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(57) Abréegée/Abstract:

A method and apparatus for determining a reference time associated with a satellite positioning system. In turn, the reference time,
IN one embodiment, may be used to determine other navigational information. Such navigational information may include, for
example, the location/position of a satellite positioning system (SPS) recelver. In one embodiment, a relative velocity between an
SPS receiver and a set of one or more satellites Is used to determine an offset between time as indicated by the SPS recelver and
the reference time. According to another embodiment of the invention, an error statistic iIs used to determine the reference time.
According to yet another embodiment of the invention, two records, each representing at least a portion of a satellite message, are
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(57) Abrege(suite)/Abstract(continued):
compared to determine time. In one implementation, the SPS recelver iIs mobile and operates In conjunction with a basestation to
determine time and/or other navigational information according to one or a combination of the methods described.
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ABSTRACT

A method and apparatus for determining a reference

time assoclated with a satellite positioning system. In

turn, the reference time, 1n one embodiment, may be used to

determine other navigational information. Such navigational

information may include, for example, the location/position

of a satellite positioning system (SPS) receiver. In one

embodiment, a relative velocity between an SPS receiver and

#

a set of one or more satellites 1s used to determine an

F

offset between time as 1ndicated by the SPS receiver and the

reference time. According to another embodiment of the
invention, an error statistic 1s used to determine the
reference time. According to yet another embodiment of the

invention, two records, each representing at least a portion

of a satelllite message, are compared to determine time. 1In
one 1lmplementation, the SPS receiver is mobile and operates

1n conjunction with a basestation to determine time and/or

other navigational information according to one or a

combination of the methods described.
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1
METHOD AND APPARATUS FOR DETERMINING TIME IN A

SATELLITE POSITIONING SYSTEM

This application is a divisional of Canadian Patent

application Serial No. 2,328,847 filed April 12, 1999.

o BACKGROUND OF THE INVENTION

Field of the 1nvention:

This i1nvention relates to satellite positioning
systems (SPS), and in particular, to determining time

associated with SPS signal transmission and/or reception.

10 Background information:

SPS receivers such as GPS (Global Positioning
System) receivers normally determine thelr position by

computing relative times of arrival of signals transmitted

simultaneously from a multiplicity of satellites such as GPS

15 (or NAVSTAR) satellites. 1In typical satellite positioning

systems, such as GPS, the multiplicity of satellites are

synchronized according to a highly accurate system clock,
which may provide atomic clock accuracy. Generally, each

satellite transmits navigational data (e.g., the location of

20 the satellite) that also includes a time stamp to indicate

when the data was transmitted, according to the time as

indicated by the system clock (referred to hereafter as

P

system time), which, 1n the case of GPS, 1s referred to as

(GPS) system time.

25 However, SPS receilvers typilically do not have such

an accurate clock. Thus, an SPS receiver typically

determines timing information by reading and timing

information contalned in the satellite message. Many
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recelvers determine position and time by using measurements

from four (or more) satellites. The range to each of four

satellites (1 =1, 2, 3, 4) may be expressed as:

fW#zJ@waﬂ2+QVaWY+(2—ﬂf + ¢b (1)
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wherein

x, ¥, and z are the coordinates/position of the receiver (unknown);

xi, yi, and zi are the ith satellite’s coordinates/position (known); and

cb represents the clock bias, which 1s a result of the error in time between

the clock of the receiver and the reference time (unknown).

Thus, there 1s typically a total of four unknowns in equation (1) above.

Often, PRi 1s referred to as a pseudorange, since 1t represents the actual
range to the ith satellite, plus or minus an offset that may result due to the
receiver’s clock error, as indicated by the ¢b term 1n equation (1). The above

equation, using measurements from four satellites, may be linearized and
expressed 1n matrx form as follows:

APR1 ] [uxl uyl wuzl 1 | [Ax ]
APR2 | {ux2 uy2 uz2 1 Ay

= IX orZ=H-x (2)
APR3 | rx:a w3 w23 i

Az
APRA4 uxd uy4 uzd 1 Acb

-—d =

wherein

APRi is the pseudorange residual for the ith satellite (1= 1, 2, 3, 4), and

represents a difference between the measured pseudorange and an
initial estimated range to the ith satellite (known);
uxi, uyl, and uzi are the direction cosines of the line-of-sight (LOS) vector

from the receiver to the ith satellite, as projected along the x, y and
z coordinate axes (known);

Ax, Ay, Az, and Acb are the corrections 1o the initial estimates of

coordinates/position and the clock of the receiver, which may be

offset from a reference clock (unknown).

Hereinafter, the pseudorange residual vector 1s also referred to as Z, the
nx4 element matrix H 1s also referred to as an observation matrix, and x

represents the SPS recelver position and time correctuion vector, which contains the
unknowns of interest. Thus, if an inverse of the observation matrix H exists, a

unique solution to unknown Xx 1n the set of linear equations represented by the
above matrx equation (2) may be determined, such that:
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x=H" «Z
or
X=(H «H)'H +Z (3)
wherein,

H' is the inverse of the observation matrix;

(H" « H)" is the pseudoinverse of the observation matrix: and

o

X is the least-squares estimate of the vector of unknown parameters, x.

To determine the pseudoranges (PRi), a conventional SPS receiver
typically uses an initial estimate of 1ts position and clock bias that is known to
within a millisecond. However, since signals from satellites travel at or
approximately the speed of light, even a 1 millisecond ambiguity in time may result
in an error of up to 300 kilometers in the pseudorange measurement. By solving

the matrix equation (2) above, the convenuonal GPS receiver may compute a

correction to its initial clock bias esumate, wherein the initial clock bias estimate is
derived by reading the navigational message which provides “time-alignment”
informauon.

