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Description

Field

[0001] This disclosure relates to method and system for providing a satellite correction signal with a warm start.

Background

[0002] In certain prior art, service providers provide correction signals to end users for satellite navigation receivers
via wireless signals, such as satellite wireless signals on the satellite L-band. In a GNSS constellation, each satellite
clock may have a satellite clock bias or clock error that can be measured with reference to a GNSS system clock time,
among other alternatives. The correction data contains corresponding clock bias or clock solutions for each satellite
within view or reception range, at the mobile receiver of the end user. The satellite clock bias with a respective satellite
identifier is transmitted to end users or subscribers of the satellite correction signal. There is a latency between the phase
measurements of reference satellite receivers that are used to determine correction data and receipt of the correction
data at the mobile receiver of the end user. The timeliness, update rate and latency at which the satellite clock bias is
provided to the satellite navigation receivers of end users can impact the precision of position estimates of the satellite
navigation receivers. For example, the estimated reference orbital position of the satellite can be impacted by error in
the clock bias or clock solutions, which, in turn, can contribute to error or less precision in the position solutions of the
satellite receiver.
[0003] In the prior art, a satellite correction system estimator determines and distributes a correction signal to mobile
satellite receivers. From time to time, the determination and distribution of the correction signal can be interrupted
because of system maintenance, software upgrades, and hardware configuration update, such as updates to satellite
and receiver antenna information, International Earth Rotation and Reference Systems Service (IERS) Earth Orientation
Bulletin A, or reference station network coordinate. For example, IERS Earth Orientation Bulletin A contains information
on the Earth orientation parameters, pole coordinates, x, y; a time scale based on international standards, Universal
Time-Coordinated Universal Time (UT1-UTC); and associated errors and predictions. After the system maintenance,
software upgrades and hardware configuration updates are completed, satellite correction estimator is restarted.
[0004] In some prior art, the satellite correction estimator may use multiple reference stations and servers at each hub
or processing center. Accordingly, in certain prior art, the satellite correction estimator may not converge on solutions
for orbit data and clock data in the correction signal for a period of up more than five days, or even as long as fourteen
days after initialization of the satellite correction estimator.
[0005] Publication US 2017/269226 A1 discloses a method for providing a satellite correction signal comprising orbit
corrections, clock corrections and satellite bias values.
[0006] Thus, there is a need for a method and system for providing a satellite correction signal with a warm start to
reduce the convergence time for orbit data and clock data in the correction signal.

Summary

[0007] In accordance with the present invention, respective method and system, as set forth in the independent claims
are provided. Embodiments of the invention are claimed in the dependent claims. One or more reference satellite
receivers receive a series of raw satellite signal measurements. A data storage device is adapted to store the received
raw satellite signal measurements for a series of time windows prior to a current time (current GNSS measurement
time). Each one of the satellite signal measurements associated with a respective stored measurement time tag. During
a warm-start mode, an estimator estimates a satellite correction signal based on satellite orbit data, satellite clock data,
and satellite bias correction data derived from stored received raw satellite signal measurements. A data source selector
seamlessly switches a measurement data source from the stored received raw satellite signal measurements to live,
real-time raw satellite signal measurements if or when the respective measurement time tag of a last-processed one of
the stored received satellite signal measurements approaches or reaches the current time, where a difference between
the respective measurement time tag of the corresponding last-processed, stored received raw satellite measurement
and the current time is less than a threshold time range.

Brief Description of the Drawings

[0008]

FIG. 1A is a block diagram of one embodiment of a system for providing a satellite correction signal with a precise,
low-latency Global Navigation Satellite System (GNSS) satellite clock, where the satellite correction signal is provided
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via a communications satellite.
FIG. 1B is a block diagram of another embodiment of a system for providing a satellite correction signal with a
precise, low-latency Global Navigation Satellite System (GNSS) satellite clock, where the satellite correction signal
is provided via a wireless communications system.
FIG. 2A is a diagram that illustrates the latency associated with the provision of the correction signal, and more
particularly a correction signal with a set of clock errors for corresponding satellites, where the measurements are
collected with a moderate latency.
FIG. 2B is a diagram that illustrates the latency associated with the provision of the correction signal, and more
particularly a correction signal with a set of clock errors for corresponding satellites, where the measurements are
collected with a lower latency than the measurements of FIG. 2A.
FIG. 3 is a block diagram of another embodiment of a system for providing a satellite correction signal with a precise,
low-latency Global Navigation Satellite System (GNSS) satellite clock
FIG. 4 shows an illustrative example of the correction data estimator of FIG. 3 in greater detail.
FIG. 5 is a diagram that illustrates the parallel operation of slow clock process (e.g., moderate latency clock process)
and the fast clock process (e.g., low latency clock process).
FIG. 6 is a flow chart of one embodiment method for providing a satellite correction signal with a precise, low-latency
Global Navigation Satellite System (GNSS) satellite clock.
FIG. 7, collectively FIG. 7A and FIG. 7B, is a flow chart of another embodiment of a method for providing a satellite
correction signal with a precise, low-latency Global Navigation Satellite System (GNSS) satellite clock.
FIG. 8A provides an illustrative chart of computation time in providing slow clock solutions versus GNSS time.
FIG. 8B provides an illustrative chart of computation time in providing low latency clock solutions versus GNSS time.
FIG. 9 illustrates a block diagram of one embodiment of a system for providing a satellite correction signal with a
warm start.
FIG. 10 illustrates a block diagram of another embodiment of a system for providing a satellite correction signal with
a warm start.
FIG. 11 shows one embodiment of a method for providing a satellite correction signal with a warm start.
FIG. 12 shows another embodiment of a method for providing a satellite correction signal with a warm start.
FIG. 13 shows yet another embodiment of a method for providing a satellite correction signal with a warm start.
FIG. 14 shows still another embodiment of a method for providing a satellite correction signal with a warm start.

Detailed Description of Preferred Embodiment

[0009] As used in this document, a module or estimator may refer to software, hardware, or both. If a module is realized
as software, it may be stored in a data storage device 24 for processing by a data processor 20. Adapted to, configured
to, or arranged to means that a module, estimator, or other device is capable of performing a function described in the
specification or supporting a feature. For example, adapted to, configured to or arranged to may include a module that
is programmed with software instructions that are stored in a data storage device 24 for processing by a data processor
20 to perform specific functions set forth in this document.
[0010] Approximately or about shall mean a tolerance of plus or minus twenty-five percent of any value, number or
quantity unless otherwise specifically defined.
[0011] A location-determining receiver or satellite receiver (12, 30), such as a Global Navigation Satellite System
(GNSS) receiver, is capable of receiving carrier phase measurements that are subject to ambiguities, such as integer
ambiguities, in the number of cycles or fractional cycles of the received satellite signal. An epoch or measurement time
means a specific instant in time of a navigation satellite system or the time interval during which the mobile receiver
measures the carrier phase (e.g., at a certain corresponding frequency or rate). The receiver (12, 30) determines or
resolves ambiguities of carrier phase measurements to estimate accurately the precise position or coordinates of the
receiver. Although the code phase (code) or pseudo-range measurements of the GNSS receiver (12, 30) are not asso-
ciated with integer ambiguities in the cycles of the received satellite, code phase measurements do not provide the
centimeter level position accuracy required for certain applications. As used throughout this document, ambiguities are
often specific to the context of particular equations which relate to observations from one or more receivers of carrier
phase signals from one or more satellites. Accordingly, it is possible to have wide-lane (WL) ambiguities, narrow-lane
(NL) ambiguities, zero-difference (ZD) ambiguities, single-difference (SD) ambiguities, double-difference (DD) ambigu-
ities, real-time-kinematic (RTK) ambiguities, and refraction-corrected (RC) ambiguities that relate to phase measurements
from one or more receivers, or one or more satellites. Further, certain ambiguities will be specific to certain modules
because different modules or predictive filters (e.g., Kalman filters) within those modules to accommodate different
update rates of the filters and states of the filters, and communication of data or states between the filters of different
modules. In this document, any reference to ambiguity can refer to a singular ambiguity or plural ambiguities.
[0012] If the satellite navigation receiver can receive at least two frequencies, such as L1 and L2 frequencies, the
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difference of the L1 and L2 carrier phase measurements can be combined to form wide-lane (WL) measurement (e.g.,
with a wavelength of approximately 86.25 centimeters for GPS) and the sum of the L1 and L2 carrier phase measurements
can be combined to form narrow-lane (NL) measurements (e.g., with a wavelength of approximately 10.7 centimeters).
The wide-lane measurements facilitate quick and efficient resolution of wide-lane integer ambiguities, whereas the
narrow-lane measurements facilitate precise and accurate resolution of narrow-lane ambiguities with minimal phase
noise. The refraction-corrected ambiguities compensate for the first order of atmospheric delay.
[0013] Single difference measurements (e.g., of carrier phase or code phase (code)) are generally formed with respect
to one satellite, a reference receiver 30 and a rover receiver (12). Alternately, single difference measurements can be
formed with respect to one receiver (reference receiver 30 or rover 12) and a pair of satellites.
[0014] In contrast, double difference measurements are generally formed with respect to two satellites, a reference
receiver 30 and a rover receiver (12), or by subtracting two single-difference measurements. However, certain double-
difference measurements can be formed with two single-difference measurements from the same reference receiver at
two different times and associated with a pair of satellites, as will be described later in FIG. 6.
[0015] Referring to FIG. 1A, FIG. 1B, FIG. 3 and FIG. 4, a method or system provides a satellite correction signal with
a precise, low-latency satellite clock estimate. An electronic data processing center 18 is arranged to collect raw phase
measurements from a plurality of reference receivers 30 at known corresponding locations (e.g., three dimensional
coordinates). A measurement pre-processing (MPP) module (36 in FIG. 3) or a data processor 20 of the data processing
center 18 determines a wide-lane ambiguity and a respective satellite wide-lane bias for the collected phase measure-
ments for each satellite to provide assistance or appropriate constraints for efficient or rapid resolution of narrow-lane
ambiguities. An orbit solution module 38 or the data processor 20 determines satellite correction data 16 for each satellite
in an orbit solution at an orbit correction rate based on the collected raw phase and code measurements and determined
orbital narrow-lane ambiguity and respective orbital satellite narrow-lane bias, which can be estimated with the assistance
of the determined wide-lane ambiguity and wide-lane bias. Advantageously, in on embodiment, the wide-lane ambiguity
and respective wide-lane bias, determined by the measurement preprocessing module 36, can be shared and leveraged
amongst one or more predictive filters (39, 43, 412) in the other modules (38, 44, 42) of the correction data estimator
34. A clock solution module 44 or data processor 20 determines a slow satellite clock correction (e.g., moderate-latency
satellite clock correction) at a slow update rate (or moderate update rate) based on the satellite orbital correction data
50, the collected raw phase and code measurements, and clock narrow-lane ambiguity and respective satellite narrow-
lane bias, which can be estimated with the assistance of the determined wide-lane ambiguity and wide-lane bias. A low
latency clock module 42 or data processor 20 determines lower-latency satellite clock correction data 16 or delta clock
adjustment to the slow satellite clock at a fast update rate based on freshly or recently updated measurements of the
collected raw phase measurements that are more current than a plurality of previous measurements of the collected
raw phase measurements used for the slow satellite clock correction to provide lower-latency clock correction data 16.
In one embodiment, the fast update rate is a fixed rate that is greater than the slow update rate or orbit rate (e.g., orbital
update rate). However, in an alternate embodiments, the fast update rate can be varied (dynamically) based on: (1)
availability, reliability or quality (e.g., signal strength, dilution of precision, or other quality metrics) of the raw carrier
phase measurements from particular satellites or reference stations, or (2) selecting a subset of the satellite measure-
ments or reference stations as active for use to estimate correction data based on availability, reliability or quality of the
raw carrier phase measurements from time to time.
[0016] The data processing center 18 incorporates the satellite orbital correction data 50 and the low-latency clock
correction data 16 into the correction data 16 with global validity for the GNSS for transmission (e.g., satellite or wireless
transmission) to one or more mobile receivers 12 that operate in a precise positioning mode, such as a precise point
positioning (PPP) mode. For example, the data processing center 18 incorporates the satellite wide-lane bias, the satellite
orbital correction data, the satellite narrow-lane bias from the slow clock solution and the low latency clock correction
data into the correction data, encoded on the global satellite differential correction signal, with global validity for the
GNSS transmission to one or more mobile receivers. The precise positioning mode (e.g., PPP mode) uses precise clock
and orbital solutions for the received signals of the satellites, along with satellite biases, to provide precise correction
data 16 that is globally valid or that does not depend on a locally valid differential data, such as real-time kinematic (RTK)
correction data 16 that is locally valid, accurate for short-baselines between the reference station and the mobile station
(e.g., for applications or off-road vehicles that require greater than reliable decimeter level accuracy).
[0017] In one embodiment, the orbit rate (e.g., orbital update rate) is less than (e.g., or less than or equal to) the slow
update rate; an orbit zero-difference filter 404 is applied to facilitate the estimation, by the orbit narrow-lane estimator
39 (e.g., narrow-lane filter), of the orbit narrow-lane ambiguity and respective narrow-lane satellite bias at the orbit update
rate based on the collected raw phase measurements. In another embodiment, the fast update rate is greater than the
slow update rate or the orbit rate; a clock zero-difference filter 408 can be applied to facilitate the estimation, by the clock
narrow-lane estimator 43 (e.g., narrow-lane filter), of the clock narrow-lane ambiguity and respective narrow-lane satellite
bias at the slow update rate based on the collected raw phase measurements.
[0018] In accordance with FIG. 1A, a system is capable of providing correction data 16, encoded in a satellite correction



