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Abstract—Our position-location technique provides location
information within milliseconds and is integrated in a handheld
direct-sequence spread-spectrum (DSSS) communications system.
We use a standard DSSS waveform, with a state-of-the-art chip-
ping rate to provide a position location capability to an accuracy of
less than 1 m in a severe multipath environment. We use a two-way
time-of-arrival (TOA) measurement technique with 1-ppm clocks
that eliminates the need to synchronize master and reference radio
clocks. Several techniques improve TOA and, therefore, range
accuracy. A loop back calibrates internal system delay. Frequency
diversity orthogonalizes multipath with respect to direct path, and
leading edge curve fitting of the direct path reduces the effect of
multipath. Applications include location of urban war fighters,
firefighters, police, and medical personnel and resources.

Index Terms—Distance measurements, position measurement,
source location.

I. INTRODUCTION

T HE capability to rapidly and accurately determine the
physical location of a mobile communication device is of

great benefit in a variety of applications. In a military context,
it is desirable to know the location of military personnel and/or
equipment during coordination of field operations and rescue
missions. This includes scenarios where signals of conventional
position-determining systems, such as the global positioning
system (GPS), may not be available, e.g., within a building.
More generally, appropriately equipped mobile communication
devices can be used to track the position of personnel and re-
sources located both indoors and outdoors. This includes, but is
not limited to, police engaged in tactical operations, firefighters
located near or within a burning building, medical personnel
and equipment in a medical facility or en route to an emergency
scene (including doctors, nurses, paramedics and ambulances),
and personnel involved in search and rescue operations. An
integrated position location communication device will also
allow high-value items to be tracked and located, including
such items as personal computers, laptop computers, portable
electronic devices, luggage, briefcases, valuable inventory, and
stolen automobiles. In urban environments, where conventional
position determining systems have more difficulty operating,
it would be desirable to reliably track fleets of commercial or
industrial vehicles, including trucks, buses, and rental vehicles.
Tracking of people carrying a mobile communication device
is also desirable in a number of contexts, including, but not
limited to, children in a crowded environment (such as a mall,
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amusement park or tourist attraction), location of personnel
within a building, and location of prisoners in a detention
facility.

The capability to determine the position of a mobile commu-
nication device also has application in locating the position of
cellular telephones. Unlike conventional land-based/wire-con-
nected telephones, the location of conventional cellular tele-
phones cannot automatically be determined by emergency re-
sponse systems (e.g., the 911 system in the U.S.) when an emer-
gency call is placed. Thus, assistance cannot be provided if the
caller is unable to speak to communicate his or her location (e.g.,
when the caller is unconscious, choking, or detained against
will). The capability to determine the position of cellular tele-
phones can be used to pinpoint the location from which an emer-
gency call has been made. Such information can also be used to
assist in cell network management.

Naturally, in cases where a mobile communication device is
being used primarily to transmit or receive voice, data, or video
information, it is desirable to incorporate position location ca-
pabilities such that the device can communicate and establish
position location without disruption of the voice, data, or video
communication.

A conventional technique used to determine the position of a
mobile communication device involves reception of timing sig-
nals transmitted from multiple transmitters at different, known
locations, e.g., GPS satellites or ground-based transmitters [1].
The range to each transmitter is determined from the arrival time
of the timing signals and the mobile communication device then
computes its position using triangulation.

The accuracy and operability of such position location tech-
niques can be severely degraded in the presence of multipath in-
terference. Unfortunately, multipath interference can be severe
in environments in which position location techniques have their
greatest usefulness, such as in urban environments and/or inside
buildings [2], since artificial structures create opportunities for
signals to be reflected, thereby causing signals to arrive at the
receiver via a number of different paths.