Unfortunately, in many situations, determining the system time by reading
the navigation message of one or more satellites may be difficult, due signal
guality degradation. For example, where there 1s blockage of the satellite signals,

the received signal level or signal-to-noise ratio (SNR) from the GPS satellites
may be too low to demodulate and read the satellite data signals without error.
Such situations may arise in personal tracking and other highly mobile

applications. Under such signal conditions, 1t 1s possible for a receiver to still
acquire and track the GPS signals. However, performing location and

unambiguous time measurement without timing data may be best performed using
alternative methods.

The present invention provides a method and apparatus for determining
time in an SPS, such as the time of satellite transmission and/or time of
measurement by an SPS receiver, relatve to a reference time (e.g., system time or

other relatively accurate reference time) without the need to determine the reference

time from processing timing imnformaton provided within the satellite navigational
data message.
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SUMMARY OF THE INVENTION

A method and apparatus for determining a reference

time associated with a satellite positioning system 1is

described. Once determined, the reference time, 1n one

embodiment, may be used to determine other navigational

information. Such navigational information may i1nclude, for

example, the location/position of a satellite positioning

system (SPS) receiver. In one embodiment, a relative

velocity between an SPS receiver and a set of one or more

satellites is used to determine an offset between time as

indicated by the SPS receiver and the reference time.

*

According to another embodiment of the Invention, an error

statistic 1s used to determine the reference time.

F

According to yet another embodiment of the i1nvention, two

records, each representing at least a portion of a satellite

message, are compared to determine time. In one
implementation, the SPS receiver 1s mobile and operates in

conjunction with a basestation to determine time and/or

other navigational information according to one or a

-

combination of the methods described.

According to one aspect the invention provides a

method for determining time associated with a satellite

positioning system, said method comprising: storing a value

F

to 1ndicate a velocity of at least one satellite of the

satellite positioning system; and determining said time

based on said wvalue.

According to another aspect the 1nvention provides

an apparatus for determining time assocliated with a

satellite positioning system, said apparatus comprising: a

storage unit for storing a value to indicate a velocity of

at least one satellite of the satellite positioning system;
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and a processor coupled to the storage unit, said processor

determining salid time based on said value.

According to another aspect the 1nvention provides
a machine readable medium contalning executable instructions

which when executed by a processing system cause the

processing system to perform a method for determining time
assocliated with a satellite positioning system, said method

comprising: storing a value to indicate a velocity of at

least one satellite of the satellite positioning system; and

determining said time based on said value.

According to another aspect the i1nvention provides

a method for determining a time assoclated with a satellite

positioning system, sald method comprising: comparing a

F

first record of at least a portion of a satellite message

that 1s received by a first entity to a second record of

sald satellite message to determine a first time value,
whereln said second record of said satellite message 1is
recelved at a second entity,; and determining a second time

value based on a relative velocity of a set of satellites,

whereiln at least one of said first time value and said

second time value 1ndicates sald time assoclated with said

satellite positioning system.

Accordling to another aspect the invention provides
a method for determining a time associated with a satellite

positioning system, said method comprising: comparing a

first record of at least a portion of a satellite message

that 1s received by a first entity to a second record of

sald satellite message to determine a first time value,

wherein said second record of said satellite message is

recelved at a second entity; and determining a second time

value based on a set of error statistic values, wherein at

least one of said first time value and said second time
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value indicate said time associated with said satellite

positioning system.

' DESCRIPTION OF THE DRAWINGS

BRI

L*]

Figure 1A shows an example of a comblned mobile

GPS receiver and communication system which may be utilized

according to one embodiment of the present 1nvention;

Figure 1B i1illustrates i1n further detail the RF to

IF converter 7 and the frequency synthesizer 16 of

Figure 1lA;

Figure 2 1s a flow diagram 1llustrating a method

for utilizing relative satellite velocity for time

determination in a satellite positioning system, according

P

to one embodiment of the i1nvention, as may be utilized with

a mobille SPS receiver which 1s combined with a mobile

communication recelver and transmitter, such as that shown

in Figure 1A;

Figure 3A 1s a flow diagram 1llustrating a method

for utilizing an error statistic to determine time 1n a
satellite positioning system, according to one embodiment of

the invention;

Figure 3B 1s a flow diagram i1llustrating a method

for utilizing a unit variance error statistic in the method

300 of Figure 3A to determine time 1n a satellite

positioning system, according to one embodiment of the

invention;
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Figures 4A and 4B depict an example of unit variance fits for a set of
range estimates, according to one embodiment of the invention;

Figure 5 shows a generalized method for determining time associated
with a satellite positioning system based on comparing a first and a second record
of a satellite data message, and which may be utilized with a mobile SPS receiver
which 1s combined with a mobile communication receiver and transmitter, such as
that shown 1n Figure 1A, according to one embodiment of the invention;

Figure 6 illustrates 1n further detail a method 620 for measuring time
related to satellite data messages for use with a satellite positioning system:;

Figure 7A 1llustrates a basestation according to one embodiment of the
invention,

Figure 7B illustrates a basestation according to one embodiment of the
inventuon;

Figure 8 illustrates a system according to one embodiment of the

invention, which includes an SPS receiver, a cellular telephone site, a basestation,

the Internet, and a client computer system.

