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SYSTEM AND METHOD FOR AUGMENTING DGNSS WITH INTERNALLY-

GENERATED DIFFERENTIAL CORRECTION

BACKGROUND OF THE INVENTION

[0001] This application claims priority in U.S. Patent Application No. 12/51 1,821,

filed July 29, 2009, which is incorporated herein by reference.

1. Field of the Invention

[0002] The invention relates generally to methods for processing signals received

from satellites within a Global Navigation Satellite System (GNSS) for example, Global

Positioning System (GPS) receivers, and more particularly to a method for computing

precise relative locations using differential GNSS/GPS techniques for all observations

measured by a rover GNSS receiver, and not just those observations that are common to

base and rover GNSS receivers.

2. Description of the Related Art

[0003] Evolution of GPS-only systems to a multi-constellation Global Navigation

Satellite System (GNSS) employing GPS, GLONASS, Galileo, Compass and others has

become a reality. This has a number of implications when it comes to differential-based

positioning (commonly called DGPS or DGNSS), particularly when it comes to mixing

legacy equipment with newer equipment, or when equipment is not compatible with

respect to the types of GNSS signals measured and processed.

[0004] Differential GPS/GNSS techniques have been successfully applied for a

number of years. These techniques, for example, enable accurate real-time positioning of

a rover receiver relative to a base receiver. This positioning includes code-only or carrier-

smoothed-code differential techniques that result in sub-meter accuracy, such as those

employed while operating with older RTCM 104 messages. They include carrier phase

based techniques that facilitate centimeter-level real-time kinematic (RTK) positioning

and employ single- or double- or even triple-differencing. Differential GPS is also the

underlying technology behind Satellite -Based-Augmentation-Systems (SBAS) such as the



FAA' s Wide Area Augmentation System (WAAS) system as well as commercial Wide

Area Differential (WADGPS) services such as those provided by OmniStar.

[0005] Differential GNSS (DGNSS), as its name implies, requires that data be

differenced. One of the most useful differences in DGNSS, and therefore a widely used

difference, is that of differencing two similar observations of a satellite ranging signal

where one observation is made at a base GNSS receiver and another is made at a rover

GNSS receiver. This type of difference, commonly referred to as the single-difference,

removes common-mode errors (i.e. errors seen by both base and rover receivers) such as

satellite orbit errors, satellite clock errors, and atmospheric errors that arise as the signal

passes through the ionosphere and the troposphere. The remaining sources of error that

result when employing single-difference techniques are those that are unique to the

receiver, such as receiver noise and multipath. These remaining errors are often small in

comparison to the common-mode errors, especially when carrier-phase observations are

employed.

[0006] As is commonly understood, the use of a "differential corrector" is really just

a form of single differencing where differencing happens implicitly as the differential

correction is applied at the rover. In the case of WADGPS, data from a multitude of base

receivers are processed together to form differential corrections, or constituents thereof,

tailored to a particular rover location. The WADGPS SBAS systems that are prevalent

today send data that are used to construct differential correctors, rather than the correctors

themselves.

[0007] It is well known that there are advantages to processing signals from multiple

constellations of a Global Navigation Satellite System (GNSS), including GLONASS,

Galileo, and Compass signals, as opposed to processing GPS-only signals. The

advantages are particularly related to increased numbers of observations which improve

robustness, accuracy, and speed of ambiguity convergence. As such, the gradual

migration from GPS-only to multi-GNSS capability has created a need for dealing with

the wide variety of signals arriving from different satellite constellations. Different types

of receivers will have different capabilities as far as their ability to track and process the

multitude of GNSS signals. In a differential GNSS application, variations in receiver



capability between base and rover may result in the inability to use all signals available

for lack of appropriate matching pairs of observations. This situation is more likely when

mixing different grades of receivers, receivers from different manufacturers, or older

GPS-only receivers with newer GNSS receivers.

[0008] Take, for example, a system comprising a dual-frequency GPS base receiver

that sends RTCM Version 3 code and carrier observations for the Lland L2 GPS ranging

signals to a rover GPS/GLONASS receiver. The rover measures code and carrier phase

not only from GPS L l and L2, but also GLONASS L l and L2 signals. Prior to this

invention, the rover, when performing differential positioning, could only use its GPS

observations since GLONASS observations are of little use without matching

observations from the base. This is actually a common problem since many RTK base

stations are GPS-only, having been deployed before the recent shift towards GLONASS

capability that has transpired as a result of the Soviet Union restoring GLONASS to full

operational capability. And the net result is that the advantages that the added GLONASS

satellites offer towards computing a robust, cycle-slip free location or solving RTK

ambiguities cannot be realized.

[0009] Another example would be the use of a dual-frequency (L1/L2) GPS rover

receiver with a single-frequency (Ll) GPS base station. It is well known that dual-

frequency RTK methods result in much quicker integer ambiguity resolution than single-

frequency methods and are thus more desirable. A farmer, for example, using a GPS

guided vehicle for precise planting of crops does not want to wait five to ten minutes after

driving the vehicle under a tree to re-acquire RTK and continue planting. But this is often

the case with single-frequency RTK. If the GPS base deployed in this scenario transmits

only single-frequency Ll observations (or corrections), the dual-frequency rover on the

tractor must, prior to this invention, rely only on single frequency RTK methods and

essentially discard its L2 observations and its ability to do quick (or instant) ambiguity

solutions.

[0010] Another situation is that of mixing GLONASS observations from different

manufacturers' equipment, including receivers and antennas. It is well known that the

Frequency Division Multiple Access (FDMA) methods of GLONASS are subject to



-A-

frequency-dependent group delays and that these group-delays vary for different types of

receivers and antennas due to variations in circuit design and design components. In

RTK, these group-delays cannot be ignored, as they cause carrier phase errors at the

centimeter-level or more. Group delays are not an issue when processing CDMA signals

such as those from the GPS, Galileo or Compass systems since these signals are grouped

into sets that share a common frequency and therefore exhibit a common group-delay.

The common group-delay appears simply as receiver clock error for a given frequency of

signal. Thus, to overcome the receiver and satellite-dependent group delay problem of

GLONASS, one manufacturer's rover GNSS receiver may choose to ignore the

GLONASS observations from a different manufacturer's base GNSS receiver, resulting in

the same disadvantages as if the base did not provide GLONASS observations at all.

