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Abstract—An ultra-wide bandwidth (UWB) signal propagation
experiment is performed in a typical modern laboratory/office
building. The bandwidth of the signal used in this experiment is in
excess of 1 GHz, which results in a differential path delay resolu-
tion of less than a nanosecond, without special processing. Based
on the experimental results, a characterization of the propagation
channel from a communications theoretic view point is described,
and its implications for the design of a UWB radio receiver are
presented. Robustness of the UWB signal to multipath fading
is quantified through histograms and cumulative distributions.
The all Rake (ARake) receiver and maximum-energy-capture
selective Rake (SRake) receiver are introduced. The ARake
receiver serves as the best case (bench mark) for Rake receiver
design and lower bounds the performance degradation caused
by multipath. Multipath components of measured waveforms are
detected using a maximum-likelihood detector. Energy capture as
a function of the number of single-path signal correlators used in
UWB SRake receiver provides a complexity versus performance
tradeoff. Bit-error-probability performance of a UWB SRake
receiver, based on measured channels, is given as a function of
signal-to-noise ratio and the number of correlators implemented
in the receiver.

Index Terms—All Rake receiver (ARake), bit-error proba-
bility (BEP), energy capture, propagation channel, selective
Rake (SRake) receiver, spread-spectrum, ultra-wide bandwidth
(UWB).

I. INTRODUCTION

T ECHNIQUES for generating ultra-wide bandwidth
(UWB) signals have been known for more than three

decades [1]. In the radar community, UWB techniques often
are called “carrierless short pulse” techniques. A description
of early UWB work can be found in [2]. Recently, there has
been a renewed interest in utilizing this technology for UWB
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spread-spectrum communications because of its fine delay
resolution properties [3]–[16]. These fine delay resolution
properties make UWB radio a viable candidate for communica-
tions in dense multipath environments [17]–[19]. UWB radios,
operating with low transmission power in an extremely large
transmission bandwidth, have also been under consideration
for future military networks because of their inherent covert-
ness property with low probability of detection and intercept
(LPD/LPI) capability [8]–[10].

Propagation environments place fundamental limitations on
the performance of wireless communications systems. The ex-
istence of multiple propagation paths (multipath) with different
delays produces a complex, often time-varying, transmission
channel that limits the performance of wireless communications
systems. A clear line-of-site path between the transmitter and re-
ceiver seldom exists in indoor environments because of natural
or man-made blocking and one may have to rely on the signal
arriving via multipath or propagating through blockages.

Communication channels have been characterized in terms
of dual system functions in the time and frequency domains
[20]. There have been texts containing a substantial amount
of material on propagation channels [21]–[24] and some texts
devoted solely to this subject [25], [26]. Many indoor prop-
agation measurements have been made with much narrower
bandwidth signals [27]–[34]. A description of early work on
the indoor propagation channels can be found in [34]. Char-
acterization of indoor multipath, including angle of arrival
statistics has been described in [35], [36]. Although the work
described in this paper does not cover outdoor propagation
channels, the selected works on outdoor propagation channels
are noted here for their measurement procedures and data
reduction techniques [37]–[48].

Narrowband measurements are inadequate for the character-
ization of UWB signal propagation channels. Specifically, as
the bandwidth of the channel probing signal increases, a com-
posite propagation path (at low bandwidth) may be resolved into
distinguishable propagation paths (at high bandwidth) with dis-
tinct propagation delays. This is equivalent to characterizing the
channel transfer function over a broader frequency range.

This paper describes an UWB signal propagation experiment
performed in a typical modern office building. A quasi-theo-
retical/experimental analysis is described and its implications
for the design of UWB radio receivers are presented. The UWB
propagation analyses in the earlier publications [36], [49] are
based on the set of measurements described in this paper.

0733-8716/02$17.00 © 2002 IEEE
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Fig. 1. A block diagram of the measurement apparatus.

II. UWB SIGNAL PROPAGATIONEXPERIMENT

A. Experimental Design

In our experiment, a short duration pulse of approxi-
mately one nanosecond duration is transmitted as an excitation
signal of the propagation channel. The received signal repre-
sents the superposition of distorted replicas of the excitation
pulse at different amplitudes and delays. To the extent that they
can be identified, each individual path suffers different wave-
form distortion effects that can occur in UWB signal propa-
gation (e.g., low frequency emphasis in propagation through
many materials, and high frequency emphasis in reflections off
metallic objects in many instances). Generally, the time varying
characteristic of the channel can be observed by periodic re-
transmission of the probing pulse. The fixed pulse repetition
time of this signal must be sufficiently short to characterize the
time varying nature of the individually propagating pulses, and
long enough to ensure that the multipath response of previous
pulse transmissions has decayed before the next transmission.

