WO 03/092319 Al

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
6 November 2003 (06.11.2003)

(10) International Publication Number

WO 03/092319 Al

PCT

(51) International Patent Classification”:

GO1S 5/14

(21) International Application Number:
(22) International Filing Date:

(25) Filing Language:

(26) Publication Language:

(30) Priority Data:
10/132,501

(71) Applicant:

[US/US]; 5775 Morehouse Drive, San Diego, CA 92121

(US).

(72) Inventor: SHEYNBLAT, Leonid; 110 Reservoir Road,

Hillsborough, CA 94010 (US).

(74) Agents: WADSWORTH, Philip, R. et al.; 5775 More-
house Drive, San Diego, CA 92121 (US). —

H04Q 7/38, (81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,

CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,

PCT/US03/12195 GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, 1.C,
22 April 2003 (22.04.2003) LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NI, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD,
English SE, SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ,
English VC, VN, YU, ZA, ZM, ZW.
. (84) Designated States (regional): ARIPO patent (GH, GM,
24 April 2002 (24.04.2002)  US KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
QUALCOMM, INCORPORATED Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),

European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

[Continued on next page]

(54) Title: POSITION DETERMINATION FOR A WIRELESS TERMINAL IN A HYBRID POSITION DETERMINATION SYS-

TEM

( Start

Accurate
sub-system available?

Determine an accurate position
estimate for the terminal based
on the accurate sub-system

l-214

T

Compute “expected”
pseudo-ranges, Ry, to the
transmitters in a less accurate
sub-system based on the
accurate position estimate

216

v

Determine "measured" pseudo-
ranges, Ry, to the transmitters
in the less accurate sub-system

| 218

)

Derive pseudo-range residuals,
RES,, between the measured
pseudo-ranges, A, and the
expected pseudo-ranges, R’y

|,220

v

Determine error statistics for the
pseudo-range residuals, RES;

|r222

¥

Update the error statistics
associated with the pseudo-
range residuals, RESy,

|24

I

C End )

(57) Abstract: Techniques to determine a position estimate for a wireless terminal. An
accurate position estimate for the terminal is initially obtained (e.g., based on a first
(accurate) position determination sub-system). For each of one or more transmitters
(e.g., base stations) in a second (less accurate) position determination sub-system, an
"expected" pseudo-range is computed based on the accurate position estimate for the ter-
minal and the base station location, a "measured” pseudo-range is also obtained, and a
pseudo-range residual is then determined based on the expected pseudo-range and the
measured pseudo-range. Thereafter, to determine an updated position estimate for the
terminal, measured pseudo-ranges are obtained for a sufficient number of transmitters.
The measured pseudo-range for each base station may be corrected based on the associ-
ated residual. The updated position estimate is then determined based on the corrected
pseudo-ranges for these transmitters.
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POSITION DETERMINATION FOR A WIRELESS TERMINAL IN A
HYBRID POSITION DETERMINATION SYSTEM

BACKGROUND
Field
[1001] The present invention relates generally to position determination. More
specifically, the present invention relates to techniques for improving the accuracy and

service availability in determining the position of a wireless terminal.

Background

[1002] It is often desirable, and sometimes necessary, to know the position of a
wireless user. For example, the Federal Communications Commission (FCC) has adopted
a report and order for enhanced 911 (E-911) wireless service that requires the location of a
wireless terminal (e.g., a cellular phone) to be provided to a Public Safety Answering Point
(PSAP) each time a 911 call is made from the terminal. The FCC mandate requires the
location of the terminal to be accurate to certain specifications, which is within 50 meters
for 67% of calls and within 150 meters for 95% of calls.

[1003] In addition to the FCC mandate, service providers have begun to recognize that
Jocation services (i.e., services that identify the position of a wireless terminal) may be
used in various applications to provide value-added features that may generate additional
revenue for the service providers. For example, a service provider may use location
services to implement location-sensitive billing whereby different rates may be charged for
calls originating from different zones. A service provider may also use location services to
provide location-sensitive information such as driving directions, local information on
traffic, gas stations, restaurants, hotels, and so on. Other applications that may be provided
using location services include asset tracking services, asset monitoring and recovery
services, fleet and resource management, personal-location services, and so on. These
various applications typically require the location of each affected terminal be monitored
by the system or that the terminal be able to continually update its position.

[1004]  Various systems may be used to determine the position of a wireless terminal.
One such system is the well-known Global Positioning System (GPS), which is a
«constellation” of 24 well-spaced satellites that orbit the earth. Each GPS satellite

transmits signals encoded with information that allows receivers on earth to measure the
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time of arrival of the received signals relative to an arbitrary point in time. This relative
time-of-arrival measurement may then be converted to a “pseudo-range”. The position of
a GPS receiver may be accurately estimated (to within 10 to 100 meters for most GPS
receivers) based on a sufficient number of pseudo-range measurements (typically four).
However, GPS signals are received at very low power levels due to the relatively large
distances between the satellites and the receivers, and most GPS receivers have great
difficulty receiving GPS signals inside a building, under dense foliage, in urban settings in
which tall buildings block much of the sky, and so on.

[1005] In a hybrid position determination system, signals from terrestrial or earth-
bound base stations in a wireless communication system may also be used in place of, or to
supplement, the signals from GPS satellites to determine the position of a wireless
terminal. The wireless communication system may be a cellular communication system or
some other system. A “hybrid” terminal would then include a GPS receiver for receiving
GPS signals from the satellites and a “terrestrial” receiver for receiving “terrestrial” signals
from earth-bound base stations. Similar to the GPS signals, the time of arrival of a
received terrestrial signal may be measured relative to an arbitrary point in time and
converted to a pseudo-range. Pseudo-range measurements to a sufficient number of base
stations (e.g., three or more) may then be used to estimate the position of the terminal. It is
well known that the terrestrial pseudo-ranges based on terrestrial signals are prone to
exhibit relatively large errors due to timing and hardware errors in the base stations, timing
and hardware errors in the receiver, and errors due to the propagation path. Consequently,
the accuracy of a position estimate derived from terrestrial pseudo-range measurements is
typically worse than that derived from GPS pseudo-range measurements.

[1006] A mobile terminal may move in and out of the coverage areas of the GPS and
wireless communication system. To achieve high accuracy, it is desirable to use the GPS
signals as often and to the extent possible to determine a position estimate for the terminal.
Moreover, to achieve higher availability and greater coverage, it is desirable to use the
terrestrial signals when and to the extent needed to determine the terminal position
estimate.

[1007] There is therefore a need in the art for techniques to effectively use the GPS and
terrestrial signals in a manner which provides high accuracy and high availability in

determining a position estimate for a wireless terminal.
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SUMMARY

[1008] Techniques are provided herein to provide improved accuracy and service
availability in determining a position estimate for a wireless terminal. In an aspect, the
terminal’s position is first accurately determined based on an accurate position
determination sub-system (which may be GPS). This accurate position estimate is then
used to determine “residuals”, which are corrections to be used for “actual” measurements
obtained for a less accurate position determination sub-system (which may be a cellular
communication system). Thereafter, the terminal’s position may be determined based on
the best set of measurements then available for the terminal. For example, a “GPS-based”
solution may be computed if measurements for a sufficient number of satellites are
available, a “hybrid” solution may be computed if measurement for at least one GPS
satellite is available, and a “terrestrial-based” solution may be computed if measurements
for only base stations are available.

[1009] For the hybrid and terrestrial-based solutions, the actual measurement for each
base station (which may be a “measured” pseudo-range obtained based on a signal
received from the base station) may be corrected using the residual determined for that
base station. The residuals may be used to mitigate errors that are introduced by various
components of the wireless network and the propagation medium. In this way, the highest
possible accuracy may be achieved for the terminal position estimate based on the
available position determination sub-system(s). Moreover, high availability is provided for
the position determination because of the ability to supplement the more accurate (GPS)
measurements with the less accurate (terrestrial) measurements when and to the extent
necessary.

