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METHODS AND APPARATUS FOR ESTIMATING 
ACCURACY OF MEASUREMENT SIGNALS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to methods and appa 
ratus for estimating the accuracy of measurement signals 
and, more particularly, to techniques for preventing use of 
spurious or loW-quality range measurement signals in deter 
mining an object’s position and for estimating the accuracy 
of acceptable range measurement signals based on measure 
ment history information and operational parameters. 

[0003] 2. Description of the Related Art 

[0004] Tracking ?lters are commonly used in a variety of 
conteXts to estimate the present state of an entity by pro 
cessing raW measurements relating to the entity. For 
example, the relative or absolute position of an object can be 
determined by taking measurements, such as series of range 
measurements, that indicate position. Typically, such mea 
surements have some degree of inaccuracy due to the 
presence of noise or interference Which introduces errors in 
the measurement values. By tracking the position of the 
object over time, a tracking ?lter essentially reduces the 
uncertainty caused by measurement noise and develops a 
more accurate estimate of the object’s position than Would 
be possible from simply assuming that each measurement 
accurately re?ects the object’s true position. 

[0005] Minimal means-square-error (MSE) ?lters, such as 
the Well-knoWn Kalman ?lter, attempt to minimiZe errors in 
the tracked position of an object by appropriately Weighting 
the impact of each measurement as a function of the reported 
accuracy of the measurement. When a neW measurement is 
received, the ?lter predicts the position of the object at the 
present time by extrapolating from the previously estimated 
state of the object. The ?lter also estimates the accuracy of 
the predicted current position. The accuracy of the measured 
position is conventionally determined as a function of the 
received signal-to-noise ratio (or the signal-to-interference 
ratio Where signi?cant interference is present in addition to 
noise), With a higher signal-to-noise ratio translating into a 
higher measurement accuracy. To update the state of the 
object (e.g., the estimated position and velocity in three 
dimensions) With the neW measurement, the ?lter must 
decide the relative eXtent to Which it trusts the predicted 
current position and the neW measurement. If the accuracy 
of the measurement is high relative to the accuracy of the 
predicted position, the ?lter Will incorporate the measure 
ment into the position solution using a high ?lter gain, 
meaning that the updated position estimate Will rely more 
heavily on the measurement than on the predicted position. 
Conversely, if the accuracy of the measurement is loW 
relative to the accuracy of the predicted position, the ?lter 
Will incorporate the measurement into the position solution 
using a loW ?lter gain, meaning that the updated position 
estimate Will rely more heavily on the predicted position 
than on the measurement, such that the measurement Will 
have less impact on the position estimate generated by the 
tracking ?lter. 

[0006] Although the signal-to-noise ratio is convention 
ally relied upon to gauge the accuracy of position measure 
ments in the ?lter updating process, there are circumstances 
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in Which the signal-to-noise ratio alone may not fully re?ect 
the accuracy of the measurement or the eXtent to Which the 
tracking ?lter should rely on the measurement. In the case of 
measuring the range to an object or another device, a precise 
determination of the signal propagation time betWeen the 
devices must be made. The signal propagation time can be 
derived by knoWing the transmission and reception times of 
one or more ranging signals traveling along a direct path 
betWeen the devices. 

[0007] For eXample, the Well-knoWn global positioning 
system (GPS) relies on measurement of the one-Way propa 
gation time of signals sent from each of a set of satellites to 
a receiving device in order to determine the range to each 
satellite and the position of the receiving device. Position 
location systems that relies on a tWo-Way, round-trip ranging 
signal scheme are described in US. patent application Ser. 
No. 09/365,702, ?led Aug. 2, 1999, entitled “Method and 
Apparatus for Determining the Position of a Mobile Com 
munication Device Using LoW Accuracy Clocks” and US. 
patent application Ser. No. 09/777,625 ?led Feb. 6, 2001, 
entitled “Methods and Apparatus for Determining the Posi 
tion of a Mobile Communication Device”, the disclosures of 
Which are incorporated herein by reference in their entire 
ties. In the ranging schemes described in these applications, 
a master mobile communication device transmits outbound 
ranging signals to plural reference communication devices 
Which respond by transmitting reply ranging signals that 
indicate the location of the reference radio and the signal 
turn around time (i.e., the time betWeen reception of the 
outbound ranging signal and transmission of the reply 
ranging signal). Upon reception of the reply ranging pulse, 
the master radio determines the signal propagation time, and 
hence range, by subtracting the turn around time and internal 
processing delays from the elapsed time betWeen transmis 
sion of the outbound ranging pulse and the time of arrival of 
the reply ranging pulse. The accuracy of the position deter 
mined by these systems depends largely on the accuracy 
With Which the receiving devices can determine the time of 
arrival of the ranging signals traveling along a direct path 
betWeen the devices. 

[0008] In an environment Where multipath interference is 
signi?cant, it is possible to mistakenly identify a strong 
multipath signal as the direct path signal. Since a multipath 
signal travels along an indirect path betWeen the transmitter 
and receiver, the signal propagation time and, hence, the 
observed range differ from that of the direct path. In a 
position determining system relying on precise measure 
ments of direct-path signal propagation time to determine 
range, erroneously interpreting a multipath signal as the 
direct path signal can drastically degrade performance. In 
particular, a multipath signal may result in a severely erro 
neous range measurement; nevertheless, if the multipath 
signal has a relatively high signal-to-noise ratio, the erro 
neous range measurement Will be reported to the tracking 
?lter as being highly accurate. Consequently, the ?lter Will 
be misled into placing a high degree of reliance on a severely 
erroneous range measurement, thereby degrading the accu 
racy of the position estimate Without the degraded accuracy 
being immediately knoWn or reported. 

[0009] As described in the aforementioned patent appli 
cations, one approach to avoiding the problem of accuracy 
degradation caused by multipath signals is to use frequency 
diversity to ?nd a transmission frequency and phase that 
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minimize multipath interference. A rake ?lter or equalizer 
can also be employed to separately identify the direct path 
signal and prominent multipath signals in order to separate 
or constructively combine these signals. Nevertheless, even 
With technique such as these, it is possible to measure range 
With a signi?cant error that is not correctly represented by 
the signal-to-noise ratio of the ranging signal from Which the 
range measurement is derived. 

[0010] Even Where the signal-to-noise ratio can be trusted 
as a indicator of measurement accuracy, there may be other 
measurement information available to supplement the sig 
nal-to-noise ratio in estimating the measurement accuracy. 
For example, the receiving device may have knoWledge of 
the severity of multipath interference and the precision With 
Which the signal arrival time is determined, and the history 
of recent measurements may suggest the extent to Which the 
latest measurement should be relied upon. Failure to account 
for such factors in reporting the accuracy of the measure 
ment to a tracking ?lter may result in a less accurate estimate 
of position. Accordingly, there remains a need to identify 
and prevent the use of spurious or unacceptably loW accu 
racy measurements in systems that perform position estima 
tion from measurement signals as Well as a need for a better 
approach to estimating the accuracy of measurement signals 
supplied to a tracking ?lter that determines position. 

[0011] The improved accuracy in position determination 
that Would result from elimination of erroneous measure 
ments Would be of great bene?t 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 
?eld operations and rescue missions. More generally, appro 
priately equipped mobile communication devices could be 
used to more accurately track the position of personnel and 
resources located both indoors or outdoors, including but not 
limited to: police engaged in tactical operations; ?re?ghters 
located near or Within a burning building or forest ?re; 
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. A more accurate position 
location system Would enhance capabilities to track and 
locate high-value items, including such items as personal 
computers, laptop computers, portable electronic devices, 
luggage, briefcases, valuable inventory, and automobiles. In 
urban environments, Where conventional position determin 
ing systems have more dif?culty operating, it Would be 
desirable to more reliably track ?eets of commercial or 
industrial vehicles, including trucks, buses and rental 
vehicles. Tracking of people carrying a mobile communi 
cation device is also desirable in a number of contexts, 
including, but not limited to: children in a croWded envi 
ronment such as a mall, amusement park or tourist attrac 
tion; location of personnel Within a building; and location of 
prisoners in a detention facility. The capability to accurately 
determine the position of a mobile communication device 
also has application in locating the position of next-genera 
tion cellular telephones. The capability to determine the 
position of cellular telephones could be used to pinpoint the 
position from Which an emergency call has been made. Such 
information could also be used to assist in cell netWork 
management (for example, by factoring each mobile com 
munication device’s position into message routing algo 
rithms). 