The duration of a single pulse, inversely proportional to
the bandwidth of the transmission, determines themultipath
resolution, i.e., the minimum differential path delay between
individual resolvable multipath components. The period of the
periodic pulse signal transmission determines the maximum
observable multipath delay. Hence, successive multipath com-
ponents with differential delay greater than the width of the
pulse and within one period of the periodic pulse transmission
can be measured unambiguously.

To get maximum benefit from the propagation experiment,
we assume that the channel-exciting pulse is the same
waveform that will be used as the fundamental building block
of a UWB radio modulation scheme. That is, in a UWB radio
used for communication, the transmitted modulation will be a
sum of weighted and shifted copies of [3]–[6]. Under the
reasonable assumption that the channel is linear and time-in-
variant, this implies that the noise-free received signal in the
communication receiver can be constructed from the noise-free
received propagation measurement over the same channel.

B. Measurement Apparatus

A block diagram of the measurement apparatus is shown in
Fig. 1. It consists of a periodic pulse generator that transmits
pulses at 500 ns intervals using a step recovery diode-based
pulser connected to a UWB antenna. A 500-ns pulse repeti-
tion time was sufficient to capture all the significant multipaths

as will be shown in the next section. A transmitting antenna is
connected to the pulse generator via a coaxial cable, with fer-
rite beads mounted at each end of the coaxial cable for isola-
tion. The receiver consists of a vertically polarized receiving
antenna, wideband low noise amplifier (LNA), attenuator, and
digital sampling oscilloscope (DSO). The attenuator provides a
safety margin for the DSO and prevents the DSO from being
damaged. Multipath profiles are captured by the DSO and sent
over an interface bus to a personal computer for storage.

The triggering signal from the probe antenna, in close prox-
imity to the transmit antenna, is supplied to the receiver appa-
ratus by a longfixed-lengthcoaxial cable. The length of this
coaxial cable is 200 feet and the propagation delay in the coaxial
cable is measured to be 250.6 ns.1 Therefore, all recorded mul-
tipath profiles have the same absolute delay reference, and pre-
cise propagation delay measurements of the signals arriving at
different receiving antenna locations can be made.

Initial measurements indicated that some multipath response
profiles contain significant energy beyond 250 ns depending
on the specific location of the transmitter and the receiver. This
means that the measurement window must be at least 250 ns
wide. However a DSO is only capable of capturing a certain
number of samples in each measurement scan. Because of the
limited buffer size of the DSO, multipath data collected over a
large observation window would result in a large gap between
samples. Therefore, 50-ns long windows of multipath data are
collected and later concatenated by a computer program to
get a data record of the desired size with good resolution
(fine detail in the delay domain). The DSO is set in such a
way that every 50-ns window of measurements contains 1024
samples throughout the experiments. This implies that the time
between samples is 48.828 ps and the equivalent sampling rate
is 20.48 GHz. Therefore, according to the sampling theorem,
any signals with bandwidth below 10 GHz can be reproduced
from the samples collected by the DSO [50]–[56].

The DSO has the internal capability to average over several
received waveforms for noise reduction purposes. Taking ad-
vantage of this capability, 32 sequentially measured multipath
profiles are averaged and recorded along with raw (unaveraged)
multipath profiles at every measurement location. During each
of the multipath profile measurements, both the transmitter and
receiver are kept stationary. The multipath propagation channel
is “frozen” during the measurement time by making sure that
people in the vicinity of the transmitter and receiving antenna
have stopped moving. Indeed over 50% of the measurements are
collected during the evenings and weekends when most people
are not present. To insure the quality of recorded data, every
multipath profile is inspected in detail using the zoom capa-
bility of data acquisition software before storing for further data
reduction.

C. Measurement Results

Propagation measurements were made on one floor of a
modern laboratory/office building having the floor plan shown
in Fig. 2. Each of the rooms is labeled alphanumerically. Walls

1Because the delay in the coaxial cable is longer than the free-space propa-
gation time from transmitter to receiver, the pulse supplied by the cable serves
as a trigger for the propagation measurement of the next transmitted pulse.
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Fig. 2. A diagram of the modern office building where the propagation measurement experiment was performed. The concentric circles are centered on the
transmit antenna and are spaced at 1-m intervals.

around offices are framed with metal studs and covered with
plaster board. The wall around the laboratory is made from
acoustically silenced heavy cement block. There are steel
core support pillars throughout the building, notably along the
outside wall and two in the laboratory itself. The shield room’s
walls and door are metallic. The transmitter is kept stationary
in the central location of the building in a laboratory denoted
by F. The transmit antenna is located 165 cm from the floor
and 105 cm from the ceiling.

