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device Is Initialized (e.g., to the coarse position estimate). An update vector Is next computed based on the initial and revised
position estimates for the device and the initial and revised position estimates for the transmitters. The revised position estimate for
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(§7) Abstract: Techniques for determining the location of a device
based on an initial coarse position estimate for the device, which is
derived based on initial (less accurate) estimates of the position of a
plurality of transmitters. In one method, the coarse position estimate
for the device and revised (more accurate) position estimates for the
transmitters are received. A revised position estimate for the device is
initialized (e.g., to the coarse position estimate). An update vector is
next computed based on the initial and revised position estimates for
the device and the initial and revised position estimates for the trans-
mitters. The revised position estimate for the device is then updated
based on the update vector. The computation for the update vector
and the updating of the revised position estimate for the device can
be repeated a number of times to achieve a more and more accurate
estimate.
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METHOD AND APPARATUS PROVIDING IMPROVED
POSITION ESTIMATE BASED ON AN INITIAL COARSE
POSITION ESTIMATE

BACKGROUND

Field
[1001]  The present invention relates generally to location of a device, and more
particularly to techniques for providing an improved (i.e., more accurate) estimate of the

location of the device based on an initial coarse position estimate.

Background
[1003] A common means by which to locate a device is to determine the amount of
time required for signals transmitted from multiple sources at known locations to reach
a receiver within the device to be located. One system that provides signals from a
plurality of transmitters of known locations is the well-known Global Positioning
Satellite (GPS) system. Satellites in the GPS system are placed in precise orbits
according to a GPS master plén. The position of the GPS satellites can be identified by
a number of different sets of information, some more accurate than others.
[1004] GPS satellites transmit a set of information, referred to as “Almanac”, which
includes less accurate information fegarding the location of the satellites in the
- “constellation”. Ground stations continuously monitér the GPS satellites to observe
their variations in orbit. Once the satellite positions have been measured, the
information is relayed back to the satellites. The satellites then transmit another set of
- information, referred to as “Ephemeris”, which includes a higher accuracy version of

the satellite orbits. Each satellite transmits the Almanac information for all satellites but

the Ephemeris information only for itself.
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[1005] A GPS receiver can receive and/or store an almanac that indicates where
each of a number of satellites is located in the sky at a given time. A more accurate
determination of the location of a GPS satellite can be made based on the Ephemeris
and the time of day at which this information 1s available.

[1006] Both the Almanac and Ephemeris are valid for a limited amount of time.
The Almanac information is considered to be accurate to approximately 3 kilometers for
approximately one week from the time the Almanac is transmitted. The Ephemeris
provides information regarding the satellite orbit with an accuracy of approximately 1
meter for approximately 2 hours. The error in both the Almanac and Ephemeris grows
as the information ages. Accordingly, the location of the satellites based on this
information is less and less accurate as the Almanac and Ephemeris age, unless updated
information is received at appropriate intervals in time.

[1007] Without accurate information regarding the location of the satellites, the
estimated location of a device, which may have been determined based on the receipt of
signals transmitted from the satellites, may be inaccurate. Accurate information may be
attained by receiving updates (continually or as necessary) from the satellites or from an
alternative source. The alternative source may be a base station or position determining
equipment (PDE) in a wireless communication system, either of which may have a GPS
receiver capable of receiving the required information from the GPS satellites.
However, valuable resources would be consumed for the device to be located to attain
the information at regular intervals. In particular, power is required to transmit and
receive the information, and bandwidth 1s required to transmit the information from a
remote source to the device.

[1008] There is therefore a need in the art for techniques to accurately determine the
position of a device with minimal expenditure of resources. This need 1s particularly
acute when position determination is based on transmitters (e.g., GPS satellites) that
move over time and when accurate locations of such transmitters are known only upon
receiving updates from the transmitters or a source remote from the satellites and the

device whose position 1s to be determined.

SUMMARY

[1009] Techniques to accurately determine the location of a receiver device based

on an initial coarse position estimate, which may have been derived using less accurate
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information regarding the location of the transmitters (e.g., an old Almanac or old
Ephemeris for the GPS satellites) are disclosed herein. In one embodiment of the
disclosed method and apparatus, corrections to the coarse position estimate of a receiver
device are made based on knowledge of: (1) information providing a relatively more
accurate location of the transmitters; and (2) information providing a relatively less
accurate location of the transmitters (e.g., the old Almanac and/or Ephemeris) used to
derive the coarse position estimate. The corrections may be performed based on various
correction algorithms, one of which is an iterative algorithm described in further detail
below.

[1010] In accordance with one embodiment of the disclosed method and apparatus,
a coarse position estimate for the device is received. The coarse position estimate may
have been derived based on initial (less accurate) estimates of the position of a plurality
of transmitters, such as GPS satellites. Revised (more accurate) position estimates for
the transmitters are also received. The revised position estimate for the device i1s then
initialized (e.g., to the coarse position estimate). An update vector is next computed
based on the initial and revised position estimates for the device and the initial and
revised position estimates for the transmitters. The revised position estimate for the
device is then updafed based on the update vector. The computation for the update
vector and the updating of the revised position estimate for the device can be repeated a
number of times (e.g., until the magnitude of the update vector is within a particular
threshold) to achieve a more and more accurate estimate of the actual position of the

device.