EP 3 572 844 B1

5

5

10

15

20

25

30

35

40

45

50

55

signal, with a precise, low-latency Global Navigation Satellite System (GNSS) satellite clock solution or precise, low-
latency clock data in real-time. The final satellite clock solution comprises precise, low-latency clock data that represents
an integrated solution of two simultaneous or parallel processes for estimation of GNSS satellite clock estimates: (1) a
slow clock solution and (2) low-latency clock solution or intermediate low-latency solution.
[0019] The latency can be measured based on time difference between an earlier measurement time (e.g., epoch)
associated with a collection of phase measurements of satellite signals at one or more reference receivers 30 and receipt
of processed measurements at a later measurement time (e.g., epoch) at the mobile receiver 12 or rover. For example,
FIG. 2A and FIG. 2B subdivide the above latency time difference into different time periods for additional analysis, which
will be described later. Low-latency means a lower latency than a moderate latency of the slow clock solution of the
clock solution module 44. The lower latency solution (e.g., of the low latency clock module 42) may be referred to as a
fast clock solution (e.g., from a fast clock process), whereas the moderate latency solution (e.g., of the clock solution
module 44) may be referred to as a slow clock solution (e.g., from a slow clock process). A low latency clock module
42 or data processor 20 determines lower-latency satellite clock correction data 16 or delta clock adjustment to the slow
satellite clock based on freshly or recently updated measurements of the collected raw phase measurements that are
more current than a plurality of previous measurements of the collected raw phase measurements used for the slow
satellite clock correction to provide lower-latency clock correction data 16. The lower-latency clock correction data 16
refers to aggregate, smooth clock correction data, with lower-latency than the slow clock solution, that contains contri-
butions from the lower-latency satellite clock correction data and the slow satellite clock correction data.
[0020] The low-latency clock data or low-latency clock solution can refer to either or both of the following: (1) the clock
data associated with the low-latency process, or (2) the final satellite clock solution that results from the an integrated
solution based on the slow clock solution and the intermediate, low-latency solution. The low-latency clock data improves
the accuracy of satellite clocks and reduces the latency (or increases the timeliness) of the final solution in real time,
which is incorporated into correction data 16 for distribution to mobile receivers 12 or rovers.
[0021] In one embodiment, the slow clock process can utilize most or all possible measurements (e.g., carrier phase
measurements from the reference data network 32 of reference receivers 30) to estimate a slow clock solution, but with
a slow clock latency, slow clock delay or moderate latency (e.g., approximately 6 seconds to approximately 10 seconds)
associated with: (1) the estimation, by the data processing center 18 and associated reference data network 32, of
absolute satellite clocks, tropospheric bias, satellite narrow-lane bias and satellite narrow-lane ambiguity (e.g., refraction
corrected narrow-lane ambiguity), or (2) the collection, by the data processing center 18 and associated reference data
network 32, of raw phase measurements from the reference receivers 30, (3) both the above estimation and collection.
In one embodiment, the slow clock solution is used to conduct ambiguity resolution and to estimate tropospheric bias
and gradients per reference receiver to facilitate determination of a refraction correction for the clock narrow-lane am-
biguity and respective narrow lane bias; the resolved ambiguities and/or estimated tropospheric bias from the slow clock
process can be shared or used in the low-latency clock solution. For example, tropospheric bias can be estimated based
on an a priori model and residual tropospheric bias estimation from the slow clock solution. The slow clock process
supports collection and analysis of more measurements than the low-latency process to facilitate precise or absolute
accuracy of clock estimates and more sophisticated slow clock models. In one embodiment, the slow clock process has
greater data processing capacity or throughput requirements than the low-latency clock process, such that the compu-
tation of the slow clock solution can take approximately one to approximately two seconds, even if the data processing
center 18 supports a parallel data processing environment.
[0022] Meanwhile, the low-latency clock process uses less of the measurements (e.g., carrier phase measurements
from the reference data network 32) than the slow clock process and the low-latency process has a low-latency or low-
latency clock delay (e.g., about one to two seconds) to collect or to collect and compute satellite clock change at a low-
latency rate that is greater than the slow clock rate or moderate latency rate. The data processor 20 or the data processing
center 18 integrates low-latency clock data with slow clock data and orbit data at low-latency rate to deliver a consistent,
accurate and timely set of correction data 16.
[0023] Working together with the orbit solution and slow clock solution at a low-latency rate, the data processing center
18 can deliver a consistent set of correction data 16 including satellite orbit, clock (e.g., absolute clock estimate), wide-
lane satellite bias, narrow-lane satellite bias and quality information in a timely manner (e.g., with reduced latency or
low-latency with respect to the slow clock process). In particular, the data processing center 18 can deliver in real-time
the correction data 16 to one or more mobile receivers with correction wireless device 14 through satellite signals (e.g.,
L-band signals) in FIG. 1A, through a wireless communications system 135 (in FIG. IB), or through a wireless commu-
nications system 57 (in FIG. 3) (e.g., via Internet 56). In one embodiment, the correction data is delivered in real-time
without material latency (between measurement time or raw phase measurements at the reference receiver 30 and
availability of correction data at the mobile receiver 12) that would tend to degrade accuracy in position estimates of
approximately five centimeter horizontal (e.g., pass-to-pass) accuracy or better with approximately ninety-five percent
reliability with less than one standard deviation of variation at the mobile receiver 12.
[0024] In FIG. 1A, in one embodiment the system comprises a constellation of satellites (e.g., with satellite transmitters
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10), including at least those satellites that are within view or reception range of one or more reference satellite receivers
(e.g., reference GNSS receivers). In practice, reference receivers 30 (e.g., GNSS reference stations) are globally dis-
tributed at sites with good satellite geometry and visibility to a set of satellites.
[0025] Each reference receiver 30 has a digital portion of the receiver that comprises an electronic data processing
system, which comprises an electronic data processor, a data storage device, data port and a data bus that supports
communication between that data processor, data storage device and the data port. Further, the receiver comprises a
measurement module for measuring one or more received satellite signals from navigation satellite transmitters 10. In
one embodiment, the measurement module (e.g., carrier phase measurement module) is associated with the baseband
or intermediate frequency processing or stored as software instructions in the data storage device within the digital
portion of the receiver 30.
[0026] Each reference receiver 30 has a measurement module that measures observables, such as the carrier phase
of one or more received satellite signals from each satellite. The measurement module of the reference receiver 30 may
also measure the pseudo-range or code phase of a pseudo-random noise code that is encoded on one or more of the
carrier signals. Further, a demodulator or decoder of the reference receiver 30 (e.g., stored as software instructions in
the data storage device) can decode navigation messages, such as ephemeris data, that is encoded on the received
satellites signals in conjunction with the pseudo-random noise code or otherwise. The reference receivers 30 receive
and send measurements, ephemeris data, other observables and any information derived from the deliverables, to a
data processing center 18, or hubs with similar processing capability, in real time.
[0027] In FIG. 1A, a group of reference receivers and communications links are referred to as a reference data network
32. In one embodiment, each reference receiver 30 transmits (e.g., via a communications link, a communications network,
a wireless channel, a communications channel, communications line, a transmission line, or otherwise) a set of carrier
phase measurements of received satellite signals, and associated satellite identifiers, and ephemeris data to an electronic
data processing center 18 (e.g., reference data processing hub).
[0028] In one embodiment, the data processing center 18 comprises an electronic data processor 20, a data storage
device 24, and one or more data ports 26 that are coupled to a data bus 22. The data processor 20, the data storage
device 24 and the one or more data ports 26 may communicate with each other via the data bus 22. The software
instructions and data that are stored in the data storage device 24 may be executed by the data processor 20 to implement
any of the blocks, components or modules (e.g., electronic modules, software modules, or both) described in this dis-
closure document. The data processor 20 may comprise a microcontroller, a microprocessor, a programmable logic
array, an application specific integrated circuit (ASIC), a digital signal processor, or another device for processing data,
manipulating, accessing, retrieving, and storing data. A data storage device 24 may comprise electronic member, non-
volatile electronic memory, an optical storage device, a magnetic storage device, or another device for storing digital or
analog data on a tangible storage medium, such as an optical disk, a magnetic disk, or electronic memory. The data
port 26 may comprise a buffer memory, a transceiver or both for interfacing with other network elements, such as a
reference receiver 30 or a terrestrial satellite uplink station 28.
[0029] In one embodiment, the data processing center 18, data processor 20 or correction data estimator 34 receives
the phase measurements and corresponding satellite identifiers from the reference receivers 30, reference receiver
identifiers (or corresponding coordinates) and processes the phase measurements to estimate a clock bias for each
satellite, or rather each satellite signal, or a corresponding clock solution for incorporation into correction data 16. For
example, the correction data estimator 34 comprises software instructions or a module for determining the correction
data 16 based on received phase measurements from the reference data network 32 or reference receivers 30. As
illustrated in FIG. 1A, the clock solution, clock bias or correction data 16 is provided to a terrestrial uplink station 28 or
another communications link. For example, the terrestrial uplink communications or transmits the clock solution, clock
biases or correction data 16 to a communications satellite 35 (e.g., repeater).
[0030] In turn, the communications satellite 35 is adapted to make the correction data 16 available or transmit the
correction data 16 to a correction wireless device 14. The correction wireless device 14 is coupled to a mobile receiver
12 (e.g., mobile GNSS receiver or mobile satellite receiver) or rover. The mobile receiver 12 also receives satellite signals
from one or more satellite transmitters 10 (e.g., GNSS satellites) and measures the carrier phase of the received satellite
signals from the satellite transmitters 10. In conjunction with the phase measurements by the mobile receiver 12, the
precise clock solutions or clock biases in the correction data 16 can be used by the mobile receiver 12 to estimate the
precise position, attitude, or velocity of the mobile receiver 12, or its antenna. For example, the mobile receiver 12 may
employ a precise positioning estimator, such as a precise point positioning (PPP) estimator, using precise clock and
orbital solutions for the received signals of the satellite transmitters 10.
[0031] In this document, the method and real-time global navigation satellite system (GNSS) receiver navigation
technique can achieve centimeter-level accuracy positioning, by using the real-time global differential correction data
16. This correction data 16 is available and valid globally through one or more of the following: (1) satellite communications
(e.g., L-Band geostationary communication satellite) in FIG. 1A, (2) wireless communications system 135 (e.g., cellular
communications) in FIG. 1B, or (3) wireless communications system 57 (e.g., cellular wireless system or WiFi system
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that is coupled to the Internet 56 for receipt of correction data 16 from a server 54. In comparison to local reference
station correction (e.g., by a real-time kinematic (RTK) base station or certain wide-area corrections that do not adhere
strictly to globally available PPP models), global differential correction eliminates the need for local reference stations
and radio communication that would otherwise be used to establish short baselines (e.g., less than 20 kilometers to 30
kilometers) between a reference receiver 30 and a rover for precise position accuracy.
[0032] The system of FIG. 1B is similar to the system of FIG. 1A, except the terrestrial uplink station 28, the commu-
nications satellite 35, and the correction wireless device 14 of FIG. 1A are replaced by the wireless communications
device 128, the wireless communication system 135, and the correction wireless device 114 of FIG. 1B, respectively.
Further, the correction wireless device 14 may comprise a satellite receiver, whereas the correction wireless device 114
may comprise a cellular transceiver, a wireless receiver, or another wireless communications device. Like reference
numbers in FIG. 1A and FIG. 1B indicate like elements.
[0033] In FIG. 1B, the data processing center 18 or the correction data estimator 24 provides the correction data 16
to the wireless communications device 128, directly or indirectly through one or more communications networks (e.g.,
Internet), communications links, data packet networks, or communication channels. In turn, the wireless communications
device 128 transmits the data to one or more wireless communications systems 135. If multiple wireless communication
systems 135 are used, a communications network, communications link, data packet network, switched network, mobile
telephone switching office, microwave links, communications lines, fiber-optic links, or communications channels may
interconnect the wireless systems 136 to support communication of the correction data 16 from the wireless communi-
cations device 128 to the correction wireless device 114. Accordingly, the mobile receiver 12 obtains the correction data
from the correction wireless device 114 with an acceptable level of latency.
[0034] FIG. 2A is a diagram that illustrates the latency associated with the provision of the correction signal, and more
particularly a correction signal with a set of clock errors for corresponding satellites, where the measurements are
collected with a moderate latency during a measurement collection time. FIG. 2A is a diagram that illustrates the latency
time associated with the provision of the correction signal, and more particularly a correction signal with correction data
16, which can include a set of clock errors for corresponding satellites. The latency time is measured along the horizontal
axis 60. The correction latency is one of the critical factors to impact overall system performance in providing a GNSS
correction data service to end users or subscribers. For example, the correction latency can be defined as the time
difference between the a measurement epoch at a reference receiver 30 or set of reference receivers 30 (or pre-
processing completed epoch in the measurement preprocessing module 37 for the set of reference receivers) of proc-
essed measurements from the reference data network 32 and a reference epoch of the applied correction data 16 in
one or more mobile receivers 12. In one embodiment, the correction latency of the correction data 16 or correction signal
is a composition of three basic sources: (1) the measurement collection time period 62 (e.g., from T0 to T1) for the
reference receiver 30 measurements (e.g., GNSS data from the reference receivers 30, which may be geographically
located globally) to arrive at the data processing center 18 (or server); (2) the processing time period or clock estimation
processing time period 64 (e.g., from T1 to T2 or T1 through T3) by the data processing center 18; and (3) the correction
delivery time period 66 (e.g., T3 to T4) to deliver to the final user at the mobile receiver 12.
[0035] In an alternate embodiment, an additional source of delay is the clock messaging time period 65 (e.g., T2 to
T3) between the processing time period and the correction delivery time period.
[0036] As illustrated in FIG. 2A, a first delay or measurement collection time 62 is between a measurement time at
the reference receiver 30 or set of reference receivers 30 and receipt time at the electronic data processing center 18.
The first delay is associated with factors such as the distance between the sites of reference receivers 30 and the data
processing center 18 and the propagation delay associated with the transmission of electrical or electromagnetic signals
between the reference receivers 30 (at different sites, possibly throughout the world) and the data processing center
18. In certain embodiments, the first delay may include pre-processing time for position estimates, ambiguities, tropo-
spheric delay, atmospheric delay, clock bias, receiver bias or other pre-processing estimates provided by one or more
reference receivers 30, or by the measurement pre-processing (MPP) module 36, or both the reference receivers 30
and the MPP module 36. For example, the carrier phase measurements and code phase measurements from the
reference data network 32 are collected and pre-processed when they arrive at the data processing center 18.
[0037] The data processing center 18 can adjust the measurement collection time period 62 within certain bounds to
favor accuracy or speed. The longer time that the data processing center 18 waits to collect the measurement data (and
pre-processed data) from the reference network 32 prior to processing the measurement data, the more measurements
the data processing center 18 can collect to support improved accuracy of orbit, clock and satellite bias, and reliability
of network ambiguity resolution. However, if the measurement collection time period 62 exceeds a maximum threshold
or is too long, the long data collection time can degrade the accuracy of the correction data 16 because it will be stale
or outdated when it is finally received at the mobile station 12 and because other delays or latencies besides the
measurement collection time must be considered in evaluating whether the correction data 16 is stale or sufficiently
timely at the mobile station 12.
[0038] A second delay or clock processing time period 64 is between the receipt at the data processing center 18 and
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the processing time at the data processing center 18, which may be impacted by the throughput capacity or capability
of the data processor 20, the clock speed of the data processor 20, the specifications or operations performed per time
unit of the data processor 20. The processing time of the data processing center 18 or the correction data estimator 34
(e.g., Innovative Clock Orbit Real-time Estimator (iCORE)) has to be minimized as much as possible in order to allow
the data processor 20 to output the correction data 16 at 1 Hertz (Hz) rate or greater, and to minimize the final correction
latency at the rover side.
[0039] The third delay or clock messaging time period 65 is associated with the time between completion of data
processing by the data processor 20 at the data processing center 18 and transmission of the data to the terrestrial
uplink station 28, the communications satellite 35, or other communications device (e.g., wireless communications
network). The fourth delay or correction delivery time period 66 is associated with delivery of the correction data 16
message from the communications satellite 35 or other communications device, for example. Although the first delay
(62) is listed as approximately six seconds in FIG. 2A; the second delay (64) as listed as approximately two seconds;
the third delay (65) is listed as approximately zero to three seconds, and the fourth delay (66) is listed as approximately
one to two seconds; the other durations of the delay are possible and can fall within the scope of the claims. Because
of the limits of satellite channel bandwidth (e.g., L-band bandwidth) and propagation delays with geosynchronous sat-
ellites, it takes some time (e.g., approximately 4 seconds) to deliver the full-set of corrections to a mobile receiver 12 or
rover from the data processing center 18. In accordance with certain models of position accuracy, every additional
second delay of clock corrections above a target aggregate latency (e.g., from measurement time to receipt time at the
rover) or target latency range can degrade up to five percent path-to-path accuracy for rover navigation.
[0040] FIG. 2B is a diagram that illustrates the latency associated with the provision of the correction signal, and more
particularly a correction signal with a set of clock errors for corresponding satellites, where the measurements are
collected with a lower latency than the measurements of FIG. 2A. FIG. 2A is similar to FIG. 2B, except the first delay
162 and the second delay 164 of FIG. 2B are shortened compared to the first delay 62 and the second delay 64,
respectively, of FIG. 2A. Like reference numbers in FIG. 2A and FIG. 2B indicate like elements.
[0041] As illustrated in FIG. 2B, the first delay 162 or measurement collection time is analogous to the first delay 62
of FIG. 2A, except the first delay 162 has a duration of approximately two seconds or less. The first delay 162 can be
reduced from the first delay 62 by one or more of the following factors: (1) collecting the measurement data from a set
of reference receivers 30 over a shorter period of time, (2) disregarding, by the data processing center 18, measurement
data from satellites, satellite signals, or reference receivers that do not pass quality checks or statistical analysis, such
as standard deviations of the ambiguity resolutions for wide-lane ambiguities, narrow-lane ambiguities or refraction-
corrected ambiguities at one or more reference receivers 30, and (3) enhancing the throughput capacity or data processing
capacity of the data processing center 18 via higher clock speeds, parallel data processing, improved efficient software
instructions within the correction data estimator 34, or the like.
[0042] Similarly, the second delay 164 or clock processing time is analogous to the second delay 64 of FIG. 2A, except
the second delay 164 has a duration of approximately ten milliseconds or less. The second delay 164 can be reduced
from the second delay 64 by one or more of the following factors: (1) collecting the measurement data from a set of
reference receivers 30 over a shorter period of time, (2) disregarding, by the data processing center 18, measurement
data from satellites, satellite signals, or reference receivers that do not pass quality checks or statistical analysis, such
as standard deviations of the ambiguity resolutions for wide-lane ambiguities, narrow-lane ambiguities or refraction-
corrected ambiguities at one or more reference receivers 30, and (3) enhancing the throughput capacity or data processing
capacity of the data processing center 18 via higher clock speeds, parallel data processing, improved efficient software
instructions within the correction data estimator 34, or the like.
[0043] FIG. 3 is a block diagram of another embodiment of a system for providing a satellite correction signal with a
precise, low-latency Global Navigation Satellite System (GNSS) satellite clock. The system of FIG. 3 is similar to the
system of FIG. 1A or FIG. 1B, except the data storage device 24 stores or supports a correction data estimator 34 and
two alternative paths for flow of the correction data 16 to the end user of the mobile receiver 12 are provided. Like
reference numbers in FIG. 1A, FIG. 1B and FIG. 3 indicate like elements.
[0044] The correction data estimator 34 (e.g., Innovative Clock Orbit Real-time Estimator (iCORE)) comprises a module
or software instructions that can be executed by the data processor 20 for providing correction data 16 as output based
on the input of carrier phase measurements and associated data from one or more reference receivers 30. The associated
data may comprise data such as satellite identifiers, satellite signal identifiers (e.g., frequency or band), or ephemeris
data associated with the received satellite signals, reference station identifiers (e.g., or reference station coordinates),
measurement time stamps associated with the measured carrier phase, among other ancillary data. Further, in other
embodiments, the associated data may comprise pre-processing data, resolved wide-lane ambiguities, resolved narrow-
lane ambiguities, or resolved refraction-corrected ambiguities for any reference receiver 30 or reference station with a
known or fixed location (e.g., three dimensional coordinates).
[0045] The correction data estimator 34 generates correction data 16 that enable ambiguity resolution on one or more
mobile receivers 12 or rovers that receive the correction data 16 via a correction wireless device. The correction data
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estimator 34 employs an innovative ambiguity resolution algorithm for the generation of the low-latency clock data and
satellite biases. For example, the architecture of the correction data estimator 34 or data processing center 18 is well
suited to support processing measurement data (and associated pre-processing data) of many (e.g., one hundred or
more) reference receivers 30 or reference stations, including all necessary computation such as measurement pre-
processing, orbit and clock determination, ambiguity resolution and the final correction data 16 generation, within a
fraction of second.
[0046] In one embodiment, the correction data estimator 34 comprises a measurement pre-processing (MPP) module
36, an orbit solutions module, a clock solution module 44, a low latency clock module 42, and correction distribution
module to provide global differential correction data 16. In one embodiment, the measurement pre-processing (MPP)
module 36 receives reference network data 46 from the reference data network 32 of one or more reference satellite
receivers. The reference network data 46 may comprise one or more of the following: raw measurements, raw carrier
phase measurements from each reference satellite receiver, raw code phase measurements from each reference satellite
receiver, a reference satellite receiver identifier, a reference receiver 30 position offset or position offset vector from its
known position, a phase offset corresponding to the reference receiver 30 position offset, atmospheric bias data, satellite
bias data, receiver bias data, receiver clock bias data, satellite clock bias data, or other data. Raw measurements can
refer to raw carrier phase measurements from one or more reference satellite receivers, or raw code phase measurements
from one or more reference satellite receivers, or both.
[0047] In one embodiment, the correction data estimator 34 can generate correction data 16 or correction signals in
real-time based on the reference network data 46 or collected measurement data from the reference data network 32,
where the correction data 16 are generated to provide centimeter-level accuracy estimates including: (1) satellite orbit
estimate, (2) satellite clock estimate, and (3) satellite phase biases and their quality information.
[0048] In one embodiment, the measurement pre-processing module 36 accepts reference network data 46 as input
data and applies the wide-lane estimator 37 (e.g., Ambiguity Resolution Estimator (ARE)) to output wide-lane ambiguities
and corresponding wide-lane bias. For example, the pre-processing module 36 or the wide-lane estimator 37 (e.g., wide-
lane filter or Kalman filter) may output fixed wide-lane ambiguities and associated wide-lane bias (48).
[0049] The measurement pre-processing module 36 communicates the wide-lane ambiguity and corresponding wide-
lane bias data to the orbit solution module 38 and the clock solution module 44. The orbit solution module 38 receives
the input of the wide-lane ambiguities and corresponding wide-lane bias data and applies an orbit narrow-lane estimator
39 (e.g., narrow-lane ARE (Ambiguity Resolution Estimator)) to provide predicted satellite orbital data 50 (e.g., O2C
data) output. The predicted satellite orbital data 50 can be used to correct orbital errors in the slow clock and low-latency
solutions, and to generate orbit correction signals for incorporation into the correction data 16 to be provided to end users.
[0050] The orbit solution module 38 communicates the predicted satellite orbital data to the clock solution module 44.
The clock solution module 44 receives the input of the predicted satellite orbital data 50, and the wide-lane ambiguities
and associated wide-lane bias (48). The clock solution module 44 applies the clock narrow-lane estimator 43 (e.g.,
narrow-lane (Ambiguity Resolution Estimator), narrow-lane filter, or Kalman filter) and outputs the predicted orbital data
50, clock satellite bias data, and satellite bias quality data (52). For example, in one embodiment, the clock solution
module 44 outputs one or more of the following: predicted orbital data, clock satellite bias data, satellite bias quality
data, satellite slow clock corrections, satellite wide-lane bias corrections, and satellite narrow-lane bias corrections.
[0051] The low latency clock module 42 communicates with the clock solution module 44 to receive the predicted
orbital data 50, clock satellite bias data, and satellite bias quality data (52), where the clock satellite bias data can
comprise satellite wide-lane bias corrections, and satellite narrow-lane bias corrections. Further, in one embodiment,
the low latency clock module 42 receivers satellite slow clock corrections. The low latency clock module 42 outputs low-
latency correction data 16 including one or more of the following: low-latency precise satellite orbital correction data 50
for corresponding satellites, low-latency precise clock data for corresponding satellites, wide-lane satellite bias, and
narrow-lane satellite bias. In one embodiment, the low-latency data is provided at a greater data transmission rate than
similar higher-latency data provided by the clock solution module 44, where the low-latency data is updated on a regular
basis commensurate with the greater data transmission rate to provide accurate and current correction data 16.
[0052] In certain configurations, the data processing center 18 can communicate via communication links with one or
more secondary data processing hubs (not shown) that are geographically distributed (e.g., on a global basis), where
each secondary data processing hub is configured with hardware and software similar to the data processing center 18
with a correction data estimator 34 and where the data processing center 18 can control the secondary data processing
hub or hubs.
[0053] For example, the correction manager 40 can select correction data 16 (e.g., the best correction data 16 or most
reliable correction data 16) provided by the data processing center 18, alone, or in combination with one or more
secondary data processing hubs for distribution to end users. Further, the correction manager 40 can select the geo-
graphic scope of the measurement data or the identity of the satellites (e.g., outlier or unreliable measurements from
malfunctioning satellites can be ignored) to be used in the correction data 16 that is distributed to end users via satellite
or wireless communications system 57.
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[0054] The correction manager 40s is capable of monitoring the correction data 16 for error correction and distributing
the data to end users or subscribers of the data correction data 16 service. The correction manager 40 may distribute
the correction data 16 via a satellite communications network, a wireless network (e.g. WiFi, 802.11, or cellular network),
or both. A broadcasting system is capable of delivering the best of the global differential corrections to user receiver
from multiple correction generation servers 54, such as the data processing center 18 and one or more secondary data
processing hubs. For example, the set of global differential correction can be chosen and uplinked to INMARSAT
communication satellite via Land-Earth Station (LES) as illustrated in FIG. 3.
[0055] The correction manager 40 is capable of communicating or distributing correction data 16 to the satellite uplink
communications device or distribution of the satellite data via the satellite communications network. In turn, the satellite
uplink communications device provide a signal to a communications satellite 35 with a transceiver, a combination of a
transmitter and receiver to communicate correction data 16 via an electromagnetic or satellite signal (e.g., L-band signal)
to mobile receiver 12s or rovers equipped with a correction wireless device 14. In certain embodiments, the electromag-
netic or satellite signal with the correction data 16 may be encrypted or encoded such that only subscribers or licensees
can access, decode or decrypt the correction data 16, or certain precision levels of the correction data 16 (e.g.,SF3
correction data 16).
[0056] The correction manager 40 is capable of communicating or distributing correction data 16 to a server 54 that
has access to an electronic communications network, such as the Internet 56. For example, the server 54 may comprise
a computer that accesses the Internet 56 via an Internet service provider to enable the correction data 16 to be com-
municated in one or more data packets 55 (e.g., Internet Protocol data packets). The data packets may be processed
by a wireless communications network 57, such as WiFi wireless system, a local wireless network, a wide area wireless
network, or a cellular communications system via a correction wireless device 14, which may comprise a smartphone,
a WiFi-enabled communications transceiver, or another device for receiving the correction data 16 and providing the
received correction data 16 to the mobile receiver 12 or rover. As in the case of the satellite signal with the correction
data 16, the correction data 16 transmitted by the server 54, the data packets 55 or both may be encrypted or encoded
such that only subscribers or licensees can access, decode or decrypt the correction data 16, or certain precision levels
of the correction data 16.
[0057] The mobile receiver 12 of the end user is capable of receiving the correction data 16, which includes a global
differential corrections. The mobile receiver 12 or rover is capable of resolving ambiguity based on the received correction
data 16 and achieving centimeter-level navigation.
[0058] FIG. 4 shows an illustrative example of the correction data estimator 34 of FIG. 3 in greater detail. Like reference
numbers in FIG. 3 and FIG. 4 indicate like elements, modules or features.
[0059] The correction data estimator 34 comprises a measurement pre-processing module 36, an orbit solution module
38, a clock solution module 44 and low-latency clock module 42. The measurement pre-processing (MPP) module
prepares "clean" measurements and provides wide-lane fixed ambiguities and wide-lane bias products for use by the
correction data estimator 34 and its other modules. The orbit solution module 38 provides accurate satellite position and
velocity estimates to assist in proper geometric estimates or range estimates between a particular reference receiver
30 and a corresponding satellite. The orbit solutions or precise orbital data is provided for use by the correction data
estimator 34 and its other modules. The clock solution module 44 provides a satellite slow clock solution estimate and
narrow-lane bias products at a low rate, slow clock rate, or a slow update rate. The low latency clock module 42 provides
fast satellite clock estimate at a low-latency update rate (e.g., approximately 1 Hertz (Hz) or greater), fast rate, or a fast
update rate, which is greater than the slow clock rate. Further, the low-latency module integrates, manages and com-
municates the state data and filter results for sharing among the ambiguity resolution filters to enable the MPP module,
orbit solution module 38 and slow clock solution module 44 to output or generate a set of consistent correction data 16
or signals in real-time.
[0060] Each one of the MPP module, the orbit solution module 38 and clock solution module 44 comprises two parts:
(1) zero-difference filter and (2) a network ambiguity resolution module or filter. In one embodiment, each zero-Differential
(ZD) filter (e.g., Kalman filter) does one or more of the following: (a) processes ZD measurements, (b) defines or forms
state variables for the ZD filter, (c) and performs or processes update and/or dynamic update of the ZD filter (e.g., based
on the defined state variables and states). In one embodiment, the network ambiguity resolution estimation (ARE) module
performs or conducts ambiguity resolution by one or more predictive filters, such as wide-lane estimator 37 (e.g., wide-
lane filter), a narrow-lane estimator 39 (e.g., narrow-lane filter), or another predictive filter (e.g., Kalman filter). The
network ambiguity resolution estimation module is capable of resolving wide-lane and narrow-lane ambiguities. Different
ZD filter and ARE modules (e.g., wide-lane estimator 37 (e.g., wide-lane filters), narrow-lane estimator 39 (e.g., narrow-
lane filters) or both) as used for different modules, such as MPP module, the orbit solution module 38 and clock solution
module 44, because the update rates and data states of the different modules can be different.
[0061] In one embodiment, low latency clock module 42 can only use the carrier phase measurements to derive clock
change between two different epochs. In order to improve computation efficiency, the double differencing approaches
between time and satellites are used to reduce size of estimated states, such as ambiguity states and receiver clocks
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estimates. The tropospheric biases are corrected using a prior model and residual troposphere bias estimation from
slow clock solution. The low latency clock module 42 estimates satellite clock changes, not reference receiver 30 clock
changes. The computation by the data processing center 18 is extremely efficient. For example, if the data processing
center 18 is implemented on a state-of-the art desktop computer at the time of filing of this disclosure, the data processing
center 18 can take a few milliseconds to finish processing all the measurements of many sites or reference receivers
30 (e.g., sixty or more reference receivers 30) for any epoch.