Fig. 3 shows the transmitted pulses measured by the receiving
antenna, located 1 m from the transmitting antenna at the same
height. The antennas used in this experiment were diamond
dipoles [57]. Measurements were made while the vertically po-
larized receiving antenna was rotated about its axis in 45steps.
Measurements shown in Fig. 3 are labeled 0, 45 , and 90,
where 0 refers to the case in which the planes of the transmit-
ting and receiving antennas are parallel. The packaged antennas,
which are flat and roughly the size of a playing card, display
nearly circularly symmetric dipole-like radiation patterns about
their vertical axes. The building floor plan of Fig. 2 indicates
that the closest object to the measurement apparatus is the south
wall of laboratory F, which is at least 1 m away. The signal
arriving at the receiving antenna, except for the line-of-sight

(LOS) signal, must travel a minimum distance of 3 m. The ini-
tial multipaths come from the floor and ceiling, 5.2 and 4.1 ns
after the LOS signal, respectively, and hence the first 10 ns
of the recorded waveforms in Fig. 3 represent clean pulses ar-
riving via the direct LOS path and not corrupted by multipath
components.

Multipath profiles are measured at various locations in the
rooms and hallways throughout one floor of the building.
Specifically, data was collected in 14 different rooms and
along the hallways. In each room, 300 ns-long response
measurements are made at 49 different locations in one square
yard. The approximate location of these measurement grids
in each room is shown in Fig. 2. They are arranged spatially
in a level 7 7 square grid with 6 inch spacing between
measurement points. Each location on the grid is numbered
as ( ), where represents the row index andrepresents
the column index of the grid. As a convention, the first row
is always parallel and adjacent to the north wall of the room.
The receiving antenna is located 120 cm from the floor and
150 cm from the ceiling. This antenna height is envisioned to
be typical for future indoor applications. A single multipath
profile of 1000 ns duration, which captures the response of two
successive probing pulses, is also made in each room. This is
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Fig. 3. Transmitted pulses measured by the receiving antenna located 1 m away from transmit antenna with the same height. The receiving antenna is rotated
around its vertical axis to make measurements where 0refers to the case in which the planes of the transmit and the receiving antennas are parallel.

Fig. 4. Two back-to back-cycles of 1000 ns-long averaged multipath measurement captured by the receiver located in offices U (upper trace), W (middletrace),
and M (lower trace) where the measurement grids are 10, 8.5, and 13.5 m away from the transmitter, respectively.

to verify that multipath profiles of the first probing pulse have
decayed before the response to the next pulse arrives at the
receiving antenna.

Fig. 4 shows the 1000 ns-long measurement, where two
back-to-back multipath measurement cycles are captured by
the receiver located in offices U, W, and M, respectively. The
approximate distances between the transmitter and the location

of these measurement grids located in offices U, W, and M are
10, 8.5, and 13.5 m, respectively. Fig. 4 also shows that the
response of the first probing pulse has decayed before the next
pulse arrives at the antenna. An excess delay on the order of
100 ns occurs in these situations.

Substantial differences in the measurement noise level at var-
ious locations throughout the building can also be observed from
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Fig. 5. Averaged multipath profiles over a 40 ns window measured at (4,1), (4,4), and (4,7) of the grid denoted by F2 in building floor plan of Fig. 2. The first
arriving signal of the top trace is shadowed by the steel core support pillar located between the transmitter and the receiver.

Fig. 4. Specifically, the multipath profiles recorded in the offices
W and M have a substantially lower noise level compared with
the profiles recorded in office U. This can be explained, with
the help of the building floor plan given in Fig. 2, by observing
the following. Office U is situated at the edge of the building
with a large glass window and is subject to more external inter-
ference. Offices W and M are situated roughly in the middle of
the building. Furthermore, office W is situated in the vicinity of
room R and office M is adjacent to room R which is shielded
from electromagnetic radiation. Therefore, most of the interfer-
ence from radio stations, television stations, cellular and paging
towers and other external electromagnetic interference (EMI)
sources is attenuated by the shielded walls and multiple layers
of other regular walls. In general, an increased noise floor is ob-
served for all the measurements made in offices located at edges
of the building with large glass windows.