[0011] Yet another example occurs with a WADGPS system, such as the FAA' s

Wide Area Augmentation System (WAAS), when a receiver operates partially outside the

coverage area. In this situation, differential correctors may be available for some

satellites in view, but not all satellites. Using only satellites for which differential is

available results in a higher Dilution of Precision (DOP). Consequently, the solution is

more likely to suffer sudden loss of accuracy if one of the satellites critical to maintaining

a lower DOP is suddenly blocked. Clearly, it is desirable to form a solution having the

mathematical strength of all satellites in view when operating around objects that might

block satellite signal reception as opposed to a solution that utilizes only the satellites for

which differential is available.

[0012] To make the aforementioned problems worse, some GNSS receivers will

mirror the use of velocity observations with the use of code or carrier phase ranging

observations. That is, if the rover lacks base range observations to perform differencing

on a particular channel, it ignores all observations on that channel, including velocity-

related observations such as Doppler and delta-carrier phase. By ignoring velocity

observations, the GNSS receiver is essentially penalizing itself twice for the lack of

matching base-rover observation sets.

[0013] The methods of U.S. Patent No. 6,397,147, which is assigned to a common

assignee and is incorporated herein by reference, provide a unique and useful approach to



compute differential corrections when there is no base station present. Briefly, the GNSS

receiver first operates as a base station, computing differential correction terms, and then

acts as a rover, using these correction terms. The problem with the approach, however, is

that the user is forced to return occasionally to a place of calibration to re-calibrate the

differential corrections; or else the user must be willing to live with a drift in the

computed location estimate that arises when differential is not re-calibrated, or is

calibrated using a non-precisely known location, such as its current location.

[0014] What is needed then is a system and method designed to take advantage of

having a partial set of differential correction terms available rather than a complete lack of

differential correction terms. Specifically, it is desired to have a method to take full

advantage of the well-known differential GNSS approaches deployed today, but then gain

the added benefit of the DGNSS methods disclosed in U.S. Patent No. 6,397,147 when

dealing with observations for which differences cannot be formed, as for example when

experiencing a lack of commonality for some, but not all, base and rover observations.

[0015] An object of this invention is to provide such a method. This method allows

all observations to be incorporated into a differential GNSS solution, not just those

common to the base and the rover. A further object is to provide additional differentially

corrected observations that can potentially reduce the time required to solve integer

ambiguities, especially when recovering from a momentary loss of RTK. It is further

object to provide extra observations so as to improve the performance of methods that use

redundancy of observations to detect cycle slips in GNSS carrier phase observations. Yet

another object of this invention is to provide a set of differential correctors that is locally

generated in the rover receiver using the rover's own phase observations, with the

correctors being referenced to the rover's, rather than the base', location. Such

differential is effectively zero-baseline differential and is thus insensitive to atmospheric

variations seen across long baselines when used for such purposes as re-acquiring

ambiguity lock. It is a further object of the invention to provide differential that can

bypass the effects of receiver-dependent, group-delay variations.



SUMMARY OF THE INVENTION

[0016] In the practice of the present invention, a rover receiver first utilizes data

from a base receiver, a DGNSS reference network, or some other differential source to

compute a differentially corrected location. Then, using this location and data observed

only at the rover, the rover computes an internal set of differential corrections, which set

is stored in computer memory, updated as necessary, and applied in future times to correct

observations taken by the rover. The possibly mobile rover receiver, therefore, corrects

its own observations with differential corrections computed from its own past

observations; relying on external differential for the sole purpose of establishing a

reference location.

[0017] In prior art DGPS/DGNSS, a stationary base receiver uses its known location

as a reference for computing differential corrections that correct errors in its own phase

observations, and these corrections are then supplied over a communication link to a rover

to correct similar errors seen at the rover. Alternatively, the base supplies, over the

communication link to the rover, its reference location and phase observations so that the

rover can compute the differential corrections itself, or take a mathematically equivalent

approach of forming single-differences between base and rover observations.

[0018] In this invention, the rover actually acts like a base, using its own dynamic

location rather than the base's static location to compute differential corrections for its

own ranging code and/or carrier observations. The rover's dynamic location is updated

continuously using differential from the base and is effectively "tied" to the base's

location—having been established using base differentially-corrected observables. For

example, an offset in the base' location estimate will cause a similar offset in the rover's

location estimate and both rover and base will agree on the same location when placed on

top of one another. Differential computed using the rover's own observations and

location estimate will have agreement with differential computed using the base'

observations as far as positioning is concerned. That is, differential should be nearly

identical other than some minor effects due to inaccuracies of location and atmospheric

differences over the baseline. One advantage, however, of using the rover location and



rover observations is that the set of differential corrections can be extended to include all

satellites seen at the rover, not just those that are common to the base and rover.

[0019] This means that integer ambiguity solutions are possible using all satellites in

view of the rover receiver, not just the satellites which are seen at the base station. For

example, with the present invention, a rover receiver can perform an RTK ambiguity

solution using GLONASS carrier phase without external carrier phase correctors supplied

for GLONASS satellites by the base. Instead, the GLONASS carrier phase corrections are

calculated internally by the rover using its own GLONASS data.

[0020] Corrections generated at the rover using the rover's own observations and

dynamic location will be referred to as "internal corrections." These internal corrections

are computed at one instant of time and utilized at a future instant of time as the need

arises. Such needs include compensating for loss of satellites, solving integer ambiguities,

detecting cycle slips, removing atmospheric or group-delay biases, or generally improving

robustness.

[0021] Corrections generated using conventional differential techniques where rover

observations are corrected using observations from the base will be referred to as

"standard corrections." The invention allows for a use of a mixture of both standard and

internal corrections.