[1010] In a specific embodiment, a method is provided for determining a position
estimate for a wireless terminal. In accordance with the method, an accurate position
estimate for the terminal is initially determined based on a first (accurate) position
determination sub-system (e.g., based on measured pseudo-ranges to a sufficient number
of GPS satellites). An “expected” pseudo-range to each of one or more transmitters in a
second (less accurate) position determination sub-system (e.g., one or more base stations in
a cellular communication system) is then computed based on the accurate position estimate
for the terminal and the known location for the transmitter. The expected pseudo-range is
indicative of the line-of-sight distance between the terminal and the transmitter and may be

considered as the “true” range. A measured pseudo-range for each base station is also
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obtained (e.g., based on pilot phase measurement for a forward link signal received from
the base station in case of a CDMA-based wireless network). A pseudo-range residual is
then determined for each base station based on the expected pseudo-range and the
measured pseudo-range for the base station. The pseudo-range residual is assumed to be
due to errors in the measurement made by the less accurate second sub-system.

[1011] Thereafter, to determine an updated position estimate for the terminal,
measured pseudo-ranges are obtained for a sufficient number of transmitters, each of
which may be a GPS satellite or a base station. The measured pseudo-range for each base
station is then corrected based on the pseudo-range residual determined for that base
station. The updated position estimate for the terminal is then determined based on (1) the
measured pseudo-ranges (if any) for the GPS satellites, and (2) the corrected pseudo-
ranges for the base stations.

[1012]  In an embodiment, the updated position estimate for the terminal is determined
based on (1) the first sub-system, if it is available, (2) the first and second sub-systems, if
the first sub-system is partially available, or (3) the second sub-system only, if the first

sub-system is unavailable.

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 correspondingly throughout and
wherein:

[1014] FIG. 1 is diagram of a hybrid position determination system that includes a
number of position determination sub-systems;

[1015] FIG. 2 is a flow diagram of a process for determining pseudo-range residuals
for base stations in a cellular communication system;

[1016] FIG. 3 is a flow diagram of a process for determining a position estimate for a
wireless terminal in a manner such that high accuracy and high service availability are
achieved,;

[1017]  FIG. 4 is a flow diagram of a process for determining a position estimate for a
terminal using pseudo-range residuals to provide improved accuracy; and

[1018] FIG. 5 is a block diagram of an embodiment of a receiver unit, which may be a

component of a wireless terminal.
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DETAILED DESCRIPTION

[1019]  FIG. 1 is diagram of a hybrid position determination system 100 that includes a
number of position determination sub-systems. One such position determination sub-
system is the well-known Global Positioning System (GPS). Another such position
determination sub-system is a wireless (e.g., cellular) communication system, which may
be a Code Division Multiple Access (CDMA) communication system or some other
system. In general, hybrid position determination system 100 may include any number of
position determination sub-systems that may be of any type (e.g., a Bluetooth, WI-FI or
any other system capable of providing location related information). In a specific
embodiment that is described in detail below, hybrid position determination system 100
includes the GPS and cellular communication system.

[1020]  In hybrid position determination system 100, the position of a wireless terminal
110 may be determined based on signals from either a single position determination sub-
system or multiple position determination sub-systems. For example, if system 100
includes the GPS and cellular communication system, then the position of terminal 110
may be determined based on (1) GPS alone, (2) the cellular communication system alone
using a technique known as Advanced Forward Link Trilateration (A-FLT), or (3) both
GPS and cellular communication system. Each position determination sub-system may be
able to provide position estimates with certain accuracy and may be available for certain
operating environments. If system 100 includes the GPS and cellular communication
system, then the accuracy and availability for these systems may be briefly summarized (in

descending order of accuracy) as shown in Table 1.
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Table 1
Measurement L
Description
Type
GPS Solution based solely on GPS. Highest accuracy. May not be

| available for certain environments (e.g., indoors).

Hybrid solution based on a combination of GPS and cellular
GPS and A-FLT | communication system. Intermediate accuracy. Improved indoors
availability.

Solution based solely on the cellular communication system.
A-FLT | Reduced accuracy. Commonly available in urban area and may
be available where GPS is not available (e.g., indoors).

Solution based solely on the cellular communication system. Low
Enhanced accuracy (generally depends on the cell sector size and accuracy
CELL-ID of round trip delay or similar measurement; may include other
cellular measurements such as signal strength).

Solution based solely on the cellular communication system.
Lowest accuracy (provides only the identity of the cell where the
terminal is located; therefore, accuracy is dependent on the size of
the cell).

CELL-ID

[1021] Although the “GPS-based” solution has the highest accuracy in Table 1, an
insufficient number of GPS satellites may be available in certain operating environments
(e.g., indoors) to compute this solution. Assisted GPS may be implemented to improve
sensitivity and reduce the amount of time needed to acquire the satellites. For assisted
GPS, certain aiding information may be provided to the terminal and used to acquire and
process the GPS signals. The aiding information may include, for example, timing
information, information related to approximate GPS satellite locations, and so on.

[1022] For a “hybrid” solution based on measurements for both GPS and cellular
communication system, one or more measurements for one or more base stations may be
used in place of measurements for GPS satellites. The hybrid solution provides the highest
attainable accuracy for cases where an insufficient number of GPS satellites are available
to compute the GPS-based solution. For a “terrestrial-based” or “free-wheeling” solution
(e.g., using A-FLT), no measurements for GPS satellites are used and the terminal position
is determined based solely on measurements for base stations in the cellular

communication system. For the hybrid and terrestrial-based solutions, the “actual”

'
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measurements based on signals received from the base stations are pronme to exhibit
relatively large errors due to (1) timing and hardware errors in the terminal and base
stations and (2) errors due to the propagation environment. Consequently, the accuracy of
a terrestrial-based solution is typically worse than that of a hybrid solution, which is
typically worse than that of a GPS-based solution.

[1023]  Techniques are provided herein to provide improved accuracy and service
availability in determining a position estimate for a wireless terminal. In an aspect, the
terminal’s position is first accurately determined based on an accurate position
determination sub-system (e.g., GPS) and used to determine residuals, which are
corrections to be used for the actual measurements for a less accurate position
determination sub-system (e.g., the cellular communication system). Thereafter, the
terminal’s position may be determined based on the best set of measurements then
available for the terminal. For example, a GPS-based solution may be computed if
measurements for a sufficient number of GPS satellites are available, a hybrid solution
may be computed if measurement for at least one satellite is available, and a terrestrial-
based solution may be computed if measurements for only base stations are available.
[1024] For the hybrid and terrestrial-based solutions, the actual measurement for each
base station may be corrected with the residual determined earlier for that base station.
The residuals may be used to mitigate errors that are introduced by various components of
the wireless network and the propagation medium. In this way, the highest possible
accuracy may be achieved for the terminal position estimate based on the available
position determination sub-system(s). Moreover, high availability is provided for the
position determination with the ability to supplement the more accurate (GPS)
measurements with the less accurate (cellular) measurements when and to the extent
needed.

[1025]  For simplicity, various aspects and embodiments will be specifically described
for measurements relating to pseudo-ranges. The pseudo-range to a base station may be
measured based on pilot phase measurement, as is known in the art. Other means for
measuring pseudo-ranges are known and may also be used. However, the techniques
described herein may also be used for other types of measurement besides pseudo-range.
For example, timing- and/or signal strength-related measurements may be obtained and

used to determine the terminal position estimate. Other means for determining position
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without using pseudo-ranges are known. The techniques described herein may thus be
used for various types of residuals and measurements.

[1026] In FIG. 1, terminal 110 receives signals transmitted from a number of
transmitters, which may be base stations 120 of the cellular communication system and/or
satellites 130 of the Global Positioning System. In general, any type of transmitter having
Jocations that are known or can be ascertained may be used to determine the terminal’s
position. For example, terminal 110 may receive signal from an access point in a
Bluetooth system. As used herein, a base station may be any earth-bound transmitter that
transmits a signal that may be used for position determination.