DETAILED DESCRIPTION
Various methods and apparatuses for measuring time related to satellite

data messages for use with satellite positioning systems are described below.
Some of the discussion of the invention focuses upon the United States Global
Positioning Satellite (GPS) system. However, 1t should be evident that these
methods are equally applicable to simular satellite positioning systems, such as the
Russian Glonass system. Moreover, 1t will be appreciated that the teachings of the
present invention are equally applicable to positioning systems which utilize
pseudolites or a combination of satellites and pseudolites. Moreover, the vanous
architectures for basestations and mobile SPS receivers are provided for illustrative

purposes rather than to be construed as limutations of the present invenuon.

| OVERVIEW OF ONE EMBODIMENT:
UTILIZING SATELLITE VELOCITY FOR TIME DETERMINATION
Figure 2 is a flow diagram illustrating a method for utilizing relative
satellite velocity for ume determinauon 1n a satellite positioning system, according

to one embodiment of the inventuon, as may be utilized with a mobile SPS receiver
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which i1s combined with a mobile communication recetver and transmitter, such as
that shown in Figure 1A. In the method 200 shown in Figure 2, an entity,
such as a mobile SPS recerver 100 shown 1n Figure 1A, estimates its position to
a set of one or more satellites in step 202. In one embodiment, the SPS receiver
may determine a set of pseudoranges to the set of satellite based on signals
transmitted from the satellites. As such, any range or position estimate by the SPS
receiver will typically be offset relative to an actual position or range, due to an

offset between the time of measurement as provided by the clock of the SPS
receiver, and a reference time.

In step 204, a basestation, such as the basestation shown in Figure 7A,
receives estimation information from the SPS recerver. For example, the

estimation information may include a representation of pseudorange
measurements, as associated with an estimate of the time of measurement by the
SPS receiver. For example, the pseudorange may be determined using the time as
indicated by the clock of the SPS receiver. As mentioned above, without
knowledge of satellite position at an exact instant of time, relative to an accurate
reference time, the SPS receiver may only be limited to an estirnate/approximation
of its position that may be offset by the actual distance due any offset/error in time.
In step 206, the basestation determines the time offset associated with the
range or position estimate of the SPS recerver, as represented by the estimation
information provided to the basestation by the SPS receiver, based on an estimate
of the relative velocity of the set of satellites. In one embodiment, the relative
velocity of each of the set of satellites represents an approximated relative velocity
between the satellite and the mobile SPS receiver. A method, according to one
embodiment of the invention, for utilizing relative satellite velocity to determune
time offset between a time of measurement by an SPS recerver and a reference time
(e.g., GPS system time) is described below with reference to matrix equation (4).
Finally, in step 208, the basestation provides improved navigational
information, such as time, position, velocity, etc., to the SPS recetver. The
improved navigational information is based on a determination of the offset (or an
approximation thereof) to determuine at what tine, relative to the reference time,
position, range, or other information was estimated or measured by the mobile
SPS recerver. In an alternative embodiment, the basestation may not provide the

improved navigation information to the SPS receiver. For example, such
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information may be stored, provided to another entity via a data communication
link which may be wired or wireless, etc.

Table 1 shows how and by which device(s) some of the quantities

mentioned herein are determined, according to one embodiment of the invention.

TABLE 1

— How Determined

Measured by method of cross-
correlation, for example, as
described below with reference to
Figures 5-6

(T ime-of-

Measurement)

- X

In one embodiment of the invention, a pseudorange matrix equation (4) as
shown below is solved for the error/offset in time between the estimated time

associated with a time of measurement at the mobile SPS receiver and the reference

Estimated by use of the relatlonsmp
APR = PR-R, wherein R is an

eR
Estimated, such that TOM(GPS or

reference)) = TOM(recerver) + clock
offset

estimate of the true rang

Known from reading satellite

navigation data message(s)

Estimated by reading satellite
navigation data message(s)

time. Such a solution, in one embodiment, is based upon the relative velocity
between the set of satellites used to estimate the position of the mobile SPS

receiver and the mobile SPS receiver itself. For five measurements, the modiiied
matrix equation (4) may be expressed as follows:
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APR1 uxl uyl uzl 1 sv_range ratel | [Ax |
APR?2 ux2 uy2 uz2z 1 sv_range_rate2 Ay

APR3 ux3 uy3 uz3 1 sv_range_rate3 |X| Az (4)
APR4 ux4 uy4 uz4 1 sv_range_rated At

-

APRS ux5 uyS uz5 1 sv_range_rate5 Acb

wherein
APRi is the pseudorange residual for the 1th satellite (1 = 1, 2, 3, 4, 5), and

represents a difference between the measured pseudorange and an
initial estimated range to the ith satellite (known);

uxi, uyi, and uzi are the direction cosines of the line-of-sight (LOS) vector
from the receiver to the ith satellite (1 = 1, 2, 3, 4, 5), as projected
along the X, y and z coordinate axes (known);

sv_range_ratei 1s the relative velocity between the ith satellite (1 = 1, 2, 3,

4, 5) and an entity (e.g., a mobile SPS receiver) (known);
Ax, Ay, Az, and Acb are the corrections to the initial estimates of

coordinates/position and the clock of the receiver (unknown);
At is the offset in the time measurement, which, 1n one embodiment,
- represents the difference (or ofiset) between the estimated time at
which the pseudorange measurements are taken and a reference

time (e.g., GPS system time, a time based on GPS system time,
etc.) (unknown).

The above matrix equation (4) may be solved to obtain a unique solution to
“fit” the pseudorange measurements taken at a particular time. From the solution
of the matrix equation (4), At provides the coarse correction and Acb provides the
fine correction to the initial estimate of the time at which the pseudoranges are
determined. Thus, an offset, which may be in the order of a submillisecond or
more, between a reference time (e.g., GPS system time) and the estimated time at

which an entity estimates its location and/or that of a set of satellites may be
determined based on the relative velocity of the set of satellites.

Although not necessarily always the case, the matrix equation (4) typically
includes five unknown values: Ax, Ay, AZ, Acb, and A:. Thus, unless any of

these unknown values are known at the time of measurement, five (or more)
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independent pseudorange measurements should typically be taken into account to
solve for a unigue solution for the unknown values.

