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A multitude of applications would benefit from precise
indoor navigation. Anywhere from automating storage in
warehouses to tracking firemen in hazardous
environments would make such an endeavor worthwhile.
Some server-based GPS systems, like SnapTrack,
already claim some navigation capabilities indoors.
However, such systems are in general accurate to within a
few tens of meters. Furthermore, pseudolites have been
deployed for indoor use. Although some experimental
setups show decent navigation performance, there is a
question of whether GPS has a “good enough” signal
structure for such applications in the first place.
Spread spectrum pseudoranging is susceptible to
multipath that is less than one chip width away from a
direct path ray. In the case of GPS C/A-code, the chip
length is about 300 m. Obviously, most indoor signal
reflection delays would be significantly shorter than that
distance.
Ultra-WideBand (UWB) technology is built around
transmitting short discrete pulses instead of continuously
modulating a code onto a carrier signal. Such pulses
typically last only 1-2 ns, and one can distinguish pulses
that are more than 1-2 ft apart. Thus, making UWB
systems robust to multipath delays of more than one pulse
width.
We measured the impulse response of the RF channel at
the Stanford University LAAS Laboratory. This paper
quantifies that multipath channel in terms of average
delay and delay spread. We found several cases where
multipath components were stronger in magnitude than
the direct signal. Whereas such an environment would
bias pseudorange measurements of GPS C/A-code, a
properly designed UWB system could resolve most
multipath and accuracy would degrade more gracefully
than for GPS.

Introduction
Spread spectrum signals, such as the GPS C/A-code, are
robust against many forms of interference. The process of
correlation strongly suppresses the effects of one
C/A-code on another. Similarly, the auto-correlation
function of a C/A-code has one peak that is more than
20 dB stronger than any sub-peak.
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Figure 1: C/A-code spectrum
However, multipath components that occur within the
correlator peak may well result in code phase errors.
Several approaches are used to reduce the effects of
multipath. Multipath limiting antennas (MLAs) are used
in some stationary applications [1] and such antennas
suppress low elevation signal paths. Most GPS receivers
use narrow correlator techniques [2], i.e. they track high
up on the correlator peak. Such narrow correlators reduce
absolute values of multipath pseudorange errors.
Ultra-WideBand (UWB) technology emerged during
the 1960s in an attempt to characterize microwave n-ports
through their impulse response [3]. Such measurements
were done by sending very short pulses into RF devices
and looking at their transmissions and reflections at all
ports. The first UWB patent was awarded Sperry in 1973
[4]. This technology started to come of age in land mine
detection [5] and foliage penetrating radars [6] in the late
90’s. Several companies and universities are working on
communications applications (e.g. MSSI and USC’s Ultra
Lab), and even navigation applications (Æther Wire &
Location, Inc.), for UWB technology.
UWB is somewhat loosely defined as signals with
frequency content that fulfills the following equation for
fractional bandwidth [7]:

BW fractional = 2 ⋅

( f hi − f low ) > 0.25
( f hi + f low )

Eq.1

The equation does not include any carrier frequency, but
rather uses limits for higher, fhi, and lower, flow, signal
frequency content.

We further constrain UWB to be pulsed signals. In
general such pulses last 1-2 ns, and have bandwidths of
several GHz, i.e. about 1000-fold that of the GPS
C/A-code main lobe. The two figures below show typical
time and frequency domain characteristics of UWB
signals (Courtesy of Ming Luo and Dennis Akos).

Multipath envelope simulations
To strengthen our beliefs regarding multipath errors for
GPS and UWB systems, we simulated the following
single reflection scenario: Keeping both a transmit and a
receive antenna stationary, we gradually move a reflector
away from the receive antenna. The figure below shows a
block diagram of our model.
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Figure 4: Single reflection multipath model
Figure 2: Typical UWB pulse