[1027] Terminal 110 may be any device capable of receiving and processing signals
from the position determination sub-systems to obtain timing, ranging, and/or location
information. In one embodiment, terminal 110 is a cellular telephone capable of receiving
signals from a number of transmitters. In other embodiments, terminal 110 may be an
electronics unit (e.g., a computer terminal, a persoﬁal digital assistant (PDA), and so on)
having a wireless modem, a receiver unit capable of receiving signals from satellites and/or
base stations, or any other type of receiver

[1028] The position of terminal 110 may be determined based on (1) distances to a
sufficient number of transmitters, which are used as reference points, and/or (2) the
locations of these transmitters. (Location of a Bluetooth transmitter or cellular repeater
may be sufficient) The terminal can estimate the distance to each transmitter by
measuring the time required for a signal to travel from the transmitter to the terminal. If
the time the signal is transmitted from the transmitter is known (e.g., stamped or encoded
in the signal), then the travel time of the signal can be determined by observing the time
the signal is received at the terminal (based on the terminal’s internal clock). Typically
however, the amount of time between transmission and reception cannot be exactly
determined because of offsets between the clocks at the transmitter and terminal. Thus, a
“pseudo-range” is typically derived based on the difference between a reference time and
the time that the signal is received. The pseudo-range thus represents the relative distance
between the terminal and the transmitter from which the signal was received.

[1029] The locations of the GPS satellites may be ascertained by processing the signals
transmitted by the satellites. Each satellite transmits “Almanac” information, which
includes information regarding coarse locations of all satellites in the constellation. Each

satellite further transmits “Ephemeris” information, which includes a higher accuracy
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version of its own orbit, as tracked and reported by tracking stations on earth. The
locations of the base stations may be made known (e.g., via messages) to the entity
performing the position determination. For example, the terminal may include a database
of the locations of the base stations and/or satellites, or these locations may be provided by
a Location Server such as a Position Determining Entity (PDE) 140 or a base station as
_needed. Alternatively, the base station or PDE may perform the position determination for
the terminal and may have the information for the satellite and/or base station locations.
The location related information for the satellites and/or base stations may also be
transmitted via messages.

[1030] The pseudo-range measurements to a sufficient number of transmitters (base
stations and/or satellites) and the locations of these transmitters are typically provided to an
algorithm that then computes a position estimate for the terminal based on this information
using trilateration. One such algorithm is the well-known least mean square (LMS)
algorithm. Other suitable algorithms may also be used, as are known in the art. The
computation to determine the terminal position estimate may be performed by the terminal,
the PDE (Location Server), a base station, or some other entity. The entity performing the
position determination is provided with the necessary information (e.g., the pertinent
measurements and either the locations of the transmitters or the means to determine these
locations).

[1031] As noted above, the position of terminal 110 may be determined based on
signals from GPS alone, the cellular communication system alone, or both systems. For a
GPS-based solution, pseudo-range measurements to four or more GPS satellites 130 are

determined and used to solve for four unknowns, which are x,y,z in position and time

bias or offset of the terminal. The result of the computation is an accurate 3-dimensional
(3-D) position estimate (x,y,z) for the terminal.

[1032] For a hybrid solution based on signals from both GPS and cellular
communication system, one or more measurements from one or more base stations may be
used in place of measurements from GPS satellites. For example, referring to FIG. 1, a
signal from base station 120a in the cellular communication system may be used to correct
for the time bias of the terminal. For a CDMA system, each base station transmits a pilot
signal on its forward link signal to the terminals within its coverage area. For many
CDMA systems, the timing of the pilot signals from all base stations is synchronized with

GPS system time. At terminal 110, the earliest arriving signal instance (or multipath
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component) from base station 120a to be used for demodulation is identified, the time of
occurrence of this multipath component at the terminal’s antenna connector is determined,
and this time of occurrence may be used as the terminal’s reference time. The terminal
may then transmit a reverse link signal back to this same base station 120a such that the
reverse link signal is delayed by a total of 27, which is referred to as the round trip delay
(RTD). The RTD may be measured at base station 120a and used to adjust the terminal’s
time reference so that it corresponds to “true” GPS time. By synchronizing the terminal’s
clock with GPS time, the time bias at the terminal may be removed. A hybrid solution
may then be obtained with only three pseudo-range measurements Rs1, Rsp, and Rgs for
three GPS satellites 130a, 130b, and 130c, respectively, which are all that is needed to
solve for three unknowns (i.e., x,y,z in position) to compute the 3-D position estimate for
the terminal. If altitude assistance is also available, then pseudo-range measurements to
two satellites would be sufficient to solve for a position estimate.

[1033] The signals from the base stations may also be used for ranging, which would
further reduce the number of satellites needed to determine the terminal’s position. In
particular, the pseudo-range Ry from the terminal to base station i may be computed as:

R,=c7T, , Eq (1)

14 11

where ¢ is the speed of light and 7 is the propagation delay from the terminal to base
station i (i.e., 7, =RTD/2).

[1034]  The pseudo-range measurements for the base stations may be combined with
the pseudo-range measurements for the GPS satellites and used to compute a position
estimate for the terminal. A hybrid solution may be obtained with (1) two pseudo-range
measurements (e.g., Rs; and Rg) for two GPS satellites and one pseudo-range
measurement (e.g., Rp;) for one base station, (2) one pseudo-range measurement (e.g., Rs1)
for one GPS satellite and two pseudo-range measurements (e.g., Rp; and Rg;) for two base
stations, and so on. A terrestrial-based solution may also be obtained with two or more
pseudo-range measurements (e.g., Rp; and Rg,) for two or more base stations. In general, a
sufficient number of measurements obtained from a combination of base stations and/or
GPS satellites may be used to determine the position estimate for the terminal.

[1035] As noted above, pseudo-range measurements based on signals from the base

stations are prone to exhibit relatively large errors due to various sources of error. One
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such error source is multipath effect in the propagation environment, which results in a
signal transmitted from a base station reaching the terminal via an indirect path instead of a
line-of-sight path. The indirect path may be created by reflection off one or more
reflection sources, which are typically artifacts in the environment in which the terminal is
operating (e.g., buildings, trees, or some other structures). Since the indirect path is longer
than the line-of-sight path, the pseudo-range measurement based on a reflected signal is
correspondingly longer. In an embodiment, a pseudo-range residual is determined for each
base station that the terminal is in communication with. In another embodiment, a pseudo-
range residual is determined for each base station that may be used to determine the
position estimate for the terminal. In general, the pseudo-range residuals may be
determined for any combination of one or more base stations. The pseudo-range residual
is used to account for various sources of error including multipath effect.

[1036] FIG. 2 is a flow diagram of a process 200 for determining pseudo-range
residuals for transmitters in a less accurate position determination sub-system (e.g., base
stations in the cellular communication system). Initially, a determination is made whether
or not an accurate position determination sub-system is available (step 212). This accurate
position determination sub-system may be any system that may be used to accurately
determine the position of the terminal, such as GPS. If the accurate position determination
sub-system is not available, then the process waits until this sub-system is available.
Otherwise, the process proceeds to step 214.

[1037]  In step 214, an accurate position estimate for the terminal is determined based
on the accurate position determination sub-system. For GPS, the signals from four or more
GPS satellites may be measured and used to derive pseudo-ranges to these satellites. The
pseudo-ranges may then be provided to an LMS or some other suitable algorithm to

compute the accurate position estimate for the terminal, which is denoted as (x,9,2)r-

The accurate position estimate may also be obtained by other means, for example, by
receiving a signal from an access point in a Bluetooth system or a pseudolite (described
below), by manual input from the user, by receiving aiding information from a network
entity (e.g., the PDE), and so on. '

[1038] An “expected” pseudo-range, R;;, from the terminal to each base station that

may be used to determine the position estimate for the terminal at a later time is then

computed based on (1) the accurate position estimate (x,y, z); for the terminal, and (2) the
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location (x,y,z) of the base station (step 216). This expected pseudo-range may be

considered as the “true” range. The base station location may be provided to the terminal
in the manner described above (e.g., via messages or signaling). The expected pseudo-

range, R;,- , to base station i may be computed as:

Rz’;i = " (x,y, Z)T —(x,y, Z)Bi" » O Eq (2a)

Rz’ai = \/(xT _‘xBi)z +(yp — yBi)2 +(zp _ZBi)Z ) Eq (2b)

where (X,¥,2); = Xp>Y7,2p and (X,,2)g =Xp, Vg 25- 1he expected pseudo-range,
R}, is representative of the line-of-sight distance between the terminal and base station i,
and is an accurate value since it is computed based on the accurate position estimate
(%,7,2), for the terminal and the known location (x,,z) of the base station.