In general, the accuracy of the matrix equation (4) 1s dependent at least in
part upon the accuracy of the relative velocity of each of the satellites
(sv_range_ratel). Furthermore, errors in the 1nitial position and time estimates,
which are used to compute the hine-ot-sight (LLOS) vectors from each satellite to an
entity, such as a mobile SPS recerver, may cause errors in the velocity estimates of
each satellite. Thus, 1n one embodiment, cellular site location information is
utilized to determine an initial estimate of the location of the SPS receive.
Furthermore, in one embodiment, the matrix equation (4) 1s solved iteratively by
re-computing the velocities of one or more of the set of satellites with improved

position estimates for the entity. As such, each 1teration may provide five
improvements: three in spatial domain or position/range (Ax, Ay, Az), and two
improvements in the time domain (Acb and Af).

In one embodiment of the invention, wherein the velocity of the mobile
SPS receiver 1s known, Doppler measurements may be utilized to determine time.
In this embodiment, the a posterior: velocity error 1s minimized using Doppler
information to determine time. The velocity error represents, in this embodiment,
the difference between a computed velocity for the mobile SPS receiver (which
may be calculated using several methods, including the matrix equation (4) above
or the error statistic method described below) and the known velocity of the mobile
SPS receiver. By minimizing such as error, the time of interest may be
determined. For example, if the mobile SPS receiver is stationary (i.e., velocity is
zero), a set of solutions may be computed using several approximations for the
time of measurement, relative to a reference time. The solutions corresponding to
a velocity of zero would best approximate the reference time, which could then be
used to determine the position of the mobile SPS receiver and/or other navi gational
information. In alternative embodiments of the invention, altitude aiding, dead
reckoning (1.e., restricting velocity to a known direction), or other techniques may
also be employed to improve or simplify the use of the relative velocity of the SPS

receiver and the set of one or more satellites to determine time and/or other

navigational information.
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OVERVIEW OF ANOTHER EMBODIMENT:
UTILIZING AN ERROR STATISTIC FOR TIME DETERMINATION
In one embodiment of the invention, an error statistic 1s utilized to
determine a reference time assoclated with a satellite positioning system. One
situation in which this aspect of the invention—namely, determination of time

based on an error statistic—is useful 1s when the number of measurements (e.g.,
pseudorange measurements) exceeds the number of unknown values (e.g., Ax,

Ay, Az Acb, etc.). Furthermore, the error statistic may be utilized in conjunction
with other techniques for improving determination of time and/or other

navigational information.

Figure 3A is a flow diagram illustrating a method for utilizing an error
statistic to determine time in a satellite positioning system, according to one
embodiment of the invention. In step 302 of the method 300 shown in Figure
3A, an entity, such as a mobile SPS receiver, estimates 1ts range or position
relative to a set of satellites at a set of time instances, wherein one or more of the
set of time instances are associated with an estimated time of measurement that is
offset from a reference time. Such an offset, as mentioned above, may be due to
offset between the SPS receiver clock and time as indicated by a reference clock,
drift and/or other inaccuracies in the SPS receiver clock, etc. The reference time
may correspond to a time associated with the satellite positioning system, such as
GPS system time.

In step 304, each of the set of time instances 1s altered by further adding or
subtracting an offset. For example, in one embodiment, each estimated time of
measurement associated with each range or position estimate may be altered by an
offset between -5 and +5 seconds. In alternative embodiments, other ranges of
offset values may be added or subtracted to obtain various samples for the error
statistic.

In step 306, an error statistic is determuned for the altered set of time
instances (i.e., ones having an offset added thereto or subtracted therefrom).
Finally, in step 308, the reference time (or an approximation thereof) is determined
based on the behavior of the error statustic. In one embodiment, as further
described below with reference to Figure 3B, the error statistic includes
determining a unit variance distribution of pseudorange residual values. In this

embodiment, a linear deviation of the unit variance typically corresponds to a linear
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deviation in the spatal (X, y, z) and temporal (At) domains. By optimizing the
error statistic used—which, in the case of unit variance would correspond to a
munimum value of the unit variance—a time that approximates the reference time
sought could be deterrmined. The use of the unit variance with respect to range or
position estimate errors/ofisets, according to one embodiment, is further described
below with reference to Figure 3B.

Figure 3B i1s a flow diagram illustrating a method for utilizing a unit
vaﬁance error statistic 1n the method 300 of Figure 3A to determine a reference
time 1n a satellite positioning system, according to one embodiment of the
invention. In particular, Frgure 3B depicts one embodiment of step 306 of

Figure 3A. In step 310, a unit variance is determined for the altered set of time
instances. In one embodiment, the unit variance 1s defined by:

, v =He* x -Z (from equation (3) above) (5)

wherein,

AT

V' is the transpose vector of a posteriori pseudorange residuals;

W 1s a weight factor, which represents a weighting observation matrix.

In one embodiment, no weight factor 1s used, which is generally equivalent
to setting a weight matrix to the identity matrix; and

n is the number of measurements; and

m 1S a number of unknowns.

Thus, the unit variance represents, in most part, the weighted (or
unweilghted) sum of squares of the pseudorange residual values. The denominator
of the unit variance equation (35) represents the number of degrees of freedom.

In step 312, a polynomual fit for the unit variance is determined. It can be
shown that for the normally distributed pseudorange residuals, the expected value
of the unit variance 1s unity and the distribution is the Chi-square distribution with
(n-m) degrees of freedom. However, in some cases, individual unit variance
values may also equal zero, which corresponds to a perfect fit of a position or time
fix for the SPS receiver. Thus, the measurements (e.g., pseudoranges,

pseudorange residuals, etc.) for statistically optimum position fix should generally
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minimize the unit vanance, ideally to a value close to zero. In other words, when
the unit vanance for a set of range or position estimates is minimized, a “best fit”
(or solution) may be obtained 1n space and/or time.

Figures 4A and 4B depict an example of unit variance fits for a set of
range estimates according to one embodiment of the invention. When a
distribution of the unit variance error statistic (as a function of time offset), such as
the one shown 1n Figure 4A, 1s obtained, two linear fits may be computed—one
for positive offsets and one for negative. The point of inclination, where the two
lines intersect, provides an approximation to the reference time. It should be
appreciated that several well-known types of polynomial fits may be utilized for
the unit variance data, and also, to determne the local minimum of the unit

variance distribution, and in turn, the reference time of interest.

