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ABSTRACT

A method and system for a mobile station to determine its position (or velocity)
and time using a hybrid combination of satellite orbit data. In one aspect, the mobile station
combines predicted orbit data from one satellite and real-time orbit data from another satellite
in the determination of a fix. The combination can be made to the satellites in the same or
ditterent satellite systems. The mobile station can use the real-time orbit data of a satellite at
one time period and the predicted orbit data of the same satellite at another time period. In
another aspect, the mobile station can use the real-time orbit data to correct the clock bias in
the predicted orbit data. The correction to the clock bias can be made to the same satellite that
provides the real-time orbit data, or to a different satellite in the same or in another satellite

system.
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METHOD AND APPARATUS FOR POSITION DETERMINATION
WITH HYBRID SPS ORBIT DATA '

This is a divisional of Canadian National Phase Patent Application Serial No. 2,718,988 filed on
April 15, 2009.

BACKGROUND

FIELD

0001] The present invention relates generally to a satellite positioning system (SPS), and
more particularly, to assisting a mobile station to determine its position and time using SPS orbit

information.

BACKGROUND INFORMATION

[0002] A satellite positioning system (SPS) receiver normally determines its position by
computing times of arrival of signals from multiple satellites. These satellites transmit, as part of
their messages, both satellite positioning data and satellite clock timing data. The satellite
positions, velocity and clock timing typically are represented by almanac and ephemeris data.
The ephemeris data refers to the content of subframes 1, 2 and 3 of the messages transmitted from
a satellite. The ephemeris provides an extremely accurate estimate (~ 1 meter error) orbit
(satellite positions, clock and clock bias). However, the typical process of searching tor and

acquiring satellite signals, reading the ephemeris data transmitted by the satellites, and computing

the location of the receiver from this data is time consuming and requires moderately strong

signal levels.

[0003] For example, Global Positioning System (GPS) devices determine position based
on the measurement of the times of arrival at a GPS receiver of the GPS signals broadcast from

orbiting satellites. As stated, one disadvantage of such a system is the relatively long time needed
to perform standalone signal acquisition. Satellite signals cannot be tracked until they have first
been located by searching in a two-dimensional search “space”, whose dimensions are code-phase
delay and observed Doppler frequency shift. The process of an SPS receiver searching for,

acquiring, and
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demodulating satellite signals is sometimes referred to as a “standalone” mode of

operation, which can be contrasted with an “assisted” mode of operation.

[0004] In order to reduce the delay associated with a standalone mode of operation,
mformation may be provided to aid an SPS or GPS receiver in acquiring a particular
signal. Such assistance information permits a receiver to narrow the search space that
must be searched 1n order to locate a signal, by providing bounds on the code and

frequency uncertainty. A system that employs a GPS receiver augmented with GPS

- assistance data 1s commonly referred to as an “assisted global positioning system”

(AGPS).

[0005] One example of an AGPS system includes a wireless mobile station (MS)
(such as a cellular telephone) having, or in communication with, a GPS receiver, the MS
in communication with one or more base stations (BSs), also referred to as base
transcerver substations (BTSs) or node Bs, of a wireless communication network, which
in turn communicate with one or more location assistance servers, sometimes referred to

as Position Determination Entities (PDEs) or Serving Mobile Location Centers

(SMLCs), depending upon the communication air interface protocol. Another example
of an AGPS system includes a MS or laptop, having, or in comm1miéaﬁon with, a GPS
recerver, the MS or laptop capable of communication with a communication network,

such as but not limited to, the Internet, through which the device communicates with a

location assistance server.

[0006] The location assistance server derives GPS assistance information from one
or more GPS reference receivers (wide area of global reference network). The location

assistance server also has access to a means of determining the approximate mobile
station position. The location assistance server maintains a GPS database that may
include reference time, satellite orbit almanac and ephemeris information, ionosphere

information, and satellite working condition (“‘health”) information. The location

assistance server also computes the assistance information customized for the

approximate mobile station posttion.
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[0007} The positioﬁ of a MS m an AGPS system can be determined at the MS
(sometimes referred to as MS-based positioning mode) with assistance from a location
assistance server. During MS-based positionjhg mode, when a GPS engine requires
updated aiding data such as ephemeris data, almanac data regarding the location of
satellites or base stations, timing information for the base stations and/or satellites, or
seed posiﬁon (such as, but not limited to that determined by advanced forward link
trilateration (AFLT)), and so on, the next position fix will result in the mobile station
contacting the communication network for data, thereby taxing the network and using
power resources of the MS. The position of a MS 1n an AGPS system can alternatively
be determined at the location assistance server and transmitted back to the MS using
information acquired by the MS (sometimes referred to as MS-assisted positioning
mode). SPS Satellite orbits can be modeled as modified elliptical orbits with correction
terms to account for various perturbations. The relative short-term ephemeris data
provides a very accurate representation of the orbit of the sétellite. For example, bit 17
in word 10 of GPS subframe 2 is a “fit interval” flag which indicates the curve fit
interval used by the GPS control segment in determining the ephemeris parameters with
“0” indicating a 4-hour fit and “1” indicating a “greater than 4 hours” fit. Furthermore,
the extended navigation mode of the Block II/IIA GPS satellites guarantees the
transmission of correct ephemeris parameters for 14 days to support short-term
extended operation. During normal operation, the control segment provides daily
uploads of the navigation (orbital) data to each satellite to support a positioning

accuracy of 16 meters spherical error probable (SEP).

[0008] The position of a MS mn an AGPS system can also be determined at the MS

using ephemeris data directly received from satellites. The ephemeris data, during its
period of validity (e.g., a 4-hour epoch), 1s more accurate than almanac data and
predicted orbit data. Predicted orbit data is an estimate of satellite position, velocity

and timing based on an orbit solution predicted by a system other than the real time

satellite positioning system (e.g. GPS Control Segment). However, the broadcast
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ephemeris data may not be available to a mobile station all the time due to lack of line

of sight, shadowing, poor signal conditions or other reception problems that prevents
the MS from demodulating satellite broadcasts and, when available, will still require

time to demodulate.