[1011] In accordance with one embodiment of the disclosed method and apparatus,
the update vector i1s computed by performing the steps of: (1) calculating a set of
measurements based on the revised position estimate for the device and the revised
position estimates for the transmutters; (2) deriving an intermediate position estimate for
the device based on the set of measurements and the initial position estimates for the
transmitters; (3) determining a first geometry matrix based on the initial position
estimates for the transmitters and the intermediate position estimate for the device; (4)
determining a second geometry matrix based on the revised position estimates for the
transmitters and the revised position estimate for the device; and (5) computing the

update vector based on the intermediate and revised position estimates for the device
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and the first and second geometry matrices. These steps are

described in further detail below.

According to one aspect of the present invention,
there is provided a computer readable storage medium having
computer executable instructions stored thereon for

execution on a processor so as to implement a method for

determining the location of a device, the method comprising:

(a) receiving a coarse position estimate for the device

based in part on initial estimates of the positions of a

plurality of transmitters; (b) receiving revised position
estimates for the transmitters; (c¢) correcting the coarse
position estimate using an iterative algorithm comprising:

—

(1) initializing the value of a variable representing a

current more accurate position location estimate such that
the variable is made to be equal to the coarse position
estimate; (ii) determining pseudo range measurements equal

to those that would be measured by the device if the device

were located at the current more accurate position location

and the transmitters were located at the revised position

gubetn

estimates of the plurality of transmitters; (iii) computing

p—

a least mean square to determine the position U'=[xX'y Y'u Z'y

b', ] that the device would have calculated itself to be at,

if it had been at the current more accurate position

location and the transmitters had been at the position

p— —
p—

indicated by the initial estimates of the position of the

g—

plurality of transmitters; (iv) defining a geometry matrix

H,, and a geometry matrix He; (v) generating a final geometry
matrix H.; (vi) computing an update vector from the final
geometry matrix; and (viil) obtaining a new value for the
current more accurate position location by adding the update

vector to the old value of the current more accurate
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position location (d) i1nitializing a revised position
estimate for the device; (e) computing an update vector
based on the revised position estimate for the device and

the 1nitial and revised position estimates for the

transmitters; (f£) updating the revised position estimate for
the device based on the update vector; and (g) repeating the

computing and updating a plurality of times.

According to another aspect of the present

invention, there is provided a position i1dentifying device

comprising: (a) a communication port configured to receive a
coarse position estimate for a receiver device based 1n part
on initial estimates of positions of a plurality of
transmitters; and (b) a processor operatively coupled to the
communication port and configured to: (i) recelve a coarse

-

position estimate of the location of the device, the

estimate having been calculated using 1nitial estimates of
the position of a plurality of transmitters; (1i) receive
information providing a relatively more accurate location of

P

the plurality of transmitters; and (i1i1) correct the coarse

position estimate using an iterative algorithm comprising:

(1) initializing the value of a variable representing a
current more accurate position location estimate such that

the variable is made to be equal to the coarse position

estimate; (2) determining pseudo range measurements equal to
those that would be measured by the device 1f the device
were located at the current more accurate position location
and the transmitters were located at the relatively more
accurate location of the plurality of transmitters; (3)
computing a least mean square to determine the position
G'=[x'y, V'u 2'y b'y] that the device would have calculated

itself to be at, 1f it had been at the current more accurate
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position location and the transmitters had been at the
position indicated by the initial estimates of the position
of the plurality of transmitters; (4) defining a geometry
matrix H,, and a geometry matrix H,, (5) generating a final
5 geometry matrix H,; (6) computing an update vector from the
final geometry matrix; and (7) obtaining a new value for the
current more accurate position location by adding the update

vector to the old value of the current more accurate

position location.

10 According to still another aspect of the present
invention, there is provided a method for determining the
location of a device, comprising: (a) receiving a coarse
position estimate of the location of the device, the
estimate having been calculated using initial estimates of

15 the position of a plurality of transmitters; (b) receiving
information providing a relatively more accurate location of
the plurality of transmitters; and (c) correcting the coarse
position estimate using an iterative algorithm comprising:
(1) 1nitializing the value of a variable representing a

20 current more accurate position location estimate such that
the variable is made to be equal to the coarse position
estimate; (il) determining pseudo range measurements equal
to those that would be measured by the device if the device
were located at the current more accurate position location

25 and the transmitters were located at the relatively more
accurate location of the plurality of transmitters; (iii)
computing a least mean square to determine the position

u'=[x'y, ¥'yu 2'y b'y ] that the device would have calculated
itself to be at, if it had been at the current more accurate

30 position location and the transmitters had been at the
position indicated by the initial estimates of the position

of the plurality of transmitters; (iv) defining a geometry

matrix H,, and a geometry matrix H.; (v) generating a final
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geometry matrix H;; (vi) computing an update vector from the
final geometry matrix; and (vii) obtaining a new value for
the current more accurate position location by adding the

update vector to the old value of the current more accurate

position location.
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[1012] The disclosed method and apparatus further provides other aspects,

embodiments. and features, as described in further detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[1013]  The features, nature, and advantages of the present invention will become
more apparent from the detailed description set forth below when taken in conjunction
with the drawings in which like reference characters identify like elements. ‘
[1014] | FIG. 1A is a simplified i}lustration of a system capable of implementing
various aspects of the invention.

[1015] FIG. 1B is a diagram that illustrates the error in the location of the
transmitters based on information available to the receiver device. |

[1016] FIG. 2 is a simplified block diagram of the receiver device and the position
identifying device in accordance an embodiment of the mvention. |

[1017] FIG. 3 is a flow diagram illustrating a proceés performed by the position‘
identifying device to derive a more accurate positioh estimate for the receiver device
based on a coarse position estimate previously derived by the receiver device.

