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A geographic tracking system with minimal power and size
required at the mobile terminal collects observation data at
the mobile terminal, forwards the data to a processor, which
calculates the position. The mobile terminal needs only to
gather a few milliseconds of observation data, and to relay
this observation data to the processor. The range from the
satellite (or other airborne transponder) to the terminal is
determined using the known positions of an interrogating
transmitter and a satellite, and a known terminal delay
between the received 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 cen-
tered at the satellite having a radius given by the calculated
range with a model of the Earth’s surface. The candidate
points are considered and refined using code phase mea-
surements from a set of GPS satellites. 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.

SKYBITZ SYSTEM [10]

41T
GPS 2 :
GPS3

GPS #N

TERMINAL | REFERENGE
UNIT | NETWORK
(18] [19]

(SOC) «
[11]




Jul. 22,2004 Sheet 1 of 7 US 2004/0143392 A1

Patent Application Publication

[} Ol

} Sd© B

[04] WILSAS ZLIGAMS

(L]
> (D0S) -
H3ILINTD SNOILYH3dO
1 30INY3S
el | ,
MWHOML3IN | . | %Lr
JONIFHI4TY IVNIWS3L
X X%V - _
2]
(98) AVMIALYD
=R REINS
1]
. o ETNRREINES
'2SdD  NOILVOINNNINOD




US 2004/0143392 A1

Patent Application Publication Jul. 22,2004 Sheet 2 of 7

NOILVH3dO ._<Z=>_~_m._.

mp ol Sy .
[1Md LINSNVY ._.xa JAIFO3Y
.3 mmOu Mu
Yiva IvVNONIS

$d9 1931100

IVNINGIL
FUGON

TYNOIS AMA
[81]

TVNOIS NdNL3Y

4
, (s d (%) "4
Oe + wu "Nu
B +5) =9
9, + 580, -1,
m.e + mu ummOu
n+l =6
m.e+ :uwa
G+h+0=h

AV

14} : Sy

4:)v 31713LVS % -1V 3LTIALYS

--------

VNOIS NUNL3Y SIAI303Y AVMILYO =4

._<zu_w.zm:lﬁm mtzmz.,qm._. 3LM3LYs =9

TYNOIS NYN1TY SFAIFOR FLTIZLVS =5
TVNOIS NYNLTY SLINSNYYL TYNINYIL =7

Y1vYa NOILYAYISEO SLOTTIOD TWNINY3L =S80, OOm Ol

, (LN3AT YINHYW)
VNDIS OMd SIAIZOTY TYNINN3L =8
TYNOIS OMd SLINSNYYL SLITI3LYS =5
TYNSIS OMd S3AIZ03Y JLTTALYS = h
JWIL WILSAS SdO OL
Q3ZINOMHONAS AVMILYD 1V INIAT
HIHUYIN 40 NOISSINSNYNL =0
300N HO
INIWO3S HLYd HLIM G3LVIDOSSY
AV130 NOILY9OdO¥d TYNDIS= 1

Am«v Amt

~ TYNOIS NdN13y

0.1V JLIN13LVS
211V 3LT3LVS

[21]
INTIWINO3 o, o,
AVMILYO
31TI3LVS HSId

31177131VS

|
i

4349 O3y
® INIL SdO

TVNDIS aMm4

4}

AN: n_ (2,) ™

(%) M8y 4 1) (&% 3% %6y (L)%
(o1, : :ES::%EV_ (8 3
(o &) ™o+ (%) 1y 01l 9, k!

dN0D3Yd %&8 - TYNOIS ONvE3SVE = ( : |
Ollvyd zo_mmm>zooz§oo TYNIWYAL 3T180W=M

W



US 2004/0143392 A1

Patent Application Publication Jul. 22,2004 Sheet 3 of 7

(v) 914

IAdNd
NOILO3SHILNI
JONVY

3 \
) (]

AMVYANNOS Wy3g j

3LITTELVS SNOILYOINNWNOOK

._.Om_..m_w_ Wy3d
40 34is1N0 /.