[0009] A system and method 1s needed to enable an SPS receiver to utilize available
orbit data to produce accurate po sitions and timing even when current real time orbit

and clock bias information 1S not available (either from broadcast data or from location

assistance server data).

SUMMARY OF THE DESCRIPTION

[0010] A method and system for a mobile station to determine its position (or
velocity) and time using a hybrid combination of satellite orbit data is described. In one

aspect, the mobile station combines predicted orbit data from one satellite and real-time

orbit data from another satellite in the determination of a fix. The mobile station can
dynamically change the combination as the availability of the real-time orbit data
changes. The combination can be made to the satellites in the same satellite system or
different satellite systems. The mobile station can use the real-time orbit data of a
satellite at one time period and the predicted orbit data of the same satellite at another
time period. In another aspect, the mobile station can use the real-time orbit data to
correct the clock bias in the predicted orbit data. The correction to the clock bias can be
made to the same satellite that provides the real-time orbit data, or a different satellite.
The different satellite can be in the same satellite system or 1n another satellite system.
In another aspect, additional uncertainty presented by the predicted orbit data and the

age of the orbit data can be accounted for in weighted least squares or other calculation.

[0011]  The method and system described herein provides flexibility and improves
accuracy in a mobile fix. Satellite orbit data from different sources can be dynamically

combined by the mobile station. Real-time orbit data can be used to improve the
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accuracy of the clock bias of the predicted orbit data and to update the predicted data with a fit

to actual orbit data.

[0011a] In accordance with one aspect of the invention, there 1s provided a method of a
mobile station, comprising: receiving real-time orbit data of one or more first satellites;
determining a number of said first satellites having real-time orbit data, and if the number of
first satellites for which real-time data has been provided is not sufficient for determining
spatial and time information of the mobile station, combining the real-time orbit data ot the
first satellites and predicted orbit data of at least one second satellite in determination of
spatial and time information of the mobile station, wherein the real-time orbit data 1s more
accurate compared to the predicted orbit data, but wherein the predicted orbit data has an
extended period of validity compared to the real-time orbit data; wherein the first satellites and

the second satellite belong to two ditferent satellite systems.

[0011b] In accordance with another aspect of the invention, there 1s provided a mobile
station comprising: means for receiving real-time orbit data of one or more first satellites;
means for determining a number of said first satellites having real-time orbit data, and means
for combining, wherein, if the number of first satellites for which real time data has been
provided is not sufficient for determining spatial and time information of the mobile station,
said means for combining combine the real-time orbit data of the first satellites and predicted

orbit data of at least one second satellite in determination of spatial and time information of

the mobile station, wherein the real-time orbit data is more accurate compared to the predicted
orbit data, but wherein the predicted orbit data has an extended period of validity compared to

the real-time orbit data; wherein the one or more first satellites and the second satellite belong

to two different satellite systems.

[0011c¢] In accordance with another aspect of the invention, there is provided a
computer program product for enabling a computer to determine spatial and time information
comprising: a computer readable storage medium having stored thereon computer-executable
instructions that when executed cause a computer to implement a method as described above

or detailed below.
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[0012] Other features of illustrative embodiments will be apparent from the accompanying

drawings and from the detailed description which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Embodiments of the present invention are illustrated by way of example and not by
way of limitation in the figures of the accompanying drawings in which like reterences
indicate similar elements. It should be noted that references to "an" or "one" embodiment in
this disclosure are not necessarily to the same embodiment, and such references mean at least

one.

[0014] Figure 1 is a diagram showing an example of a communication system including a

server to assist a mobile station to locate a satellite.

[0015] Figure 2A is a diagram showing the mobile station (MS) of Figure 1 receiving

orbit data from a plurality of satellites.

[0016] Figure 2B is a flow diagram that illustrates an example of a process of the MS for

combining real-time orbit data and predicted orbit data of different satellites.

[0017] Figure 3A is a diagram showing predicted orbit data in a time sequence, in which

real-time orbit data is available in some of the time periods.

[0018] Figure 3B is a flow diagram that illustrates a process of the MS for using real-time

orbit data of a satellite in a first time period and predicted orbit data of the same satellite in a

second time period.

[0019] Figure 4 is a chart showing an example of radial orbit errors and clock bias errors

in predicted orbit data as a function of time.
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[0020] Figure 5 is a flowchart showing a process of the MS for correcting predicted

orbit data using real-time orbit data.

[0021] Figure 6 1s a block diagram showing an example of components in the

mobile station of Figure 1.

DETAILED DESCRIPTION

[0022] A method and system for assisting a mobile station to determine its position
(or velocity) and time (referred to as “a fix”) i1s described. The method and system also
mmproves the precision of satellite clock bias. Satellite clock bias, as described herein,

refers to the difference of satellite clock’s time estimate from a master clock, such as a

Global Positioning System (GPS) master clock. From the positions and clock bias of

multiple satellites, a mobile station can determine its own position and time. In one
aspect of the invention, the position and clock bias of each satellite may be provided to

. the mobile station from a variety of sources with different degrees of precision.
Generally, real-time orbit data (e.g., ephemeris) has the highest accuracy, but may not
be available all the time. A “hybnid” technique 1s introduced herein to enable a mobile
station to combine the real-time orbit data with other satellite orbit imformation, such. as
predicted orbit data, in the calculation of a posttion/velocity/time fix. The combination
of satellite orbit data may involve multiple satellites and/or multiple satellite systems.
The hybrid technique described herein also enables a mobile station to utilize real-trme
orbit data of a satellite to improve the precision of satellite clock bias n the predicted
orbit data. The improved prediction data may be made for the same satellite, or a

different satellite in the same or another satellite system.