Attempts have been made in position location systems to mit-
igate the effects of multipath interference using one- [3], [4]
and two-way nonreciprocal [5] time-of-arrival (TOA) and time-
difference-of-arrival (TDOA) measurement systems. One-way
systems determine the range between the mobile target and each
fixed reference radio by measuring the one-way duration of time
required for a signal to travel between the radios. This informa-
tion can be determined from a one-way communication only
if the target and reference radios remain synchronized to the
same time reference. That is, the transmitting radio establishes
the time of transmission of the signal based on its local clock.
The receiving radio determines the TOA of the signal based on
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its local clock that must constantly be synchronized to the same
reference as the clock of the transmitter. The signal propaga-
tion duration can then be determined essentially by subtracting
the time of transmission from the TOA. This is true for each
reference radio that is required for the total location solution.
In addition, the precise time synchronization required to accu-
rately measure the duration of the signal propagation cannot tol-
erate significant time drift of any local clocks over time. Conse-
quently, all of the clocks of the system must be highly accurate,
thereby increasing the cost of the system.

The two-way-system example referenced above is an indoor
system and requires an infrastructure of antennas and cells in
the building that feed a central transmit/receive processor. Items
being tracked contain a credit-card-sized transponder. A par-
ticular cell controller cycles among antennas determining dis-
tances to those in range of the transponder, using at least three
antennas for the solution. By using a transponder technique,
the electronics are simplified at the tracked item leading to an
achievable bandwidth of 40 MHz because the processing is per-
formed in the central processor. They are able to operate at
ranges up to 30 m from their transponders.

Accordingly, there remains a need for a commercially viable
reciprocal position location system capable of quickly and accu-
rately determining the three-dimensional indoor or outdoor po-
sition of a compact mobile communication device in the pres-
ence of severe multipath interference. The novelty of the ap-
proach described herein is twofold. First, it is a two-way recip-
rocal technique, meaning each handheld unit in the network can
use the other handheld units in the network as references in de-
termining its location, i.e., a central basestation and associated
infrastructure are not required. Secondly, our system uses fre-
quency diversity to orthogonalize multipath with respect to di-
rect path, which, combined with leading-edge curve fitting of
the direct path, reduces the deleterious effect of multipath.

The following sections describe our two-way reciprocal
ranging system that can be integrated within a handheld
communication system for use in the aforementioned practical
applications, and its expected performance.

II. SYSTEM DESCRIPTION

A. General Ranging Technique

A mobile master radio uses a minimum of three mobile ref-
erence radios to determine location in three dimensions. TOA’s
determine the range to each reference radio and trilateration
determines the location of the master radio with respect to the
references. Multiple message exchanges between the master
and reference radios determine the TOA’s. The number of
multiple trials to each reference radio varies depending on
the severity of the multipath. The protocol used for ranging is
derived from the carrier sense multiple access-collision avoid-
ance (CSMA-CA) protocol by converting the request-to-send
(RTS) into the RTS-time-of-arrival (RTS-T) and by converting
the clear-to-send (CTS) into the TOA message packet.

B. Detailed Ranging Technique and Waveform

Our spread-spectrum radio processes the acquisition se-
quence to provide time synchronization for the modem. For

Fig. 1. TOA ranging and data waveforms. Our TOA ranging waveforms are
derived from our CSMA-CA communications protocol.

ranging, we use additional processing to refine the time syn-
chronization estimate using the TOA synchronization sequence
shown in Fig. 1. The nominal chipping rate is 32 MHz with
quasi-band limited (QBL) shaping on each chip. The rate of the
data portion of the RTS-T and TOA Message is 250 kb/s. The
carrier frequency can be anywhere in our radio band.

