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Abstract— One of the potential benefits of the UWB radio
is its multipath resolution. The implications are multipath
components which might not be resolved as distinct arrivals
in more narrowband systems, may be separately identified
in UWB systems. This paper explores some of the propaga-
tion characteristics associated with UWB signals, based on
measured data.

I. INTRODUCTION

P OTENTIAL applications for ultra-wideband (UWB)
systems include those where wireless communication in

dense multipath environments is required. These are envi-
ronments where the fine-time resolution and reduced signal
level fluctuations of received UWB signals may prove to be
advantages over more narrowband communication wave-
forms [3],[8], [9]. Given the available multipath resolution,
it is of interest understand the gains available through the
use of diversity techniques. A temporal characterization of
diversity in the UWB propagation channel has been accom-
plished through the use of rake receivers [10],[2]. The work
reported here initiates the development of channel models
which incorporate the angle-of-arrival as well as the time-
of-arrival of the multipath signal components in the UWB
propagation channel.

This paper begins with a discussion on channel statistics,
using measured indoor UWB propagation data. The first
and second moments of the temporal and angular power
distributions for several indoor UWB channels are calcu-
lated. Next, under a definition of diversity as the abil-
ity to overcome transient blockages in the signal paths, an
attempt is made to determine the angle at which the re-
ceived signal components were transmitted, based upon the
received angle, the known line-of-sight (LOS) path length
and the propagation distance of the signal component.

II. PROPAGATION EXPERIMENT

For the purpose of characterizing the indoor UWB prop-
agation channel, a channel sounding experiment was con-
ducted in an office building. Briefly, a transmitter was
placed at a fixed location in an office building, while a re-
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ceiver was moved to a number of different points. At each
location, 49 sets of data were collected on a 7X 7 planar
grid of sensors with 6-inch inter-sensor spacing.

The floor plan is shown in Figure 1 with rays drawn to
indicate the LOS path from the transmitter to the receiver
for the four sets of received data that will be discussed
below. Concentric circles at one meter increments in the
radius are shown as an overlay. Further details of the mea-
surement experiment can be found in [10].

A delay-and-sum beam former was applied to the mea-
sured array of data, followed by a processing algorithm
defined in [1] as Sensor-CLEAN, generating information
on the time-of-arrival (TOA) and angle-of-arrival (AOA)
of the multipath components. As in [1], ~ was selected as
0.10 for the results presented here. The time resolution of
these results is determined by the sampling rate of 20.48
Gsamples/second at which the measurements were taken.
The beamformer output was calculated for each available
time sample, at one degree increments in azimuth angle.
The angular resolution of the techniques employed here,
or minimum separation in angle at which coincident pulses
can be identified as distinct, is limited by the dimension of
the measurement array aperture to approximately 16°.

III. INDOOR UWB CHANNEL STATISTICS

A. Definitions

In order to characterize the indoor UWB channel, the
definition of several quantities is required. First define the
SNR of a received UWB signal as

SNR = 1(Ilog ‘:~: ‘2 (n’ ‘) ~B
f+

(1)

where s (n, 0) is the beamformer output corresponding to
the largest incident signal, normalized by the number of
contributing sensors, lV is the number of time samples
where the signal is assumed to be nonzero, 6 is the angle-of-
arrival and o’ is the variance of the noise floor. According
to this definition, n = O then corresponds to the leading
edge of the incident signal. For the results presented here,
a UWB channel will be defined by the SNR of the LOS
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Fig. 1. Floor plan of building with rays indicating LOS paths

path. Typical parameters by which the temporal and spa-
tial distribution of signal energy is characterized include
the first moment and the root of the second moment of the
power delay profile. Assuming discrete time signals these
moments are defined for the received signal on the kth sen-
sor, r (n, k), as [5]

(2)

The delay spread is often reported as the median of a col-
lection of measurements [5]. The spatial distribution of the
signal energy can be measured by the first and root second
moments of the received angular profile, [4],

(4)

where ,B~is the amplitude of the signal component incident
from angle k. Equation (4) is referred to as the power-
weighted average AOA, and equation (5) is called the RMS
AOA. Note that the angular spread must be defined over
some measurement window in time, and ,@ then can be
interpreted as the energy accumulated at angle k during
the timewindow.

