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milliseconds of observation data, and to relay this observation data to the processor. The range from the satellite (13)(or other
alrborne transponder) to the terminal is determined using the known positions of an interrogating transmitter and a satellite (13),
and a known terminal delay between the recelved signal and the transmission of the return signal, and the round trip time. An arc of
locations Is determined by computing an intersection of a sphere centered at the satellite having a radius given by the calculated
range with a model of the Earth's surface. Alternatively, candidate locations that are consistent with the carrier signal received from
GPS satellites (14-17) can be used. In either case, the candidate points are considered and refined using code phase
measurements from a set of GPS satellites (14-17). The candidate point having the lowest residuals or expected to measured code

phases Is chosen as the location of the mobile terminal. The measurements can be refined to account for various sources of error
Including measurement bias, relative motion and timing errors.
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SYSTEM AND METHOD FOR RAPID TELEPOSITIONING
This application
claims the benefit of U.S. Provisional
Application No. 60/243,433, filed October 27, 2000, now US Patent No.

6,560,536.
BACKGROUND

Field of the Invention

The present invention relates generally to methods and systems for tracking
the location of devices near the surface of the Earth, and more particularly to a
method and system for tracking a device near the surface of the Rarth using a very

fast acquisition portable transponder.
Background of the Invention

Various techniques are available to determine the position of a device on
the surface of the Earth. U.S. Patent No. 3,063,048 discloses the use of the
Doppler shift in a transmitted signal to determine the position of a device
transnutting the signal. This patent teaches measuring when the Doppler shift
frequency is changing at a maximum rate to determine the position of the object
transmitting the signal undergoing the Doppler frequency shift. In this system, the
satellite must continuously receive the signal being transmitted from the object to

determine when the frequency is changing at its maximum to locate the object. As

2 result, the time to compute a position fix is unacceptably long for applications
such as locating a satellite telephone.

The Global Positioning System (GPS) also provides geo-location
capability. Moreover, it is desirable to know the position of a mobile terminal,
such as a cellular telephone, and to have this position information at a central

location (e.g., at a Service Operations Center or SQC).
One technique is to place a GPS receiver on the mobile terminal, calculate

position in the GPS receiver, and transmit via satellite (or other communications
system) the position fix to a central location. This method suffers from the Time-
To-First-Fix (TTFF) limit inherent in GPS receivers upon waking up from a cold
start. From the cold start state, a GPS receiver must download the GPS satellite
almanac, ephemeris, and clock correction information. The TTFF limit effectively

.1-
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eliminates using a GPS receiver in situations where a long TTFF is unacceptable.
For example, 1n wireless or cellular telephone telephony applications, it would not
be acceptable to require the user to wait for the mobile terminal (i.e., the wireless
or cellular telephone) to download GPS data prior to making a telephone call.

The present invention is therefore directed to the problem of developing a

system and method for calculating the position of a mobile terminal, which can be
accomplished rapidly using a minimal amount of power and equipment.
SUMMARY OF THE INVENTION

The present invention solves this problem by collecting observation data at
the mobile terminal, forwarding the observation data to a central location, and
performing the position calculations at the central location rather than at the
individual mobile terminal. Thus, the mobile terminal of the present invention
needs only to gather a few milliseconds of observation data, such as GPS code
phase mformation, and then relays this observation data to a central station, via
satellite or other relay means, for subsequent position calculation. In this manner,
the present invention requires that the mobile unit be on only for véfy brief periods
of time, so that a very fast (e.g. 1 second including data transmission time)
position solution can be obtained. This would make practical, for example, the
geolocation of a phone prior to a call being placed, which is particularly useful in
satellite based phone services to control access and call routing decisions. The fast
solution and minimal battery drain make practical the employment of a geolocating
system in situations that may not otherwise economically justify such use.

According to one aspect of the present invention, a system for determining
the location of an object located on or near the surface includes a communication
satellite, a satellite gateway or earth station, a mobile terminal, and a service
operations center. In this system, the communications satellite broadcasts an
interrogation signal, to which the mobile terminal responds. The mobile terminal
1s disposed on the object, and includes a receiver, a transmitter and a processor.
The receiver recetves the interrogation signal from the communications satellite,
and is capable of receiving signals being broadcast from GPS satellites. The
processor measures at least one characteristic in each of the signals being broadcast

from the GPS satellites upon receipt of the interrogation signal from the

_.
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[0010]

communications satellite. The mobile terminal transmits a reply signal at a
predetermined time relative to receipt of the interrogation signal to the
communications satellite. The reply signal includes the measured characteristic(s)
in each of the signals being broadcast from the plurality of GPS satellites. The
operations center receives the reply signal from the communications satellite, and
calculates a position of the mobile terminal using time of arrival information and
the measured charaéteristics returned by the mobile terminal.

In the above system, the measured characteristic(s) can include, for
example, code phase information, carrier phase information, Doppler-shift
information, or bit phase information. Code phase measurements alone are
insufficient to unambiguously identify the position of the mobile terminal. The
service operations center requires additional information to constrain the position
solution. One means for constraining the position solution is to determine the
range from the terminal to the communications satellite.

For this reason, in the first aspect of the present invention, the service
operations center includes a processor that calculatesﬂ a range between the
communications satellite and the mobile terminal. In this calculation, the
processor uses a time the reply signal arrived at the satellite gateway and a time
difference between the broadcast of the interrogation signal to the mobile terminal
and 1ts receipt at the satellite gateway. To do so, the processor accounts for known
delays in the signal path between the communications satellite and the mobile
terminal and the point at which the time-of-arrival information is measured at the
satellite gateway. The processor also calculates an intersection curve between a
sphere, whose radius i1s the range previously determined, and a model of the
surface of the Earth. Furthermore, the processor determines several initial points
on the intersection curve, one of which points must lie within a known
convergence zone around the terminal. Next, the processor calculates candidate
position solutions for each initial point, and then screens the candidate solutions
using predetermined criteria and discards any candidates not satisfying the
screening. Finally, if more than one candidate solution remains, the processor

selects the solution representing a best fit of all the observation data.
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In the above system, the predetermined criteria may include one or more
selected of the following: a solution range to the communications satellite, solution
residuals, a solution altitude, a solution clock bias, and a solution proximity to a
beam boundary.