Nov. 21, 2002 

SUMMARY OF THE INVENTION 

[0012] Therefore, in light of the above, and for other 
reasons that become apparent When the invention is fully 
described, an object of the present invention is to improve 
the accuracy of the estimated state of a tracked entity, such 
as the estimated position of an object or a mobile commu 
nication device. 

[0013] More particularly, it is object of the present inven 
tion to accurately determine the three-dimensional position 
of a mobile communication device in a variety of environ 
ments, including urban areas and inside buildings Where 
multipath interference can be great. 

[0014] Another object of the present invention is to iden 
tify and prevent the use of spurious or loW-accuracy mea 
surement signals in updating the state of an entity being 
tracked, such as the position of an object, even When the 
signal-to-noise ratio of the measurement signals erroneously 
suggests an acceptable degree of measurement accuracy. 

[0015] A further object of the present invention is to 
minimiZe the effects of interference caused by multipath 
signal propagation in a position location system, thereby 
providing highly accurate three-dimensional position esti 
mates even under severe multipath conditions. 

[0016] Yet another object of the present invention is to 
account for a variety of measurement and operational infor 
mation, in addition to or in place of signal-to-noise ratio, in 
order to report a more re?ned estimate the accuracy of 
measurement signals to a tracking ?lter. 

[0017] The aforesaid objects are achieved individually and 
in combination, and it is not intended that the present 
invention be construed as requiring tWo or more of the 
objects to be combined unless expressly required by the 
claims attached hereto. 

[0018] In accordance With the present invention, range 
measurements useful for determining an object’s position 
are screened and evaluated so that only acceptable range 
measurement are supplied to a tracking ?lter and used to 
update the position solution. Range measurements deemed 
to be unacceptable are identi?ed by the screening process 
and discarded before the erroneous range measurements can 
corrupt or degrade the position solution. 

[0019] In an exemplary embodiment, the range measure 
ment screening process is a tWo-stage screening technique 
involving a coarse screening stage and a ?ne screening 
stage. The coarse screening stage includes computing an 
estimated expected range betWeen the reference radio Which 
sent the measured ranging signal and the local receiving 
radio based on the positions of the reference and local radios 
estimated by their respective tracking (Kalman) ?lters. A 
coarse screening WindoW centered about the estimated 
expected range is computed as a function of the estimated 
accuracies of the estimated positions of the reference and 
local radios. 

[0020] If the range measurement falls outside the coarse 
screening WindoW, the range measurement is declared too 
inaccurate for use in the tracking ?lter and is not used to 
update the position solution. If the range measurement falls 
Within the coarse screening WindoW, the range measurement 
is next evaluated using a ?ne screening process. The ?ne 
screening process relies on a comparison of the range 
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measurement to a measurement history, speci?cally, a fading 
average of previous range measurements and the variability 
of these previous range measurements. An estimated range 
used to center the ?ne screening WindoW is calculated from 
a fading average of the last N measurements used to update 
the position solution. The Width of the ?ne screening Win 
doW is a function of the standard deviation of the last N 
measurements used to calculate the estimated fading-aver 
age range. 

[0021] If the range measurement falls outside the ?ne 
screening WindoW, the range measurement is declared too 
inaccurate for use and is not used to update the position 
solution. If the range measurement falls Within the ?ne 
screening WindoW, an estimate of the range measurement 
accuracy is developed based on one or more of the folloWing 

factors: the standard deviation of the last N range measure 

ments; the difference (or “error”) betWeen the range mea 
surement and the estimated fading-average range; the num 
ber of rake taps used in the receiver; the signal-to-noise ratio 
of the range measurement; a “quality of ?t” metric indicative 
of measurement timing accuracy; and the variance of the 
estimated positions of the local and reference radios. These 
parameters can be used to determine a more re?ned estimate 

of the range measurement accuracy than Would be possible 
by relying on the signal-to-noise ratio alone. 

[0022] For each acceptable range measurement, the esti 
mated range measurement accuracy is supplied along With 
the range measurement itself to the navigation system Kal 
man ?lter. The Kalman ?lter uses the estimated range 

measurement accuracy to appropriately Weight the impact of 
the range measurement in updating the position solution. 
The criteria for acceptability and accuracy is dynamically 
adjustable so that the screening and accuracy estimation 
process can be optimiZed for various operating environ 
ments. For example, the measurement acceptability thresh 
olds (i.e., the siZe of the screening WindoWs) can be dynami 
cally adjusted based upon factors such as the number of 
measurements available and the variability of the measure 
ments in a particular environment. 

[0023] The measurement screening and accuracy estima 
tion techniques of the present invention can be used to 
enhance the accuracy of position determination systems 
useful in Wide variety of applications, including location 
and/or tracking of people and items such as: military per 
sonnel and equipment, emergency personnel and equipment, 
valuable items, vehicles, mobile telephones, children, pris 
oners and parolees. 

[0024] The above and still further objects, features and 
advantages of the present invention Will become apparent 
upon consideration of the folloWing de?nitions, descriptions 
and descriptive ?gures of speci?c embodiments thereof 
Wherein like reference numerals in the various ?gures are 
utiliZed to designate like components. While these descrip 
tions go into speci?c details of the invention, it should be 
understood that variations may and do exist and Would be 
apparent to those skilled in the art based on the descriptions 
herein. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a diagrammatic vieW of the operational 
setup of a system for determining the position of a mobile 
communication device in accordance With an exemplary 
embodiment of the present invention. 

[0026] FIG. 2 is a functional block diagram illustrating 
the portion of a mobile communication device that receives 
and processes ranging signals in accordance With the exem 
plary embodiment of the present invention. 

[0027] FIG. 3 is a functional ?oW diagram illustrating the 
processing performed by the mobile communication device 
to determine Whether a range measurement should be used 
by the position tracking ?lter and to estimate the accuracy of 
acceptable range measurements in accordance With the 
exemplary embodiment of the present invention. 

[0028] FIG. 4 illustrates a ranging pulse exchange 
sequence performed by the master radio and a reference 
radio during a ranging session in accordance With the 
exemplary embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0029] The folloWing detailed explanations of FIGS. 1-4 
and of the preferred embodiments reveal the methods and 
apparatus of the present invention. In accordance With an 
exemplary embodiment, the measurement screening and 
accuracy determination techniques of the present invention 
are employed to enhance a tWo-Way ranging signal scheme 
used to determine the location of mobile communication 
devices, such as the schemes described in the aforemen 
tioned US. patent applications (Ser. Nos. 09/365,702 and 
09/777,625). As Will become evident, hoWever, the tech 
niques of the present invention are applicable to other types 
of position determining systems and, indeed, virtually any 
system that tracks the state of an entity by ?ltering noisy 
measurements of the entity. 