Fig. 5 shows the measurements at (4,1), (4,4), and (4,7), i.e.,
three different positions one foot apart along a horizontal line
of the grid, denoted by F2 in Fig. 2. Note that the receiver and
transmitter are located in the same room. It can be seen in Fig. 5
that the first arriving peak of the signal level increases as the re-
ceiving antenna moves from (4,1) to (4,7). This can be attributed
to the shadowing by the steel core support pillar located between
the transmitter and the receiver as seen in the building floor plan
of Fig. 2.

Fig. 6 shows the 40 ns long averaged multipath profiles
measured at the center of the measurement grid at position
(4,4) in offices P, H, and B. The approximate distances between
the transmitter and the receiving antenna positions in offices P,
H, and B are 6, 10, and 17 m, respectively, representing typical
UWB signal transmission paths for the “high signal-to-noise
ratio (SNR),” “low SNR,” and “extreme low SNR” environ-
ments as we have named them. Notice that the first arriving
multipath component isnot always the strongest multipath

component. A total of 741 different multipath profile measure-
ments are made at various locations (12 different rooms with
49 locations/room, 2 49 locations in the lab, 21 locations in
the shield room, and 34 locations around the hallways).

D. Miscelleneous Results

To understand the effect of office doors, two multipath pro-
files were recorded at the same location in office B. One profile
was recorded with the office door open and the other with the
office door closed, however no noticeable difference between
these two situations was observed in this experiment.

The effect of microwave oven leakage is observable. There
were two microwave ovens located in break room M and one
located in supply room Q. Some multipath propagation mea-
surements were made while either of the microwave ovens was
operating. It was observed that microwave ovens significantly
corrupt the multipath profile measurements even when the
receiver is located several meters (and a few walls) away from
the operating microwave oven.

The effect of a large computer monitor was also considered.
When the receiving antenna was placed near a large computer
monitor in office C, a slight increase in noise floor was observed
when the computer monitor was turned on.

III. CHARACTERIZATION OF THE UWB PROPAGATION

CHANNEL

A statistical characterization of the propagation channel often
is useful in communication systems engineering, e.g., in de-
riving optimal reception methods, estimating the system perfor-
mance, performing design tradeoffs, etc. In this section, char-
acterization of the UWB propagation channel is done, based
on 741 measured multipath profiles described in Section II-C.
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Fig. 6. Averaged multipath profiles over a 40 ns window measured at the center of the measurement grid in offices P (upper trace), H (middle trace), and B(lower
trace). The positions of the receiving antenna in offices P, H, and B are located 6, 10, and 17 m away from the transmitter, respectively, representing typical UWB
signal transmission for the “high SNR,” “low SNR,” and “extreme low SNR” environments.

Each measured multipath profile or received signal can
be written as

(1)

where represents the receiver noise as well as the unde-
sired interference. The quantity is the channel response
to the transmitted UWB signal in the absence of undesired inter-
ference and receiver noise.2 For the case of free-space propaga-
tion (absence of multipath) , where
is the ideal received waveform, and models the free-space
path loss. The parameterindexes the outcome of the stochastic
environment , where with
and .3 The stochastic environment in the context of
this paper is a measurement experiment performed in an office
building, where denotes aparticular obser-
vation, denotes the channel response to the trans-
mitted UWB pulse at aspecificposition inside an office, and

is theobservationnoise. Since the measurement
process of is carried out using a DSO, the measurement
noise can be modeled as additive white Gaussian noise
(AWGN).

The UWB radio design problem is closely coupled to de-
tails of the channel characterization. For example, in a known
channel with AWGN and no intersymbol interference, an op-
timal UWB radio should perform coherent detection of the pos-
sible received data signals. Therefore, the optimum synchronous
receiver is a matched filter or correlation receiver [60] in which
correlator reference signals are constructed from copies of the

2The UWB signalss(u ; t) in this experiment occupy a wide bandwidth
centered around 1 GHz. The recent ruling [58] by the United States Federal
Communications Commission restricts UWB communication activity to the fre-
quency band between 3.1 and 10.6 GHz. This difference in band occupancy
should be considered in using the results contained herein.

3The product space
 can be defined rigorously [59].

noise-free pulse-response function of the channel in the
same way that the transmitted modulation is constructed from
copies of the transmitted pulse .