Not all types of communications systems provide the ability to measure

'propagation delay from a known site such as the satellite. A second preferred

embodiment of the present invention solves the problem existing in the art by
sending additional signal-related information as data to the SOC along with the
code phase measurements. In the second preferred embodiment of the pres"ent
invention, the additional signal-related information is a signal characteristic such as
observed carrier frequency or observed Doppler shift of the carrier frequency. In
addition to the measurement of the signal characteristic, in the preferred
embodiment of the present invention, the time that the signal characteristic is
measured 1s sent to the SOC. Alternatively, the time that the signal characteristic
1s measured 1s estimated from the time the message containing the observed data is
received by the SOC. The code phase measurements are obtained at the GPS
receiver, for example, in a cellular telephone. These measurements are sent to the
SOC. In addition, the carrier frequency of the GPS signal sent by each of the GPS
satellites 1s measured and sent to the SOC. The set of carrier frequency
”measurements form a set of observed carrier frequencies.

Using the carrier frequencies and a general region containing the location
of the recetver candidate locations are determined. The candidate locations are
determined by searching in the general region for points in the general region that
are consistent with the observed carrier frequencies. From this set of candidate
locations, the position of the mobile terminal is determined using the code phase
measurements. The position is that candidate location that minimizes a set of
residuals calculated using the code phase measurements. It can be seen that the
second preferred embodiment of the present invention does not require a satellite
(other than the GPS satellites) for op eration.

Thus, one object of the present invention i1s to determine a location of a

mobile terminal using a SOC.



CA 02426920 2003-04-24

WO 02/37135 PCT/US01/42825

[0015] Another object of the present invention is to reduce the power requirements
of a mobile terminal in order to determine its position.

[0016] Another object of the present invention is to reduce the time required for a
mobile terminal to be powered on so that its position can be determined.

[0017] Another object of the present invention is to increase the speéd of
acquisition of information required to determine the position of a mobile terminal.

[0018] Another object of the present invention is to perform calculations required
to determine the position of a mobile terminal on a device other than the mobile
terminal.

[0019] Another object of the present invention is to provide a location of a mobile
terminal using a SOC without having control of the communication channel over
which measurement data is sent from the mobile terminal to the SOC.

[0020] Another object of the present invention is to provide a location of a mobile
terminal using a SOC with little or no change to the communication channel over
which [measurement data 1s sent from the mobile terminal to the SOC.

[0021] Another object of the present invention is to provide location of a mobile
terminal by performing position calculations in a SOC and not in the mobile
terminal.

[0022] Another object of the present invention is to provide a ground-based (i.e.,
terrestrial) technique for determining position of a mobile terminal using GPS
satellite measurements.

[0023] These and other objects of the present invention are described in greater
detail in the detailed description of the invention, the appended drawings and the
attached claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0024] Figure 1 depicts a block diagram of an exemplary embodiment of a system
: according to the present mvention.

[0025] Figure 2 depicts a diagram of an exemplary embodiment of the method
according to the present invention.

[0026] Figures 3(a) and 3(b) depicts a geographical representation of the method

of FIG 2 used to locate a terminal unit according to the present invention.



CA 02426920 2003-04-24

WO 02/37135 PCT/US01/428235

10027]

(0028]

[0029]

[0030]

[0031]

[0032]

[0033]

[0034]

[0035]

[0036]

Figure 4 depicts the various parameters returned to the Service Operations
Center and used in calculating the position solution, and a flow chart of the
calculations performed by the processor in the SOC.

Figure 5 1s a schematic illustration of an exemplary embodiment of a
system according to a second embodiment of the present invention.

Figure 6A is a diagram representative of a general region formed by a
satellite beam footprint according to the second preferred embodiment of the
present invention.

Figure 6B 1s a diagram representative of a general region formed by the
area m which a cellular telephone tower is located according the second preferred
embodiment of the present invention.

Figure 7 1s a schematic diagram illustrating candidate locations according
to a preferred embodiment of the present invention.

Figure 8 1s a flow chart illustrating the functions performed by the mobile
terminal according to the second preferred embodiment of the present invention.

Figure 9 1s a flow chart illustrating the functions of the SOC according to
the second preferred embodiment of the present invention.

Figure 10 is a flow chart for determining the set of candidate locations used

to determine position of the mobile terminal.
DETAILED DESCRIPTION OF THE INVENTION \

Referring to Figure 1, an exemplary embodiment of a system [10] includes
a Service Operations Center (SOC) [11], which is coupled to a Satellite Gateway
(SG) [12], a communications satellite [13], satellites in the Global Positioning
System (GPS) [14-17], a terminal unit [18], and a Reference Network (RN) [19].
The terminal unit [18] receives signals from multiple GPS satellites [14-17], and
the communications satellite [13].

The terminal unit [18] receives a broadcast message on its forward
communications satellite link, which broadcast message contains timing and
acquisition aiding information. Following receipt of the message, the terminal unit
performs its observation data collection function, and then transmits back to the
SOC the observation data, along with any necessary system and/or status

information, at a fixed delay from the received broadcast information. All

-6 -
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10039

[0040]

processing of the observation data is done at the SOC [11]. The terminal unit [18]
merely takes measurements and returns the observations as part of the
broadcast/response cycle.
Service Operations Center

The SOC [11] controls the operation of the system [10] of the tpresent
invention. The SOC [11] broadcasts a signal on the forward link which contains
timing and acquisition aiding information that can be received and used by the
mobile terminals to synchronize time and to rapidly acquire their intended GPS
signals, from which they take their observation data set. The forward broadcast
can also contain command and control protocols for individual and/or groups of
terminals.

The return signal from the terminal [18] includes the observation data along
with any system, status or protocol information necessary to operate the system.

The return signal 1s synchronized to the forward signal by a specific and
known delay, which allows the Satellite Gateway [12] to take an additional
measurement of the round-trip signal propagation time and absolute Time-of-
Arrival (TOA).