[0023] As used herein, a mobile station (MS) refers to a device such as a cellular or
other wireless communication device, personal communication system (PCS) device,
personal navigation device, laptop or other suitable mobile device capable of receiving

and processing SPS signals. The term “mobile station” is also mtended to include

devices which communicate with a personal navigation device (PND), such as by short-
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range wireless, infrared, wireline connection, or other connection — regardless of
whether satellite signal reception, assistance data reception, and/or position-related
processing occurs at the device or at the PND. Also, “mobile station” is intended to
include all devices, mncluding wireless communication devices, computers, laptops, etc.

which are capable of communication with a server, such as via the Internet, WiFi, or

other network, and regardless of whether satellite signal reception, assistance data

reception, and/or position-related processing occurs at the device, at a server, or at
another device associated with the network. Any operable combination of the above are

also considered a “mobile station.”

[0024] The term ““‘coarse orbit data” herein refers to a coarse and less accurate
estimate of satellite position and clock data transmitted from a satellite, e.g., almanac.
The term “real-time orbit data” refers to a precise representation of satellite positions,
velocity and timing transmitted from a satellite, e.g., ephemeris including subframes 1,
2 and 3. A mobile station may, at a predetermined time interval, acquire a block of real-
time orbit data that is valid for a time period. Thus, “valid real-time orbit data” refers to
the real-time orbit data that is acquired recently and is within its period of validity. - |
“Invalid real-time orbit data’ refers to the real-time orbit data that is too old and is no
longer valid. Unless specifically indicated to the contrary, the term “real-time orbit
data” refers to “valid real-time orbit data™ 1n the following description. The term
“predicted orbit data’ refers to a precise estimate of satellite position, velocity and
timing that has a relatively extended period of validity compared to the real-time precise
orbital data. The predicted orbit data is available at a location assistance server, and can

be transmitted to or stored at a location accessible by a mobile station.

[0025] To increase the efficiency of data transfer, a location assistance server may
transfer co.rrection data to a mobile station, and the mobile station may reconstruct the
predicted orbit data, or an approxim&tiOn thereof, by combining the correction data with
the coarse orbit data. In the descriptions that follow, it is understood that “predicted

orbit data” used by a mobile station includes the predicted orbit data, or an
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approximation of the predicted orbit data that is reconstructed by the mobile station

from the coarse orbit data.

[0026] Figure 1 is a block diagram of a communication system 100 according to an
aspect of the present invention. System 100 includes a location assistance server 130
communicatively coupled to one or more MS(s) 120. Location assistance server 130
receives coarse orbit data, as well as predicted orbit data and/or predicted orbital
parameter files containing predicted orbit data. In one scenario, location assistance
server 130 receives predicted orbit data via a network 162 from a predicted orbit data
provider 110. Network 162 may comprise, but is not limited to, a network that supports
Internet Protocol (IP) connections (e.g., the Internet). Location assistance server 130
may optionally.include an interface, e.g., secure file transfer program (SETP), for

securely transferring the predicted orbit data from predicted orbit data provider 110.

[0027] In one aspect, predicted orbit data provider 110 generates predicted orbit
data periodically (e.g. every few hours) to produce orbital data which is valid for an
extended duration 1in time (e.g., 6 hours or more). Location assistance server 130 checks
for new data from the predicted orbit data provider periodically. Predicted orbit data
may also mclude 3-D uncertainty values for predicted satellite coordinates, uncertainty
of predicted satellite clock corrections, as well as an indication of predicted outages.

Based on the uncertainty and outage mnformation, a User Range Error (URE) may be

computed by location assistance server 130 and provided to MS 120.

[0028] Location assistance server 130 receives coarse orbit data from a real-time
orbit data provider 150 via a network 164. Real-time orbit data provider 150 may be a
Global Reference Network (GRN) gateway or a Wide Area Reference Network

(WARN) gateway that receives real-time satellite information including, but not limited
to, packet-based SPS reference data, navigation messages, health page imformation,
almanac, and ephemeris. In one scenario, network 164 1s a network that supports IP

connections, and location assistance server 130 may receive the real-time satellite

information from real-time orbit data provider 150 in IP muliticast messages.
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[0029] Location assistance server 130 generates correction data 140 from the
predicted orbit data and the real time coarse orbit data. Correction data 140 may be
transmitted directly to MS 120 via network 168 or to a storage location accessible by
the MS. For example, correction data 140 \may be stored in a storage device locally or
remotely coupled to location assistance server 130. MS 120 may receive correction
data 140 from data host 160 via a network 166 using a file transfer protocol, e.g., FTP,

HTTP, or other suitable network protocols. MS 120 may receive these correction data
(with or without the coarse data information) in a point-to-point manner via network

168, directly from location assistance server 130.

[0030] For the purpose of simphifying the discussion herein, the term “correction

data” 140 refers to satellite orbital corrections that can be transmitted point-to-point,
transferred in files, broadcast, or sent from one place to another by any means of data
communications. The messages generated by location assistance server 130 have an
 efficient messaging format that allows MS 120 to determine the satellite positions,
velocity and clock timing with a small number of bits over an extended time period.
The messages provide MS 120 the information for correcting coarse orbit data so that

the corrected satellite position 18 accurate to within a few meters.

[0031] The location assistance server 130 may also provide coarse orbit parameters,

estimated accuracy (User Range Error (URE)), 1onospheric correction model, universal
coordinated ttme (UTC) model, and satellite health/us ability information to MS 120.
This is to ensure the integrity of the satellite data, and to allow mobile operation without
the need to-receive and decode the data transmutted by the satellites over the air. This
also ensures that MS 120 uses the coarse orbit data which is 1dentical to that used by

location assistance server 130.

[0032] It should be noted that the System described above 1s shown for llustration
purposes only and other configurations may exist. For example, networks 162, 164,
166, and 168 may alternatively be point-to-point connections, local area networks, wide

area networks, broadcast networks, any suitable wired or wireless networks, computers
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or computer networks or combinations thereof that support data communication or file

transfers.