The master radio initiates the TOA process and immediately
performs an internal delay calibration, using the loop back
through the pad shown in Fig. 2, to determine the master radio
delay for correction purposes. Ten trials are
averaged to reduce the variance of the delay estimate. After
calibration, the master radio transmits an RTS-T to the refer-
ence radio with a bit set in the TOA data field indicating the
TOA ranging mode. The reference radio receives the RTS-T,
reads the TOA data bit, performs an internal delay calibration
to determine the reference radio delay , curve fits to
refine the turnaround delay, and forms the TOA message. The
TOA message can include GPS location data, results of the
delay calibration, and turnaround delay refinement from curve
fitting. The TOA message is transmitted back to the master that
computes final one-way TOA, range, and relative position. The
next RTS-T/TOA-S message exchanges, if required,
use different carrier frequencies and the shorter message, i.e.,
TOA-S, shown in Fig. 1. Delay calibrations and GPS data are
not required due to the rapid rate at which these packets are
exchanged.

The value for the master and reference radio antenna delay,
i.e., in Fig. 2, is a constant preloaded into the radios and com-
bined with the results of delay calibration to reference the TOA
to the antenna/air interface. We determineby measuring the
delay through a large sample of antennas and cabling over tem-
perature and calculating the mean and standard deviation of the
measured values.
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Fig. 2. TOA protocol timing. Integrating delay calibration into the TOA protocol is a key contributor toward meeting�1-ns TOA accuracy.

Fig. 3. TOA estimation. Using comm acquisition for initial TOA synchronization, digital-signal-processor throughput for refining the TOA estimate is reduced
greatly.

C. TOA Estimation Algorithms

TOA processing takes advantage of the existing
high-throughput communications acquisition processing
hardware for triggering and an initial time mark. Shown in
Fig. 3, our algorithm offers 1- and 3-m accuracy modes.

Upon communications acquisition pulse detection at the
output of the symbol correlator, a pulse width discriminator at
the output of the TOA synchronization digital matched filter
(DMF) determines if the multipath is greater or less than three
chips from the direct path. If the multipath is greater than three
chips, the curve-fitting algorithm uses the leading edge samples
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Fig. 4. Simulation results. TOA estimation accuracy is maintained at�1 ns
for multipath stronger than direct path, and as close as 15 ns to the direct path.

plus two samples after the peak of the DMF response. Post peak
samples can be used because multipath does not corrupt them
in this case. If the multipath is less than three chips and 3-m
accuracy is desired, a leading edge curve fit is implemented and
a multipath alert is passed to the navigation filter that tracks
the location solution. The filter determines the validity of the
measurement and weights it accordingly. If the multipath is less
than three chips and 1-m accuracy is desired, multiple pings at
different carrier frequencies are required. Using the pulsewidth
information, the system determines the number of pings and
ping frequencies, and transfers control information to the RF
subsystem of the radio.

Diverse frequencies create diverse carrier phases in multi-
path. Ranging performance is best when the carrier phase of the
multipath is 90 with respect to the direct path. If this orthogo-
nality condition is met, the direct path and multipath are sepa-
rated and the direct path can be more precisely curve fitted with
minimal effects from multipath. To determine the frequency of
orthogonality, the in-phase and quadrature samples at the output
of the TOA synchronization DMF rotate through carrier phase
in 15 increments. A pulsewidth discriminator processes the
data and buffers it until the pings are completed. The data
is searched to find the frequency where the optimal pulsewidth
occurs at the carrier phase with the shortest path delay. This is
the frequency where the direct path and multipath are orthog-
onal. The leading edge of the earliest pulse from the data at the
frequency of orthogonality is curve fitted to determine the TOA
estimate. In this case, i.e., 1-m accuracy with multipath present,
the TOA subsystem performs multipath mitigation and the nav-
igation filter uses the data directly without a weighting factor.

III. PERFORMANCE

A. Cramer–Rao Bound of Performance

The lower bound on the rms error associated with a pair of
radios is determined using the Cramer–Rao bound [6]

(1)

where
, is the signal bandwidth, and is

Fig. 5. Direct path–multipath orthogonality condition. Orthogonality
separates multipath from direct path allowing curve fitting of the direct path
without interference from multipath.

