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Abstract— The results of an ultra-wide bandwidth (UWB)
signal propagation experiment performed in a typical mod-
ern office building are presented. The bandwidth of the sig-
nal used in this experiment is in excess of one GHz, which
results in a multipath resolution of less than a nanosecond.
The maximum likelihood (ML) detector, based on a spec-
ular multipath channel model, is derived to detect multi-
path components of measured waveforms. The results show
that typical received waveforms consist of a finite number
of dominant multipath components. The number of dom-
inant multipath components is equivalent to the number
of single-path signal correlators required in a UWB Rake
receiver. The number of single-path signal correlators re-
quired to construct a filter matched to the received wave-
form, so that the constructed waveform adequately captures
the average received signal energy, is a useful parameter for
UWB Rake receiver design. The quantity energy capture is
defined mathematically for use as a performance measure of
the ML detector. Energy capture as a function of the num-
ber of single-path signal correlators is evaluated for each of
the experimentally measured received waveforms, and typ-
ical results are presented.

[. INTRODUCTION

THE EXISTENCE of multiple propagation paths (mul-
tipath) with different time delays gives rise to a com-
plex time varying transmission channel and places funda-
mental limitations on the performance of wireless commu-
nications systems,

Many propagation measurements have been made over
the years on both indoor and outdoor channels with much
“narrower bandwidths” [1]-[18]. A comprehensive refer-
ence on the indoor propagation channels (a total of 281
references) can be found in the tutorial survey paper by
Hashemi [9]. Some of the work by Rappaport [1]-[5] and
a few other papers [6]-[8] are listed here as selected refer-
ences. Although the research described in this paper does
not cover outdoor propagation channels, the classic works
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on outdoor propagation channels by Turin [10], [11], by
Cox [14]-[17], and by Nielson [18] are noted here for their
excellent measurement procedures and data reduction tech-
niques. However, these measurements are inadequate and
characterization of ultra-wide bandwidth (UWB) signal
propagation channels has not been available previously in
the literature. Careful characterization of the UWB prop-
agation channel is required to move beyond current limits
and to determine methods for achieving fade resistant, mo-
bile, high quality, robust communications.

II. REVIEW oF THE UWB PROPAGATION EXPERIMENT

An UWRB signal propagation experiment was performed
in a typical modern office building to characterize the UWB
signal propagation channel [19]. The bandwidth of the sig-
nal used in this experiment was in excess of one GHz which
results in a differential path delay resolution of less than
a nanosecond. Extensive UWB signal propagation mea-
surements were made in 14 different rooms and hallways
on one floor of the modern office building using a periodic
pulse generator that transmits pulses every 500 nanosec-
onds. In each office, multipath measurements over a 300
nanosecond wide window were made at 49 different loca-
tions. They are arranged spatially in a level 7x7 square grid
with 6 inch spacing covering 3 feet by 3 feet. The same ab-
solute delay reference for all recorded multipath profiles
was achieved, and time delay measurements of the signals
arriving at the receiving antenna via different propagation
paths were made.

Figure 1 shows the transmitted pulses measured by the
receiving antenna, located 1 m away from the transmit-
ting antenna at the same height. Measurements were made
while the vertically polarized receiving antenna was rotated
about its axis in 45° steps. Measurements shown in Fig. 1
are labeled 0°, 45°, and 90°, where 0° refers to the case in
which the transmitting and receiving antennas are facing
each other. Figure 1 illustrates that the radiation pattern
of the antenna used in the experiment is circularly sym-
metric around the vertical axis. The first 10 nanoseconds
of the recorded waveforms in Fig. 1 represent a clean pulse
arriving via the direct line of sight (LOS) path and not
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Fig. 1. Transmitted pulses measured by the receiving antenna located
1 m away from the transmitting antenna with the same height.
Measurements were made while the vertically polarized receiving
antenna is rotated about its axis, where 0° refers to the case in

which the transmitting and the receiving antenna are facing at
each other.

corrupted by multipath components.

Figure 2 shows the typical multipath profiles measured
along a horizontal line of the grid at three different posi-
tions one foot apart. This represents typical UWB signal
transmissions for a “high SNR” environment. Notice that
the direct path response (leading edge of the responses)
suggests-that the location of the receiver for the lower trace
is closer to the transmitter than that of the upper trace.
Similar results are given in Fig. 3 representing typical UWB
signal transmissions for a “low SNR” environment. Note
that the first arriving path is not always the strongest path.
Multipath delay spreads on the order of a hundred nanosec-
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Fig. 2. Averaged multipath profiles in a 40 nanosecond window mea-
sured in an office, along a horizontal line of the grid at three differ-
ent positions one foot apart. The transmitter is approximately 6
meters from the receiver, representing typical UWB signal trans-
mission for the “high SNR" environment.
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onds were observed.!