[1039] A “measured” pseudo-range, Ry, to each base station is then determined (step
218). This may be achieved by receiving and processing the signal from the base station,
determining the time‘ 7, required for the signal to travel from the base station to the
terminal, and computing the measured pseudo-range as Ry =c-7,. The time 7, may be

estimated based on the phase of the pilot in the forward link signal received from the base
station (i.e., a pilot phase measurement) using the terminal’s time reference, as is known in
the art. The terminal’s time reference may be calibrated or ascertained based on the GPS-
based solution or the round trip delay as described above.

[1040] A pseudo-range residual, RES;,, for each base station that may be used to
determine the position estimate for the terminal at a later time is next determined based on
(1) the expected pseudo-range, Ry;, to the base station, and (2) the measured pseudo-range,

R,,, to the base station (step 220). The pseudo-range residual, RESy; , for base station i

may be computed as:
RES,, =R, ~Ry . : Eq (3)

[1041] The pseudo-range residual is indicative of the error between the (1) measured

pseudo-range, Ry, which is derived based on the signal received from the base station, and
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(2) the expected pseudo-range, Ry, , which is computed based on some other more accurate

information. The measured pseudo-range, Ry, , may be expressed as:
RBi=R;i+T;'+Bi+Mi’ Eq 4)

where R}, is the true range from the terminal to the base station, T; is representative of all
errors associated with the terminal, B, is representative of all errors associated with the
base station, M, is the error associated with the signal propagation environment which
includes multipath. The true range, Rj;, may be approximated by the expected pseudo-
range, R;, (.., Ry =Ry). The errors associated with the terminal and base station

typically do not change over time or may change gradually. The error T; includes a

parameter 77 that is representative of the error associated with receiver measurement noise
(or thermal noise, which can be represented by Gaussian noise). The parameter 77 changes

from one measurément to next, but can be either (1) assumed to be negligible or (2)

accounted for in similar manner as the errors in the pilot phase measurements. The

multipath error, M,, may be decomposed into (1) a large error component due to large

obstructions (e.g., buildings, structures, and so on) that do not change over time (e.g., can
be represented by an error process with a long time constant) and (2) a small error
component due to other obstructions (e.g., can be represented by an error process with a
short time constant). The small fast multipath error component may be considered
negligible in comparison to the large slow multipath error component. Thus, the pseudo-

range residual (which may be expressed as RESy =T, + B, +M,) is typically valid for at

least a period of time, with the time duration being dependent on the characteristics of the
propagation environment and other factors.

[1042] In an embodiment, the a posteriori errors associated with the terminal position
estimates can be used to determine a priori measurement errors associated with the
terrestrial pseudo-ranges. Various error parameters may be associated with the terminal
position estimate and/or the pseudo-range residuals. For example, an error ellipse and its
orientation may be determined for the position estimate. The position of each base station
relative to the error ellipse may then be determined, and an error estimate may be derived

for the pseudo-range residual depending on the location of the base station relative to the
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error ellipse. For example, a projection of a line-of-sight vector between a terminal
position estimate and base station onto the error ellipse can be used as a measure of an
error in the expected pseudo-range. The expected pseudo-range error estimate may also
include the uncertainty in the base station location. The error estimate provides an
indication of the confidence in (i.e., the quality of) the associated measure. For example,
an error estimate of the pseudo-range residual may be used for future position estimates
that rely on the pseudo-range residual. An example of such use may include the relative
weighting of the residual by the LMS or some other suitable algorithm. Other parameters
may also be evaluated (e.g., signal-to-noise-ratio (SNR), signal-to-interference ratio (SIR),
signal strength of the pilot, RMS error, multipath error estimate, and so on) and used to
derive the error estimate for the measured pseudo-range, and this is within the scope of the
invention. The error estimate for the pseudo-range residual may include the error estimate
for at least one of the estimated pseudo-range and the measured pseudo-range.

[1043] The error statistics for the position estimate and the pseudo-range residuals
for the base stations are determined (step 222). The error statistics may include the error
ellipse, the pilot SNR, and so on, and are used to derive error estimates. The error statistics
associated with the pseudo-range residuals are then updated with the just determined error
statistics (step 224). In this way, accurate and up-to-date error statistics may be maintained
for the pseudo-range residuals. The process then terminates.

[1044] The relationship between a posteriori errors and a priori errors has been
described above. The a posteriori errors associated with position estimate can be used to
determine the associated error in the estimated pseudo-range, which in turn is used to
compute the pseudo-range residual. The error estimates in pseudo-range residuals are a
priori measurement errors.

[1045] In another embodiment, the pseudo-range residual for a particular base station
may be determined from a collection of terrestrial pseudo-ranges obtained by a number of
terminals in close proximity in both spatial and temporal domains. The pseudo-ranges
between the terminal and the base stations may be reported to the cellular communication
system (e.g., to the serving base station), which may then correlate the pseudo-range
residuals with the terminal position estimate. The particular pseudo-range residual to be
used for each base station by a given terminal may then be determined based on the

collection of terrestrial pseudo-ranges provided by a number of terminals.
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[1046] In yet another embodiment, the pseuﬁo—range residual for a particular base
station may be processed in a differential fashion, whereby the measured pseudo-range for
a particular terminal is corrected with pseudo-range residual derived from the
measurements by a number of terminals in close proximity in both spatial and temporal
domains to this terminal. In an example, the pseudo-range residual for a base station may
be provided to a mobile terminal by the cellular network as an element of an assistance
data. Alternatively, this assistance data may be shared by mobile terminals in spatial
proximity to each other.

[1047]  Techniques to collect statistics for the pseudo-range measurements are also
described in U.S. Patent Application Serial No. 09/697,781 entitled “Method and
Apparatus for Determining an Error Estimate in a Hybrid Position Determination System,”
filed October 26, 2000, assigned to the assignee of the present application. "

[1048]  The pseudo-range residual described above may be advantageously used to
improve the accuracy of the terminal position estimate. It has been found that there is a
predictable relationship between certain parameters (such as the position of the terminal)
and the amount of error in a less accurate set of measurements (e.g., the measured pseudo-
ranges to the base stations). Therefore, by knowing both the value of the parameter and
the amount of error associated with that parameter, an estimate of the amount of error in
the less accurate measurements can be made. For example, by knowing the approximate
position estimate of the terminal and the relationship between the position estimate and the
amount of error associated with the position estimate, the amount of error in the measured
pseudo-ranges to the base stations in the cellular communication system can be estimated.
[1049] A hybrid position determination system includes two (or possibly more)
position determination sub-systems. As shown in Table 1, different position determination
sub-systems may be associated with different accuracy capability and may be available
under different environments. In an aspect, a position estimate for the terminal is
determined based on the most accurate position determination sub-system or combination
of sub-systems available to the terminal at the time the position estimate is determined.
Moreover, to provide improved accuracy, the measurements for the less accurate position
determination sub-system may be corrected (or compensated) using the pseudo-range
residuals determined for that sub-system.

[1050]  FIG. 3 is a flow diagram of a process 300 for determining a position estimate

for a wireless terminal in a manner such that high accuracy and availability are achieved.
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Each position determination sub-system in the hybrid position determination system is
associated with an independently derived set of measurements. The terminal may be
designed with the capability to determine its position (1) based solely on measurements for
transmitters in the accurate position determination sub-system, (2) based on measurements
for transmitters in both accurate and less accurate position determination sub-systems, or
(3) based solely on measurements for transmitters in the less accurate position
determination sub-system. To achieve high accuracy and availability, the best set of
measurements available for the terminal is used to determine the position estimate.

