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Abstract—Our position-location technique provides location amusement park or tourist attraction), location of personnel

information within milliseconds and is integrated in a handheld ithin a building, and location of prisoners in a detention
direct-sequence spread-spectrum (DSSS) communications SVStemfaciIity.

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 Th.e capaplllty to determlne.the' pOS'ItIOH of.a mobile cqmmu-
less than 1 m in a severe multipath environment. We use a two-way hication device also has application in locating the position of
time-of-arrival (TOA) measurement technique with 1-ppm clocks cellular telephones. Unlike conventional land-based/wire-con-
that eliminates the need to synchronize master and reference radio nected telephones, the location of conventional cellular tele-
clocks. Several techniques improve TOA and, therefore, range phones cannot automatically be determined by emergency re-

accuracy. A loop back calibrates internal system delay. Frequency .
diversity orthogonalizes multipath with respect to direct path, and  SPONS€ systems (e.g., the 911 system inthe U.S.) when an emer-

leading edge curve fitting of the direct path reduces the effect of gency call is placed. Thus, assistance cannot be provided if the
multipath. Applications include location of urban war fighters, calleris unable to speak to communicate his or her location (e.qg.,

firefighters, police, and medical personnel and resources. when the caller is unconscious, choking, or detained against
Index Terms—Distance measurements, position measurement, Will). The capability to determine the position of cellular tele-
source location. 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
T HE capability to rapidly and accurately determine thgeing used primarily to transmit or receive voice, data, or video
physical location of a mobile communication device is ofhformation, it is desirable to incorporate position location ca-
great benefit in a variety of applications. In a military contexpabilities such that the device can communicate and establish
itis desirable to know the location of military personnel and/gjosition location without disruption of the voice, data, or video
equipment during coordination of field operations and rescéemmunication.
missions. This includes scenarios where signals of conventional conventional technique used to determine the position of a
position-determining systems, such as the global positionifgbhile communication device involves reception of timing sig-
system (GPS), may not be available, e.g., within a buildinga|s transmitted from multiple transmitters at different, known
More generally, appropriately equipped mobile communicatigcations, e.g., GPS satellites or ground-based transmitters [1].
devices can be used to track the position of personnel and T¢e range to each transmitter is determined from the arrival time
sources located both indoors and outdoors. This includes, bugf$he timing signals and the mobile communication device then
not limited to, police engaged in tactical operations, firefighteggmputes its position using triangulation.
located near or within a burning building, medical personnel The accuracy and operability of such position location tech-
and equipment in a medical facility or en route to an emergenglques can be severely degraded in the presence of multipath in-
scene (including doctors, nurses, paramedics and ambulanc@$jerence. Unfortunately, multipath interference can be severe
and personnel involved in search and rescue operations. if\nvironments in which position location techniques have their
integrated position location communication device will alsgreatest usefulness, such as in urban environments and/or inside
allow high-value items to be tracked and located, includingyildings [2], since artificial structures create opportunities for
such items as personal computers, laptop computers, portafdfhals to be reflected, thereby causing signals to arrive at the
electronic devices, luggage, briefcases, valuable inventory, &a@eijver via a number of different paths.
stolen automobiles. In urban environments, where conventionalmt(__,nn,ptS have been made in position location systems to mit-
position determining systems have more difficulty operatin;bate the effects of multipath interference using one- [3], [4]
it would be desirable to reliably track fleets of commercial o, two-way nonreciprocal [5] time-of-arrival (TOA) and time-
industrial vehicles, including trucks, buses, and rental vehicl@gfference-of-arrival (TDOA) measurement systems. One-way
Tracking of people carrying a mobile communication devicgystems determine the range between the mobile target and each
is also desirable in a number of contexts, including, but ngted reference radio by measuring the one-way duration of time
limited to, children in a crowded environment (such as a mafaquired for a signal to travel between the radios. This informa-
tion can be determined from a one-way communication only
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its local clock that must constantly be synchronized to the same Rts-T
reference as the clock of the transmitter. The signal propaga TRANSEC
tion duration can then be determined essentially by subtractinc| comm TOA Destination Other
the time of transmission from the TOA. This is true for each Afg“‘j"'m SY’;%’;’(;’"L@“” A;’:;ss 123;
. . . . . X4 us cnips its s
referer_1c_:e radio that_ls rgquwed for th(_a to_tal Iocatl_on solution. | g 128 ps 64 s G
In addition, the precise time synchronization required to accu-| wit 128
rately measure the duration of the signal propagation cannot tol- [__chies each
erate significant time drift of any local clocks over time. Conse- ToA MESSAGE
quently, all of the clocks of the system must be highly accurate, TRANSEC
thereby increasing the cost of the system. . C?"_‘;? : hT°{‘ ol I";'av Diz“ii"aﬁm 38"95"9 CRC
. . cquisition ynchronization |Calibration ress lessage
The two-way-system example referenced above is an indoo g7 W% dips | 1660 6bis | 164bts | 257
system and requires an infrastructure of antennas and cells il] symbols 128 ps 64 us 64ps | 736 us | 128 us
the building that feed a central transmit/receive processor. Items| With 128
. . . . chips each
being tracked contain a credit-card-sized transponder. A par-
ticular cell controller cycles among antennas determining dis- TOA-S MESSAGE
tances to those in range of the transponder, using at least thre TRANSEC
antennas for the solution. By using a transponder technique % Comm i hTOA Destination Other
. . g . . cquisition ynchronization Address Data
the glectronlcs are simplified at the tracked item Iead!ng _to anFars 7098 chos e B
achievable bandwidth of 40 MHz because the processing is per| symbols 128 ps 64 s 128 us
formed in the central processor. They are able to operate a| “ih128
. chips each
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 acckig. 1. TOA ranging and data waveforms. Our TOA ranging waveforms are