[1018] FIG. 4 is a flow diagram of the processing performed for the iterative

algorithm, in accordance with an embodiment of the invention.

DETAILED DESCRIPTION
[1019] FIG. 1A is a simplified illustration of a system capable of implementing

various aspects of the invention. A receiver device 110, the position of which is to be
determined, receives signals transmitted from a plurality of the transmitters 130a—130d
(referenced collectively using reference number “130”) via an antenna. The receiver
device 110 further communicates with a position -identif‘ying device 120, which assists
in determining the position of the receiver device, as described in further detail below.

[1020] In one embodiment, the receiver device 110 is a cellular telephone capable
of receiving signals from the plurality of the transmitters 130. However, the recerver
device 110 may be any device capable of determining the arrival times of received
signals with respect to a reference time. For example, the receiver device 110 may be a

computer terminal having a wireless modem, a stand-alone GPS receiver, a receiver
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capable of receiving signals from ground-based transmuitters, or any other receiver. The
transmitters 130 may be any type of transmitter having locations that are known or
which can be ascertained. In an embodiment, the transmitters 130 are satellites of a
Global Positioning Satellite (GPS) system. In alternative embodiments of the disclosed
method and apparatus, the transmitters 130 may be ground-based transmitters (e.g., base
stations of a wireless communication system), or a combination of GPS and ground-
based transmitters.

[1021] The receiver device 110 estimates its position based on the received signals
and information indicative of the location of the transmitters 130 from which the
received signals were transmitted. Due to various factors, the receiver device 110 may
not have current or accurate information regarding the actual location of the transmutters
130. In such case, the position estimate made by the receiver device 110 of its location
1s coarse and may not have the desired degree of accuracy. The initial coarse position
estimate made using less accurate transmitter locations may thereafter be "corrected” to
pfovide a more accurate position estimate of the receiver device using the techniques
described herein.

[1022]  The transmitters 130 can be used as reference points to determine the
location of the receiver device 110. By accurately measuring the distances from three
transmitters 130, the receiver device 110 can “triangulate” its position. The receiver
device 110 determines distance by ﬁeasuﬁng the time required for a signal to travel
from a transmitter 130 to the receiver device 110. By knowing the time the signal is
transmitted from the transmitter 130 and observing the time the signal is received by the
receiver device 110 (based on its internal clock), the travel time of the signal can be
determined. However, the exact amount of time between transmission and reception
typically cannot be determined, for example, due to offsets in the two clocks at the
transmitter 130 and the receiver device 110. Thus, a “pseudo-range” is typically
computed based on the difference between a "reference” time and the time that the
signal 1s received. The reference time may be any time, as long as the reference time 1s
common to all pseudo-range measurements being made (or the pseudo-range
measurements can be adjusted to compensate for differences in the reference times
used).

[1023] In FIG. 1A, the transmitters 130a through 130d are shown at positions

estimated by the receiver device 110 based on less accurate (e.g., not up-to-date)
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information. These positions may be different from the actual positions of the
transmitter 130. In the instance 1n which the transmitters 130 are satellites, such as GPS
satellites, the position of the satellites can be identified by the Almanac and Ephemeris.
[1024] An accurate determination of the location of a GPS satellite can be made if
the current Ephemeris information and the time of day are available. However, the
Ephemeris information is valid for a limited amount of time (e.g., two hours). A less
accurate determination of the GPS satellite location can be made if current Almanac
information and the time of day are available. However, the Almanac 1s also valid for a
limited amount of time (e.g., one week).

[1025]  Aspects of the invention provide techniques to accurately determine the
location of a receiver device based on an initial coarse position estimate, which may
have been derived using less accurate information regarding the location of the
transmitters (e.g., an old Almanac or old Ephemeris for the GPS satellites). It should be
understood that the initial estimate may be made based upon completely outdated
Almanac or Ephemeris information.

[1026] Since the pseudo-ranges and locations of the transmitters are used to
determine the location of the receiver device, errors or inaccuracies in the locations of
the transmitters translate into errors or inaccuracies in the position estimate for the
receiver device. Hence, a "coarse" position estimate is derived for the receiver device
based on pseudo-ranges to transmitters 130, the position of which may be known with
relatively poor accuracy.

[1027]  In accordance with one embodiment of the disclosed method and apparatus,
corrections to the coarse position estimate of receiver device are made based on: (1)
more accurate information regarding the location of the transmitters 130; and (2)
information regarding the amount of error in the estimates of the location of the
transmitters 130 used to derive the coarse position estimate. Techniques to perform the
corrections are described in further detail below. In one embodiment, the corrections
are made at the position identifying device 120, which may be remotely located with
respect to the receiver device 110. However, in other embodiments of the disclosed
method and apparatus, the position identifying device 120 may be co-located with the
receiver device 110.

[1028]  FIG. 2 is a simplified block diagram of the receiver device 110 and the

position identifying device 120 in accordance with one embodiment of the disclosed
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method and apparatus. The receiver device 110 may be a component of a remote
terminal in a wireless communication system, such as a cellular telephone or a computer
with a wireless modem. Alternatively, the receiver device 110 may be a stand-alone
position determining unit, such as a stand-alone GPS receiver.