[1051] Initially, a determination is made whether or not the accurate position
determination sub-system is available (step 312). This accurate position determination
sub-system may be any system that may be used to accurately determine the position
estimate for the terminal, such as GPS. The measurements for the satellites typically have
greater accuracy than the measurements for the base stations due to various factors,
including the fact that the satellites are overhead and there is greater probability that the
signals from the satellites will reach the terminal via a direct path. Thus, if the accurate
position determination sub-system is available, then a position estimate for the terminal is
determined based solely on the accurate position determination sub-system (step 316). For
GPS, signals from a sufficient number of (e.g., four or more) GPS satellites may be
measured and used to derive pseudo-ranges to these satellites, which are further used to

compute an accurate position estimate (x,y,z), for the terminal. The process for

computing the terminal position fix then terminates. In certain implementations, the
pseudo-range residuals may be updated based on the accurate position estimate determined
in step 316. In this case, steps 216 through 224 in FIG. 2 may be performed after step 316.
[1052] Otherwise, if the accurate position determination sub-system is not available to
derive a solution based solely on this sub-system, then a determination is made whether or
not the accurate position determination sub-system is at least partially available (step 322).
Generally, for GPS, four or more GPS satellites are needed to derive a 3-D position
estimate for the terminal. The minimum number of satellites required for a terminal
position fix may be reduced if other aiding information is available such as, for example,
timing of CDMA networks, altitude assistance, and so on. If fewer than the minimum
number of satellites is available, then the measurements for the available satellites may be
used in combination with the measurements for the base stations to derive a hybrid

solution that would have the next highest accuracy. A determination is thus made whether
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or not the less accurate position determination sub-system is also available to derive the
hybrid solution (step 324). This less accurate position determination sub-system may be
any system that may also be used to assist and/or determine the position of the terminal,
such as the cellular communication system. In an embodiment, the measurements for the
base stations are only used to supplement the measurements for the satellites when an
insufficient number of satellites are available and only to the extent necessary.

[1053] If the accurate and less accurate position determination sub-systems are
available, then a position estimate for the terminal is determined based on the combination
of these sub-systems (step 326). A hybrid solution may be obtained by (1) obtaining actual
measurements (e.g., measured pseudo-ranges) for a sufficient pumber of transmitters (e.g.,
satellites and base stations), (2) correcting the actual measurements obtained for the less
accurate position determination sub-system with the residuals determined earlier for this
less accurate sub-system, and (3) determining the terminal position estimate based on a
combination of actual measurements for the accurate position determination sub-system
and corrected measurements for the less accurate position determination sub-system.
Alternatively, the residuals do not have to be determined earlier; they may be provided as
assistance to the terminal in near real-time. Moreover, uncorrected measurements for the
less accurate position determination sub-system may also be used to determine the hybrid
solution, if residuals are not available for the transmitters associated with these uncorrected
measurements. Step 326 is described in further detail below. In certain implementations,
the pseudo-range residuals may be updated based on the position estimate determined in
step 326. In this case, steps 216 through 224 in FIG. 2 may be performed after step 326.
The process then terminates. Back in step 324, if the combination of the accurate and less
accurate position determination sub-systems is insufficient to obtain a hybrid solution, then
an error message may be returned (step 328), and the process would thereafter terminate.
[1054] If the accurate position determination sub-system is not available at all, as
determined in step 322, then a determination is made whether or not the less accurate
position determination sub-system is available (step 332). For the cellular communication
system, two or more base stations may be sufficient to derive a position estimate for the
terminal. If the less accurate position determination sub-system is available, then the
position estimate for the terminal is determined based on measurements obtained for this
sub-system (step 336). To provide improved accuracy for the solution, the actual

measurements are corrected with the residuals determined earlier for this less accurate sub-
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system (if the residuals are available). Step 336 is also described in further detail below.
The process then terminates. Back in step 332, if the Jess accurate position determination
sub-system is not available, then an error message may be returned (step 338), and the
process would thereafter terminate. Alternatively, prior to termination in step 338, the
system may fall back to a “safety net” solution such as Enhanced CELL-ID, compute a
position estimate, and then terminate the process. In such an implementation, the above
system will always generate a position estimate with varying accuracy depending on the
availability of various position determination sub-systems.

[1055] In the above description, for steps 326 and 336, one or more measurements
obtained for one or more transmitters in the second sub-system may be selected for use to
determine the position estimate for the terminal. The transmitter measurements may be
selected based on one or more selection criteria. Such criteria may include, for example,
the availability of accurate base station almanac information, the presence of repeaters,
statistical measures (such as RMS, signal-to-noise ratio (SNR), signal-to-interference ratio
(SIR), multipath, an overall weighting factor that may depend on the availability of the
residual), and so on.

[1056] In an embodiment, an initial and accurate position estimate is determined for
the terminal using information for the accurate position determination sub-system (or
possibly for both the accurate and less accurate position determination sub-systems). The
position estimate for the terminal may thereafter be updated based on measurements for the
accurate and/or less accurate position determination sub-systems.

[1057] In an embodiment, if any satellite measurements are available, then these
measurements are used in the computation of the updated position estimate. Upon loss of
signals from the accurate position determination sub-system, a free-wheeling solution may
be obtained by using only measurements for the less accurate position determination sub-
system to update the position estimate. The free-wheeling solution may be provided if the
accurate position determination sub-system is not available (e.g., no GPS satellites are
visible) or if it’s desirable to stay tune to the less accurate position determination sub-
system. The free-wheeling solution may be derived and used until it is decided that this
solution is no longer reliable or needed.

[1058] To improve the quality of the updates to the terminal position estimate under
the free-wheeling scenario and to compensate for the errors in the terrestrial measurements,

the pseudo-range residuals are applied to newly measured terrestrial pseudo-ranges. It can
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be shown that forward or reverse link information from two base stations is sufficient to
update a 2-D position estimate of the terminal. Because of the inherent time-variant nature
of the channel impairments, the update will degrade with time and eventually a new GPS-
based solution can be obtained for an accurate position estimate.

[1059] FIG. 4 is a flow diagram of a process 400 for determining a position estimate
for a wireless terminal using pseudo-range residuals to provide improved accuracy.
Process 400 may be used for each of steps 326 and 336 in FIG. 3. In certain situations, a
sufficient number of measurements for the accurate position determination sub-system are
not available to compute an accurate (e.g., GPS-based) solution. In such situations, it may
be necessary to compute the terminal position estimate using one or more measurements
for a less accurate position determination sub-system. The measurements obtained for
transmitters in the less accurate position determination sub-system may be corrected to
account for the errors in these measurements.

[1060] Initially, measurements for the accurate position determination sub-system, if
this sub-system is available, are determined (step 412). For example, the measured

pseudo-range, Ry, to each available GPS satellite may be determined based on the signal

received from the satellite. Next, measurements for the less accurate position
determination sub-system are determined (step 414). For example, the measured pseudo-

range, Rj,,to each available base station may be determined based on the signal received

from the base station. A sufficient number of measurements are obtained from steps 412
and 414 to determine a terminal position estimate. For example, a hybrid solution may be
obtained for a 3-D position estimate based on (1) measurements for three GPS satellites
and one base station, (2) measurements for two GPS satellites and one base station (for
both time and range), or (3) measurements for one GPS satellite and two base stations. A
free-wheeling solution may be obtained for the terminal position estimate based on
measurements for two or more base stations.

[1061] In an embodiment, each measurement for the less accurate position
determination sub-system is then corrected, if the associated residual is available (step

416). For example, the measured pseudo-range, R, to each base station to be used to
determine the terminal position estimate may be corrected with the pseudo-range residual,
RES,, , determined for the base station. The corrected pseudo-range, Ry, , for base station i

may be computed as:
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R, =R, —RES,, . Eq (5)

1

Alternatively, if residual corrections are not available for all measurements for the less
accurate position determination sub-system, then a selection process may be performed to
determine which measurements for the less accurate sub-system may be used in the
position estimate determination process. Selection may be based on the availability of the
residual corrections, base station geometry relative to the terminal (may be expressed in
terms of Horizontal Dilution of Precision (HDOP), quality of the measured pseudo-ranges,
or some other statistical parameters.