US 2004/0143392 A1

Patent Application Publication Jul. 22,2004 Sheet 4 of 7

(8)¢ Ol

. NOILN1OS -

VNI
dINOZ \

JON3IOHIANOD -

*  ¢«— SNOILNTOS
N 31VAIaNYD.
** N




Jul. 22,2004 Sheet 5 of 7 US 2004/0143392 A1

Patent Application Publication

Y3114 1SHI4 SIHL ONISSYd SNOILNTOS
JSOHL QYYMYO AHYD ATNO 'SVId N00TO

1
]
" (5) ANV ‘STYNAISTY (¥) 'SIAUVYANNOS WV3g
|

- {6)'30n111v ()" L¥S WWOO 0L FONvY (1)
!N3340S OL §31143d0¥d NOILNTOS LVAIONVD 38Ny

!
i
]
|
I

NOLLNT0S
31VAIONYD
NFRH03

"INOD
- 914 OL

_ S3LVWILST (T¥NOILdO)
W . Q\ u\ SVINO0T0 |, | 3uN9SHIONIMIS
9/ E JALIDOTIANOILISOA[™ | TYNOIS WOH XIMLYA
WILNSIVINOTVD | | 3ONVIMVA ILYINDWVD. .l_
, ; : . Y¥1891S
_ ﬁwo dnoY9
: : CALAILYT3Y 'SHO¥Y3
. NOLLV1OY - 0070 AS H04
HIYY3 HO4 SHO1J3A S80 3SYHd
1vS 1034403 3009 1934400
138440 0010 , §
sauany L sdo - S3LTIALYS SdO
JNIL NOILYDOdOYd X ¥04 SYILINVHYD
, SH0jcue | 1v SHOLOIANOLISOM F—] pmreonane | _
S80) 549 *1 LV SYOLI3AN MOOTD/SIANHAD| |
ORI VIOV WSSO IVINOM | | NGO 130 | )
B 'S.0IN¥d
A0 | _ _ 3LTALYS
NOILOISHILNI ONO Y BEENE TISNVIL1DIOVA 1v] . | SNOILYDINNWNOO [,
U UaMDAVIRY. || LNYIS IVSWWOD OL [+——1 ¥OLO3A LYSWNOD [*—] 404 ¥OLD3A NS
SS3N9 IAVHANTD | | TNINYIL ILVINDTYD 3LYINDTVD 3WVISISAVILID| ()
1 . t ’ . ‘Al 1YS
Q1 Wv38

INIL L ONNOY

QYOM SNLVLS

N# 9LS TWNOIS

4 1S TYNOIS

{# H1S TNOIS

L# H1S TWNOIS

—NEovHd 300D

- £#35YHd 3009

¢# 3SYHd 3000

+# 3SVHd 3000

N# 01 Nud

“t# 01 Nad

¢ 0l Nyd

V# QI Ndd

ms_; diyl GNNOY

235

NI

HMOH

AVd

HINOW

dV3A

CIVARNYY 40 |

WL 13XIvd

I~

—5534aav 1N

©

Y43A 13SNOYVD,

ARHOMIIN

Qi 13NNVHO |

al AVM3LYO

RITEEN

UENRIENES

~levujen |l

SHILINVYVd




US 2004/0143392 A1

Patent Application Publication Jul. 22,2004 Sheet 6 of 7

“WNQAIS3Y NOLLNTOS

|
-
TYNI4 FHL ONISN YLYQ NOILYAN3SEO 10 141539 3HL
ONILNIS3¥d3d NOILMIOS FHL 103738 'SNIVW3Y INO |
NVHL 40N dI ANV 'IA08Y S3ILH3d0Yd NO a3Sva |
N33HOS wzo_.S._ow A1VQIANYD ONINYINZY 40 _

LNOOD ¥ "Oid

¥ "Ol4 NOYA

JLYWILSI SYIg

'y

“WN3LSAS
MI0T1D/ALIO0T3A JLYNIOY00D:
/NOLLISOd VNI J34I1S30 OL LHIANOD
(S)3LVWILS3 —
SYIg 0010 (T¥NOILdO)
JIALIDOTINNOILISO |« 34N % SHLONTYLS
@3INOHANI TYNOIS WOHd
ALINOTVD XIHLYWIONTIIVA
A
NOWLYLOY. |
SAY130 0dOuL ®
H1YVY3 ¥Oo4 mxo._.om.> ONOI ‘AV130 dNOX9
_1¥S 1034400 ‘ALIALLYIZY ‘SHOYY3
_ R %9010 AS ¥04
, 680 3SVYHd
(SINOILISOd TVILINI 3000 1034409
- NO@3svd +
Wx) ¢ (SINOILISOd
| INIL NOLLYOOdOYd | _ YO SNOLLYATT3
| 10344800 ‘HLAWIZY 3LYIND YD