This calculated propagation time is used along with certain observation

- data to determine position. The SOC also collects, on a continuous basis, all

ancillary information necessary to the position calculations from a Reference
Network [19] and other sources. As an example, this information includes:

1. GPS broadcast ephemerides and clock correction coefficients for all

satellites 1n

view over the region of interest;

2. Current GPS Almanac;

3. Current 10nospheric and tropospheric parameters;

4. Current Status messages and advisories;

5. Current communications satellite state vector and operational status;

and

6. Differential correction data (if used).
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Satellite Gateway

[0041] The Satellite Gateway [12] consists of satellite comniunications modems
(channel units) and associated control and management equipment and software.
The gateway maintains an accurate time and frequency reference for control of the
forward link broadcast, and for propagation time measurements. The terminal
needs only to accurately respond relative to the forward signal and therefore can
use a much less accurate, and low power, internal reference. The satellite gateway
[12] 1s a traditional satellite communications facility. Therefore it also includes
antenna, transmitter, amplifier, up/down conversion, and other standard satellite
communications equipment and software that 1s not shown, but is known to those
of skill 1n this art.

Communications Satellite

[0042] The communications satellite can be any (LEO, MEO, GEO) satellite
capable of transponding the forward and return signals to/from the terminal and
satellite gateway. It could also be a balloon, airplane, remotely piloted vehicle or
other aircraft operating within the atmosphere (Non-Bent pipe satellites can also be
used if all delays 1n the transmission path are known and removed). The Satellite
(or aircraft) position and velocity information, as well as transponder group delay
and other operational parameters must be known. Examples of suitable
communications satellites include:

1. Orbcomm

. Globalstar

. ICO

AceS

. Hughes MSAT

. Thuraya

. Iridium

NN LR W

[0043] Other communications satellites are possible for use 1 the present

invention, which satellites are known to those of skill in the art.
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[0046]

[0047]

[0048]

[0049]

Terminal Unit

The present invention only requires that the mobile terminal [18] receive a
signal, make observations (measuring certain aspects of the GPS signals), and
reﬁun another signal, which includes the observation data, and can be
accomplished over a very short interval. There are various types of observation
data that can be relayed to the central site to enable the central site to determine the
position of the mobile terminal.

One possibility is to collect code phase and/or carrier phase mformation

inherent in the GPS signal. This enables the mobile unit to remamn on for a very

~ short time, thereby helping to minimize the Time-To-First-Fix. Other signal

characteristics that can be measured by the terminal are Doppler-shift information,
or bit phase information. Another possibility is to digitize a brief interval of the
received GPS signal and transmit the digital data to the central site. The central
site can then reconstruct the received si gﬂal, and determine the position based on
certain characteristics in the received signal, such as Doppler shift, code phase of
arrival of the received signal, bit phase information, etc.

Exemplary Embodiment of a Method of the Present Invention

The following provides an exemplary embodiment of the present imnvention,

in which Code Phase of Arrival (COA) information is used to determine the

position of the mobile terminal. Other measurements are also possible, as stated
above.

Referring to Figure 2, at time ty, a Satellite Gateway (SG) [12] transmits a
forward signal, with a marker event, through a communications satellite [13] to a
region of the Earth bounded by the satellite beam pattern as in Figure 3. An
example of a marker event is a synchronization data pattern in the packet
preamble.

Depending on the communications satellite employed, multiple regions
may be covered by different beams. Consequently, signals may be transmitted to
these regions either in sequence or simultaneously.

The satellite [13] receives the signal at time t;, and retransmits the signal
back to earth at time t,. Subsequently, at time t3 the mobile terminal [18] receives

the signal with the marker event.
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[0052]

[0053]

When the mobile terminal [18] needs to report 1ts position, 1t searches for
the SG signal in the satellite downlink. This signal contains information to aid
acquisition (e.g., a prioritized list of GPS satellite vehicles in view over the
coverage region, Doppler offset information, timing reference, etc.). Satellite
vehicles in the list are prioritized to allow the mobile terminal [18] to search for
and select those satellites that provide a favorable observation set of GPS satellites
(i.e., to minimize dilution of precision, exclude degraded or non-operational
satellites, etc.). - The SG [12] also synchronizes the outbound transmission relative
to a GPS timing reference.

- Using the acquisition information recovered from the forward message, the
mobile terminal [18] receives a multitude of GPS signals starting at time tops, which
is a fixed and known time interval from t;. The operation of the receiver 1is
synchronized with the signal received from the SG [12]. In turn, the signal
received from the SG [12] is synchronized to GPS time (such as the X1 epoch).
Consequently, the receiver clock offset associated with the GPS spreading codes
used to recover the signals can be estimated back at the ground station with
reasonable (less than +/- 0.5 milliseconds) accuracy.

The terminal [18] measures the Code Phase of Arrival (COA) of each of the
GPS signals at tops. The terminal [18] then relays this measurement to the SG [12]
by transmitting a return signal back through the communications satellite at time t,,
which also has a fixed and known relationship to the inbound timing reference ts.

The communications satellite [13] receives the return signal from the
mobile 2 terminal at time ts and retransmits the same signal back to the SG [12] (or

another ground station) at time ts. The return signal is received by the SG at time

t; and compared to the forward link timing reference and a round-trip propagation

time measurement is taken. Absolute Time of Arrival (TOA) measurements are
also taken. The SG [12] recovers the contents of the return transmission and

forwards the 30 data along with its propagation time and TOA measurements to the

SOC [11].

- 10 -
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Exemplary Embodiment of Position Determination Calculations

Performed at Service Operations Center

The SOC [11] calculates the magnitude of the range vector between the
communications satellite [13] and the terminal [18] by gemoving all known delays
from the propagation time measurement. This 1s accomplished using the
communications satellite position, velocity and transponder group delay
information, the Satellite Gateway antenna position, known signal delays in the
ground cable/equipment path, and if desired, any atmospheric or other transmission
path delays that can bé modeled. These delays and the relationships between the
times are depicted in Figure 2. This range calculation is fairly standard and
common practice in the satellite communications field, and would be known to
those of skill in the art.

After the range between the communications satellite [13] and the terminal
[18] is determined, the SOC [11] determines an arc of possible locations. This is
determined by computing an intersection curve 31 (see Figure 3) of a sphere,
centered at the communications satellite having a radius given by the calculated
range from the satellite [13] to the terminal [18], with a model of the surface of the
Earth.

The Earth can be modeled as a mathematical approximation, such as an
ellipsoid, or a geoid model, or with Terrain Elevation Data. The following 1s one
possible example of these calculations using an ellipsoid model:

The Earth can be modeled as an ellipsoid of revolution. The ellipsoid parameters
depend on choice of reference frame (e.g., WGS-84). This surface can be

expressed:

2 2
X
'_2'+Z§"+ 2
a- a° b

2
yA

=]

Where a and b are constants representing axes of the chosen ellipsoid.