[0033] One skilled in the art will see that the coarse orbit dﬁta which provides a
coarse estimate of the satellite positions encompasses a broad range of forms. In the
following description, a recent copy of the GPS broadcast almanac 1s suggested for use
as the coarse estimate of the satellite positions and clock timing for ease in
understanding the inventive concept. However, all of the following are illustrative of
alternative coarse orbit data: an earhier copy of GPS broadcast ephemeris; recent copies
of broadcast Galileo or GLONASS almanac or ephemeris; a non-broadcast coarse
model of satellite positions which follows the same form as GPS, Galileo, or
GLONASS almanac or ephemeris; any subset or enhancement of the Keplerian
parameters used in GPS, Galileo, and GLONASS almanac and ephemeris formats; any
non-Keplerian representations of satellite orbits; and other predicted orbit data which
has degraded over time. It will also be understood that corresponding information
pertaining to other satellite navigation systems can also be applied within the scope of
the disclosed methodology. The present invention includes any and all methods of
describing a coarse orbit. One skilled in the art will appreciate that the methodology

applies no matter what form that coarse estimate takes.

[0034] In some scenarios, the coarse orbit data may be supplied by location
assistance server 130 to MS 120. In addition to transmitting the coarse estimate of the
satellite positions to MS 120, location assistance server 130 has the ability to include a -

reference time in the assistance message to the mobile station. In this aspect of the

invention, location assistance server 130 obtains the reference time from a network time

server, or from GPS data received from individual reference receivers (e.g., Wide Area
Reference Network or Global Reference Network). This reference time information can
be appended to the message that 1s transmitted to MS 120 which contains the coarse

estimate of satellite positions. Location assistance server 130 may also implement
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algorithms which can improve the timing accuracy of the reference time provided by the
network time server and transmit this more accurate time to MS 120.

[0035] It 1s to be noted that MS 120 can directly obtain the reference time,
independent of location assistance sérver 130, from a packet switched data network that

may or may not be synchronized to GPS time (e.g., a network time server or a CDMA

communication network). In this manner, MS 120 obtains an estimate of a global time
reference, for example, GPS time, Universal Coordinated Time (UTC) time, (WWQO)

time, efc.

[0036] Figure 2A shows an example of an environment in which MS 120 may.
operate to determine 1ts spatial and timing information. MS 120 uses a combination of
orbit data to determine its position (or velocity) in three spatial dimensions and in the
time dimension. MS 120 uses real-time orbit data decoded from satellites whenever the
real-time orbit data is available. The real-time data may have been decoded from
broadcast satellite messages, but also may have come from a satellite reference network
via a location assistance server when network connection 1s available or was available
recently. Real-time orbit data is generally more accurate than the earlier predicted orbit
data, which may gradually degrade over a period of time. Also, real-time orbit data maj
contain new information about the satellites not known at the time of predictions (e.g.

satellite health and integrity information).

[0037] For simplicity of the following description, the term
“unavailable/unavailability of real-time orbit data” herein refers to a situation where the
real-time orbit data cannot be received by MS 120, another situation where the earlier
received real-time orbit data by MS 120 becomes invalid (e.g., beyond +/- 2 hours from
TOE), or a combination of both, unless speoiﬁcaily indicated otherwise. The term

“available/availability’ refer to a situation where the real-time orbit data received by

and stored in MS 120 is within its period of validity.

[0038] Although 1t 1s generally more desirable to use real-time orbit data in the

calculation of a fix, MS 120 sometimes does not have access to vahd real-time orbit
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data of a satellite. This situation may occur when fresh real-time orbit data for the
satellite 1s unavailable, and When real-time orbit data (for the satellite) received earlier
by MS 120 has become invalid. Fresh real-time orbit data for the satellite may be
unavailable due to lack of line of sight, shadowing, or other reception problems that
prevent MS 120 from receiving satellite broadcasts from the satellite and when the
connection to location assistance server 130 1s not available or desirable (e.g., in view
of data transmission cost). Real-time orbit data received earlier by MS 120 may
become invalid when the data obtained by MS 120 in an earlier time period becomes
too old to be useful (e.g., beyond +/- 2 hours from ﬁme of applicability). . When MS
120 does not have access to valid real-time orbit data from sufficient number of
satellites to compute its own location, MS 120 may use a combination of orbit data,
such as real-time orbit data combined with predicted orbit data, to determine its spatial

and timing information.

[0039] Referring to the example of Figure 2A, MS 120 has predicted orbit data for
a plurality of satellites, e.g., satellites 21, 22, 23, 24 and 25, and, additionally, receives
real-time orbit data (indicated by solid lines) of some of the satellites e.g., 21 and 22.
Real-time orbit data of satellites 23, 24 and 25 are unavailable (indicated by dotted
lines) at the time when MS 120 determines a fix. MS 120 may combine the real-time
orbit data of satellites 21 and 22 with the predicted orbit data of any two of the other
satellites (i.e., 23, 24 and 25) in the determination of 1its three-dimensional spatial
location and time. That is, if the number of satelhtes providing real-time orbit data 1s

not sufficient for MS 120 to determine a fix (e.g., two m-view satellites for four
unknowns in the fix as shown in Figure 2A), MS 120 can combine the real-time orbit

data provided by these satellites with predicted orbit data from other satellites to

determine a fix.

10040]  In the example of Figure 2A, MS 120 utilizes the orbit data from four

satellites to determine its position (or velocity) in three spatial dimensions and time.

However, if MS 120 knows any of its spatial parameters or time, the number ot
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satellites necessary for MS 120 to determine a fix 1s reduced. Illustratively, if MS 120
knows 1ts altitude, the number of unknowns in a fix is reduced to three. Similarly, if
available, time may be obtained from a communications network or can be maintained

by a highly accurate oscillator. As a result, the number of satellites necessary for MS

120 to determine a fix can be reduced.

[0041] Figure 2B 1s a tlow diagram that 1llustrates an example of a process 200 for
performing the operations described above. A block 210, MS-120 determines a first
number of satellites having real-time orbit data available to the MS. To determine the
first number, MS 120 needs to monitor the validity of the real-time orbit data that it
received earlier. MS 120 may use a timer to keep track of the current time with respect
to the time of applicability of the real-time orbit data. MS 120 may also reset the timer
when a fresh set of real-time orbit data for a satellite is received, and expire the timer
after a predetermined period of time. At block 220, MS 120 determines a second
number of orbit parameters (including three spatial dimensions and time) that it knows
or can be obtained from other means. At block 230, MS 120 determines a third number
of satellites for which 1t will use predicted orbit data. The third number can be
determined, for example, by subtracting the sum of the first number and the second
number from four. At block 240, MS 120 combines the real-time orbit data of the first
number of satellites, the second number of known orbit parameters, and the predicted

orbit data of the third number of satellites to calculate a fix.

