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ments on the 1.1, 1.2 and L5 frequencies. To reduce the noise in the first composite measurement, the method further includes forming
a second composite measurement using GPS carrier-phase measurements on at least two of the three GPS carrier frequencies. The
second composite measurement is formed to have a small multi-path noise therein so that it can be used to smooth the first composite

measurement so that the multipath noise is minimized.
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METHOD FOR USING THREE GPS FREQUENCIES TO RESOLVE
CARRIER-PHASE INTEGER AMBIGUITIES

[0001] The present invention relates generally to technologies associated with positioning
systems, such as the Global Positioning System (GPS) or the European Galileo System, and
more particularly to methods of resolving integer ambiguities in carrier-phase measurements

in the position systems.

BACKGROUND

[0002] A wide-area positioning system, such as the global positioning system (GPS), uses a
constellation of satellites to position or navigate objects on earth. Currently, the constellation
of satellites broadcast signals at two carrier frequencies, L1 frequency at (154*10.23 MHz) or
1572.45 MHz and L2 frequency at (120%10.23 MHZ) or 1227.6MHz, or L1 wavelength of
0.1903 m and L2 wavelength of 0.2442 m, respectively. For each carrier frequency, two types
of GPS measurements are usually made by a GPS receiver with an object to be positioned.
The two types of GPS measurements are pseudorange measurement, and integrated carrier
phase measurement. The pseudorange measurement (or code measurement) is a basic GPS
observable that all types of GPS receivers can make. It utilizes the C/A or P codes modulated
onto the carrier signals. The carrier phase measurement is obtained by integrating a
reconstructed carrier of the signal as it arrives at the receiver. Because of an unknown number
of whole cycles in transit between the satellite and the receiver when the receiver starts
tracking the carrier phase of the signal, there is‘a whole-cycle ambiguity in the carrier phase
measurement. This whole-cycle ambiguity must be resolved in order to achieve high

accuracy in the carrier-phase measurement.

[0003] With the GPS measurements available, the range or distance between a GPS receiver
and each of a plurality of satellites is calculated by multiplying a signal’s travel time by the
speed of light. These ranges are usually referred to as pseudoranges (false ranges) because the
GPS measurements may include errors due to various error factors, such as satellite clock -
timing error, ephemeris error, ionospheric and tropospheric refraction effects, receiver
tracking noise and multipath error, etc. To eliminate or reduce these errors, differential

operations are typically used in GPS applications. Differential GPS (DGPS) operations
1
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typically involve a base reference GPS receiver, a user GPS receiver, and a communication
mechanism between the user and reference receivers. The reference receiver is placed at a
known location and the known position is used to generate corrections associated with some
or all of the above error factors. The corrections generated or raw date measured at the
reference station are supplied to the user receiver, which then uses the corrections or raw data
to appropriately correct its computed position. Differential operations using carrier-phase
measurements are often referred to as real-time kinematic (RTK) positioning/navigation

operations.

[0004] The corrections generated or raw data measured at the reference receiver, however,
are useful at the user GPS receiver only when there are spatial and temporal correlations of
the errors between reference receiver and the user receiver. While the GPS satellite clock
timing error, which appears as a bias on the pseudorange or carrier phase measurement, is
perfectly correlated between the reference receiver and the user receiver, most of the other
error factors are either not correlated or the correlation diminishes in wide-area applications,
i.e., when the distance between the reference and user receivers becomes large. Moreover,
when the distance between the user receiver and the reference receiver becomes large, such as
more than about 10 to 20 kilometers, the two carrier frequencies in the existing GPS system

are inadequate to resolve the whole-cycle carrier-phase ambiguities.

SUMMARY

[0005] The present invention includes a method for generating an ambiguity-resolved,
refraction-corrected, and noise-minimized carrier-phase measurement. In one embodiment, to
form the ambiguity-resolved, refraction-corrected, and noise-minimized carrier-phase
measurement, a first composite measurement is formed using GPS carrier-phase
measurements on the L1, L2 and L5 frequencies. The first composite measurement is a linear
combination of the GPS carrier-phase measurements on the three GPS carrier frequencies. It
is ambiguity-resolved and refraction-corrected, but it may have relatively large multipath
noise. To reduce the noise in the first composite measurement, a second composite
measurement is formed using GPS carrier-phase measurements on at least two of the three
GPS carrier frequencies. The second composite measurement is formed to have a small multi-

path noise therein so that it can be used to smooth the first composite measurement.
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[0006] In one embodiment, to smooth the first composite measurement with the second
composite measurement, an offset between the first composite measurement and the second
composite measurement at each of a plurality of measurement epochs is computed and the
offset is smoothed in an expanding average over the plurality of measurement epochs. The
smoothed offset is added to the second composite measurement to obtain the ambiguity-

resolved, refraction-corrected, and noise minimized GPS carrier-phase measurement.

