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Figure 7-9: Upper and lower envelope of the received signal waveform at location L. All signals
within 12dB of the strongest signal are considered.
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Figure 7-10: Upper and lower envelope of the received signal waveform at location C. All signals
within 12dB of the strongest signal are considered.
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Figure 7-11: Example scatter plot of signal time-of-arrival vs. angle-of-arrival.
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Figure 7-12: Example scatter plot of signal time-of-arrival vs. angle-of-arrival.
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Figure 7-13: Example scatter plot of signal time-of-arrival vs. angle-of-arrival.
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Figure 7-14: Example scatter plot of signal time-of-arrival vs. angle-of-arrival.
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Figure 7-15: Example scatter plot of signal time-of-arrival vs. angle-of-arrival. This is the
signal information used to generate the example profiles.
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Figure 7-16: Example of the received signal profile generated by the channel synthesis routine.
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Figure 7-17: 75 ns window on the received signal profile.
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Figure 7-18: Example of the received signal profile generated by the channel synthesis routine.
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Figure 7-19: 75 ns. window on the received signal profile.
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Chapter 8

Conclusion

The main goal of this dissertation was to develop an understanding of the indoor UWB propaga-
tion channel, including the time-of-arrival, angle-of-arrival and level distributions of a collection
of received signals. To accomplish this, a set of algorithms suitable for processing UWB signals
incident on an array of sensors was developed and then validated through application both to
deterministic scenarios and to a set of measured data. Thus there were two main parts to this
work, the development of the processing algorithms and the application of these techniques to
measured data, resulting in the channel models.

Considering the first task, much of the existing array signal processing and source location
literature is devoted to algorithms which operate on more narrowband signals than those of
interest here. In general, these techniques are not applicable to signals with fractional band-
widths as large as those considered in this work. Many attempts were made to generalize these
more narrowband algorithms for application to the UWB signals, before finally settling on the
CLEAN algorithm as the core of the UWB signal processing routines.

A fundamental problem with the extension of the established processing algorithms to UWB
signals is in one of the assumptions upon which this work was based. Due to the fractional
bandwidth of the UWB signals, it was decided early in the project that the processing algorithms
should not exhibit a strong dependence on the precise form of the incident signals, as it is not
known a-priori, nor is it static from one incident signal to another. Without an accurate
model for the incident signals, it is difficult to conduct any sort of theoretical optimization or

even to define maximum likelihood reception techniques. For example, as part of the study of
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narrowband extensions, methods were derived based on constrained optimization techniques.
These performed well in the presence of idealized signals, but the performance degraded rapidly
when applied to actual measured UWB signals. Other problems with the generalization of more
narrowband algorithms, such as a penalty in the available time resolution, were discussed in
Chapter 2.

It was the need for an algorithm general enough to handle this situation that motivated
the use of the CLEAN algorithm. The CLEAN algorithm as described in [19] was modified
in this work to operate with minimal assumptions on the form of the received signals. The
only information assumed about the signals is that they have support in time of less than some
number of samples. A trade is in the fact that it is very difficult to analyze the algorithm or
even to derive criterion for the optimal selection of parameters. This is true in general for the
CLEAN algorithm, not just for the application here. In fact, it was stated in [6] that although
the algorithm has been widely accepted in radio-astronomy for the processing of images, it is
the least understood of the main algorithms used for this purpose. Further, parameter selection
is generally achieved through Monte-Carlo techniques. Nevertheless the CLEAN algorithm was
adopted as the core of an UWB processing algorithm which was then applied to measured data
to obtain a characterization of the UWB channel. Further post-processing routines were also
developed here, in order to improve the quality of the signal estimates.

Following the development of the processing routines, the second part of this work involved
the application of these techniques to the measured propagation described in Chapter 1. From
this, models for the propagation of UWB signals in an indoor channel were generated and
reported. Comparisons to more narrowband channel characterizations were made when possible.

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 significant effect on the received signals
[48], [49]. Therefore, further work remains in the collection and processing of propagation
data from different buildings, in order to increase the significance of and augment the results
presented in this work. It is possible therefore, that the strongest contribution 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 channel model presented here will change
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to reflect this new information.
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Appendix A
UWRB Signal Models

A.1 Properties of the Ultra-wideband Signals.

Given the signal models in Chapter 1, the UWB radio waveforms can be related to the Hermite
polynomials, which are defined as [28],

Hy(z) = (~1)"e® ——e® (A1)

The first several Hermite polynomials are given by,

Hy(z) = 1 (A.2)
Hi(z) = 2z (A.3)
Hy(z) = 4z%-2 (A.4)
H3(z) = 8z%-12z (A.5)

Utilizing these functions to lend mathematical structure to the waveforms and perhaps the

subsequent processing is an attractive option, as the Hermite functions form a complete, or-

thonormal family, with weight p(z) = e , on L2 (—00,00). The orthonormality condition is

stated formally as,
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o0

/ Ho (z) Hp (z) e =0, n#m (A.6)

—00

Following the representation above, the impulse radio waveforms can be written to within a

constant as,
n
V2
Pa(t)=A (———1) H,(z)e™ (A.7)
Tm
where,

x=\/2_1r(t_td> (A.8)

Tm

Note that this representation does not give orthogonality between pulses of different orders, as
the resulting weight function in the integral of equation (A.6) is e~22” instead of e~ .Other
representations are possible as well. In particular, if maintenance of orthonormality is a goal,
and the precise form of the representation is not critical, then the following functions can be

used to represent the first three waveforms,

by () = A (—ﬁ) Ha (2) " (4.9)

where,

T =27 (t — t") (A.10)