rately determining the three-dimensional indoor or outdoor pggrived from our CSMA-CA communications protocol.

sition of a compact mobile communication device in the pres-

ence of severe multipath interference. The novelty of the agnging, we use additional processing to refine the time syn-

proach described herein is twofold. First, it is a two-way recighronization estimate using the TOA synchronization sequence

rocal technique, meaning each handheld unit in the network astiown in Fig. 1. The nominal chipping rate is 32 MHz with

use the other handheld units in the network as references in daasi-band limited (QBL) shaping on each chip. The rate of the

termining its location, i.e., a central basestation and associatida portion of the RTS-T and TOA Message is 250 kb/s. The

infrastructure are not required. Secondly, our system uses ft@trier frequency can be anywhere in our radio band.

quency diversity to orthogonalize multipath with respect to di- The master radio initiates the TOA process and immediately

rect path, which, combined with leading-edge curve fitting @§erforms an internal delay calibration, using the loop back

the direct path, reduces the deleterious effect of multipath. through the pad shown in Fig. 2, to determine the master radio

The following sections describe our two-way reciprocalelay (7}, + 7,..) for correction purposes. Ten trials are

ranging system that can be integrated within a handhelderaged to reduce the variance of the delay estimate. After

communication system for use in the aforementioned practie@liibration, the master radio transmits an RTS-T to the refer-

applications, and its expected performance. 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 de{dy; + 7;.), curve fits to

A mobile master radio uses a minimum of three mobile re efine the turnarounq delay, and forms .the TOA message. The
QA message can include GPS location data, results of the

erence radios to determine location in three dimensions. TOA ) . .
lay calibration, and turnaround delay refinement from curve

determine the range to each reference radio and trilaterat , .
determines the location of the master radio with respect to t Ing. The .TOA message is transmitted back to the master that
putes final one-way TOA, range, and relative position. The

references. Multiple message exchanges between the masley : .
and reference radios determine the TOA's. The number %?Xt (M — 1) RTS-T/TOA-S message exchanges, if required,

multiple trials(M) to each reference radio varies depending se different carrier frequencies and the shorter message, i.e.,

the severity of the multipath. The protocol used for ranging isOA'S’ shown in Fig. 1. Delay calibrations and GPS data are

derived from the carrier sense multiple access-collision aVOi%Q;r:Zﬂugﬁd due to the rapid rate at which these packets are
ance (CSMA-CA) protocol by converting the request—to—sened( ged.

(RTS) o the RTS ime-farval (RTS-T) an by corering, )2 L 5 e mastrand efrence el anerne doty
the clear-to-send (CTS) into the TOA message packet. o . " . . i
( )i gep bined with the results of delay calibration to reference the TOA

to the antenna/air interface. We determifyeby measuring the
delay through a large sample of antennas and cabling over tem-

Our spread-spectrum radio processes the acquisition perature and calculating the mean and standard deviation of the
guence to provide time synchronization for the modem. Fareasured values.

Il. SYSTEM DESCRIPTION

A. General Ranging Technique

B. Detailed Ranging Technigue and Waveform



MCcCRADY et al. MOBILE RANGING USING LOW-ACCURACY CLOCKS 953

Master Radio
Delay Cal.
ACQt TOA ACQr
T0 --- [10][roa msa 1] [ToAsmsG 1] --- [ToA-s MsG (M-1)]
Reference Radio
TOA Protocol Delay Cal.