! |




Patent Application Publication Jul. 22,2004 Sheet 7 of 7 US 2004/0143392 A1

‘)/f"5°2 

' /—504

Mobile
| Terminal

506

Ground
Station

Figure 5



US 2004/0143392 A1l

SYSTEM AND METHOD FOR FAST ACQUISITION
REPORTING USING COMMUNICATION
SATELLITE RANGE MEASUREMENT

[0001] This application is a continuation of U.S. non-
provisional patent application Ser. No. 10/191,288, filed Jul.
10, 2002, which is a continuation of U.S. Pat. No. 6,480,788,
which is a continuation-in-part of U.S. Pat. No. 6,243,648.
This application also claims the benefit of priority to pro-
visional application No. 60/243,430, filed Oct. 27, 2000,
entitled “Fast Acquisition Position Reporting System Using
Communication Satellite Range Measurement.” The prior
applications noted above are each incorporated herein by
reference in its entirety.

BACKGROUND
[0002] 1. Field of the Invention

[0003] 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 Earth
using a very fast acquisition portable transponder.

[0004] 2. Background of the Invention

[0005] Various techniques are available to determine the
position of a device on the surface of the Earth. U.S. Pat. No.
3,063,048 discloses the use of the Doppler shift in a trans-
mitted signal to determine the position of a device trans-
mitting 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 trans-
mitted from the object to determine when the frequency is
changing at its maximum to locate the object. As a result, the
time to compute a position fix is unacceptably long for
applications such as locating a satellite telephone.

[0006] The Global Positioning System (GPS) also pro-
vides 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 SOC).

[0007] 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 receiv-
ers 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 eliminates using a GPS receiver in
situations where a long TTFF is unacceptable. For example,
in 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.

[0008] 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 accom-
plished rapidly using a minimal amount of power and
equipment.
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SUMMARY OF THE INVENTION

[0009] The present invention solves this problem by col-
lecting 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 information, and
then relays this observation data to a central station, via
satellite or other relay means, for subsequent position cal-
culation. In this manner, the present invention requires that
the mobile unit be on only for very 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 situa-
tions that may not otherwise economically justify such use.

[0010] 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 communica-
tions satellite broadcasts an interrogation signal, to which
the mobile terminal responds. The mobile terminal is dis-
posed on the object, and includes a receiver, a transmitter
and a processor. The receiver receives 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 communications satel-
lite. 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 com-
munications satellite, and calculates a position of the mobile
terminal using time of arrival information and the measured
characteristics returned by the mobile terminal.

[0011] 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 insuffi-
cient 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.

[0012] For this reason, in the first aspect of the present
invention, the service operations center includes a processor
that calculates 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 interro-
gation signal to the mobile terminal and its receipt at the
satellite gateway. To do so, the processor accounts for
known delays in the signal path between the communica-
tions satellite and the mobile terminal and the point at which
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the time-of-arrival information is measured at the satellite
gateway. The processor also calculates an intersection curve
between a sphere, whose radius is the range previously
determined, and a model of the surface of the Earth. Fur-
thermore, 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 sat-
isfying the screening. Finally, if more than one candidate
solution remains, the processor selects the solution repre-
senting a best fit of all the observation data.

[0013] 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.

[0014] 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 present invention, the addi-
tional 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 is sent to the SOC. Alternatively, the time that the
signal characteristic is measured is 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 mea-
surements are sent to the SOC. In addition, the carrier
frequency of the GPS signal sent by each of the GPS
satellites is measured and sent to the SOC. The set of carrier
frequency measurements form a set of observed carrier
frequencies.

[0015] Using the carrier frequencies and a general region
containing the location of the receiver 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 frequen-
cies. From this set of candidate locations, the position of the
mobile terminal is determined using the code phase mea-
surements. The position is that candidate location that mini-
mizes 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 operation.

[0016] Thus, one object of the present invention is to
determine a location of a mobile terminal using a SOC.

[0017] Another object of the present invention is to reduce
the power requirements of a mobile terminal in order to
determine its position.