[0022] The internal corrections are not over-utilized, and in non-critical times, the

method falls back to performing the navigation solution primarily using observations that

can be corrected with the standard base corrections. Advantageously, when conditions

are such that suitable performance is achieved using the standard base corrections, the

internal observations are de-weighted so that the standard base-corrected observations

dominate the least-squares or Kalman filter solution. This avoids a positive-feedback

scenario where errors in location propagate into errors in internal differential, which then

propagate into future errors in location. Although the internally corrected observations

are de-weighted during normal operation, the weighting may be increased as the need

arises, such as during times of signal blockages, particularly when those blockages result

in loss of observations. Without preventive measures such as de-weighting from the



solution, using only as needed, or using in a manner that does not affect location

accuracy, it is possible that any error that enters into the system will remain in the system

and potentially grow cumulatively as additional errors are accrued later on.

[0023] In a preferred embodiment, the internally generated corrections are used

without restriction in situations for which the additional observations give added

advantage, but for which their use is not directly coupled to rover location accuracy and

thus, no potential exists for feedback of location error into the correction generation

process. In particular, such uses include RAIM-like cycle slip monitoring and ambiguity

resolution.

[0024] The internally generated corrections are computed only when certain

conditions are met. At a minimum, the rovers' location estimate should have reached a

desired level of accuracy. In an RTK application, this typically means that the rover is in

true RTK mode with integers fixed. Another condition is that of stable signal tracking,

(e.g., no recent cycle-slips) for any observation for which a correction is to be generated.

When the above conditions are not met, the existing internally generated corrections are

kept valid for a period of time by performing updates to account for changes in modeled

atmospheric induced delays, changes in broadcast orbit and clock models, and changes in

other predictable components of the corrections. The approach of keeping corrections

updated over a period of time is referred to here as "coasting." The ability to coast is

important since the internal corrections will most likely be needed during times that are

not ripe for their generation. Useful life can be extended only so long since coasting takes

into account only the predictable nature of change. Unpredictable effects, such as un-

modeled atmospheric errors and un-modeled satellite clock errors limit useful life. How

long corrections will last depends on the required accuracy of the application. In RTK

applications, useful life is typically 15 to 60 seconds.

[0025] In summary, the invention provides a means to use all observations available

at a rover in a differential GNSS solution by internally correcting these observations

relative to a rover location that is itself relative to a base location. By doing so, all

observations can be used, not just those that are common to both base and rover. Standard

base-rover differential positioning of the rover is still needed to produce a location that



serves as a reference when computing the internal corrections. A reference location

computed as such will result in consistency of the internal corrections with the standard

corrections in that they both agree on the same location in a differential solution.

26] It must be pointed out that a base GNSS receiver is one source of standard

differential corrections, or more generally, differential enabling data. However, there are

other sources of differential enabling data that fit this application. These include data that

are available through use of Wide Area DGNSS networks, SBAS satellite broadcast and

subscription-based differential services.



BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. IA is a schematic of a differential GNSS (DGNSS) application where

one set of satellite information is measured at a base receiver and two sets of satellite

information are measured at a rover receiver, the second set not being used due to lack of

a corresponding set of information from the base.

[0028] FIG. IB is a schematic of a differential GNSS application of the present

invention. Here, one set of satellite information is measured at a base receiver and two

sets of satellite information are measured at a rover receiver, both of which are used, one

set being differentially corrected using methods of the present invention.

[0029] FIG. 2 is a flow chart showing the process flow of the present invention.

[0030] FIG. 3 is a chart showing how the process is distributed across time.

[0031] FIGS. 4A-4B are plots each showing three time-series curves of differential

corrections, two of which are generated using information from an external source of

measurements, and one of which is generated using a local source of measurement

information. Coasting occurs on the latter correction.

[0032] FIG. 4A shows that three differential correction curves exhibit a common

clock characteristic which is not well modeled in one curve when coasting.

[0033] FIG. 4B shows that three differential correction curves exhibit a common

clock characteristic which is well modeled when coasting.

[0034] FIG. 4C shows that in three differential correction curves, the common clock

characteristic has been reduced and is well modeled in coasting.

[0035] FIG. 5 shows atmospheric effects on the differential corrections in relation to

satellite elevation angle.



[0036] FIG. 6 shows both atmospheric effects on the differential corrections in

relation to satellite elevation angle and effects of satellite orbit model changes.

[0037] FIG. 7 shows how to compensate for satellite orbit and clock model changes

to differential corrections while coasting.



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0038] In the most common form, Differential GNSS (DGNSS) requires two GNSS

receivers, a rover and a base receiver. The base is typically stationary at a known location

and sends to a rover GNSS receiver phase (or pseudo-range) observations plus its known

location, or in lieu of this, differential correctors or other differential enabling data. The

rover takes the data from the base, and uses it to correct its own observations to increase

their accuracy. The result is that the rover can provide a more accurate location using

corrected observations, even to the centimeter level or less when carrier phase is used in

an RTK solution.

[0039] FIG. IA shows the details of a typical DGNSS scenario with two sets of

satellites involved. The sets could be from different GNSS constellations such as GPS and

GLONASS, or simply one set that is observable to both receivers while the other set is

observable only to the rover. As shown in FIG. IA, satellite Set 1 is comprised of

satellites 101, 102, and 103 while satellite set 2 is comprised of satellites 104 and 105.

The base 106 receives signals from satellite Set 1, and computes observables of code

phase, carrier phase, carrier velocity, and possibly other quantities related to the phase and

phase-derivatives of the Set 1 signals that are tracked. The observables 108 are denoted

"Obs Set 1", since they are derived form tracking the phases of signals arriving from

satellite Set 1. A Nav Location 109 also resides within the base receiver and may be

manually entered as a "known location" or computed automatically by the base.

[0040] The observables 108 and the Nav Location 109 are transmitted from the base

to the rover 107 over a communication link 133. In another embodiment, it may be

differential correctors or differential enabling data, rather than observables that are

transmitted. The rover receives the transmitted observables 112 and location 113 and

delivers them to a differential computation engine 114. Within this engine, well known

techniques are used to compute differential corrections, where an observed range is

differenced with a "truth" range to compute a differential correction that, when added

back to the observed range, will correct any measurement errors. The "truth" range is

computed as the distance between a "known" location (the reference location) of the base

and the satellite's location determined from orbit model parameters. Such corrections



will correct not only the observables measured at the base, but the rover as well when

sufficiently close to the base (typically within the 10 to 100 mile range). When close, the

rover will see errors similar to those seen at the base and hence the differential corrections

are valid at the rover as well. Such base-transmitted differential correction data is

generally designated "standard corrections" or "standard correctors."