[II. MULTIPATH CHANNEL
A. Multipath Channel Model

In general, multipath channels (especially indoor chan-
nels) consist of many path components. However, only a
finite number of dominant multipath components exist in
a typical received waveform. It is desirable to find the
Ly most dominant paths, where the number L, is propor-
tional to the receiver’s complexity in the communication
system design. In the existing literature, this is typically
accomplished by discretizing the delay axis into bins of At
seconds. If the integrated power within the it® delay bin
interval c? of the received signal r(t) exceeds the chosen
minimum detectable signal threshold, a multipath compo-
nent with magnitude |¢;| is said to exist at delay 7; = iAT.
The Ly, paths corresponding to the largest values of |c;| may
then be chosen as the dominant paths [3], [4]. The num-
ber of multipath components also influences the choice of
channel modeling techniques. If the number of multipath
components is small (= 5), then they can be attributed to
the obvious reflecting objects in the channel and a ray trac-
ing model, based on the building geometry, is a plausible
choice. On the other hand, ray tracing techniques become
site specific and their computational complexity becomes a
burden when the number of muitipath components is large
[4].

From the view point of Rake receiver design, it is desired
to model the received signal r(t) by a linear combinations of
a basic waveform w(t) and its delay versions. Specifically,

! Measured waveforms in a 300 nanosecond wide window are not
shown in this paper in attempt to reduce the paper length. Detailed
results of the UWB signal propagation experiment can be found in
[19]
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Fig. 3. Averaged multipath profiles in a 40 nanosecond window mea-
sured in an office, along a horizontal line of the grid at three
different positions one foot apart. The transmitter is approxi-
mately 10 meters from the receiver, representing typical UWB
signal transmission for the “low SNR" environment.
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the received signal model is given by

Lp
r(t):::Zc,-w(t——Ti)+n(t). (1)

i=1

The observation noise n(t) is modeled as additive white
Gaussian noise (AWGN). It is important to stress that
the parameters ¢; and 7; are modeled as continuous ran-
dom variables representing the amplitude and the delay (in
time) of the i multipath component. The waveform w(t)
can be viewed as a template waveform built into the re-
ceiver for use in Rake correlator structures [20], [21. A
typical shape of the waveform w(t) is shown in Fig. 4, and
it is assumed that w() is reasonably similar to the isolated
path signals in the whole ensemble of measured received
waveforms. The simple specular model given by (1) is a
natural choice for a resolvable UWB multipath channel.
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Fig. 4. A typical idealized waveform as a function of time in nanosec-
onds. The model used in this plot is weec(t + 1.0) = (1 -
4m(t/Tm)?| exp[—2m(t/Tm)?] with 7rn = 0.78125, which is assumed
to be reasonably well-matched to the isolated paths in the whole
ensemble of measured received waveforms.

B. The Optimal Multipath Detector

Given a specific received signal r(t) over an observa-
tion interval [0,T), and for a given number of dominant
multipath components L, the goal is to find the “best”
values of {E-,-}f‘:"1 and {ﬁ}f‘;l, such that the synthesized
waveform Zf’;’l ¢w(t — 7;) is well matched to the received
waveform r(t). In this paper, the optimal maximum like-
lihood (ML) detector is derived. Since n(t) is modeled as
AWGN, the ML detector is equivalent to a minimum mean
squared error detector, i.e., the maximum likelihood esti-
mates of ¢; and 7; are the values of ¢; and 7; such that
fg |r(t) = Zf’:l c;w(t — 7;)|%dt is minimized. For a given
Ly, let ¢ and 7 be the amplitude and the delay vectors,
with dimension L, x 1, defined by
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The maximum likelihood estimates of the delay vector 7
and amplitude vector ¢ were derived in [22], and it was
shown to result in decoupled solutions as

.‘r

argmax{x'(T)R~'x(7)} (3)
R™x(7). (4)

The vector x(7) is given by

¢ =

w(t — 1)
T t—
xr)= [+ e (5)
w(t—7L,)

where the components of x(7) can be interpreted as the
correlation of the received signal r(t) with w(t) at different
hypothesized delays. The correlation matrix R. is given by