Figure 4B is a zoomed depiction of the unit variance distribution example
shown in Figure 4A. As such, the time offset scale of Figure 4B is smaller
than that of Figure 4A. It should be noted from the example of Figure 4B that
the intersecting or munmmum point of inclination of the unit variance fit may not
necéssarily correspond exactly to a time offset of zero. In any case, the unit
variance may provide a sufficiently accurate estimate of position of an SPS

receiver and/or a reference time of interest, such as GPS system time.

It should be appreciated that other error statistics may be used to obtain a
“f1t” that provides an approximation to a reference time. Furthermore, the method
described with reference to Figures 3A and 3B may be performed by a
combination of a mobile SPS receiver and a basestation, or exclusively by either
entity. For example, in one embodiment, the basestation receives a set of range
estimates (e.g., pseudorange values) from the mobile SPS receiver, and
determines the receiver’s time, position, or other navigation information based on
an error statistic, such as the unit vanance. Optionally, the basestation may
provide the navigation information, or information based at least in part thereon, to
the mobile SPS receiver or another entity. In this case, the SPS receiver may,

based on such information and/or other information, determine its time, position,

and/or other navigational information.
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AN ALTERNATIVE EMBODIMENT

As indicated above, relative velocity and an error
statistic (e.g., unit variance assoclated with pseudorange
residuals) may be used separately or i1in conjunction,
according to various embodiments of the i1nvention, to

determine time associated with a satellite positioning

system. Furthermore, a selection of which method to use may

be made according to a predetermined condition, such as the

P

available data, the quality of signals, the number/spacing

of satellites, the range between one or more satellites and

the receiver, etc. In one embodiment, both methods may be

performed, and the optimum result for the solution of time,

position, or other navigational information may be selected

based on a minimization of 1naccuracy.

In yet another embodiment of the invention, one or

a comblnation of the above-described methods and apparatuses

for determining time in a satellite positioning system are

comblned with another method and apparatus for time
determination, as described in detail in U.S. Patent

No. 5,812,087. As described 1n detail i1n the referenced

P
s

d

patent, time may be determined by comparing a record oO:

satellite data message received by an entity, such as a

mobile SPS receiver, to another record that i1is assumed to be

error free. From such a comparison, time may be determined

as described generally below with reference to Figures 5 and

6, and described 1n further detail 1in the above-referenced

U.S. Patent No. 5,812,087.

Figure 5 shows a generallzed method for

determining time assoclated with a satellite positioning

system based on comparing a first and a second record of a

satellite data message, and which may be utilized with a

mobile SPS receiver which 1s combined with a mobile
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communication receiver and transmitter, such as that shown

in Figure 1A, according to one embodliment of the i1nvention.
The method described below with reference to Figures 5 and 6
may be combined with one or a combination of the above-
described techniques of time determination based on relative
velocity and/or error statistic determination. The mobile
GPS receiver 100 shown 1in Figure 1A samples the satellite
data message, such as ephemeris, and creates a record of the
message in step 501. Next in this method 500, the remote or

mobile GPS receiver transmits this record to a basestation,

such
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as the basestation shown 1n Figures 7A or 7B 1n step 503. This record is
typically some representation of the satellite data message received by the mobile
SPS recerver. In step 505, the basestation compares the record transmitted from
the mobile SPS receiver to another record which may be considered a reference
record of the satellite navigation message. This reference record has associated
time values wherein various segments of the satellite data message have specified
"reference" times associated therewith. In step 507, the basestation determines the
time of sampling by the mobile GPS receiver of the satellite data message. This
determination 1s based upon a time value which 1s associated with the reference
record, and will generally indicate the time when the record was received by the
mobile GPS recerver.

Figure 6 1llustrates 1n further detail a method 620 for measuring time
related to satellite data messages for use with a satellite positioning system. The
mobile or remote GPS receiver acquires 1n step 621 GPS signals and determines
pseudoranges from those acquired GPS signals. In step 623, the mobile GPS
receiver removes the PN data and creates a record of the satellite data message
from the acquired GPS signals used to create or determine the pseudoranges. This
record is typically some representation of the satellite navigation message in the
acquired GPS signals and typically represents an estimate of the data. In step 625,
the mobile GPS receiver transmits the record and the determined pseudoranges to a
basestation, such as the basestation shown in Figure 7A or 7B.

In step 627, the basestation performs a cross-correlation of the record
transmitted from the mobile GPS recerver to a reterence record of the navigation
message of the set of satellites. Thus reference record typically includes an
accurate ume stamp associated with the data in the reference record (e.g. each bit
of data in the reference record has an associated tume value or "stamp"), and it is
this time stamp which will be used to determine the time of receipt by the mobile
GPS receiver of the originally acquired GPS signals. Generally, the record
transmitted from the mobile GPS receiver and the reference record partially overlap
relative to ime.

In step 629, the basestation determines from the cross-correlation operation
the time of acquining by the remote GPS receiver of the received GPS signals.

The basestation then uses in step 631 the ume of the acquiring by the remote GPS
receiver of the GPS signals and uses the determuned pseudoranges to determine a
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position information, which may be a latitude and longitude

F

of the remote/mobile GPS receiver. The basestation, in step

633, may communicate this position information of the remote

GPS receiver to another entility, such as a computer system

coupled through a network, such as the Internet, or an

intranet, to the basestation.

HARDWARE OVERVIEW

Figure 1A shows an example of a combined mobile
GPS receiver and communlcation system which may be used with
the present invention. This comblined mobile GPS receiver

and communication system 100 has been described in detail in

U.S. Patent No. 6,002,363. Figure 1B 1llustrates in further

detail the RF to IF converter 7 and the frequency

P

synthesizer 16 of Figure 1lA. These components shown in

Figure 1B are also described 1n U.S. Patent No. 6,002, 363.