[0041] Similar to the base, the rover GNSS receiver 107 also makes observations of

code and carrier phase for signals arriving from satellite Set 1. Unlike the base 106, the

rover 107 has the added ability to make observations for satellite Set 2 . For example, it

may have capability of tracking Set 2 whereas the base may not. Or, the base may actually

track Set 2, but choose not to send observations for Set 2 over the communication link

133. The observations 110 and 111 corresponding to Set 1 and Set 2 signals are denoted

"Obs Set 1" and "Obs Set 2" respectively. Since the rover has differential correctors

available only for the Set 1 observations, it may correct only to the Set 1 observations.

The "standard" corrections 115 are added to the Set 1 observations 110 at summer 116.

The corrected Set 1 observations 117 are then fed into the Navigation Solution

Computational Engine 118, where a location is computed. This location computation

may involve RTK ambiguity resolution, double differencing, single differencing, Kalman

filtering, and other well known methods of GNSS location determination. Since the base

does not make observations for the Set 2 satellites, differential correctors are not available

for these satellites. Hence the observations 111 from Obs Set 2 in the rover cannot be

used and are rejected (or ignored) as indicated at 122 since they are not corrected and will

thus degrade performance or accuracy when used in a DGNSS application.

[0042] FIG. IB shows an embodiment of this invention. FIG. IB is similar to FIG.

IA except that it shows the added capability to differentially correct, and therefore use the

Obs Set 2 observations. This is a unique and novel feature of this invention. The

observations 122 from Obs Set 2 are now fed into a "Diff Set 2" differential computation

engine 124. This computation also makes use of a location, but the location is that of the

rover, not the base as the case with classical DGNSS prior art methods. This internally

generated differential (i.e. "internal corrections" versus "standard corrections") is

computed using methods that are similar to those used to compute the standard

differential in prior art as is done for Satellite Set 1. Briefly, an observed range is



differenced with a "truth" range to form a differential correction that, when added back to

the observed range, will correct any measurement errors. This internal correction,

however, will "internally" (to the rover 107) correct the observed errors seen at the rover,

as opposed to observed errors seen at the base as in conventional DGNSS of prior art.

This is an advantage since atmosphere-induced, spatially dependant error components that

differ between rover and base, especially over long baselines, will not be present. This

again, is unlike conventional DGNSS. In practice, atmospheric errors may be implicitly

present, however, since such errors may exist in the Obs Set 1 corrections upon which the

accuracy of the rover's location estimate depends. And the rover location estimate is the

reference for computing the Obs Set 2 differential, thereby implicitly impacting Obs Set 2

differential accuracy. But to the extent that the estimation of rover location provides an

averaging of such errors (or canceling effect, such as when using ionosphere-free

combinations), the impact of atmospheric delay variations may be attenuated or nearly

eliminated.

[0043] The Diff Set 2 differential 125 is then added back to the Obs Set 2

observations at summer 126, and the corrected Obs Set 2 observations 127 are fed into the

Navigation Solution Engine 118, along with the corrected Obs Set 1 observations 117.

Hence, with the inclusion of Obs Set 2, there are more observations available, giving well

known advantages in RTK ambiguity resolution, cycle slip detection, and general

robustness.

[0044] In a preferred embodiment, the corrected Obs Set 2 observations are de-

weighted from the location estimate computation (by Kalman Filter, Weighted Least

Squares or other means) during times when there is good availability of Obs Set 1

observations. Or they may not even be used at all for location computations during such

times. This practice avoids a positive-feedback scenario where errors in the rover's

location estimate propagate into errors in the Set 2 differential correctors, which then

cause an additional increase in the rover's location estimation error, and so on.

[0045] Also, in a preferred embodiment, the differential correctors for Obs Set 2 are

computed only during times of high availability of Obs Set 1 observations (and good

satellite geometry) and hence times of high estimation accuracy in the rover's location. In



an RTK application, Obs Set 2 corrections are computed only after RTK lock has been

established to assure that they are accurate to near centimeter level and thus can be

applied in future RTK computations. The Obs Set 1differential correctors are computed

following the completion of the location estimation process to assure that location has

been estimated to the best accuracy possible for the epoch.

[0046] The Diff Set 2 differential corrections are applied after their time-of-

computation; up to several minutes if proper care is taken. What this means is that if

portions of the Set 1 observations are suddenly not available, or otherwise compromised,

perhaps due to blockages of signals while driving under a tree, differentially corrected Set

2 observations can be utilized to help maintain the integrity of the location estimation.

The addition of Obs Set 2 observations in the DGNSS application can help: 1) make up

for losses in Dilution of Precision (DOP); 2) aid in cycle slip detection; 3) aid in

ambiguity resolution should ambiguities need to be reacquired; and, more generically, 4)

be applied whenever it is advantageous to have additional observations. Thus, even

though the Obs Set 2 observations are not corrected by conventional DGNSS means, they

are still corrected and can be applied as if they are conventional DGNSS corrected

observations in some of the more crucial situations, such as reacquiring ambiguities.

[0047] FIG. 2 shows a process flow chart of the invention as it applies to the rover

107. Code phase, carrier phase, and possibly other observations are made for Obs Set 1

and Obs Set 2 GNSS signals as depicted in step 201. In step 202, differential corrections

for Obs Set 1 become available. The source of these corrections could be a base GNSS

receiver, an SBAS satellite broadcast, a wide area differential system, a subscription

differential service, or other such equivalent sources. In some situations, differential is

received directly from the source, i.e. the external base 106. In others, differential is

computed in the rover 107, as for example when computing differential using

observations and a location received from a base receiver 106 over RTCM-3, CMR, or

other protocol.

[0048] In step 203, the rover's location is computed, using the Set 1 differentially

corrected observations 117 and possibly de-weighted Set 2 differentially corrected

observations 127. The Set 2 observations are de-weighted or not used to avoid



accumulation of errors that may arise when repeatedly computing a location using

differential corrections based on a previously computed location (the positive-feedback

scenario mentioned previously).

