wo 2013/036328 A1 [N N0F V00000 00 A0 O

(43) International Publication Date

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

(19) World Intellectual Property
Organization
International Bureau

—~
é

\\

(10) International Publication Number

WO 2013/036328 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

14 March 2013 (14.03.2013) WIPOIPCT
International Patent Classification: (81)
HO04B 7/185 (2006.01)

International Application Number:

PCT/US2012/048973

International Filing Date:
31 July 2012 (31.07.2012)

Filing Language: English
Publication Language: English
Priority Data:

61/533,122 9 September 2011 (09.09.2011) US
13/418,200 12 March 2012 (12.03.2012) US

Applicant (for all designated States except US): THE
BOEING COMPANY [US/US]; 100 North Riverside
Plaza, Chicago, Illinois 60606-2016 (US).

Inventors; and

Inventors/Applicants (for US only): WHELAN, David A.
[US/US]; 5 Via Emilia, Newport Coast, California 92657
(US). GUTT, Gregory M. [US/US]; 42758 Conquest
Circle, Ashburn, Virginia 20148 (US). FYFE, Peter M.
[US/US]; 17521 Luther Avenue, Irvine, California 92614

(US).
Agents: SATERMO, Eric K et al.; The Boeing Company,

PO Box 2515, MC 110-SD54, Seal Beach, California
90740-1515 (US).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: ADVANCED TIMING AND TIME TRANSFER FOR SATELLITE CONSTELLATIONS USING CROSSLINK RAN-
GING AND AN ACCURATE TIME SOURCE

m):ﬁ:sr‘”/" o FIG. 2
208
s ﬁ,,,—’@ﬂs Satelites /\
2i5 ot
GPS Signad; « First Signal
« Tine Message “w, Jahm (sar 1) (K-Band Crosstink} Iidim Sat {Sat 2)
Ftemars \/ S 220 Sidractional R
e e SrCIo0E Ranging Y
e = Second Signal L. 276 \‘:\ji\\& I ——
SV Accurste | LR N T SVwour
Tire Source, ie. < f X Time Source
g T T
SR - 25\ Callectsd crossiink

(L-8and fargms

Ir idien L-Band
’ Ranging
s aptionalj 5o,

_/* L -Band Renging
255 } ! 265 we tonged by
SNoes

227

ranging and GPS
Coltected crossink anchenng als

250 ranging end GRS

ancharing data

(57) Abstract: A system, method, and apparatus for advanced timing and time transfer for satellite constellations using crosslink
ranging and an accurate time source are disclosed herein. In particular, the present disclosure relates generally to systems for provid -
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ADVANCED TIMING AND TIME TRANSFER FOR SATELLITE CONSTELLATIONS USING

CROSSUINK RANGING AND AN ACCURATE TIME SOURCE

{CROSS-REFERENCE TO RELATED APPLICATIONS

BACKGROUND

The present disclosure relates o advanced tirning and time transfer for timing and time transfer
for satellite constellations. [In particular, it relates to advanced timing and time transfer for

sateilite constellations using crosshink ranging and an accurate time source.

SUMMARY

The present disclosure relates 1o a mcthod, system, and apparatus for advanced timing and time
transfer for satellite counstellations using crosslink ranging and an accurate time source. In
particular, the present disclosure teaches a method for timing for a satellite constellation, The
disclosed method nvolves transmitting, by at least one first satellite, at least one crosslink
ranging signal to at least one second satellite. In one or more embodiments, at least one first
sateilite and/or at least one second sateliite 15 a tinung satellite with a synchronization time. The
method further involves receiving, by at least one second satellite, at least one crosslink ranging
signal. Also, the method involves calculating at least one ranging measurement from at least one
first satellite to at least one second satellite by using an amount of time elapsed from the
transmitting of at least one crosslink ranging signal to the receiving of at least one crosshink
ranging signal. Further, the method involves calculating an estimate of time and frequency for at
least one first satellite and at least one second satellite relative to cach other to synchronize the
time and the frequency for at least one first satelitte and/or at least one second sateliite by using
at least one ranging measurcment and/or the synchronization time from at least one timing

satellite,

In ome or more embodiments, at least one first satellite s a timing satellite with the
synchronization time, and at least one sccond satellite 18 a non-timing satcllitc without the
synchropization timae. In at least one embodiment, the synchronization time 1s an accurate time.
In some embodiments, at least one timing satelite obtains the synchronization time via at least
one global posttioning systern (GPS) signal, at least one global navigation satellite sysiem
{GLONASS) signal, at least one Galilco satellite signal, at least one BeiDou Navigation System

signal, and/or an atomic clock. In one or more embodiments, the synchronization time 1s not an
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accurate tirae., In at least one embodiment, at least one sccond satelhite 1s a tinung satellite with
the synchronization time, and at least one first satellite is a non-timing satellite without the

synchronization time,

In at least one embodiment, the method further involves generating at least one correction signal
for synchronizing the time and the frequency for at least one first satellite and/or at least one
sccond satellite, and fransmitiing at least one correction signal to at least one first satellite and/or
at least one second satellite. In some embodiments, at least one first satellite and at least one
sccond satellite arc a Lower Earth Orbiting (LEQ) satellite, a Medium Earth Orbiting (MEQ)
sateilite, and/or a Geosynchronous Harth Orbiting (GEO) satellite. In some embodiments, the

LEO satelitte 1s an Indium LEQO satellite or an Iridium Next Generation LEO satellite.

In one or more embodiments, the disclosed method employvs an Iridiom LEO satellite
constellation. In at least one embodiment, cach of the Indium LEO satellites in the constellation
has an antcuna geometry that transmuts forty-eight (48) spot beams with a distinctive spot beam
pattern. In at least one embodiment, at least one crosslink signal may be transmitted from at
least one of the fridium satellites in the constellation. The forty-cight (48) spot beams of an
Iridium satellite may be used to transmit localized signals to receiving sources {e.g., refereuce
stations} located on or near the Earth’s surface. It should be noted that when employing one of
the above-described Iridivrn LEQO satellites, the transmussion signal power is sufficiently stroug
enough to allow for the signal to penetrate into an indoor environment reliably, and may employ
signal encoding methods in order to do so. It should be further noted that this system could
employ at least one unext generation Iridium satellite, or a combination of existing Iridium

sateilites with the next generation Iridium satellite configuration,

In onec or more embodiments, the method further involves transmitiing, by at least one timing
sateilite, at least one posttioning signal to at least one reference station. The method also
imvolves recetving, by at least onc reference station, at least one positioning signal. Also, the
method involves caleulating at least one positioning ranging measurement from at least one
timing satcllitc to at least one reference station by using an amount of time elapsed from the
transmitting of at least one positioning signal to the receiving of at least one positioning signal,
Further, the method involves calculating an estimate of orbital positioning for at least one first
satellite and/or at least oue second satellite by using at least one ranging measurement, the
synchronization time, positioning data from at least one timing satellite, and/or at least one
positioning ranging measurement, In at least one cmbodiment, at least one timing satellite
obtains the positioning data via at least one global positioning system (GPS) signal, at least one
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global navigation satcllite system (GLONASS) signal, at least one BeiDou Navigation System

signal, and/or at least one Galileo satellite signal.