Measurement Pre-processing module

[0062] As illustrated, the measurement pre-processing module 36 further comprises a measurement pre-processing
zero-difference filter 400 and a network wide-lane ambiguity resolution estimator (e.g., wide-lane estimator 37 (e.g.,
wide-lane filter)). The measurement pre-processing zero-difference filter 400 supports precise point positioning (PPP).
An optional measurement pre-processing zero-difference filter 400 can be used to determine undifferenced or zero-
differenced (ZD) ambiguity states or float ambiguity states associated with the raw carrier phase measurements (e.g.,
L1 raw carrier phase, L2 carrier phase, wide-lane difference of L1/L2 combination of carrier phase) for one or more of
the reference receivers 30 in the reference data network 32. The zero-difference filter is illustrated in dashed lines in
FIG. 4 to show that the zero-difference filter is optional and may be included within the wide-lane estimator 37 (e.g.,
wide-lane filter) in alternate embodiments. For example, the zero-differenced ambiguity state can be determined based
on correction data 16 that contains satellite bias information from a network or group of reference receivers 30.
[0063] At regular intervals or sampling intervals after the measurement pre-processing module 36 receives the raw
measurements from each reference receiver 30 of reference data network 32, the measurement pre-processing module
36 processes, preprocesses and "cleans" the measurements, and resolves the wide-lane (WL) ambiguities associated
with the received carrier phase measurements for each satellite within view of each reference receiver 30. The meas-
urement pre-processing module 36 provides support for both the orbit/clock solution and the low-latency clock by providing
the "cleaned" carrier measurements, along with respective fixed wide-lane ambiguities, and respective satellite WL
biases.
[0064] In one embodiment, the measurement pre-processing module 36 uses the Melbourne-Wiibbena linear combi-
nation as zero-difference (ZD) measurement to estimate the following state variables:

1) ZD float WL ambiguity per visible satellite and reference site (reference receiver 30) which combines receiver
wide-lane bias and WL integer ambiguities.
2) One wide-lane bias per satellite.
3) One GLONASS IFB WL coefficient per tracked site.

[0065] With the use of the ZD float WL ambiguity as a constraint or search-limiting constraint for a wide-lane estimator
37 (e.g., wide-lane filter) (e.g., Kalman filter), the measurement pre-processing module 36 or is wide-lane estimator 37
(e.g., wide-lane filter) resolves the WL ambiguity in double-difference (DD) and single difference (SD) form, where the
receiver WL bias is cancelled.
[0066] In an alternate embodiment for a reference receiver 30 that tracks GLONASS satellites, the measurement pre-
processing module 36 determines GLONASS IFB WL coefficient per tracked site, where sensitivity coefficient of the
GLONASS IFB WL coefficient is the satellite frequency number. This state variable only exists for GLONASS case and
not for other GNSS systems, like GPS.
[0067] In order to make the computation effective, the measurement pre-processing module 36 averages the ZD
Melbourne-Wυbbena measurements for each site at an interval such as 60 seconds if there is no cycle slip detected.
For example, the reference receiver 30 comprises a cycle slip detector to detect a carrier cycle slip in the carrier phase
measurements for each received signal from a given satellite or minimum set of satellites (e.g., five satellite) necessary
to reliably track the three dimensional position of the reference receiver 30. For each sampling interval, the measurement
pre-processing module 36 or ZD filter (e.g., ZD Kalman filter) processes the smoothed ZD Melbourne-Wυbbena meas-
urements on a site-by-site basis. At each measurement update interval, the ZD Kalman filter dynamic update and
measurement update is processed to update state variables.
[0068] In an alternate embodiment, GPS and GLONASS systems have two separate wide-lane estimator 37 (e.g.,
wide-lane filters) associated with the measurement pre-processing module 36. The reference receiver 30 bias is not a
desirable global differential product because the reference receiver 30 bias is not used for user receiver navigation.
Accordingly, in order to reduce filter size and computation complexity, the reference receiver 30 WL bias is not explicitly
estimated and combined into the ZD float ambiguity state instead.
[0069] In particular, the pre-processing module 36 or network wide-lane ambiguity filter uses zero-differenced (ZD)
Melbourne-Wυbbena linear combination in Equation (1) as the input measurement to estimate one wide-lane floating
ambiguity state per visible satellite. The wide-lane satellite bias can be broadcast in real-time within correction data 16
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32 or correction signals to mobile receiver 12s and will compensate for that term using Equation (2).
[0070] In one embodiment, the wide-lane estimator 37 (e.g., wide-lane filter), which can be applied to PPP determi-
nation, uses the following equations described below. Given the code and phase measurements from two frequencies,

such as L1 and L2 for GPS, G1 and G2 for GLONASS, the Melbourne-Wυbbena linear combination  can be formed
as shown below. 

By expanding the above equation (1), it can be shown that the geometric range related terms, which include range,
receiver and satellite clock, ionosphere and troposphere errors and the phase wind-up term, are cancelled. It can be
expressed in Equation (2) as 

where:
λWL is wide-lane wavelength, about 86.4cm for GPS and c is speed of light, 

  is integer wide-lane ambiguity for satellite j, 

bWL is wide-lane receiver bias (one per receiver and constellation for all visible satellites), which is a combination of L1
and L2 receiver code bias and phase bias, as indicated in Equation (5):

where majority of GLONASS inter-frequency bias bP1 and bP2 in code measurement is usually assumed to be linear
or a trigonometric function of the GLONASS satellite frequency number; it is not the same for all the visible satellite
as with the case of CDMA signals such as GPS;
where IFBj is the inter-frequency bias for satellite j, such as for a GLONASS satellite;

where  is wide-lane satellite j bias (one per satellite); and

where  is the wide-lane measurement error for satellite j including white noise, multipath and remaining un-
modeled errors.

[0071] With respect to the inter-frequency bias per satellite, the linear model can be approximated below for GLONASS
constellation as Equation (6): 

where k is the IFB coefficient for receiver code bias. The IFB varies from receiver to receiver, also varies from one siting

¨
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(antenna and cabling setup) to another siting. Modelled in this way, typically k is less than 0.1.

[0072] The wide-lane satellite j bias,  (one per satellite) is a combination of L1 and L2 satellite code bias and
satellite phase bias as in Equation (7); the satellite bias is changing slowly over time; both satellite and receiver wide-
lane biases are not constant over time: 

where  is satellite bias for satellite j of the code phase or pseudo-range signal encoded on frequency L1 (fi), where

 is satellite bias for satellite j of the code phase or pseudo-range on frequency L2 (f2), where  is satellite bias

for satellite j of the carrier phase on frequency LI, where  is satellite bias for satellite j of the carrier code on frequency
L2.

Orbit solution module

[0073] The orbit solution module 38 relates to orbit determination. In the correction data estimator 34, the other major
modules including slow clock estimation module and low latency clock module 42 do not estimate satellite orbits. The
other modules totally rely on the predicted orbits over a corresponding valid orbit time period (e.g., few minutes) from
the orbit solution. The orbit solution module 38 runs at an orbital correction rate or a lower rate such as 300 seconds
per iteration or update of orbit solutions since the GNSS satellite orbits are smooth. In the correction data estimator 34,
the modules including the measurement pre-processing module 36, the orbit module, clock module and low latency
clock module 42 can run in parallel.
[0074] The orbit solution uses the refraction-corrected code and carrier phase measurements from global reference
station network. There are three types of state variables to be considered in the orbit solution module 38 and its associated
filters, such as the orbit zero-difference filter 404 and the network NL filter for ambiguity resolution:

1) Satellite-dependent state variables including satellite position, velocity, satellite clock, satellite narrow-lane bias,
yaw rate and empirical solar radiation force modeling parameters.
2) Receiver-dependent state variables including reference position, receiver clocks, residual troposphere bias and
gradients, carrier phase ambiguities.
3) Common-state variables including Earth Orientation parameters such as polar motion and UT1-UTC.

In order to provide global differential positioning services, such as STARFIRE™ correction data 16 services, the precise
satellite clocks and orbits have to be estimated and delivered to end-user receivers in real-time. STARFIRE correction
data 16 services is a trademark of Deere & Company of Moline, Illinois. Typically, predicted satellite orbits (e.g., called
O2C data) over a few minutes are considered known in the clock estimation because the errors of these predicted orbits
are rather small and stable and can even be absorbed by the estimated clocks. The correction data estimator 34 can
use the predicted orbital data to correct orbital errors in slow clock solutions and low-latency solutions and to generate
correction data 16 in real-time.
[0075] In one embodiment, the orbit solution module 38 may comprise an orbit zero-difference filter 404 and a network
narrow-lane ambiguity resolution estimator (ARE). With the benefit of the results (e.g., float ambiguity states) of the pre-
processing zero-difference filter 400, the orbit zero-difference filter 404 can be used to determine undifferenced or zero-
differenced (ZD) ambiguity states or float ambiguity states associated with the raw carrier phase measurements (e.g.,
L1 raw carrier phase, L2 carrier phase, wide-lane difference of L1/L2 combination of carrier phase, or narrow-lane
difference of L1/L2 combination of carrier phase) for one or more of the reference receivers 30 in the reference data
network 32.
[0076] With the benefit of the undifferenced or zero-differenced (ZD) ambiguity states or float ambiguity states asso-
ciated with the raw carrier phase measurements or narrow-lane difference of the raw carrier phase measurements and
the resolved WL ambiguities provided by the measurement pre-processing module 36, the network narrow-lane ambiguity
estimator (in association with the orbit solution module 38) can estimate narrow-lane ambiguities (e.g., fixed integer NL
ambiguities) or refraction-corrected narrow-lane ambiguities for one or more reference receivers 30 in the reference
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data network 32. The resolved WL ambiguities can be used as constraints in a search process or to assist the NL
ambiguity estimator (e.g., NL filter) to converge rapidly upon an integer ambiguity solution for carrier phase measurements.