[0007] The ability to resolve the ambiguities of refraction-corrected, composite
measurements will largely remove baseline separation limitations in the use of carrier-phase

Differential GPS, so that a global RTK capability becomes feasible.

 BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a block diagram of a computer system that can be used to carry out the
method for generating an ambiguity-resolved, refraction-corrected, and noise-minimized

carrier-phase measurement.

[0009] FIG. 2 is a flowchart illustrating the method for generating an ambiguity-resolved,

refraction-corrected, and noise-minimized carrier-phase measurement.

[0010] FIG. 3 is a flowchart illustrating a smoothing process used in the method for
generating an ambiguity-resolved, refraction-corrected, and noise-minimized carrier-phase

measurement.

DETAILED DESCRIPTION

[0011] FIG. 1 illustrates a computer system 100 that can be used to carry out a method for
generating an ambiguity-resolved, refraction-corrected, and noise-minimized composite
carrier-phase measurement, according to one embodiment of the present invention. The
computer system 100 is coupled to a user GPS receiver 122 which supplies to the computer
system 100 GPS code and carrier-phase measurements based on signals from a plurality of
satellites 110-1, 110-2, ..., 110-n, where n is the number of satellites in view of the user GPS
receiver 122. The user GPS receiver 100 may be in communication with a reference GPS
receiver 140 also taking measurements based on signals from the plurality of satellites, which
are used to generate corrections to the GPS measurements taken at the user GPS receiver. The

plurality of satellites, or any one or more of them, are sometimes referred to hereafter in this
3
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document as satellite(s) 110. In some embodiments, the user GPS receiver 122 and the

computer system 100 are integrated into a single device, within a single housing, such as a

. portable, handheld or even wearable position tracking device, or a vehicle-mounted or

otherwise mobile positioning and/or navigation system. In other embodiments, the user GPS

receiver 122 and the computer system 100 are not integrated into a single device.

[0012] As shown in FIG. 1, the computer system 100 includes a central processing unit
(CPU) 126, memory 128, an input port 134 and an output port 136, and (optionally) a user
interface 138, coupled to each other by one or more communication buses 129. The memory
128 may include high-speed random access memory and may include nonvolatile mass
storage, such as one or more magnetic disk storage devices. The memory 128 preferably
stores an operating system 131, a database 133, and GPS application procedures 135. The
GPS application procedures may include procedures 137 for implementing the method for
generating an ambiguity-resolved, refraction-corrected, and noise-minimized composite
carrier-phase measurement, according to one embodiment of the present invention, as
described in more detail below. The operating system 131 and application programs and
procedures 135 and 137 stored in memory 128 are for execution by the CPU 126 of the
computer system 124. The memory 128 preferably also stores data structu‘res used during
execution of the GPS application procedures 135 and 137, including GPS pseudorange and/or

carrier-phase measurements 139, as well as other data structures discussed in this document.

[0013] The input port 134 is for receiving data from the GPS receiver 122, and output port
136 is used for outputting data and/or calculation results. Data and calculation results may

also be shown on a display device of the user interface 138.

[0014] Two principal techniques have been developed to resolve the whole-cycle carrier-
phase ambiguities. The first technique is often referred to as the “geometry-free” or
measurement-space” technique and uses smoothed code measurements to determine the
whole-cycle ambiguities of the carrier-phase measurements. The second technique is often
referred to as the “geometry-dependent” or “position-space” technique and uses a search
process to determine which combination of whole-cycle ambiguities with respect to a
plurality of satellites in view of the GPS receiver gives the “best” solution according to some