[1029] The position identifying device 120 may be a component of a base
transceiver subsystem (BTS), a base station controller (BSC), or a mobile switching
controller (MSC) in a wireless communication system, or may be a device that couples
to one of these elements of the wireless communication system. For example, the
position identifying device 120 may be a Position Determining Equipment (PDE) in a
wireless communication system. Alternatively, the position identifying device 120 may
be a component of, and co-located with, a remote terminal or some other device that
includes the receiver device 110. Alternatively, the position identifying device 120 may
be a stand alone component.

[1030]  For simplicity, the receiver device 110 and the position identifying device
120 are shown in FIG. 2 as being directly coupled. However, one or more additional
elements (e.g., a BTS, a BSC, and so on) may be coupled between the receiver device
110 and the position identitfying device 120. The position identifying device 120 and
the receiver device 110 may also be co-located. This may be the case in a system in
which accurate information about the location of the transmitters 130 is not available
when the measurements are made, but 1s available at some time in the future. A coarse
position estimate for the receiver device 110 may be derived immediately upon making
the pseudo-range (or actual range) measurements. The coarse position estimate may be
stored until information regarding the more accurate location of the transmitters 130
becomes available, after which a more accurate position estimate for the receiver device
may be derived.

[1031] In the embodiment shown in FIG. 2, the receiver device 110 includes a
receiver 210, a processing circuit 212, a memory 214, and a communications port 216,
and further couples to an antenna 208.° The antenna 208 receives signals from the
transmitters 130 (shown in FIG. 1A) and couples the received signals to the receiver
210. The receiver 210 includes circuitry (e.g., radio frequency (RF) processing circuitry
‘and/or other receiving circuitry) necessary to process the received signals to derive
information used for position determination. Such information may include timing

information and so on. The information is provided to the processing circuit 212, which
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performs position determining calculations. Such calculations may include calculations
to derive pseudo-ranges to the transmitters 130. Alternatively or additionally, the
calculations may include those required to derive an initial coarse estimate of the
position of the receiver device 110. The coarse position estimate may have a relatively
large error due to large errors 1n the position estimates of the transmitters 130.

[1032] The receiver device 110 provides the results of the calculations and other
pertinent information via a communication port 216 to the position identifying device
120. The pertinent information may include the time the received signals were
measured, the information used to perform the calculations (e.g., the particular Almanac
used to estimate the position of the transmitters 130), and possibiy other information.
The communication port 216 provides an interface to the position identifying device
120. For a receiver device disposed within a remote terminal of a wireless
communication system, the communication port 216 may support communication via a
wireless link.

[1033] In the embodiment shown in FIG. 2, the. position identifying device 120
includes a communication port 220, a processing circuit 222, and a memory 224. The
communication port 220 receives the calculation results and pertinent information from
the receiver device 110 and forwards the information to the processing circuit 222. The
processing circuit 222 receives the calculation results and pertinent information, and
turther receives a copy of the "less accurate” information that was used by the receiver
device 110 to perform the calculations. The less accurate information may be the
Almanac (and the time at which the Almanac was valid), the Ephemeris (and the time at
which the Ephemeris was valid), and/or any other information that the receiver device
110 may have used to estimate the location of the transmitters 130.

[1034] The less accurate information may be provided by the receiver device 110
together with the calculation results, e.g., as part of the pertinent information. In certain
embodiments, the less accurate information may not be explicitly provided, and other
indicators may be used to deduce the information that was used. For example, the time
for which the Almanac or Ephemeris is valid, the time at which the received signals
were measured at the receiver device 110, the time at which the coarse position estimate
was sent to the position 1dentifying device 120, or some other information (which may
be sent as part of the pertinent information), may be sufficient to allow the position

identifying device 120 to correctly deduce the transmitter position estimates that were
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used to derive the coarse position estimate. In some other embodiments, the position
identifying device 120 may be responsible for sending to the receiver device 110 the
information used to derive the coarse position estimate. For these embodiments, there
would be no need for the receiver device 110 to inform the position identifying device
120 what information was used.

[1035] In certain embodiments, the processing circuit 212 may communicate
directly with the position identifying device 120 without the need for a separate
communication port. This may be the case i1n instances in which the position
identifying device 120 and the receiver device 110 are co-located, or may even be
possible in certain other instances in which the position identifying device and receiver
device are not co-located.

[1036] In one embodiment, the position identifying device 120 receives the less
accurate information prior to receipt of the calculation results from the receiver device
110. In some embodiments, the less accurate information used by the receiver device
110 may be provided to the position i1dentifying device 120 by a source other than the
receiver device 110 (e.g., over a communication link that is not shown in FIG. 2 for
simplicity). For example, the less accurate information may be received directly by the
position identifying device 120 from the transmitters 130. Alternatively, the less
accurate information may be received by the position identifying device 120 from a
source that is distinct from any of the components shown in FIG. 1A, such as a
component of a base station in a wireless communication system.

[1037] In one embodiment, the position identifying device 120 may have multiple
sets of information (e.g., several versions of the Almanac), any one of which may have
been used by the receiver device 110 to perform the position determining calculations.
In this case, the receiver device 110 may need to provide additional information to the
position identifying device 120 to indicate what information, from among those
available to the position identifying device 120, was specifically used by the receiver
device 110 to perform the position determining calculation.