Ta Ta
Tmt N 7 Tt
«TX wa TOA «TX TX»
P Mdm % RF RF (—ml(—‘ Mdm
To Master Radio | Pad| [Pad] Reference Radio
Rx Rx Rx Rx
Mam € ‘|'F'BB|(— RF RF IF-BBF Mdm

k Tmr * k Trr *

Fig. 2. TOA protocol timing. Integrating delay calibration into the TOA protocol is a key contributor toward meetimg TOA accuracy.
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Fig. 3. TOA estimation. Using comm acquisition for initial TOA synchronization, digital-signal-processor throughput for refining the TOAedstiediticed
greatly.

C. TOA Estimation Algorithms Upon communications acquisition pulse detection at the
output of the symbol correlator, a pulse width discriminator at
TOA processing takes advantage of the existinpe output of the TOA synchronization digital matched filter
high-throughput communications acquisition processi@®MF) determines if the multipath is greater or less than three
hardware for triggering and an initial time mark. Shown irchips from the direct path. If the multipath is greater than three
Fig. 3, our algorithm offers 1- and 3-m accuracy modes. chips, the curve-fitting algorithm uses the leading edge samples
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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 p&&k 5 Direct path-multipath orthogonality  condition. ~Orthogonality
. separates multipath from direct path allowing curve fitting of the direct path
samples can be used because multipath does not corrupt thgRaut interference from multipath.
in this case. If the multipath is less than three chips and 3-m
accuracy is desired, a leading edge curve fitis 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 outpu
of the TOA synchronization DMF rotate through carrier phase
in 15° increments. A pulsewidth discriminator processes the
_data and bUHer_S it until tha/ pings are CompIeFEd' The datq:ig. 6. Direct path-multipath in-phase condition. Multipath in-phase with the
is searched to find the frequency where the optimal pulsewidtifect path smears the direct path, leading to an inaccurate curve fit.
occurs at the carrier phase with the shortest path delay. This is
the frequency where the direct path and multipath are orthage coherent integration time. For our systegmes b = 20 MHz,
onal. The leading edge of the earliest pulse from the data at the- 128 s, and withsnr; = sur; = 4, R = 1.79, resulting in
frequency of orthogonality is curve fitted to determine the TOA Cramer—Rao bound efr(i, ) = 0.08 ns. Assuming that four
estimate. In this case, i.e., 1-m accuracy with multipath presenpA's are used to compute location in three dimensions, the

the TOA subsystem performs multipath mitigation and the nastal error is the root-sum-square of four components of error at
igation filter uses the data directly without a weighting factor.0.08 ns oferr;,; = 0.16 ns.

Correlation Strength

Path Delay(ns) \“ -2-0)

[ll. PERFORMANCE B. TOA Error Budget

A. Cramer—Rao Bound of Performance The error budget results from adding the variances of

g}e 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
err(i, j) = 1/[w(2bTR)1/2] (1) of random variable_s or individual component time delays.

A new random variable can be defined, i.€,, such that
whereR = (sur;snr;)Y/2/(1 4 snr; +sur))Y2,w = 2rf = d = (1/M)St;4 = 1,2,---, M, where the variance of is
rms spanned bandwidth, b is the signal bandwidth, arifi is reduced byM, i.e., o3 = o2 /M.

The lower bound on the rms error associated with a pair
radios is determined using the Cramer—Rao bound [6]
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 For 30ns multipath, transmitted from
250-260MHz in 1MHz steps
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desk top PC to drive the simulation

e

signal
processing

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 delayhere s = 0.25 x 107'® = curve fit delay variance as
calibrations (master and reference radios), sends two rangdegermined by simulation, and? = 0.0625 x 10718 =
messages (RTS-T, TOA message), and averages the resultsitenna delay variance by assumption. Substituting the above
determine the final TOA. The variance of the delay calibranto (2) yields
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- aroa = £0.9ns (6)
ceiver. The reference radio contributes an equal amount. Durig Expected Performance in a Multipath Environment
transmission and reception of the RTS-T, the time-delay vari- . . .
ance equals the sum of the variance of the master transmitt We. useq S|mulat|pn to es“'.’”ate the performance .Of our TOA
(including antenna) plus the variance of the reference recei@(—.&omhm in a r_nult_lpath env!r(_)rjmer_lt. Our_5|mulat|on gener-
(including antenna). The TOA message is similar, exceptitis tﬁ‘éed a communlcatlpns acquisition s!gna_\l WIthSaiiR = 6 d|.3 .
sum of the reference transmitter delay variance and the magi’étrhom the 4(_)96-ch|p TOA synchromza'qon_sequence (this im-
receiver delay variance. Since the TOA from the RTS-T ar%gvement will be gdded o the ;lmulatlon in the near future).
the TOA from the TOA message are averaged to determine t c mult|path' carrier phasg varied frqrﬁ ® 180 W'th re-
final TOA, the sum of the variances is reduced by a factor gpect to the direct path while thg multipath delay varied from
0.5. A maximum of eight RTS-T/TOA message exchanges a3r§ t0 105 ns. We pTocesse‘?' t_h_e signal thrc_)ugh a softwgre model
used at different carrier frequencies, but the two TOA's fron] _the co_mmu_mcatlon ach|§|t|on processing gnd applied curve
one exchange are averaged to compute the final TOA soluti |H|ng. Fig. 4 illustrates multipath power causing 1-ns error in