criteria, such as a minimum of the sum of the squares of measurement residuals.
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[0015] There are several advantages of using the geometry-free approach for the carrier-
phase ambiguity rescﬁution. A first advantage for the geometry-free approach is that it is less
affected by errors in the GPS measurements caused by the tropospheric refraction effects
because the code and carrier-phase measurements are equally affected by the troposphere. A
second advantage for the geometry-free approach is that the ambiguity resolution is done on a
satellite by satellite basis, as compared with the geometry-dependent approach, which needs
at least five satellites in view of the GPS receiver in order to insure the correctness of the
solution. A third advantage for the geometry-free approach is that movement of the user GPS
receiver has no effect on the difference of the code and carrier-phase measurements, while the
geometry-depeﬁdent approach may need to propagate the position of the user GPS receiver
forward in time when the user is moving. Also, because the geometry-free approach uses a
greater degree-of-freedom than the geometry-dependent approach, it is simpler to verify that
a correct resolution of the whole-cycle ambiguities is made in the case of the geometry-free
approach. These advantages make the geometry-free approach more favorable for RTK

applications.

[0016] With the two existing L1 and L2 carrier frequencies, the geometry-free technique is
used to resolve the whole-cycle ambiguities in a cascaded manner, in which whole cycle
ambiguities are resolved first for wide-lane measurement combinations having a longest
wavelength. A most often used wide-lane combination is a simple difference of the carrier-
phase measurements on the existing two frequencies, L1 and L2, which is referred to
hereafter as the (L1-L2) measurement difference. The (L1-L2) measurement difference has
an 86.2 centimeter wavelength and is well suited for whole-cycle ambiguity resolution. The
whole cycle ambiguity in the (L1-L2) measurement difference can be resolved by using a
frequency weighted average of the code measurements on the two frequencies, which
matches the ionospheric distortion in the carrier-phase measurement difference. The resolved
wide-lane whole-cycle ambiguities are then used to step successively to smaller (narrow-
lane) wavelengths. This approach, however, only works when the distance between the
reference receiver and the user receiver (baseline separation) does not exceed a certain limit,”

such as 10 to 20 kilometers.

[0017] The source of the problem is the diverging effect of the ionosphere upon the two
carrier frequencies when the baseline separation becomes large. The (L1-L2) measurement

difference is adversely affected by ionospheric refraction effects. The magnitude of the
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ionospheric refraction effect on the measurement difference is about the average of the effect
on the two individual L1 and L2 measurements, but is of opposite sign. Although the whole
cycle ambiguity in the (L1-L2) measurement difference can be resolved over large distances,
in order to remove the ionospheric refraction effect in the measurement difference, the whole-
cycle ambiguity in some other measurement combination with a different dependence on the
ionosphere must also be resolved. A measurement combination, or a composite measurement,

is a combination of carrier-phase measurements on different carrier frequencies.

[0018] With just two carrier frequencies, it is very difficult to resolve the whole-cycle
ambiguities on any other combinations of the carrier-phase measurements when the baseline
separation is large. Without a third frequency, a best combination that has very little
distortion induced by ionospheric refraction is a composite measurement formed using the
difference between nine times the L1 carrier-phase measurement and seven times the L2
carrier-phase measurement, which is referred to as the (9L1-7L2) composite measurement.
But this composite measurement has two very adverse characteristics. First the effective
wavelength of the composite measurement is only 5.35 centimeters. The knowledge of the
ambiguity value for the (L1-L2) measurement combination (whether it is even or odd) can be
used to increase the effective wavelength from 5.37 to 10.7 centimeters. But it is still
impossible to resolve the refraction corrected ambiguity over long baselines because of the

adverse multiplication of the multipath noise in the refraction correction process.

[0019] As part of the modernization of GPS, a new signal with a third frequency will be
made available to civilian users. This new signal is sometimes labeled as the L5 signal for
historical reasons and has a frequency of (115*10.23 MHz) or 1176.45 MHz, or a wavelength
of 0.2548 m. The proposed addition of the third frequency to the GPS broadcast signals
provides an additional degree of freedom in constructing composite measurements with
varying wavelengths, varying sensitivity to the ionosphere, and different noise 'ampliﬁcation
effects, and thus can be helpful in obtaining ambiguity-resolved and refraction-corrected

carrier-phase measurements, which are crucial to high-precision GPS applications.