In at least one embodiment, the method further involves transmitting, by at least one reference
station, at least one positioning signal to at least one timing satellite.  Also, the method wmvolves
receiving, by at least one timing satellite, at least one positioning signal. In addition, the method
involves calculating at least one positioning ranging measurement from at least one reference
station to at least one timing satellite by using an amount of time elapsed from the transmitting of
at least one posttioning signal to the recetving of at least one positioning signal {1.¢. the time of
arrival (TOA) of the receiving of at least one positiouning signal in reference to the clock of the
receiver, which in this case is on the timing satelitte). Further, the method mmvelves calculating
an estimate of orbital positioning for at least one first satellite and/or at least one second satellite
by using at least one ranging measurcment, the synchronization time, positioning data from at
least one tinung satellite, and/or at least one positioning rauging measurement.  In some
cembodiments, at least one timing satellite obtains the positioning data via at least one global
positioning systermn {GPS) signal, at least one global navigation satellite systern (GLONASS)

signal, at least one BeilDou Navigation System signal, and/or at least one Galileo satellite signal.

In one or more embodiments, a method for timing for a satellite constellation involves
trausmitting, by at least one {irst satellite, at least one first crosslink ranging sigual to at least one
second satellite. In at least one cmvbodiment, at least one first satellite and/or at least one second
satellite 1s a timing satclitc with a synchronization time. The method further involves receiving,
by at least one second satellite, at least one first crosshink ranging signal. Also, the method
involves transnuting, by at least one second satellite, at least one second crosslink ranging signal
to at least one first satellite. In addition, the method nvolves receiving, by at least one first
sateilite, at least one second crosslink ranging signal.  Additionally, the method involves
calculating at least one first ranging measurement from at least one fivst satellite to at least one
sccond satellite by using an amount of time elapsed from the transmitting of at least one first
crosshink ranging signal to the recetving of at least oue first crosslink ranging sigoal. Also, the
method involves calculating at least one second ranging weasurement from at least one second
satellite to at least one first satellite by using an amount of time elapsed from the fransmitting of
at feast one second crosslink ranging signal to the recetving of at least one second crosslink
ranging signal. Further, the method mvolves calculating an estimate of time and frequency for at
least oue first satellite and at least one second satellite relative to cach other to synchronize the

time and the frequency for at least one first satellite and/or at least one second satellite by using
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at least one first ranging measurement, at least one second ranging measurement, and/or the

synchronization time from at least one timing satellite.

In at least one embodiment, a system for timing for a satelite constellation involves at least one
first satellite configured to transmit at least one crosslink ranging signal to at least one second
sateilite. The system further involves at least one second satellite configured to receive at least
one crosslink ranging signal, In one or more embodiments, at least one first satellite and/or at
feast one second satellite is a timing satellite with a synchronization time. Also, the system
involves at least one processor configured to calculate at least one ranging measurement {from at
least one first satellite to at least one second satellite by using an amount of time elapsed from
the transmitting of at least onc crosslink ranging signal to the receiving of at least one crosslink
rangiog sigual. Further, the system involves at least one processor further configured to caleunlate
an estimate of time and frequency for at least one first satellite and at least one second satellite
relative to each other to synchronize the time and the frequency for at least one first satelie
and/or at least one second satellitc by using at least onc ranging measurcment and/or the

synchronization time from at least one timing satellite,

In oue or more embodiments, at least one processor s further configured to generate at Jeast one
correction signal for synchronizing the time and the frequency for at least one first satellite
and/or at least one second satellite. In at least one embodiment, the system further involves at
least one transmitter that is configured to transmit at least one correction signal to at least one

first satelliie and/or at least one second satellite,

Iu at least one embodiment, at least one timing satellite is {further configured to transmit at least
one positioning signal to at least one reference station. In some embodiments, at least one
reference station s configured to receive at least one positioning signal.  In onc or more
embodiments, at least one processor is further configured to calculate at least one positioning
ranging measurenment from at least one timung satellite to at least one reference station by using
an amount of time elapsed from the transmitting of at least one positioning signal to the receiving
of at lcast one positioning signal, and to calculate an cstimate of orbital positioning for at least
one first satellite and/or at least one second satellite by using at least one ranging measurement,
the synchronization time, positioning data from at least one timing satellite, and/or at least one

positioning ranging measurerent,

fn one or more embodiments, the system further nvolves at least one reference station
configured to transmit at least one positioning signal to at least one timing satellite. In at least

one embodiment, at least one timing satelhite is further counfigured to receive at least one
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positioning nquiry signal. In some embodiments, at least one processor 18 further configured to
calculate at least one positioning ranging measurement from at least one reference station to at
least one timing satellite by using an amount of time elapsed from the transmitiing of at least one
positioning signal to the receiving of at least one positioning signal, and to calculate an estimate
of orbital positioning for at least one first satellite and/or at least one second satellite by using at
feast one ranging measurement, the synchromization timae, positioning data from at least one

timing satellite, and/or at least one positioning ranging measurement.

In at least one embodiment, a system for timing for a satclite constellation involves at least one
first satellite configured to transmit at least one first crosslink ranging signal to at least one
second satellite, and to receive at least one second crosslink ranging signal. The system further
wmvolves at least one secoud salellite configured to receive at least one first crosshink ranging
signal, and to transmit at least one second crosshink ranging signal. In one or more
erabodiments, at least one first satellite and/or at least one second satellite is a timing satetiite
with a synchronization time. Also, the system involves at least one processor configured to
calculate at least one first ranging measurcement from at least one first satellite to at least one
second satellite by using an amount of time elapsed from the transmitting of at least one first
crosslink ranging signal to the receiving of at least one first crosshink ranging signal. In addition,
the system involves at least one processor further configured to calculate at least one second
ranging measurement from at least one second satellite to at least one first satellite by using an
amount of time elapsed from the transmitting of at least one second crosslink ranging sigual to
the receiving of at least one second crosstink ranging signal. Further, the system involves at least
one processor further configured to calenlate an estimate of troe and frequency for at least one
first satellite and at least one second satellite relative to each other to synchronize the time and
the frequency for at least one first satellite and/or at least one second satellite by using at least
one first ranging weasurement, at least one second ranging measurement, and/or the

synchronization time from at least one timing satelite.

In one or roore embodivuents, the disclosed system and wethod ewploy an Indiom Next
Generation satellite constellation where a subset of the consteliation is equipped with GPS
receivers or an alternate accurate timing source. This subset, spread across all the planes,
provides a connection to countinuous, accurate time and frequency within the constellation via
crosslink ranging to satellites not equipped with GPS recetvers.

In at least one embodiment, the Iridium Next Generation satellite constellation includes a subset

of the constellation which are equipped with GPS receivers or an alternate accurate timing source
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which are used to provide accurate timing data to crosslinked Iridium (existing constelation)

satellites.