[0049] Using the location from Step 203, the geometric ranges to the Set 2 satellites

are computed in step 204. It is important to have sufficient accuracy of the location of the

rover relative to the base. The level of accuracy is dictated by the application. A location

quality check is found in step 205. In an RTK application, the location should be of RTK

quality (cm level accuracy) before proceeding to compute Set 2 differential. In other

words, the Set 1 ambiguities should be fixed to their integer values and the receiver

location should be estimated based upon the ambiguity-corrected carrier phase. There is

little point in computing differential (Diff Set 2) for Obs Set 2 observables if this

differential cannot be made to the accuracy of RTK since this differential (Diff Set 2) will

ultimately be used to supplement RTK positioning or to help reestablish ambiguities after

drop from RTK due to blockages.

[0050] In addition to the check on accuracy of location, the individual quality of each

Obs Set 2 observation is also checked in step 205. Obs Set 2 observation quality is

monitored for possible cycle slips and other problems that would impact the quality of the

Set 2 differentially corrected data 127. A branch based on the quality check is made at

decision point 206. If either location accuracy or observation quality fails the test, the

process skips to step 209

[0051] In step 207, the Diff Set 2 differential is computed for each Obs Set 2

observation that passes the quality check. In step 208, the differential corrections 125

from the Diff Set 2 engine 124 are time-tagged, and stored in computer memory for future

use.

[0052] In step 209, differential correctors are kept updated to account for various

changes that can occur as the differential ages. This step is particularly important when

the differential has not been recently computed due to a quality failure at 206. There are

three adjustments shown that may be necessary. The first adjustment 210 is an adjustment

to account for changes in atmosphere-induced delays that have occurred since the



differential was last computed. Methods of accounting for such atmospheric effects are

disclosed in U.S. Patent No. 6,397,147. The discussion on the magnitude of such errors

as they relate to satellite elevation is found later on in this disclosure.

[0053] The second possible adjustment 2 11, which may occur while keeping the

differential updated, is accounting for parameter changes in the broadcast Orbit model (or

Ephemeris) and the broadcast satellite clock model. Changes in parameters occur on a

periodic basis as the GNSS satellite updates its navigation message content with new

prediction data. Differential correctors compensate for errors in the orbit and clock

broadcast models. When the broadcast models change, the differential corrections must

change accordingly.

[0054] A third adjustment 212, that may or may not take place depending on the

nature of the Diff Set 1 differential 115, is to assure that the Diff Set 2 differential 125

stays consistent with any common-mode clock variation seen in the Diff Set 1 differential

115. When computing Diff Set 1 differential, errors in estimating the base' clock will

translate into a common-mode error seen in all Diff Set 1 differential 115. If a clock-

induced wander exists in the Set 1 differential 115, a similar wander should be imposed

on the Set 2 differential 125 to extend its useful life without forcing the navigation

solution 118 to estimate additional clock components. This task is not necessary, or is

trivial, if proper care is taken when computing the Set 1 differential 115 so as to remove

any significant receiver clock contributions. For example, a double-difference approach to

eliminating receiver clock dependence can be deployed where one reference observation

from Set 1 is used to difference away clock errors in other observations. More details on

all three types of adjustments to the Set 2 differential will follow in later paragraphs.

[0055] Due to the fact that there are some components in differential that drift over

time in a manner that is not fully predictable, it is necessary to impose a limit on the life

of the differential as shown in step 213. The age at which differential times-out may

depend on multiple factors, but a significant indicator as to useful life is the satellite

elevation angle. Satellites at lower elevation angle have: 1) higher levels of multipath

noise which may change rapidly over time and thus not cancel in future application of the

differential; and T) higher levels of atmospheric effects that may be difficult to reliably



predict. Hence, in a preferred embodiment, the timeout will be a function of satellite

elevation angle. Also, the level of accuracy that the differential is to provide when applied

to correct observations will also contribute to the choice of timeout period. Levels of

accuracy below several centimeters may dictate a maximum timeout of 30 seconds

whereas decimeter-level accuracy may allow several minutes to elapse before timeout.

The timeout conditions should be derived by observing accuracy versus age-of-

differential while processing real signals in scenarios typical of the planned GNSS

receiver usage.

[0056] The final step, 216, is to actually use the Diff Set 2 differential corrections

125 to correct the Obs Set 2 observations 122. The Diff Set 2 differential corrections are

applied at an epoch that is in the future relative to the epoch in which the corrections are

computed. As mentioned, differentially corrected Obs Set 2 observations may aid

navigation algorithms in a number of ways, including reacquiring ambiguities after

momentary signal blockage or for improving robustness by compensating for occasional

loss of Obs Set 1 observations.

[0057] FIG. 3 elaborates more on the fact that Diff Set 2 differential is computed at

one epoch, but then applied in a subsequent epoch. Two time epochs, 301 and 321 , are

shown with a line 310 separating them. In the first epoch 301, Set 1 satellite

observations (Obs) Set 1, designated 302, are added to Diff Set 1 differential 303 at

summer 304. The resulting differentially corrected Obs Set 1 observations are fed into

the Navigation Engine 305 where a location is estimated. The location for 305 and Obs

Set 2 observations 306 are delivered to the process 307 that computes the Diff Set 2

differential, which is stored for later use. The Diff Set 2 differential is not used during the

Time 1 epoch 301 .

[0058] At a subsequent Time 2 epoch 321 the process of delivering Diff Set 1

differentially corrected observations 323 repeats in a similar manner to that of the first

epoch. The utilization of the Diff Set 1 differential corrections is shown by blocks 322,

323 and 324. In the Time 1 first epoch 301 the Diff Set 2 differential is stored at 308, and

in the Time 2 later epoch 321 the Diff Set 2 differential 328 is available for use. An

update to differential takes place as outlined in block 209 of FIG. 2 and this update is



shown in block 327. Diff Set 2 differential 328 is then summed at summer 324 with the

Obs Set 2 observations 326. Both the Set 1 and Set 2 differentially corrected observations

are now delivered from summers 324 to the Navigation Engine 325. The Obs Set 2

observations may not be used or may be de-weighted from the navigation solution unless

needed to make up for loss of Set 1 observations or to recover from loss of RTK

ambiguity fix. Although not shown, differential for the Obs Set 2 observations may again

be computed at epoch 321 and stored for future use.