[1038] FIG. 3 is a flow diagram illustrating a process performed by the position
identitying device 120 to derive a more accurate position estimate for the receiver
device 110 based on a coarse position estimate previously derived by the receiver
device. The position identifying device 120 initially receives from the receiver device

110 the results of the position determination calculations (e.g., the coarse position
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estimate u“), at step 312. The position identifying device 120 also receives

oot £/

information indicative of the initial position estimates s,

l

of the transmitters 130 (1.e.,

the less accurate transmitter position estimates), which were used to derive the coarse
position estimate, at step 314. This information may indicate the version of the
Almanac or Ephemeris that was used to derive the coarse position estimate. The initial
position estimates for the transmitters 130, as determined by the receiver device 110, are
less accurate and correspond to the location where the receiver device 110 assumed the
transmitters to be located when making the position determining calculations. In an
embodiment, the position i1dentifying device 120 further receives the time at which the
pseudo-range measurements were taken, also at step 314.

[1039] The position identifying device 120 then determines more accurate estimates
—e

s. of the location of the transmitters 130, at step 316. These more accurate transmitter

i

position estimates may be made based on an Almanac and/or Ephemeris that is more
accurate f(_?r the time at which the pseudo-range measurements were made by the
receiver de.vice 110. In one embodiment, the position 1dentifying device 1&0 maintains
a log of the Almanac and Ephemeris transmitted by the satellites of the GPS
constellation. Such a log allowﬁ the position identitying device 120 to use the most
accurate Almanac and Ephemeris to correct the coarse position estimate received from
the receiver device 110, as described in further detail below.

[1040] Once the position identifying device 120 has information regarding the
initial less accurate position estimates and the more accurate position estimates for the
transmitters 130, the position identifying device 120 then corrects the coarse position
estimate for the receiver device 110 in accordance with an algorithm described below, at
step 318.

11041] FIG. 1B is a diagram that illustrates the error in the location of the
transmitters 130 based on information available to the receiver device 110. FIG. 1B
shows transmitters 132a through 132d at locations that represent the more accurate
estimates of the actual location of the transmitters. FIG. 1B also shows the transmitters
130a through 130d at locations that represent less accurate estimates of the location of
the transmitters. Transmutter 132 (shown with dashed lines) and the transmitter 130
(shown with solid lines) correspond to two position estimates for the same transmutter.
However, the location of each transmitter is perceived to be different depending upon

whether the location of the transmitter has been determined using the more or less
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accurate information (i.e., using Almanac and Ephemeris that 1s, or 1s not, accurate for
the time at which the pseudo-range measurement was taken). The locations of the
transmitters 130 were used by the receiver device 110 to perform the position
determining calculations to derive the coarse position estimate for the receiver device
110.

[1042]  The position identifying device 120 performs corrections on the coarse
position estimate from the receiver device 110 to provide a more accurate position
estimate for the receiver device. The corrections on the coarse position estimate may be
performed based on various algorithms including a "linearized" algorithm, an "iterative
algorithm”, and possibly others. The linearized algorithm is described in detail in U.S
Patent Application Serial No. 09/773,207, entitled "METHOD AND APPARATUS
FOR DETERMINING LOCATION USING A COARSE POSITION ESTIMATE,"
filed January 30, 2001, assigned to the assignee of the present application. The iterative
algorithm is described below.

[1043]  The iterative algorithm can be used to perform corrections on a coarse
position estimate for the receiver device 110 based on: (1) knowledge of the less
accurate estimates of the location of the transmitters 130 (e.g., GPS satellites) used to
derive the coarse position estimate for the receiver device 110, and (2) a knowledge of
the more accurate estimates of the actual location of the transmitters 130 at the time the
pseudo-range measurements were made. The more accurate transmitter position
estimates may be determined based on knowledge of the specific time at which the
pseudo-range measurements were taken.

[1044] It should be understood that the coarse position estimate 1s made at either a
location or a time when the more accurate estimates of the location of the transmitters
130 are not available. Corrections will typically be performed at either a later time or
another location or both, depending upon when and where the more accurate estimates
of the position of the transmitters 130 become available.

[1045] In one embodiment of the disclosed method and apparatus, it is assumed that
there is a one-to-one mapping between a position location solution (i.e., the calculated
position for the receiver device 110) and a set of transmitter position estimates. This
assumption is easily satisfied in the case where there are only four pseudo-range

measurements.
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[1046] For clarity, the iterative algorithm is described specifically for a case in
which the transmitters 130 are GPS satellites. However, the iterative algorithm may
also be used with any types of transmitter in which inaccurate transmitter location
information is available at a particular time or place, and more accurate transmitter

location information 1s available at some later time and/or other location.

[1047] The location s for the 1-th satellite derived based on the Almanac

{

information and the clock bias may be expressed as:

5 = ,-xs:" Y2 ZS:'J and. by; -
Clock bias is defined as the difference between the time indicated by the local clock in
the receiver device 110 and the time indicated by the clock in the transmitter 130. The

—a

location, §; will typically have a relatively large error due to inaccuracy of the

H

Almanac used by the receiver device 110 to derive the location, 5" .

[1048] The location, s, calculated for the i-th satellite based on the Ephemeris

information and the clock bias may be expressed as:

, y;, z‘J and b .

-S,-e — l.xe
S Si

i

ol 4

The location, s; will typically have a relatively small error due to the use of the more

H

accurate Ephemeris information. The coarse position estimate, #“ derived by the
receiver device 110 using the relatively less accurate Almanac information may be
expressed as:
—a a a { a
U = I_.x o y s 4 b aJ'
u i H L
A more accurate position estimate u° of the receiver device 110 derived by the receiver

device 110 using the relatively more accurate transmitter location estimates may be

expressed as:
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Initially, more accurate information may not be available. Therefore, the value of the

more accurate position estimate #° may be set to u“. The position estimate #° is
thereafter updated as more information is obtained.