In one or more embodiments, the satellite anchored to the accurate timing source (i.c. the timing
sateilite} and/or paived satelhite (L.e. the nou-tuvung satellite} may be used to trapsmit a
positioning, navigation, and timing (PN&T) message to a user on the ground with an enabled

receiver so that they can mamtain accurate time or use it as a ranging signal,

Iu at least one embodiment, the satellite crosshinks may span across multiple constellations with

different missions.

In one or more embodiments, the satellite crosshinks may span over at least two sets (1.e. such as
two blocks of satellites with simar missions such as Iidivmn and Iridium Next Generation

satellites) of sateliites with similar if not the same missions.

In at least onc cmbodiment, at least one satellite may solve for position and time using GPS
satellites. In some embodiments, at least one satellite may solve for position and time using a

combination of GPS and Iridium satellites.

In one or more embodiments, the disclosed system involves at least one LEO satellite with an
accurate timing source {L.e. a timing satellite), at least one LEQ satellite capable of crosslinking
with previous said LEO satellite to recetve accurate timing data (1.¢. a non-timing satellite), and
at least one ground reference station to relate the accurate time reference to the LEQ satellites’

time reference.

In at least one embodiment, the disclosed system involves a constellation of LEQ satellites where
a subset of the LEO satellites are enabled with an accurate timing source {(e.g., a GPS receiver)
{(t.c. timing satcllites) and where the rest of the satellites (i.e. non-timing satellites) in the
constellation are capable of crosslinking with the previous satellites (1.e. the timng satellites) in
such a way that all of the satellites within the constellation are capable of receiving accurate
tining data, The system further 1ovolves at least one ground reference station to relate the

accurate time reference to the LEQ satellites time reference.

In one or more embodiments, the disclosed systemn fnvolves at least one LEO sateliite with an
accurate timing source {(i.c. Uimuing satellite), and at least one LEO satellite (i.e. von-timing
sateilite} capable of crosslinking with previous said LEO satellite (i.c. timing satellite} to recetve
accurate timing data. The systern further involves at east one ground reference station to relate
the accurate time reference to the LEC satellites time reference and an enabled user recetver

device.
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In at least one embodiment, satellite operators may use crosshinked measureruents for satellite
operations, such as to estimate frequency drift of the satellites oscillators and, with the satellite’s
time bias and bias rate terms, calculate the commands to adjust the satellite’s time and frequency

to within allowable bounds.

In one or more emibodiments, to make the most advautage of the precisely timed time of arrival
(TOA) measurements, the invention makes precise TOA and Doppler measurements with ground
reference stations to optimally estimate the radial component of the orbit, which can be used for

orbit determination.

The features, functions, and advantages can be achieved independently 1n various emabodiments

of the present inventions or may be combined in yet other embodiments.

DRAWINGS

These and other features, aspects, and advantages of the present disclosure will become better
undersiood with regard to the following descuiption, appended claims, and accompanying

drawings where:

FIG. 1 depicts a schematic diagram of an example constellation of satellites that may be
eraployed by the disclosed system for advanced timing and fime transfer for satellie
consteliations using crosslink ranging and an accurate time source, in accordance with at least

one erubodiment of the present disclosure.

FIG. 2 13 a schematic diagram of the disclosed syster for advanced timing and time trausfer for
sateilite constellations using crosslink ranging and an accurate time source, in accordance with at

least one embodiment of the preseut disclosure,

FIG. 3 1s a flow diagram for the disclosed method for advanced timing and time transfer for
sateilite constellations using crosslink ranging and an accurate time source, in accordance with at

least one embodiment of the present disclosure,

FIG. 4 is a flow diagram for a detailed method for time synchronization using crosslink ranging
and a ground station clock reference, in accordance with at least one ernbodiment of the present
disclosure.

FIG. 5 is a flow diagram for a detailed method for time synchronization using crosslink ranging
and at least one Iridium satellite cquipped with a GPS receiver, in accordance with at least one

embodiment of the present disclosure.
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FIG. 6 1s a flow diagram for a detailed method for tirne synchronization and orbit determination
using crosslink ranging and ground time of arrival (TOA) measurements to estimate the ridium

consteliation cphomeris, in accordance with at least onc cmbodiment of the present disclosure,

FIG. 7 18 a graph depicting the accuracy achievable with crosslink ranging, in accordance with at

least one embodiment of the present disclosure.

DESCRIPTION
The methods and apparatus disclosed herein provide an operative system for advanced timing
and time transter for satellite constellations. In particular, the system relates to advanced timing

and time transfer for satellite constellations using crosslink ranging and an accurate time source.

This present disclosure relates generally to systems for providing tmproved positioning,
navigation, and timing information for oscillator calibration and more specifically, 1o using at
least one satellite with accessibility to an accurate time source to calibrate the local oscillator on
a crosshink paired satellite.  In at least one embodiment, precision time on a subset of sateliies
with crosslinking capabilities 1s used to distribute time through a network of crosslinked

satellites,

The disclosed system and method have at least five main features, The first main feature relates
to estimating time from a paired satellite through a crosslink. This particular feature is based on
a method for estimating precise time on satellite within a satellite constellation without ground-
based tracking. A crosslink networked set of satellites may make accurate time of arrival (TOA)
measurements o thetr immediately adjacent networked pairs (i.e. relative to their own space
vehicle {8V} oscillator and knowledge of time). A benefit of this is that it allows networked
satcilite pawrs to leverage the benefits of the other satellite, potentially without the high cost
associated with equipping all satellites similarly. In at least one embodiment of this invention,
the crosslink ranging may be compieted as part of the “normal” crosslink communication
protocol. In one ewbodiment, 1 order to be wore cost effective, some of the satellites may be
cquipped with GPS receivers that can determine GPS time and frequency very accurately, and
the GPS timne and frequency are used to calibrate the equipped satellie’s oscillator, Tu this way,
the GPS equipped satellites provide an anchoring of all the measurements to GPS time. All the
crosslink measurements may be collocted and filtered to cstimate the bias and bias rate of each
SY time with respect to GPS time. These bias and bias rate terms may be used by receivers on
the ground to correct any SV time to GPS time. It should be noted that mstead of utihizing GPS
signale for syuchronization, the disclosed systewn and method may employ various different
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means to provide synchronization including, but not limited to, at least one global navigation
satellite system (GLONASK) signal, at least one Galileo satellite signal, at least one BeiDou
MNavigation System signal, and/or an atomic clock. In addition, it should be noted that the
disclosed systeny and method may be used with various types of satellite constellations, such as a

LEQO, a GEO, and/or a MEO satellite constellation.

The second main feature of the disclosed system and moethod relates o secondary applications
for the crosshink measurements. For this feature, the same set of crosslink measurements may be
used by the constellation operators for required satellite operations, such as to estimate frequency
drift of the sateilite oscillators and, with the satellite time bias and bias rate terms, to calculate

the commands to adjust the satellite time and frequency to within allowable bounds.