For a specific observation in the presence of mul-
tipath, the question of channel characterization from a Rake re-
ceiver design viewpoint is how well one can match the signal

with a template consisting of a linear combina-
tion of delayed versions of a synthesizable waveform . Note
that fundamental building block of a UWB receiver ide-
ally should resemble the shape of waveforms received over a
single propagation path.4 Specifically, the template waveform
built into the receiver for use in Rake correlator structures is
modeled as [63], [64]

(2)

The parameters and are modeled as random vari-
ables with and .5

Characterizations of the propagation channel can be sepa-
rated into two categories, namely (A) non model-based charac-
terizations and (B) model-based characterizations. Both of these
approaches will be considered in the following sections.

A. Non Model-Based Multipath Channel Characterization

As the name implies, non model-based channel characteriza-
tion is carried outwithout using a specific modelfor the mul-
tipath channel. There are no models used or assumptions made
about the structure of the signal (such as (2) that resulted
from specular multipath propagation).

4Even under ideal free-space propagation conditions, the received waveform
may not look like the waveform driving the transmitting antenna. For examples
of such transmission effects, see [61], [62].

5The usual notation for = (�1;+1) and = [0;+1) is used.
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TABLE I
SIGNAL QUALITY STATISTICS

1) Robustness of the UWB Signal in Multipath:Robustness
of the UWB signal to multipath can be assessed by measuring
the received energy in various locations of the building relative
to the received energy at a reference point. Mathematically, the
signal qualitycan be defined as

(3)

The received energy at a specific measurement po-
sition is given by

(4)

where is the measured multipath profile at the position
(e.g., at a particular location ( ) in the measurement grid)

and is the observation time (300 ns). The reference energy
is chosen to be the energy in the LOS path measured by

the receiver located 1 meter away from the transmitter.
The variable is calculated for the measurements made

at 741 different locations in the building of Fig. 2. First and
second-order local statistics of the signal quality are calculated.
That is, the mean and variance of the signal quality based on
measurements at collections of spatial sample points in each
room are estimated by

(5)

and

(6)

where is the set of measurements within a room and
.6

Table I shows the estimates, of the mean and standard de-
viation of the signal quality in each room, based on the samples
taken in that area. The histogram and cumulative distribution
function (CDF) of the signal quality for measurements made in
these locations are shown in Fig. 7. This data indicates that the
signal energy per received multipath waveform varies by at most
5 dB as the receiving position varies over the measurement grid
within a room. This is considerably less than the fading margin
employed in most narrowband systems, and indicates the po-
tential of UWB radios for robust indoor operation at low trans-
mitted power levels.

2) All Rake Receiver:The ultimate goal of a Rake receiver
is to construct correlators or filters that are matched to the set of
received symbol waveforms corresponding to a train of trans-
mitted pulses. If the propagation measurement process is car-
ried out by sounding the channel with the same pulses and the
same antennas from which an UWB communication system
constructs its transmission signal, then, the measurements can
be used directly to estimate the performance and to determine
the various design aspects of an UWB communication system.

Imperfect construction of the synthesized waveform
in a UWB Rake receiver can degrade the performance of the re-
ceiver. These imperfections can be attributed in part to practical
hardware constraints which limit the finite number of correlators

6If the received signal energiesE (u) are random samples from normal
families, it can be shown that these estimates are functions of complete sufficient
statistics. Then by the Lehmann-Scheffé theorem [65], the estimates given by
(5) and (6) are unique uniformly minimum-variance unbiased estimates.
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Fig. 7. The histogram (upper plot) and cumulative distribution function (lower plot) of the signal quality based on 49 spatial sample points (except 21 spatial
points for room R and 34 spatial points for hallways) in each room. A total of 741 measurements are used in these plots.

available in a Rake receiver architecture.7 The degradation due
to the multipath channel can be separated from the effect of
imperfect construction of the synthesized waveform by con-
sidering theall Rake (ARake) receiver. The ARake receiver
is a Rake receiver with unlimited resources (correlators) and
instant adaptability, so that it can, in principle, perfectly con-
struct matched filters or correlator reference signals that are
identical to the set of received symbol waveforms. Although this

7This issue is closely related to the design of “selective Rake” receiver archi-
tectures [66]–[72] and is addressed in the next section.

is not practical, an ARake receiver serves as the best case (bench
mark) for Rake receiver design.