[0042] Referring agam to ¥Figure 2A, 1n one scenario, MS 120 may use the real-
time orbit data of satellites 21 and 22 and the predicted orbit data of satellites 23, 24 and

25 to determine the four unknowns in a-fix. The five sets of orbit data from the five
satellites constitute an over-determined system. MS 120 may appropriately weigh the

“satellite measurements from the five satellites in the solution for its

position/velocity/ time and account for the degraded accuracy of predicted orbit data.

The weights 1in the weighted combination may be determined according to the accuracy

of each set of orbit data. For example, real-time orbit data and predicted orbit data may
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be weighed according to their accuracy estimates. The accuracy estimates may include

User Range Error (URE), User Range Accuracy (URA), fime to Time of Ephemeris
(TOE), the age of the predicted data from last update, a combination of some or all of

the above, or other metrics.

[0043] The accuracy estimate metrics are further explained below. The URE is
typically computed or provided by location assistance server 130 as an uncertainty
estimate for the predicted orbit data of a satellite. As MS 120 reconstructs the predicted

orbit data from the coarse orbit data (with a correction), the URE can be used as an
accuracy estimate for the predicted orbit data. Since the coarse orbit data is the same
used by location assistance server 130 and MS 120, the errors associated with coarse
orbit do no contribute to overall error budget. The URA is an uncertainty estimate of
the real-time orbit data of a satellite, which 1s provided, for example, by a GPS control
segment. The URA is usually a couple of meters, and the URE may be tens of meters
after a couple of days of predictions. Both error estimates can be used as weights in a
welghted combination of predicted orbit data and real-time orbit data. Further, time to
TOE indicates the age of the real-time orbit data, and can also be used as an accuracy
estimate, as well as the weights 1n a weighted combination of predicted orbit data and
real time orbit data. Similarly, the age of the predicted data from the last update
indicates the accuracy of the predicted orbit data, and can also be used as an accuracy

estimate, as well as the weights 1 a weighted combination of predicted orbit data and

real time orbit data. Satellite measurements with smaller errors (e.g.; real-time orbit
data) can be weighed higher than measurements with larger errors (e.g., predicted orbit
data or coarse orbit data). Fresher satellite measurements can be weighed higher than

older satellite measurements.

[0044]  Figure 3A 1s a diagram that illustrates a timeline of available orbit data for a
satellite. Referring to the example of Figure 3A, MS 120 has predicted orbit data of a
satellite for time periods TO-T6. Real-time orbit data of the same satellite 15 available to

MS 120 at time periods T1 and T35, both of which are centered at TOE. The real-time
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orbit data diverges from the actual orbit data, and becomes invalid as time progresses
past the boundary of T1 and TS. In this example, MS 120 switches from the predicted
orbif data to the real-time orbit data at the boundary of TO and T1, and switches back to
the predicted orbit data at the boundary of T1 and T2. Similarly, MS 120 switches from
the predicted orbit data to the real-time orbit data at the boundary of T4 and T5, and
switches back to the predicted orbit data at the boundary of T4 and TS. In one aspecit- of
the invention, MS 120 interpolates the predicted orbit data and the real-time orbit data
at the boundary of TO and T1, T1 and T2, T4 and TS5, and T4 and T5, using,

illustratively, interpolating curves 35. Interpolating curves 35 may be computed using
any known interpolating techniques that smooth the transitions between two sets of data
(e.g., the real-time orbit data and the predicted orbit data of a single satellite) to avoid a

sudden change in the orbit data that is used by MS 120 in the determination of a fix.

[0045] Figure 3B is a flow diagram that 1llustrates a process 300 where MS 120
may combine the use of real-time orbit data and predicted orbit data, as described in
Figure 3A. In thls .scenario, MS 120 uses the real-time orbit data of a satellite in a first
time period and predicted orbit data of the same satellite in a second time period. As
mentioned above, each of the satellites 21-25 may have real-time orbit data available to
MS 120 during a valid period of the real-time orbit data. When real-time orbit data
becomes unavailable, MS 120 can switch to the predicted orbit data. When the real-
time orbit data becomes available again, MS 120 can switch back to the real-time orbit

data. Thus, MS 120 may use real-time orbit data of a satellite for one time period and

predicted orbit data of the same satellite for another time period, dgpending on the
availability or validity of the real-time orbit data. Referring to tine example of Figure
3B, at block 310, MS 120 is turned on or re-activated from an idle mode. At block 320,
before MS 120 obtains access to valid real-time orbit data, MS 120 can use predicted
orbit data to quickly calculate a first fix, and increased accuracy can be achieved once

the real-time orbit data 1s demodulated and decoded. MS 120 may also weigh whether

stored real-time orbit data from a previous fix and/or download 1s available and
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sufficiently fresh to use prior to the decision to use the predicted orbit data. In a

scenario where only one fix 18 performed, the decision between accuracy and speed may

be based on the desired quality of service.

10046] ' .Proceeding to block 330, when the real-time orbit data of any of the satellites
that MS 120 uses to calculate a fix becomes available, MS 120 may switch from the
predicted orbit data of the satellite to the available real-time orbit data. At block 340,
when the real-time orbit data of any of the satellites that MS 120 uses to calculate a fix
becomes unavailable, MS 120 may switch from the real-time orbit data of the satellite to
its predicted orbit data. It is noted that, in one scenario, the operation of block 320 may
be performed in parallel with the operations of blocks 330 and 340. The operations of
blocks 330 and 340 may be repeated as real-time orbit data becomes available or
unavailab le. Thus, MS 120 may combine the real-time orbit data of some satellites with
the predicted orbit data of some other satellites to determine a fix. The combination of
the real-time orbit data and \the predicted orbit data is dynamic. Any time when real-
time orbit data of a satellite becomes available, MS‘ 120 can dynamically determine a
new combination of real-time orbit data and predictéd orbit data for determination of a
fix. The new combination includes the most number of satellites having real-time orbit

data available at any given time, but does not necessarily wait for real time orbit data

before performing the first fix.