Clock solution module

[0077] In one embodiment, the clock solution module 44 may comprise a clock zero-difference filter 408 and a network
narrow-lane ambiguity resolution estimator (ARE). With the benefit of the results (e.g., float ambiguity states) of the pre-
processing zero-difference filter 400, the clock zero-difference filter can be used to determine undifferenced or zero-
differenced (ZD) ambiguity states or float ambiguity states associated with the raw carrier phase measurements (e.g.,
L1 raw carrier phase, L2 carrier phase, wide-lane difference of L1/L2 combination of carrier phase, or narrow-lane
difference of L1/L2 combination of carrier phase) for one or more of the reference receivers 30 in the reference data
network 32. Although the ZD ambiguity float states and other filter states can be shared to the extent that the shared
filter states are timely, clock ZD filter may operate at a different update rate for the states than the other ZD filters in the
correction data estimator 34.
[0078] With the benefit of the undifferenced or zero-differenced (ZD) ambiguity states or float ambiguity states asso-
ciated with the raw carrier phase measurements or narrow-lane difference of the raw carrier phase measurements and
the WL ambiguities provided by the measurement-pre-processing module 36 to provide constraints, the network narrow-
lane ambiguity estimator (in association with the clock solution module 44) can estimate narrow-lane ambiguities (e.g.,
refraction corrected, fixed integer NL ambiguities) for one or more reference receivers 30 in the reference data network 32.