The third main feature of the present disclosure relates to on-orbit bias processing to mininize
ground infrastructure requirements. For this feature, the processing of the TOA measurements to
estimate satellite time bias and bias rate may be performed in a distributed manner among the
crosshinked networked satellites to minimize or all together eliminate the need for ground
processing and, thus, make the estimated terms available without ground contact.

The fourth main feature of the disclosed systermn and method relates to paired satellites that
feverage benefits from a GPS anchored satellite.  This main feature is similar to the GPS-
anchored satellite using its GPS-based time and {requency mformation to synchronize the local
oscillator, For this feature, the remaining satellites may syuchronize their oscillators by the time

and frequency information estimated in this process.

The fifth main feature of the disclosed system and method relates to orbit determunation. For this
feature, the crosslink TOA measurements and the sparse anchoring with GPS equipped satellites
are used to perform orbit determination. The crosslink TOA measurements are processed to
assure a common tirae base for all wueasurements. The crosslink roeasurements are inseusitive to
clatively small changes in satellite altitude since the lines of sight for the measurements are
vearly perpendicular to the nadiv angle altitude, To make the most advantage of the precisely
timed TOA measurements, the invention makes precise TOA and Doppler measurements with
ground reference stations to optimally estimate the radial component of the orbit.

In the following description, nurserous details are set forth 1o order to provide a more thorough
description of the system. [t will be apparent, however, to one skilled in the art, that the
disclosed systern may be practiced without these specific details. In the other nstances, well

known features have not been described in detail so as not to unnecessarily gbscure the system,
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Systems and methods according to one or more embodiments are provided for improving
satellite-based position, navigation, and timing (PN&T) through the utilization of crosslinking
and an accurate time source to provide accurate timing information to calibrate the local
oscillator on a paired satellite. In at least one embodiment, the paired satellite may use this to
conduct typical on-orbit operations as part of a crosslinking protocol. In at least one
embodiment, more than one crosshink can be used to distribute time across 1o at least two paired
sateilites {e.g., one satellite sends information to two satellites one forward and one aft in the
same plane). In at least one embodiment, precision tirwe on a subset of satellites with
crosslinking capabilities is used to distribute time through a network of crosslinked satellites. In
at least one embodiment, this process can be used to distribute tirme across a whole constellation.
in at least one embodiment, the disclosed methods can further be used to determunate absolute or

relative locations of points by measurcrnent of distances for orbit deterroination.

In some embodiments, the patred satelite will be used to transmit a PN&T miessage (i.e. accurate
sateilite position and timing information} to a user on the ground so that they can improve time
accuracy or use the satellite sigmal as a ranging signal.  In at lcast onc cmbodiment,
communication signals from at least one LEO satellite have been adapted to provide time and
frequency to cnabled receivers on the ground through the use of satellite crosslinks and an
accurate timing source. In at least one embodiment, at least one LEO satellite is an Iridium

satellite (i.e. from the cxusting Iridium constellation) and/or an fridium Next Generation satellite.

In at least one embodiment, the accurate timing source includes at feast one GPS receiver being
installed on a subset of the LEQO satellites with crosslivk capability within a satellite
consteliation. In at least one ecmbodiment, crosslinks may span between at least two different

sateilite configurations with reasounable crosslink compatibility.

In at least one embodiment, GPS receivers are installed on a subset of satelites within the LEQC
constellation, and are used to maintain more accurate ime on those satellites without a sinular
installed timing source, such as a GPS receiver, through the passing of timing information over

the satellites’ associated crosshinks.

In related imventions, it has been shown that communication signals frorn a LEO satellite can be
adapted to provide time and frequency to enabled receivers on or near the ground that are within
the footprint of the satellite. A critical part of this process is to have knowledge of the satelliie’s
time relative to some standard at the time of signal transmission. A convenient time standard is
GPS time, however, estimating the time of each satellite could require an extensive network of

monitoring stations on the ground, depending oun the performance of the reference oscillator on
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the satellite. Integrating GPS receivers onto LEQ satellites provides the best means of
determining position, velocity, and time aboard the satellite.  As the orbit is sufficiently low,
availability and accuracy of GPS position and timing information arc roughly comparable to the
case in which a GPS receiver is on the surface of the Farth. However, the drawback for a
consteliation of sateliites is that instailing such a receiver on each satellite can be very costly and,
thus, may inhibit implementation, which is why for the exemplary embodiment only a subset of
the constellation inchades this costly hardware in order to maximize performance and minimize
cost of the architecture. As noted previously, the crosslinked satellites also add another
advantage as they allow the system to operate with less ground monitoring stations as

measurements can be passed through the crosshinks.

For a constellation of satellites, such as Indivm, with bi-directional crosslink conumunication
capability, accurate TOA measurements may be used to estimate satellite time relative to cach
other. TOA measurements will allow a relation between how the local satellite’s oscillator is
operating in terms of frequency error as a function of time or rather a bias of time relative to
(GPS.  In at least one embodiment, TOA measurcrnents from the ground may be used to define

the relationship between their relative time to GPS time for a plane of satelittes.

FIG. 1 depicts a schematic diagram 100 of an example consteliation of satellites that may be
eraployed by the disclosed system for advanced timing and fime transfer for satellie
consteliations using crosslink ranging and an accurate time source, in accordance with at least
one embodiment of the present disclosure, In this figure, five satellites 110, 120, 130, 140, and
158 are shown to be orbiting the Earth 160, Satellites 110, 120, 140, and 150 are Iridium LEO
satellites, and satellite 130 is a LEO Iridium Next Generation satellite.  One (satelite 130) of
these five satelittes is equipped with a GPS receiver to recetve GPS signals frora a GPS sateliue
{not shown}. As such, this satellite 130 is reforred to as a timing satellite. The remaining four
(satellites 110, 120, 140, and 150) of the five satellites are not equipped with GPS receivers and,
thus, they are referred to as non-timing satellites. The five satellites transmit and receive
crosshink siguals to their nearby satellites n the constellation. For example, sateliite 130 1s

shown to be transmitting and recetving crossiink signals from satellites 110, 120, and 140,

FIG. 2 is a schematic diagram 200 of the disclosed system for advanced timing and time transfer
for satelitte constellations using crosshink ranging aund an accurate time source, in accordance
with at least one embodiment of the present disclosure. In this figure, at least one GPS satellite
210 1s shown to be transmutting a GPS signal 215 to a first Inidium satellite (Sat 1) 220, The
GPS signal 215 contains accurate time information and, optionally, ephemeris data. Sat 1 220,
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which is a LEQ Indium Next Generation satellite, 1s cquipped with a GPS receiver and, thus, is
capable of receiving the GPS signal 215, Sat 1 220 passes the GPS timing information it
reccives from the GPS signal 215 to the operations center 250 and, optionally i some
embodiments, disciplines its onboard oscillator to the GPS timing. Since Sat 1 220 ts able to
receive accurate time information, Sat 1 220 is referred to as a “timing satellite”. It should be
voted that ju other cmbodimenis, a timing satellite may be able lo obtain accurate time

information through means other than by a GPS signal, such as by an atomic clock.