[0018] 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.
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[0019] Another object of the present invention is to
increase the speed of acquisition of information required to
determine the position of a mobile terminal.

[0020] Another object of the present invention is to per-
form calculations required to determine the position of a
mobile terminal on a device other than the mobile terminal.

[0021] Another object of the present invention is to pro-
vide 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.

[0022] Another object of the present invention is to pro-
vide a location of a mobile terminal using a SOC with little
or no change to the communication channel over which
measurement data is sent from the mobile terminal to the
SOC.

[0023] Another object of the present invention is to pro-
vide location of a mobile terminal by performing position
calculations in a SOC and not in the mobile terminal.

[0024] Another object of the present invention is to pro-
vide a ground-based (i.e., terrestrial) technique for deter-
mining position of a mobile terminal using GPS satellite
measurements.

[0025] 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

[0026] FIG. 1 depicts a block diagram of an exemplary
embodiment of a system according to the present invention.

[0027] FIG. 2 depicts a diagram of an exemplary embodi-
ment of the method according to the present invention.

[0028] FIGS. 3(a) and 3(b) depicts a geographical repre-
sentation of the method of FIG. 2 used to locate a terminal
unit according to the present invention.

[0029] FIG. 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 per-
formed by the processor in the SOC.

[0030] FIG. 5 is a schematic illustration of an exemplary
embodiment of a system according to a second embodiment
of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0031] Referring to FIG. 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 Posi-
tioning 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].

[0032] The terminal unit [18] receives a broadcast mes-
sage 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
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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
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

[0033] The SOC [11] controls the operation of the system
[10] of the present invention. The SOC [11] broadcasts a
signal on the forward link which contains timing and acqui-
sition 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.

[0034] The return signal from the terminal [18] includes
the observation data along with any system, status or pro-
tocol information necessary to operate the system.

[0035] The return signal is 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).

[0036] 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 infor-
mation includes:

[0037] 1. GPS broadcast ephemerides and clock cor-
rection coefficients for all satellites in view over the
region of interest;

[0038] 2. Current GPS Almanac;

[0039] 3. Current ionospheric and tropospheric
parameters;

[0040] 4. Current Status messages and advisories;

[0041] 5. Current communications satellite state vec-
tor and operational status; and

[0042] 6. Differential correction data (if used).

Satellite Gateway

[0043] The Satellite Gateway [12] consists of satellite
communications modems (channel units) and associated
control and management equipment and software. The gate-
way 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] is a traditional satellite communica-
tions facility. Therefore it also includes antenna, transmitter,
amplifier, up/down conversion, and other standard satellite
communications equipment and software that is not shown,
but is known to those of skill in this art.
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Communications Satellite

[0044] 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 in the transmis-
sion 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:

[0045] 1. Orbcomm
[0046] 2. Globalstar
[0047] 3.1CO

[0048] 4. AceS

[0049] 5. Hughes MSAT
[0050] 6. Thuraya
[0051] 7. Iridium

[0052] Other communications satellites are possible for
use in the present invention, which satellites are known to
those of skill in the art.

Terminal Unit

[0053] The present invention only requires that the mobile
terminal [18] receive a signal, make observations (measur-
ing certain aspects of the GPS signals), and return 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.

[0054] One possibility is to collect code phase and/or
carrier phase information inherent in the GPS signal. This
enables the mobile unit to remain 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
signal, and determine the position based on certain charac-
teristics 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

[0055] The following provides an exemplary embodiment
of the present invention, 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.

[0056] Referring to FIG. 2, at time to, a Satellite Gateway
(SG) [12] transmits a forward signal, with a marker event,
through a communications satellite [13] to a region of the
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Earth bounded by the satellite beam pattern as in FIG. 3. An
example of a marker event is a synchronization data pattern
in the packet preamble.

[0057] 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.

[0058] The satellite [13] receives the signal at time t,, and
retransmits the signal back to earth at time t,. Subsequently,
at time t5 the mobile terminal [18] receives the signal with
the marker event.

[0059] When the mobile terminal [18] needs to report its
position, it searches for the SG signal in the satellite down-
link. 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, ete.). 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.

[0060] Using the acquisition information recovered from
the forward message, the mobile terminal [18] receives a
multitude of GPS signals starting at time t , which is a
fixed and known time interval from t;. The operation of the
receiver is 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). Conse-
quently, 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.