Slow Clock solution module

[0079] All or most of the measurements (e.g., carrier phase measurements) from reference data network 32 are
collected, pre-processed and are batched when they arrives at the data processing center 18. The longer time the data
processing center 18 or the correction data estimator 34 waits, the more measurements are collected that are available
for processing, but the longer the delay and the greater the potential that the clock solution could become stale by the
time it reaches the mobile receiver 12s of the end users. In certain embodiments, the slow clock solution module 44 or
the correction data estimator 34 typically estimates thousands of states for determination of clock solutions. For example,
the data processing center 18 can take up to several seconds to finish the computation process for the slow clock
solutions. In order to reduce the correction latency and utilize the more measurements, the correction data estimator 34
uses two clock solutions including slow clock and low-latency clock solution. In the slow clock solution module 44, all
the measurements are batched as long as they arrived before a fixed latency, such as 6-15 seconds.
[0080] The slow clock solution module 44 measurements and the clock zero-difference (ZD) filter (e.g., ZD Kalman
filter) use similar measurements as the orbit solution module 38, except for several major differences. First, the slow
clock solution module 44 runs or provides updates to the slow clock solution at a different rate such as every 30 or 60
seconds. In contrast, the orbit solution module 38 runs or provides updates to the orbital data or orbit solution every 300
seconds because clock corrections vary more quickly than orbit corrections. Second, in the slow clock solution module
44, all or most of the state variables remain the same or similar to the counterpart sate variables in the orbit solution
module 38, except the satellite-orbit-related states. The satellite- orbit-related states are not estimated, but use the orbit
estimation results from orbit solution of the orbit solution module 38.
[0081] In one embodiment, the slow clock solution module 44 can output a complete set of global difference corrections
or correction data 16 including one or more of the following corrections: satellite orbit corrections, satellite clock correc-
tions, satellite WL biases, satellite NL biases and quality information. The slow clock solution module 44 can communicate
correction data 16 and estimated tropospheric parameters to the low latency clock module 42. As used herein, "biases"
that are not qualified as satellite or receiver biases will refer to satellite bias, such as satellite WL and NL biases. Reference
receiver 30 bias is not of interest to global differential correction product and thus not solved for in the reference receivers
30, whereas mobile receiver 12 bias can be addressed in the mobile receiver 12.
[0082] The slow clock solution module 44 uses un-differenced refraction-corrected code and carrier phase observations
to estimate satellite and receiver clocks, troposphere biases, satellite narrow-lane bias. In one embodiment, the orbit
update rate is very low (e.g., 5 minute update rate) for orbit data and a slow clock update rate (e.g., 30 seconds) for
slow clock, or even longer. Because a large number of ambiguities have to be estimated together with both receiver and
satellites clock parameters, the computation by the data processing center 18 is time-consuming especially with ambiguity
resolution and satellite bias estimation. The data processing center 18 or the correction data estimator 34 may wait for
longer time to ensure enough measurements from the reference data network 32 (e.g., global network) are collected
and processed when they arrive at StarFire data processing center 18s. The longer time the data processing center 18
waits, the more measurements are collected by the data processing center 18, which also results in longer delay for
clock corrections to reach mobile receiver 12s of the end users in real-time on a timely basis. The data processing center
18 and the correction data estimator 34 keep the data corrections sufficiently timely in real-time for use by the rover
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receivers, such that the satellite clocks along with satellite biases preserve the integer nature of ambiguity resolution for
rover receiver. The ambiguity fixing can reduce the convergence time and improve the accuracy of navigation by the
mobile receiver 12s or rovers.
[0083] As illustrated in FIG. 4, in one configuration the low latency clock module 42 further comprises a delta clock
filter 412. Although the modules are shown as separate blocks in the block diagram of FIG. 4, it is understood that the
correction data estimator 34 illustrated in FIG. 3 and FIG. 4 may be implemented by one or more predictive filters, such
as Kalman filters and that the blocks represent one possible interpretation of a illustrative software that can be used to
facilitate or carry out the method and system described in this disclosure.
[0084] FIG. 5 is a diagram that illustrates the parallel operation of slow clock process 500 (e.g., moderate latency clock
process) and the fast clock process 502 (e.g., low-latency clock process). The two parallel axes in FIG. 5 show increasing
time to the right to the same time scale. The clock solution module 44 supports or executes the slow clock process 500
(e.g., at slow clock update interval or moderate update interval), whereas the low latency clock module 42 supports or
executes the fast clock process 502 or low-latency clock process (e.g., at a fast clock update interval or low-latency
update interval). In one embodiment, the clock solution module 44 provides slow clock data (504, 506), such as satellite
slow clock correction data, satellite wide-lane bias correction data, satellite narrow-lane bias correction data to the low
latency clock module 42 at regular time intervals (e.g., at T0, T30 and T60), such as at a slow clock update interval (e.g.,
as illustrated approximately 30 time units, such as about 30 seconds). In one embodiment, the orbit solution module 38
may provide satellite orbital correction data 50 separately at an orbit correction rate, whereas in an alternate embodiment,
the clock solution module 44 provides the satellite orbital correction data 50 along with the satellite slow clock correction
data 16. For example, the clock solution module 44 provides slow clock data at regular time intervals, such as at times
T0, T30, and T60, as illustrated in FIG. 4.
[0085] Meanwhile, the low latency clock module 42 leverages or uses the slow clock data (504, 506) as a base or
input data to compute a delta clock adjustment (508, 510) to the slow clock correction data 16 at a low-latency update
interval or fast clock update interval. The low latency clock module 42 outputs correction data 16 or delta clock adjustment
(508, 510) at a low-latency update interval that is updated at a greater rate or shorter update time interval than the slow
clock update interval. For example, the low latency clock module 42 produces low-latency correction data 16 at a low-
latency rate (or fast clock rate) that can be an integer multiple of the slow clock update rate. Further, the low latency
clock module 42 or the estimator may assign a validity period to the correction data 16 (e.g., low-latency clock data) or
delta clock adjustment that is commensurate with (e.g., approximately equal to) the slow clock update interval.
[0086] In one embodiment, the low latency clock module 42 or the delta clock filter 412 uses (e.g., only uses) the
carrier phase measurements to compute the clock change (delta clock) as in FIG 5. The slowly changing parameters,
such as troposphere and satellite narrow-lane bias are fixed to, synchronized to, or provided by the estimates from the
slow clock solution module 44. The slow clock module provides updates periodically from the slow clock module to the
low-latency module (e.g., from slow clock process to low-latency clock process) at a slow clock update rate, such as
once every 30 seconds. The low latency clock module 42 uses the delta carrier phase between T0 and current epoch
Ti to estimate the delta clock data. When the slow clock module provides new reference epoch such as T30 epoch, the
low latency clock module 42 will change reference epoch from T0 to T30.
[0087] FIG. 6 is of one embodiment of a method for providing a satellite correction signal with a precise, low-latency
Global Navigation Satellite System (GNSS) satellite clock. The method of FIG. 6 begins in block 600.
[0088] In block 600, the data processor 20, correction data estimator 34 or the orbit solution module 3 8 determines
the predicted orbital data for a respective measurement time (e.g., epoch Ti), or an update to the predicted orbital data,
based upon reference network data 46 (e.g., batch data or raw measurement data for time or epoch Ti) received from
one or more reference receivers 30 and previous predicted orbital data (e.g., for time T)) from the orbit solution module
38 or stored in a data storage device 24 (e.g., register, electronic memory, or non-volatile random access memory).
Measurement time or epoch (e.g., Ti) can be a next epoch after a previous epoch or first epoch (e.g., T0). Further, the
orbit solution module 38 can provide the predicted orbital data (e.g., predicted orbital data for measurement time or
epoch Ti) or the update to the predicted orbital data, based on wide-lane ambiguities and corresponding wide-lane
ambiguity bias data, where the wide-lane ambiguities and corresponding wide-lane ambiguity bias data are provided by
the measurement pre-processing module 36.
[0089] In one example of carrying out block 600, the correction data estimator 34 or the orbit solution module 38
estimates the predicted orbital data (e.g., O2C data) over a few minutes at an orbit update rate, such as once every 300
seconds, from the time that orbit solution are fixed in low latency clock module 42.
[0090] In block 602, the data processor 20, correction data estimator 34 or clock solution module 44 determines the
clock input data, or an update of clock input at measurement time or epoch T0 based on the predicted orbital data (e.g.,
at measurement time or epoch Ti or epoch T0) and based upon reference network data 46 (e.g., batch data or raw
measurement data for time or epoch T0) received from one or more reference receivers 30, slow the clock solution data,
wide-lane bias and narrow-lane bias data. As used herein, measurement time or epoch Ti follows measurement time
or epoch T0.
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[0091] For example, in block 602, the data processor 20, correction data estimator 34 or clock solution module 44
determines the clock input data, or an update of the clock input that is updated at slow clock rate or at a slow clock
interval. Accordingly, a transition from measurement time T0 to measurement time Ti does not necessarily trigger an
update of the clock input data, unless Ti is coincident with the next update interval of the slow clock process. For example,
the pre-processed measurements from measurement pre-processing module 36 are batched and sent to low latency
clock module 42 for block 604 after a few seconds waiting window, such as 1-2 seconds. Meanwhile, the pre-processed
measurements are sent to orbit/clock solutions module after longer period, such as 6-15 seconds.
[0092] After block 602, the method continues in block 604. In block 604, the data processor 20, correction data estimator
34, or low-latency module selects a reference satellite for each site of the reference network, or a pair of reference
satellites for each reference receiver 30 of the reference network. For example, in one embodiment the correction data
estimator 34 or the low-latency module selects the highest elevation satellite without cycle slips as a reference satellite
for each reference site. Any difference in elevation between the reference receiver 30 and the mobile receiver 12 should
be taken into account for tropospheric bias compensation. The tropospheric biases are corrected using a prior model
and residual troposphere bias estimation from slow clock solution.
[0093] In block 606, the data processor 20, correction data estimator 34, or the low-latency module determines a
double difference between the carrier phase measurements or narrow-lane carrier phase measurements at measurement
times or epochs Ti and T0 and the pair of satellites. For example, the double difference is determined for carrier phase
measurements at each reference receiver 30 at measurement times or epochs Ti and T0 and the pair of satellites. The
double difference (DD) narrow-lane ambiguities are resolved to determine precise refraction-corrected carrier phase
measurements for which certain biases are canceled out. For example, in double differencing techniques, one or more
of the following biases can cancel out: receiver code phase bias (e.g., receiver code phase bias and satellite code phase
bias), carrier phase bias (e.g., receiver phase bias and satellite phase bias) and clock bias (e.g., receiver clock bias and
satellite clock bias), that are common between satellites and receivers and can be cancelled out by the double differencing
operation between satellites and receivers. Some ionospheric propagation delay bias cancels out in the double-difference
equations. The remaining atmospheric errors including ionospheric and tropospheric delay can be ignored after the
double differencing for double differencing between the same reference receiver 30 at different times. However, an
ionosphere error between different reference receivers 30 separated by long base-lines could be estimated and used
by the correction data estimator 34.
[0094] In one embodiment, the low latency clock module 42 reduces the correction latency to improve clock accuracy
with absolute clocks from slow clock solution. In order to improve computation efficiency, the double differencing meas-
urements between time and satellites are used so that some unnecessary states such as ambiguity and receiver clocks
are removed. The low-latency module or the delta clock filter 412 only estimates changes in states for satellite clock for
processing efficiency and enhanced rapid availability/reduced latency of the correction data 16 for the mobile receiver 12s.
[0095] In one example, the clock solution module 44 determines predicted orbital data, satellite bias data and satellite
bias quality data (e.g., variance-co-variance data) based on the resolved double-differenced refraction corrected, narrow-
lane ambiguities.
[0096] In block 608, the data processor 20, correction data estimator 34 or low latency clock module 42 receives the
predicted orbital data, satellite bias data and satellite bias quality data (e.g., variance-co-variance data) based on the
resolved double-differenced refraction corrected, narrow-lane ambiguities and provides a delta clock filter 412 update.
Prior to the next update of the clock solution module 44 at the slow update rate in block 602, the low latency clock module
42 only estimates delta satellite clocks so that the computation can be updated at a low-latency rate that is greater than
the orbit update rate of the orbit solution module 38 and the slow update rate of the clock solution module 44.
[0097] In one example of the method of FIG. 6, the method continues with block 604 after each iteration of blocks 604,
606 and 608 for each site or reference receiver 30, until all the calculations of blocks 604, 606 and 608 have been made
for all sites or reference receivers 30 in the reference data network 32. Further, each iteration of blocks 604, 606 and
608 is consistent with providing low-latency correction data 16 at a low-latency intervals or a low-latency data rate.
[0098] In block 610, the data processor 20, the correction manager 40 or the low-latency clock applies a RAIM (receiver
autonomous integrity monitoring) algorithm to the delta clock filter 412. The RAIM algorithm comprises software that
uses an over-determined solution or redundant calculations to check the consistency of satellite measurements, such
as carrier phase measurements and code phase measurements of one or more satellites for each reference receiver
30 in the network. The RAIM algorithm requires at least five satellites in reception range to detect a material carrier
phase error measurement or material error in the clock correction for any satellite in the constellation. The correction
manager 40 or data processor 20 may delete, suspend or flag (as suspect or unreliable) low-latency clock correction
data 16 for one or more satellites that that is determined to be erroneous or unreliable such that the mobile receiver 12
or rover may ignore or provide less weight to low-latency clock correction data 16 that has been flagged as suspect or
unreliable.
[0099] In one example of executing block 610, the received satellite signals, low latency clock module 42 or the delta
clock filter 412 uses the a priori satellite clock rates from broadcast ephemeris to estimate delta satellite clocks as an
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error checking mechanism, such as supporting the RAIM algorithm. Within the low latency clock module 42, an additional
predictive filter (e.g., Kalman filter or least squares estimator) can be used to estimate delta clock for the RAIM algorithm.
Further, the estimated delta satellite clocks derived from the broadcast ephemeris can be compares to the estimated
delta satellite clods associated with the predictive filter or lease squares estimator. The number of estimated state
variables or unknowns is equal to the number of active satellites. The RAIM algorithm is used to ensure to detect and
remove any measurement with cycle slips.
[0100] In block 612, the data processor 20, correction data estimator 34, or low latency clock module 42 accumulates
delta clock data and computes the clock data that corresponds to measurement time or epoch Ti for incorporation into
the correction data 16 or low-latency correction data 16. For example, the low-latency correction data 16 incorporates
precise orbital correction data 50, precise low-latency clock data, precise low-latency clock quality data, and wide-lane
satellite bias data and narrow-lane satellite bias data on a satellite-by-satellite basis that can be applied to the particular
satellites in view of or within reliable reception range of the mobile receiver 12. In one configuration, the correction data
16 can be globally valid in the GNSS system for each corresponding measurement time or epoch and for each satellite
to which it pertains.
[0101] FIG. 7 discloses a flow chart of another embodiment of a method for providing a satellite correction signal with
a precise, low-latency Global Navigation Satellite System (GNSS) satellite clock. The method of FIG. 7 begins in step
S800.
[0102] In step S800, a plurality of reference receivers 30 or measurement module of the reference receivers 30 are
located at known corresponding locations (e.g., sites distributed geographically, such as globally throughout the world,
to receive satellite signals from one or more GNSS systems) and the reference receivers 30 measure raw phase meas-
urements, code phase measurements or both for corresponding locations. The measurement module makes the raw
phase measurements at measurement times that are referred to as epochs. For example, the reference receiver 30
may collect raw phase measurements and code phase measurements (e.g., pseudo-range measurements) at one or
more measurement times or epochs that are referenced to Global Navigation Satellite System (GNSS) system time.
The code phase measurements are measurements of the code (e.g., pseudo-random noise code) that is encoded on
one more received satellite signals or the carriers of the receive satellite signals. The reference receiver 30 transmits
or communicates the collected raw phase measurements to the data processing center 18 for estimation of correction
data 16, such as precise point positioning (PPP) correction data 16.
[0103] In step S802, a data processing center 18 collects raw phase measurements, code phase measurements, or
both and corresponding reference receiver 30 identifiers or site identifiers from a plurality of reference receivers 30. The
data processing center 18 can use the raw phase measurements and code phase measurements for estimation of
correction data 16. Besides the raw phase measurements, code phase measurements, the reference receivers 30 may
provide pre-processed data or other reference network data 46 including any of the following: wide-lane ambiguities,
narrow-lane ambiguities, ambiguities, estimated position error of the reference station from its known location derived
from the received satellite signals, tropospheric bias, satellite clock bias, satellite transmitter 10 bias, ephemeris data,
and navigation data.
[0104] In step S804, the measurement pre-processing module 36 or the correction data estimator 34 determines a
wide-lane ambiguity and a satellite wide-lane bias for the collected phase measurements for each satellite. For example,
the measurement pre-processing module 36 or the correction data estimator 34 determines a fixed integer wide-lane
ambiguity and a satellite wide-lane bias for the collected phase measurements for each satellite to assist in (e.g., provide
constraints for rapid or efficient convergence) estimation of narrow-lane ambiguities within one or more modules of the
correction data estimator 34.
[0105] In one example of carrying out step S804 the measurement pre-processing module 36 comprises a predictive
filter (e.g., wide-lane estimator 37 (e.g., wide-lane filter) or Kalman filter) for estimating the wide-lane ambiguities for the
received satellite signals for each reference receiver 30 or its site based on the collected raw phase measurements and
code phase measurements, alone or in conjunction with the ancillary data to use as constraints. Further, the determined
wide-lane ambiguities facilitates efficient and rapid convergence of one or more narrow-lane estimator 39 (e.g., narrow-
lane filter)s (e.g., Kalman filters) that are used for the determination of the orbit solution and the slow clock solution,
which are described in other steps of the method of FIG. 7.
[0106] In step S806, the orbit solution module 38, the narrow-lane ambiguity resolution estimator, or the correction
data estimator 34 determines (or applies a previously determined) an orbital narrow-lane ambiguity and an orbital satellite
narrow-lane bias for the collected phase measurements for each satellite in an orbit solution based on the collected raw
phase and code measurements, consistent with the determined wide-lane ambiguity and the respective satellite wide-
lane bias. In one example, in the absence of the cycle slips and material tropospheric delay changes over a time period,
a fixed narrow-lane ambiguity may not require updating, but the set of carrier phase measurements and code phase
measurements are updated for the orbit solution at the orbital correction rate (e.g., about once every 300 seconds) that
can differ from the slow update rate (e.g., about once every 30 seconds to 60 seconds) of the set of carrier phase
measurements and code phase measurements for the slow clock solution. In the presence of cycle slips of the carrier
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phase or loss of lock of any carrier signal or low signal quality of any satellite received signal, the orbital narrow-lane
ambiguity can be updated with input states at an orbital correction rate that can differ from a slow update rate of the
slow clock solution, or the clock narrow-lane ambiguity.
[0107] In step S808, the orbit solution module 38 or the correction data estimator 34 determines satellite orbit correction
(e.g., at orbital correction rate), based on collected raw phase measurements and code measurements, consistent with
the determined orbital narrow-lane ambiguities and respective orbital satellite narrow-lane bias.
[0108] In step S810, the clock solution module 44, the narrow-lane ambiguity resolution estimator, or the correction
data estimator 34 determines (or applies a previously determined) a clock narrow-lane ambiguity and a respective clock
satellite narrow-lane bias for the collected phase measurements for each satellite in a slow clock solution based on the
collected raw phase and code measurements, consistent with the determined wide-lane ambiguity and the respective
satellite wide-lane bias. In one example, in the absence of the cycle slips and material tropospheric delay changes over
a time period, a fixed narrow-lane ambiguity may not require updating, but the set of carrier phase measurements and
code phase measurements are updated for the slow clock solution at the slow update rate (e.g., about once every 30
second to 60 seconds). In the presence of cycle slips of the carrier phase or loss of lock of any carrier signal or low
signal quality of any satellite received signal, the clock narrow-lane ambiguity can be updated with input states at a slow
update rate that can differ from an orbital correction rate of the orbit solution.
[0109] In step S812, the clock solution module 44 or the correction data estimator 34 determine a slow satellite clock
correction (e.g., and tropospheric delay bias and gradients) per reference receiver 30 based on the collected raw phase
and code measurements (e.g., previously collected raw phase and code measurements updated at a slow update rate)
and derived data from the raw phase and code measurements, where the derived data comprises one or more of the
following: the determined satellite orbital correction data 50, determined wide-lane integer ambiguity and respective
satellite wide-lane bias, and determined clock narrow-lane integer ambiguity and respective satellite narrow-lane bias
data.
[0110] In step S814, the low latency clock module 42 or the correction data estimator 34 determines lower-latency
satellite clock correction data 16 or delta clock adjustment to the slow satellite clock based on freshly or recently updated
measurements (e.g., updated at a fast update rate or a low-latency update rate greater than the slow update rate) of
the collected raw phase measurements that are more current than a plurality of previous measurements of the collected
raw phase measurements used for the slow satellite clock correction to provide lower-latency clock correction data 16.
In some embodiments, the low latency clock module 42 or the clock solution module 44 can apply the delta clock
adjustment to the slow clock solution.
[0111] Step S814 may be executed in accordance with various techniques, which may be applied separately or
cumulatively.
[0112] Under a first technique, the clock solution module 44, the low latency clock module 42, or the correction data
estimator 34 estimates relative clock error at a first rate (e.g., relatively high rate (e.g., approximately 1 Hz or greater))
using double-difference techniques (e.g., between time, Ti and T0 and between reference satellites for each reference
site of local reference station) for the lower-latency correction data (e.g., highest elevation satellite without cycle slips is
selected as the reference satellites for each site).
[0113] Under second technique, the lower-latency correction data comprises a fast clock solution and the higher-
latency correction data 16 (e.g., moderate-latency correction data 16) comprises a slow clock solution; the clock solution
module 44 or the correction data estimator 34 integrates the fast clock solution and the slow clock solution over an
integration period (e.g., approximately 30 seconds) to provide an absolute satellite clock estimate (e.g. GPS reference
system time).
[0114] Under third technique, the lower-latency correction data comprises a fast clock solution and the higher-latency
correction data 16 comprises a slow clock solution; the clock solution module 44 or the correction data estimator 34
provides the slow clock solution with a long latency comprising the longer GNSS raw data collection time (e.g., approx-
imately 6 to approximately 10 seconds) for more GNSS raw data and a few seconds of data processing time for a
complicated slow clock solution.
[0115] Under fourth technique, the lower-latency correction data comprises a fast clock solution and the higher-latency
correction data 16 comprises a slow clock solution; the clock solution module 44 or the correction data estimator 34
provides the lower-latency satellite clock correction data 16 (e.g., fast clock solution) with a low-latency including the
shorter GNSS raw data collection time (e.g., approximately 1 to approximately 2 seconds) and a data processing time
(e.g., of a few milliseconds) for extremely efficient estimation of lower-latency satellite clock correction data 16 (e.g., fast
clock solution).
[0116] Under fifth technique, the lower-latency correction data comprises a fast clock solution and the higher-latency
correction data 16 comprises a slow clock solution; the clock solution module 44 or the correction data estimator 34
uses a troposphere estimation from a slow clock solution in fast clock solution. (e.g., tropospheric bias is estimated
based on a priori model and residual tropospheric bias estimation from the slow clock solution).
[0117] Under sixth technique, the lower-latency correction data comprises a fast clock solution and the higher-latency
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correction data 16 comprises a slow clock solution; the clock solution module 44 or the correction data estimator 34
uses orbital correction data 50 (e.g., common orbital correction data 50) from an orbit solution in both slow clock solution
and lower latency satellite clock correction data 16 (e.g., fast clock solutions).
[0118] Under seventh technique, the lower-latency correction data comprises a fast clock solution and the higher-
latency correction data 16 comprises a slow clock solution; the clock solution module 44 or the correction data estimator
34 uses a delta-clock from a lower latency satellite clock correction data 16 (e.g., fast clock solution) to update the slow
clock solution. For example, the correction data estimator 34 updates the slow clock solution with an update interval or
slow update rate, such as approximately 30 seconds to approximately 60 seconds (e.g., to predict a satellite clock
dynamic the in slow clock solution or the accumulated delta-clock or change from a fast clock solution.) Simultaneously
with any delta-clock adjustments to the slow clock solution, the slow clock solution, the fast clock solution, or both are
updated by the orbit solution or orbital correction data 50 at an orbit correction rate, such as approximately once every
300 seconds to predict a satellite clock dynamic associated with the orbit solution.
[0119] Under an eighth technique, the lower-latency correction data comprises a fast clock solution and the higher-
latency correction data 16 comprises a slow clock solution; the clock solution module 44 or the correction data estimator
34 uses the lower-latency correction comprises a change in a satellite clock correction based primarily on the raw carrier
phase measurements (e.g., GNSS carrier phase data only).
[0120] Under an ninth technique, the lower-latency correction data comprises a fast clock solution and the higher-
latency correction data 16 comprises a slow clock solution; the clock solution module 44 or the correction data estimator
34 estimates the moderate-latency data to include absolute satellite clocks, tropospheric bias, satellite narrow-lane bias
and narrow-lane ambiguity solution.
[0121] Under an tenth technique, the lower-latency correction data comprises a fast clock solution and the moderate-
latency correction data 16 comprises a slow clock solution; the clock solution module 44 or the correction data estimator
34 estimates correction data 16 that comprises the satellite orbital correction data 50, the lower-latency satellite clock
correction data 16, the satellite wide-lane bias data, the satellite narrow-lane bias data, and satellite quality indicators
of the lower-latency clock and narrow-lane bias. The correction data 16 can represent integrated and absolute satellite