[0047] Referring to Figure 3A, MS 120 may interpolate the real-time orbit data and

the predicted orbit data of the same satellite by using a weighted combination of the
real-time orbit data and the predicted orbit data that overlap in time. The weighted
combination can be applied to position, velocity, time, or any combination thereof. MS
120 may appropriately weigh the orbit data in the solution for its position/velocity/time.
For example, real-time orbit data and predicted orbit data may be weighed according to

their accuracy estimates. The accuracy estimates may include User Range Error (URE),

User Range Accuracy (URA), time to Time of Ephemerts '(TOE), the age of the
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predicted data from the last update, a combination of some or all of the above, or other

metrics. |

[0048] The above accuracy estimate metrics have been explained in the description
of Figure 2A. In the single satellite scenario of Figure 3A, the same accuracy estimate
metrics also apply to the interpolation of real-time orbit data and the predicted orbit
data, where the interpolation 18.computed as a weighted combination of the real-time

orbit data and the predicted orbit data. Satellite measurements with smaller errors (e.8-,

real-time orbit data) can be weighed higher than measurements with larger errors (e.g.,
predicted orbit data or coarse orbit data). Fresher satellite measurements can be

welghed higher than older satellite measurements.

[0049] In one scenario, the weighted combination (Orbitcombined) Of predicted orbit

data (Opredicted) and real-time orbit data (Oreat-time) may be computed as:

Orbitcombined — (W 1 Oreal-ﬁmc -+ Wz Opredicted ) / CW y T W;)_), where W1 and Wg arc a
function of (URE, URA), time to TOE, the age of the predicted data from the last

update, a combination of some or all of the above, or other metrics.

[6050] In another aspect of the invention, real-time orbit data can be used to
improve the accuracy of predicted orbit data. This “improved” predicted orbit data can
be used m processes 200 and 300. That 1s, it can be used when real-time orbit data of

the same satellite 1s unavaitlable, and/or can be used to combine with real-time orbit data

of other satellites in the determination of a fix. The improvement in accuracy can be
made to the entire predicted orbit data, including satellite positions in three spatial
dimensions and satellite clock bias. Alternatively, the improvement in accuracy can be
made to the satellite clock bias only, as the clock bias 1s generally not as predictable as

the satellite trajectory and 1s more susceptible to degradation over time. The
improvement in accuracy can be made to the same satellite providing the real-time orbit

data or a different satellite.
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[0051] Figure 4 is a chart showing two error components in the predicted orbit data of a

satellite. The first error component is the satellite orbit error in the radial direction (radial orbit

error), and the second error component is the error of satellite clock bias (clock bias error).

The radial orbit error is the difference between the predicted and the actual radial orbit

positions, and the clock bias error is the difference between the predicted and the actual clock
biases. The X-axis of the chart indicates the time, and the Y-axis indicates the magnitude of
the errors in meters. The chart shows that the clock bias error increases significantly with time

while the radial orbit error fluctuates around zero. Thus, the chart shows that the accuracy of

clock bias in the predicted orbit data degrades quickly over time.

[0052] Clock bias in the predicted orbit data (the predicted clock bias) can be corrected
with two approaches. One approach is to use the real-time orbit data of an earlier time period

of a satellité to correct the predicted clock bias of the same satellite in a current or future time
period. Another approach is use the real-time orbit data of other satellites to provide the
correction for the satellite in the same time period. In the first approach, the more “fresh” (e.g.,
less deviation from the TOE) the real-time oy:bit data, the more accurate the correction is. To
make the correction, the predicted clock bias can be compared with the real-time broadcast
satellite clock parameters (e.g. from subframe 1 of GPS navigation) to determine thé amount

of correction to the predicted clock bias. The correction may include differential offset and
slope. After-the correction, MS 120 can use the predicted orbit data (including the predicted

clock bias) to determine a fix when the real-time orbit data becomes unavailable.

[0053] To further explain the second approach, it is useful clarify that the second approach

is used in an “over-determined” system. That is, the number of satellites with real-time orbit
data (herein referred to as “thc satellite group”) ts equal to or greater than tpe number of
unknéwns in a mobile fix. MS 120 can uniquely determine a fix using the number of satellites
in the satellite group that equal the ﬁumber of unknowns in the fix. The real-ttme orbit data

available for satellite group and corresponding measured
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pseudoranges can be used to correct the predicted clock bias of one or more satellites

outside the satellite group.

[0054] - Illustratively, for a 2-dimensional position estimate (assuming that
sufficiently accurate altitude knowledge 1s available at MS 120), MS 120 will need

three mn-view satellites to determine 1ts unknown parameters including mobile position

m two dimensions and time. The real-time orbit available for three in-view satellites

and corresponding measured pseudoranges can be used to correct the predicted clock

bias for additional in-view satellites (for example, a fourth in-view satellite with only

predicted clock bias). For a 3-dimensional position estimate, MS 120 will need four in-
view satellites to determine its unknown parameters including mobile position in three
dimensions and time. The real-time orbit data available for the four in-view satellites
and corresponding measured pseudoranges can be used to correct the predicted clock
bias for a fifth in-view satellite. If predicted clock bias from a sixth satellite and a
seventh satellite are also available to MS 120, the real-time orbit data provided by the
four in-view satellites and corresponding measured pseudoranges can be used to correct
the predicted clock bias for the additional (e.g. sixth and the seventh, etc) satellites. The
correction to the predicted clock bias can be computed by a Weighted Least Squares
model (WLS), a Kalman filter, or some other linear, linearized, or non-linear estimation
methods. These corrections may be run 1 background during GPS operation, even
when complete GPS constellation 1s visible, refreshing the predicted data for best
accuracy and performance when satellite visibility is lost, and when the ephemeris has

degraded to the extent to make it more accurate to use predicted or hybrid predicted

data.