One possible parameterization of the ellipsoid surface could be:

x = a sin(¢)cos(A)

-11 -
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y=a sin(p)sin(A)
z=b cos(p)
¢ = 0 to © with O being the positive z-axis. And A =0 to 2w with 0 being

the positive x-axis.

The equation of a sphere at point (X, Y, Zs) with radius p (slant range):
(X-X)"(Y-Y) +(Z-2)" = pf

Substituting the Ellipsoid equation into the Sphere equation and simplifying gives:
(asin(p)cos(L) — X;)* + (asin(@)sin(A) — Y)* + (beos(o) — Z) % = o
(b° — a°)cos()” — 2asin(@)cos(L)Xs— 2asin(@)sin(A)Ye —2bcos(Q)Zs= o

—a° 1

Organizing the coefficients to allow a 'choose Phi --- solve Lambda' Scenario:

A =-2asm(Q)X;
B ==2asimn(o)Xs
C = (b°— a*)cos(Q)* — 2bcos(9)Z+ ¥ + a* — p°
Acos(A) + Bsin(A) + C=0
Choosing Phi over the range of interest, calculating coefficients, and solving for

Lambda gives:

s (b TTE]

(4-C)

The spacing of points on the parameterized intersection curve depends on

spacing of chosen points ¢ and the earth model chosen and 1s depicted in Figure

3(b). The choice of parametrization method need only guarantee that at least one
of the initial points will fall within the convergence zone around the true solution.
As used herein, convergence zone refers to the area around the location of the
mobile terminal in which a point must lie to guarantee that the position calculation
will converge to that location. The size of the convergence zone will vary

depending on number, quality and type of observation data used, but as an
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example, the convergence zone for the code phase observations is approximately a
radius of 75-80 Km (See Figure 3(b)).

One could also use a Geoid model or digital terrain information to construct
a similar arc of points by keeping only those points with a range to the
communication satellite that is within a certain tolerance.

Points could be sub-sampled or interpolated as desired due to the fact that
these only represent a first approximation as input to the least squares algorithm. It
1s only required that at least one point on the arc lay within the guaranteed
convergence zone around the true solution.

Only that portion of the arc within the region of the Earth bounded by the
satellite beam pattern is retained by the SOC. Refer to Figure 3(a), which depicts
the bounding of the arc (or parameterized intersection curve) by the beam pattern.

The SOC next determines the time that the mobile terminal collected the
GPS signal (tos). The collection time is determined from the range between the
satellite and the terminal and SG. The known delays in the transmission paths (i.e.,
transponder group delay, atmosphere, etc.), the terminal collection method (i.e.,
fixed delay from t3; and integration period), and the absolute TOA measurement.

The SOC then employs a satellite orbit model to estimate the positions of
the GPS satellites at their time of transmission (tymt). GPS tymt 1S calculated from
tobs less the GPS signal transit time (user must also correct for earth rotation during
signal transit time 1f working in Earth fixed coordinates).

Using each point on the arc as an initial guess, an iterative least squares :
technique fits the observation data to the predicted data and minimizes residual
error. One example of these calculations follows:

Create system of linearized normal equations for least squares solution.

k__ 0 k_. 0 k_’_ 0
- . {)( i - "I; i k Zo_zi +cAt; = ('Pik)obs "‘(P*k)—e.k
(P B (@

! !
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Ax=b—¢

We assume the code observation P.ys 1s cérrected for the clock offset of the
satellite according to the broadcast ephemerides (and atmospheric delays if
desired). The preliminary value Pqis calculated from the initial coordinates of the
satellite and from the arc of points generated previously. First guess at receiver
clock offset can be estimated from broadcast signal timing and slant range to the
terminal. Alternately, an additional observation may be taken to guarantee a

unique solution 1if receiver clock offset cannot be estimated to within 0.5 msec.

X-X Y-y zZ-z,
1 1 ]
pz i pz' | xi "‘
X*-X, Y-Y, Z’-Z Vi |
2 —— ———= 1 =b-¢
P Pi P; i
: : | cAt,._|
e Sr. 1] Yy’'-% _2°-%4 1
pi pi pi

i = (4aTca) A7 cp
Z;

CcAt;

r=b-— Ax

The right side of the normal equations 6 represents the ditference betweeﬁ
the expected and observed code phase (modulo 1 msec) and 1s ambiguous. The
receiver clock offset 1s also treated as a modulo 1 msec value. The integer
ambiguity is assumed by the choice of preliminary coordinates. Matrix b is kept in
5 the +/- 0.5 msec range as a difference between two modulo 1 msec values. This
forces convergence to a solution within ~150 Km from the preliminary

coordinates. Matrix C is the weight matrix (inverted covariance matrix) derived
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from signal strengths and/or GPS satellite URE (User Range Error) values and is

used 1n a weighted least squares solution, or set to the identity matrix for a non-

weighted solution. Matrix 7 is the residuals matrix and can be weighted and/or

summed, or analyzed as a covariance matrix with minor manipulation.

After convergence, this estimated position solution is then screened against

the measured range to the communications satellite (with known tolerance),

satellite beam boundaries, an acceptable altitude range (with respect to the

ellipsoid, geoid or elevation model used), an acceptable receiver clock offset range,

and a maximum residual threshold. Those position estimates not meeting these

criteria are discarded. An example for each method follows:

Range:

Altitude:

Beam:

The initial estimate(s) lie on an arc of constant range
from the communication satellite. If the candidate
solution lies outside the known tolerance of this range
estimate then it 1s discarded.

The 1nitial estimate(s) lie on the chosen earth model
surface. If the candidate solution lies above/below the
maximum/minimum height possible relative to this
earth model then 1t is discarded.

The initial estimate(s) lie within the beam coverage
footprint. If the candidate solution lies outside the

beam boundary 1t 1s discarded.

Clock Bias Tolerance:  The calculated receiver clock bias must fall in the

Residuals:

range of the estimated clock bias (with known
tolerance) from the  propagation time
measurement. If the candidate solution falls
outside this range it is discarded. Therefore, as
the accuracy on the propagation time
measurement increases, this becomes a more
valuable discriminator.