R(ry =11 R(m —73) R(ry — TL,)
R= | Bm—71) R(r—m) R(ry —1g,)
R(TLP _TI) , R(TLF i 72) ....... R(TLP . TLP)
where
T
R(7; — 75) :f w(t — 7)) w(t — 7;)dt. (6)
0

For wide bandwidth transmission channel modeling, it is
often assumed that the multipath channel is separable, i.e.,

i#3. (7)

This approximation is even more valid in the case of UWB
transmission channel. Under this assumption R(7;—7;) = 0
for all ¢ # 3, and

|7i — 73] > width of w(t) for all

RO) 0 0
n_| 0 RO 0 ®)
gy
Simple matrix manipulation shows that
Ly
KR x(r) =3 ﬁ{x(feﬂg , (9)
where
T
xm) = [ el - njas (10)

Therefore, the maximum likelihood estimates of the de-
lay vector 7+ and amplitude vector ¢ for a separable multi-
path channel become

L
- ~| x(m:)
T = argmax —_— (11)
m ) 2| VRG
_ x(7)
RO) "
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[V. PERFORMANCE MEASURE AND RESULTS

The performance measure of the multipath detector will
be made in terms of the quantity energy capture. Energy
capture as a function of Ly is defined mathematically as

lIr(t) = Sk, aw(t — 7)|2
EC(L,) = —
tol =91 IO

£ normalized MSE

x 100% .
(13)

~

The number Ly, can be interpreted as the number of single-
path signal correlators required in a UWB Rake receiver
to construct a filter matched to the received waveform, so
that the constructed waveform “adequately” captures the
average received signal energy.

Energy capture as a function of the number of correlators
is computed for each received waveform measurement. The
number of required single-path signal correlators in a UWB
Rake receiver versus percentage energy capture is plotted in
Fig. 5 for 49 received waveforms in an office representing

—o-typical “high SNR” environment. Similar results for a
typical “low SNR” environment are given in Fig. 6. Note
that the amount of capture energy increase rapidly as the
number of single-path signal correlators increases from 0
to 50. However, this improvement becomes gradual as the
number of single-path signal correlators increases from 50
to 100. Beyond this point, only negligible improvement
can be made as the number of single-path signal correlators
increases. In practice, UWB Rake receivers are designed to
operate in regions where the increase in energy capture as
a function of the number of single-path signal correlators
is rapid. Figures 5 and 6 also suggest that the number
of dominant specular multipath components is expected to
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Fig. 5. The number of single-path signal correlators in a UWB Rake
receiver as a function of percentage energy capture for each of
the 49 received waveforms in an office representing typical “high
SNR” environment.
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be less than 50 for UWB signal transmissions in a typical
modern office building. On the other hand, the number of
dominant specular multipath components is much larger
than 5.

V. CONCLUSIONS AND CAVEATS

Multipath components of experimentally measured re-
ceived waveforms are detected using the ML detector which
is derived based on a specular multipath channel model.
Energy capture as a function of the number of single-path
signal correlators used in a UWB Rake receiver is evaluated
for each of the experimentally measured received wave-
forms. The amount of energy capture increases rapidly as
the the number of single-path signal correlators increases
from 0 to 50. However, this improvement becomes grad-
ual and only negligible improvement can be made as the
number of single-path signal correlators increases beyond
100. The results show that the number of dominant spec-
ular multipath components is less than 50 for UWB signal
transmissions in a typical modern office building. On the
other hand, the number of dominant specular multipath
components is much larger than 5, which suggests that ray
tracing techniques may not be feasible for modeling UWB
indoor wireless communications channels in typical modern
office buildings.

The results presented in this paper are based on the sim-
ple specular model given by (1). However, it seems plausi-
ble that later multipath components may incur more distor-
tion than earlier arriving multipath components. This sug-
gests the use of a family of basic waveforms {w'(¢)}}¥, and

N
o o ; atvLp oyl
determination of the “best” choice of {{cﬁ RO {T,-‘}i;l}‘_l

such that the synthesized waveform Z:\; 1 Zf’;’l ewl(t—7})
is well matched to the received waveform r(t).