[0061] The terminal [18] measures the Code Phase of
Arrival (COA) of each of the GPS signals at t_,,. The
terminal [ 18] then relays this measurement to the SG[12] by
transmitting a return signal back through the communica-
tions satellite at time t4, which also has a fixed and known
relationship to the inbound timing reference t;.

[0062] The communications satellite [13] receives the
return signal from the mobile 2 terminal at time tg and
retransmits the same signal back to the SG [12] (or another
ground station) at time t,.

[0063] 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].

Exemplary Embodiment of Position Determination
Calculations Performed at Service Operations
Center

[0064] The SOC [11] calculates the magnitude of the
range vector between the communications satellite [13] and
the terminal [18] by removing all known delays from the
propagation time measurement. This is accomplished using
the communications satellite position, velocity and tran-
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sponder 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 be modeled. These delays
and the relationships between the times are depicted in FIG.
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.

[0065] After the range between the communications sat-
ellite [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 FIG. 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.

[0066] The Earth can be modeled as a mathematical
approximation, such as an ellipsoid, or a geoid model, or
with Terrain Elevation Data. The following is one possible
example of these calculations using an ellipsoid model:

[0067] 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:

[0068] Where a and b are constants representing axes of
the chosen ellipsoid.

[0069] One possible parameterization of the ellipsoid
surface could be:

[0070] x=a sin(¢p)cos(r)
[0071] y=a sin(¢)sin(})
[0072] z=b cos(¢)

[0073] ¢=0 to = with 0 being the positive z-axis. And
A=0 to 2m with 0 being the positive x-axis.

[0074] The equation of a sphere at point (X,, Y,, Z,)
with radius p(slant range):

X=X ) (=Y +(Z-Z,)=p”
[0075] Substituting the Ellipsoid equation into the

Sphere equation and simplifying gives:

(a 2sin((]z))cos(7»)—Xs)2+(a sin(¢p)sin(h)-Y,)*+(b cos(§)-
Z)Y =p

(b*-a*)cos(¢)*~2a sin(¢p)cos(M)X,~2a sin (§p)sin(h)Y,~
2b cos(P)Z=p*-a*~+*

[0076] Organizing the coefficients to allow a ‘choose
Phi - - - solve Lambda’ Scenario:

A=-2a sin()X,

B=-2a sin(@)Y,

C=(b>~a)cos(§)*-2b cos(¢)Z+r*+a’—p>
A cos(M+B sin(M)+C=0
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[0077] Choosing Phi over the range of interest, calcu-
lating coefficients, and solving for Lambda gives:

(BsVFTAT—C)

“A-0

A=2tan™!

[0078] The spacing of points on the parameterized inter-
section curve depends on spacing of chosen points ¢ and the
earth model chosen and is depicted in FIG. 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 example, the
convergence zone for the code phase observations is
approximately a radius of 75-80 Km (See FIG. 3(b)).

[0079] 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.

[0080] 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 is
only required that at least one point on the arc lay within the
guaranteed convergence zone around the true solution.

[0081] 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 FIG. 3(a), which depicts the bounding of the
arc (or parameterized intersection curve) by the beam pat-
tern.

[0082] The SOC next determines the time that the mobile
terminal collected the GPS signal (t,,,). 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 t; and
integration period), and the absolute TOA measurement.

[0083] The SOC then employs a satellite orbit model to
estimate the positions of the GPS satellites at their time of
transmission (t,_ ). GPS t_, is calculated from t_,_ less the
GPS signal transit time (user must also correct for earth
rotation during signal transit time if working in Earth fixed
coordinates).