Sat 1 220 1s also shown to be transmitting a first K-band crosshink ranging signal 225 to another
Iridium satellite (Sat 2} 230, The first K-bank crosslink ranging signal 225 countains accurate
time information. Unlike Sat | 220, Sat 2 230, which 1s a LEO Iridium satellite, 1S not equipped
with a GPS recetver and doces not have accurate time information. As such, Sat 2 230 1s referred
to as a “non-timing satellite”. After Sat 2 230 receives the K-bank crosslink ranging signal 225,
Sat 2 230 sends a second K-bank crosslink ranging signal 226 to Sat 1 220. Ounce Sat 1 220
receives the second K-band crosslink ranging signal 226 from Sat 2 230, Sat 1 220 sends a
ranging K-band crosslink signal 227 to Sat 2 230. The ranging K-band crosslink signal 227
contains crosslink ranging data {¢.g., the amount of time elapsed from the transmitting of the first
K-band crosslink signal 225 to the receiving of the first K-band crosshink signal 225, and the
amount of time elapsed from the transmitting of the second K-band crosslink ranging signal 226
to the receiving of the second K-band crosslink signal 226) as well as accurate time information
obtained by Sat 1 220 from the GPS signal 215, Sat 2 230 then transmuts a signal 235, wirelessly
and optionally by wire, to a ground operations center 250 via an Earth-based feeder link 240.

The signal 235 coutains the crosshink ranging data and the accurate tiroe information.

Ouce the operations center 250 receives the signal 235, at least one processor at the operations
center 250 calculates a crosslink ranging measurement from Sat 1 220 to Sat 2 230 by using the
amount of time elapsed from the transtmiting of the first K-baund crosslink signal 225 to the
receiving of the first K-band crosslink signal 225 and/or by using the amount of time elapsed
from the transmitiing of the second K-band crosshink rangiong signal 226 to the receiving of the
second K-band crosslink signal 226. In addition, at least one processor at the operations center
250 calculates an estimate of time and freguency for Sat 1 220 and Sat 2 230 relative to cach
other and to GPS time (i.c. accurate time} to synchronize the time and the frequency for Sat |
and Sat 2 by using the crosshink ranging measurement and the accurate time information, which

was obtained by Sat 1 220 from the GPS signal 215,

12



WO 2013/036328 PCT/US2012/048973

In some embodiments, Sat 1 220 optionally seunds a first L-band positioning signal 255 to a
ground refersuce station 260. After the reference station 260 receives the first L-band
positioning signal 255, the reference station 260 sends a second L-band posttioning sigonal 256 to
Sat 1228, Once Sat 1 220 receives the second L-band positioning signal 256 from the reference
station 260, Sat 1 220 sends a ranging L-band positioning signal 257 to the reference station 260.
The ranging [-band positioning signal 237 contains radial ranging data {e.g., the amount of time
elapsed from the transmitting of the first L-band positioning signal 255 to the receiving of the
first L-band positioning signal 255, and the amount of time clapsed from the transmutiing of the
second L-band positioning signal 256 to the receiving of the second L-band positioning signal
256); accurate time information and ephemerns data obtained by Sat 1 220 {rom the GPS signal
215; and optionally crosshink ranging data (e.g., the amount of time elapsed from the transmitting
of the first K-band crosshink signal 225 to the receiving of the {irst K-band crosslink signal 225,
and the amount of time elapsed from the transmitting of the second K-band crosslink ranging
signal 226 to the receiving of the second K-band crosstink signal 226). Then, the reference
station 260 transroils a sigonal 265, either wirelessly and/or by wire, to the ground operations
center 250. The signal 265 contains the radial ranging data, the accurate time information, the

ephemeris data, and optionally the crosslink ranging data.

Ounce the operations center 250 receives the signal 265, at least one processor at the operations
center 250 calculates a radial ranging measurement from Sat | 220 to the reference station 260
by using the amount of time clapsed from the transroitting of the first L-band positioning signal
255 to the receiving of the first L-band positioning signal 255, and/or the amount of time elapsed
from the transmitting of the second L-band positioning signal 256 to the receiving of the second
L-band positioning signal 256.  Also, at least one processor at the operations center 250
calculates an cstimate of orbital positioning for Sat 1 220 and/or Sat 2 230 by using the crosslink
ranging measurement, the accurate time information, the ephemeris data, and the radial ranging

measurement,

It should be noted that in alternative embodiments, the crosslink ranging may be only
unidirectional ranging instead of bidirectional ranging as 18 shown in FIG. 2. Also in other
cembodiments, the radial ranging may be umdirectional ranging (cither uplink ranging or
downlink ranging) instead of bidirectional ranging as is shown in FIG. 2. Also, it should be
noted that in some cmbodiments, for both the unidirectional ranging and bidirectional ranging
scenarios, the satellite sending the first crosslink ranging signal 1s a timing satellite and the

satellite recetving the first crosslink ranging signal is a non-timing satellite, as is the case in FIG.
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2. In other embodiments, for both the unidirectional ranging and bidirectional ranging scenarios,
the satellite sending the first crosslink ranging signal is a non-timing satellite and the satellite
receiving the first crosslink ranging sigoal 1s a timing satellite.  Additionally, it should be noted
that for the disclosed system and method there may be various other different combinations of
which of the satellites in the constellation are timing satellites and which are non-timing

satellites,

in addition, it should be noted that in some embodiments, at least one processor for performing
the calculations is located oun a satellite as opposed to located at a ground station (i.e. a torrestrial
location}, such as the ground operations center 250. As such, it follows that the data needed by
at least one processor to perform the calculations may be transmitted to at least one processor by
various different routes, which may be wireless and/or wired. Also, it should be noted that the
crosslink signals and the radial positioning signals may be other frequencies other than K-band
and L-band. lo addition, in one or more eraboditoents, the disclosed system and method do vot
cemploy a feeder link to pass the signals. In at least one embodiment, the disclosed system and
method employ more than one foeder link to pass the signals, Additionally, it should be noted
that in other embodiments, the timing satellite may receive its timing information from at least
one global navigation satelitte systern (GLONASS) signal, at least one Galileo satellite signal, at
least one BeilDou Navigation System signal, and/or an atomic clock. For these cases, the timing
sateilite would be equipped with a GLONASS receiver, a Galileo receiver, and/or a BeiDou
receiver in order to receive GLONASS signals, Galileo satellite signals, and/or BeiDou signals,
respectively. In addition, it should be noted that in some embodiments, the timing information is
not an accurate time, and the timing satellite may sumply obtain timing information from its own

internal oscillator,

FIG. 3 is a flow diagram for the disclosed method 300 for advanced timing and time transter for
satellite coustellations using crosslink ranging and an accurate time source, i accordance with at
least one embodiment of the present disclosure. At the start 310 of the method 300, at least one
first satellite trapsmits at least one crossiink ranging signal to at least one second satellite 320, Iu
one or more embodiments, at least one first satellite and/or at least one second satellite is a
timing satelite with a synchronization tiroe {e.g., GPS time), The second satellite(s) receives the

crosslink ranging signal{s) from the first satellite(s) 330.