[1062] The corrected measurements for the less accurate position determination sub-
system are then used with the actual measurements (if any) for the accurate position
determination sub-system to determine a position estimate for the terminal or to update the
terminal position estimate (step 418). For example, a hybrid solution may be computed
based on (1) measured pseudo-ranges to one or more GPS satellites, (2) the location of
these satellites, (3) corrected pseudo-ranges to one or more base stations, and (4) the
location of these base stations. A terrestrial-based solution may be computed based on (1)
corrected pseudo-ranges to two or more base stations, and (2) the location of these base
stations. An algorithm to compute a hybrid or terrestrial-based solution based on the above
information is described below. Error statistics aésociated with the updated position
estimate may also be updated (step 420).

[1063] The LMS algorithm may perform a number of iterations to determine a position
estimate for the terminal. For each iteration, expected measurements for a sufficient
number of transmitters are computed based on the current position estimate for the
terminal, an error vector between the expected and actual measurements is computed, and
the current position estimate is updated based on the computed error. The algorithm may
terminate when the computed error is sufficiently small (e.g., below a particuiar threshold).

[1064] For the LMS algorithm, the position estimate for the terminal in the k-th
iteration may be denoted as P, =[x, y, z,]", and the locations of the transmitters are
denoted as L, =[x, y, z,.]T , for i={1, 2, ... N}, where the superscript “T” denotes the

transpose. In an embodiment, the position estimate for the terminal may also include a

temporal component, #,, to account for any clock errors. In such case, the position

estimate for the terminal in the k-th iteration may be denoted as P, =[x, y, z, ,]". A
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column vector of N computed measurements R, = [El,k ﬁz,k ﬁN,k]T can be determined
for the k-th iteration based on (1) the current position estimate of P, =[x, y, z; 1" for the
terminal and (2) the locations of the N transmitters. This vector R . includes one

computed measurement Iz.,k for each of the N transmitters to be used to determine the

terminal position estimate. The measurement may be of any one of a number of possible
types. In one embodiment, the measurement relates to pseudo-range. The pseudo-range:

between the current terminal position estimate, P,, and the location L, of the i-th

transmitter may be computed as:

Ei,k =\/(xk _xi)2 +(y, _yi)z +(Zk "Z,~)2 . Eq (6)

[1065] A geometry matrix H, for the transmitter locations (i.e., L; =[x; z,]" for

i={1, 2, .. N}) and the current terminal position estimate, P, =[x, ¥, 71", may be

defined as:
| 'xk~_ X )’k~_ N Zk~ 2 ]
R, R, R,
X ~ X Ve =Yy Z "%
H, = R, Ry, Ry ’ Eq (7)

[1066] A covariance matrix C of the measurements may be defined as:
C=E{R-R"}-E(R}-E{R"} , Eq (8)

where R is a vector of pseudo-ranges for the N transmitters (i.e., the measured pseudo-
ranges, Ry, for the satellites (if any) and the corrected pseudo-ranges, Rm, for the base

stations, all of which are derived based on signal measurements), and E is the statistical
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expectation. For a hybrid solution, the vector R may include two measured pseudo-ranges
" to two GPS satellites and one corrected pseudo-range to one base station (e.g.,

R=[Ry Ry R,,T"), one measured pseudo-range to one GPS satellite and two corrected

pseudo-ranges to two base stations (e.g., R=[Ry 1%31 ﬁBZ]T), and so on. For a free-
wheeling solution, the vector R may include two or more corrected pseudo-ranges to two
or more base stations (e.g., R = [Ry, Ry, R 1)

[1067] An error vector, ¢, , may be computed as:
e, =R-R, . Eq (9)

As shown in equation (9), the error vector, ¢, , is equal to the difference between the

pseudo-range vector, R, and the computed pseudo-range vector, R . » which is derived
based on the current terminal position estimate, P, , at the k-th iteration.
[1068] An update vector, A, is then computed based on the error vector, e, , as

follows:

A =H'CTH)'H'C ¢, . Eq (10)

This update vector, A,, represents an estimated error from the current position estimate,
P, , to the optimal position estimate. Thus, an updated position estimate for the terminal

may be expressed as:
Pon=P+A, . Eq (11)

[1069] Equations (6) through (11) comprise the computations for one iteration of the
LMS algorithm. A number of iterations may be performed to derive a more and more
accurate position estimate for the terminal.

[1070]  The computation to determine the terminal position estimate is also described in
U.S. Patent No. 6,166,685, entitled “Wireless User Position Update Using Infrastructure
Measurements,” issued December 26, 2000, and U.S. Patent No. 5,999,124, entitled
“Satellite Positioning System Augmentation with Wireless Communication Signals,”

issued December 7, 1999.
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[1071] FIG. 5 is a block diagram of an embodiment of a receiver unit 500, which may
be a component of a wireless terminal. Receiver unit 500 may be designed with the
capability to process signals from multiple position determination sub-systems such as
GPS and cellular communication system. In the embodiment shown in FIG. 5, receiver
device 500 includes an antenna 510, a terrestrial receiver 512a, a GPS receiver 512b, a
processing unit 516, a memory unit 518, and a controller 520.

[1072] Antenna 510 receives signals from a number of transmitters (which may be any
combination of GPS satellites and/or base stations) and provides the received signal to
terrestrial and GPS receivers 512a and 512b. Terrestrial receiver 512a includes front-end
circuitry (e.g., radio frequency (RF) circuitry and/or other processing circuitry) that
processes the signals transmitted from base stations to obtain information used for position
determination. For example, terrestrial receiver 512a may measure the phase of the pilot in
the forward link signal received from each base station to derive timing information, which
may thereafter be used to derive a measured pseudo-range to the base station.

[1073]  Terrestrial receiver 512a may implement a rake receiver that is capable of
cbncurrently processing multiple signal instances (or multipath components) -in the
received signal. The rake receiver includes a number of finger processors (or fingers),
ecach of which may be assigned to process and track a particular multipath component.
Even though multiple finger processors may be assigned to process multiple multipath
components for a given base station, only one corrected pseudo-range for one multipath
component (e.g., the earliest arriving multipath component, or the strongest multipath
component) is typically used for position determination. A pseudo-range residual may be
derived for each finger processor and used to correct the measured pseudo-range for that
finger processor. Alternatively, a timing (or ranging) relationship between different
fingers may be established and maintained. In this way, it is possible to use different
multipath components of a given base station for position determination depending on the
fading and multipath effects.

[1074] GPS receiver unit 512b includes front-end circuitry that processes signals
transmitted from GPS satellites to derive information used for position determination. The
processing by receivers 512a and 512b to extract the pertinent information from the GPS
and terrestrial signals are known in the art and not described in detail herein. Receivers

512a and 512b provide to processing unit 516 various types of information such as, for
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example, timing information, the identities and locations of the transmitters whose signals
are received, and so on.

[1075] Processing unit 516 may (e.g., periodically) derive an accurate estimate of the
position of receiver unit 500 based on the accurate position determination sub-system (e.g.,
GPS). Processing unit 516 may determine a pseudo-range residual for each base station
that may later be used for position determination based on (1) the accurate position
estimate, (2) the measured pseudo-range to the base station, and (3) the location of the base
station, as described above. Processing unit 516 may thereafter determine the position
estimate for the receiver unit based on measured pseudo-ranges to GPS satellites and/or
corrected pseudo-ranges to base stations. If measured pseudo-ranges to base stations are to
be used for position determination, then processing unit 516 may correct each such
measured pseudo-range based on the associated pseudo-range residual to obtain the
corresponding corrected pseudo-range. (The pseudo-range residual for any given base
station may be zero if no information is known for the base station.) Processing unit 516
may execute an algorithm to compute the terminal position estimate based on the
measurements for the GPS satellites and/or base stations.

[1076] Memory unit 518 stores various data used for determining position. For
example, memory unit 518 may store the GPS satellite location related information (which
may be derived from the Almanac and/or Ephemeris), the locations of the base stations
(which may be provided via signaling), and the pseudo-range residuals. Memory unit 518
may also store program codes and data for processing unit 516.