Typical Low SNR

Number of Single-Path Correlators

o 28 40 60 80 100
Energy Capture (%)

Fig. 6. The number of single-path signal correlators in 2 UWB Rake
receiver as a function of percentage energy capture for each of the
49 received waveforms in an office representing typical “low SNR”
environment.
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Abstract— The results of an ultra-wide bandwidth (UWB)
signal propagation experiment performed in a typical mod-
ern office building are presented. The bandwidth of the sig-
nal used in this experiment is in excess of one GHz, which
results in a multipath resolution of less than a nanosecond.
The maximum likelihood (ML) detector, based on a spec-
ular multipath channel model, is derived to detect multi-
path components of measured waveforms. The results show
that typical received waveforms consist of a finite number
of dominant multipath components. The number of dom-
inant multipath components is equivalent to the number
of single-path signal correlators required in a UWB Rake
receiver. The number of single-path signal correlators re-
quired to construct a filter matched to the received wave-
form, so that the constructed waveform adequately captures
the average received signal energy, is a useful parameter for
UWB Rake receiver design. The quantity energy capture is
defined mathematically for use as a performance measure of
the ML detector. Energy capture as a function of the num-
ber of single-path signal correlators is evaluated for each of
the experimentally measured received waveforms, and typ-
ical results are presented.

I. INTRODUCTION

HE EXISTENCE of multiple propagation paths (mul-

tipath) with different time delays gives rise to a com-
plex time varying transmission channel and places funda-
mental limitations on the performance of wireless commu-
nications systems.

Many propagation measurements have been made over
the years on both indoor and outdoor channels with much
“narrower bandwidths” [1]-[18]. A comprehensive refer-
ence on the indoor propagation channels (a total of 281
references) can be found in the tutorial survey paper by
Hashemi [9]. Some of the work by Rappaport [1]-[5] and
a few other papers [6]-[8] are listed here as selected refer-
ences. Although the research described in this paper does
not cover outdoor propagation channels, the classic works
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on outdoor propagation channels by Turin [10], [11], by
Cox [14]-{17], and by Nielson [18] are noted here for their
excellent measurement procedures and data reduction tech-
niques. However, these measurements are inadequate and
characterization of ultra-wide bandwidth (UWB) signal
propagation channels has not been available previously in
the literature. Careful characterization of the UWB prop-
agation channel is required to move beyond current limits
and to determine methods for achieving fade resistant, mo-
bile, high quality, robust communications.

II. REVIEW oF THE UWB PROPAGATION EXPERIMENT

An UWRB signal propagation experiment was performed
in a typical modern office building to characterize the UWB
signal propagation channel [19]. The bandwidth of the sig-
nal used in this experiment was in excess of one GHz which
results in a differential path delay resolution of less than
a nanosecond. Extensive UWB signal propagation mea-
surements were made in 14 different rooms and hallways
on one floor of the modern office building using a periodic
pulse generator that transmits pulses every 500 nanosec-
onds. In each office, multipath measurements over a 300
nanosecond wide window were made at 49 different loca-
tions. They are arranged spatially in a level 7x7 square grid
with 6 inch spacing covering 3 feet by 3 feet. The same ab-
solute delay reference for all recorded multipath profiles
was achieved, and time delay measurements of the signals
arriving at the receiving antenna via different propagation
paths were made.

Figure 1 shows the transmitted pulses measured by the
receiving antenna, located 1 m away from the transmit-
ting antenna at the same height. Measurements were made
while the vertically polarized receiving antenna was rotated
about its axis in 45° steps. Measurements shown in Fig. 1
are labeled 0°, 45°, and 90°, where 0° refers to the case in
which the transmitting and receiving antennas are facing
each other. Figure 1 illustrates that the radiation pattern
of the antenna used in the experiment is circularly sym-
metric around the vertical axis. The first 10 nanoseconds
of the recorded waveforms in Fig. 1 represent a clean pulse
arriving via the direct line of sight (LOS) path and not
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Fig. 1. Transmitted pulses measured by the receiving antenna located
I m away from the transmitting antenna with the same height.
Measurements were made while the vertically polarized receiving
antenna is rotated about its axis, where 0° refers to the case in
which the transmitting and the receiving antenna are facing at
each other.

corrupted by multipath components.