Writing the above in equation form serves as the TOA err(t)pé leading edge curve-fitting algorithm. As shown, the value of
budget as follows: multipath power causing an error of 1 ns, and peaks along the

) ) ) ) ) ) 90® carrier phase line. The results along thé %fie are sum-
otoa = 0.2(o7 +0k) +0.5(07 + 0k +207).  (2)  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
The estimated TOA accuracy derives from the TOA error budg% ). ( ) ). (

. ) ) 5 11 dB), and (105.875 ns, 20 dB). The variability in power
and by making several reasonable assumptions from experien

We found. q imati ; d ref ¢ &flo versus delay is caused by the correlation sidelobes of the
€ found, 10 a good approximation, master and reference ragse, 4o pjse (PN) sequence. The sidelobes will be lowered 15
mitter and receiver hardware achieves the same accuracy

. : ] 8Svith our new 4096-chip TOA synchronization sequence, and
Fig. 2 for notation) as follows: the corresponding results will be less variable. Fig. 5 shows how
Ouf = Obboif = Oendey = £0.35 NS (3) 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
) ) ) ) ) s ) the direct path and multipath correlation peaks combine to form
OR = Opt T Obbeit T Oinam T ¢ = 0.3675 X 107" + 05 3 single broad peak when they are in phase. This condition leads

(5) to poor curve-fitting results.

05 = 0% + oyt + 02w = 0.3675 x 1071® (4)
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D. Experimental Results Eona

Our experimental objectives were threefold as follows: Fig. 9. Correlation versus carrier phase profile. Direct path and multipath

. : t O f ier f = 252 MHz and multipath delay by cabl
» demonstrate the occurrence of the direct path/mulnpa%ﬁe?fior 25_ or camerirequency= 52 Winz and mulipaih delay by cable

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 th T
relationship of the wavelength of the carrier frequency ant e o
the multipath delay; Direc— ] 15
» demonstrate the occurrence of the direct path/multipat Path 30
orthogonality condition within an 8-MHz change in carrier 45
frequency for a multipath that is delayed by 30 ns from 60
the direct path (equal amplitude), as expected from th -
relationship of the wavelength of the carrier frequency an " Phase
the multipath delay; )
+ show the potential for improvement in the curve-fit accu- y,uipatr—T] o
racy when the orthogonality condition occurs. 10
To meet the objectives, we chose to produce multipath in a col 135 02-4
. . m0-2 |
trolled manner by using two different length cables to connec 150 @-2-0|
two radios together, one cable to emulate the direct path and o . . O
cable to emulate the multipath. The difference in the length c 0 68 Yo 71 Y2 35 34 ?5%77{3 7’5
the cables provided the multipath delay of either 15 or 30 ns, ¢ 65’ Sample #

shown in Fig. 7. Strength

For the 15-ns mUItlpath Case’_ we trans_mlttEd with & CamElE]. 10. Correlation versus carrier phase profile. Direct path and multipath
frequency from 250 to 270 MHz in 1-MHz increments. For theeparate at 90for carrier frequency= 270 MHz and multipath delay by cable

30-ns multipath case, we transmitted with a carrier frequency 15 ns.

from 250 to 260 MHz in 1-MHz increments. Figs. 8-11 show the results of processing the experimental
We captured data from the receiver of the reference radigta. Fig. 8 shows how the direct path and multipath separated
in front of the traditional communications processing using & 9@ for a carrier frequency of 260 MHz and 30 ns of delay
logic analyzer. We then transferred the data to a desktop pgé&tween the direct path and multipath. Since the multipath is
sonal computer (PC) where we performed the processing to figgly 30 ns (one sample) from the direct path, the separation is
the orthogonality condition. We were not able to set up an acayot as pronounced as that shown in Fig. 5 where the separation
rate enough time reference with our test equipment to measig®0 ns (three samples) for illustration purposes. Curve fitting
absolute TOA's to a meaningful accuracy, but we were able would be applied to the leading edge of the direct path. Fig. 9
demonstrate the orthogonality condition, the main objective shows the smearing of the direct path and multipath®aitCa
our experiment. carrier frequency of 252 MHz for the 30-ns case as predicted,
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