[0020] FIG. 2 illustrates a method 200 for generating an ambiguity-resolved, refraction-
corrected, and noise-minimized composite carrier-phase measurement, according to one
embodiment of the present invention. As shown in FIG. 2, method 200 includes step 210 in

which ambiguities are resolved in at least two wide-lane measurements each formed using the
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difference between carrier-phase measurements taken at two of the three frequencies. As
indicated above, the frequency-weighted average of the L1 and L2 code measurements match
the ionospheric refraction of the (L 1-L2) carrier-phase measurement difference, and so can be
used to resolve the ambiguity in the (L1-L2) carrier-phase measurement difference
independent of ionospheric disturbance in the measurements. In similar fashion, the
ambiguities in the (L1-L5) and (L.2-L5) carrier-phase measurement difference can also be
determined. The general relationship for resolving these wide-lane ambiguities using the

frequency-weighted average of the corresponding code measurements is

~ (-9, 1)

v _[LBLPNS 1)
ARy c

where 7, j =1, 2, or 5, represent two different carrier frequencies Li, L/, respectively, f; and f;
represent the magnitudes of the L7 and Lj frequencies, respectively, Pi and Pj represent the
code measurement at the L7 and L frequencies, respectivelyl, ¢ and ¢ represent the carrier-
phase measurement at the Li and Lj frequencies, respectively, ¢ is the speed of light, and Ny
represents the carrier-phase whole-cycle ambiguity for the (L;-L;) carrier-phase measurement
difference and is rounded to the nearest integer value. Both the code and the carrier-phase
measurements in Equation (1) are assumed to have been corrected using the measurements

taken at the reference receiver.

[0021] Therefore, the wide-lane ambiguities for the (L.1-L2), (L1-L5), and (L2-L5) carrier-
phase measurement differences can be resolved using Equation (1). Actually, because of the
frequency relationships, once the ambiguities on any two of these measurement differences
are determined, the ambiguity in the third measurement difference can be directly
determined. A problem still exists, however, when one tries to remove the distortion due to
the ionosphere from these measurement differences. Because the 1.2 and L5 frequencies are
so close together, taking a difference of the carrier-phase measurements on the two
frequencies results in a large multipath noise in the measurement difference. After
ionospheric correction, the multipath noise would be further amplified. So it is impractical to
use the (L2-L5) measurement difference to resolve the L1, L2, or L5 narrow-lane carrier-
phase measurements directly. Without the use of (L2-L5) measurement difference, the (L1-

L.2) and (L.1-L5) measurement difference are so close in value that a large multiple is
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required to map the difference into a correction of the L1, L2, or L3 measurement. This again

amplifies the multipath noise to an unacceptable level.

[0022] Thus, method 200 further includes step 220 in which a composite measurement
having a negligible refraction error is formed using the carrier-phase measurements taken at
all of the three frequencies. In one embodiment of the present invention, this composite
measurement is a linear combination of the carrier-phase measurements on the three
frequencies, and more preferably a super combination of at least two ambiguity-resolved
wide-lane measurements. The absence of refraction error in the composite measurement is a
result of the refraction errors in the carrier-phase measurements on the three frequencies
canceling each other when forming the composite measurement, or the result of the refraction
errors in the wide-lane measurements canceling each other when forming the super
combination. For example, the refraction correction can be obtained by subtracting from the
(L1-L2) wide-lane measurement a multiple of the (L2-L5) wide-lane measurement, so that
the ionospheric refraction error in the multiple of the (L2-L5) wide-lane measurement cancels
out the ionospheric refraction error in the (L1-L2) carrier phase measurement. The equation

for calculating a factor for the multiple is:

Ss(h=15) _ 5077900078
fl (fz - fs)

[0023] Since the ambiguities in the (L1-L2), the (L1-L5), and the (L2-L5) carrier-phase
measurement differences have been resolved in step 210, as discussed above, we can get a
refraction corrected and ambiguity resolved composite measurement in step 220 by

computing:
¢r = (¢1 -0, +N12)—5-O77923(¢2 “¢5 +Nys) )

where ¢, represents the composite measurement, ¢, ¢, and ¢s represent the carrier-phase
measurement at the L1, L2, and L5 frequencies, respectively, all assumed to have been
corrected using measurements taken at the reference GPS receiver 140, N;; is the ambiguity
in the (L.1-L2) carrier-phase measurement difference, and N5 is the ambiguity in the (L2-L5)