It has been observed that the residuals (goodness of fit)

for the converged solutions (for an overdetermined

problem) are smallest for the true position estimate.
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The residuals provide an effective discriminator
between ambiguous position solutions when the above
least squares method 1s used. Therefore, an empirically
determined or calculated threshold can be used (alone
or in conjunction with the other screening criteria) to
screen false candidates.

10072] Doppler: The observed Doppler can be compared with the

expected Doppler at each of the candidate points.
Candidate points falling outside a pre-determined
screening criterion are discarded. One such criterion is
the sum-of-the-square-of-the-differences criterion. At
each candidate point, the sum of the squares of the
differences of the measured and calculated Doppler 1s
determined. This calculation 1s compared against a pre-
determined threshold. —Those candidate points for
which the calculation exceeds the threshold are"
discarded.

[0073] The remaining position estimate(s) can then be improved by using
Atmospheric (Ionospheric and/or tropospheric) corrections to the code phase
observations to further improve the position accuracy of this process (if desired),
and then subjected to a final screening and residual comparison, (e.g., minimum
RMS) and the best point selected. Other screening criteria could be employed
based on geospatial data sets, or application specific criteria (e.g., must be over
land, or near a rail line, etc.).

[0074] It should be noted that if the area of interest is small enough (i.e., within the
20 guaranteed convergence zone), such as a very narrow satellite beam, an area or
city covered by an aircraft platform, or a cellular tower coverage zone, then the
additional range measurement and the screening process are unnecessary, and a
unique solution will result from an initial estimate at the center of the area of

mterest.
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Well known differential correction (DGPS) techniques can be applied to

the final correct position to further increase its accuracy since all the same error

sources in a standard GPS solution apply here as well.

Figure 4 depicts the above calculations performed by a processor in the
SOC [11] m flow chart form, which is suitable for implementing in software for
execution on a general purpose computer. Upon receipt of the information packet
at the SOC [11] containing the observation data from the terminal [18] and the
measurement and ancillary data from the SG [12], the SOC pfocessor obtains the
latest state vector for the communication satellite [13], and the ephemeris, clock
and atmospheric data for the GPS satellites [14-17].

The SOC [11] then performs a series of calculations as shown in the flow
diagram resulting in several candidate position solutions. The candidate solutions
are then screened per the criteria described previously, and another iteration is
performed which can include the atmospheric correction data. If there is more than
one remaining solution then a final screen and selection takes place. The final
position obtained can then be converted to the desired coordinate system.

The preceding embodiment of the present invention works well for systems
in which the system has control over the communication channel over which the
mobile terminal communicates with the SOC. However, there are many existing
communication systems in which position determinations are desirable. However,
often these systems cannot be controlled in this fashion, or do not provide the
required constraints for determining position. In such sys:tems, it would be
difficult to modify the existing infrastructure, by for example, imposing a pre-
determined delay in the mobile terminal’s response to the' interrogation signal as
described above. Even if delay and path could be controlled, the system may not
be able to measure two-way propagation times. Moreover, accurate position
estimates of the satellite or other devices in communication with the mobile
terminal may not be available.

Examples of such systems where it would be desirable to have a method for
determining position using GPS signals sent to a SOC mclude cellular telephone
networks and low earth orbit (LEO) satellite systems. In each of these

environments, it would be possible to send the code phase measurements as data
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bits on the existing network. However, it would be difficult or impossible to
control the communication channel so that the data caﬁ be used to determine
position. For example, in the case of the LEO satellites, accurate position
information 1s often not available. In cellular telephone networks, paths and pre-
determined delays cannot be guaranteed without extensive modifications to the
existing infra-structure. What is required, therefore, is a system and method for
providing position estimates usiﬁg GPS satellites in systems having pre-existing
architectures that that cannot be readily or easily modified to provide position of
the receiver.

A second preferred embodiment of the present invention solves the
problems associated with not having control of the communication channel over
which the mobile terminal and SOC are communicating by sending-other signal-
related information in addition to the code phase information as data to the SOC.
In the second preferred embodiment of the present invention, the signal-related
information 1s another signal characteristic such as observed carrier frequency or
observed Doppler shift of the carrier frequency. In addition, in the second
preferred embodiment of the ﬁresent invention, the time that the other signal
characteristic is measured is sent to the SOC. Alternatively, the time that the other
signal characteristic is measured is estimate from the time of receipt of the mobile
terminal response by the SOC.

In operation, preferably, the code phase measurements are obtained at the
mobile terminal, for example, in a cellular telephone. These measurements are
sent to the SOC. In addition, the carrier frequency of the GPS signal sent by each
of the GPS satellites 1s measured and sent to the SOC. The set of carrier frequency
measurements form a set of observed carrier frequencies. Measuring the carrier
frequency of the received GPS signal adds very little, if any, complexity to the
GPS-based position determination system of the present invention because the
carrier frequency is determined by conventional systems in order to extract the
code phase measurements. As described above, the present invention sends these
carrier frequency measurements to the SOC rather than just discarding them as 1s
done in conventional systems. The terms position and location are used

interchangeably.
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The SOC uses the observed carrier frequencies to determine candidate
locations for the mobile terminal in a general region. Using the code phase
measurements, the SOC refines these candidate positions and selects one as the
most likely position of the mobile terminal.

Figure 5 1s a schematic diagram of an exemplary embodiment of a system
according to a second embodiment of the present invention. A mobile terminal
502 collects GPS signals from a set of GPS satellites 504a-d. The set of GPS
satellites 104a-d are those in view of mobile terminal 502. Mobile terminal 502
must be able to observe and collect signals from at least three GPS satellites for the

present invention. Mobile terminal 502 is or contains a GPS receiver (not shown).

As used herein, the term “GPS receiver’ includes any radio capable of receiving

the GPS signal. Such receivers are well-known to those having ordinary skill in
the art, and the receiver need not be described further herein for a complete
understanding of the present invention.

Mobile terminal 502 measures the carrier frequency and code phase of each
of the signals received from GPS satellites. In the preferred embodiment, mobile
terminal 502 also stores the time that the measurement of each carrier frequency
and code phase 1s made.

Mobile terminal 502 can be any device that can receive GPS signals and
determine carrier frequency and code phase from the received signals. For
example, mobile terminal 502 can be a hand-held GPS receiver, a GPS receiver in
a container, a cellular or mobile telephone adapted to collect and process GPS
signals and the like.