[0059] To better understand the nature of differential as it applies to this invention, it

is necessary to provide some background derivations. Additional information can be

found in the literature and in U.S. Patent No. 6,397,147. For a given GNSS satellite, the

differential correctors may be computed from the following (or similar) equations:

Differential{tk ) = [R
geomemc esl

(tk ) - Tsresl (tk ) + Tm r esl
(tk )\- R

measured
(tk ) (1)

_
,

(h ) = |
s
,(tk) - rr r e t (tk )|| (2)

Where

tk is the instant of time at which the differential corrections are computed

R ,m, (t t ) is the measured code or carrier phase range at time t ,

T (tk ) is the satellite's clock error at time tk

T
rcvr

(tk ) is the receiver's clock error at time tk

r (tk) is the location vector of the GNSS satellite time tk

cv
Λ ) ιs location vector of the receiver at time tk

and the subscript "est" means estimated, the subscript "sv" applies to the GNSS satellite

and the subscript "rcvr" applies to the GNSS receiver. We keep in mind that tk is adjusted

for signal propagation delays when computing quantities associated with the satellite. Note

that the terms in equation (1) within square brackets are all estimates that, when taken

together; yield an estimate of the measured range less any sources of error. The difference

between this estimate and the measured range is the differential correction which contains

the errors in the measured range.



[0060] Ignoring noise terms and other less-significant effects, the measured range

can be expressed as

^measured k ) =

R eo,netr ,c,,n,e k ) T sv,tn,e k ) + T rc r,1rue V k ) + ,o ,tn,e V k ) + *1ropo,m,e V k ) + N ( t k ) - B s (3)

geometric ,true V i / sv,t π \ k ) ' rcvr,true \ k \

Where

τ
mo h ) 1S e ionospheric delay at time tk

1
ropo h ) 's tr) e tropospheric delay at time tk

N(t k )is an ambiguity term that exists only when Rmiamred (tk ) is measured carrier phase. It is

not present for code phase measurements.

B sv is an inter-frequency, inter-channel, inter-constellation clock bias, or combination of

these. It represents biases in the broadcast hardware, such as group-delay, or biases in the

time-reference of the GNSS constellation.

The subscript true " means that these are actual measured quantities and are not estimated

from models.

[0061] Equation (1) can be rewritten with simplified notation as:

Differential(t k ) = AR - AT v + ATrcvr - Atmos - N - B sv (4)

[0062] The following definitions have been made:

/ = -geometric e k ) ~
geon κ lnc lm!

, ( t k )

Tsv Tn,e t (tk ) - Tsvtrue (tk )

rcir ~ rcir e ( k ) ~ rcirjrue ( k )

N is an ambiguity term that exists only when correcting carrier phase. It is not

present for code corrections.



[0063] Inspection of equation (4) gives some insight as to how differential may vary

over time. It is important to minimize time-variation for the differential in Set 2 since this

differential may be coasted for minutes at a time while the rover undergoes a temporary

blockage, or while ambiguities are reestablished following a blockage. The table below

summarizes the reasons for variation, over time, of the various components of differential.

[0064] VARIATIONS OF DIFFERENTIAL COMPONENTS

Differential Reason for Change in value of Component over time
Component

AR This is the difference between geometric and estimated range. This

changes for the following reasons:

1) Estimate of receiver location, r
rcvr e s

,(tk) , is inaccurate, but the

inaccuracy has different x, y, and z components. As the satellite

moves across the sky, the projection of these components onto the

slant-range vector will vary in magnitude, causing the differential

to vary as well. This is usually a slow variation since satellite

geometry changes slowly. The variation will not be present if the

receiver location is accurate relative to GNSS coordinates, such as

in RTK applications for which the base receiver has been

accurately surveyed. If the RTK base station is not accurately

surveyed, this variation will still exist, even in RTK applications.

In practice, the location estimate of the base would have to be

very far off (10 meters or more) for this term to change more than

a centimeter or two over a few minutes.

2) Estimate of the satellite location, r
s esl

(tk) , is inaccurate.

Information to compute satellite location is provided in broadcast

data from the satellite. The satellite ephemeris provided by GPS is

usually good to a couple of meters, and the projection along the





slip do to track-loop stress. The term is always a multiple of the carrier

wavelength. If cycle slips can be avoided, this term will be a constant. It

is not present in code phase observations.

B This inter-channel, inter-constellation bias usually has very good long-

term stability as is nearly constant.

Table 1

[0065] Of the above terms, only AT
rcvr

is common to all differential corrections. In

conventional DGNSS, it is usually not a concern since it appears common to all

observations that have been corrected by the Set 1 differential corrections. Because it is

common, it is fully recovered and is removed as part of the estimate of the rover's own

clock. It does not cause any loss of location accuracy, but does effect time estimation. In

the methods disclosed here, however, it is advantageous to insure that the Diff Set 2

differential corrections also share this common clock term and maintain the trajectory of

this term during times of coasting between updates. If they do not, a separate clock

estimate will need to be formed in the navigation solution for the Obs Set 2 observables

that do not maintain the trajectory of the Set 1 common clock. This would add unknowns

to the navigation solution and reduce the mathematical strength of the solution.

[0066] It is relatively easy to keep the Set 2 clock aligned with the Set 1 clock as the

Set 2 correctors are computed (and not coasted). The clock component within the Diff

Set 1 differential will be absorbed as part of the navigation clock estimate, T
rcvr est

since

this estimate is based upon solving location and time using observations corrected with

Diff Set 1 differential. Thus, if the clock estimate Trcvrest from the navigation solution is

used to compute the Diff Set 2 differential (see equation 1), the Diff Set 1 clock will

automatically appear in the Diff Set 2 differential corrections.

[0067] The Diff Set 2 differential may not be computed every epoch. FIG. 2 shows

that a quality check on observations and location accuracy can bypass the computation.

An example of such times is when the receiver drops out of RTK lock and location

accuracy is no longer sufficient for the intended purpose of the Diff Set 2 differential.