After the second satellite(s) receives the crosslink ranging signal(s), at least one processor
calculates at least one ranging measurement from the first satellite(s) to the second satellite(s) by
using an amount of time elapsed from the transmitting of the crosslink ranging signal(s} to the
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receiving of the crosslink ranging signal(s) 340. Then, at lcast onc processor calculates an
estimate of time and frequency for the first satellite{s) and the second satellite(s} relative to each
other and to the synchronization time to synchronize the fime and the frequency for the first
sateilite(s) and/or the second satellite(s} by using at least one ranging measurement and a
synchronization time 350. After at least one processor calculates an estimate of time and

frequency, the method ends 360,

FIG. 4 1s a flow diagram for a detailed method 400 for time synchronization using crosslink
ranging and a ground station clock reference, in accordance with at least one embodimnent of the
present disclosure. At the start 410 of this method 400, ground control adjusts the space vehicle
(8V) {e.g., Iridium satellite) time and frequency to approximately GPS time and minimum drift
420, During this step (step 420}, ground conirol estimates the SV time, frequency, and orbit on
each ground station (e.g., telemetry, tracking, and control/command (TTAC) Earth Station) pass.
The ground station then uses this data to create commands to adjust the SV time and frequency,
at certain or various time intervals {(e.g., it generates commands approximately every 12 hours).
Then, the SV adjusts s data clock (e, the time) and s master frequency oscillator as
commanded by the commands. The data clock is adjusted over multiple L-band frames so as not

{0 mierfere with other services,

After cach of the 8V's time and frequency are adjusted, all of the SVs compute the time of
arrival (TOA) of the K-band crosslink message bursts on all of the active crosslinks 430, The
TOA 1s based on the adjustroent made by the SV crosslink receiver data clock to maintain data

synchronization.

After all of the SV's compute the TOAs, all of the 8Vs send their crosslink TOA measurements to
the ground for processing 440. The TOA measurements can be the raw mecasurcments or
represented by a curve fit. After all of the SVs send the crosslink TOA measurements to the
ground, the ground receiver that is tracking the Iridium SV makes TOA and Doppler
measurements with respect to GPS time 450, For this step {step 450}, the ground receiver has a
comruon frequency standard that is driving both the GPS receiver and the Iridium recciver, The

TOA and Doppler measurements are related to GPS time.

After the ground receiver makes the measurements, ground processing estimates the clock bias
and clock drift relative to GPS time for all SVs 460, The updated rate is based on the rate of the
TOA for which the SV crosslink fits to the quadratic. Centralized processing uses the Inidium
ephemeris data to calculate time of flight values for all inter-SV and SV-ground contacts for

which there 1s TOA data. Then, centralized processing removes the time of fhght values from
15
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measurements. Centralized processing then estimates clock bias and drift of SV relative to cach

other, anchoring it to GPS time when ground receiver tracking data is available.

After ground processing makes the estimations, the clock bias and drift estimates are used to
create Indium SV clock correction terms 470, After the correction terms are created, the method

400 ends 480.

FIG. 5 is a flow diagram for a detailed method 500 for time synchronization using crosslink
rangiog and at least one Iridium satellite equipped with a GPS receiver, 1u accordance with at
least one embodiment of the present disclosure. At the start 510 of this method 500, ground
control adjusts the space velicle (SV) (e.g, Iridium satellite} time and frequency to
approximately GPS time and mimmum drift 528, During this step {step 528}, ground control
estimates the SV time, frequency, and orbit on each ground station {¢.g., TTAC Earth Station)
pass. The ground station then uses this data to create commands to adjust the SV time and
frequency, at certain or various time intervals (e.g., it generates commands approximately every
12 hours). Then, the SV adjusts its data clock (i.e. the time) and its master frequency oscillator
as commanded the by commands. The data clock is adjusted over multiple E-band frames so as

not to wnterfere with other services.

After cach of the SV's time and frequency is adjusted, the SVs equipped with GPS recetvers,
which are driven by the SV frequency oscillator, cach determine their position, velocity, and
time {PVT), and calculate their oscillator clock bias and dnfl with respect to GPS time S30.
Then, all of the SVs compute the time of arrival (TOA} of the K-band crosslink message bursts
on all of the active crosslinks 540, The TOA is based on the adjustment made by the SV

crosslink recetver data clock to maintain data synchronization.

After all of the SV's compute the TOAs, all of the 8Vs send their crosslink TOA measurements to
the ground for processing S50, The TOA measurements can be the raw rucasurements or
cpresented by a curve fit. The SVs equipped with GPS receivers send their calculated clock bias

and drift to the ground for processing.

After all of the SVs send ther TOA measurements to the ground for processing, ground
processing estimates the clock bias and clock drift relative to GPS time for all SV’s 560,
Centrahized processing uses the Iridium ephereris data to calenlate time of flight values for all
inter-SV and SV-ground contacts for which there is TOA data. Then, centralized processing

removes the time of flight values from measurements. Centralized processing then estimates
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clock bias and drift of SVs relative to cach other, anchoring it to GPS time using the SV’s GPS-

based oscillator clock bias and drive measurements,

After ground processing makes the estimations, the clock bias and drift estimates are used to
create Indium SV clock correction terms 570, After the correction terms are created, the method

500 ends 580,

FIG. ¢ is a flow diagram for a detailed method 600 for time synchronization and orbit
determination using crosslink ranging and ground tivoe of arrival (TOA) measurements to
estimate the Iridium consteilation ephemeris, in accordance with at least one embodiment of the
present disclosure. At the start 610 of this method 600, ground control adjusts the space vehicle
(SV) {e.g., Iridium satellite} time and frequency to approximately GPS time and minimum drift
620. During this step (step 620}, ground control estimates the SV time, frequency, and orbit on
each ground station {e.g., TTAC Earth Station) pass. The ground station then uses this data to
create commands to adjust the SV time and frequency, at certain or various fime fntervals {(e.g,, it
generates commands approximately every 12 hours). Then, the SV adjusts its data clock (i.e. the
time) and its master frequency oscillator as commanded the by commands. The data clock is

adjusted over multiple L-band frames so as not to mterfere with other services.

After cach of the SV's time and frequency is adjusted, the SVs equipped with GPS recetvers,
which are driven by the SV frequency oscillator, cach determine their position, velocity, and
time {PVT), and calculate their oscillator clock bias and dnfl with respect to GPS time 630,
Then, all of the SVs compute the time of arrival (TOA} of the K-band crosslink message bursts
on all of the active crosslinks 640, The TOA is based on the adjustment made by the SV

crosslink recetver data clock to maintain data synchronization.

After all of the SV's compute the TOAs, all of the 8Vs send their crosslink TOA measurements to
the ground for processing 650, The TOA measurements can be the raw rucasurements or
cpresented by a curve fit. The SVs equipped with GPS receivers send their calculated clock bias

and drift to the ground for processing.