Figure 2 shows the typical multipath profiles measured
along a horizontal line of the grid at three different posi-
tions one foot apart. This represents typical UWB signal
transmissions for a “high SNR” environment. Notice that
the direct path response (leading edge of the responses)
suggests that the location of the receiver for the lower trace
is closer to the transmitter than that of the upper trace.
Similar results are given in Fig. 3 representing typical UWB
signal transmissions for a “low SNR” environment. Note
that the first arriving path is not always the strongest path.
Multipath delay spreads on the order of a hundred nanosec-
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Fig. 2. Averaged multipath profiles in a 40 nanosecond window mea-

sured in an office, along a horizontal line of the grid at three differ-
ent positions one foot apart. The transmitter is approximately 6
meters from the receiver, representing typical UWB signal trans-
mission for the “high SNR” environment.
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onds were observed.!

ITI. MuLTIPATH CHANNEL
A. Multipath Channel Model

In general, multipath channels (especially indoor chan-
nels) consist of many path components. However, only a
finite number of dominant multipath components exist in
a typical received waveform. It is desirable to find the
Ly most dominant paths, where the number Ly, is propor-
tional to the receiver’s complexity in the communication
system design. In the existing literature, this is typically
accomplished by discretizing the delay axis into bins of AT
seconds. If the integrated power within the i delay bin
interval c? of the received signal r(¢) exceeds the chosen
minimum detectable signal threshold, a multipath compo-
nent with magnitude |¢;| is said to exist at delay 7; = iA7r.
The Ly, paths corresponding to the largest values of |¢;| may
then be chosen as the dominant paths [3], [4]. The num-
ber of multipath components also influences the choice of
channel modeling techniques. If the number of multipath
components is small (= 5), then they can be attributed to
the obvious reflecting objects in the channel and a ray trac-
ing model, based on the building geometry, is a plausible
choice. On the other hand, ray tracing techniques become
site specific and their computational complexity becomes a
burden when the number of multipath components is large
[4].

From the view point of Rake receiver design, it is desired
to model the received signal 7(¢) by a linear combinations of
a basic waveform w(t) and its delay versions. Specifically,

! Measured waveforms in a 300 nanosecond wide window are not
shown in this paper in attempt to reduce the paper length. Detailed
results of the UWB signal propagation experiment can be found in
[19]
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Fig. 3. Averaged multipath profiles in a 40 nanosecond window mea-
sured in an office, along a horizontal line of the grid at three
different positions one foot apart. The transmitter is approxi-
mately 10 meters from the receiver, representing typical UWB
signal transmission for the “low SNR" environment.
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the received signal model is given by

LP
r(t)~ Y et — ) +nlt). (1)
i=1

The observation noise n(t) is modeled as additive white
Gaussian noise (AWGN). It is important to stress that
the parameters ¢; and 7; are modeled as continuous ran-
dom variables representing the amplitude and the delay (in
time) of the i multipath component. The waveform w(t)
can be viewed as a template waveform built into the re-
ceiver for use in Rake correlator structures [20], [21]. A
typical shape of the waveform w(t) is shown in Fig. 4, and
it is assumed that w(t) is reasonably similar to the isolated
path signals in the whole ensemble of measured received
waveforms. The simple specular model given by (1) is a
natural choice for a resolvable UWB multipath channel.
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Fig. 4. A typical idealized waveform as a function of time in nanosec-
onds. The model used in this plot is wrec(t + 1.0) = 1 -
4m(t/Tm)?] exp[—27(t/Tm)?| with 7, = 0.78125, which is assumed
to be reasonably well-matched to the isolated paths in the whole
ensemble of measured received waveforms.

B. The Optimal Multipath Detector

Given a specific received signal r(t) over an observa-
tion interval [0,7), and for a given number of dominant
multipath components Ly, the goal is to find the “best”
values of {c,}f’z"1 and {ﬁ}f‘z"l, such that the synthesized
waveform Y%, &uw(t — #;) is well matched to the received
waveform r(t). In this paper, the optimal maximum like-
lihood (ML) detector is derived. Since n(t) is modeled as
AWGN, the ML detector is equivalent to a minimum mean
squared error detector, i.e., the maximum likelihood esti-
mates of ¢ and 7; are the values of ¢; and 7; such that
fnT [r(t) — Zf’z”l ciw(t — 7;)|%dt is minimized. For a given
Lp, let ¢ and T be the amplitude and the delay vectors,
with dimension L;, x 1, defined by
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The maximum likelihood estimates of the delay vector +
and amplitude vector ¢ were derived in [22], and it was
shown to result in decoupled solutions as

7 = argmax{x'(r)R”'x()} (3)
¢ = R7lx(+). (4)
The vector x(7) is given by
wgt - Tl%
T w(t — 1
xtm)= [ | 4, (5)
w(t — L)

where the components of x(7) can be interpreted as the
correlation of the received signal r() with w(t) at different
hypothesized delays. The correlation matrix R is given by