The mobile GPS receiver and communication system 100

shown 1n Figure 1A may be configured to perform a particular

form of digital signal processing on stored GPS signals in
such a manner that the receiver has very high sensitivity.
This 1s further described in U.S. Patent No. 5,663,734, which

was 1ssued on September 2, 1997, and 1s entitled "GPS Receiver

and Method for Processing GPS Signals". This processing

operation described 1n U.S. Patent No. 5,663,734, typically

F

computes a plurality of 1ntermediate convolutions typically

using fast Fourier transformations (FFTs) and stores these
intermediate convolutions 1n the digital memory and then uses
these 1ntermediate convolutions to provide at least one

pseudorange. The combined GPS and communication system 100

shown 1n Figure 1lA also may incorporate certain frequency

stabilization or calibration techniques in order to further

improve the sensitivity and accuracy of the GPS receiver.

These techniques are described 1in U.S. Patent No. 5,841, 396.
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Rather than describing in detail the operation of the combined mobile GPS
receiver and communication system 100 shown 1n Figure 1A, a brief summary
will be provided here. In a typical embodiment, the mobile GPS recerver and
communication system 100 will receive a command from a basestation, such as
basestation 17, which may be either one of the basestations shown in either
Figure 7A or Figure 7B. This command is received on the communication
antenna 2 and the command is processed as a digital message and stored 1n the
memory 9 by the processor 10. In one embodiment, the memory 9 could be
expanded to be a random access memory (RAM) for storing commands, data,
and/or “snapshot” information. The processor 10 determines that the message is a
command to provide a position information to the basestation, and this causes the
processor 10 to activate the GPS portion of the system at least some of which may
be shared with the communication system. This includes, for example, setting the
switch 6 such that the RF to IF converter 7 recerves GPS signals from GPS
antenna 1 rather than communication signals from the communication antenna 2.
Then the GPS signals are received, digitized, and stored in the digital memory 9,
and may be processed in accordance with the digital signal processing techniques
described in the U.S. Patent No. 5,663,734. The result of this processing
typically may include a plurality of pseudoranges for a set of satellites “in view”
and these pseudoranges or data based thereon may then be transmitted back to the
basestation by the processing component 10 by activating the transmitter portuon
and transmitting the pseudoranges back to the basestation via the communication
antenna 2.

The basestation 17 shown in Figure 1A may be coupled directly to the
remote through a wireless communication link or may be, as shown 1n Figure 8,
coupled to the remote through a cellular telephone site which provides a wired
communication link between the telephone site and the basestation. Figures 7A
and 7B illustrate examples of these two possible basestations.

The basestation 701 illustrated in Figure 7A may function as an
autonomous unit by providing a wireless link to and from mobile GPS receivers
and by processing received pseudoranges. According to one or a combination of
the embodiments described above, the basestation 701 may process the
pseudoranges to determine tume by utilizing relative satellite velocity, an error
statistic, and/or a comparison of satellite data message records. The basestation
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701 may find use where the basestation 1s located in a

metropoclitan area and all mobile GPS receivers to be tracked
are similarly located 1n the same metropolitan area. For
example, the basestation 701 may be employed by police
forces or rescue services 1n order to track 1ndividuals
wearing or using the mobile GPS receivers. Typically, the
transmitter and receiver elements 709 and /11, respectively,

will be merged 1nto a single transceiliver unilit and have a

single antenna. However, these components have been shown

separately as they may also exist separately. The

transmitter 709 functions to provide commands and/or

navigational i1nformation to the mobile GPS receivers through

transmitter antenna 710. Typically, the transmitter 709 1is

F

under control of the data processing unit 705 which may

-

recelve a request from a user of the processing unit to

determine the location of a particular mobile GPS receiver.
Consequently, the data processing unit 705 would cause the

command to be transmitted by the transmitter 709 to the

mobile GPS receiver. In response, the mobile GPS receiver
would transmit back to the receiver 711 pseudoranges and

associated time estimates and/or satellite data message

records (or portions thereof) in one embodiment of the
present invention to be received by the receiving antenna
7112. The receiver 711 receives such information from the
mobille GPS receiver and provides them to the data processing

-

unit 705 which then performs one or more of the above-

described operations to determine time, position, and/or

other navigational information associated with the

pseudoranges recelved from the mobile GPS receiver. As

mentioned above with reference to U.S. Patent No. 5,812,087,

such operations may 1nvolve the satellite data messages

recelved from the GPS receiver 703 or other source of

reference quality satellite data messages. This is further

described 1n the above-noted copending patent applications.
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The GPS receiver 703 may provide the satellite ephemeris
data which may be used, 1n one embodiment, with the

pseudoranges and the determined time 1n order to calculate a

position information for the mobile GPS receiver. The mass

storage 707 may store satellite velocity information, a

stored version of the reference record of the satellite data
messages which 1s used to compare against the records
recelved from the mobile GPS receiver, error statistic

groe

analysis routines 1in accordance with one or more of the

techniques discussed above, and/or other information to

determine time based on the pseudoranges and any other

information provided by the mobile GPS receiver. The data
processing unit 705 may be coupled to an optional display

715 and may be also coupled to a mass storage 713 with GIS

software which 1s optional. It will be appreciated that
whille depicted separately, the mass storage 713 may be the
same as the mass storage 707 1n that they may be contained

in the same hard disk or other data storage device/medium.

Figure 7B 1llustrates an alternative basestation

of the present i1nvention. This basestation 725 i1s intended
to be coupled to remote transmitting and receiving sites

such as a cellular telephone site 855 shown in Figure 8.