After all of the SVs send the crosslink TOA measurements to the ground, the ground recetver
that 1s tracking the Iridivm SV makes TOA and Doppler measurements with respect to GPS time
660, For this step (step 660}, the ground receiver has a common frequency standard that 1s
driving both the GPS receiver and the Iridium receiver, The TOA and Doppler measurements are

related to GPS time,
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After the ground receiver makes the measurements, ground processing estimates the clock bias
and clock drift relative to GPS time for all 8Vs 670. Centralized processing uses the Iridium
ephemerts data to calculate time of tlight values for all mnter-SV and SV-ground contacts for
which there is TOA data. Then, centralized processing removes the time of fhight values from
measurements. Centralized processing then estimates clock bias and drift of SVs relative to each
other, anchoring it to GPS time using the Indiam SV GPS-based oscillator clock buas and dnft

measurements.

After ground processing makes the estimations, ground processing updates the Inidium SV orbit
estimations using the crosslink and downlink (i.e. radial} TOA measurements 680. Then, the
Iridium SV clock bias and drift estimates are used to create Iridium SV clock correction terms
6385, After the correction terms are created, the Iridium SV orbit estimates are used 1o create SV

ephemeris 690, After SV ephemeris are created, the method 600 ends 695.

FIG. 7 15 a graph depicting the accuracy achievable with crosslink ranging, in accordance with at
least one embodiment of the present disclosure. The graph shows the range error (vertical scale,
in meters {m)) as a function of time (horizontal scale, scconds (s}). This accuracy provides
single crosshink tuning accuracies of ~ 20 vanoseconds and range accuracies of ~ 6 meters. The
entire network of Iridium satellites is expected to have timing errors of less than 40 nanoscconds
and range errors of less than 12 meters. Redundant measurements can be employed to further

reduce these errors,

Although certain illustrative embodiments and methods have been disclosed herein, it can be
apparent from the foregomg disclosure to those skilled i the art that variations and
modifications of such embodiments and methods can be made without departing from the true
spirit and scope of the art disclosed. Many other examples of the art disclosed exist, each
differing from others in matters of detail only. Accordingly, it is intended that the art disclosed
shall be limited only to the extent required by the appended clatms and the rules and principles of

applicable law.
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WE CLAIM:

1. A method for timing for a satellite constellation, the method comprising:
transmitting, by at least one first satellite, at least one crosshink ranging signal to

at least one sccond satellite, wherein at least one of the at least one first satellite and the at least

one second satellite is a tivning satellite with a syochronization time;
receiving, by the at least one second satellite, the at least one crosslink ranging signal;

calculating at least one ranging measurement from the at least one first satellite to the at
least one second satellite by using an amount of time clapsed from the transmitting of the at least

one crosslink ranging signal to the receiving of the at least one crosshink ranging signal; and

calculating an estimate of time and frequency for the at least one first satellite and the at
least one second satellite relative to each other and to the synchronization time to synchronize
the tirme and the frequency for at least one of the at lcast one first satellite and the at least one
sccond satellite by using at least one of the at least one ranging measurement and the

synchronization time from the at least one timing satellite.

2. The method of claim 1, wherein the at least one first satellite is a timing

sateilite with the synchronization time, and the at lcast one second sateilite is a non-timing

sateilite without the synchronization time,

3. The method of claim 1, wherein the synchronization time 1s an accurate time.

4. The method of claim 3, wherein the at least one tinung satellite obtains the
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synchronization time via at least one of at least one global positioning system (GPS) signal, at
feast one global navigation satellite system (GLONASS) signal, at least one Galileo satellite

signal, at least one BeiDou Navigation Systern signal, and an atomie clock.

5. The method of claim 1, wherein the synchronization time is not an accurate

time.

6. The method of claim 1, wherein the at least one second satellite 1s a timing

sateilite with the synchronization time, and the at least one first satellite is a non-timing satellite

without the synchronization time.

7. The method of ¢laim I, wherein the method further comprises gencerating at

least one correction signal for synchronizing the time and the frequency for at least one of the at

least one first satelhite and the at least one second satellite; and

transmitiing the at least oue correction signal to at least one of the at least one first

satellite and the at least one second satellite,

8. The method of claim 1, wherein the at least one first sateliite and the at lcast

onec second satellite are at least one of a Lower Harth Orbiting (LEO) sateliite, a Medium Earth

Orbiting (MEO) satellite, and a Geosynchronous Earth Orbiting (GEO) satelluie.

9. The method of ¢laim 1, wherein the method further comprises;
transmitting, by the at least one timing satellite, at least one positioning signal to

at least one reference station;
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recetving, by the at least one reference station, the at least one positioning signal;
calculating at least one positioning ranging measurement from the at least one

timing satellite to the at least one reference station by using an amount of time elapsed from the
transmitting of the at least one positioning signal to the receiving of the at least one positioning

signal; and

calculating an ostimate of orbital positioning for at least one of the at least one first
sateilite and the at least ove second satellite by using at least one of the at least one ranging
measurement, the synchronization time, positioning data from the at least one timing satellite,

and the at least one positioning ranging measarement,

10, The method of claim 9, wherein the at least one timing satellite obtains the

positioning data via at least one of at least one global positioning system (GPS) signal, at least
one global navigation satellite system (GLONASS}) signal, at least one Beilou Navigation

System signal, and at lcast one Galileo satellue signal,

11. The method of claim 1, wherein the method further comprises:

transmitting, by at least one reference station, at least one positioning signal to
the at least one timing satellite;

receiving, by the at least one timing satellite, the at least one positioning signal;

calculating at least one positioning ranging measurement from the at least one

reference station to the at least one timing satellite by using an amount of time elapsed from the
transmitting of the at least one positioning signal to the receiving of the at least one positioning

signal; and

calculating an estimate of orbital positioning for at least one of the at least one first

sateilite and the at least one second satellite by using at least one of the at least one ranging
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measurcment, the synchronization time, posttioning data from the at least one timing satelliie,

and the at least one positioning ranging measurement.

12. The method of claim 11, wherein the at least one timing satellite obtains the

positioning data via at least one of at least oue global positioning system (GPS) signal, at least
one global navigation satellite system (GLONASS) signal, at icast onc BeiDou Navigation

Svstem signal, and at least one Galileo satellite signal,

13. A method for timing for a satellite constellation, the method comprising:
transmitiing, by at least one first satellite, at least one first crosshink ranging

signal to at least one second satellite, wherein at least one of the at lcast one first satelliie and the

at least one second satellite is a timing satellite with a synchronization time;

receiving, by the at least one second satellite, the at least one first crosslink ranging

signal;

transmitting, by the at least one second satellite, at least one second crosslink ranging
signal to the at least one first satellite;
recetving, by the at least one first satellue, the at least one second crosshink ranging

signal;

calculating at least one first ranging measurement from the at least one first satellite to
the at least one second satellite by using an amount of time clapsed from the transmitting of the
at least one first crosslink ranging signal to the receiving of the at least one first crosslink ranging

signal;

calculating at least one second ranging measurement from the at least one second satellite
to the at least one first satellite by using an amount of time elapsed from the transmitting of the at
least one second crosslink ranging signal to the receiving of the at least one second crosslink

ranging signal; and
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calculating an estimate of time and frequeney for the at least one first satellite and the at
feast one second sateilite relative to each other and to the synchronization time o synchronize
the time and the frequency for at least one of the at least one first satellite and the at least one
second satellite by using at least one of the at least one first ranging measurement, the at least
onc second ranging measurement, and the synchronization time from the at least one timing

satellite.