[0084] 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:

[0085] Create system of linearized normal equations for
least squares solution.

k _ y0 _
r-v 7 foz;+cAn=<P?>0bx—<P?>—s*

i

xt-x°
_ X _
7y PP

(Pik)obs_(Pik)o _bi

Ax=b-¢
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[0086] We assume the code observation P, is corrected
for the clock offset of the satellite according to the broadcast
ephemerides (and atmospheric delays if desired). The pre-
liminary value Py, is 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 if receiver clock offset cannot be
estimated to within 0.5 msec.

x'-x; Yl-y, 7'-z
ol of ol .
;
xX*-x, Y-y, Z*-Z Iy
- - - i
o o? o7 =b-¢
N N N i
cAr;
X"-X;, Y"-Y, Z"-Z .
o o o
Xi
Vi _
=Ty aTen
Zi
cAr;
r=b-Ax

[0087] The right side of the normal equations b represents
the difference between the expected and observed code
phase (modulo 1 msec) and is ambiguous. The receiver
clock offset is 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 pre-
liminary coordinates. Matrix C is the weight matrix
(inverted covariance matrix) derived from signal strengths
and/or GPS satellite URE (User Range Error) values and is
used in a weighted least squares solution, or set to the
identity matrix for a non-weighted solution. Matrix r is the
residuals matrix and can be weighted and/or summed, or
analyzed as a covariance matrix with minor manipulation.

[0088] After convergence, this estimated position solution
is then screened against the measured range to the commu-
nications 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 thresh-
old. Those position estimates not meeting these criteria are
discarded. An example for each method follows:

[0089] Range: The initial estimate(s) lic 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 is discarded.

[0090] Altitude: The initial estimate(s) liec on the chosen
earth model surface. If the candidate solution lies above/
below the maximum/minimum height possible relative to
this earth model then it is discarded.

[0091] Beam: The initial estimate(s) lie within the beam
coverage footprint. If the candidate solution lies outside the
beam boundary it is discarded.

[0092] Clock Bias Tolerance: The calculated receiver
clock bias must fall in the range of the estimated clock bias
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(with known tolerance) from the propagation time measure-
ment. 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.

[0093] Residuals: It has been observed that the residuals
(goodness of fit) for the converged solutions (for an over-
determined problem) are smallest for the true position
estimate. The residuals provide an effective discriminator
between ambiguous position solutions when the above least
squares method is used. Therefore, an empirically deter-
mined or calculated threshold can be used (alone or in
conjunction with the other screening criteria) to screen false
candidates.

[0094] 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 is determined. This cal-
culation is compared against a pre-determined threshold.
Those candidate points for which the calculation exceeds the
threshold are discarded.

[0095] The remaining position estimate(s) can then be
improved by using Atmospheric (Ionospheric and/or tropo-
spheric) 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 com-
parison, (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.).

[0096] 1t 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 interest.

[0097] Well known differential correction (DGPS) tech-
niques 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.

[0098] FIG. 4 depicts the above calculations performed by
a processor in the SOC [11] in 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 processor obtains the latest state
vector for the communication satellite [13], and the ephem-
eris, clock and atmospheric data for the GPS satellites
[14-17].

[0099] The SOC [11] then performs a series of calcula-
tions 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 atmo-
spheric correction data. If there is more than one remaining
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solution then a final screen and selection takes place. The
final position obtained can then be converted to the desired
coordinate system.

[0100] In a second preferred embodiment, the present
invention uses timing correction information generated by
communication satellite systems to synchronize data trans-
mission from multiple mobile terminal to avoid overlapping
data transmissions. For example, systems using TDMA
protocols, such as GSM systems generate timing correction
information that is used to adjust data transmission timing of
a plurality of mobile terminals to avoid data from one mobile
terminal overlapping a time slot assigned for data from
another mobile terminal. TDMA systems have signal struc-
tures containing a plurality of time slots. Each of the time
slots is assigned to a particular mobile terminal or is used for
some other purpose. One problem with such systems is that
due to different propagation delays between various mobile
terminals and the communication satellite, a data packet sent
from one mobile terminal can overlap with the time slot
assigned to another mobile terminal. To avoid this data
packet overlap, TDMA systems provide synchronization
information to each of the mobile terminals to avoid data
packet overlap.