Thlis basestation 725 may also be coupled to client systems

through a network, such as the Internet or an intranet, or

other types of computer networking systems. The use of the

basestation 1n this manner 1is further described in U.S.
Patent No. 6,131,067. The basestation 725 communicates with
a mobile GPS unit, such as the combined mobile GPS receiver

and communication system 853 shown 1in Figure 8 through the

cellular telephone site 855 and 1ts corresponding antenna or

antennae 85/ as shown 1n Figure 8. It will be appreciated

that the combined GPS receiver and communication system 853

may be similar to the system 100 shown in Figure 1A.
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The basestation 725, as shown in Figure 7B,

includes a processor 727 which may be a conventional

microprocessor coupled by a bus 730 to main memory 729 which

may be random access memory (RAM). The basestation 725

further i1ncludes other i1nput and output devices, such as

keyboards, mice, and displays 735 and associated I/O

controllers coupled via bus 730 to the processor 727 and to

the memory 729. A mass storage device 733, such as a hard

disk or CD ROM or other mass storage devices, 1s coupled to

P

various components of the system, such as processor 727

through the bus 730. An input/output (I/0) device 731 which

serves to provide I/0 functionality between the GPS receiver

or other source of satellite data messages, 1s also coupled

to the bus 730. This I/0 device 731 may receive satellite

data messages

from a GPS receiver (e.qg., the GPS receiver

703 shown 1n Figure 7A) and provides them through the bus

730 to the processor which, in accordance to one of the

above described embodiments of the invention, may cause a

tilme stamp to be applied to them. The records may then be

r—

stored 1n the mass storage device 733, for example, for

later use 1n comparing to
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records received from mobile GPS recervers. The mass storage device 733 may
also store velocity information representing relative velocity of a set of one or more
satellites. Additionally, the mass storage device 733 may store routines
corresponding to one or more of the above-described methods for processing
satellite positioning information/signals.

Two modems 739 and 737 are shown in Figure 7B as interfaces to other
systems remotely located relative to the basestation 725. In the case of modem or
network interface 739, this device is coupled to a client computer, for example,
through the Intemnet or some other computer network. The modem or other
interface 737 provides an interface to the cellular telephone site, such as the site
855 shown in Figure 8 which illustrates a system 851.

The basestation 725 may be implemented with various computer

“architectures as will be appreciated by those skilled in the art. For example, there
may be multiple busses or a main bus and a peripheral bus or there may be
multiple computer systems and/or multiple processors. It may be advantageous,
for example, to have a dedicated processor to receive the satellite data message
from the GPS receiver 703 and process that message 1n order to provide a
reference record in a dedicated manner such that there will be no interruption in the
process of preparing the reference record and storing it and managing the amount
of stored data in accordance with one of the above-described embodiments of the
present invention.

Figure 8 illustrates a system according to one embodiment of the
invention, which includes an SPS receiver, a cellular telephone site, a basestation,
the Internet, and a client computer system. The system 851 shown 1n Figure 8
may operate, in one embodiment, in the following manner. A client computer

system 863 will transmit 2 message through a network, such as the Internet 861 to
the basestation 825. It should be appreciated that there may be intervening routers
or computer systems 1n the network or Internet 861 which pass along the request
for position of a particular mobile GPS receiver. The basestation 825 will then
transmit a message through a link, which 1s typically a wired telephone link 859,
to the cellular telephone site 855. Thus cellular telephone site 855 then transmuts a
command using its antenna or antennae 857 to the combined mobile SPS receiver
and communication systemm 853, In response, the system 853 transmits back

pseudoranges, records of the satellite data messages, velocity information, and/or
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other information. Such information may be received by the cellular telephone site
855 and communicated back to the basestation through link 859. The basestation
then performs one or more of the operations as described above with various
embodiments of the invention, such as time determination using one or a
combination of relative satellite velocity, Doppler measurements, an error statistic,
and/or comparing two or more satellite data records. The basestation may then
determine navigational information, such as ttme and/or position of the SPS
receiver, and communicate the navigational information through a network, such
as the Internet 861, to the client computer system 853 which may itself have
mapping software at the client computer system, allowing the user of this system
to see on a map the exact position of the mobile SPS system 853.

ALTERNATIVE EMBODIMENTS

While the invention has been described in terms of several embodiments
and illustrative figures, those skilled in the art will recognize that the invention is
not limited to the embodiments or figures described. In particular, the invention
can be practiced in several alternative embodiments that provide a method and/or
apparatus to determine time or other navigational information in satellite
positioning system by one or a combination of the following: (1) utilizing relative
velocity of an entity and/or a set of satellites; (2) computing an error statistic for
time or position/range; and (3) comparison of two or more satellite data messages.

Therefore, it should be understood that the method and apparatus of the
invention can be practiced with modification and alteration within the spint and

scope of the appended claims. The description 1s thus to be regarded as illustrative
instead of limiting on the invention.
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CLAIMS:
1. A method for determining time associated with a

satellite positioning system, sald method comprilising:

F

storing a value to indicate a velocity of at least

one satellite of the satellite positioning system; and

determining said time based on said value.

N

2 . The method of claim 1, whereln the determining of

sald time comprilises:

computing a first range value between an entity

and said at least one satellite, said first range value

associlated with a first time error; and

determining an offset based on said value and said

first range value, saild offset 1ndicating said first time

crror.

3. The method of claim 2, further comprising:

F

determining a position of said entity based on

sald first range value and said first time error.

4 The method of claim 3, wherein said entity

comprises a mobile satelllite positioning system (SPS)

receilver.

g

0. The method of claim 3, wherein saild determining of

)

#

sald position of said entity based on said first range value

and said first time error 1s performed by a remote entity.