14, A system for timing for a satellite constellation, the system comprising:

at least one fivst satellite configured to transmit at least one crosshink ranging sigoal to at

least one second satellite:

the at least one second satelltte configured to receive the at least one crosslink ranging

signal,

wherein al lcast one of the at icast one first satellile and the at least one second satellife 1s

a timing satellite with a synchronization time;

at least one processor configured to calculate at least one ranging measureroent from the
at least one first satellite to the at least one second satellite by using an amount of time clapsed
from the transmitting of the at least one crosslink ranging signal to the receiving of the at least

one crosslink ranging signal; and

the at least one processor further configured to calculate an estimate of time and
frequency for the at least one first satellite and the at lcast one second satclite relative to each
other and to the synchronization time to synchronize the time and the frequency for at least one
of the at least onc first satellite and the at least one sccond satellite by using at least one of the at
feast one ranging measurement and the synchronization time from the at least one timing

satellite,

15. The system of claim 14, wherein the at least one first satellite is a timing

sateilite with the synchronization time, and the at lcast one second sateilite is a non-timing
sateilite without the synchronization time,
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16, The system of claim 14, wherein the synchronization time 18 an accurate time.

i

~~3

. The system of claim 16, wherein the at least one timing satellite obtains the

synchronization time via at least one of at least one global positioning system (GPS) signal, at
least one global vavigation satellite system (GLONASS) signal, at least one Galileo satellite

signal, at least one BeiDou Navigation System signal, and an atomic clock.

18. The system of claim 14, wherein the synchronization time is not an accurate

{ime.

19. The system of claim 14, wherein the at least one second satellite is a timing

satellite with the synchronization time, and the at least one first sateliite is a non-timing satellite

without the synchronization time.

26, The system of claim 14, wherein the at least one processor 18 further

configured to generate at least one correction signal for synchronizing the time and the frequency

for at least one of the ai least one {irst satellite and the at least one second satellite,

21, The system of claim 20, wherein the system further comprises at least one

transmitter that is configured to transnut the at least one correction signal to at least one of the at

least one first satellite and the at least one second satellite,

24



WO 2013/036328 PCT/US2012/048973
22, The system of claim 14, wherein the at least one first satellite and the at least

one second satellite are at least one of a Lower Harth Orbiting (LEO) satellite, a Medium Earth

Orbiting (MEOQ) satellite, and a Geosynchronous Earth Orbiting (GEQO} satellite.

23, The system of claim 14, wherein the at least one timing satellite is further
configured to transrait at least one positioning signal to at least one reference station;

the at least one refercuce station 1s configured to receive the at least one
positioming sigoal; and

the at least one processor s further configured to calculate at least one

positioning ranging measurement from the at lcast one timing satellite to the at least onc
reference station by using an amount of time elapsed from the transmitting of the at least one
positioning signal to the receiving of the at lcast one positioning signal, and to calculate an
estimate of orbital positioning for at least one of the at least one first sateliite and the at least one
sccond satelite by using at least one of the at least one ranging measurement, the
synchromzation time, positioning data from the at least one timing satellite, and the at least one

positioning ranging measurement,

24. The system of claim 23, wherein the at least one timing sateliite obtains the

9

positioning data via at least one of at least one global positioning system (GPS} signal, at least
one global navigation satellite system (GLONASS) signal, at lcast onc BeiDou Navigation

Systens signal, and at least one Galileo sateliite signal.

25. The system of claim 14, wherein the system further comprises:
at least one reference station configured to transmit at least one positioning

signal to the at least one tuming satellite;
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the at least one timing satellite 18 further configured to recetve the at least one positioning

inquiry signal; and
the at least one processor is further configured to calculate at feast one

positioning ranging measurcment from the at least one reference station to the at least one timing
sateilite by using an amount of time clapsed from the transmitting of the at least one positioning
signal to the receiving of the at least one positioning sigoal, and to calculate an estimate of
orbital positioning for at least one of the at least one first satellite and the at least one second
satellite by using at least one of the at least one ranging reasurement, the synchromization time,
positioning data from the at least one timing satelite, and the at least one positioning ranging

measurement,

26. The systern of claim 25, wherein the at least one timing satelitic obtains the

positioning data via at least one of at least one global positioning system (GPS) signal, at least
one global navigation satellite system: (GLONASS) signal, at least one BeilDou Navigation

Svstem signal, and at least one Galileo satellite signal.

27. A system for timing for a satellite constellation, the system comprising:

at least one first satellite configured to transmit at least one first crosslink ranging signal

to at least one second satellite, and to receive at least one second crosshink ranging signal;

the at least one sccond satellite configured fo receive the at least one first crosslink

ranging signal, and to transmit the at least one second crosslink ranging signal,

wherein at least one of the at least one {ivst satellite and the at least one second satellite is

a tirmng satellite with a synchronization time;

at least one processor configured to calculate at least one first ranging measurement from
the at least one first satellite to the at least oue second satellite by using an amount of time
clapsed from the transmitting of the at least one first crosslink ranging signal to the receiving of

the at least one first crosshink ranging signal;

26



WO 2013/036328 PCT/US2012/048973

the at least one processor further configured to calculate at least one sccond ranging
measurement from the at least one second satellite to the at least one first satellite by using an
amount of time clapsed from the transmitiing of the at least one second crosslink ranging signal

to the receiving of the at least one second crosslink ranging signal; and

the at least one processor further configured to calculate an estimate of tiwe aund
trequency for the at least one first satellite and the at least one sccond satellite relative to each
other and 1o the synchromization time to synchronize the time and the frequency for at least one
of the at least one first satellite and the at least one second satellite by using at least one of the at
least one first ranging weasurement, the at least one second ranging measurement, and the

synchronization time fron: the at least one timing satellite.

27
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% 330
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ranging signal(s}

¥ {»“34{}

Calculating at feast one ranging measurement from the first
sateliitels) to the second satellite(s] by using an amount of Hime
elapsed from the transmitting of the crossiink ranging signalls)
fo the receiving of the crossiink ranging signals(s}

§ f.?;?{}

Calcidating an estimate of time and frequency for the first satellite(s}
and the second satellite(s) relative fo each other and to the
synchronization time to synchronize the time and the frequency
for the first satellite(s) and/or the second sateliite(s) by using
gt feast one ranging measurement and the synchronization time
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