R(T] — Tl) R(TI et "."-2) R{Tl e TLP)
R= | Blm—71) R(r—m) R(rg —7L,)
R(ri, ~7) Rlry,-m) ... Rlry, —m1,)
where
T
R(ri —75) = f w(t — ;) w(t — 75)dt . (6)
0

For wide bandwidth transmission channel modeling, it is
often assumed that the multipath channel is separable, i.e.,

i#i. (1)

This approximation is even more valid in the case of UWB
transmission channel. Under this assumption R(m;—7;) =0
for all 7 # 4, and

|Ti — 73] > width of w(t) for all

R(O) © 0
e ®
0 0 R(0)

Simple matrix manipulation shows that

Le
X! (TR x(r) = ZR—f{ﬁfx(n)F. (9)
fe=]
where

T
x(m) = [ r(Oute - r)ae. (10)
0
Therefore, the maximum likelihood estimates of the de-
lay vector + and amplitude vector & for a separable multi-
path channel become

Ly .
T = a.rg;r_nax Z Xg';{))) (11)
x(7)
RO) .
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IV. PERFORMANCE MEASURE AND RESULTS

The performance measure of the multipath detector will
be made in terms of the quantity energy capture. Energy
capture as a function of L, is defined mathematically as

L L) = 32 dw(e - 7)1
QI

£ normalized MSE

x 100% .
(13)

EC(L,) =

The number L, can be interpreted as the number of single-
path signal correlators required in a UWB Rake receiver
to construct a filter matched to the received waveform, so
that the constructed waveform “adequately” captures the
average received signal energy.

Energy capture as a function of the number of correlators
is computed for each received waveform measurement. The
number of required single-path signal correlators in a UWB
Rake receiver versus percentage energy capture is plotted in
Fig. 5 for 49 received waveforms in an office representing
a typical “high SNR” environment. Similar results for a
typical “low SNR” environment are given in Fig. 6. Note
that the amount of capture energy increase rapidly as the
number of single-path signal correlators increases from 0
to 50. However, this improvement becomes gradual as the
number of single-path signal correlators increases from 50
to 100. Beyond this point, only negligible improvement
can be made as the number of single-path signal correlators
increases. In practice, UWB Rake receivers are designed to
operate in regions where the increase in energy capture as
a function of the number of single-path signal correlators
is rapid. Figures 5 and 6 also suggest that the number
of dominant specular multipath components is expected to

Typical High SNR
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Fig. 5. The number of single-path signal correlators in a UWB Rake
receiver as a function of percentage energy capture for each of
the 49 received waveforms in an office representing typical “high
SNR" environment.
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be less than 50 for UWB signal transmissions in a typical
modern office building. On the other hand, the number of

ominant specular multipath components is much larger
than 5.

V. CONCLUSIONS AND CAVEATS

Multipath components of experimentally measured re-
ceived waveforms are detected using the ML detector which
is derived based on a specular multipath channel model.
Energy capture as a function of the number of single-path
signal correlators used in a UWB Rake receiver is evaluated
for each of the experimentally measured received wave-
forms. The amount of energy capture increases rapidly as
the the number of single-path signal correlators increases
from 0 to 50. However, this improvement becomes grad-
ual and only negligible improvement can be made as the
number of single-path signal correlators increases beyond
100. The results show that the number of dominant spec-
ular multipath components is less than 50 for UWB signal
transmissions in a typical modern office building. On the
other hand, the number of dominant specular multipath
components is much larger than 5, which suggests that ray
tracing techniques may not be feasible for modeling UWB
indoor wireless communications channels in typical modern
office buildings.

The results presented in this paper are based on the sim-
ple specular model given by (1). However, it seems plausi-
ble that later multipath components may incur more distor-
tion than earlier arriving multipath components. This sug-
gests the use of a family of basic waveforms {w!(¢)}}¥, and

N
determination of the “best” choice of { &y, {%{}f’__{’l }t .
such that the synthesized waveform SV | o5 dlyi(¢ —7})
is well matched to the received waveform r(t).

Typical Low SNR

Number of Single-Path Correlators

Energy Capture (%)

Fig. 6. The number of single-path signal correlators in a UWB Rake
receiver as a function of percentage energy capture for each of the
49 received waveforms in an office representing typical “low SNR”
environment.
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