[0101] FIG. 5 illustrates a communication system accord-
ing a second embodiment of the present invention. A com-
munication satellite 502 transmits a forward control packet
to a mobile terminal 504. Typically, the forward control
packet includes information regarding the time slot in which
the mobile terminal can send an access request to commu-
nication satellite 502. Mobile terminal 504 receives the
forward control packet and synchronizes to it. At the appro-
priate time, mobile terminal 504 transmits an access request
to communication satellite 502. Communication satellite
502 receives the access request and measures the timing of
the received access request with respect to the forward
control packet’s timing. The measured timing is compared to
an internal reference. Based on this comparison, timing
correction information is generated. The timing correction
information is used to adjust data transmission timing of
mobile terminal 504 so that data packets it sends are
received by communication satellite 502 properly aligned in
the appropriate time slot of the reverse channel. Communi-
cation satellite 502 transmits a response message to mobile
terminal 504 containing the timing correction information.
Mobile terminal 504 receives the response containing the
timing correction information. Using the timing correction
information, mobile terminal adjusts its transmitter timing.
This adjustment is to advance, delay or maintain the trans-
mitter’s timing. Mobile terminal 504 then sends the GPS
code phase data and the timing correction information to
communication satellite 502 to be sent to a ground station
506. Ground station 506 receives the GPS code phase
information and the timing correction information. Ground
station 506 then relays this information to a service opera-
tion center (described above), where it is used to determine
position of the mobile terminal. Alternately, ground station
506 can initiate the transmission of the forward control
packet, receive the access request, compare it to an internal
reference and determine the timing correction information.

[0102] The timing correction information is a measure of
the propagation delay from the mobile terminal to the
communication satellite. A range arc (described above) is
determined using the propagation delay. The range arc has
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communication satellite 502 at its origin. Determination of
the range arc using the propagation delay between mobile
terminal 504 and communication satellite 502 is well known
to those skilled in the art. This range arc is used to determine
position as described above. Consequently, the range arc
determined from the propagation delay corresponding to the
timing correction information determined as part of the
communication satellite’s protocol is used as an input to the
range ambiguity resolution technique described above.

[0103] Mobile terminal 504 can alternatively be pro-
grammed to send the timing correction information along
with GPS code phase measurements to the SOC. The SOC
uses this information to determine the mobile terminal’s
position. Modifying mobile terminal 504 to send this data to
the SOC eliminates the need to modify or augment existing
ground station equipment to provide these timing measure-
ments directly to the service operations center.

[0104] The foregoing disclosure of embodiments of the
present invention has been presented for purposes of illus-
tration 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.

What is claimed is:
1. A method for determining a location of a remote
terminal, comprising:

receiving a communication from a remote terminal via a
communications satellite, said communication in
response to an interrogation signal and including a
measured characteristic of a plurality of signals broad-
cast by a respective plurality of GPS satellites;

determining a range measurement between the commu-
nications satellite and the remote terminal using said
received communication;

determining an arc of possible locations of the remote
terminal using said determined range measurement;
and

identifying a final location of the remote terminal using

said measured characteristics of said plurality of signal

broadcast by said respective plurality of GPS satellites.

2. The method of claim 1, wherein said range measure-

ment determination is based on a removal of known delays
from a propagation time measurement.
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3. The method of claim 1, wherein said determination of
said arc of possible locations is based on a model of the
surface of the Earth.

4. The method of claim 1, wherein said measured char-
acteristic is a code phase of arrival measurement.

5. A method in a remote terminal that enables position
determination, comprising:

receiving an interrogation signal from a communications
satellite;

measuring in response to said interrogation signal at least
one characteristic of a plurality of signals broadcast by
a respective plurality of GPS satellites;

transmitting a response to a centralized location via said
communications satellite, said response including said
measured characteristic of said plurality of signals
broadcast by said respective plurality of GPS satellites,
wherein said measured characteristic is used by said
centralized location to identify a final location of the
remote terminal from an arc of possible locations
defined by a range measurement between the commu-
nications satellite and the remote terminal.

6. The method of claim 5, wherein said range measure-
ment is determined by removing known delays from a
propagation time measurement between said centralized
location and the remote terminal.

7. The method of claim 5, wherein said measured char-
acteristic is a code phase of arrival measurement.

8. A computer-readable medium that stores a program for
controlling a computer device to perform a method for
determining a location of a remote terminal, the method
comprising:

receiving a communication from a remote terminal via a

communications satellite, said communication in
response to an interrogation signal and including a
measured characteristic of a plurality of signals broad-
cast by a respective plurality of GPS satellites;

determining a range measurement between the commu-
nications satellite and the remote terminal using said
received communication;

determining an arc of possible locations of the remote
terminal using said determined range measurement;
and

identifying a final location of the remote terminal using
said measured characteristics of said plurality of signal
broadcast by said respective plurality of GPS satellites.
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