Py (27)
BE[-65,0)

Pea =

lw'sgl
Tlsol®

Let’s define v and a random process u(3) as

y = 6,-/5NK,, (28)
wp = Lol (29)
= el

Substituting (28) and (29) into (27),

85
PFA = / Pr sup
0 BG[—Q;,—J)

~(1—P0)+P1‘{

u(B) > 'r} f5(5|6 # 0)dé

sup u{B) > 'y} - Py. (30)
BE[—-65,0)
Pr{supge_g,,—5)u(B) > 7} can be modeled as a high
level crossing probability of a random process u(8) at a
level v in a given time period [—8s, —6). This probability
can be approximated by [11]

Pr sup  u(B) >yp~1—e Bs=N/ERY) - (3])
BE[—05,—8)

where A, represents the time between a down-crossing and
the next adjacent up-crossing at a given level . The ex-
pected value of A, was simulated using a computer gener-
ated white Gaussian vector. The value of A, for a given -y
was observed over 100 occurrences and averaged. By curve-
fitting on the simulation result, E(A,) can be modeled by

E(A,) =C- B, (32)
where B = 6.5757 and C = 1.375 x 10711, Substituting
(32) into (31),

Pr sup u(f)>vp=1-—exp [—Q‘s——_—a)e“;”] (33)
BE[—05,-5) c

Substituting (19) and (33) into (30), we get

—05/05
agse
Pra=1-(1- PO)W
Pyos — CeBr 65 _
e e
Substituting (28) into (34),
—6s/0s
1 ose
Pea=1-(1 Po)w TR
_ (1.B0,/SNR
_PRyos CC; SNRPP exp[ ?e_ao,,/swnp]_
o5 —Ce~7°V
(35)

B. Probebility of a Missed Direct Path Error

The probability Py of a missed-direct-path error can be
evaluated by computing

Py = Pr(d>650rp<b,)
= 1-Pr(0<d<6b;andd,<p<1)

1 (2]
1-Ro- (=R [ [ foo(6. 018 # 0)dbp
,, (36)
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Fig. 4. Early false alarm probability vs. probability of a missed direct

path for different peak SNR’s. 85 = 100ns and §, was varied. At the
circular mark on each curve, probability of error is minimized.

Substituting (21) into (36),

Q( In oagp—ug )

_ —96/05) 1-—
e -
Q(Z=

Py=(1-PR)[1-(1 (37)

Figure 4 is a plot of Prs vs. Py for different values of
peak SNR. The value of §; was fixed at 100ns and these
two error probabilities were calculated for various ,. The
circular mark on each curve represents the points where
the sum of the two error probabilities is minimized.

VI. TEST ON MEASURED DATA

Figure 5 shows of test results of the ToA algorithm on
the signals measured at location 9 and 13. In each exam-
ple, the upper plot is the measured waveform and the lower
one shows the reconstructed signal with the paths detected
in the ToA algorithm. The value of 6, was determined so
that the total probability of error (Pra 4+ Pyv) is minimized
while 65 was fixed. The vertical line appearing in each plot
indicates the expected arrival time of the direct-path sig-
nal in the presence of a clear LoS path, based on physical
range measurements. We can observe a few nanoseconds of
discrepancy between this line and signal frontend in both
examples. This probably is caused by excessive propaga-
tion delay in the LoS blockage. This unknown delay makes
it difficult to measure the true arrival time of direct path.

Figure 6 shows the range estimation errors incurred in
this test at the locations marked in Figure 1. Notice that
larger errors occurred at long ranges, probably because the
structure of LoS blockage was more complex at these loca-
tions.