clock data available within a lower-latency satellite correction signal.
[0122] In step S816, the correction manager 40 or the correction data estimator 34 incorporates the satellite orbital
correction data 50 and the low-latency clock correction data 16 into the correction data 16, encoded on the global satellite
differential correction signal, with global validity for the GNSS transmission to one or more mobile receivers 12. For
example, the correction data estimator 34 or data processor incorporates the satellite wide-lane bias, the satellite orbital
correction data, the satellite narrow-lane bias from the slow clock solution and the low latency clock correction data into
the correction data, encoded on the global satellite differential correction signal, with global validity for the GNSS trans-
mission to one or more mobile receivers.
[0123] In step S818, the correction manager 40, the wireless communications system 57, or the correction data
estimator 34 transmits the lower-latency satellite correction data 16 (e.g., satellite orbit, clock, satellite wide-lane and
narrow-lane bias and quality signals for each satellite) via a correction data 16 message (e.g., via satellite L band signal
or cellular network communicating to Internet 56 feed/correction data 16) to one or more mobile receivers 12.
[0124] As used in this document, latency is based on time difference between an earlier epoch associated with a
collection (and observation at reference stations) of measurements for processing and application of processed meas-
urements at a later epoch in mobile rover receiver.
[0125] FIG. 8A provides an illustrative chart of typical time lag or delay in providing slow clock solutions versus GNSS
time. As illustrated in FIG. 8A, the vertical axis 700 provides slow clock delay time or an indicator of slow clock update
interval. Meanwhile, the horizontal axis 702 provides GNSS time such as a GPS time of the corresponding satellite. In
one embodiment, the illustrative chart is provided for one or more reference stations (e.g., approximately 60 reference
receivers 30) and cluster of at least five satellites that are within view or reliable range. In the illustrative example of FIG.
8A, the slow clock solution takes approximately 2 to 3 seconds to finish the measurement processing for one epoch.
After completion of the measurement processing for each epoch, the satellite clock changes (e.g., delta clock data) are
integrated with absolute clocks from slow clock solution to derive precise absolute clocks for any epochs. Finally, these
orbit, clock corrections and satellite wide-lane (WL), narrow-lane (NL) bias products with quality information are sent to
user through a satellite channel (e.g., L-band channel) or wireless communications network (e.g., via Internet 56) in real-
time.
[0126] FIG. 8B provides an illustrative chart of time lag or delay in providing low-latency clock solutions versus GNSS
time. As illustrated in FIG. 8B, the vertical axis 704 provides low-latency clock delay time or an indicator of fast clock
update interval or low-latency update interval. Meanwhile, the horizontal axis 706 provides GNSS time such as a GPS
time of the corresponding satellite. In one embodiment, the illustrative chart is provided for one or more reference stations
and cluster of at least five satellites that are within view or reliable range. If the data processing center 18 comprises a
desktop computer or server 54, the data processing center 18 could take a few milliseconds to finish processing all the
measurements for the low-latency solution in FIG. 8B, which is more than 300 times faster than the slow clock solution
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of FIG. 8A. The computation for low-latency is extremely efficient.
[0127] The illustrative example of FIG. 8B shows the typical correction age for correction data 16 is approximately 4
seconds from real-time receiver, which includes the time for the network data to arrive at the data processing center 18
(e.g., computer or server 54), the network processing time by the data processing center 18; and the correction trans-
mission time to deliver the correction data 16 or correction data 16 message from the data processing center 18 to the
mobile receiver 12 of the end user. Notwithstanding any language to the contrary, the results or delays for correction
data 16 shown in FIG. 8A and FIG. 8B are merely shown for illustrative purposes and real world delays may differ from
those shown based on many possible factors, even when employing the methods, systems or information set forth in
this disclosure.
[0128] In accordance with one embodiment illustrated in FIG. 9, a system 911 for providing a satellite correction signal
comprises a satellite receiver for receiving a series of raw satellite signal measurements. The system 911 of FIG. 9 is
similar to the system 11 of FIG. 1A, where like reference numbers indicate like elements.
[0129] In FIG. 9 the data processing center 118 is similar to the data processing center 18 of FIG. 1A, except the data
processing center 118 of FIG. 9 comprises a data collector 19, a data source selector 15, and off-line data 23 or stored
data. The data collector 19, data source selector 15 and data storage device 24 may be coupled to the data bus 22 for
communication with each other, the electronic data processor 20, and one or more data ports 26.
[0130] In other embodiments, virtual data communication paths, physical data communication paths, or both are
possible between the data collector 19, data source selector 15, data ports 26 and data storage device 24, for example.
Virtual data communication paths may represent logical communication paths via software, links, or calls, for example.
Physical data communication paths may comprise transmission lines, cables, data bus, strip-line, microstrip, circuit
board traces or other physical communication paths to communicate signals or data between modules or components
of the data processing center 118.
[0131] In one embodiment, the data collector 19 may communicate with the reference data network 32 or one or more
reference receivers 30 via a data port 26. In turn, the data collector 19 may store or facilitate storage of recorded off-
line data, historical measurement data and associated ephemeris data in the data storage device 24 for subsequent
reference during a start-up mode or warm-start mode to reduce the start-up time to convergence. The recorded off-line
data 23 may comprise one or more of the following: historical measurement data from one or more reference receivers
30, raw measurement data from one or more reference receivers 30, and associated ephemeris data from the same
measurement epoch or sampling time interval as the measurement data.
[0132] In one embodiment, the data storage device 24 stores the recorded off-line data 23 or received raw satellite
signal measurements for a series of time windows prior to a current time (e.g., current GNSS measurement time). The
time window may be selected in accordance with various techniques that may be used cumulatively or alternately. Under
a first technique, the series of time windows is based on the available data and targeted time for convergence for the
warm start. Under a second technique, the series of time windows is cumulatively at least 24 hours in duration. Under
a third technique, the series of time windows has cumulative or complete a range from approximately 24 hours to
approximately 48 hours in duration.
[0133] Each one of the satellite signal measurements (e.g., carrier phase signal measurements associated with each
received satellite signal at the respective reference receivers 30) is associated with a respective stored measurement
time tag. During a start-up mode or warm-start mode, an estimator 34 is adapted to estimate a satellite correction data
or a satellite correction signal based on satellite orbit data, satellite clock data, and satellite bias correction data derived
from stored received raw satellite signal measurements or the recorded off-line data 23. In some configurations, the
correction data or satellite correction signal is valid on a global basis for precise point positioning, whereas in other
configurations, the satellite correction signal may be valid for a defined geographic area that is less than worldwide.
[0134] In one embodiment, the data source selector 15 can communicate with the one or more reference receivers
30 via the data ports 26. Further, the data source selector 15 can communicate with the data storage device 24 via the
data bus 22, or via another virtual data path or physical data path. A data source selector 15 can seamlessly switch or
change a measurement data source from the stored received raw satellite signal measurements (e.g., recorded off-line
data 23) to live, real-time raw satellite signal measurements if or when the respective measurement time tag of a last-
processed one of the stored received satellite signal measurements approaches or reaches the current time, where a
difference between the respective measurement time tag of the corresponding last-processed, stored received raw
satellite measurement and the current time is less than a threshold time range.
[0135] As illustrated in FIG. 9, the correction data estimator or estimator 34 is stored in a data storage device 24. For
example, the estimator 34 may comprise software instructions for interpretation or processing by the electronic data
processor 20 to estimate correction data, such as satellite orbit data, satellite clock data, satellite bias data, or other bias
data. In one configuration, the estimator 34 is adapted to determine when the satellite orbit data, the satellite clock data,
and the satellite bias data (e.g., wide-narrow lane bias data) have converged to reliable satellite correction data with
ambiguity resolution.
[0136] Once the correction data estimator 34 estimates or determines the correction data, the satellite uplink station
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28 or satellite uplink transmitter may transmit the reliable correction data with ambiguity resolution to end users via a
communications satellite 35 and a wireless correction device 14, such as a satellite downlink receiver over a satellite
communications channel.
[0137] In an alternate embodiment, once the data estimator 34 estimates or determines the correction data, the wireless
communications system, such as a cellular system, a code division multiple access (CDMA) system, or a time division
multiple access system (TDMA) may transmit the reliable correction data with ambiguity resolution to end users via the
wireless communications system over a communications channel.
[0138] In another alternate embodiment, once the data estimator 34 estimates or determines the correction data, a
server may distribute or make available the correction data over the Internet to authorized subscribers via a virtual private
network, encrypted communications channel, or another communications channel.
[0139] In one embodiment, the data processing center 118 updates or refreshes the correction data at a rate of at
least 1 Hertz or greater. In one embodiment, as illustrated in FIG. 10, the data processing system 218 comprises a clock
solution module 44 for providing a slow clock estimate and a low latency clock module 42 for providing a low latency
clock estimate, where the data processing system integrates two parallel clock estimation processes including the slow
clock estimate and low latency clock estimate.
[0140] The data processing system (118 or 218) can operate in a start-up mode or warm-start mode or a normal mode.
During a start-up mode, the data storage device 24 or data processor 20 feeds approximately six hours of stored data
measurements into the slow clock module 44 (e.g., slow clock estimation module) to reach steady state clock estimation.
However, during the start-up mode, historical stored data measurements are not required to feed the low latency clock
module 42. During a normal operation mode, the estimator 34 is adapted to estimate a differential correction signal with
satellite orbit data, satellite clock bias data, and satellite bias data based on real-time live received raw measurements.
[0141] First, the data collector 19 may facilitate storage of approximately 24 to approximately 48 hours of historical
measurement data and ephemeris data. Second, in one example the estimator 34 or data processor 20 inputs a first
portion (e.g., approximately 24 to approximately 48 hours) of the stored historical measurement data and associated
stored ephemeris data (individually or collectively, recorded off-line data 23) into the MPP module 36 and orbit solution
module 38. Third, the estimator 34 or data processor 20 inputs a second portion (e.g., approximately the last two hours)
of the stored historical measurement data and associated stored ephemeris data (individually or collectively, recorded
off-line data 23) into the low latency clock module 42, where the second portion is less data than the first portion, or
where the second portion is collected over a lesser time period than a greater time period of the first portion. Fourth, the
estimator 34 or data processor 20 inputs only real-time measurement data and associated ephemeris data to the low
latency clock module 42. Fifth, when the latest GNSS measurement time tag fed from recorded off-line measurement
data or stored measurement data reaches or approaches the real-time GNSS measurement time tag, the estimator 34
will seamlessly switch the input source of the measurements from recorded off-line data 23 to real-time data collected
from one or more reference receivers 30 or the global GNSS reference data network 32.
[0142] In one embodiment, the estimator 34, such as an innovative clock orbit real-time estimator 34 (iCORE), estimates
Global Navigation Satellite System (GNSS) orbit data and clock data, where the estimator 34 typically takes up to 24
hours to 48 hours of measurements to reach pull-in or steady and reliable states of position estimates of the reference
receivers 30 and associated correction data (e.g., differential correction data or precise point positioning data). In one
configuration, when the estimator 34 software is started, the last 24 to 48 hours of offline measurements are stored in
hourly files in data collector 19 (e.g., data collector 19 server) are firstly fed into the estimator 34 for data processing.
[0143] When the latest GNSS measurement time tag read from offline data reaches, or approaches with minimal lag,
the real-time GNSS measurement time tag, the data selector switches the measurement input source from offline data
or historical measurement data in the data storage device 24 to real-time data collected from the global GNSS reference
station network receivers. After the estimator 34 or its quality module determines convergence of orbit and clock solutions,
the estimator 34 or data processing center (118 or 218) can provide or communicate a consistent set of correction signals
(e.g., StarFire™ correction signals) including satellite orbit, clock, wide-narrow satellite bias and quality information in
a timely manner through wireless communications, such as L-band satellite channels, cellular channels, code divisions
multiple access (CDMA) communication channels, time division multiple access (TDMA) channels, internet in real-time.
The warm start can significantly reduce correction signals start-up time from approximately 24-48 hours to approximately
1.5-3 hours to support improved operation efficiency and productivity.
[0144] StarFire is a real-time global navigation satellite augmentation system (GNSS) achieving centimeter-level ac-
curacy positioning, by using the real-time global differential corrections. This correction is available globally through
either over internet protocol (IP) or L-Band geostationary communication satellite. In comparison to local reference
station correction, global differential correction eliminates the need for local reference stations and radio communication.
[0145] The correction system with warm start of the correction estimator 34 is well suited for minimizing or reducing
downtime from software updates and maintenance. The performance of the correction system may be based on an
evaluation of start-up time. The start-up time can be defined as the required time period from starting computation
correction estimation and server software to readiness to broadcast or transmit wirelessly the correction signals in real-
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time to satellite mobile receivers 12 (of end users or subscribers) equipped with wireless correction device 14 (e.g.,
satellite receiver or cellular transceiver). The start-up time is mainly influenced by long GNSS orbit and clock convergence
times, especially GNSS orbit estimation.
[0146] There is generally a conflict between fast start up time and reliable steady state performance for correction
estimation. The steady and reliable GNSS orbit and clock estimation requires more GNSS measurements than are
necessary to achieve a fast start up time. For example, in practice a cumulative data window of at least 24 hours of
historical measurement data is required for reliable steady state performance. Yet, the more GNSS measurement that
are used, the estimator 34 will take longer to process the measurements to arrive at reliable clock data and orbit data
estimates.
[0147] In accordance with FIG. 10 in one configuration, the architecture of the correction system 1011 is structured
as follows: GNSS reference receivers 30 are globally distributed with good satellite geometry and visibility. The reference
receivers 20 are associated with satellite uplink stations 28 or other communications systems for transmitting measure-
ments and ephemeris data (individually and collectively off-line data 23) to the data collector 19 or data processing
center 118 in real time. The data collector 19 can store the measurement data and ephemeris data (individually and
collectively off-line data 23) in the data storage device 24.
[0148] In one embodiment, the data storage device 24 may comprise a magnetic disc, an optical disk, electronic
memory, nonvolatile random access memory, or any other data storage device 24. The collected data is stored in the
data storage device 24 for access during the warm start mode for offline processing or re-processing. In one embodiment,
the data collector 19, alone or together with the data source selector 15, can both record data in the data storage device
24 and send the real-time data to the estimator 34 of the data processing center 118 in real-time.
[0149] In one embodiment, the data processing center (118 or 218) or centers collect, store and pre-process GNSS
measurements from reference receivers 30 when the GNSS measurements arrive at the data processing centers (118
or 218). The longer time the data processor 20 or estimator 34 waits prior to processing the measurements, the more
measurements are collected. With more measurements collected, the data processor 20 or estimator 34 can improve
the accuracy of orbit, clock and satellite bias, and reliability of network ambiguity resolution. If data processing centers
(118 or 218) are distributed throughout the world with reference receivers 30, the total processing time to reach a
convergent solution can be significant; particularly for multi-GNSS position solution estimates with ambiguity resolution.
Multi-GNSS position solution estimates require ambiguity resolution for different GNSS satellite systems, such as Global
Positioning System, GPS (U.S.); GALILEO (Europe), Quazi-Zenith Satellite System, QZSS (Japan); BeiDou Navigation
Satellite System, BDS (China); Global Navigation Satellite System, GLONASS (Russia), and others.
[0150] Because correction data is provided via satellite communications, such L-band satellite channels with associated
bandwidth limitation, there can be latency in providing correction data to mobile receivers 12 of end users. The estimator
34 is configured to reduce processing time of the estimator 34 to minimize latency in the correction data provided to
mobile receivers 12 to allow the processor 20 to operate at 1 Hz with at least 24 hours data for startup. The estimator
34 minimizes the processing time to generate corrections signals that enable ambiguity resolution on the user receiver.
The estimator 34 uses an innovative ambiguity resolution algorithm for the generation of the clocks and satellite biases.
Further, the estimator 34 facilitates processing data of up to a hundred of reference receivers 30 from one or more of
the following data sources: (a) live or real-time GNSS measurements (e.g., live measurement data streams) from active
GNSS reference receivers 30, (b) stored, historical, or off-line recorded GNSS measurements (e.g., recorded measure-
ment data streams) from GNSS reference receivers 30 (e.g., during the last or previous 24 hours to 48 hours), (c) any
mix or combination of real-time GNSS measurements and recorded GNSS measurements.
[0151] In accordance with one example as illustrated in step S914 of FIG. 14, a data source selector 15 is adapted to
use a mix or combination of measurement data sources comprising the stored received raw satellite signal measurements
and live, real-time raw satellite signal measurements, if or when the respective measurement time tag of a last-processed
one of the stored received satellite signal measurements has not yet approached or reached the current time (e.g.,
current GNSS measurement time), where a difference between the respective measurement time tag of the corresponding
last-processed, stored received raw satellite measurement and the current time is greater than a threshold time range.
In one embodiment, the estimator 34 can provide all necessary computations, such as measurement pre-processing,
orbit and clock determination, ambiguity resolution and the final correction generation, within a fraction of second.
[0152] In one embodiment, the estimator 34 comprises a clock solution module 44 and a low latency clock module
42, such that estimator 34 provides an integrated clock solution of two parallel clock estimation processes (e.g., slow
clock of the clock solution module 44 and a low latency clock of the low latency clock module 42). The clock solution
module 44 and low latency clock module 42 collectively promote accuracy of absolute clock estimation and a reduction
of the clock latency in position estimates that use the correction data. In one embodiment, the clock solution module 44
determines a slow clock solution that uses all the possible GNSS measurements (from reference receivers 30), such
the GNSS measurements include longer latency measurements (e.g., up to 6 seconds) from the reference receivers 30
or associated network to estimate absolute satellite clock, tropospheric bias, satellite narrow-lane bias and ambiguity
and conduct ambiguity resolution. In some examples, the clock solution module 44 requires an intensive computation
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to determine the slow clock estimate, which can take several seconds to process.
[0153] In contrast, the low latency clock module 42 takes only the latest available measurements with a shorter latency
(such as receiver measurements with latencies limited to approximately 1 to 2 approximately seconds) to compute
satellite clock change at high rate. The low latency clock module 42, data processor 20 or estimator 34 integrates the
low latency clock estimate with the slow clock estimate and orbit at low rate to deliver a consistent set of correction
signals including satellite orbit, clock, wide-narrow satellite bias and quality information in a timely manner through L-
band wireless channel, wireless communications system, an electronic communications network, or internet in real-time.
[0154] In one embodiment, the data processing center (118 or 218) comprises hub navigation algorithm software,
such as the clock orbit real-time estimator 34, which can be referred to as the innovative Clock Orbit Real-time Estimator
(iCORE). The estimator 34 includes a measurement pre-processing (MPP) module 36, an orbit solution module 38,
clock solution module 44 and low latency clock module 42, which are critical components of global differential correction.
The data processing center (118 or 218) or estimator 34 generates correction signals to provide centimeter-level accuracy
estimates including: (1) satellite orbit estimate, (2) satellite clock estimate, and (3) satellite phase biases and their
associated quality information.
[0155] When the estimation software of the estimator 34 is started, historical collected data (if available) of measure-
ments and associated ephemeris data, such as approximately 24 to approximately 48 hours of collected data or meas-
urement data is fed into the MPP module 36 and orbit solution module 38 for enhancing or speeding up the convergence
of GNSS orbit estimation. Further, the last six hours of historical collected data is also fed into the estimator 34 or clock
solution module 44 that estimates the slow clock estimate. In general, the estimator 34 takes approximately 24 to 48
hours of historical measurement data to reach steady-state, reliable orbit estimation and approximately 6 hours of
historical measurement data for slow clock estimation. Because the low latency clock does not take time to pull-in steady
states, the low latency clock module 42 does not require the historical measurement data or collected data to estimate
the low latency clock solution.
[0156] In one embodiment, when the latest GNSS measurement time fed from offline data reaches the current or real-
time GNSS measurement time, the estimator 34 will seamlessly switch measurements input source for all the modules
from off-line data 23 or stored data in the data storage device 24 to real-time data collected from the global GNSS
reference station network receivers. The correction system uses a communications system or broadcasting system to
deliver the global differential corrections to mobile satellite receivers 12 from one or more data processing centers (118
or 218) distributed around the world. For example, the set of global differential correction data can be selected and
transmitted via a satellite uplink transmitter or Land-Earth Station (LES) to a communications satellite 35 (e.g., INMARSAT
communication satellite). In one embodiment, the user satellite mobile receiver 12 is capable of receiving this set of
global differential corrections, resolving ambiguity, and achieving centimeter-level precision in position estimates for
navigation.
[0157] FIG. 10 illustrates the data correction system 1011 associated with a data processing center 218 and the
estimator 134. The estimator 134 comprises the following modules: a real-time data collector 19, a measurement pre-
processor module 36, an orbit solution module 38, a clock solution module 44 and low latency clock module 42. In some
configurations, the real-time data collector 19 further comprises a data source selector 15 (in FIG. 9), although in other
configurations the data source selector 15 can be a separate module.
[0158] As illustrated, the data collector 19 (e.g., real-time data collector) communicates with one or more reference
receivers 30 and a data storage device 24 in the data processing center 218. The data collector 19 or the data storage
device 24 may provide measurement data, ephemeris data, or both (e.g., off-line data 23) to MPP module 36. For
example, the data collector 19 may provide the measurement data, ephemeris data, or both to the MPP module 36 via
a data source selector 15. In turn, the MPP module 36 can provide the measurement data and pre-processed data
derived from the measurement data to one or more of the following: the orbit solution module 38, the clock solution
module 44, and the low latency clock module 42. For instance, the MPP module 36 may communicate with the orbit
solution module 38, the clock solution module 44 and the low latency clock module 42 via a data bus 22, a virtual
communications path, a physical communications path, or some combination of the foregoing.
[0159] In one embodiment, the real-time data collector 19 can collect measurement data from the satellite reference
receivers 30 in real time and can facilitate storage of the collected measurement data in the data storage device 24.
Further in some embodiments, the real-time data collector 19 may comprise a data selector module 15 that distributes
the collected data or measurement data to other modules in the data processing system 1011. In other embodiments,
the data collector 19 can distribute collected data or measurement data to the other modules or data processing servers.
[0160] In one configuration, the measurement pre-processing (MPP) 36 module prepares "clean" measurements and
provides wide lane fixed ambiguities and wide-lane bias product based on one or more data sources, such as real-time
data measurements, off-line or stored data measurements (e.g., last 24-48 hours of stored data measurements), or a
mix offline data (e.g., last 24-28 hours of stored data measurements) or stored data and real-time data measurements
(e.g., real-time streaming data measurements).
[0161] As illustrated, the orbit solution module 38 is adapted to provide accurate satellite position and satellite velocity
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estimates, based on one or more data sources, such as real-time data measurements, off-line or stored data measure-
ments (e.g., last 24-48 hours of stored data measurements), or a mix offline data (e.g., last 24-28 hours of stored data
measurements) or stored data and real-time data measurements (e.g., real-time streaming data measurements).
[0162] In one embodiment, the clock solution module 44 is adapted to provide a satellite slow clock solution estimate
and narrow-lane bias products at low rate, based on one or more data sources, such as real-time data measurements,
off-line or stored data measurements (e.g., last 6 hours of stored data measurements), or a mix offline data (e.g., last
6 hours of stored data measurements) or stored data and real-time data measurements (e.g., real-time streaming data
measurements).
[0163] The low latency clock module 42 or estimator 134 is adapted to provide a fast satellite clock estimate at 1Hz
and integrate outputted MPP solutions, orbit solutions and slow clock solutions to generate a set of consistent correction
data signals in real-time. In one configuration, the data source for the low latency clock module 42 is only accepted from
real-time measurement stream.
[0164] In one embodiment, the low latency clock module 42 only uses the carrier phase measurements to derive clock
change between two different epochs. In order to improve computation efficiency, the double-differenced approach
between time and satellites are used to reduce size of estimated states such as ambiguity and receiver clocks. The
tropospheric biases are corrected using a model (e.g., an a priori model) and residual troposphere bias estimation from
slow clock solution. The low latency clock module 42 estimates satellite clock changes, rather than absolute values of
the clock data. Accordingly, the low latency clock computation is extremely efficient. For example, in a few milliseconds
or less, the low latency clock module 42 can determine or estimate the satellite clock changes or low latency data for
the relevant measurements of all reference receivers 30 for any epoch.
[0165] In one embodiment, each one of the MPP module 36, the orbit solution module 38 and the clock solution module
44 comprises two parts or components: (1) a Zero-Differential (ZD) Kalman filter or data processor 20; (2) Network ARE
(e.g., Ambiguity Resolution Estimator (ARE)) module. Each Zero-differential Kalman filter processes received measure-
ment data to form ZD measurements, to define state variables, and to update (e.g., dynamically) the Kalman filter
measurements. The Network ARE module processes measurement data to perform ambiguity resolution. In one em-
bodiment, the measurement pre-processing module accepts measurement data from the reference data network 32 as
input data and applies the wide-lane estimator 34 to output wide-lane ambiguities and corresponding wide-lane bias.