(1049] A Range estimate associated with each satellite may be obtained based on

the following expression:

m, =J(x§ — Xg; )2 "‘(}’5 — Vs )2 T (Z; ~ 2y )2 _(b: _b;) ‘ Eq (1)

These range estimates are essentially pseudo-range measurements that would have been

determined by a receiving device located at u° receiving signals from transmitters
located at the locations indicated by the more accurate information. It can be seen that

the measurement, m; of equation (1) is the distance between the more accurate position

estimate #° of the receiver device 110 and the more accurate position estimate 5. of

one of the transmitters 130, taking into account the clock bias. Based on the range

values of m; calculated to each satellite, a least mean square (LMS) computation can be

’ 4

performed to determine the position #’=|x’ y’ =z’ b’] that the receiver device 110

would have calculated if it had been at the location u# © and had assumed the transmitters

130 to be at the position indicated by the less accurate position estimates, §; for the

transmitters 130 (i.e., the positions indicated by the Almanac information). Based on

this position estimate #~ and the knowledge of the partial derivative equation between

- and u“, an update vector du can be determined.

[1050] A geometry matrix H_ for the less accurate transmitter position estimates

—-a —

s' (e.g., Almanac-derived satellite locations) and the corresponding location u

i

derived from the previous LMS computation can be defined as:

4 a / a a ]
Xy X1 Yu " Vsi &, — Ly 1
—!_‘—a —I“—-a —-.l_—a
U — S5 U — S, U — S, |
V 4 (1 / a a
Xy T Xs2 Yy T V52 %, T s 1
u—~si -5 -5
_ 2 2 2
l M M M M
/4 a 4 a (a
xu “xSn yu —ySn _Zu _ZSn —1
—f — (] — €1 et d — (7
l_ uw —~35¢ -3 -3 |
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Similarly, a geometry matrix H, for the more accurate transmitter position estimates
s; (e.g., the Ephemeris-derived satellite locations) and the more accurate receiver

device position estimate #° can be defined as:

EAE N A R it TR
ﬁ-e__g-le ﬁe_gle ize_§le
X, mVh Zo |
u'—s,| [Wu'-s,| @-5
H, = 2 2 : l Eq (3)
M M M M
X, "X YV ZTZsm g
7 -5| -S| - J
[1051] A final geometry matrix H; can then be expressed as:
T p-l ~1 T
HI:(Ha.R Ha) .Hal.He ? EQ(4)

where R 1s the covariance matrix of the measurements, 1.e., R = Elﬁ-‘ﬁz”'J where E [ ]

represents calculating the statistical expectation of the quantity in the brackets and m 1s
the vector of measurements determined in equation (1). The update vector du can then

be expressed as:
di =(HT -R™-H,)" -HT (@, ~T) . Eq (5)

[1052] The more accurate estimate #° of the receiver device's position obtained

using the more accurate transmitter position estimates s; (e.g., the Ephemeris-derived

satellite position), can be expressed as:
u‘=u"+du . Eq (6)

Equations (1) through (6) can be applied iteratively a number of times to derive a more
and more accurate position estimate for the receiver device 110.
[1053] FIG. 4 1s a flow diagram of the processing performed for the iterative

algorithm, in accordance with an embodiment of the invention. The coarse position

a

estimate u° derived by the receiver device 110 based on less accurate position
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estimates §;° of the transmitters 130 is first received (as described in FIG. 3). The more

accurate position estimate u° for the receiver device 110 is initialized to the coarse

position estimate #“, at step 412. Pseudo-range measurements m; are then determined,

at step 414. These measurements are the ones that would have been obtained if the

position estimate u° were the solution. The measurements m; can be derived based on

equation (1) and can be determined for all transmitters previously used to derive the

coarse position estimate u " .

[1054] At step 416, an LMS computation is performed based on the measurements

m; determined in step 414 and the less accurate transmitter position estimates §°. The

!

LMS computation can be achieved in a manner known in the art. The resulting solution

A—

from the LMS computation is denoted as #”, which is the solution that the receiver

device 110 would have obtained if it had been at location #°.

[1055]  The geometry matrix H, is then computed in accordance with equations (2),

(3) and (4), at step 418. The update vector du can then be determined based on the

— (1 e

geometry matrix H, and the difference in position estimates (i.e., #“-u# ) and in

accordance with equation (5), at step 420. The more accurate position estimate #° 1S
then updated with the update vector du , at step 422.
[1056] At step 424, a determination is made whether or not the magnitude of the

update vector du 1s less than a particular threshold (e.g., ]da_z l <1). If the magnitude of

the update vector du is not less than the threshold, the process returns to step 414 and

the measurements m; of the transmutters 130 are again determined based on the recently

updated more accurate position estimate #° for the receiver device 110. Steps 414
through 424 are repeated as many times as necessary until the magnitude of the update

vector du 1s less than the threshold. Once the threshold is satisfied, the position

e ¢

estimate u° 1s returned as the more accurate location estimate for the receiver device
110. The processing then terminates.

[1057] The techniques described herein allow the location of a receiver device to be
accurately determined based on a coarse location estimate for the receiver device, which
may have been derived based on less accurate position estimates for the transmitters. In

this manner, the information descriptive of the location of the transmitters (e.g., the
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Almanac) may be loaded infrequently into the receiver device, which may allow for
conservation of resources.