Tm

The main problem with models based on these Hermite waveforms is in the fact that or-

thogonality between the different modes in the representation is lost when the impulse width
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parameters, Tr,, are not equal. In particular, if two multipath components arrive at the antenna
having experienced different propagation and dispersion mechanisms in the channel, they may
no longer belong to the same family, H,(t/7m), of Hermite functions. This structure was ex-
plored, however, with the idea of developing a technique for deriving DOA information from the
UWRB signals received on an array of sensors, similar to what is available for more narrowband
signals. In analogy with the narrowband techniques, a multiplicative delay operator is required,
and the following equations were derived to serve that purpose. Denoting the nt® derivative

pulse as pn(t),

Po(t—7) = p(t)exp(-a) (A.11)

-1 = n) | T2 ep (- (A12)

2 —dr(t — )2
-7 = B [ n T o (o (A1
and,
a:27rr(r—2(t—td)) (A.14)

2
Tm

Considering again the idea of a data independent algorithm, it is of interest to examine the
correlation functions of these Hermite functions against the same order Hermite function with
a different width parameter. This provides a measure of the robustness of any algorithm based
on these waveforms to the dispersive effects of the channel. Defining the orthonormal sequence

{en (t)};—o in the following manner,

en () = ————e~® H,, (1) (A.15)

V2rnl/T

The corresponding correlation functions are given below. In these equations, the superscript

denotes the order of the Hermite function, < is the fractional difference in the width parameter
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7, and ¢4 is the delay at which the correlation is calculated.

t 2y sy (9)°
© () _ el A.16
B (7‘) 1+’726 ( )
2 2
RO (Y = [ 2 wmEm(#) | 2y (e (A.17)
Y 1+ 1+9% (14922 \7
2
R® (W) _ 2 A (#)
Y 72—{,-1
2¢° (td>4 8 (t_d)2_ 5 (A.18)
2+ \7 (2+1)2\7 2(y2+1) '
where,
4 2
Y =10y +1
8= (A.19)

Also of interest is the correlation function of the impulse radio pulse p2(t), given by,

x t,\2 2 4 2
R(P2) (t_d) _8 Le‘hivﬁj( 4)" | _16m° (t_d) _ Y (f‘i) +3  (A20
TNt/ 3V 201492 1+ \7/) 1+ \r

These equations are plotted in A-1, A-2, A-3 and A-4.

To complete the discussion on the correlation functions, it is necessary to demonstrate that
orthogonality does not necessarily hold between e,(t/71) and e, (¢/72) for n # m. This can be

seen by considering the cross-correlation of eg(t/y7) and e (t/7), given as follows,

R G) - 7 eo (t/v7) €1 (t/7) dt
- Jen(-(£)) xeton (- (2))a
40 (A.21)
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Figure A-1: Correlation of eg(t/yr) with eg((t — tg)/T

Figure A-2: Correlation of e;(t/v7) with e;((t — tq)/7
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Figure A-4:
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Figure A-6: Contour plot of R(yp 2) (ta/T)
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Figure A-7: Reconstruction of received waveform for sensor 0 at location P, using pg (¢), p1 (t),
P2 (t) y P3 (t)

A.2 Application of the model to measured data

Based on these signal models, the goal is to obtain channel models where, for a given trans-
mitted pulse shape, the received UWB signals are members of this Hermite family of pulse
shapes. A measure for the effectiveness of this technique is the percentage of the energy in the
measured response of the channel which can be represented by time-shifted Hermite waveforms.
Representations of the received signal by time-shifted Hermite functions are shown in Figure
A-T and Figure A-8. For the signal received at location P, a plot of the percent of the energy in
the received waveform that can be represented by the time-shifted Hermite pulse shapes po(t),
p1(t), p2(t), p3(t), all of the same width parameter 7, is shown in Figure A-9. The curves
reported here represent the mean value of the percent energy captured, when the received signal
on all 49 sensors is taken into account.

m

These curves do not reflect any spatial information. If the Hermite model is extended
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Figure A-8: Reconstruction of received waveform for sensor 0 at location B, using only p2(t).

beyond these energy capture curves, particularly to consider spatio-temporal issues, problems
arise. In particular, the Hermite model does not have a shift orthogonality property. In other
words, although two modes may be orthogonal and belong to different orthogonal subspaces
at a particular instant in time, if one of them is shifted in time, this orthogonality is lost.
Orthogonality between modes in the representation is also lost in the presence of changes
in the pulse width parameter, 7,,. This is a problem, given the dynamics in the received
signal, as seen from the measured data in Figure 1-3, Figure 1-4, and Figure 1-5. In other
words, there is no guarantee that the received signals will all be best represented by a family
of Hermite pulse shapes with the same width parameter, Tm. Further, the main reason for
employing such a set of basis functions is to enable decompositions of the observation space
into orthogonal signal and noise subspaces, or to enable to the projection of the received UWB
signals onto a low dimensional subspace. Given the arguments above, this is not possible
with these basis functions. Thus the Hermite decomposition may have practical utility in the

assessing correlation receiver performance, but it is of limited use from an analytic standpoint.
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Figure A-9: Percentage energy capture vs. correlator resources for signal received at location
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Figure A-10: Wavelet transform on measured UWB propagation data using the kernel H, (t/Tm)

for a scale value 7.

Other techniques which have been proposed for the analysis of transient signals, such as

wavelet transforms, did not find great applicability in this work, as only a small number of

scale values hold significant information. This can be seen in Figure A-10, which shows the

result of a wavelet transform on measured data taken at location P in the building, where only

scale values from 7, = 0.2 x 1072 to 7, = 0.5 x 10~? correlate with the received waveform

to a strong degree. The kernel used to form this plot is a second derivative of Gaussian pulse,

denoted by the Hermite polynomial function ez (t/7,,), with the scale factor of 7,,.
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