VII. DESIGN oF UWB RANGING SYSTEM
A. System Description

Withington et al. [7] introduced an UWB scanning re-
ceiver system which, using two correlators, has the capa-
bility of communication and channel pulse response mea-
surement. The block diagram of an UWB ranging system
using a correlator and a parallel sampler is shown in Figure
7. When the signal is received, the correlator synchronizes
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Fig. 5. ToA algorithm tested on measured signal at location 9 and 13.
The vertical scale is in millivolts. Vertical line in each plot show the
ToA of the direct path signal based on true measured range, assuming
the presence of a clear LoS. 65 = 100ns and 8, was determined so that
Pga+ Py is minimized. The values of 8, used in each test are (2)0.050
and (b)0.154.
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Fig. 6. Range estimation errors (estimated range - measured range).
The numbers are the index of measurement positions. Ranging er-
rors shown in this plot contains excessive propagation delay in the
blockage structures.

with the signal, U, being the time-tracking point in the
nt® time frame. Once the correlator is locked, the paral-
lel sampler starts sampling the incoming signal under the
time control of a trigger signal. The trigger time V, in n*®
time frame is controlled relative to the tracking time U,.
This parallel sampler is composed of a bank of Ny individ-
ual samplers and Ng analog-to-digital converters (ADC).
Each individual sampler takes Ns samples per time frame
at a sampling rate of 1/Ts Hz. The offset in the sampling
times of two adjacent individual samplers is ¢s, which sat-
isfies

¢s - Nr =Ts. (38)



Kot -Tw2-Un) o] {77 Ko k) s(t- Tw2- Uyt
—® {anc}

Un

U. L.:M Line ‘—'L

=y Reference
Ko - rlt) Clock
Va Programmable |

Delay Line

Microprocessor

Parallel Sampler

(St

Fig. 7. Receiver schematic of UWB ranging system.

Total Ns - Nr samples are taken in each time frame by
this parallel sampler and the overall sampling frequency
is 1/¢s Hz. To acquire an acceptable SNR, each sample
is integrated over several time frames. By changing the
sampler’s trigger time relative to the time-tracking point,
the sampling frequency of the measured signal can be in-
creased.

B. Two-Way Ranging Scheme

A UWB ranging system estimates the range by measur-
ing signal round-trip time without a common timing ref-
erence. This ranging scheme uses a two-way remote syn-
chronization technique [12] employed in satellite systems.
Figure 8 is the timing diagram of this approach. A pair
of UWB radios are time multiplexed with a period of Ty.
Each radio switches between a transmission mode and a
reception mode every Tm/2 sec. Radio 1 transmits sig-
nal 1 which is a train of pulses without modulation. It is
received by radio 2 and signal 1’ denotes the captured sig-
nal. The time-multiplex period T\ is assumed to be large
enough relative to the temporal profile of the received sig-
nal so that it does not affect the next transmission. The
delay between transmission and reception of this signal is
Tprop T+ Toff,1, Where Ty,r0p is the propagation time and 7og,1
represents the time offset between the locked path and the
direct path. With a known delay of T\ /2 from the front
end of signal 1', radio 2 transmits signal 2 and it is captured
by radio 1. Signal 2' denotes the captured signal by radio
1. Similarly, a delay of Tyrop + Tof,2 €xists in this direction.
The structures of signal 2 and signal 2' are similar to those
of signal 1 and signal 1, respectively. Radio 1 can measure
the signal round-trip time, Tround, which is

Tround =¥ 2Tprop + T_M + Toff,1 + Toff,2-

2

Then the signal propagation time can be approximated by

(39)

Tround — TM/2 — Toff,1 — Toff,2
T, ~
prop 2 .

(40)

Radio 2 informs radio 1 of 7og,; afterwards with a few bits
of information so that radio 1 can evaluate the signal prop-
agation time. If the SNR of the measured signal is not
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Fig. 8. Evaluation of the signal round-trip time.

large enough, the two radios increase the signal measure-
ment time to acquire an acceptable SNR.

VIII. CONCLUSIONS

According to tests on the propagation data, there exists
excessive propagation delay in the LoS blockage material
which is considerable when the structure of this blockage
is complex. This excessive propagation delay is a limiting
factor in UWB ranging performance through materials.
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