[1077] Controller 520 may direct the operation of processing unit 516. For example,
controller 520 may select the particular types of solution to be computed (e.g., GPS,
hybrid, terrestrial, or safety-net), the particular algorithm to be used (if more than one is
available), and so on.

[1078] Although not shown in FIG. 5, receiver unit 500 may communicate with a
Location Server (or PDE), which may assist in determining the terminal position estimate.
The PDE may perform the computations to derive the position estimate, or may provide
certain information used to (1) acquire satellite and/or terrestrial measurements and/or (2)
determine the position estimate (e.g., the acquisition assistance, timing assistance,
information related to the location of the GPS satellites and/or base stations, and so on).
[10791  The techniques described herein may also be used with other position

determination systems besides the hybrid position determination system, if some other
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means are available to determine the position of the terminal at some times or locations,
but not at others. In this case, an accurate position estimate of the terminal (however
obtained) may be used as a reference to determine the residuals (which may be indicative
of errors in the measured pseudo-ranges) for the less accurate position determination sub-
system.

[1080] The techniques described herein for utilizing the available GPS and terrestrial
signals in a manner to provide high accuracy and high availability in determining a
terminal position estimate may be used in conjunction with various wireless
communication systems and networks. For example, these techniques may be used for
CDMA, time division multiple access (TDMA), frequency division multiple access
(FDMA), and other wireless communication systems. These systems may implement one
or more applicable standards. For example, the CDMA systems may implement IS-95,
c¢dma2000, IS-856, W-CDMA, and so on. The TDMA systems may implement GSM and
so on. These various standards are known in the art.

[1081] In this discussion, reference has been made to the United States Global
Positioning System (GPS), which is an example of a Satellite Positioning System (SPS). It
should be evident, however, that these methods are equally applicable to other satellite
positioning systems, such as the Russian Glonass system and European Galileo system.
Thus, the term “GPS” used herein includes such alternative satellite positioning systems,
including the Russian Glonass and European Galileo systems. Likewise, the term “GPS
signals” includes signals from alternative satellite positioning systems.

[1082] Furthermore, although reference is made to GPS satellites, it will be appreciated
that the teachings are equally applicable to positioning systems which utilize pseudolites or
a combination of satellites and pseudolites. Pseudolites are ground-based transmitters
which broadcast a PN code (similar to a GPS signal) modulated on an L-band (or other
frequency) carrier signal, generally synchronized with GPS time. Each such transmitter
may be assigned a unique PN code so as to permit identification by a remote receiver.
Pseudolites are useful in situations where GPS signals from an orbiting satellite might be
unavailable, such as tunnels, mines, buildings, urban canyons or other enclosed areas. The
term “satellite”, as used herein, is intended to include pseudolites or equivalents of
pseudolites, and the term “GPS signals”, as used herein, is intended to include GPS-like

signals from pseudolites or equivalents of pseudolites.
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[1083]  The position determination techniques described herein may be implemented by
various means. For example, these techniques may be implemented in hardware, software,
or a combination thereof. For a hardware implementation, the elements used to implement
any one or a combination of the techniques may be implemented within one or more
application specific integrated circuits (ASICs), digital signal processors (DSPs), digital
signal processing devices (DSPDs), programmable logic devices (PLDs), field
programmable gate arrays (FPGAs), processors, controllers, micro-controllers,
microprocessors, other electronic units designed to perform the functions described herein,
or a combination thereof.

[1084] For a software implementation, the position determination techniques may be
implemented with modules (e.g., procedures, functions, and so on) that perform the
functions described herein. The software codes may be stored in a memory unit (e.g.,
memory 518 in FIG. 5) and executed by a processor (e.g., processing unit 516 or controller
520). The memory unit may be implemented within the processor or extemal to the
processor, in which case it can be communicatively coupled to the processor via various
means as is known in the art.

[1085] - The previous description of the disclosed embodiments 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 widest scope consistent with the

principles and novel features disclosed herein.

[1086] WHAT IS CLAIMED IS:
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CLAIMS

1. A method for determining a position estimate for a wireless terminal,
comprising:

obtaining a measurement for each of a plurality of transmitters, wherein the
plurality of transmitters include at least one transmitter in a first position determination
sub-system;

correcting the measurement for each of the at least one transmitter in the first sub-
system based on a residual for the transmitter; and

determining a position estimate for the terminal based on a plurality of
measurements for the plurality of transmitters, wherein the plurality of measurements
include at least one corrected measurement for the at least one transmitter in the first sub-

system.

2. The method of claim 1, further comprising:

receiving the residual for each of the at least one transmitter in the first sub-system.

; 3. The method of claim 1, further comprising:

obtaining an accurate position estimate for the terminal based on a second position
determination sub-system; and

determining the residual for each of the at least one transmitter in the first sub-

system based in part on the accurate position estimate for the terminal.

4. The method of claim 3, wherein the accurate position estimate for the
terminal is obtained by processing a plurality of measurements obtained for a plurality of

transmitters in the second sub-system.

5. The method of claim 1, wherein the plurality of measurements include at
Jeast one measurement obtained for at least one transmitter in a second position

determination sub-system.
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6. The method of claim 1, wherein the plurality of measurements include at
least one corrected measurement for at least one transmitter in the first sub-system and no

measurements for transmitters in the second sub-system.

7. The method of claim 5, wherein the second position determination sub-
system is a Satellite Positioning System (SPS) and each transmitter in the second position

determination sub-system corresponds to a SPS satellite.

8. The method of claim 1, wherein the first position determination sub-system
is a cellular communication system and each transmitter in the first position determination

sub-system corresponds to a base station.

9. The method of claim 1, wherein the measurement for each transmitter

relates to a pseudo-range between the terminal and the transmitter.

10. The method of claim 9, wherein the residual for each transmitter in the first
sub-system is indicative of an error in a measured pseudo-range derived based on a signal

received from the transmitter.

11.  The method of claim 10, wherein the measured pseudo-range for each
transmitter in the first sub-system is obtained based on a pilot phase measurement for the

signal received from the transmitter.

12.  The method of claim 10, wherein the measured pseudo-range for each
transmitter in the first sub-system is obtained based on a signal strength measurement for

the signal received from the transmitter.

13. The method of claim 10, wherein the measured pseudo-range for each
transmitter in the first sub-system is obtained based on a timing measurement for the signal

received from the transmitter.
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14.  The method of claim 1, further comprising:

obtaining an actual measurement for each of the at least one transmitter in the first
sub-system; and

computing an expected measurement for each of the at least one transmitter in the
first sub-system based on the accurate position estimate for the terminal and a location for
the transmitter, and

wherein the residual for each of the at least one transmitter in the first sub-system is
determined from the actual measurement and the expected measurement for the

transmitter.

15. The method of claim 1, wherein the residual for each of the at least one
transmitter in the first sub-system is determined based on a collection of measurements

obtained by a plurality of terminals in close proximity in spatial and temporal domains.

16.  The method of claim 5, further comprising:
periodically determining the accurate position estimate for the terminal based on

the second sub-system.

17.  The method of claim 5, further comprising:
determining the accurate position estimate for the terminal based on the second

sub-system on per need basis.

18. The method of claim 1, further comprising:
determining error statistics for the residual for each transmitter in the first sub-

system.

19.  The method of claim 18, further comprising:
updating the error statistics associated with the residual for each transmitter in the

first sub-system.

20. A method for determining a position estimate for a wireless terminal,

comprising:
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determining an accurate position estimate for the terminal based on measured
pseudo-ranges to a plurality of satellites in a Global Positioning System (GPS);

computing an expected pseudo-range to each of one or more base stations in a
cellular communication system based on the accurate position estimate for the terminal and
a location for the base station;

obtaining a measured pseudo-range to each of the one or more base stations;

determining a pseudo-range residual for each of the one or more base stations based
on the expected pseudo-range and the measured pseudo-range for the base station;

obtaining a measured pseudo-range for each of a plurality of transmitters, wherein
each of the plurality of transmitters is either a GPS satellite or a base station;

correcting the measured pseudo-range for each base station in the plurality of
transmitters based on the pseudo-range residual determined for the base station; and

determining an updated position estimate for the terminal based on a plurality of
pseudo-ranges for the plurality of transmitters, wherein the plurality of pseudo-ranges

include at least one corrected pseudo-range for at least one base station.