The performance of any ideal synchronous receiver operating
over a single-link AWGN channel depends on the autocorre-
lation matrix of the signal set. When the multipath spread is
much less than the pulse spacing during transmission, the effect
of intersymbol and interpulse interference is negligible and,
hence, this autocorrelation matrix and an appropriately defined
SNR are the only quantities determining the performance of an
optimal receiver. Hence, the performance of such a perfectly
synchronized UWB ARake receiver in a multipath environment
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Fig. 8. Joint normalized plot of 49 differentR (�) functions obtained in room P. The transmitter is approximately 6 m from the receiver representing typical
UWB signal transmission for the “high SNR” environment.

can be predicted by computing the autocorrelation function
of a noise-free channel response

(7)

and appropriately sampling this function to construct the auto-
correlation matrix of the signal set used by the UWB radio [73].
In an ideal channel (in the absence of multipath), the correlation
function is given by

(8)

where is the sounding signal seen at the receiving antenna
output in the absence of multipath. As pointed in Section II-C,
measurements made in the offices located in the interior part
of the building have a lower noise floor. Furthermore, aver-
aging the multipath profiles that are sequentially collected at a
fixed location effectively suppresses the observation noise. In
this case . Then, becomes

(9)

The function is computed for each of the 741 dif-
ferent measurement locations using the approximation (9). Its
local variation can be assessed by jointly displaying the normal-
ized plot of different functions for the 49 measure-
ment points in each room. Fig. 8 shows the normalized plots
of different functions in room P. This illustrates a
typical ensemble of autocorrelation functions that must be con-
sidered in choosing a data modulation technique. As one would
expect, when normalized to equal energy these correlation func-
tions look approximately the same for values of the shift param-
eter less than a transmitted pulse width (1 ns). However,
these correlation functions vary considerably for larger values
of because the set of differential path delays varies for dif-

ferent points on the measurement grid. This implies that the au-
tocorrelation matrix of the signal set used by the UWB radio is
a random matrix with entries consisting of various samples of
the correlation function.

For values of larger than the transmitted pulse width, these
plots of may look quite different for different rooms.
For the pulse used to sound rooms and produce the curves of
Fig. 8, a reasonable amount of time shift for 2-level pulse po-
sition modulation (PPM) is the location of the first aggregate
minimum next to the peak in these curves, i.e., roughly 0.5 ns.
Notice that the performance prediction [for example, bit-error
probability (BEP)] will vary somewhat from position to position
within the measurement grid since the autocorrelation matrix of
the signal set is a random matrix with varying entries from po-
sition to position. This technique of using measured multipath
profiles to evaluate signal designs has been used to compare the
BEP performance of different possible 4-ary PPM designs [74].

B. Model-Based Multipath Channel Characterization

Channel characterization for Rake receiver design can be
carried out using aa finite specular-multipath channel model

given in (2) for the signal . This model is
used by the receiver in its construction of the Rake signal
processor with fundamental building block waveform .
The actual environment that creates the multipath signal may
not realistically be viewed as containing only reflectors and,
hence, the model cannot perfectly represent .

In general, the number of resolvable path components in a re-
alistic dense multipath channel (especially in an indoor channel)
is roughly proportional to the transmission bandwidthand
the excess delay of the channel. While the product may
be large for a UWB signal transmission, only a small fraction of
these resolvable multipath components may be necessary in the
receiver’s signal model to ensure the utilization of a reasonable
fraction of the energy available in a received symbol waveform.

1) A Specular Multipath Channel Model:An efficient Rake
receiver using a specified number of correlators,, is based on
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Fig. 9. A typical idealized received waveform as a function of
time in nanoseconds. The model used in this plot isw(t + :35) =
[1 � 4�(t=� ) ] exp[�2�(t=� ) ] with � = 0:2877, which is assumed
to be reasonably well matched to the isolated paths in the whole ensemble of
measured received waveforms.

a specular -path model for the channel that best matches the
waveform . The number is proportional to the com-
plexity of receiver’s demodulator. In the existing literature, this
is typically accomplished by discretizing the delay axis into bins
of width seconds. If the integrated power, within the in-
terval of delay bin, of the received signal exceeds the
chosen minimum detectable signal threshold, a multipath com-
ponent with magnitude is said to exist at delay . The

paths corresponding to the largest values ofmay then be
chosen as the dominant paths [28].

The number of multipath components also influences the
choice of channel modeling techniques. If the number of mul-
tipath components is small ( 5), then, they can be attributed
to obvious reflecting objects in the radio system environment,
and a ray tracing model based on the building geometry is a
plausible choice. On the other hand, ray tracing techniques
becomes site specific and their computational complexity
becomes a burden when the number of multipath components
is large [28].