Fig. 6. Direct path–multipath in-phase condition. Multipath in-phase with the
direct path smears the direct path, leading to an inaccurate curve fit.

the coherent integration time. For our system, MHz,
s, and with , resulting in

a Cramer–Rao bound of ns. Assuming that four
TOA’s are used to compute location in three dimensions, the
total error is the root-sum-square of four components of error at
0.08 ns or ns.

B. TOA Error Budget

The error budget results from adding the variances of
the time delays of the radio components each time a TOA
measurement signal passes through them. Total time delay
is a Gaussian random variable formed by summing a number
of random variables or individual component time delays.
A new random variable can be defined, i.e.,, such that

, where the variance of is
reduced by , i.e., .
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Fig. 7. Experimental setup. Our spread-spectrum radios were cabled together to capture multipath data for offline processing on the PC’s.

To determine a single TOA, the system performs two delay
calibrations (master and reference radios), sends two ranging
messages (RTS-T, TOA message), and averages the results to
determine the final TOA. The variance of the delay calibra-
tion error for the master radio is the sum of the variance of
the delay in the transmitter and variance of the delay in the re-
ceiver. The reference radio contributes an equal amount. During
transmission and reception of the RTS-T, the time-delay vari-
ance equals the sum of the variance of the master transmitter
(including antenna) plus the variance of the reference receiver
(including antenna). The TOA message is similar, except it is the
sum of the reference transmitter delay variance and the master
receiver delay variance. Since the TOA from the RTS-T and
the TOA from the TOA message are averaged to determine the
final TOA, the sum of the variances is reduced by a factor of
0.5. A maximum of eight RTS-T/TOA message exchanges are
used at different carrier frequencies, but the two TOA’s from
one exchange are averaged to compute the final TOA solution.
Writing the above in equation form serves as the TOA error
budget as follows:

(2)

The estimated TOA accuracy derives from the TOA error budget
and by making several reasonable assumptions from experience.
We found, to a good approximation, master and reference trans-
mitter and receiver hardware achieves the same accuracy (see
Fig. 2 for notation) as follows:

ns (3)

(4)

(5)

where as
determined by simulation, and

by assumption. Substituting the above
into (2) yields

ns (6)

C. Expected Performance in a Multipath Environment

We used simulation to estimate the performance of our TOA
algorithm in a multipath environment. Our simulation gener-
ated a communications acquisition signal with an dB
without the 4096-chip TOA synchronization sequence (this im-
provement will be added to the simulation in the near future).
The multipath carrier phase varied from 0to 180 with re-
spect to the direct path while the multipath delay varied from
15 to 105 ns. We processed the signal through a software model
of the communication acquisition processing and applied curve
fitting. Fig. 4 illustrates multipath power causing 1-ns error in
the leading edge curve-fitting algorithm. As shown, the value of
multipath power causing an error of 1 ns, and peaks along the
90 carrier phase line. The results along the 90line are sum-
marized for convenience: (15.125 ns, 3 dB), (30.25 ns, 20 dB),
(45.375 ns, 10 dB), (60.5 ns, 11 dB), 75.625 ns, 20 dB), (90.75
ns, 11 dB), and (105.875 ns, 20 dB). The variability in power
ratio versus delay is caused by the correlation sidelobes of the
pseudonoise (PN) sequence. The sidelobes will be lowered 15
dB with our new 4096-chip TOA synchronization sequence, and
the corresponding results will be less variable. Fig. 5 shows how
the correlation peaks separate when multipath is 90 ns from the
direct path and 90out of phase with the direct path. This al-
lows curve fitting of the direct path without interference from
the multipath, which degrades performance. Fig. 6 shows how
the direct path and multipath correlation peaks combine to form
a single broad peak when they are in phase. This condition leads
to poor curve-fitting results.
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Fig. 8. Correlation versus carrier phase profile. Direct path and multipath
separate at 90for carrier frequency = 260 MHz and multipath delay by
cable = 30 ns.