Measurement Pre-processing Module

[0166] In one embodiment, at regular intervals (e.g., once per second) the measurement pre-processing module 36
pre-processes and cleans raw measurement data from one or more satellite reference receivers 30 or the reference
station network 32 based on real-time or live measurement data, off-line recorded or stored measurement data, or both.
Further, the MPP module 36 can resolve the widelane (WL) ambiguities. In one configuration, the MPP module 36
provides the filtered or "cleaned" measurements, fixed wide lane ambiguities, and satellite WL biases to the low latency
clock module 42, the clock solution module 44 and the orbit solution module 38.

[0167] In certain configurations, MPP module 36 uses Melbourne-Wυbbena linear combination  as a Zero-
Differential (ZD) measurement to estimate the following state variables:

• ZD float WL ambiguity per visible satellite and site which combining receiver wide lane bias and WL integer ambi-
guities. The ambiguity is resolved in double-difference (DD) and single-difference (SD) form, where the receiver WL
bias is cancelled;

• One wide lane bias per satellite; and
• One GLONASS Inter-frequency bias (IFB) WL coefficient per tracked site. Its sensitivity coefficient is the satellite

frequency number. This sate variable only exists for GLONASS case.

[0168] In order to make the computation effective, the ZD Melbourne-Wυbbena measurements for each site are
averaged at a time interval, such as 60 second, if there is no cycle slip. A cycle slip refers to a loss of lock or pull-in of
the carrier phase for any satellite signal, for example. For each time interval, the filtered or smoothed ZD Melbourne-
Wυbbena measurements are processed in ZD Kalman filter site-by-site for each satellite reference receiver. At each
measurement update interval, in the MPP module 36 the ZD Kalman filter dynamic update and measurement update is
processed to update state variables.
[0169] In one embodiment, each GNSS system satellite can be modeled with a separate and distinct wide lane filter.
For example, GPS with the Quazi-Zenith Satellite System (QZSS), GLONASS, GALIEO and BEIDOU systems each
have a separate wide lane filter. The QZSS is a satellite-based augmentation system to supplement GPS for an Asian
area. Note that the reference receiver bias is not a desirable global differential product because it is not used for user
receiver navigation. Accordingly, in certain embodiments, to reduce filter size and computation complexity, the reference
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receiver WL bias is not explicitly estimated; instead, the WL bias is combined into the ZD float ambiguity state.

Orbit Solution Module

[0170] The orbit solution module 38 is a major module of the estimator 34 that estimates the satellite orbits of one or
more constellations or groups of GNSS satellites. The clock solution module 44 and the low latency clock model 42 rely
on the predicted orbits provided over time intervals (e.g., every few minutes) from the orbit solution module 38. The orbit
solution module 38 provides orbit solutions at a lower rate such as every 300 seconds because the GNSS satellite orbits
are generally smooth.
[0171] The data sources for orbit solution module 38 can be from either real-time measurements, off-line data 23 (e.g.,
recorded measurements or stored measurements, such as approximately 24 to approximately 48 hours of off-line his-
torical measurement data), or any mix of real-time measurements and off-line data 23 (e.g., stored measurements, such
as approximately 24 to approximately 48 hours. In one embodiment, the MPP module 36 takes at least 24 hours of off-
line data 23 for orbit solution to reach steady states. In one configuration, in the estimator 34, the MPP module 36, orbit
solution module 38, the slow clock solution module 44 and low latency clock module 42 can run in parallel in accordance
with parallel data processing processes.
[0172] In one embodiment, the orbit solution module 38 uses the refraction-corrected code and carrier phase meas-
urements from one or more reference receivers 30 or the global reference station network 32. The orbit solution module
38 may be configured as a filter that processed are three types of state variables, such as one or more of the following:

(1) Satellite dependent state variables including satellite position, velocity, satellite clock, satellite narrow-lane bias,
yaw rate and empirical solar radiation force modeling parameter;
(2) Receiver dependent state variables including reference position, receiver clocks, residual troposphere bias and
gradients, carrier phase ambiguities; and
(3) Common state variables including Earth Orientation parameters such as polar motion and University Time-
Universal Coordinated Time (UT1-UTC).

In order to provide correction data for global differential positioning services, the orbit solution module 38 estimates the
precise orbits and the uplink station 28 or other wireless communication device transmits the precise orbits to end-user
mobile receivers 12 in real-time. Typically, predicted satellite orbits (e.g., called o2c data) over a certain maximum time
interval (e.g., few minutes) are considered known in the clock estimation because the errors of these predicted orbits
are rather small and stable and can even be absorbed by the estimated clocks. The predicted satellite orbits (e.g., orbit
o2c data) can be used to generate orbit corrections for the estimated precise orbits. Further, the predicted satellite orbits
can be used to correct orbital errors in the slow clock solution module 44 and low latency clock module 42, such as by
providing the orbit correction or corrected estimated precise orbits to the slow clock solution module 44, the low latency
clock module 42, or both.

Clock Solution Module

[0173] In one embodiment, the measurements from reference receivers 30 are collected, pre-processed and are
batched for the correction system 1011 to process when they arrive at one or more data processing centers 218. The
longer time the data processing center 218 waits, the more measurements are collected, which delays output and
distribution of the correction data. The clock solution module 44 estimates many states to determine or estimate clock
solutions, which can contribute to lag in the computation process. To reduce the correction latency and utilize the more
measurements, two clock solutions including slow clock and low latency clock solution are considered. In the slow clock
solution, all the measurements are batched as long as they arrived before a fixed latency such as within a time range
of approximately 6 seconds to approximately 15 seconds.
[0174] The clock solution module 44 determines or estimates the slow clock solution from data sources such as real-
time measurements of the reference receivers 30, off-line recorded measurements or stored measurements (e.g., 2-3
hours of offline storage), or a combination or mix of real-time measurement data and off-line recorded measurements
or streams. The clock solution module 44 typically takes at least 6 hours to reach steady states for a slow clock solution.
In one example, the slow clock solution module 44 uses similar measurements and ZD Kalman filter as orbit solution
module 38, except for several major differences: First, the clock solution module 44 is running at a different rate such
as approximately 30 second or 60 seconds unlike approximately 300 second rate for the orbit solution module 38 because
clock corrections vary more quickly than orbit corrections. Second, in the slow clock solution module 44, all the state
variables remain the same as in the orbit solution module 38, except satellite orbit-related states which are not estimated,
but use the orbit estimation results from orbit solution. Third, the slow clock solution module 44 or estimator 34 outputs
a complete set of global difference corrections, including satellite orbit corrections, satellite clock corrections, satellite
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WL biases, NL biases and quality information. The foregoing corrections and estimated tropospheric parameters will be
sent into low latency clock module 42. Note that all the biases refer to satellite WL and NL biases because receiver bias
is not of interest to global differential correction product that is distributed to mobile receiver 12s.
[0175] In the clock solution module 44, un-differenced refraction-corrected code and carrier phase observations are
used to estimate satellite and receiver clocks, troposphere biases, satellite narrow-lane bias. The update rate is typically
low, for example a low update rate (e.g., 5 minute update rate for orbit or 30 seconds for slow clock, or even longer).
Because a large number of ambiguities have to be estimated together with both receiver and satellites clock parameters,
the clock solution module 44 determines and updates the slow clock solution at a low update rate with ambiguity resolution
and satellite bias estimation. The estimator 34 or slow clock solution module 44 may wait for longer time prior to engaging
in a batch computation or computation of the slow clock solution to ensure enough measurements from the reference
receivers 30 or reference network are collected and processed when they arrive at one or more data processing centers
218. The longer time the clock solution module 44 waits, the more measurements are collected by the data collector 19
and the longer delay for generating clock corrections. In one configuration, the clock solution module 44 is configured
to determine real-time satellite clocks along with satellite biases to preserve the integer nature of ambiguity for the mobile
receiver 12. The ambiguity fixing can reduce the convergence time and improve the accuracy of navigation, for instance.

Low Latency Clock Module

[0176] The low latency clock module 42 determines changes or adjustment to the slow satellite clock to reduce the
correction latency. To improve clock accuracy with consistent satellite bias product and also reduce the correction
latency, the clock solution module 44 and the low latency clock module 42 run two parallel clock processes in cooperation
with each other. The low latency clock module 42 uses the carrier phase measurements only to compute the clock
change (delta clock). The slowly changing parameters such as troposphere and satellite narrow lane bias are fixed to
the estimates from the slow clock solution module 44 which update regularly (e.g., periodically) at update time interval
from slow clock process to low latency clock process, such as an update interval of every 30 seconds.
[0177] The low latency clock module 42 can use the delta carrier phase between T0 (at zero seconds) and current
epoch Ti to estimate the delta clocks. When the slow clock provides new reference epoch such as T30 epoch (at 30
seconds), the low latency clock will change reference epoch from T0 to T30.
[0178] In one embodiment, a few minutes, such as 300 seconds, after reaching the orbit solution, the low latency clock
fixes predicted orbits (O2C data) in a low latency clock solution. The low latency clock only estimates delta satellite
clocks so that the computation (of the delta satellite clocks) can be updated at very high rate. The pre-processed
measurements from the MPP module 36 are batched and sent to low latency clock module 42 after a few seconds
waiting window, such as 1 to 2 seconds. Meanwhile, the orbit solution module 38 and clock solution module 44 provides
to orbit and clock solutions, respectively, after longer period, such as 6 seconds to 15 seconds. The low latency clock
solution is designed to reduce the correction latency and to improve clock accuracy with absolute clocks from slow clock
solution. In order to improve computation efficiency, the double-differenced measurements between time and satellites
are used so that some unnecessary states, such as ambiguity and receiver clocks are removed. In one configuration,
highest elevation satellite in view (e.g., in reliable reception range and with a sufficient azimuth) without cycle slips (e.g.,
in the phase of one or more received carrier phase signals of reference satellite) is selected as a reference satellite for
each respective reference receiver 30 or respective site.
[0179] The tropospheric biases are corrected using a priori model and residual troposphere bias estimation from slow
clock solution. The only states for satellite clock changes are estimated. The a priori satellite clock rates from broadcast
ephemeris are loosely used to estimate delta satellite clocks. Of course, a RAIM (receiver autonomous integrity moni-
toring) algorithm is used to ensure to detect and remove any measurement with cycle slips.
[0180] The data processor 20, the correction manager 40 or the low-latency clock applies a RAIM algorithm to the
delta clock filter 412. The RAIM algorithm comprises software that uses an over-determined solution or redundant
calculations to check the consistency of satellite measurements, such as carrier phase measurements and code phase
measurements of one or more satellites for each reference receiver 30 in the network.
[0181] In one configuration, a Kalman filter or Least Squares approach can be used to estimate delta clock. The
number of estimated state variables or unknowns is equal to the number of active satellites. The data processing center
218 can typically process the measurements for the low latency clock within a few milliseconds or less, which is faster
(e.g., hundreds times faster) than the clock solution module 44 providing the slow clock solution.
[0182] In some configurations, the slow clock solution module 44 can take two seconds to three seconds to finish the
measurement processing for one epoch. After the first epoch, the low latency clock module 42 p provides satellite clock
changes that are integrated with absolute clocks from slow clock solution to derive absolute clocks for any epochs. For
the low latency clock module 42, only the real-time data source of the reference receivers 30 is accepted for real-time
processing because there is no pull-in time for the low latency clock solution. Finally, the orbit data, clock correction data
and satellite WL/NL bias products with quality information are sent to the user at the mobile receiver 12 through satellite
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L-band, wireless communication system or internet in real-time.
[0183] FIG. 11 illustrates a flow chart of one embodiment of a method for providing a satellite correction signal. The
method of FIG. 11 begins in step S900.
[0184] In step S900, one or more reference receives receive a series of raw satellite signal measurements. The raw
satellite signal measurements are transmitted or communicated from the one or more reference receivers 30 to the data
processing center (118, 218) (e.g., data processing hub.) For example, the reference receivers 30 may communicate
with one or more data ports 26 26 of the data processing system.
[0185] In step S902, the data storage device 24 stores the received raw satellite signal measurements for a series of
time windows (or time intervals) prior to a current time (current GNSS measurement time). Each one of the satellite
signal measurements is associated with a respective stored measurement time tag. Step S902 may be carried out by
using time windows or time intervals of various durations. In one example, the data storage device 24 stores the received
raw satellite signal measurements in accordance with the time windows, where the time windows are cumulatively at
least 24 hours in duration. In another example, the time windows are cumulative within a range from approximately 24
hours to approximately 48 hours in duration.
[0186] In step S904, during a warm-start mode, the data processor 20, data processing center 118, or estimator 34
estimates or determines a satellite correction signal based on satellite orbit data, satellite clock data, and satellite bias
correction data derived from stored received raw satellite signal measurements. During the warm-start mode or start-
up mode, the data processor 20 or estimator 34 feeds approximately six hours of stored data measurements into the
slow clock estimation module to reach steady state orbit estimation. During the start-up mode or warm-start mode,
historical stored data measurements are not required to feed the low latency clock.
[0187] In step S906, the data processing center 118, the data processor 20 or the data source selector 15 (e.g., switch)
seamlessly switches a measurement data source from the stored received raw satellite signal measurements to live,
real-time raw satellite signal measurements if or when the respective measurement time tag of a last-processed one of
the stored received satellite signal measurements approaches or reaches the current time, where a difference between
the respective measurement time tag of the corresponding last-processed, stored received raw satellite measurement
and the current time is less than a threshold time range. For example, after the warm-start mode during a normal operation
mode, the data processing center (118 or 218), the data processor 20 or the data source selector 15 (e.g., switch)
seamlessly switches a measurement data source from the stored received raw satellite signal measurements to live,
real-time raw satellite signal measurements if or when the respective measurement time tag of a last-processed one of
the stored received satellite signal measurements approaches or reaches the current time.
[0188] FIG. 12 illustrates a flow chart of one embodiment of a method for providing a satellite correction signal. The
method of FIG. 12 is similar to the method of FIG. 11, except the method of FIG. 12 further includes the steps S908 and
S910.
[0189] In step S908, the data processing center (118 or 218) or data processor 20 determines when the satellite orbit
data, the satellite clock data, and the satellite bias data (e.g., wide-narrow lane bias data) have converged to reliable
satellite correction data with ambiguity resolution.
[0190] In step S910, the data processing center (118 or 218) or data processor 20 provides reliable correction data
with ambiguity resolution to end users via a satellite communications channel. For example, the data processing center
(118 or 218) or data processor 20 wirelessly provides and updates the correction data to mobile satellite receivers at a
rate of at least 1 Hertz or greater. The satellite uplink transmits the correction data an updates to a communication
satellite, which repeats or retransmits the uplink transmission for receipt by a terrestrial wireless correction device 14
that is associated with or co-located with a mobile receiver 12.
[0191] FIG. 13 illustrates a flow chart of one embodiment of a method for providing a satellite correction signal. The
method of FIG. 13 is similar to the method of FIG. 11, except the method of FIG. 12 further includes the step S912.
[0192] In step S912, during a normal operation mode, data processor 20 or data processing center 118 estimates
differential correction signal with satellite orbit data, satellite clock bias data, and satellite bias data based on real-time
live received raw measurements. The clock data and satellite clock bias data results from integrating two parallel clock
estimation processes including a slow clock solution and low latency clock solution, where the low latency clock solution
is estimated as a delta or change with respect to the slow clock solution.
[0193] The correction system and method supports reliable, precise and quick warm start because both offline recorded
data and real-time data are fed into the estimator or associated server software to speed up GNSS correction convergence.
The warm start is associated with the use of the recorded off-line measurement data and associated ephemeris data to
reduce the start-up time required to provide correction data and distribute correction signals to the mobile receivers, or
subscribers or end users of the mobile receivers. In some examples, for a local correction system with a single site data
processing center, the warm start can reduce the start-up time for providing a reliable steady-state precise correction
data from approximately 24 hours to approximately 48 hours to approximately 1.5 hours to approximately 3 hours. For
correction global correction system with multiple site data processing centers, the warm start can reduce the start-up
time for providing a reliable steady-state precise correction data from approximately 14 days to approximately two to



EP 3 572 844 B1

28

5

10

15

20

25

30

35

40

45

50

55

three days. After the orbit and clock solutions are convergent, a consistent set of correction signals including satellite
orbit, clock, wide-narrow satellite bias and quality information can be transmitted wirelessly or delivered in a timely
manner through satellite L-band, wireless communications or internet in real-time.
[0194] FIG. 14 illustrates a flow chart of one embodiment of a method for providing a satellite correction signal. The
method of FIG. 14 is similar to the method of FIG. 11, except the method of FIG. 14 replaces step S906 with step S914.
[0195] In accordance with one example as illustrated in step S914 of FIG. 14, a data source selector 15 is adapted to
use a mix or combination of measurement data sources comprising the stored received raw satellite signal measurements
and live, real-time raw satellite signal measurements, if or when the respective measurement time tag of a last-processed
one of the stored received satellite signal measurements has not yet approached or reached the current time (e.g.,
current GNSS measurement time), where a difference between the respective measurement time tag of the corresponding
last-processed, stored received raw satellite measurement and the current time is greater than a threshold time range.
In one embodiment, the estimator 34 can provide all necessary computations, such as measurement pre-processing,
orbit and clock determination, ambiguity resolution and the final correction generation, within a fraction of second.
Advantageously, step S914 can use parallel processing techniques within each data processing center 218 to process
simultaneously stored signal measurements and current live signal measurements, where the measurements comprise
the satellite carrier phase measurements, to facilitate a warm start of the correction data and/or potentially reduced
convergence time to ambiguity resolution associated with the correction data. For instance, the parallel processing may
entail the data processing center 218 using multiple servers at once or simultaneously to execute one or more modules
of the estimator (34 or 134) or multiple electronic data processors 20 (e.g., multiple microprocessor cores) within the
data processing center 218 to execute software instructions associated one or more modules of the estimator (24 or 134).
[0196] The foregoing description, for purpose of explanation, has been described with reference to specific embodi-
ments. However, the illustrative discussions above are not intended to be exhaustive or to limit the invention to the
precise forms disclosed. Many modifications and variations are possible in view of the above teachings. The embodiments
were chosen and described in order to best explain the principles of the invention and its practical applications, to thereby
enable others skilled in the art to best utilize the invention and various embodiments with various modifications as are
suited to the particular use contemplated.

Claims

1. A method for providing a satellite correction signal, the method comprising:

receiving (S900) a series of raw satellite signal measurements;
storing (S902) the received raw satellite signal measurements for a series of time windows prior to a current
time, each one of the satellite signal measurements associated with a respective stored measurement time tag;
during a warm-start mode, estimating (S904) a satellite correction signal based on satellite orbit data, satellite
clock data, and satellite bias correction data, the satellite orbit data, satellite clock data, and satellite bias
correction data being derived from stored received raw satellite signal measurements;
determining when the satellite orbit data, the satellite clock data, and the satellite bias data have converged to
reliable satellite correction data with ambiguity resolution and
seamlessly switching (S906) a measurement data source from the stored received raw satellite signal meas-
urements to live, real-time raw satellite signal measurements in a normal mode, where the satellite correction
signal is estimated with satellite orbit data, satellite clock bias data, and satellite bias data based on real-time
live received raw measurements, if the respective measurement time tag of a last-processed one of the stored
received satellite signal measurements approaches or reaches the current time, where a difference between
the respective measurement time tag of the corresponding last-processed, stored received raw satellite meas-
urement and the current time is less than a threshold time range.