In this paper, a modeling approach motivated by Rake receiver
design is used, i.e., it is desired to model the received multipath
profile by [see (2)], a finite linear combination
of delayed versions of a basic waveform . A shape often
used as a model of the waveform is shown in Fig. 9,
although this waveform can vary considerably, depending on
the antenna design, the excitation used in the transmitter, and
the relative optimality of the receiver processing. Here, it
is assumed that the shape of is reasonably similar to
the isolated path signals in the whole ensemble of measured
received waveforms.

The ARake receiver is not realizable. In fact, as the resolution
of a radio system becomes finer, performance approaching that
of an ARake receiver becomes more difficult to achieve because
of the increased number of paths required in a specular model.
Complexity and performance issues have motivated studies of
selective Rake(SRake) receivers that process only asubsetof
the available resolved multipath components [66]–[72]. These
receivers diversity combine the outputs of a fixed number of
correlators, each selectively locked to a different resolved signal
path. Of course the delay and amplitude parameters of each se-
lected path in the model must be estimated by the receiver’s
Rake processor.

2) The Optimal Multipath Detector:Given a specific
received signal over an observation interval [0,) and a
fixed value of , the objective of a SRake processor is to find
the “best” values of and , such that the
synthesized template is well
matched to the received waveform .

In this paper, the maximum-likelihood (ML) technique is con-
sidered as the optimality criterion. For a given, let and
be the amplitude and the delay vectors, with dimension ,
defined by

...
and ...

(10)

Since is modeled as AWGN, the ML criterion is equiva-
lent to a minimum-mean-squared error (MMSE) criterion. Thus,
the ML estimates of the amplitude vector and delay vector

based on a specific observation are the values
and which minimize the following mean-squared error

(11)

The minimum value of the above mean-squared error is denoted
by .

The ML estimates of the delay vectorand amplitude vector
are derived in Appendix A as

(12)

and

(13)

where is the correlation matrix given by (20). The vector
is given by

...
(14)

where the entries of can be interpreted as the correlation
of the received signal with at different hypothesized
delays.

For a wide bandwidth transmission channel, it is often as-
sumed that the propagation channel is separable, i.e.,

for all (15)

where the width of . Under the assumption of a sep-
arable multipath channel, the ML estimates of and
based on are derived in Appendix B as

(16)

and

(17)

where , and the elements of satisfy the
condition given in (15). The is the component of the
vector given by (14). Note that the ML estimates of
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Fig. 10. The number of single-path signal correlators in a UWB Rake receiver
as a function of percentage energy capture for received waveforms in an office P
(upper plot) and H (lower plot) representing typical “high SNR” and “low SNR”
environment. In each plot, 49 measurement waveforms are used.

and result in decoupled solutions under the assumption of
a separable multipath channel.

3) Performance Measure and Results of the ML Multipath
Detector: The performance of the multipath detector can be
measured in terms of the quantityenergy capture. Energy cap-
ture as a function of for each observation is defined
mathematically as

(18)

where is the total energy in the received waveform
given by (4). Equation (18) can be interpreted as the

fraction of the received waveform energy captured by the UWB
SRake receiver consisting ofsingle-path signal correlators.

Energy capture as a function of the number of single-path
signal correlators is computed for each received waveform
measurement. This can be used to estimate the performance of a
selective Rake receiver with coherent diversity combining of
correlator outputs, each correlator matched to a basic building
block waveform . The number of required correlators
in a UWB SRake receiver versus percentage energy capture
is plotted in Fig. 10, based on the ML estimators given in
(16) and (17), for each of the measured channels in offices

P and H representing a typical “high SNR” and “low SNR”
environment.8 In generating this figure, we have used as
the average LOS component extracted from the “clean” pulse
measurements in Fig. 3. Recall from Section II-C that the first
10 ns of the recorded waveforms in Fig. 3 represent a clean
pulse arriving via the direct LOS path and are not corrupted by
multipath components.

Note in Fig. 10 that the amount of captured energy increases
rapidly as the number of correlators increases from 0 to 50.
However, this improvement becomes gradual as the number of
correlators increases from 50 to 100. Beyond this point, only
a negligible improvement in energy capture can be made. Be-
cause of complexity constraints in practice, UWB SRake re-
ceivers are designed to operate in the regions where the increase
in energy capture as a function of the number of correlators is
rapid. Fig. 10 also suggests that the number of dominant spec-
ular multipath components is expected to 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 five.