Sout

A worst case multipath envelope for GPS is generated
when the reflection is either fully added or fully
subtracted from the direct signal on the carrier phase
level. Thus, we used the following equation for the total
received signal:
S out ( t ) = S in ( t ) + α ⋅ S in ( t − δ t )
Eq. 2
In the simulations we used a reflection coefficient, α, of
±0.5, and we swept the delay, dt, from 0 m to 300m. This
should be considered severe multipath. We correlated the
total signal, Sout, with a perfect C/A-code. Finally, we
straddled the correlation peak with two correlators 0.1
chip-width apart. The figure below shows the multipath
envelope for the given reflection coefficient and correlator
spacing.
Multipath error for GPS with 10% correlator width. Reflected power 0.5
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Figure 3: Typical UWB spectrum
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Obviously, such signals radiate inside the frequency
bands of other services, but the claim is that UWB power
density can be made so low that it won’t adversely affect
other radio systems. As of yet, this is an unresolved issue
with the FCC, although it is unlikely that UWB will be
deployed un-attenuated in frequency bands below 3 GHz.
Even though there are a few technical and political
issues involved with UWB technology, it does show great
promise for signal penetration in buildings and has an
almost infinite spectral diversity. Since UWB pulses last
about 1-2 ns, one can distinguish pulses that are more than
1-2 ft apart. In this way, multipath components outside
one pulse width can be eliminated and only ultra-in-close
reflections affect ranging.
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Figure 5: GPS multipath envelope
A similar simulation was conducted using real
measurements of a UWB sounding pulse. The UWB
pulse lasted about 1 ns, and we again invoked the concept
of correlation to find the multipath envelope. The two

correlators were spaced 0.1 pulse-width apart, i.e. 100 ps.
Figure 6 shows the UWB multipath envelope.
Delay spread

Multipath envelope UWB pulse. Correlator width 100ps. Reflected power 0.5
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Figure 6: UWB multipath envelope
Whereas our simulations predict a worst case
pseudorange error of ±6 cm in the UWB case, the
corresponding GPS error is nearly ±8 meters.

Background
The field of digital communications deal with bit-error
rates and bit-energy to noise ratios. Multipath may lead to
inter-symbol interference (ISI) as well cause fading by
destructively subtracting from a direct path signal.
However, multipath is used constructively in Rake
receivers [8] to capture more energy to better determine
correct bit values.
Whereas communication systems require signals to
carry enough energy to a receiver, GPS-like navigation
systems also require time of transmission and time of
arrival information. Absolute delays between transmitters
and a receiver must be determined in order to calculate
user position. Thus, a multipath channel may adversely
affect positioning availability through signal fluctuations
(fading), as well as accuracy through biasing pseudorange
measurements.

The environment that a signal passes through from a
transmitter to a receiver is referred to as the channel.
Mobile Cellular Communications provide ample theory
and measurement techniques for modeling signal
propagation [9]. Signal channels are frequently described
using the following parameters:
Average delay
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Figure 7: Sample impulse response w/ average delay
and delay spread.

Channel modeling

∞

Average delay describes mean travel time of a signal
from a transmitter to a receiver. Delay spread is a metric
of how much that signal is diluted in time. Doppler
spread tells us how signal energy smears out in frequency
in situations where the environment and/or the
transmit/receive antennas move. All measurements in this
paper were conducted with both antennas and
environment in static configurations, so Doppler spread is
zero. Whereas average delay is analogous to the
statistical parameter of mean, delay spread and Doppler
spread compares to standard deviation (Power density
function, P(t) or P(f), vs. probability density function).

Power density (dB)
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Eq. 3

Rms. values for several point-measurements of the
above parameters can be taken to describe the propagation
environment over a larger area.

Measurement setup
Three main techniques exist for measuring
radio-channels:
sounding
pulses,
S-parameter
measurements and frequency sweeping correlators. We
had equipment readily available for the two first
approaches, and we tested both techniques.

UWB sounding pulse

Measured waveform. X = 21, Y = 6
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We connected a Hyperlabs HL9200 UWB pulser to a
Tektronix 2021 Arbitrary Waveform Generator (AWG).
The output of the pulser was connected to a UWB antenna
through a JCA UWB amplifier. On the receiving end we
used similar antennas and amplifiers, but in opposite
order. The RF front-end output was then hooked up to an
Agilent 86100a fast sampling oscilloscope with an Agilent
54754a TDR/TDT module. The pulser was triggered
from the AWG, which also provided a synchronization
pulse to the oscilloscope.
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Figure 10: Sounding pulse measurement