The measured carrier frequencies are also sometimes referred to herein as
observed carrier frequencies or Doppler measurements. That 1s, the measured
carrier frequencies differ from the actual transmitted carrier frequencies by some
amount. This amount, termed the Doppler shift, arises from the relative motion of
the satellite transmitter and the GPS receiver.

Mobile terminal 502 creates a message 506. Message 506 contains the
observed carrier frequencies, the code phase measurements and times of the
measurements for each of the GPS signals received from GPS satellites 504a-d.

Mobile terminal 502 sends message 506 to a service operation center (SOC) 108
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over a communication link 510. In an alternate preferred embodiment of the
present invention, message 506 does not contain time. In this case, SOC 508
performs the time measurement direcﬂy using a time reference such as a local GPS
receiver. The SOC estimates the measurement time as the time that the SOC
receives the message plus a nominal network delay.

Communication link 510 can be any communication link. For example,
where mobile terminal 502 is a cellular telephone, communication link 510 is
preferably a cellular telephony link. If mobile terminal 502 is a GPS receiver in a
container, communication link 510 might include a satellite communication link.

The SOC also determines a general region where the mobile terminal is
located. The general region is a broad region that can be determined in a number
of ways. For example, Figure 6A illustrates an exemplary general region 602
where mobile terminal 502 communicates with SOC 508 using a satellite 604 that
uses a beam 606. Mobile terminal 502 sends message 506 to SOC 508 through
satellite 604. In this case, general region 602 1s a footprint of beam 606 on the
earth. A location 608 of the mobile terminal 1s illustrated within general region
602. SOC 508 can look up the beam footprint in a table or it can be transmitted in
message 606. Figure 6B illustrates a second example where mobile terminal 502 is

a cellular telephone that communicates with SOC 508 through a cellular telephone
network 512. In this case, cellular network 612 forwards message 506 to SOC
508. An appropriate general region 610 is the city or state; in which cellular
network 612 is located. SOC 508 can look up the location of cellular network 612
in a table or it can be transmitted in message 606. In another embodiment, SOC
508 may get position information (city, state or country) in message 606. Other
methods for providing a general region where the mobile terminal 1s located would
be apparent to those skilled in the art.

As stated above, the general region can be broad. For example, the general
region could be a city, state or country in which the mobile terminal 1s located. In
fact, in some cases the general region can be as large as a hemisphere or larger.
The general region must include the likely location of mobile terminal 502.

Using ephemeris data contained in the GPS received for each GPS satellite

504a-d, SOC 508 determines the position of the GPS satellite corresponding to
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each of the observed carrier frequencies at the time they were received by the
mobile terminal. Then for any point in the general region determined above, SOC
508 can calculate the expected carrier frequencies at that point at the time the
carrier frequencies were measured by the mobile terminal.

Given the positions of GPS satellites 504a-d at the time the carrier
frequencies were measured by mobile terminal 502, SOC 508 determines a set of
candidate locations, within the general region that are consistent with the carrier
frequencies observed by mobile terminal 502. This is done by minimizing a metric
to determine local minima within the general region. The local minima are
locations in the general region that minimize the metric. These locations are
chosen as candidate locations. Figure 7, for example, illustrates a general region
702. A set of locations consistent with the observed carrier frequencies within
general region comprises locations 704a-f. That 1s, at locations 704a-f, the
observed carrier frequencies agree with the expected (calculated) carrier
frequencies to within some error of a metric.

In the second preferred embodiment of the present invention, the candidate

positions are determined as follows. SOC 508 calculates the carrier frequency for

a particular GPS satellite by computing the range rate p()? )-—- _é@(’%‘f ,

P
where f)(i} ) is the displacement from X to the GPS satellite and 7 is the satellite

velocity vector.

Next a metric comparing the observed signal characteristic with the
expected signal characteristic is calculated. In general, the metric is a function of
the observed and expected signal characteristics. In the second preferred
embodiment of the present invention, the metric provides a comparison between
the observed carrier frequencies and the expected (calculated) carrier frequencies.
In the preferred embodiment, the metric is determined by summing the square of
the differences between the received and calculated carrier frequencies for each
GPS satellite viewed by the mobile at each location. That is, the metric 1s

-— N P~
calculated according to F(X )== Z( f;— ﬁ.)z , where N i1s the number of GPS

i=1
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satellites for which mobile terminal 502 collected data, f, is the observed carrier
frequency and }': 1§ the calculated carrier frequency derived directly from the

range rate equation given above. This metric is then used as an input to the search
algorithm that searches over the general region to determine a set of candidate
locations consistent with the observed carrier frequencies.

To generate a set of candidate locations in the general region, an iterative process
is preferably employed. The search algorithm is iteratively provided with different
starting conditions and allowed to solve to a candidate location for each starting
condition. For example, in the preferred embodiment of the present invention, the
well-known Mead simplex algorithm is used to search over the general area for a
candidate location corresponding to a given starting condition. The Mead simplex
algorithm is described in Nelder, J.A. and Mead, R., “A Simplex Method for
Function Minimization,” Computer Journal 7:308-313 (1965).

The start condition for the Mead
simplex algorithm is a “three-location-starting triplet,” representing three
latitude/longitude pairs. That is three points in the general region are arbitrarily
chosen in the general region and input to the Mead simplex algorithm. The Mead
simplex algorithm searches for a point in the general region that minimizes the
metric described above. That point becomes the first candidate location in the
general region. There are likely other points in the general region that are
consistent with the observed carrier frequencies. Consequently, the above process
is repeated for different starting triplets to determine additional candidate locations
in the general region that are consistent with the observed carrier frequencies. Any
number of iterations, including just one, can be used to generate one or more
candidate locations in the general region that are consistent with the observed
carrier frequencies. For example, in Figure 7, the process is repeated six times to
determine the six candidate positions 704a-f.

Each candidate position is then further refined using the code phases.
Preferably, the refinement 1is perfoxméd using the technique described sbove,
which is hereby incorporated by reference herein in its entirety. The refinement
results in a position estimate for the receiver at the time of that the camier
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frequencies were measured. The final position estimate of the mobile terminal,
subject to additional constraints such as altitude, is that candidate position that
minimizes a set of residuals calculated using the code phase measurements as
described above.