[0030] Referring to FIG. 1, a position determining system 
10 includes a target or “master” mobile communication 
device or “radio”12 communicating With four reference 
communication devices 14, 16, 18 and 20. As used herein 
and in the claims, a mobile communication device or mobile 
radio is any portable device capable of transmitting and/or 
receiving communication signals, including but not limited 
to: a handheld or body-mounted radio; any type of mobile 
telephone (e.g., analog cellular, digital cellular or satellite 
based); a pager or beeper device; a radio carried on, built 
into or embedded in a ground-based or airborne vehicle; or 
any portable electronic device equipped With Wireless trans 
mission and reception capabilities, including multimedia 
terminals capable of transmitting audio, video and data 
information. Moreover, as used herein and in the claims, a 
“device” or “radio” includes any device capable of trans 
mitting and/or receiving communication signals, including 
but not limited to: a handheld or body-mounted radio; any 
type of mobile telephone (e.g., analog cellular, digital cel 
lular or satellite-based); a pager or beeper device; a radio 
carried on, built into or embedded in a ground-based or 
airborne vehicle; or any portable electronic device equipped 
With Wireless reception capabilities, including multimedia 
terminals capable of receiving audio, video and data infor 
mation, and any type of position determining receiver. As 
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used herein and in the claim, an “object” can be any device 
or other entity Whose physical position can be ascertained by 
transmission of signals, Whether or not the object cooperates 
in position determination or is itself capable of transmitting 
and receiving signals (thus, the term “object” encompasses 
targets tracked by radar and the like). 
[0031] Each of reference radios 14, 16, 18 and 20 can be 
any radio located at a knoWn position that is capable of 
communicating With the master radio 12 to convey position 
and range-related information. The reference radios can be 
any combination of: beacon-like radios ?xedly mounted in 
a knoWn location; mobile radios capable of determining 
their oWn positions from others sources, such as from 
reception of global positioning system (GPS) signals; and 
other mobile radios similar or identical to the master radio, 
Wherein the reference radio determines its oWn position in 
accordance With same tWo-Way ranging technique. 

[0032] A top-level functional block diagram of operations 
perform by the master radio 12 upon reception of a ranging 
signal is shoWn in FIG. 2. Master radio 12 communicates 
With the four reference radios 14, 16, 18 and 20 to determine 
its oWn location in three dimensions. Speci?cally, master 
radio 12 and each of reference radios 14, 16, 18 and 20 
includes an antenna 30 coupled to a transmitter (not shoWn) 
and a receiver 32 for transmitting and receiving ranging 
pulses. The antenna, transmitter and receiver of each radio 
may also be used for other communications, such as audio, 
video and data messages. The time of arrival (TOA) of 
ranging pulses transmitted betWeen the master and reference 
radios is used to determine the range to each reference radio, 
and a conventional trilateration technique is then used to 
determine from the range measurements the location of the 
master radio With respect to the reference radios. Each 
reference radio must knoW its oWn position and convey this 
information to the master radio to enable the master radio to 
determine its position from the ranging pulses exchanged 
With the reference radios. 

[0033] The system of the exemplary embodiment employs 
a tWo-Way or round-trip ranging message scheme. As seen 
from the bi-directional arroWs in FIG. 1, master radio 12 
transmits to each of the reference radios 14, 16, 18 and 20 
outbound ranging pulses or “packets” and receives back 
from each reference radio a reply ranging pulse. For 
example, master radio 12 sequentially exchanges ranging 
pulses With each individual reference radio, ?rst exchanging 
ranging pulses With reference radio 14, then With reference 
radio 16, etc. By precisely knoWing the time of transmission 
of the outbound ranging pulse, the far-end turn around time 
at the reference radio, the time of arrival of the reply ranging 
pulse, and internal transmission/reception processing delays, 
the master radio can precisely determine the signal propa 
gation time betWeen itself and each reference radio. The one 
Way signal propagation time TTOA can be described as one 
half of the difference betWeen a) the elapsed time (TRTT) 
betWeen the time of transmission of the outbound ranging 
pulse and the time of arrival of the reply ranging pulse and 
b) the turn around time (TTAT , or: 

TT0A=O-5 (TRT1‘_TTAT) (1) 
[0034] Once the tWo-Way signal propagation time is deter 
mined, the range is then readily calculated as the velocity of 
the signal through the propagating medium (e.g., the speed 
of light through air) multiplied by the one-Way propagation 
time, or 

Range=C><TTOA (2) 
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[0035] Where C is the speed of light (2.998><108 m/sec). By 
determining the range to each of four reference radios in this 
manner, the master radio can determine its oWn location 
from these ranges and the knoWn locations of the reference 
radios using Well-knoWn trilateration computations. 

[0036] The radios of the exemplary embodiment of the 
present invention must be able to accurately determine the 
time of transmission and the time of arrival of the ranging 
pulses in order to accurately measure the range betWeen the 
radios and to accurately estimate the position of the master 
radio. A number of techniques can be used for accurately 
determining the true time of arrival and time of transmission. 
To minimiZe processing delay timing errors resulting from 
asynchronous events that occur Within the signal processors 
of the radios, each radio performs internal delay calibrations 
in order to accurately estimate the actual internal processor 
time delays that occur When processing the ranging pulses. 
The total elapsed time measured by the master radio 
betWeen transmission of the outbound ranging pulse and 
reception the reply ranging pulse includes time attributable 
to propagation of the pulse signals and time attributable to 
processing delays Within the radios. By accurately estimat 
ing and subtracting out the time attributable to processing 
delays, the signal propagation time (and hence the range) 
can be more accurately determined. 

[0037] Leading edge curve ?tting is used to accurately 
locate the leading-edge of an acquisition sequence in the 
ranging pulse in order to reduce the effects of multipath 
interference on TOA estimates. Essentially, a replica of the 
ranging Waveform’s multipath-free correlation function is 
pre-stored (i.e., the multipath-free pulse shape pro?le is 
knoWn). The curve ?tting involves moving the pulse shape 
replica through the pro?le of the received ranging pulse and 
performing a least-mean-square error ?t to achieve a curve 
?tting betWeen the replica pulse shape and the received 
ranging pulse to identify the timing of the direct path signal 
and subsequent multipath signals (at the time of the direct 
path signal and the multipath signal, the received signal 
pro?le Will be similar to the replica pro?le). A curve ?tting 
timing offset (CF offset) relative to the nearest sample time 
is determined along With a quality of ?t (QOF) metric that 
estimates the accuracy of the CF offset. 

[0038] Frequency diversity can also be used to orthogo 
naliZe multipath interference With respect to the direct path 
signal, Wherein an optimal carrier frequency and phase is 
identi?ed and used to estimate the TOA to minimiZe the 
impact of multipath interference. Diverse frequencies create 
diverse carrier phases in multipath. Ranging performance is 
best When the carrier phase of the multipath is 90° With 
respect to the direct path. If this orthogonality condition is 
met, the direct path and multipath are separated such that the 
direct path can be more precisely curve ?t With minimal 
effects for multipath. 

[0039] In the case of rapidly moving devices, the Doppler 
shift of each arriving ranging pulse can be estimated and 
compensated for in determining the pulse’s time of arrival. 
Using these techniques, the one Way signal propagation time 
or one Way time of arrival (TTOA) is more precisely deter 
mined by: 

TT0A=O-5 (T RT1‘_T dc master-T dc reference-T TAT reference+ 
AT REF CF OESE1+A MAS CF offset (3) 
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[0040] Where TRTT is the total round trip elapsed time from 
transmission of an outbound ranging pulse to reception of a 
corresponding reply ranging pulse, Tdc master is the internal 
delay in the master radio (determined from delay calibra 
tion), Tdc reference is the internal delay in the reference radio, 
TTAT reference is the reference radio turnaround time, 
ATREFCF Offset is a time offset due to curve ?tting the ranging 
packet data at the reference radio, and TMAS CF Offset is a time 
offset due to curve ?tting the ranging packet data at the 
master radio. 

[0041] By Way of non-limiting example, the Carrier Sense 
Multiple Access With Collision Avoidance (CSMA/CA) 
protocol can be adapted for use as a messaging protocol to 
transmit the ranging signals required to accurately determine 
the round-trip signal delay betWeen pairs of mobile com 
munication devices. A TOA ranging protocol for determin 
ing the range to a single reference radio is shoWn in FIG. 3. 
Like channel reservation in a system employing a CSMA/ 
CA protocol for conventional communications, the master 
radio initiates the time of arrival (TOA) ranging session by 
transmitting a channel reservation request message RTS-T 
requesting access to a communication channel for a period 
of time required to exchange a sequence of ranging pulses 
With a particular reference radio (the ranging process is 
repeated With each reference radio in sequence). 