[1058] The techniques described herein may also be used advantageously for
determining the position of a receiver device operating in an analog mode, which 1is
characterized by the time stamp of the measurements not being known with sufficient
accuracy (e.g., more than 5 msec of time stamp error).

[1059] In accordance with an aspect of the invention, measurements for five or
more transmitters (e.g., GPS satellites) may be used to solve for x, y, z, and clock bias
as well as the time-stamp error. The correction algorithm described above can be made
applicable for cases where the time-stamp reported by the receiver device 1s not
accurate.

[1060] The iterative algorithm described above can be implemented for position
determining calculations based on five or more measurements. The computations
described above in equations (1) through (6) and the flow diagram shown in FIG. 4 can
be applied in the manner described above. However, instead of the LMS algorithm
normally used for four measurements, a modified LMS algorithm is implemented to
operate on five unknowns to derive the solution (i.e., the position estimate for the
receiver device). Instead of a dimensionality of four for geometry matrices H, and H,
respectively shown in equations (2) and (3), these matrices would have a dimensionality
corresponding to the number of measurements used.

[1061] When five measurements are used for the position determining calculations,

the geometry matrices H, s can be expressed as:

4 {1 4 a 4 a a ]
xu _xSl _z_y o ySl Zu _ZSI ___1 _apSl |
i -5 @357 @ -5° ot
i I 4 a I 4 a 4 e a
- xu—xSZ yu—ySZ Zu _ZSZ 1 apSZ
——f e (T —_ — (1 N—e e (T
g o=|F-% -5 - ot
a,s
M M M M
|
/ €l / a / a a
‘_‘?:_t_t__‘xSn yu_ySn Zu _ZS_n_ —1 aIOSn
V|7 —1 7 —(1 R —(1 a
U —S U — S — )
b} n | i “ Sn ]

The first four columns of the above matrix H,s are the same as that shown above 1n

0P,
ot

of each

equation (2) and the fifth column comprises the partial derivative
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transmitter's pseudo-range measurement with respect to the time-stamp. This partial

derivative for the 1-th transmitter may be expressed as:

axaf. {a a a af (1 {a azaf & {1
S (8 () — X))+ 23 (P () — ) =S (2%t —2°)
dpe Ot |_ ot | _ or |
pSl — t—tk f-—-fk f'-fk

i 1 2 & a 2 a a 2
ot (xSi(tk)_xn) +(ySi(tk)_yu) +(ZSi(tk)_Zu)

[1062] Similarly, the geometry matrices H,s for five measurements can be

expressed as:

[ _e e e e ¢ e e
| Xy = X1 N T V51 Ry T4y —1 a/051
| e — . e _
N2 I At B TRy ot
€ € e e€ e € e
Xy “Xsa Yu " Yso &, T Lgp -1 a1031 |
- —g — — —_g —
H .= n-s,| -5, -5, ot l
e, _
' M M M M
I
e € e € (4 (4 e
| 'xu_xSn yu_.ySn Zu_ZSn _1 a[)Sl
—e  —€ g g ——g = :
N2t I it B Tt ot |

Again, the first four columns of the above matrix H, s are the same as that shown above

IPs;
ot

in equation (3) and the fifth column comprises the partial derivative

transmitter's pseudo-range measurement with respect to the time-stamp. This partial

derivative for the i-th transmitter may be expressed as:

axei e e a ez‘ e e aze' € e
' (x5 () —x, ) A 4 (¥ (t,)— vy, ) +- . (25 () —2,)
ap;g . at I=1;. at t=t, a t=1;
(4 ¢ 2 e e 2 e e 2
at (xSE(Zk)_xu) +(ySt'(tk)“yu) +(Z.5'f(tk)_zu)
[1063] The partial derivatives (e.g., ag;" , ag;‘ . and BE); :" ) of each satellite's

coordinate with respect to the measurement time can be derived from the Almanac or
Ephemeris accordingly, since they described the satellite's trajectory as a function of
time. For the above equations, # is the estimate of the measurement time at the k™
iteration. From the above equations, at each iteration, the satellite positions are

recomputed based on the new value of the measurement time ¢, which may be obtained
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from the measurement time error that is one of the unknowns whose value is reassessed

at each iteration.

[1064] The position determining calculatioris for the analog mode is described in
further detail in U.S Patent Application Serial No. 05/280,337, entitled " METHOD
AND APPARATUS FOR LOCATING GPS EQUIPPED WIRELESS DEVICES
OPERATING IN ANALOG MODE," filed March 29, 1999, assigned to the assignee of
the present application.