carrier-phase measurement difference.
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[0024] Approximately, the super combination in Equation (2) can be viewed as a linear
combination of the carrier-phase measurements on the three frequencies formed by taking the
carrier-phase measurement on the L1 frequency plus 5-times the carrier-phase measurement
on the L5 frequency and minus six-times the carrier-phase measurement on the L2 frequency,
e.g., the composite measurement of (L1-6L2+5L5). The composite measurement of (L1-
6L2+5L5) has very little ionospheric refraction error compared to the refraction error in the
L1 carrier-phase measurement. Specifically, the effect of the ionosphere on the (L1-
6L.2+5L5) composite measurement is only 7.44% of the effect of the ionosphere on the L1
measurement. It is noted that the (L1-6L2+5L5) composite measurement is also equivalent to
a super combination of the (L1-L5) measurement difference reduced by six times the (L2-L5)

measurement difference, i.e.,

| (L1-6L.2+5L5) = (L1-L5)-6(L2-L5).
[0025] The refraction corrected and ambiguity resolved carrier-phase composite
measurement in Equation (2) has a wavelength of 3.4035 meters which can be used to scale
the composite measurement to a measured pseudorange with respect to a satellite. There
remains, however one adverse characteristic about this composite measurement. Specifically,
the phase noise of the individual carrier-phase measurements has been increased substantially
by the multiplication and by the increased wavelength. Assuming that the phase noise is
equal on the three frequencies and equivalent to 1 centimeter at the L1 frequency, then the
noise in the refraction corrected and ambiguity resolved composite measurement ¢, will be
about 143 centimeters. The assumption of equal phase noise is not critical. For example, an
alternate assumption that the phase noise in L1 is equal to one centimeter and the phase noise
in each of the other two frequencies is scaled by the wavelength of the frequency would yield

a slightly smaller value of 110 centimeters for the noise in the composite measurement.

[0026] Though this noise in the refraction corrected composite measurement ¢, of Equation
(2) seems somewhat large, it compares favorably with the noise that results from using the
code measurements to obtain a refraction—corrécted result. It is undoubtedly better than the
code measurements, in that the phase measurements are less subject to the biases which can
result from various sources, i.e. receiver design characteristics. Further, even though the
wavelength is large, the measurement is insensitive to phase windup because of an equal

amount of positive and negative phase measurements in the composite. Most of the noise in

9
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the composite phase measurement results from the multipath present in the individual phase
measurements. Fortunately, the same method previously employed to smooth out the

multipath in the code measurements can be used to smooth out the phase multipath noise.

[0027] Therefore, method 200 further includes step 230 in which another compoéite carrier-
phase measurement having a small noise amplification is formed and step 240 in which the
ambiguity resolved carrier-phase measurement of equation (2) is smoothed with the other
composite carrier-phase measurement with a small noise amplification. A specific example

of a composite measurement that has close to a minimum noise amplification is given by:

4 =4.219178¢, —1.609589(¢, + ;) 3)

where ¢, represents the composite measurement.

[0028] The numerical values 4.219178 and 1.609589 in equation (3) are obtained from the

more general equation:

h 4 s O3S

¢mzfl_o-s(fz'*'fs) . f}"O-S(fz"'fs)

(9, +¢5). 4)

The composite measurement ¢, has a wavelength of approximately 10.8 centimeters and
would have a noise level of about 2.7 centimeters assuming the same equal phase noise on
each frequency as was assumed above. Equation (3) or (4) is not very sensitive to trade-offs
between the L2 and L1 measurements, and because no ambiguities are being resolved, any
multiple of this equation should work just as well for the purposes discussed below. Thus
cutting the coefficients in equation (3) in half and using twice the wavelength to scale the
composite measurement to meters will give exactly the same composite measurement with
exactly the same noise in thé measured value. Although ¢, has been formed using the carrier-
phase measurements from three frequencies, one can also form a refraction-corrected |
composite measurement that has slightly higher noise amplification than ¢, by using only the

L1 and L2 carrier-phase measurements or only the L1 and L5 carrier-phase measurements.

[0029] For optimum results, the composite measurement ¢, needs to be adjusted by the phase
wind-up, but it is relatively insensitive to any error in the wind-up value because of the

narrow wavelength. It is unnecessary to attempt to resolve the ambiguity on the measurement

10
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composition since it is used simply to smooth out the noise in the ambiguity resolved

composite measurement from equation (2).