D. Experimental Results

Our experimental objectives were threefold as follows:

• demonstrate the occurrence of the direct path/multipath
orthogonality condition within a 15-MHz change in carrier
frequency for a multipath that is delayed by 15 ns from
the direct path (equal amplitude), as expected from the
relationship of the wavelength of the carrier frequency and
the multipath delay;

• demonstrate the occurrence of the direct path/multipath
orthogonality condition within an 8-MHz change in carrier
frequency for a multipath that is delayed by 30 ns from
the direct path (equal amplitude), as expected from the
relationship of the wavelength of the carrier frequency and
the multipath delay;

• show the potential for improvement in the curve-fit accu-
racy when the orthogonality condition occurs.

To meet the objectives, we chose to produce multipath in a con-
trolled manner by using two different length cables to connect
two radios together, one cable to emulate the direct path and one
cable to emulate the multipath. The difference in the length of
the cables provided the multipath delay of either 15 or 30 ns, as
shown in Fig. 7.

For the 15-ns multipath case, we transmitted with a carrier
frequency from 250 to 270 MHz in 1-MHz increments. For the
30-ns multipath case, we transmitted with a carrier frequency
from 250 to 260 MHz in 1-MHz increments.

We captured data from the receiver of the reference radio
in front of the traditional communications processing using a
logic analyzer. We then transferred the data to a desktop per-
sonal computer (PC) where we performed the processing to find
the orthogonality condition. We were not able to set up an accu-
rate enough time reference with our test equipment to measure
absolute TOA’s to a meaningful accuracy, but we were able to
demonstrate the orthogonality condition, the main objective of
our experiment.

Fig. 9. Correlation versus carrier phase profile. Direct path and multipath
smear at 0 for carrier frequency= 252 MHz and multipath delay by cable
= 30 ns.

Fig. 10. Correlation versus carrier phase profile. Direct path and multipath
separate at 90for carrier frequency= 270MHz and multipath delay by cable
= 15 ns.

Figs. 8–11 show the results of processing the experimental
data. Fig. 8 shows how the direct path and multipath separated
at 90 for a carrier frequency of 260 MHz and 30 ns of delay
between the direct path and multipath. Since the multipath is
only 30 ns (one sample) from the direct path, the separation is
not as pronounced as that shown in Fig. 5 where the separation
is 90 ns (three samples) for illustration purposes. Curve fitting
would be applied to the leading edge of the direct path. Fig. 9
shows the smearing of the direct path and multipath at 0at a
carrier frequency of 252 MHz for the 30-ns case as predicted,
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Fig. 11. Correlation versus carrier phase profile. Direct path and multipath
smear at 0 for carrier frequency= 255 MHz and multipath delay by cable
= 15 ns.

and curve fitting would yield inaccurate results. Figs. 10 and 11
exhibit similar behavior for the case where multipath is delayed
by 15 ns from the direct path. Note that through symmetry
we actually found 90 (in Fig. 10) for a carrier frequency of
270 MHz, but the separation of multipath from direct path still
occurs and curve fitting would still be applied to the leading
edge of the direct path. Fig. 11 shows the smearing of direct
path and multipath at 0for a 255-MHz carrier frequency,
15 MHz from the frequency at which orthogonality was found,
as expected.

IV. CONCLUSION

Our two-way ranging technique combined with real-time
system delay calibration will provide accurate ranging within
the footprint of a handheld direct-sequence spread-spectrum
DSSS radio without synchronizing target and reference radio
clocks. The Cramer–Rao bound shows that sub-nanosecond
accuracy is achievable in a nonmultipath environment. Using
our diverse frequency ranging technique to orthogonalize
the multipath and direct path, we can apply curve fitting to
refine our TOA estimate while minimizing interference from
multipath. This technique allows us to achieve TOA accura-
cies in severe multipath environments that are achievable in
nonmultipath environments.
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