During times that the Diff Set 2 differential is not computed but is being updated



(coasted) so that it is available for use, it is important to continue to maintain the clock

trajectory within the Diff Set 1differential.

[0068] FIGS. 4A-C illustrates methods of maintaining the clock trajectory. Two

curves, 401 and 402 depict two time-series plots of Diff Set 1 differential corrections. A

third curve, 403, shows a plot of a single Diff Set 2 differential correction. The Diff Set

2 differential correction 403 is computed until point 405 at which time the computations

cease and the correction must be propagated forward if it is to remain valid. Prior to point

405, the characteristic clock wander can be seen in all three curves. Slight differences can

be seen due to non-clock contributions, but all three curves exhibit a common fluctuation

characteristic of an imperfect receiver clock estimate.

[0069] In FIG. 4A, the simple method of holding the correction constant is shown.

The horizontal line 406 represents this constant value whereas the dotted curve 404

represents the value that the correction would take if still being computed. Clearly, if

there is a strong clock trend, this method has disadvantages. After a short period of time

the constant differential assumption will no longer be valid and the time-out threshold

will need to be set low to prevent differential use after even a relatively short period of

coasting.

[0070] In FIG. 4B a different approach is taken. Rather than holding the differential

constant, the Diff Set 2 differential correction is forced to conform to the trajectory of one

of the Set 1 corrections. If at point 405, the difference between line 403 and 401 is

denoted "D" then this distance "D" is maintained thereafter as shown at 408. The

resulting curve 407 much more closely follows the desired trajectory 404.

[0071] Another approach is shown in FIG. 4C. Here, the Diff Set 1 differential is

computed in such a manner that the receiver clock is not present to any significant degree

and this translates into small Set 2 clock-induced variability as well. This is a preferred

method of computing differential in general since clock-induced fluctuations can make it

difficult to detect problems such as cycle slips. As mentioned, the common clock

component can be removed by using a reference satellite in a double-difference approach,



or otherwise assuring that the base receiver clock estimate is accurate when computing

DiffSet 1 differential.

[0072] The curves 401 , 402 and 403 are shown considerably flattened as a result of

eliminating most of the receiver clock induced wander. Due to this lack of wander, the

assumption that the Set 2 differential correction is constant after point 405 has more

validity. It can be seen that the constant curve 406 is much closer to the true trajectory

404 than it was in FIG. 4A. If the Set 1 differential is computed in the base 106 rather

than the rover 107, it may be easier to apply the scheme of FIG. 4B when significant

clock wander is present. Otherwise the scheme of FIG. 4C is preferable.

[0073] Atmospheric effects are one of the largest contributors to changes in the value

of the differential corrections. FIG. 5 shows a typical differential correction from the time

a satellite rises until it sets. Curve 501 is the differential correction with corresponding

scale provided on axis 521 . Curve 502 is the elevation angle that the satellite makes with

the horizon, and the elevation angle scale is shown on axis 522. Plots are against a time

axis 523. The highest slopes within the differential curves are found in regions 502 and

504 as the satellite rises and sets. As the satellite elevation increases, we see that the

differential in region 503 maintains a more constant value. A 15 degree elevation angle,

505, is projected up along vertical lines to the differential curve at points 506 and 507 to

show that 15 degrees is roughly where the slope of the differential curve begins to

increase sharply.

[0074] This phenomenon of rapid changes at low elevation angle is mainly due to an

obliquity factor (see "The Global Positioning System" by Bradford W. Parkinson, James

J . Spilker, p . 148). Ionosphere-induced delay is roughly three times larger for satellites

viewed near the horizon than it is for satellites viewed near the zenith. The troposphere

obliquity can be even larger since signals traveling horizontally to a receiver on the

ground travel a much greater distance through the troposphere than do signals traveling

vertically. The troposphere obliquity (or slant factor) is roughly the reciprocal of the sine

of the elevation angle and can exceed a ratio of 20: 1.



[0075] As the satellite traverses the sky, the elevation angle changes and so do the

ionosphere and troposphere obliquity factors. The change is most rapid when the satellite

is low. Two ways to deal with this are: 1) time-out the differential sooner for low

elevation satellites, and 2) use a model of the ionosphere and the troposphere to predict

the change and update the differential accordingly. The model method can include

information provided in a satellite broadcast message such as the GPS ionosphere model

or an ionosphere grid model provided by an SBAS system. The model may also include

predictions based on past observations, or observations of the ionosphere-induced code

and carrier phase divergence. A combination of early time-out and atmospheric model

can be utilized, especially if the atmospheric model does a poor job of predicting reality.

A time-out decision is shown in FIG. 2 at 214.

[0076] FIG. 6 again shows a differential correction curve 601 and a corresponding

satellite elevation curve 602. The scales are shown on axes 603 and 604 respectively and

the values are plotted against a time-axis 605. Again, regions 606 and 607 are seen to

exhibit large atmosphere-induced slopes. This differential is typical of that from a

GLONASS satellite. When using the GLONASS system, the provided orbit model

consists of the satellite state of position, velocity, and acceleration. In the receiver, the

state is propagated forward using a Runge-Kutta integration technique. The satellite state

model parameters are usually updated every half hour in the GLONASS broadcast

message. The resulting discontinuities caused by the update can be seen as jumps 6 11,

612, 613 and 614 of the differential curve. The discontinuities occur as corrections to the

state model are made. In the regions 615, 616, 617 and 6 18 between orbit model updates,

some slow variation is apparent in the differential correction term 601 . This variation is

due to an imperfect orbit state model provided by GLONASS. Errors in the acceleration

state appear to have a parabolic nature as evident in region 616 of the differential curve.

Velocity model errors exhibit more of a constant slope such as that seen in region 615.

[0077] In propagating differential forward, it is necessary to account for the jumps

that result from satellite orbit or clock model changes by re-computing using the new

model; otherwise the differential is not valid after a model parameter crossover.



[0078] FIG. 7 shows how to update the differential when an orbit model changes.