[0042] The master radio transmits the RTS-T message to 
prompt a particular reference radio to perform internal delay 
calibration (if necessary) and to initiate an exchange of 
ranging signals. If frequency diversity is being used, the 
radios exchange a sequence of N pairs of ranging signals at 
multiple transmission frequencies, as shoWn in FIG. 3. 
Upon receiving the RTS-T message, if the requested channel 
is available, the reference radio transmits a reply reservation 
message (CTS-T) back to the master radio indicating that the 
channel is available and the reference radio is ready to 
exchange ranging pulses With the master radio, thereby 
completing the reservation for ranging. 

[0043] Once the master radio and reference radio have 
exchanged the RTS-T and CTS-T messages and, if neces 
sary, performed delay calibration, the master radio and 
reference radio exchange the ranging signals at a single 
frequency. In benign environments, it may be necessary to 
exchange only a single set of ranging signals. In environ 
ments With severe multipath or other interference, frequency 
diversity can be used by exchanging a sequence of ranging 
pulses in rapid succession, With each set of exchanged pulses 
being transmitted at a different carrier frequency. Diverse 
frequencies create diverse carrier phases in multipath. Rang 
ing performance is best When the carrier phase of the 
multipath is 90° With respect to the direct path. If this 
orthogonality condition is met, the direct path and multipath 
are separated such that the time of arrival of the direct path 
pulse can be more precisely determined by curve ?tting With 
minimal effects from multipath. The multiple transmission 
carrier frequencies can be referred to as “ping” frequencies 
and the ranging pulses can be referred to as “TOA pings”, 
since a rapid succession of M different frequency pulses or 
multiple “pings” are transmitted betWeen the radios in 
search of an optimal frequency. 

[0044] Referring again to FIG. 3, in the case Where 
frequency diversity is used, the master radio transmits a ?rst 
outbound ranging pulse or TOA ping using a ?rst transmis 
sion frequency F1. The reference radio receives the ?rst 
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outbound ranging pulse and transmits a ?rst reply ranging 
pulse to the master radio at the ?rst transmission frequency 
F1. This process is repeated until ranging pulses have been 
exchanged for each of N frequencies. In this manner, the N 
sets of ranging pulses are transmitted at N different carrier 
frequencies. After all N sets of ranging pulses have been 
exchanged, the reference radio precisely determines the time 
of arrival of the ranging pulses and sends a ?nal message 
packet (MSG) to the master radio (see FIG. 3). 

[0045] The MSG packet, transmitted from the reference 
radio to the master radio contains the folloWing data: refer 
ence radio delay calibration (Tdc reference); curve ?t offset due 
to curve ?tting the ranging packet data at the reference radio 
(TREF CF Offset); the best carrier frequency found by the 
reference radio (the carrier frequency at Which the multipath 
error is most orthogonal); an estimate of the accuracy of the 
TOA estimate from curve ?tting (quality of ?t (QOF)); the 
reference radio position and position accuracy (e.g., latitude, 
longitude, altitude, and spherical position standard devia 
tion); the reference radio velocity and velocity accuracy 
(e.g., east, north, up and spherical velocity standard devia 
tion); noise information; poWer and data rate control infor 
mation; and error correction code information. Of course, it 
Will be understood that the messaging scheme employed by 
the present invention is not limited to any particular proto 
col, and any suitable message or signal structure that permits 
measurement of range can be used. 

[0046] The master radio uses the CF offset, QOF and delay 
calibration from the reference radio at the frequency deter 
mined by the master radio to provide the best QOF, along 
With the total round trip time (RTT), the estimated CF offset 
of the reference-to-master radio ranging signal acquisition 
detection, and the master radio delay calibration to compute 
the ?nal TOA and range estimates in accordance With 
equations (3) and 

[0047] Once the ranging sequence is completed With one 
reference radio, the processes is repeated With another 
reference radio. The master radio determines its oWn posi 
tion from the measured range to each of the reference radios 
via a trilateration technique Which can be for example, a 
conventional trilateration technique. 

[0048] Referring again to FIG. 2, once the master radio 
receiver 32 has generated a range measurement, the range 
measurement is supplied to a processor 34 for screening the 
range measurement and determining the accuracy of the 
range measurement to be reported to a tracking ?lter 36 in 
accordance With the present invention. A detailed ?oW 
diagram illustrating the measurement analysis processing 
performed by processor 34 for each range measurement 
detected by receiver 32 is shoWn in FIG. 4. Processor 34 
receives as input the range measurement (TOA Range), the 
quality of ?t of the TOA estimate, the signal-to-noise ratio 
of the range measurement, the estimated position of the 
reference radio from Which the range signal Was received, 
the estimated position of the receiving master radio itself 
(i.e., the “local” radio), and the estimated accuracies of the 
reference and local radio positions (see step 102, FIG. 4). 
Since the reference radio transmits the quality of ?t metric 
for the outbound ranging signal to the local radio in the ?nal 
message (see FIG. 3), the quality of ?t of both the outbound 
and reply ranging signals can be supplied to processor 34. 
LikeWise, the estimated position and position accuracy of 
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the reference radio (Which are determined by the reference 
radio’s Kalman ?lter) are supplied to the local radio in the 
?nal message of the ranging sequence. The local radio’s 
estimated position and position accuracy are available from 
the navigation system 36 of the local radio as outputs of the 
local Kalman ?lter. Where the receiver 32 includes a rake 
?lter for resolving the direct path and multipath signals, the 
number of rake taps used can also be supplied to processor 
34. The number of rake taps used is indicative of the extent 
of the multipath interference. 

[0049] In accordance With the exemplary embodiment, the 
range measurement screening process includes a tWo-stage 
screening technique involving a coarse screening stage and 
a ?ne screening stage. It should be understood, hoWever, that 
the present invention is not limited to a tWo-stage screening 
approach, and any number of screening schemes can be 
employed. 

[0050] Referring again to FIG. 4, in step 104, the coarse 
screening stage involves computing an estimated expected 
range betWeen the reference radio and the local (master) 
radio from the positions of the reference and local radios 
estimated by their respective Kalman ?lters. The most 
accurate a priori information about the positions of the 
reference and local radios comes from the position solutions 
determined by the respective reference and local radio 
Kalman ?lters. Thus, comparison of the received range 
measurement to the estimated “expected” or “predicted” 
range computed from these position solutions provides a 
reliable basis for evaluating Whether the received range 
measurement is grossly erroneous. 

[0051] A coarse screening WindoW centered about the 
estimated expected range is computed as a function of the 
estimated accuracies of the estimated positions ofthe refer 
ence and local radios. By Way of non-limiting example, the 
Width of the coarse WindoW can be set to the sum of the local 
and reference radio estimated position accuracies multiplied 
by an appropriate constant: 

Coarse Window LoWer Bound=Estimated Range 
C *(cposi?on tefetenoe'l'cpnsmon local) (4) 
Coarse Window Upper Bound=Estimated Range+ 
C *(o +Oposition local) (5) position reference 

[0052] or simply: 

Coarse Screening WindoW=Estimated Rangercxwpci 

[0053] Where oposmon reference is the position standard 
deviation of the reference radio (e.g., the estimated horiZon 
tal position accuracy), oposmon 10081 is the position standard 
deviation of the local radio, and C is a positive constant. As 
shoWn in step 106, if the range measurement falls outside the 
coarse screening WindoW, the range measurement is 
declared too inaccurate for use and is completely discarded, 
meaning that the range measurement is not passed on to the 
navigation system 36 and is not used by the Kalman ?lter to 
update the position solution. 