[1065] In FIG. 2, processing circuits 212 and 222 may derive the initial coarse
position estimate and the more accurate position estimate for the receiver device 110,
respectively, by executing program instructions stored within memories 214 and 224,
respectively. Processing circuits .212 and 214 may each be implemented as a digital
signal processor (DSP), an application specific integrated circuit (ASIC), a processor, a
microprocessor, a controller, a microcontroller, a field programmable gate array
(FPGA), a programmable logic device, other electronic unit, or any combination thereof
designed to perform the functions described herein. Processing circuits 212 and 222
may each further include memory 212 or 224 used to store program instructions and
data. '

[1066]  The disclosed method and apparatus is provided to enable any person skilled
in the art °to make or use the present invention. Various modifications to these
embodiments will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without departing from
the spirit or scope of the invention. Thus, the present invention is not intended to be

limited to the embodiments shown herein, but is to be accorded the broadest scope that

is consistent with the disclosed principles and novel features.
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CLAIMS:
1. A computer readable storage medium having computer

executable 1nstructions stored thereon for execution on a

processor so as to implement a method for determining the

location of a device, the method comprising:

(a) recelvling a coarse position estimate for the

device based 1in part on 1nitial estimates of the positions

of a plurality of transmitters;

—

(b) receiving revised position estimates for the

transmitters;

(c) correcting the coarse position estimate using

an lterative algorithm comprising:

(1) 1nitializing the value of a variable
representing a current more accurate position location
estimate such that the variable 1s made to be equal to the

coarse position estimate;

(11) determining pseudo range measurements equal
to those that would be measured by the device 1f the device
were located at the current more accurate position location
and the transmitters were located at the revised position

— g

estimates of the plurality of transmitters;

(1ii1) computing a least mean square to determine

the position a'=[x'y, yv'y 2'y, b'y ] that the device would have

calculated itself to be at, 1f 1t had been at the current

more accurate position location and the transmitters had

i

been at the position indicated by the i1nitial estimates of

the position of the plurality of transmitters;

(iv) defining a geometry matrix H,, and a geometry

matrix Heg;
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(V) generating a final geometry matrix Hg;

(vi) computing an update vector from the final

geometry matrix; and

(vii) obtaining a new value for the current more
accurate position location by adding the update vector to

the old value of the current more accurate position location

(d) 1nitializing a revised position estimate for

the device;

(e) computing an update vector based on the

revised position estimate for the device and the i1nitial and

revised position estimates for the transmitters;

(f) updating the revised position estimate for the

device based on the update vector; and

(g) repeating the computing and updating a
plurality of times.

2. A position identifying device comprising:

(a) a communication port configured to receive a

coarse position estimate for a recelver device based 1n part
on initial estimates of positions of a plurality of

transmitters; and

(b) a processor operatively coupled to the

communication port and configured to:
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(1) receive a coarse position estimate of the
location of the device, the estimate having been calculated
using 1nitial estimates of the position of a plurality of

transmitters;

(11) receive 1nformation providing a relatively

more accurate location of the plurality of transmitters; and

(111) correct the coarse position estimate using

an iterative algorithm comprising:

(1) 1nitializing the value of a variable
representing a current more accurate position location
estimate such that the variable is made to be equal to the

coarse position estimate;

(2) determining pseudo range measurements equal to
those that would be measured by the device if the device
were located at the current more accurate position location
and the transmitters were located at the relatively more

accurate location of the plurality of transmitters;

(3) computing a least mean square to determine the
position u'=[x'y, V'y 2'y b',] that the device would have
calculated itself to be at, if it had been at the current
more accurate position location and the transmitters had
been at the position indicated by the initial estimates of

the position of the plurality of transmitters;

(4) defining a geometry matrix H,, and a geometry

matrix Hg,

(5) generating a final geometry matrix H,;

(6) computing an update vector from the final

geometry matrix; and
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(7) obtaining a new value for the current more
accurate position location by adding the update vector to

the old value of the current more accurate position

location.

3. The position identifying device of claim 2,

further comprising:

(c) a memory operatively coupled to the processor
and configured to store a plurality of sets of information
indicative of position estimates for the transmitters at a
plurality of time instances, and wherein the revised
position estimates for the transmitters are derived from one

of the sets of information.

4, The position i1dentifying device of any one of
claims 2 and 3, wherein the communication port is further
configured to receive i1information indicative of a particular
time at which signals from the transmitters were measured
and used to derive the coarse position estimate for the

receiver device.

5. A method for determining the location of a device,

comprising:

(a) receiving a coarse position estimate of the
location of the device, the estimate having been calculated
using initial estimates of the position of a plurality of

transmitters;

(b) receiving information providing a relatively

more accurate location of the plurality of transmitters; and

(c) correcting the coarse position estimate using

an lterative algorithm comprising:
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(1) initializing the value of a variable
representing a current more accurate position location
estimate such that the variable 1s made to be equal to the

coarse position estimate;

(11) determining pseudo range measurements equal
to those that would be measured by the device if the device
were located at the current more accurate position location
and the transmitters were located at the relatively more

accurate location of the plurality of transmitters;

(1ii1) computing a least mean square to determine
the position U'={x', yv'y, 2'y, b', ] that the device would have
calculated 1itself to be at, i1f it had been at the current
more accurate position location and the transmitters had
been at the position indicated by the initial estimates of

the position of the plurality of transmitters;

(1v) defining a geometry matrix H,, and a geometry

matrix Hg;
(v) generating a final geometry matrix H;;

(vi) computing an update vector from the final

geometry matrix; and

(vii) obtaining a new value for the current more
accurate position location by adding the update vector to
the old value of the current more accurate position

location.

6. The method of claim 5 wherein steps (b) and (c)
are repeated until the magnitude of the update vector is

within a particular threshold.
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7 . The method of any one of claims 5 and 6, whereiln
the initial estimates of the position of a plurality of

transmitters are based on Almanac data.

8. The method of any one of claims 5 to 7 wherein the
5 information providing a relatively more accurate location of

the plurality of transmitters is Ephemeris data.

9. The method of any one of claims 5 to 8 wherein the
position estimate for the device 1s based on at least five
measurements to account for uncertainty in the time at which

10 the measurements were made at the device.
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