0. The method of claim 5, further comprising said
remote entity providing navigational information to said
entity, wherein said navigational information comprises

information related to said position of said entity.
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7. An apparatus for determining time associated with

a satellite positioning system, said apparatus comprising:

a storage unit for storing a value to 1ndicate a

F

velocity of at least one satellite of the satellite

positioning system; and

a processor coupled to the storage unit, said

processor determining said time based on said value.

3 . The apparatus of claim 7, wherein said processor

determines said time by:

computing a first range value between an entity

and said at least one satellite, said first range value

associated with a first time error; and

determining an offset based on said value and said

first range value, said offset indicating said first time

error.

9. The apparatus of claim 8, wherein the processor

determines a position of saild entity based on said first

range value and said first time error.

F

10. The apparatus of claim 9, whereln said entity

comprises a mobille satellite positioning system (SPS)

receiver and wherein sald time 1s an SPS time.

11. The apparatus of claim 9, wherein said apparatus

comprises sald SPS recelver.

12. A machine readable medium containing executable

instructions which when executed by a processing system

F

cause the processing system to perform a method for

determining time assoclated with a satellite positioning

system, said method comprising:
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storing a value to 1indicate a velocity of at least

one satellite of the satellite positioning system; and

determlining said time based on said value.

13. The machine readable medium of claim 12, whereiln

the determining said time comprises:

computing a first range value between an entity

and said at least one satellite, said first range value

associated with a first time error; and

determining an offset based on said value and said

gr——
p—

first range value, saild offset indicating said first time

crror.

14, The machine readable medium of claim 13, the

method further comprising determining a position of said

entity based on said first range value and said first time

Crror.

15. The machine readable medium of claim 14, wherein

salid entity comprises a mobille satellite positioning system

(SPS) receiver and wherein said time is an SPS time.

16. The machine readable medium of claim 14, wherein

determining said position of said entity based on said first

range value and said first time error is performed by a

remote entity.

17. The machine readable medium of claim 16, the

method further comprising said remote entity providing

navigational information to said entity, wherein said

navigational information comprises information related to

F

sald position of said entity.

18. A method for determining a time associated with a

satellite positioning system, said method comprising:



.

10

15

20

25

CA 02557823 1999-04-12

714769-291D

24

P

comparing a first record of at least a portion of

a satellite message that 1s received by a first entity to a

second record of said satelllite message to determine a first

time value, wherein said second record of saild satellite

message 1s received at a second entity; and

determining a second time value based on a

F

relative velocity of a set of satellites, wherein at least

one of said first time value and said second time value

indicates said time assoclated with said satellite

positioning system.

19. The method of claim 18, wherein said first record

and said second record overlap at least partially 1n time.

20. The method of claim 18, further comprising: said

second entity providing sailid second record of said satellite

message to said first entity.

F

21. The method of claim 20, wherein said first entity

1S a basestation.

22. The method of claim 20, whereln said second entity

1s a mobile satellite positioning system (SPS) receiver.

23. The method of claim 18, wherein said determining

sald second time value based on said relative velocity of

sald set of satellites comprises:

determining a range value assoclated with a range

*

to each of said set of satellites; and

using sald range value associated with said range,

- g

and sald relative velocity of said set of satellites,

determining sald second time value.

24 . The method of claim 23, wherein said range value

corresponds to a pseudorange residual.
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25. The method of claim 18, wherein at least one said

first time value and said second time value 1s used to

determine position of said second entity.

20. The method of claim 25, further comprising:
5 selecting one of said first time value and said second time

value to indicate said time associated with said satellite

positioning system.

27 . The method of claim 18, wherelin said first time
value 1s determined, at least 1n part, by use of said second

10 time wvalue.

28. A method for determining a time assocliated with a

satellite positioning system, said method comprising:

comparing a first record of at least a portion of

a satellite message that 1s received by a first entity to a

F

15 second record of said satellite message to determine a first

time value, wherein said second record of sailid satellite

message 1s received at a second entity; and

determining a second time value based on a set of

error statistic values, wherein at least one of said first

20 time value and saild second time value 1ndicate said time

assoclated with said satellite positioning system.

29. The method of claim 28, wherein sald first record

and said second record overlap at least partially 1in time.

F

30. The method of claim 28, further comprising: said

25 second entity providing said second record of said satellite

message to sald first entity.

31. The method of claim 30, wherein said first entity

1S a basestation.
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wherein said second entity

32. The method of claim 30,
system (SPS) receiver.

is a mobile satellite positioning

C claim 30, whereln said first entity

33. The method ot
system (SPS) receiver.

is a mobile satellite positioning

wherein sald second entity

34, The method of claim 30,
1S a basestation.'
35. The method of claim 28, wherein said determining

sald second time value comprises:

F
p—

error statistic wvalues for

determining said set o:
a set of range values associated with a range

~
least one of said set of

10 each of

first entity and at

between said

satellite; and

error statistic values to

yi—

optimizing said set o:

determine sald second time value.

- claim 35, wherein each of said set

15 306. The method o:
of range values corresponds to a pseudorange residual.

wherein said set of error
- range

=

37. The method of claim 35,

statistic values correspond to a variance of set o:

values that are offset with respect to each other in time.
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/ 200

SPS Receliver Determines a Range Measurement
(With a Time Offset Relative to a Reference Time) 202

Between ltself and a Set of One or More Satellites

Base Station Recetves Information (e.g., the
Range Measurement, an Estimated Time of 204
Measurement, etc.) From the SPS Recelver

Base Station Determines the Time Offset in the
Range Measurement Based on a Relative
Velocity of the Set of Satellites

206

Base Station Provides to the SPS Receiver
improved Navigation Information (e.g., Time,

Position, Velocity, etc.) Based On
Determination of the Offset

208

FIG. 2
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300
/’

Determine Range or Position Estimate for a

Mobile SPS Receiver at a Set of Time Instances 302
Oftset From a Reference Time

Alter Each of the Set of Time [nstances by 304
Adding or Subtracting an Offset Thereto
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