[0030] FIG. 3 illustrates a smoothing process 300 in step 240. As shown in FIG. 3, process
300 includes step 310 in which the composite measurement ¢. of Equation (2) is scaled by its
3.4035 meter wavelength and the scaled composite measurement is designated by R, and the
composite measurement ¢, in Equation (3) is scaled by its 10.8 centimeter wavelength and
the scaled composite measurement is designated by S. Process 300 further includes step 320
in which an offset between R and S is computed at each of a plurality of measurement epochs
and the ‘offset is smoothed in an expanding average over the plurality of epochs. So in step

320, the following is iteratively computed over a number of measurement epochs
& 1
O, =0, +;(Rk —S, = 04) )

where k designates a measurement epoch and k-7 the measurement epoch prior to k£, O
represents the smoothed offset. » equals to & before £ reaches a predetermined maximum

number of averaging, and thereafter » is held at that maximum number.

[0031] To get the final smoothed output measurement, process 300 further includes step 330
in which the smoothed offset is added to the high-accuracy refraction corrected measurement
S to arrive at an ambiguity-resolved, refraction-corrected, and noise-minimized composite

measurement M
M=0,+S, - (5)

[0032] The advantage of using steps 320 and 330 in process 300 for smoothing the
ambiguity-resolved carrier-phase measurement is that the offset can be monitored for

reasonableness during the smoothing process.

[0033] The number of measurement epochs over which Equation (4) is calculated is
determined according to the square of the noise ratio, which is the ratio of the noise level in
¢, over the noise level in ¢,. According to our examples above, this ratio would be about 50.
So the square of the noise ratio according to our examples above would be about 2,500.
However, the examples above assume independent random noise at each epoch, while the

multipath is typically positively correlated over several minutes. This means that the

11
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averaging process can be profitably continued over 10,000 or more measurement epochs, or
for 10,000 seconds or longer if a set of measurements are taken in every second. The
averaging process is converted to an exponential average when a maximum number for the

averaging as determined by the square of the noise ratio is reached.

[0034] Although the above embodiments of the present invention have been described in the
context of GPS, the present invention is applicable to other positioning systems with slight
modifications. For example, in the European Galileo System, a E6 carrier frequency at
(125*10.23 MHz) is used in place of the L2 frequency. The technique of the embodiments as
described above would work even better because the difference in frequency between E6 and
L5 is twice as large as that between L2 and L5. Thus, in stead of the super combination in

Equation (2), one can use the following super combination in the European Galileo System:

¢, = (4 — 4. + Ny, ) —2.165584416(4, — s + N 5) (©)

where subscript ¢, represents the carrier-phase measurement in the E6 frequency, Ny and Nes
represent the whole-cycle ambiguities associated with the (¢; - ¢.) and (¢ - ¢5) measurement

differences, respectively, and the value of 2.165584416 comes from the following calculation

SsUh=1e) _ 5 165584416
[ = S5)

where f; stands for the frequency of E6. Since Equation (6) uses a much smaller value of
2.165584416 as compared to the value of 5.077923 in Equation (2), the noise amplification in
the super combination in Equation (6) should be much less than the noise amplification in the
super combination in Equation (2). Thus, the resultant ambiguity resolved, refraction
corrected measurement combination will require less smoothing to achieve the same

accuracy.

[0035] Thus, the present invention provides a method for resolving the ambiguities in a
refraction-corrected carrier-phase composite measurement. The present invention also
provides a method for minimizing the effect of the noise amplification in the composite
measurement. It is believed that a very accurate refraction-corrected and ambiguity-resolved

measurement process can enhance a number of GPS applications. For example, it may reduce

12



WO 2005/036202 PCT/US2004/033482

or eliminate the distance constraints in the carrier-phase differential GPS, which is often

referred to as Real-Time Kinematic (RTK) GPS.

[0036] Although the present invention has been described with respect to a few specific
embodiments, it should be understood that various changes, substitutions, and alterations can

be made hereto without departing from the spirit and scope of the invention as defined by the
appended claims.