[0054] In general, the value of the multiplier constant C 
should be set to a value that causes grossly erroneous range 
measurements to fall outside the coarse screening WindoW 
but minimiZes the likelihood that a valid, useful range 
measurement Will fall outside the coarse screening WindoW 
(e.g., some value betWeen one and ?ve). For example, in a 
harsh environment With severe multipath, the value of C is 
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preferably set such that the coarse screening process screens 
out detected multipath signals erroneously assumed to be 
direct path signals, While accepting direct path signals 
having a modest degree of error caused by noise. Optionally, 
the value of C or, more generally, the expression for deter 
mining the coarse WindoW Width, can be varied as a function 
of the communication environment or operational param 
eters. 

[0055] If the range measurement falls Within the coarse 
screening WindoW, the range measurement is next evaluated 
using a ?ne screening process. Unlike the coarse screening 
process, Which bases the acceptability of the range measure 
ment on a comparison With ?lter-derived position and accu 
racy information, the ?ne screening process relies on a 
comparison of the range measurement to a measurement 
history, namely, a fading average of previous range mea 
surements and the variability of these previous range mea 
surements. Speci?cally, as shoWn in step 108 of FIG. 4, an 
estimated range is calculated from a fading average of the 
last N measurements used to update the position solution 
(the neW range measurement is not used in this calculation). 
For example, the fading-average range can be determined 
by: 

N N (7) 

Estimated Fading- Average Range : Rpad Avg : w; * Rj}/Z w; 
[:1 1 

[0056] Where Ri is the ith previous range measurement 
(e.g., R1 is the most recent previous range measurement), 
and Wi is the Weighting placed on the ith range measurement. 
To effect the fading average, the values of Wi decrease With 
increasing values of i. For illustrative purposes, suppose: 
N=3; the last three range measurements are: R1=60 m, R2 
=50 m, R3 =40; and the corresponding Weights are: W1=30, 
W2 =15, W3 =5. In this case, the estimated fading-average 
range is computed to be 55 m. Note that the un-Weighted 
average Would be 50 m, but the Weighted average is much 
closer to the most recent measurement (60 m) due to the 
fading average Weighting scheme. The number of previous 
measurements used in the computation of the fading-average 
range (i.e., the value of N) and the values of the range 
measurement Weights can be set to any suitable values to 
control the number of previous measurements that Will affect 
the computed fading-average range and the rate and degree 
to Which a measurement’s in?uence on the average fades 
over time as neW measurements are received. For example, 

N could have a relatively small value, such as three or four, 
resulting in a rapid fade, or a larger value such as tWenty, 
producing a more gradual fade. Preferably, the value of N is 
at least six. 

[0057] Those skilled in the art Will recogniZe that the 
fading-average range computed in accordance With equation 
(7) does not attempt to take into account range rate or 
acceleration as a tracking ?lter might. If the dynamics of the 
reference and local radios are such that range estimate 
offsets due to motion are small relative to the ?uctuations in 
the range measurement values due to measurement inaccu 
racies, it is preferable not to account for range rate in the 
fading-average range estimate, since use of range rate may 
actually degrade the accuracy of the fading-average range 
estimate. For example, if the radios are relatively sloW 
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moving and can drastically change direction very quickly 
(e.g., a radio held by a person on foot), use of range rate may 
be undesirable in computing the estimated fading-average 
range. Conversely, With rapidly moving devices, such as 
airborne communication devices, Which change directions 
more gradually, consideration of range rate in the fading 
average range estimate may be of greater value. 

[0058] The estimated fading-average range is used to 
center the ?ne screening WindoW. The Width of the ?ne 
screening WindoW is a function of the standard deviation of 
the last N measurements used to calculate the estimated 
fading-average range. The standard deviation is computed as 
the statistical standard deviation, relative to the fading 
average range, of the last N range measurement values, or: 

2 (3) 1v 

StDeVLast 1v Range Measurements = (R; — RFad Avg) 
[:1 

[0059] Where RFad Avg is the estimated fading-average 
range of the N range measurements computed from equation 
(7). The ?ne screening WindoW is then determined by: 

Fine Screening WmdoW=RFad Avgr(D><StDe\/Las‘ N 
Range Measurements) (9) 

[0060] Where D is a positive constant. As shoWn in step 
110, if the range measurement falls outside the ?ne screen 
ing WindoW, the range measurement is declared too inaccu 
rate for use and is completely discarded, meaning that the 
range measurement is not passed on to the navigation system 
36 and is not used by the Kalman ?lter to update the position 
solution. 

[0061] The value of the multiplier constant D should be set 
to a value that causes range measurements that deviate from 
the estimated fading-average range to a much greater eXtent 
than the previous N measurement to fall outside the ?ne 
screening WindoW, but causes range measurements Whose 
deviations from the estimated fading-average range are in 
line With those of previous measurements to fall Within the 
?ne screening WindoW. By Way of non-limiting eXample, D 
could have a value of three or four. The appropriate value for 
D may depend on the harshness of operating environment, 
and different values for D may be suitable under different 
conditions, depending on such factors as the eXtent of signal 
attenuation, multipath interference and other interference. 
Optionally, the value of D can varying depending upon the 
operational environment and operational parameters, such 
that the degree of signal attenuation and multipath interfer 
ence or other interference. 

[0062] If the range measurement falls Within the ?ne 
screening WindoW, an estimate of the accuracy of the range 
measurement is developed based on a number of factors 
(step 112). The estimated range measurement accuracy is 
supplied along With the range measurement itself to the 
navigation system Kalman tracking ?lter. The Kalman ?lter 
uses the estimated range measurement accuracy to deter 
mine the eXtent to Which the range measurement should be 
relied upon in updating the position solution. A range 
measurement deemed to be highly accurate relative to the 
accuracy of the predicted position solution Will cause the 
Kalman ?lter to rely more heavily on the range measurement 
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in updating the position solution. Conversely, a range mea 
surement deemed to have a loW accuracy relative to the 
accuracy of the predicted position solution Will cause the 
Kalman ?lter to rely less heavily on the range measurement 
in updating the position solution. 

[0063] Conventionally, the accuracy of a measurement 
reported to a tracking ?lter is determined as a function of the 
signal-to-noise ratio of the measurement. HoWever, as pre 
viously explained, the signal-to-noise ratio may not accu 
rately re?ect the measurement accuracy in all circumstances. 
Even Where the signal-to-noise ratio is reliable, additional 
information may be available to develop a more re?ned 
estimate of the measurement accuracy. In accordance With 
the present invention, an estimate of the range measurement 
accuracy is based on one or more of the folloWing factors: 
the standard deviation of the last N range measurements; the 
difference betWeen the range measurement and the estimated 
fading-average range (i.e., the measurement offset from the 
fading average range); the number of rake taps used in the 
receiver; the signal-to-noise ratio of the range measurement; 
the aforementioned quality of ?t metric; and the variance of 
the positions of the radios as estimated by their respective 
Kalman ?lters (e.g., the estimated horiZontal position accu 
racy from both radios). 

[0064] More speci?cally, one metric for determining the 
reported range measurement accuracy can be computed 
from the range measurement offset from the fading-average 
normaliZed as a function of the standard deviation of the last 
N range measurements. The smaller the normalized differ 
ence is betWeen the range measurement and the estimated 
fading-average range, the greater is the reported accuracy. 
The function used to normaliZe the range measurement 
offset is preferably based on the standard deviation of the 
last N range measurements, and any appropriate standard 
deviation-based normaliZation functions can be employed to 
report suitable measurement accuracy estimates to the Kal 
man ?lter. More generally, the present invention encom 
passes any measurement accuracy estimate based upon the 
standard deviation of previous measurements and the dif 
ference betWeen the measurement and the fading average of 
the previous measurements. 