B. Application to measured data

Considering the measurement from the transmitter to
location Pin the floor plan, a scatter diagram of the arrival
locations in time and angle is shown in Figure 2. Here, the
LOS path is incident at an azimuth angle of 49° and a time
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Fig. 2. Recovered signal AOA and TOA information for location P

of 20.8 ns, followed immediately by multipath components.
The distance between the transmitter and the center of
the receiver array can be approximated from the arrival
time of the LOS path and a separate measurement taken at
a known 1 meter separation between the transmitter and
receiver. This then takes into account any delays in the
circuitry or the cables. Using this technique, the distance
between the transmitter and the center of the receiver array
in room P is determined to be approximately 5.47 meters.
The signal-to-noise ratio can be determined according to
equation (1) as 27.4 dB. These measurements can be seen
to correlate well with the floor plan. For the signal arrivals
in Figure 2, the median RMS delay spread, aT,me~, where
the median is taken over the 49 sets of data in the array,
is 50.1 ns. The median value of the average delay spread,
calculated over the 49 sets of data, is ~k,med= 64.8 ns. In
[6], median RMS delay spread values between 25 and 50 ns
were reported for narrowband propagation measurements
in an office building at 1.5 GHz. The angular spread is
calculated as a single value for the entire time window.
This does not provide any indication of variations in this
quantity as a function of time. For this case, the average
angular spread is calculated to be ~=71 .6°and the RMS
angular spread is o+=66.70. Note that these quantities are
weighted by the amplitude of the incident signal, which is
not shown in the scatter diagram.

The next measurement is for data received at location
F2, approximately 5.61 meters from the transmitter. The
SNR for this case was determined to be 34.3 dB. The scat-
ter diagram for the detected arrivals is shown in Figure 3.
As mentioned above, the transmitter and receiver were lo-
cated in the same room with a steel pole between them, just
to the left of the LOS path. The LOS path is incident upon
the geometric center of the array at 21.3 ns after the start of
the data collection, from an azimuth angle of -157°. As can
be seen from the figure, this pole tends to shadow the array
from arrivals in a number of directions. The median RMS
delay spread for this channel is calculated as VT,~ed=44.9
ns, comparable to the measurements made at location P.
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Fig. 3. Recovered signal AOA and TOA information for location F2. Fig. 4. Recovered signal AOA and TOA information for measurement
at location H

The median of the average deIay spread is ~~,~.d=58.6
ns. Note that the difference in ~~,m.d between this set of
measurements and the previous set, where the LOS path
lengths are similar, indicates that a larger percentage of
the received signal energy is concentrated in the earlier
arrival times. Considering the angular statistics, the aver-
age azimuth power-weighted angle-of-arrival is ~=-162. 1°,
which is close to the azimuth angle at which the LOS path
arrives. The RMS angular spread is O@ =30.9°, a much
smaller value than that obtained in the previous case.

The next set of data was measured at location H in the
floor plan, and corresponds to a SNR of 21.5 dB. The trans-
mitter and receiver are separated by approximately 10.21
meters, including several walls. The largest signal compo-
nent impinges on the array at 40.6 ns after the start of data
collection, from an azimuth angle of 159°. The scatter di-
agram corresponding to this scenario is shown in Figure 4.
Here, the median RMS delay spread is 52.6 ns, while ~k,~.d
is equal to 95.5 ns. As far as the angular information, the
average azimuth AOA is given by ~= 157.8°and the RMS
angular spread is CT4=20.8”. Once again, ~ is close to the
angle at which the largest signal component arrives, and
O@is actually smaller that in either of the two cases above,
perhaps due to the longer propagation distance and the re-
ceiver therefore being situated further away from some set
of scatterers.

The final case considered here corresponds to a much
lower SNR of 7.9 dB. For this set of measurements, the re-
ceiver was located at position B, a distance of 16.9 meters
from the transmitter, with several walls separating them.
The delay spread numbers are calculated as ~~,~.~=126.4
ns and uT,med=73.g ns. The larger vaIue of Tk,ned can be
attributed in large part to the distance between the trans-
mitter and the receiver, while the increase in CT,~ed can
be explained by the lack of a dominant LOS signal com-
ponent, resulting in a more uniform spread of the received
signal energy as a function of time. In terms of the angular
characteristics, ~=- 165.1°, and the RMS angular spread is
~+ =30.2°.
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Fig. 5. Recovered signal AOA and TOA information for measurement
at location B

Table 1 summarizes the temporal and angular informa-
tion presented above. From this table and the discussion
above, it is seen that although there appears to be a rough
correlation between the parameters and the SNR or propa-
gation distance, the strongest dependence is on the geome-
try of the situation. This is similar to the narrowband case
[4] and makes the properties difficult to predict without
taking into account the floor plans.