2. The method according to claim 1 further comprising:
providing the reliable correction data with ambiguity resolution to end users via a satellite communications channel.

3. The method according to claim 1 or 2 wherein the time window is at least 24 hours in duration.

4. The method according to claim 1, 2 or 3 wherein the time window has a range from approximately 24 hours to
approximately 48 hours in duration.

5. The method according to any preceding claim further comprising:
integrating two parallel clock estimation processes including a slow clock and low latency clock.
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6. The method according to any preceding claim wherein during a start-up mode feeding approximately six hours of
stored data measurements into the slow clock estimation module to reach steady state orbit estimation.

7. The method according to claim 6 wherein during historical stored data measurements are not required to feed the
low latency clock.

8. The method of any preceding claim, further comprising:
feeding approximately six hours of stored data measurements into a clock estimation module to reach steady state
clock estimation.

9. The method of claim 1 further comprising:
using a mix or combination of measurement data sources comprising the stored received raw satellite signal meas-
urements and live, real-time raw satellite measurements if the respective measurement time tag of last-processed
one of the stored received satellite signal measurements has not approached or reached the current time.

10. A system for providing a satellite correction signal, the system comprising:

a satellite reference receiver (30) adapted for receiving a series of raw satellite signal measurements;
a data storage device (24) adapted for storing the received raw satellite signal measurements for a series of
time windows prior to a current time, each one of the satellite signal measurements associated with a respective
stored measurement time tag;
an estimator (34) adapted for estimating, during a warm-start mode, a satellite correction signal based on satellite
orbit data, satellite clock data, and satellite bias correction data derived from stored received raw satellite signal
measurements;
said estimator (34) being further adapted for determining when the satellite orbit data, the satellite clock data,
and the satellite bias data have converged to reliable satellite correction data with ambiguity resolution; and
a data source selector adapted for seamlessly switching a measurement data source from the stored received
raw satellite signal measurements to live, real-time raw satellite signal measurements in a normal mode, where
the estimator is adapted to estimate the satellite correction signal with satellite orbit data, satellite clock bias
data, and satellite bias data based on real-time live received raw measurements, if the respective measurement
time tag of a last-processed one of the stored received satellite signal measurements approaches the current
time, where a difference between the respective measurement time tag of the corresponding last-processed,
stored received raw satellite measurement and the current time is less than a threshold time range.

11. The system according to claim 10 further comprising:
a satellite uplink transmitter (28) adapted for transmitting the reliable correction data with ambiguity resolution to
end users via a satellite downlink receiver over a satellite communications channel.

12. The system according to claim 10 or 11 wherein the time window is at least 24 hours in duration.

13. The system according to claim 10, 11 or 12 wherein the time window has a range from approximately 24 hours to
approximately 48 hours in duration.

14. The system according to claims 10, 11, 12 or 13 further comprising:
a data storage device (24) or data processor (20) adapted for feeding approximately six hours of stored data
measurements into a clock estimation module to reach steady state clock estimation.

15. The system according to claims 10, 11, 12, 13 or 14 |" wherein
the data source selector (15) is adapted to use a mix or combination of measurement data sources comprising the
stored received raw satellite signal measurements and live, real-time raw satellite measurements if the respective
measurement time tag of last-processed one of the stored received satellite signal measurements has not ap-
proached or reached the current time.

Patentansprüche

1. Verfahren zur Bereitstellung eines Satellitenkorrektursignals, wobei das Verfahren Folgendes aufweist:
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Empfangen (S900) einer Reihe von Satellitensignalrohmessungen;
Speichern (S902) der empfangenen Satellitensignalrohmessungen für eine Reihe von Zeitfenstern vor einer
aktuellen Zeit, wobei jede der Satellitensignalmessungen einer jeweiligen gespeicherten Messzeitmarke zuge-
ordnet ist;
während eines Warmstartmodus Schätzen (S904) eines Satellitenkorrektursignals auf Basis von Satelliten-
bahndaten, Satellitentaktdaten und Satelliten-Bias-Korrekturdaten, wobei die Satellitenbahndaten, Satelliten-
taktdaten und Satelliten-Bias-Korrekturdaten von gespeicherten empfangenen Satellitensignalrohmessungen
abgeleitet werden;
Bestimmen, wenn die Satellitenbahndaten, die Satellitentaktdaten und die Satelliten-Bias-Daten zu zuverläs-
sigen Satellitenkorrekturdaten mit Mehrdeutigkeitsauflösung konvergiert sind, und
lückenloses Umschalten (S906) einer Messdatenquelle von den gespeicherten empfangenen Satellitensignal-
rohmessungen auf Live-Echtzeit-Satellitensignalrohmessungen in einem normalen Modus, in dem das Satel-
litenkorrektursignal mit Satellitenbahndaten, Satellitentakt-Bias-Daten und Satelliten-Bias-Daten auf der Basis
von in Echtzeit live empfangenen Rohmessungen geschätzt wird, falls sich die jeweilige Messzeitmarke einer
zuletzt verarbeiteten der gespeicherten empfangenen Satellitensignalmessungen der aktuellen Zeit annähert
oder diese erreicht, wobei eine Differenz zwischen der jeweiligen Messzeitmarke der entsprechenden zuletzt
verarbeiteten, gespeicherten empfangenen Satellitenrohmessung und der aktuellen Zeit kleiner als ein Schwel-
lenzeitbereich ist.

2. Verfahren nach Anspruch 1, das ferner Folgendes aufweist:
Endbenutzern Bereitstellen der zuverlässigen Korrekturdaten mit Mehrdeutigkeitsauflösung über einen Satelliten-
kommunikationskanal.

3. Verfahren nach Anspruch 1 oder 2, wobei das Zeitfenster eine Dauer von wenigstens 24 Stunden hat.

4. Verfahren nach Anspruch 1, 2 oder 3, wobei das Zeitfenster eine Dauer in einem Bereich von etwa 24 Stunden bis
etwa 48 Stunden hat.

5. Verfahren nach einem der vorhergehenden Ansprüche, das ferner Folgendes aufweist:
Integrieren von zwei parallelen Taktschätzungsprozessen, die einen langsamen Takt und einen Takt mit niedriger
Latenz beinhalten.

6. Verfahren nach einem der vorhergehenden Ansprüche, wobei während eines Startmodus etwa sechs Stunden
gespeicherter Datenmessungen in das Langsamtaktschätzmodul eingespeist werden, um eine stationäre Bahn-
schätzung zu erreichen.

7. Verfahren nach Anspruch 6, wobei während historischer gespeicherter Daten keine Messungen zum Speisen des
Takts mit niedriger Latenz erforderlich sind.

8. Verfahren nach einem der vorhergehenden Ansprüche, das ferner Folgendes aufweist:
Einspeisen von etwa sechs Stunden gespeicherter Datenmessungen in ein Taktschätzungsmodul, um eine statio-
näre Taktschätzung zu erreichen.

9. Verfahren nach Anspruch 1, das ferner Folgendes aufweist:
Verwenden einer Mischung oder Kombination von Messungsdatenquellen, die die gespeicherten empfangenen
Satellitensignalrohmessungen und Live-Echtzeit-Satellitenrohmessungen aufweist, falls die jeweilige Messzeitmar-
ke des zuletzt verarbeiteten der gespeicherten empfangenen Satellitensignalmessungen sich nicht an die aktuelle
Zeit angenähert oder sie nicht erreicht hat.

10. System zum Bereitstellen eines Satellitenkorrektursignals, wobei das System Folgendes aufweist:

einen Satellitenreferenzempfänger (30), der zum Empfangen einer Reihe von Satellitensignalrohmessungen
geeignet ist;
eine Datenspeichervorrichtung (24), die zum Speichern der empfangenen Satellitensignalrohmessungen für
eine Reihe von Zeitfenstern vor einer aktuellen Zeit geeignet ist, wobei jede der Satellitensignalmessungen
einer jeweiligen gespeicherten Messzeitmarke zugeordnet ist;
einen Schätzer (34), der zum Schätzen eines Satellitenkorrektursignals auf Basis von Satellitenbahndaten,
Satellitentaktdaten und Satelliten-Bias-Korrekturdaten, die von gespeicherten empfangenen Satellitensignal-
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rohmessungen abgeleitet werden, während eines Warmstartmodus geeignet ist;
wobei der genannte Schätzer (34) ferner zum Bestimmen, wenn die Satellitenbahndaten, die Satellitentaktdaten
und die Satelliten-Bias-Daten zu zuverlässigen Satellitenkorrekturdaten mit Mehrdeutigkeitsauflösung konver-
giert sind, geeignet ist; und
einen Datenquellenauswähler, der zum lückenlosen Umschalten einer Messdatenquelle von den gespeicherten
empfangenen Satellitensignalrohmessungen auf Live-Echtzeit-Satellitensignalrohmessungen in einem norma-
len Modus geeignet ist, in dem der Schätzer zum Schätzen des Satellitenkorrektursignals mit Satellitenbahn-
daten, Satellitentakt-Bias-Daten und Satelliten-Bias-Daten auf der Basis von in Echtzeit live empfangenen
Rohmessungen geeignet ist, falls sich die jeweilige Messzeitmarke einer zuletzt verarbeiteten der gespeicherten
empfangenen Satellitensignalmessungen an die aktuelle Zeit annähert, wobei eine Differenz zwischen der
jeweiligen Messzeitmarke der entsprechenden zuletzt verarbeiteten, gespeicherten empfangenen Satelliten-
rohmessung und der aktuellen Zeit kleiner als ein Schwellenzeitbereich ist.

11. System nach Anspruch 10, das ferner Folgendes aufweist:
einen Satelliten-Uplink-Sender (28), der zum Übertragen der zuverlässigen Korrekturdaten mit Mehrdeutigkeitsauf-
lösung durch einen Satelliten-Downlink-Empfänger über einen Satellitenkommunikationskanal geeignet ist.

12. System nach Anspruch 10 oder 11, wobei das Zeitfenster eine Dauer von wenigstens 24 Stunden hat.

13. System nach Anspruch 10, 11 oder 12, wobei das Zeitfenster eine Dauer in einem Bereich von etwa 24 Stunden
bis etwa 48 Stunden hat.

14. System nach einem der Ansprüche 10, 11, 12 oder 13, das ferner Folgendes aufweist:
eine Datenspeichervorrichtung (24) oder einen Datenprozessor (20), die bzw. der zum Einspeisen von etwa sechs
Stunden gespeicherter Datenmessungen in ein Taktschätzungsmodul, um eine stationäre Taktschätzung zu errei-
chen, geeignet ist.

15. System nach einem der Ansprüche 10, 11, 12, 13 oder 14, wobei der Datenquellenauswähler (15) zum Verwenden
einer Mischung oder Kombination von Messungsdatenquellen, die die gespeicherten empfangenen Satellitensig-
nalrohmessungen und Live-Echtzeit-Satellitenrohmessungen aufweisen, falls die jeweilige Messzeitmarke der zu-
letzt verarbeiteten der gespeicherten empfangenen Satellitensignalmessungen sich nicht an die aktuelle Zeit an-
genähert oder sie nicht erreicht hat.

Revendications

1. Procédé pour fournir un signal de correction de satellite, le procédé comprenant :

recevoir (S900) une série de mesures brutes de signaux de satellite ;
stocker (S902) les mesures brutes de signaux de satellite reçues pour une série de fenêtres temporelles préa-
lablement à une heure actuelle, chacune des mesures de signaux de satellite reçues étant associée à une
étiquette temporelle de mesure respective stockée ;
durant un mode de démarrage à chaud, estimer (S904) un signal de correction de satellite sur la base de
données d’orbite de satellite, de données d’horloge de satellite et de données de correction de biais de satellite,
les données d’orbite de satellite, les données d’horloge de satellite et les données de correction de biais de
satellite étant dérivées des mesures brutes de signaux de satellite reçues ;
déterminer quand les données d’orbite de satellite, les données d’horloge de satellite et les données de biais
de satellite ont convergé en des données de correction de satellite fiables avec résolution d’ambiguïté, et
commuter de manière transparente (S906) une source de données de mesure des mesures brutes de signaux
de satellite reçues stockées en des mesures brutes directes de signaux de satellite en temps réel dans un mode
normal, dans lequel le signal de correction de satellite est estimé avec les données d’orbite de satellite, les
données de biais d’horloge de satellite et les données de biais de satellite sur la base des données brutes
directes reçues en temps réel, si l’étiquette temporelle de mesure respective d’une mesure traitée en dernier
des mesures de signaux de satellite reçues stockées s’approche de ou atteint l’heure actuelle, lorsqu’une
différence entre l’étiquette temporelle de mesure respective de la mesure brute de satellite reçue, stockée,
traitée en dernier et l’heure actuelle est inférieure à une plage horaire seuil.

2. Procédé selon la revendication 1, comprenant en outre :
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fournir les données de correction fiables avec résolution d’ambiguïté à des utilisateurs finaux via une voie de com-
munication par satellite.

3. Procédé selon la revendication 1 ou la revendication 2, dans lequel la fenêtre temporelle est d’une durée d’au moins
24 heures.

4. Procédé selon la revendication 1, 2 ou 3, dans lequel la fenêtre temporelle a une plage de durée d’approximativement
24 heures à approximativement 48 heures.

5. Procédé selon l’une quelconque des revendications précédentes, comprenant en outre :
intégrer deux processus d’estimation d’horloge parallèles comprenant une horloge lente et une horloge à latence
basse.

6. Procédé selon l’une quelconque des revendications précédentes, dans lequel durant un mode de démarrage four-
nissant approximativement six heures de mesures de données stockées dans le module d’estimation d’horloge
lente pour atteindre une estimation d’orbite en régime permanent.

7. Procédé selon la revendication 6, dans lequel durant des mesures de données historiques stockées ne sont pas
requises pour alimenter l’horloge à latence basse.

8. Procédé selon l’une quelconque des revendications précédentes, comprenant en outre :
fournir approximativement six heures de mesures de données stockées dans un module d’estimation d’horloge
pour atteindre une estimation d’horloge en régime permanent.

9. Procédé selon la revendication 1, comprenant en outre :
utiliser un mélange ou une combinaison de sources de données de mesure comprenant les mesures brutes de
signaux de satellite reçues stockées et les mesures brutes directes de satellite en temps réel si l’étiquette temporelle
de mesure respective de la mesure traitée en dernier des mesures de signaux de satellite reçues stockées ne s’est
pas approchée de ou n’a pas atteint l’heure actuelle.

10. Système pour fournir un signal de correction de satellite, le système comprenant :

un récepteur de référence de satellite (30) adapté pour recevoir une série de mesures brutes de signaux de
satellite ;
un dispositif de stockage de données (24) adapté pour stocker les mesures brutes de signaux de satellite reçues
pour une série de fenêtres temporelles préalablement à une heure actuelle, chacune des mesures de signaux
de satellite étant associée à une étiquette temporelle de mesure stockée respective ;
un estimateur (34) adapté pour estimer, durant un mode de démarrage à chaud, un signal de correction de
satellite sur la base de données d’orbite de satellite, de données d’horloge de satellite et de données de correction
de biais de satellite dérivées de mesures brutes de signaux de satellite reçues stockées ;
ledit estimateur (34) étant adapté en outre pour déterminer quand les données d’orbite de satellite, les données
d’horloge de satellite et les données de biais de satellite ont convergé en des données de correction de satellite
fiables avec résolution d’ambiguïté ; et
un sélectionneur de sources de données adapté pour commuter de manière transparente une source de données
de mesure des mesures brutes de signaux de satellite reçues stockées en des mesures brutes directes de
signaux de satellite en temps réel dans un mode normal, dans lequel l’estimateur est adapté pour estimer le
signal de correction de satellite avec les données d’orbite de satellite, les données de biais d’horloge de satellite
et les données de biais de satellite sur la base des mesures brutes directes reçues en temps réel, si l’étiquette
temporelle de mesure respective d’une mesure traitée en dernier des mesures de signaux de satellite reçues
stockées s’approche de l’heure actuelle, lorsqu’une différence entre l’étiquette temporelle de mesure respective
de la mesure brute de satellite reçue, stockée, traitée en dernier correspondante et l’heure actuelle est inférieure
à une plage horaire seuil.

11. Système selon la revendication 10, comprenant en outre :
un émetteur de satellite en liaison montante (28) adapté pour transmettre les données de correction fiables avec
résolution d’ambiguïté à des utilisateurs finaux via un récepteur de satellite en liaison descendante sur une voie de
communication par satellite.
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12. Système selon la revendication 10 ou 11, dans lequel la fenêtre temporelle est d’une durée d’au moins 24 heures.

13. Système selon la revendication 10, 11 ou 12, dans lequel la fenêtre temporelle a une plage de durée d’approxima-
tivement 24 heures à approximativement 48 heures.

14. Système selon les revendications 10, 11, 12 ou 13, comprenant en outre :
un dispositif de stockage de données (24) ou un processeur de données (20) adapté pour fournir approximativement
six heures de mesures de données stockées dans un module d’estimation d’horloge pour atteindre une estimation
d’horloge en régime permanent.

15. Système selon les revendications 10, 11, 12, 13 ou 14, dans lequel le sélectionneur de sources de données (15)
est adapté pour utiliser un mélange ou une combinaison de sources de données de mesure comprenant les mesures
brutes de signaux de satellite reçues, stockées et des mesures brutes directes de satellite en temps réel si l’étiquette
temporelle de mesure correspondante d’une mesure traitée en dernier des mesures de signaux de satellite reçues,
stockées ne s’est pas approchée de ou n’a pas atteint l’heure actuelle.
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