[0065] Other measurement and operational information 
can be used to adjust the estimated range measurement 
accuracy. For eXample, if the quality of ?t metric indicates 
a good curve ?t Was made With the range measurement, the 
estimated range measurement accuracy can be adjusted to 
re?ect greater accuracy (and, conversely, a poor curve ?t 
translates into loWer estimated measurement accuracy). If 
the number of rake taps used is relatively high, indicating the 
presence of signi?cant multipath interference, the estimated 
range measurement accuracy can be adjusted to re?ect loWer 
accuracy. If the signal-to-noise ratio is relatively high, the 
estimated range measurement accuracy can be adjusted to 
re?ect greater accuracy. LikeWise, the estimated range mea 
surement accuracy can be adjusted in accordance With the 
Kalman-estimated variances of the radios’ positions (note 
that this is different from setting the gain Within the Kalman 
?lter, Which depends on the relative variances of the reported 
measurement and the radios’ positions). With each of the 
aforementioned parameters, the estimated range measure 
ment accuracy can be adjusted up or doWn as a function of 
the value of the parameter. 
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[0066] Referring again to FIG. 2, the range measurement 
and estimated range measurement accuracy are supplied by 
processor 34 to navigation system Which tracks the position 
solution of the master radio using, for example, Kalman 
?ltering techniques. While the tracking ?lter described in the 
exemplary embodiment is a Kalman ?lter, in general, the 
tracking ?lter need not be a Kalman ?lter and can be any 
tracking ?lter Which utiliZes measurement and measurement 
accuracy information to track an entity. 

[0067] Upon receiving similar range and range accuracy 
measurements from plural reference radios, the navigation 
system of the local radio determines its measured position 
from the measured range to each of the reference radios via 
a trilateration technique Which can be, for example, a 
conventional trilateration technique. The Kalman ?lter then 
updates the position solution of the radio as a function of the 
estimated predicted ?lter position and the measured posi 
tion. The extent to Which the range measurements in?uence 
the updated position solution depends upon the estimated 
accuracy of the range measurements, With greater accuracy 
resulting in higher ?lter gains and correspondingly greater 
impact on the position solution. Once the local radio’s 
position has been determined by the Kalman ?lter, the local 
radio can convey this information to other radios or to a 
controller or coordinator performing tracking and/or map 
ping of the master radio and perhaps other associated mobile 
radios. The ranging/position location processing can be 
performed periodically or initiated by the local radio or a 
system controller as needed. As Will be appreciated from the 
foregoing, by pre-screening and rejecting unacceptable 
range measurements and by determining more re?ned esti 
mates of range measurement accuracy, the techniques of the 
present invention substantially improve the accuracy of the 
position estimate generated by the tracking ?lter and greatly 
enhance the overall capability of the position determining 
system. In particular, the present invention prevents multi 
path interference from corrupting a device’s tracked position 
solution by identifying erroneously detected multipath sig 
nals and preventing such signals from being used to update 
the position solution. 

[0068] The described measurement screening technique 
involves a coarse screening process based a range measure 
ment comparison With predicted position information and a 
?ne screening process based on a range measurement com 
parison With a measurement history information. Although 
the combination of these screening processes provides supe 
rior performance in certain contexts, if acceptable perfor 
mance can be achieved, the present invention encompasses 
using a single screening process (e.g., screening involving 
only comparisons of range measurements to predicted posi 
tion information or only comparisons of range measure 
ments to measurement history information). 

[0069] The exemplary embodiment of the present inven 
tion includes both screening unacceptable measurements 
and determining the accuracy of the acceptable measure 
ments. While this combination of techniques is particularly 
advantageous, the measurement screening techniques and 
the accuracy determination techniques of the present inven 
tion can be used separately and independently. 

[0070] While the measurement screening and accuracy 
determination techniques of the present invention have been 
described in the context of a system receiving and process 
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ing range measurement, it Will be understood that the 
invention applies equally in systems that handle other types 
of position-revealing signals. For example, the principles of 
the invention apply in systems that receive measurements 
Which indicate the relative angle of an object (e.g., aZimuth 
and elevation). In this case, the methodology is used to 
determined Whether angular measurements are acceptable 
and to estimate accuracies of acceptable angular measure 
ments. 

[0071] Further, the techniques of the present invention can 
be employed in virtually any type of position determining 
system, including GPS receivers and even non-cooperative 
target systems, such as radar and electronic Warfare systems. 
In fact, the underlying principles of the present invention 
(i.e., the pre-screening of a noisy measurement based upon 
a distance metric from an expected value and the above 
described accuracy estimation techniques) are applicable to 
systems other than position determining systems Where 
measurements are supplied to a tracking ?lter and the 
signal-to-noise ratio of the measurements may not be rep 
resentative of the measurement accuracy. 

[0072] The hardWare required to implement the system of 
the present invention easily ?ts Within the physical footprint 
of a handheld spread spectrum radio, permitting the system 
to be used in a Wide variety of applications, including 
virtually any application Which uses radio ranging tech 
niques for position determination. For example, to provide 
situation aWareness in military exercises, the system of the 
present invention can be used to more accurately track the 
position of military personnel and/or equipment during 
coordination of ?eld operations. The system of the present 
invention can also be used to enhance tracking of non 
military personnel and resources located both indoors or 
outdoors, including but not limited to: police engaged in 
tactical operations; ?re?ghters located near or Within a 
burning building or forest ?re; medical personnel and equip 
ment in a medical facility or en route to an emergency scene; 
and personnel involved in search and rescue operations. 

[0073] The system of the present invention can also be 
used to improve tracking of high-value items by tagging 
items or embedding a mobile radio in items such as personal 
computers, laptop computers, portable electronic devices, 
luggage (e.g., for location Within an airport), briefcases, 
valuable inventory, and automobiles. 

[0074] In urban environments, Where conventional posi 
tion determining systems have more dif?culty operating, the 
system of the present invention greatly increases the capa 
bility to reliably track ?eets of commercial or industrial 
vehicles, including trucks, buses and rental vehicles 
equipped With mobile radios. 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, amusement park or 
tourist attraction; location of personnel Within a building; 
and location of prisoners in a detention facility. The mobile 
device could be carried on the body by incorporating the 
radio into clothing, such as a bracelet, a necklace, a pocket 
or the sole of a shoe. 

[0075] The measurement screening and accuracy estima 
tion techniques of the present invention also have the 
application in improving the capability to locate the position 
of cellular telephones. By incorporating the techniques of 



US 2002/0171586 Al 

the present invention into a position determination system 
Within a mobile telephone, the position of the telephone can 
be determined When an emergency call is made or at any 
other useful time. This capability could also be used to assist 
in cell netWork management (e.g., in cell handoff decisions). 

[0076] Having described preferred embodiments of neW 
and improved methods and apparatus for estimating accu 
racy of measurement signals, it is believed that other modi 
?cations, variations and changes Will be suggested to those 
skilled in the art in vieW of the teachings set forth herein. It 
is therefore to be understood that all such variations, modi 
?cations and changes are believed to fall Within the scope of 
the present invention as de?ned by the appended claims. 
Although speci?c terms are employed herein, they are used 
in a generic and descriptive sense only and not for purposes 
of limitation. 

What is claimed is: 
1. A method of determining Whether a measurement is 

acceptable for use in a tracking system, the method com 
prising: 

(a) determining a measurement value from a detected 
signal; 

(b) computing an average and standard deviation of 
previous acceptable measurements; 

(c) generating a WindoW of acceptability as a function of 
the average and standard deviation of the previous 
acceptable measurements; and 

(d) if the measurement value is Within the WindoW of 
acceptability, supplying the measurement value to the 
tracking system for updating a state tracked by the 
tracking system. 

2. The method of claim 1, Wherein the average is a fading 
average of previous acceptable measurements, Wherein 
more recent measurements are Weighted more heavily in 
determining the fading average. 

3. The method of claim 1, Wherein the measurement value 
is a range measurement and the tracking system determines 
the position of an object from a plurality of range measure 
ments. 

4. The method of claim 3, Wherein: 

the measurement value represents a range betWeen a 
mobile communication device and a reference commu 
nication device determined from a round-trip signal 
propagation time of ranging signals eXchanged 
betWeen the mobile communication device and the 
reference communication device. 