7.9 126.4 73.9 -165.1 30.2

Table 1. Summary of propagation statistics

C. Distribution Functions

A goal of this research is to develop statistical measures
against which radio algorithms can be tested. As a prelimi-
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Fig. 6. CDF for energy arrival in room P

Fig. 7. CDF for energy arrival at F2

nary result, the cumulative distribution function (CDF) for
the arrival of signal energy is calculated from the multipath
arrival information. For an angular increment of AtJ and a
sampling frequency of & seconds, this CDF is calculated

according to

42.24
57,37
72.51
87.65

; 102.79
~ 117.92
Q-133.06
3,? 148.20
$163,33

kn

F(@=kAO, t=nAt)=~~~@(m,j) (6)
J=o T7w=o

where k = O,... )K– 1,n= 0,..., il, l, ~ is the amplitude
of the component found at time m and angle j, and E isthe
value resulting from allowing the summations to run over
all time samples and angles. An assumption is made here
that the energy in the received waveform does not vary as
a function of the arrival time or angle. Figure 6, Figure 7,
Figure 8 and 9 show the CDF for the arrival of signal energy
for each of the four cases considered above, respectively. As
above, it appears that the geometry of the situation has
a stronger affect on the shape of the function than does
other parameters such as distance from the transmitter to
the receiver.
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Fig. 8. CDF for energy arrival in room H
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Considering the applications for UWB radio mentioned
above, it is of interest to examine diversity algorithms for
these systems. In particular, for the indoor environment,
a useful performance measure is the ability of UWB com-
munication systems to overcome transient blockages in the
received signal paths, through the coherent addition of mul-
tipath signal components in a rake-type receiver. Given this
measure, the resources required to maintain communica-
tions with a certain probability can be calculated.

Consider the transmitter and receiver pair shown in
Figure10,where the ellipse describes all paths of iden-
tical propagation length corresponding to a single reflec-
tion. Let 8T represent the angle at which a signal compo-
nent emanates from the transmitter, and let 6R represent
the received angle. Given OR, the signal propagation dis-
tance and the LOS propagation distance, the angle & at
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Fig. 9. CDF for energy arrival in room B
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Fig. 10. Ellipse which describes signal reflection

which the component emanates from the transmitter can
be uniquely determined, based on the assumption of a sin-
gle reflection. In general, the greater the angular spread of
distinct paths between the transmitter and the receiver, the
greater the probability of overcoming a transient blockage
in the signal path, or equivalently, the lower the probability
that all paths are not available. Denote the LOS propaga-
tion distance by dms, and the total propagation distance
of the signal by d = dl + dz. The eccentricity of the ellipse
is then given by e z dLoS/d. Defining

‘=05(+$9
the distance d2 can be calculated according to,

d2 =
1

1 – e cos (OR)

The angle 8T is then given by,

& = COS-l (dLos –dz COS OR

d–d2 )

(7)

(8)

(9)

where this angle must be reflected about the major axis of
the ellipse if OR is negative.

In practice, the utility of this approach is limited by
the lack of an analytic technique for discriminating signal
components arriving at the receiver after a single reflec-
tion from those corresponding to multiple reflections. At
present, correlating the calculated locations of the reflec-
tors against the floor plan given above seems to be the best
technique. Also, it remains to include elevation angle in the
descriptions offered above. For the first set of data above,
the location of the reflections determined by this technique
are shown in Figure 11. The transmitter is located at the
origin of the coordinate system, and the calculated location
of the reflections are indicated throughout the building.

V. CONCLUSIONS

In this paper, measures describing propagation in the in-
door UWB channel were given for several different channels
in order to characterize typical results. More channels must
be considered in order to generate any statistically signifi-
cant conclusions. Ultimately, it is of interest to assess the

Fig. 11. Calculated locations of signal reflections, overlayed on the
floor plan

performance of spatial diversity algorithms in the indoor
UWB propagation channel, in particular, to calculate the
probability of overcoming transient blockages through the
use of multiple signal paths.
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data utilized in this paper.
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