The orbit trajectories resulting from using these parameters are shown as 702 (old

parameter set) and 703 (new parameter set). Also shown are the two geometric ranges

704 and 705 for the old and new parameters, respectively. The change in these geometric

ranges is used, along a computed change in the clock model to make the one-time

adjustment as follows:

Diff "
dock —Diff dock + a \ + a 2 , (a one-time adjustment as the new (22)

parameters are applied)

a\ \ n

~ sv,est,old V w ) ~ sv,est,new v /

n is the time at which the new ephemeris and clock parameters are applied

^rcvr,est \ n) is the estimate of the receiver's position at time n

Ksv,est,old v n) is the satellite's position at time t n computed from the old set of parameters

^sv,est,new n ) is the satellite's position at time n computed from the new set of

parameters

sv,est,old n ) is the satellite's clock error at time n computed from the old set of

parameters

sv,est,new n ) is the satellite's clock error at time n computed from the new set of

parameters

[0079] There are numerous advantages to using the invention disclosed here. Some

are evident such as the clear advantages of additional DGNSS-corrected observations at

critical times. One advantage is that of a faster RTK ambiguity fix (resolution) after a

momentary loss of RTK. For example, a Ll -only (single frequency) base transmits only

L l observations. A multi frequency (e.g., Ll, L2, L5, etc.) rover could, after determining

an initial RTK fix using only the L l observations, use its L2, L5 or other frequency



observations in subsequent RTK fixes in accordance with this invention. It is well known

that ambiguity resolution using dual frequency L1/L2 (or other multi frequency)

observables are significantly quicker than when using Ll -only data.

[0080] In long-baseline RTK, the initial RTK fix may be difficult due to large

differential atmospheric errors between base and rover. Once an RTK fix is obtained,

however, subsequent RTK fixes can occur much more quickly; taking advantage of the

fact that Diff Set 2 differential can absorb some of the atmospheric errors. The more

accurate the rover's location estimate, the better the errors are absorbed. In this

application, Diff Set 2 may actually be expanded to include all observables used by the

rover since this may best reduce subsequent ambiguity search times (for example,

searching after a blockage-induced loss of ambiguities). Even if rover location is not

perfect, use of the disclosed method will still assure that all differentially corrected

observables agree on a common location and that their residual error is small relative to

this location. Agreement of residual error is critical for rapid ambiguity fixing. If all

observables agree on a common location, this location will dictate a clear minimum for

residual error in an integer ambiguity search. Again, this agreement is due to the fact that

differential is computed at the rover rather than the base bypassing atmospheric effects

that may occur over long base-rover baselines.

[0081] Cycle slip detection is another advantage of the disclosed invention since the

method provides, when needed, Obs Set 2 observations that would not otherwise be

available. Algorithms such as Receiver Autonomous Integrity Monitoring (RAIM) have

been shown to work better as the number of observations is increased.

[0082] Another application of the invention is dealing with GLONASS frequency-

dependent group-delay biases. Such biases occur, for example, when mixing base and

rover receivers from different manufacturers. IfGLONASS observations are used as the

Obs Set 2 observations, and GPS is used for Obs Set 1, the biases are eliminated since

both the differential and the observations for Set 2 are from the same receiver (the rover),

and the biases cancel as the differential is applied to the observations. Without the

disclosed method, it may be necessary to account for the frequency-dependent biases

using more complicated approaches, such as adding a frequency-dependent slope to the



GLONASS clock estimate. Of course, combinations of approaches could be utilized. In

a GPS/GLONASS RTK application, for example, the initial ambiguity resolution could

take place by assuming a frequency-dependent GLONASS clock, but after that, the

methods of this invention could be deployed.

[0083] In a preferred embodiment, every observation is used, regardless of whether

or not a differential pair can be formed using data from an external differential source.

Locally generated range corrections are formed as needed per this invention. Velocity-

related observations such as Doppler and Delta-Carrier Phase are used as well. Velocity

related observations may, in many situations, be used without differencing with a

corresponding base velocity observation since the velocity observations from the

stationary base are usually near zero and can be assumed as such. Use of velocity to aid a

Kalman Filter location solution adds smoothness and robustness.

[0084] Although the present invention has been described in terms of the presently

preferred embodiments, it is to be understood that the disclosure is not to be interpreted as

limiting. Various alterations and modifications will no doubt become apparent to those

skilled in the art after having read the above disclosure. Accordingly, it is intended that

the appended claims be interpreted as covering all alterations and modifications as fall

within the true spirit and scope of the invention



CLAIMS

Having thus described the disclosed subject matter, what is claimed as new and

desired to be secured by Letters Patent is:

1. A method of computing differentially corrected global navigation

satellite system (GNSS) measurements within a mobile rover receiver, which method

comprises the steps of:

receiving at the rover receiver a set of differential enabling data over a communication

link;

measuring at the rover receiver, at a first instant of time, a first set of satellite

measurement information;

computing a differentially corrected location using said differential enabling data and

said satellite measurement information;

using said location and said satellite measurement information, computing a set of

differential corrections;

storing said differential corrections in computer memory;

measuring at the rover receiver, at a second instant of time, a second set of satellite

measurement information; and

correcting said second set of satellite measurement information with said differential

corrections.

2. The method of claim 1, which includes the additional step of receiving

said differential enabling data over a communication link.

3. The method of claim 1, which includes the additional step of receiving

said differential enabling data from a base receiver.

4. The method of claim 1, which includes the additional step of:

computing a second location using said second set of satellite measurement

information and said differential corrections.



5. The method of claim 1, which includes the additional step of:

solving for integer ambiguities in said second set of satellite measurement information.

6. The method of claim 1 wherein GNSS satellite measurement

information is received by said rover receiver from one or more of the group consisting of:

GPS; GLONASS; Galileo; Compass; a satellite-based augmentation system (SBAS); a

regional satellite system; the wide-area augmentation system (WAAS); a transmitter located

on or near the ground; and a pseudolite.

7. The method of claim 1 wherein said GNSS satellite measurement

information contains one or more of the group consisting of: a phase; and a pseudorange.

8. The method of claim 1 wherein said differential enabling data contains

one or more from the group consisting of: a differential correction; clock correctors; orbit

correctors; a pseudorange; and a phase.

9. The method of claim 1 wherein said communication link is to one or

more of the group consisting of: a base station; an SBAS satellite; an Inmarsat satellite; and

a network RTK source.
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