Thus, the present invention is a two-step approach to determining position
when there 1s little or no control of the communication channel over which the
code phase, i.e., accuracy measurements are transmitted to the SOC. The first step
1s determining a set of candidate locations in a general region in which the mobile
terminal is located. Then each candidate position is further refined using the code
phase measurements. A set of residuals is calculated, and the candidate location
that minimizes the residuals, subject to additional constraints such as altitude, is
chosen as the final position of the mobile terminal.

The position estimates of the second preferred embodiment of the present
invention can be further refined by making certain tweaks to the above-described
system. One of the problems with measuring the carrier frequency offsets, i.e.,
Doppler shift, 1s that the measurement 1s made by comparing the received carrier
frequency to locally generated version of the carrier using a local oscillator.

Unfortunately, local oscillators are often affected by their environments and can

vary due to temperature and other environmental factors. This results in a bias to

the local oscillator. That bias i1s the amount that the local oscillator 1s off from the
true value. The bias 1s the same for all of the carrier frequencies. That is, the bias
does not change with local oscillator frequency. .

One way to remove the bias is using the variance of the obsewations.

Thus, in the preferred embodiment of the present invention, the metric to be

entered into the Mead Simplex search algorithm
. N —~ 1 N ~ 2
1S I (X ): Z(ﬂ - ff)z — "ﬁ(z(ﬁ — fz)} , where N 1s the number of GPS satellites
i=1 | i=1

for which mobile terminal 502 collected data, f; is the observed carrier frequency

et

and f,

i

is the calculated carrier frequency derived directly from the range rate

equation given above. Using the variance in this case effectively removes any
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constant bias that 1s introduced in the observed carrier frequency estimate due to
constant errors in the local oscillator.

Another source of error that can arise in the present invention is a time
error. That 1s, the time at which the carrier frequencies were actually measured
may be slightly incorrect. The effects of this time error can be mitigated or
removed by using time as another parameter that is entered in the Mead simplex
algorithm. Thus, in the preferred embodiment of the present invention, not only
does the Mead simplex algorithm search for the best location in the initial “guess”
region, but 1t also refines the time estimate so that the location more accurately

measures the observed frequencies.

Another source of error that can be mtroduced is a Doppler offset due to
motion of the GPS receiver. Unlike the bias described above, this error cannot be
removed simply using the variance. This 1s because the error 1s not uniform across
the satellites. To account for this error, an additional parameter is entered into the
Mead simplex algorithm. This parameter 1s the velocity vector of the mobile
terminal. Preferably, it 1s set initially to zero. This indicates that the initial
assumption is that the mobile terminal is stationary.

A method for determining position according to the second preferred
embodiment of the present invention is illustrated in Figures 8-10. Figure 8 1s a
flow chart illustrating the functions performed by the mobile terminal according to
the second preferred embodiment of the present invention. In step 802, the mobile
terminal collects GPS signal data. This collection can be imitiated by an
interrogation signal as described above. Alternatively, the mobile can collect the
GPS data periodically, for example, every hour. In addition, the mobile terminal
can collect the required GPS data when it 1s powered on by a user, or at any
arbitrary time. In step 804, the mobile terminal measures code phase and carrier
frequency for each of the collected GPS signals. In step 806, the mobile terminal
transmits the observed code phase and carrier frequencies to the SOC along with
the time each measurement was made. Preferably, the observed code phases,
carrier frequencies and times are sent in a message such as message 506.

Figure 9 is a flow chart illustrating the functions of the SOC according to
the second preferred embodiment of the present invention. In step 902, the SOC
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receives the observed code phases, carrier frequencies and times from the mobile
terminal. In step 904, the SOC determines a general region that probably contains
the true location of the mobile terminal. As described above, this general region
can be very broad. Using the observed carrier frequencies, the SOC determines a
set of candidate positions in the general region that are consistent with the
observed carrier frequencies in step 906. Preferably, this is done using the Mead
simplex search algorithm. Each of the candidate positions is refined using the code
phasde measurements as described above in step 908. The location providing the
minimum code phase residuals, subject to additional constraints such as altitude, is
chosen as the final location of the mobile terminal.

[0103] Figure 10 1s a flow chart for determining the set of candidate locétions used
to determine position of the mobile terminal. In step 1002, an arbitrary initial
candidate location is selected in the general region. In the second preferred
embodiment, the arbitrary initial candidate location is really three points to provide
a seed to the Mead simplex algorithm. Using satellite ephemeris data and other
GPS provided data, the SOC determines the expected carrier frequency at each
point in step 1004 in a well known manner. A metric 1s calculated at the candidate
locations using the expected and observed carrier frequencies in step 1006.
Preferably, the metric is the sum of the square of the differences between the
expected and observed carrier frequencies at each of the locations. In step 1010, :
the SOC determines whether the Mead simplex algorithm converges or diverges.
If the Mead simplex converges, the candidate location that the Mead simplex
algorithm converges to is stored in step 1012. The SOC continues in step 1014
where it determines if there are more candidate locations to find. If so, the SOC
continues in step 1002, where it selects another initial candidate location in the
general region. If the Mead simplex diverges in step 1010, then the SOC continues
in step 1014 where it determines if there are more candidate locations to find. I
there are no more initial candidate points to find, the SOC ends its search for initial
candidate locations in step 1016. As described above, the number of initial
candidate locations to find is arbitrary.

[0104] In an alternative second preferred embodiment of the present invention, the

GPS signals are digitized and recorded in the mobile terminal. The mobile
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terminal then sends the recorded digitized collected GPS signals back to the SOC
rather than determine code phase and carrier frequency. In the alternative
preferred second embodiment of the present invention, the SOC determines the
code phase and carrier frequency for each of the collected GPS signals, and uses
these code phases and carrier frequencies to determine position of the mobile
terminal. :

Advantageously, the second preferred embodiment of the present invention
eliminates the need for the use of a satellite transponder. That 1s, the second
preferred embodiment of the present invention can be a ground-based position (i.e.,
terrestrial) determination system. That is, no satellite transponder is needed for the
mobile terminal to communicated with the SOC. This feature of the present
invention will enable the determination of position in devices such as cellular
telephones, which are small, low power devices that generally do not communicate
to a central office through a satellite. Further, the present invention can be
implemented with minimal or no changes to the existing infrastructures, such as
cellular telephone system infrastructures.