[0055] The hybrid techniques described herein can be applied to a combination of
satellite positioning systems (SPS) or global névigation satellite system (GNSS), such
as, but not limited to, the United States Global Positioning System (GPS), the Russian
Glonass system, the European Galileo system, the Japanese QZSS system, any system

that uses satellites from a combination of satellite systems, or any satellite system
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developed in the future. That 1s, MS 120 may use predicted orbit data from bne satellite
system (e.g., the GPS) and real-time orbit data from one or more other satellite systems
(e.g., the Galileo and Glonass systems) to determine a fix. MS 120 may also use real-
time clock biases of satellites of one satellite system to correct predicted clock bias of a
satellite (or satellites) of another satellite system if pseudoranges are available for these
satellites, and if there is more observables than unknowns in the system. For example,
the real-ﬁme clock bias of a satellite 1n the Gaﬁleo system can be used to correct
predicted clock bias of a satellite in the Glonass system. For the proper application of
this algorithm, the overall clock bias between master clocks of two satellite positioning

systems (e.g. GPS vs Galileo) must be known by MS 120.

[0056] Figure 5B illustrates a flow diagram of one example of a process 500 for
determination of a position/velocity/time fix at a mobile station. Process 500 may be
performed by hardware (e.g., circﬁitry, dedicated logic, programmable logic, microcode,
etc.), software (such as instructions run on a prb cessing .device) , OT a combination
thereof. Process 500 may be performed by MS 120 of Figure 1.

[0057] Referring to Figure 5B, at block 510, process 500 begins with MS 120
determining the number of satellites that have real-time orbit data available at MS 120.
As mentioned above, the number of satellites necessary for a fix depends on the number

of unknowns at MS 120. For example, 1f none of the three spatial dimensions and time
of MS 120 are known, MS 120 will need orbit data from four satellites. In this scenario,
MS 120 ideally would receive the real-time orbit data from four satellites. However, if
less than four satellites provide real-time orbit data to MS 120, MS 120 will resort to

one or more other satellites for which predicted orbit data 1s available. As mentioned
above, the number of satellites having real-ime orbit data may differ from one time

period to the next due to shadowing, reception problems, and other reasons.
[0058]  Proceeding to block 520, based on the number of unknowns of MS 120,
process 500 determines whether orbit data of more satellites 1s needed. If the orbit data

of one or more additional satellites 18 needed, at block 530, MS 120 uses predicted orbit
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data of the one or more additional satellites in the determination of a fix. If MS 120
receives real-time orbit data from sufficient satellites or from location assistance server
130 1n a prior AGPS session (i.e., the number of satellites equals the number of
unknowns), no predicted orbit data 1s necessary. Proceeding to block 540, MS 120
combines the orbit data from the satellites to compute a position/velocity/time fix. In
one aspect of the mmvention, at block 550, MS 120 also uses the available real-time orbit
data of a first satellite to correct the satellite clock bias in the current or future predicted
clock bias of the first satellite, and/or uses the available real-time orbit data of a first
satellite to correct the satellite clock bias in the current or future predicted orbit data of a
secbnd satellite for which real-time orbit data is unavailable. The second satellite may

be 1n the same or a different satellite system as the first satellite, as described above.

[0059] Figure 6 provides an example of a block diagram of components of MS 120.

MS 120 includes a memory 67 and a processor 69. MS 120 also includes a receiver
interface 66 for receiving the coefficient sequences from location assistance server 130.
Recetrver mterface 66 also receives coarse orbit data and/or real-time orbit data, e.g.,
almanac, ephemeris, and/or other satellite position and timing information, from
satellite broadcasts, from location assistance server 130, or from other data sources.
Receiver mterface 66 may receive the coefficients via wired or wireless networks,
broadcast medium, or any suitable data transmission means. MS 120 includes a
decoding unit 61 to decode the data sequences sent from location assistance server 130.
In one scenario, MS 120 may also include a reconstruction unit 62, a combination unit
68 and a correction unit 63. Reconstruction unit 62 reconstructs predicted orbit data
using a data sequence transmitted ﬁom location assistance server 130, such as coarse
orbit data and correction data. Combination unit 68 determines whether the real-time
orbit data of a satellite received and stored at MS 120 1s still valid by keeping a timer
that monitors the current time with respect to the time of applicability of the real-time

orbit data. Depending on the availability and validity of the real-time orbit data, the

combination unit 68 combines the real-time orbit data of some satellites and the
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predicted orbit data of some other satellites to determine a fix. Correction unit 63 uses
the available real-time data to correct the satellite clock bias in the predicted data, as
describe above. As mentioned above, the correction of the clock bias can be made to

the same satellite for which real-time orbit data 1s available, or another satellite of the

same or a different satellite system.

[0060]  The methodologies described herein may be implemented by various means

depending upon the application. For example, the above components of location
assistance server 130 and MS 120 may be implemented in hardware, firmware,

software, or a combination thereof. For a hardware implementation, the processing
units 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, confrollers, micro-controllers, microprocessors, electronic devices, other

electronic units designed to perform the functions described herein, or a combination
thereof.

[0061] For a firmware and/or software implementation, the methodologies may be
implemented with modules (e.g., procedures, functions, and so on) that perform the
functions described herein. Any machine-readable medium tangibly embodying
mstructions may be used in implementing the methodologies described herein. For
example, referring back to Figure 6, software codes may be stored in a memory (e.g.,
memory 67 of MS 120) and executed by a processor (e.g., processor 69 of MS 120).
Memory may be implerﬁented within the processor or external to the processor. As
used herein the term “memory” refers to any type of long-term, short-term, volatile,

nonvolatile, or other memory and is not to be limited to any particular type of memory

or number of memories, or type of media upon which memory 1s stored.