5. The method of claim 1, further comprising: 

(e) calculating an error betWeen the measurement and the 
average of the previous acceptable measurements; 

(f) determining the accuracy of the measurement value as 
a function of the error betWeen the measurement and 
the average of the previous acceptable measurements 
and the standard deviation of the previous acceptable 
measurements; and 

(g) supplying the accuracy to the tracking system for 
updating the state tracked by the tracking system. 

6. The method of claim 5, Wherein the detected signal is 
detected using a rake ?lter, and Wherein further includes 
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determining the accuracy of the measurement value as a 
function of a number of rake taps used by the rake ?lter in 
detecting the signal. 

7. The method of claim 5, Wherein detecting the detected 
signal includes curve ?tting the detected signal to a stored 
signal replica, and Wherein further includes determining 
the accuracy of the measurement value as a function of a 
quality of ?t of the curve ?tting. 

8. The method of claim 5, Wherein further includes 
determining the accuracy of the measurement value as a 
function of a signal-to-noise ratio of the detected signal. 

9. The method of claim 5, Wherein the measurement value 
is a range measurement of a range betWeen a mobile 
communication device and a reference communication 
device and the tracking system estimates the position of the 
mobile communication device from a plurality of range 
measurements, the method further comprising: 

(h) computing a predicted range betWeen the mobile 
communication device and the reference communica 
tion device based on tracked positions of the mobile 
communication device and the reference communica 
tion device; and 

(i) estimating the accuracy of the predicted range based on 
estimated accuracies of the tracked positions of the 
reference communication device and the mobile com 
munication device; 

Wherein further includes determining the accuracy of 
the range measurement as a function of the estimated 
accuracy of the predicted range. 

10. The method of claim 1, Wherein the measurement 
value is a range measurement of a range betWeen a mobile 
communication device and a reference communication 
device and the tracking system estimates the position of the 
mobile communication device from a plurality of range 
measurements, the method further comprising: 

(e) computing a predicted range betWeen the mobile 
communication device and the reference communica 
tion device based on tracked positions of the mobile 
communication device and the reference communica 
tion device; 

(f) estimating the accuracy of the predicted range based 
on estimated accuracies of the tracked positions of the 
reference communication device and the mobile com 
munication device; 

(g) generating a coarse WindoW of acceptability as a 
function of the predicted range and the estimated 
accuracy of the predicted range; 

(h) supplying the range measurement to the tracking 
system for updating the estimated position of the 
mobile communication device if the range measure 
ment is Within said coarse WindoW of acceptability and 
said WindoW of acceptability. 

11. A method of determining Whether a range measure 
ment is acceptable for use in updating an estimated position 
of a mobile communication device, comprising: 

(a) measuring a range betWeen the mobile communication 
device and a reference communication device; 

(b) computing a predicted range betWeen the mobile 
communication device and the reference communica 
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tion device based on tracked positions of the mobile 
communication device and the reference communica 
tion device; 

(c) estimating the accuracy of the predicted range based 
on estimated accuracies of the tracked positions of the 
reference communication device and the mobile com 
munication device; 

(d) generating a WindoW of acceptability as a function of 
the predicted range and the estimated accuracy of the 
predicted range; and 

(e) if the range measurement is Within the WindoW of 
acceptability, supplying the range measurement to a 
tracking system for updating the estimated position of 
the mobile communication device. 

12. A method of determining Whether a range measure 
ment is acceptable for use in updating an estimated position 
of a mobile communication device, comprising: 

(a) measuring a range betWeen the mobile communication 
device and a reference communication device; 

(b) computing a predicted range betWeen the mobile 
communication device and the reference communica 
tion device based on tracked positions of the mobile 
communication device and the reference communica 
tion device; 

(c) estimating the accuracy of the predicted range based 
on estimated accuracies of the tracked positions of the 
reference communication device and the mobile com 
munication device; 

(d) generating a ?rst WindoW of acceptability as a function 
of the predicted range and the estimated accuracy of the 
predicted range; 

(e) computing an average and standard deviation of 
previous range measurements; 

(f) generating a second WindoW of acceptability as a 
function of the average and standard deviation of the 
previous measurements; 

(g) if the range measurement is Within both the ?rst and 
second WindoWs of acceptability, supplying the range 
measurement to a tracking system for updating the 
estimated position of the mobile communication 
device. 

13. The method of claim 12, Wherein the average is a 
fading average of previous range measurements, Wherein 
more recent range measurements are Weighted more heavily 
in determining the fading average. 

14. The method of claim 12, Wherein the range measure 
ment is determined from a round-trip signal propagation 
time of ranging signals eXchanged betWeen the mobile 
communication device and the reference communication 
device. 

15. The method of claim 12, further comprising: 

(h) calculating an error betWeen the range measurement 
and the average of the previous range measurements; 

(i) determining the accuracy of the range measurement as 
a function of the error betWeen the range measurement 
and the average of the previous range measurements 
and the standard deviation of the previous range mea 
surements; and 
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supplying the accuracy to the tracking system for 
updating the estimated position of the mobile commu 
nication device. 

16. The method of claim 15, Wherein the range measure 
ment is detected using a rake ?lter, and Wherein further 
includes determining the accuracy of the range measurement 
as a function of a number of rake taps used by the rake ?lter 
in detecting the range measurement. 

17. The method of claim 15, Wherein measuring the range 
includes curve ?tting the detected signal to a stored signal 
replica, and Wherein further includes determining the 
accuracy of the range measurement as a function of a quality 
of ?t of the curve ?tting. 

18. The method of claim 15, Wherein further includes 
determining the accuracy of the range measurement as a 
function of a signal-to-noise ratio of the range measurement. 

19. The method of claim 5, Wherein further includes 
determining the accuracy of the range measurement as a 
function of the estimated accuracy of the predicted range. 

20. A method of estimating the accuracy of a measure 
ment to be used in a tracking system, the method compris 
ing: 

(a) determining a measurement value from a detected 
signal; 

(a) computing an average and standard deviation of 
previous measurements; 

(b) calculating an error betWeen the measurement value 
and the average of the previous measurements; 

(c) determining the accuracy of the measurement value as 
a function of the error and the standard deviation of the 
previous measurements; and 

(d) supplying the measurement value and the accuracy to 
the tracking system for updating a state tracked by the 
tracking system. 

21. The method of claim 20, Wherein the detected signal 
is detected using a rake ?lter, and Wherein (c) further 
includes determining the accuracy of the measurement value 
as a function of a number of rake taps used by the rake ?lter 
in detecting the signal. 

22. The method of claim 20, Wherein detecting the 
detected signal includes curve ?tting the signal to a stored 
signal replica, and Wherein (c) further includes determining 
the accuracy of the measurement value as a function of a 
quality of ?t of the curve ?tting. 

23. The method of claim 20, Wherein (c) further includes 
determining the accuracy of the measurement value as a 
function of a signal-to-noise ratio of the detected signal. 

24. The method of claim 20, Wherein the measurement 
value is a range measurement of a range betWeen a mobile 
communication device and a reference communication 
device and the tracking system estimates the position of the 
mobile communication device from a plurality of range 
measurements, the method further comprising: 

(e) computing a predicted range betWeen the mobile 
communication device and the reference communica 
tion device based on tracked positions of the mobile 
communication device and the reference communica 
tion device; and 

(f) estimating the accuracy of the predicted range based 
on estimated accuracies of the tracked positions of the 
reference communication device and the mobile com 
munication device; 
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wherein (c) further includes determining the accuracy of 
the measurement value as a function of the estimated 
accuracy of the predicted range. 

25. The method claim 20, Wherein the average is a fading 
average of previous measurements, Wherein more recent 
measurements are Weighted more heavily in determining the 
fading average. 

26. Amobile communication device capable of estimating 
its position by determining ranges to a plurality of reference 
communication devices having knoWn positions, compris 
mg: 

a receiver con?gured to receive ranging signals from 
reference communication devices, said receiver gener 
ating a range measurement from a detected ranging 
signal; 

a processor con?gured to receive the range measurement, 
said processor generating a WindoW of acceptability as 
a function of an average and a standard deviation of 
previous range measurements and ?nding the range 
measurement to be acceptable if the range measure 
ment is Within the WindoW of acceptability; and 

a tracking system con?gured to receive acceptable range 
measurements from said processor, said tracking sys 
tem updating an estimated position of the mobile 
communication device from the acceptable range mea 
surements. 