OSCOPE

S-parameter measurements
We first connected an HP 85046a S-parameter test set
to an HP 4396a Network/Spectrum analyzer. The same
pair of UWB antennas as before were connected to the
S-parameter test set through long coax cables. See the
figure below.
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Figure 8: Sounding pulse test setup
The receive antenna was mounted 58 inches off the
ground on a blue plastic pipe in a tripod stand. The
receive setup was placed in a stationary location in the
middle of the Stanford LAAS laboratory. A similar stand
with a red plastic pipe was used for the transmit setup, and
it was taken to 97 different measurement locations around
the lab.
Finally, we surveyed locations of all significant metallic
objects in the building. Figure 9 at the bottom of the page
shows all measurement points and all metallic structures.
Figure 10 depicts a sample UWB sounding pulse
measurement.
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Figure 11: S-parameter test setup
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Figure 9: Measurement points and metallic objects. S-parameter: green UWB: red and green
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Figure 13: Average delay
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After calibrating the coax cables, we placed the blue
antenna stationary in the same location as above. The red
antenna was then taken around to a subset of 35 different
locations in the building (equipment failure prevented us
from probing all 97 previous locations).
At each measurement point, frequency was swept
between 1 MHz and 1.8 GHz in 801 steps. We found the
impulse response from transmit to receive antennas by
taking the inverse fast-fourier transform (IFFT) of the
measured frequency response. Figure 12 shows the
fundamental S-parameter measurement at location (21,6).
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Figure 12: S-parameter measurement
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Truth system
We used a tape measure to find the 58-inch UWB
antenna heights. Both antennas were outfitted with
plumbs so we could correct for the slightly uneven floor
in the building. Noting that floor tiles in the LAAS lab
are exactly 1 ft by 1 ft provided our horizontal position
reference.
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Figure 14: Delay spread
The next figure shows calibrated range errors from
measurements of the strongest signal peak location.
18

Channel modeling results

16

Distance error to location of maximum peak
UWB
S-parameter

14
12
Error (ft)

Average delays and delay spreads for both the sounding
pulse and for the S-parameter measurements are plotted in
Figures 13 and 14 respectively. Note that the S-parameter
trials in general show greater average delay and delay
spread than the sounding pulse ones.
There is a general increase in delay spread for distances
beyond 20 ft. This may well be due to the wall located 20
ft from the receiver antenna.
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Figure 15: Strongest peak errors
The farther between the two antennas the greater the
frequency of errors.

Total received power is plotted on the figure below.
-15

Total received power vs. distance
UWB
S-parameter

-20

-25

Power (dB)

-20 dB
-30

-35

-40

-45

-50
1

theory one could calibrate out those errors, but that would
require a rather unrealistic stationary signal environment.
UWB technology has potential for avoiding ranging
accuracy degradation for all but ultra-in-close multipath.
Previous studies suggest UWB systems to be void of deep
fades [10]. Thus, system range and availability tables
might be calculated more deterministically even in
multipath rich environments.
There is of course great potential for integrating UWB
with GPS, e.g. seamless precise navigation going from
outdoors to indoors. However, one must first make sure
that UWB does not jam GPS! [11]
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Figure 16: Total received power.
It is interesting to note that the general trend of the
above plot is not 1 d 2 (free space), but rather closer to
1 d 1.5 . This may well be due to the number of multipath
components that add to the total power measurement.
There is also a significant dip in the measurements around
20 ft. Again we attribute that effect to the building wall.

Conclusion
At short transmit/receive distances we find the direct
signal to be significantly stronger than any multipath. As
we move the transmitter farther away from the receiver,
the direct signal becomes more equal in magnitude with
multipath. At distances beyond 10 ft in the S-parameter
measurements, and 17 ft in the UWB sounding pulse
measurements, we find several cases where the arrival of
the strongest signal component does not coincide with the
first signal arrival. A GPS receiver would track the
strongest signal, which would bias pseudorange
measurements accordingly.
However, the “early”
multipath may alleviate some of those errors.
Average delay diverges linearly from the line of true
distance. Delay spread also increases with distance, but
seems to converge towards a constant value. Both
measurement metrics indicate that signal energy is
distributed over greater time intervals as distance grows.
Close to the transmitter future studies may find that the
received power follows a Ricean probability distribution
(one strong component and many small random ones). At
greater distances, there may be several equally strong
signal components, and the received power may better
match a Rayleigh probability distribution (many equally
strong random components). Such information can be
used to generate availability and range charts for indoor
GPS systems.
By measuring amplitude and arrival time of various
signals in a multipath channel, one can model the
corresponding pseudorange errors in a GPS receiver. In
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