10062] The method and apparatus described herein may be used with vanous
satellite positioning systems (SPS) or global navigation satellite system (GNSS), such

as, but not limited to, the United States Global Positioning System (GPS), the Russian
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Glonass system, the European Galileo system, any system that uses satellites from a
combination of satellite systems, or any sateﬂite system developed in the future.
Furthermore, the disclosed method and apparatus may be used with positioning
determination systems that utilize pseudolites or a combination of satellites and
pseudolites. Pseudolites are Qound-based transmutters that broadcast a PN code or
other ranging code (similar to a GPS or CDMA cellular signal) modulated on an L-band
(or other frequency) carrier signal, which may be synchronized with GPS time. Each
such transmitter may be assigned a unique PN code so as to permit identification by a
femote receiver. Pseudolites are useful mn situations where GPS Signals from an
orbiting satellite might be unavailable, such as in tunnels, mines, buildings, urban
canyons or other enclosed areas. Another implementation of pseudolites is known as
radio-beacons. The term “satellite”, as used herein, is intended to include pseudolites,
equivalents of pseudolites, and possibly others. The term “SPS signals,” as used herein,

is intended to include SPS-like signals from pseudolites or equivalents of pseudolites.

10063} Position determination techniques described herein may be used for various
wireless communication networks, such as a wireless wide area network (WWAN), a
wireless local area network (WLAN), a wireless personal area network (WPAN), and so
on. The term “network” and “system” are often used interchangeably. A WWAN may
be a Code Division Multiple Access (CDMA) network, a Time Division Multiple
Access (TDMA) network, a Frequency Division Multiple Access (FDMA) network, an
Orthogonal Frequency Division Multiple Acc;:ss (OFDMA) network, a Single-Carner
Frequency Division Multiple Access (S C-FDMA) network, and so on. A CDMA
network may implement one or more radio access technologies (RATs) such as

CDMA2000, Wideband-CDMA (W-CDMA), and other current and next-generation
networks. CDMA2000 includes 1S-95, IS-2000, and IS-856 standards. A TDMA -
network may implement Global System for Mobile Communications (GSM), Digital

Advanced Mobile Phone System (D-AMPS), or some other RAT. GSM and W-CDMA

are described in documents from a consortium named “3rd Generation Partnership
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Project” (3GPP). CDMA2000 is described in documents from a consortium named “3rd
Generation Partnership Project 2” (3GPP2). 3GPP and 3GPP2 documents are publicly
available. A WLAN may be an IEEE 802.11x network, and a WPAN may be a Bluetooth

network, an IEEE 802.15x, or some other type of network. The techniques may also be used
for any combination of WWAN, WLAN and/or WPAN.

[0064] Although illustrative embodiments of the present invention have been described

with reference to specific exemplary features, it will be evident that various modifications and

changes may be made to these features without departing from the broader scope of the
invention as set forth in the claims. Accordingly, the specification and drawings are to be

regarded in an illustrative rather than restrictive sense.
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CLAIMS:

1. A method of a mobile station, comprising:

receiving real-time orbit data of one or more first satellites;
determining a number of said first satellites having real-time orbit data, and

if the number of first satellites for which real-time data has been provided 1s
not sufficient for determining spatial and time information of the mobile station, combining
the real-time orbit data of the first satellites and predicted orbit data of at least one second

satellite in determination of spatial and time information of the mobile station,

wherein the real-time orbit data is more accurate compared to the predicted
orbit data, but wherein the predicted orbit data has an extended period of validity compared to

the real-time orbit data;

wherein the first satellites and the second satellite belong to two different

satellite systems.

2. The method of claim 1, wherein the predicted orbit data comprises at least one
of the following: 3-D uncertainty values for predicted satellite coordinates, and uncertainty

values of predicted satellite clock corrections.
3. A mobile station comprising:
means for receiving real-time orbit data of one or more first satellites;

means for determining a number of said first satellites having real-time orbit

data, and
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means for combining, wherein, if the number of first satellites for which real
time data has been provided is not sufficient for determining spatial and time information ot
the mobile station, said means for combining combine the real-time orbit data of the first
satellites and predicted orbit data of at least one second satellite in determination of spatial and

time information of the mobile station,

wherein the real-time orbit data is more accurate compared to the predicted
orbit data, but wherein the predicted orbit data has an extended period of validity compared to

the real-time orbit data;

wherein the one or more first satellites and the second satellite belong to two

different satellite systems.

4. The mobile station of claim 3, wherein the predicted orbit data comprises at
least one of the following: 3-D uncertainty values for predicted satellite coordinates, and

uncertainty values of predicted satellite clock corrections.

J. A computer program product for enabling a computer to determine spatial and

time information comprising:

a computer readable storage medium having stored thereon
computer-executable instructions that when executed cause a computer to implement a

method according to claim 1.
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REAL-TIME ORBIT DATA AVAILABLE TO MS

~ 210
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MS DETERMINES A SECOND NUMBER OF ORBIT PARAMETERS
ALREADY KNOWN TO MS

~v 220

v

MS DETERMINES A THIRD NUMBER OF SATELLITES FOR WHICH
MS WILL USE PREDICTED ORBIT DATA

~v 230

Y

MS COMBINES THE REAL-TIME ORBIT DATA OF THE FIRST
NUMBER OF SATELLITES, THE SECOND NUMBER OF ORBIT
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~v 240
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Figure 2B




4/8

CA 02833073 2013-11-14

Ve a4nbid

5ouanbag awl| e uj 8)i|81es 9|buls e Jo ejled Igqi0

eje( J19J0 PajoIpald

b1
1 el ¢l

\W\I{ mmu mm |\,‘,m,,

301

ele( JIqIO sl -[eey



'CA 02833073 2013-11-14

[
v

5/8

[ START ) ' Ve 500
Y
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Y
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WHEN THE REAL-TIME ORBIT DATA BECOMES AVAILABLE
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Y

MS SWITCHES FROM REAL-TIME ORBIT DATA TO PREDICTED

ORBIT DATA OF THE SAME SATELLITE TO CALCULATE A FIX
WHEN THE REAL-TIME ORBIT DATA BECOMES UNAVAILABLE

~v Al

Y
(e )

Figure 3B
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Figure 5
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