27. The device of claim 26, Wherein the average is a 
fading average of previous range measurements, Wherein 
more recent range measurements are Weighted more heavily 
in determining the fading average. 

28. The device of claim 26, Wherein said receiver deter 
mines the range measurement from a round-trip signal 
propagation time of ranging signals exchanged betWeen the 
mobile communication device and the reference communi 
cation device. 

29. The device of claim 26, Wherein said processor: 
calculates an error betWeen the range measurement and the 
average of the previous range measurements; determines the 
accuracy of the range measurement as a function of the error 
betWeen the range measurement and the average of the 
previous range measurements and the standard deviation of 
the previous range measurements; and supplies the accuracy 
to the tracking system for updating the estimated position of 
the mobile communication device. 

30. The device of claim 29, Wherein said receiver includes 
a rake ?lter, and Wherein said processor determines the 
accuracy of the range measurement as a function of a 
number of rake taps used by the rake ?lter. 

31. The device of claim 29, Wherein said receiver per 
forms curve ?tting of the detected ranging signal to a stored 
signal replica, and Wherein said processor determines the 
accuracy of the range measurement as a function of a quality 
of ?t of the curve ?tting. 

32. The device of claim 29, Wherein said processor 
determines the accuracy of the range measurement as a 
function of a signal-to-noise ratio of the range measurement. 

33. The device of claim 29, Wherein said processor 
computes a predicted range betWeen the mobile communi 
cation device and the reference communication device based 
on tracked positions of the mobile communication device 
and the reference communication device, and estimates the 
accuracy of the predicted range based on estimated accura 
cies of the tracked positions of the reference communication 
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device and the mobile communication device, said processor 
determining the accuracy of the range measurement as a 
function of the estimated accuracy of the predicted range. 

34. The device of claim 26, Wherein said processor: 

computes a predicted range betWeen the mobile commu 
nication device and the reference communication 
device based on tracked positions of the mobile com 
munication device and the reference communication 
device; 

estimates the accuracy of the predicted range based on 
estimated accuracies of the tracked positions of the 
reference communication device and the mobile com 
munication device; 

generates a coarse WindoW of acceptability as a function 
of the predicted range and the estimated accuracy of the 
predicted range; and 

supplies the range measurement to the tracking system for 
updating the estimated position of the mobile commu 
nication device if the range measurement is Within said 
coarse WindoW of acceptability and said WindoW of 
acceptability. 

35. Amobile communication device capable of estimating 
its position by determining ranges to a plurality of reference 
communication devices having knoWn positions, compris 
mg: 

a receiver con?gured to receive ranging signals from 
reference communication devices, said receiver gener 
ating a range measurement from a detected ranging 
signal; 

a processor con?gured to receive the range measurement, 
said processor generating a WindoW of acceptability as 
a function of a predicted range and an estimated 
accuracy of the predicted range betWeen the mobile 
communication device and the reference communica 
tion device based on tracked positions of the mobile 
communication device and the reference communica 
tion device; and ?nding the range measurement to be 
acceptable if the range measurement is Within the 
WindoW of acceptability; and 

a tracking system con?gured to receive acceptable range 
measurements from said processor, said tracking sys 
tem updating an estimated position of the mobile 
communication device from the acceptable range mea 
surements. 

36. Amobile communication device capable of estimating 
its position by determining ranges to a plurality of reference 
communication devices having knoWn positions, compris 
mg: 

a receiver con?gured to receive ranging signals from 
reference communication devices, said receiver gener 
ating a range measurement from a detected ranging 
signal; 

a processor con?gured to receive the range measurement, 
said processor generating a coarse WindoW of accept 
ability as a function of a predicted range and an 
estimated accuracy of the predicted range betWeen the 
mobile communication device and the reference com 
munication device based on tracked positions of the 
mobile communication device and the reference com 
munication device, said processor generating a ?ne 
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WindoW of acceptability as a function of an average and 

a standard deviation of previous range measurements, 
said processor ?nding the range measurement to be 
acceptable if the range measurement is Within both the 
coarse WindoW of acceptability and the ?ne WindoW of 
acceptability; and 

a tracking system con?gured to receive acceptable range 
measurements from said processor, said tracking sys 
tem updating an estimated position of the mobile 
communication device from the acceptable range mea 
surements. 

37. The device of claim 36, Wherein the average of 
previous range measurements is a fading average of previ 
ous range measurements, Wherein more recent range mea 
surements are Weighted more heavily in determining the 
fading average. 

38. The device of claim 36, Wherein said processor 
determines the range measurement from a round-trip signal 
propagation time of ranging signals exchanged betWeen the 
mobile communication device and the reference communi 
cation device. 

39. The device of claim 36, Wherein said processor: 

calculates an error betWeen the range measurement and 

the average of the previous range measurements; 

determines the accuracy of the range measurement as a 
function of the error betWeen the range measurement 
and the average of the previous range measurements 
and the standard deviation of the previous range mea 
surements; and 

supplies the accuracy to the tracking system for updating 
the estimated position of the mobile communication 
device. 

40. The device of claim 39, Wherein said receiver includes 
a rake ?lter, and Wherein said processor determines the 
accuracy of the range measurement as a function of a 
number of rake taps used by the rake ?lter. 

41. The device of claim 39, said receiver performs curve 
?tting of the detected ranging signal to a stored signal 
replica, and Wherein said processor determines the accuracy 
of the range measurement as a function of a quality of ?t of 
the curve ?tting. 

42. The device of claim 39, Wherein said processor 
determines the accuracy of the range measurement as a 
function of a signal-to-noise ratio of the range measurement. 

43. The device of claim 39, Wherein said processor 
determines the accuracy of the range measurement as a 
function of the estimated accuracy of the predicted range. 
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44. Amobile communication device capable of estimating 
its position by determining ranges to a plurality of reference 
communication devices having knoWn positions, compris 
ing: 

a receiver con?gured to receive ranging signals from 
reference communication devices, said receiver gener 
ating a range measurement from a detected ranging 
signal; 

a processor con?gured to receive the range measurement, 
said processor computing an average and standard 
deviation of previous range measurements and deter 
mining the accuracy of the range measurement as a 
function of the standard deviation of the previous range 
measurements and the difference betWeen the range 
measurement and the average of the previous range 
measurements; and 

a tracking system con?gured to receive acceptable range 
measurements and corresponding accuracies from said 
processor, said tracking system updating an estimated 
position of the mobile communication device from the 
acceptable range measurements. 

45. The device of claim 44, Wherein said receiver includes 
a rake ?lter, and Wherein said processor determines the 
accuracy of the range measurement as a function of a 
number of rake taps used by the rake ?lter. 

46. The device of claim 44, Wherein said receiver per 
forms curve ?tting of the detected ranging signal to a stored 
signal replica, and Wherein said processor determines the 
accuracy of the range measurement as a function of a quality 
of ?t of the curve ?tting. 

47. The device of claim 44, Wherein said processor 
determines the accuracy of the range measurement as a 
function of a signal-to-noise ratio of the range measurement. 

48. The device of claim 44, Wherein said processor 
computes a predicted range betWeen the mobile communi 
cation device and the reference communication device based 
on tracked positions of the mobile communication device 
and the reference communication device, and estimates the 
accuracy of the predicted range based on estimated accura 
cies of the tracked positions of the reference communication 
device and the mobile communication device, said processor 
determining the accuracy of the range measurement as a 
function of the estimated accuracy of the predicted range. 

49. The device claim 44, Wherein the average of the 
previous range measurements is a fading average of previ 
ous range measurements, Wherein more recent range mea 
surements are Weighted more heavily in determining the 
fading average. 