21. A method for determining a position estimate for a wireless terminal based
on first and second position determination sub-systems, wherein a position estimate based
on the first sub-system is typically more accurate than a position estimate based on the
second sub-system, the method comprising:

determining the position estimate for the terminal based on the first sub-system if
the first sub-system is available; |

determining the position estimate for the terminal based on the first aﬁd second
sub-systems if the first sub-system is partially available, wherein a measurement for each
transmitter in the second sub-system used to determine the position estimate is corrected
based on a residual, if available, for the transmitter; and

determining the position estimate for the terminal based solely on the second sub-
system if the first sub-system is unavailable, wherein the measurement for each of at least
one transmitter in the second sub-system used to determine the position estimate is

corrected based on the residual for the transmitter.
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22.  The method of claim 21, further comprising:
selecting one or more transmitter measurements in the second sub-system to be

used to determine the position estimate for the terminal.

23. The method of claim 22, wherein the one or more transmitter measurements

in the second sub-system are selected based on one or more selection criteria.

24. The method of claim 23, wherein the one or more selection criteria include

availability of accurate base station almanac information.

25. The method of claim 23, wherein the one or more selection criteria include

presence of repeaters.

26. The method of claim 23, wherein the one or more selection criteria include

statistical measures.

27.  The method of claim 21, further comprising:
determining an accurate position estimate for the terminal based on the first sub-
system, wherein the residual for each of one or more transmitters in the second sub-system

is determined based in part on the accurate position estimate for the terminal.

28.  The method of claim 21, wherein the first position determination sub-

system is a Satellite Positioning System (SPS).

29.  The method of claim 21, wherein the second position determination sub-

system is a cellular communication system.

30. The method of claim 21, wherein the measurement for each transmitter

relates to a pseudo-range between the terminal and the transmitter.
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31.  The method of claim 21, wherein the position estimate for the terminal is
determined based on one or more measurements for the second sub-system only if

residuals for transmitters in the second sub-system are deemed to be valid.

32. A memory communicatively coupled to a digital signal processing device
(DSPD) capable of interpreting digital information to:

obtaining an accurate position estimate for a wireless terminal based on a first
position determination sub-system;

determine a residual for each of one or more transmitters in a second position
determination sub-system based in part on the accurate position estimate for the terminal;

obtain a measurement for each of a plurality of transmitters, wherein the plurality
of transmitters include at least one transmitter in the second sub-system;

correct the measurement for each of the at least one transmitter in the second sub-
system based on the residual for the transmitter; and

determine an updated position estimate for the terminal based on a plurality of
measurements for the plurality of transmitters, wherein the plurality of measurements
include at least one corrected measurement for the at least one transmitter in the second

sub-system.

33. A computer program product for determining a position estimate for a
wireless terminal, comprising:

code for obtaining an accurate position estimate for the terminal based on a first
position determination sub-system;

code for determining a residual for each of one or more transmitters in a second
position determination sub-system based in part on the accurate position estimate for the
terminal;

code for obtaining a measurement for each of a plurality of transmitters, wherein
the plurality of transmitters include at least one transmitter in the second sub-system;

code for correcting the measurement for each of the at least one transmitter in the
second sub-system based on the residual for the transmitter;

code for determining an updated position estimate for the terminal based on a

plurality of measurements for the plurality of transmitters, wherein the plurality of
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measurements include at least one corrected measurement for the at least one transmitter in
the second sub-system; and

a computer-usable medium for storing the codes.

34. A digital signal processor comprising:

means for obtaining an accurate position estimate for the terminal based on a first
position determination sub-system;

means for determining a residual for each of one or more transmitters in a second
position determination sub-system based in part on the accurate position estimate for the
terminal;

means for determining a measurement for each of a plurality of transmitters,
wherein the plurality of transmitters include at least one transmitter in the second sub-
system;

means for correcting the measurement for each of the at least one transmitter in the
second sub-system based on the residual for the transmitter; and

means for determining an updated position estimate for the terminal based on a
plurality of measurements for the plurality of transmitters, wherein the plurality of
measurements include at least one corrected measurement for the at least one transmitter in

the second sub-system.

35.  The digital signal processor of claim 34, further comprising:

means for determining an actual measurement for each of the one or more
transmitters in the second sub-system; and

means for computing an expected measurement for each of the one or more
transmitters based on the accurate position estimate for the terminal and a location for the
transmitter, and wherein the residual for each of the one or more transmitters in the second
sub-system is determined from the actual measurement and the expected measurement for

the transmitter.

36. A receiver unit in a wireless communication system, comprising:
a first receiver operative to receive and process a received signal to provide data for

a first position determination sub-system;
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a second receiver operative to receive and process the received signal to provide

data for a second position determination sub-system; and

a processing unit coupled to the first and second receivers and operative to

obtain an accurate position estimate for the terminal based on the data for

the first sub-system,

determine a residual for each of one or more transmitters in the second sub-

system based in part on the accurate position estimate for the terminal,

obtain an actual measurement for each of a plurality of transmitters based

on the data for the sub-system to which each transmitter belongs, wherein the

plurality of transmitters include at least one transmitter in the second sub-system,

correct the actual measurement for each of the at least one transmitter in the

second sub-system based on the residual for the transmitter, and

determine an updated position estimate for the terminal based on a plurality

of measurements for the plurality of transmitters, wherein the plurality of
measurements include at least one corrected measurement for the at least one

transmitter in the second sub-system.

37. The receiver unit of claim 36, wherein the first receiver is operative to

process signals from GPS satellites.

38.  The receiver unit of claim 36, wherein the second receiver is operative to

process signals from base stations in a cellular communication system.

39.  The receiver unit of claim 38, wherein the second receiver implements a

rake receiver that comprises a plurality of finger processors, wherein each finger processor

is assignable to process a particular multipath component, and wherein a residual is

determined for each finger processor assigned to process a multipath component.

40.  The receiver unit of claim 36, wherein the actual measurement for each

transmitter relates to a pseudo-range between the terminal and the transmitter.

41. A wireless terminal in a wireless communication system, comprising:
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a first receiver operative to receive and process a received signal to provide data for
a first position determination sub-system;
a second receiver operative to receive and process the received signal to provide
data for a second position determination sub-system; and
a processing unit coupled to the first and second receivers and operative to
obtain an accurate position estimate for the terminal based on the data for
the first sub-system,
determine a residual for each of one or more transmitters in the second sub-
system based in part on the accurate position estimate for the terminal,
obtain an actual measurement for each of a plurality of transmitters based
on the data for the sub-system to which each transmitter belongs, wherein the
plurality of transmitters include at least one transmitter in the second sub-system,
correct the actual measurement for each of the at least one transmitter in the
second sub-system based on the residual for the transmitter, and
determine an updated position estimate for the terminal based on a plurality
of measurements for the plurality of transmitters, wherein the plurality of
measurements include at least one corrected measurement for the at least one

transmitter in the second sub-system.

42. A wireless terminal in a wireless communication system, comprising:
a first receiver operative to receive and process a received signal to provide data for
a first position determination sub-system;
a second receiver operative to receive and process the received signal to provide
data for a second position determination sub-system; and
a processing unit coupled to the first and second receivers and operative to
determine a position estimate for the terminal based on the first sub-system
if the first sub-system is available,
determine the position estimate for the terminal based on the first and
second sub-systems if the first sub-system is partially available, wherein an actual
measurement for each transmitter in the second sub-system used to determine the
position estimate is corrected based on a residual, if available, for the transmitter,

and
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determine the position estimate for the terminal based solely on the second
sub-system if the first sub-system is unavailable, wherein the actual measurement
for each of at least one transmitter in the second sub-system used to determine the

position estimate is corrected based on the residual for the transmitter.

43.  The terminal of claim 42, wherein the processing unit is further operative to

obtain an accurate position estimate for the terminal based on the first sub-
system, wherein the residual for each of one or more transmitters in the second sub-
system is determined based in part on the accurate position estimate for the

terminal.
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