While the multipath model which motivates the model-based
characterization in Section III-B may be questioned, the signal
strengths identified by correlation with are based on actual
measurements. These can be used to predict the performance of
a simple binary PPM with the same transmitted pulse shape, run-
ning over the same measured channel, and using a correlation re-
ceiver with the template waveform . The curves in Fig. 11
indicate the projected BEP performance of such UWB SRake
receiver as a function of SNR and the number of single-path
signal correlators implemented (i.e., “paths” tracked). It is as-
sumed that the receiver chooses the delays and amplitudes to
optimize performance using (16) and (17). That is, the UWB
PPM SRake receiver with the pictured performance implements
a maximum-energy-capture algorithm for a given numberof
correlators. Notice that there is a somewhat wider spread be-
tween the and in the low SNR case in Fig. 11,
indicating that there is slightly more to be gained for large.
The SNR offset between a curve in the low SNR environment
and the corresponding curve in the high SNR environment can
be determined roughly from the data of Table I or Fig. 7.

IV. CONCLUSION

The signal propagation experiment described here was per-
formed in a typical modern laboratory/office building to charac-
terize indoor UWB signal propagation channels. The bandwidth
of the signal used in this experiment was in excess of 1 GHz,
resulting in a differential path delay resolution of less than a
nanosecond without special processing. Robustness of the UWB
signal to fades is quantified through histograms and cumula-
tive distributions of the signal quality in various locations of
the building. The results demonstrate that a UWB signal in this
environment does not suffer deep fades and that UWB radios

8The “usual” separable channel assumptions given in (15) may not always be
valid, even in the case of UWB transmissions channels. However, the ML esti-
mators derived under this assumption are used in computations for simplicity.
The optimal solution in the case of nonseparable multipath is computation in-
tensive. One suboptimal approach in this case is to use the CLEAN algorithm,
and an example of its application to UWB propagation channels can be found
in [36].
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Fig. 11. BEP performance of selective Rake receiver in an office P (upper plot) and H (lower plot) representing typical “high SNR” and “low SNR” environment.
In each plot, 49 measurement waveforms are used.

have the potential for robust indoor operation at low transmitted
power levels.

ARake receivers and SRake receivers have been discussed.
The ARake receiver serves as the best case (bench mark) for a
Rake receiver design and lower bounds the performance degra-
dation caused by multipath. Typical ensembles of ARake auto-
correlation functions suggest that multipath places some limit
on the ability to extend PPM techniques to the-ary case.
These results must be taken into account when designing data
modulation schemes that provide robust, simple, high-rate com-
munication capability in the presence of multipath.

Multipath components of measured waveforms are deter-
mined using a ML estimator which is based on a separable
specular multipath channel model. Energy capture (and,
consequently, BEP for an SRake receiver using a maximum-en-
ergy-capture policy) as a function of the number of single-path
signal correlators used in an UWB SRake receiver shows that
the number of dominant specular multipath components is
typically less than 50 for UWB signal transmissions in a typical
modern laboratory/office building. On the other hand, the
number of dominant specular multipath components is much

larger than five, which suggests that ray tracing techniques may
not be feasible for these UWB indoor wireless communications
channels.

The results for model-based characterization presented
in Section III-B are based on the simple template structure
suggested by the specular model given in (2). However, more
complicated template structures are possible at the expense of
receiver complexity. One such example is the use of a family of
basic building block waveforms and determination
of the “best” choice of such that
the synthesized waveform is
well matched to the received waveform .

APPENDIX

ML M ULTIPATH DETECTOR

It can be shown that the ML estimates of the amplitude vector
and delay vector are the values and thatminimize

the statistic

(19)
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The correlation matrix is a function of and is given by

...
...

.. .
...

(20)
with each entry of the matrix is

(21)

The vector is given by

...
(22)

where the components of can be interpreted as the cor-
relation of the received signal with at different hy-
pothesized delays. Let

(23)

Then, adding and subtracting the quantity
, and regrouping like terms, gives

(24)

Note that and are nonnegative quadratic forms within-
dependent of the choice of, so that is minimized when

by choice of , and

(25)
is maximized over . The condition implies that

(26)

Therefore, ML estimates of the delay vectorand amplitude
vector are

(27)

and

(28)

APPENDIX

ML M ULTIPATH DETECTOR FOR ASEPARABLE CHANNEL

When the propagation channel is separable, then
for all and the correlation matrix becomes

...
...

...
...

where . Note that is independent of
in this case and simple matrix manipulation shows that

(29)

where

(30)

Therefore, the ML estimates of and based on a
specific observation become

(31)

and

(32)
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