The foregoing disclosure of embodiments of the preseﬁt invention has been
presented for purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise forms disclosed. Many
variations and modifications of the embodiments described herein will be obvious
to one of ordinary skill in the art in light of the above disclosure. The scope of the
invention is to be defined only by the claims appended hereto, and by their

equivalents.
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WHAT IS CLAIMED IS:

1. A system for providing location information, comprising:

a mobile terminal that receives a global positioning system (GPS) signal having a
carrier frequency and code phase information from a plurality of global positioning satellites,
and measures the carrier frequency and code phase for each of the GPS signals from the
plurality of GPS satellites;

a service operations center (SOC) to which the mobile terminal sends a message
containing the received carrier frequency and code phase measurements for each of the

received signals, the SOC using the carrier frequency measurements to determine a set of
coarse locations in a general region in which the mobile terminal is located, and the code

phase measurements to refine the coarse locations and determine a final position of the mobile

terminal.

2. The system recited in claim 1, wherein the message further comprises a time that the
carrier frequency measurement for each of the received GPS signals in addition to the carrier

frequency and code phase measurements.

3. The system recited in claim 1, wherein the message is transmitted over a cellular
telephone network.

4, The system recited in claim 1, wherein the message is transmitted using a satellite.

5. The system recited in claim 1, wherein the SOC further comprises means for removing

bias due to local oscillator inaccuracies from the carrier estimates.

6. The system recited in claim 1, wherein the SOC further comprises means for
accounting for time measurement errors in the time that the carrier frequency measurements

were made.

7. The system recited in claim 1, wherein the SOC further comprises means for

accounting for motion of the mobile terminal relative to the GPS satellites.

8. A method for determining a location of a mobile terminal, comprising the steps of:

(a) collecting GPS signal data from each of a plurality of GPS satellites;
-7 -
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(b) transmitting a message containing the GPS signal data to a service operation

center,

~ (c) determining an observed carrier frequency for each of the GPS satellites from the
GPS signal data collected from each of the GPS satellites and a time the mobile terminal
received the GPS signal data from which each observed carrier frequency is determined;

(d) determining a general region in which the mobile terminal is located; and

(e) determining at least one candidate location in the general region that is consistent

with the observed carrier frequencies.

9. The method recited in claim 8, wherein step (e) comprises the steps of :
(e. 1) selecting an initial candidate location; and

(e. 2) searching the general region for a location consistent with the observed carrier

frequencies using the initial candidate location.

10.  The method recited in claim 9, further comprising the step of repeating steps (e. 1) and
(e. 2) at least one additional time using a different initial candidate point to being each

repetition.

11.  The method recited in claim 9, further comprising the step of using a Mead simplex
algorithm to search the general region.

12.  The method recited 1n claim 9, further comprising the steps of :

(f) determining a code phase for each of the GPS satellites associate with each of the

at least one candidate locations; and

(g) refining the at least one candidate locations using the code phases.

13. The method recited in claim 12, further comprising the steps of :

(h) determining residuals for each of the candidate locations using the code phases;

and

(i) selecting the candidate location having the lowest residuals as the location of the

mobile terminal.
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14. A system for determining a location of a mobile terminal, comprising:
means for collecting a GPS signal from each of a plurality of GPS satellites;
means for measuring a first signal characteristic of each GPS signal;
means for measuring a second signal characteristic of each GPS signal; and

means for sending the measured first and second signal characteristics of each GPS

signal to a service operation center;

means for sending a time the first and second signal characteristics of each GPS signal

are measured to the service operation center;

means for determining one or more candidate locations using the first signal

characteristic; and

means for determining the location of the mobile terminal using the second signal

characteristic and the one or more candidate locations.

15.  The system recited in claim 14, wherein the means for measuring a first signal

characteristic comprises means for determining carrier frequency for each GPS signal.

16.  The system recited in claim 14, wherein the means for measuring a second signal

characteristic comprises means for determining code phase for each GPS signal.

17.  The system recited in claim 14, wherein the means for determining one or more

candidate locations, comprises:
(a) means for selecting a general region containing the location of the mobile terminal;
(b) means for selecting a starting location in the general region;

(c) means for determining an expected first signal characteristic for each of the GPS

satellites at the starting location;

(d) means for comparing the expected first characteristic signal with the measure first
characteristic for each of the GPS signals; and

(e) means for applying a function minimization algorithm to determine a candidate

location in the general region corresponding the starting location.
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18.  The system recited in claim 17, further comprising: means for selecting a second
starting point in the general region; and means for applying means (a) - (¢) to the second

starting point to determine a second candidate location in the general region.

19.  The system recited in claim 17, wherein the measured and expected first

characteristics are carrier frequencies.

20. A method for determining a location of a mobile terminal, comprising the steps of:

(a) collecting a GPS signal from each of a plurality of GPS satellites;
(b) measuring a first signal characteristic of each GPS signal;
(c) measuring a second signal characteristic of each GPS signal; and

(d) sending the measured first and second signal characteristics of each GPS signal to

a service operation center;

(e) sending a time the first and second signal characteristics of each GPS signal are

measured to the service operation center;

(f) determining one or more candidate locations using the first signal charactenstic;

and

(g) determining the location of the mobile terminal using the second signal

characteristic and the one or more candidate locations.

21.  The method recited in claim 20, wherein the step of measuring a first signal

characteristic comprises the step of determining carrier frequency for each GPS signal.

22.  The method recited in claim 20, wherein the step of measuring a second signal

characteristic comprises the step of determining code phase for each GPS signal.

23.  The method recited in claim 20, wherein the step of determining one or more

candidate locations, comprises the steps of:

(f. 1) selecting a general region containing the location of the mobile terminal;

(f. 2) selecting a starting location in the general region;

- 30 -
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(f. 3) determining an expected first signal characteristic for each of the GPS satellites
at the starting location;

(f. 4) means for comparing the expected first characteristic signal with the measure

first characteristic for each of the GPS signals; and

(f. 5) means for applying a function minimization algorithm to determine a candidate

location in the general region corresponding the starting location.

24.  The method recited in claim 23, further comprising the steps of:
selecting a second starting point in the general region; and

applying means (a) - (c) to the second starting point to determine a second candidate

location in the general region.

25.  The method recited in claim 23, wherein the measured and expected first

characteristics are carmer frequencies.
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