13
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We claim:

L. A method for obtaining an ambiguity-resolved, refraction-corrected GPS carrier-
phase measurement, comprising:

obtaining carrier-phase measurements on three carrier frequencies;

forming at least two wide-lane carrier phase measurements based on the carrier-phase
measurements on the three carrier frequencies;

resolving whole-cycle ambiguities in the wide-lane carrier-phase measurements; and

using the ambiguity-resolved wide-lane measurements to form the ambiguity-

resolved, refraction-corrected GPS carrier-phase measurement.

1

2. The method of claim 1 wherein the three GPS frequencies include a first frequency, a
second frequency frequency, and a third frequency, the wide-lane carrier phase measurements
include a first wide-lane carrier-phase measurement formed using carrier-phase
measurements on the first and the second frequencies and a second wide-lane carrier-phase
measurement formed using carrier-phase measurements on the second and the third
frequencies, and the ambiguity-resolved, refraction-corrected GPS carrier-phase
measurement comprises a difference between the first wide-lane measurement and a multiple

of the second wide-lane measurement.

3. The method of claim 1 wherein a ionospheric refraction error in the first wide-lane
measurement is approximately equal to the ionospheric refraction error in the multiple of the

second wide-lane measurement.

4. The method of claim 1 wherein the whole-cycle ambiguity in each wide-lane carrier-
phase measurement is resolved based on a frequency-weighted average of corresponding

GPS code measurements, an error caused by ionospheric refraction in the frequency-weighted
average matching an error caused by ionospheric refraction in the wide-lane carrier-phase

measurement.

5. A method for generating an ambiguity-resolved, refraction-corrected, and noise-
minimized carrier-phase measurement, comprising:
forming a first composite measurement using GPS carrier-phase measurements on

three GPS frequencies;

14
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forming a second composite measurement using GPS carrier-phase measurements on
at least two GPS carrier frequencies; and

smoothing the first composite measurement with the second composite measurement.

6. The method of claim 5 wherein the first composite measurement is a linear

combination of the GPS carrier-phase measurements on the three GPS carrier frequencies.

7. The method of claim 5 wherein the first composite measurement is ambiguity-
resolved and forming the first composite measurement comprises:

obtaining carrier-phase measurements on the three frequencies;

forming at least two wide-lane carrier phase measurements based on the carrier-phase
measurements on the three frequencies; and

resolving whole-cycle ambiguities in the wide-lane carrier-phase measurements;

using the ambiguity-resolved wide-lane measurements to form the first composite

measurement.

8. The method of claim 7 wherein the whole-cycle ambiguity in each wide-lane carrier-
phase measurement is resolved based on a frequency-weighted average of corresponding

GPS code measurements, an error caused by ionospheric refraction in the frequency-weighted
average matching an error caused by ionospheric refraction in the wide-lane carrier-phase

measurement.

9. The method of claim 5 wherein the second composite measurement is formed to have

a small multi-path noise therein.

10.  The method of claim 5 wherein the second composite measurement is formed using

carrier-phase measurements on all of the three frequencies.

11.  The method of claim 5 wherein the second composite measurement includes

unresolved whole-cycle ambiguities.

12.  The method of claim 5 wherein the second composite measurement has a wavelength

of about 10.8 centimeters.

13.  The method of claim 12 wherein the second composite measurement has a noise level
of about 2.7 centimeters assuming equal phase-noise in each of the carrier-phase

measurements on the three frequencies.
15
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14.  The method of claim 5 wherein the first and the second composite measurements are
scaled by there respective wavelengths and wherein smoothing the first composite
measurement with the second composite measurement comprises:

computing an offset between the first composite measurement and the second
composite measurement at each of a plurality of measurement epochs;

smoothing the offset in an expanding average over the plurality of measurement
epochs; and

adding the smoothed offset to the second composite measurement to obtain the
ambiguity-resolved, refraction-corrected, and noise minimized GPS carrier-phase

measurement.

15. A positioning or navigation system, comprising:

a GPS receiver configured to obtain GPS code and carrier-phase measurements based
on signals from a plurality of satellites in view of the GPS receiver, the signals being
transmitted in three different carrier frequencies;

a computer system coupled to the GPS receiver, the computer system includes a
brocessor and a memory coupled to the process, the memory storing therein program
instructions which, when executed by the processor, performs a method for generating an
ambiguity-resolved, refraction-corrected, and noise-minimized composite carrier-phase
measurement, the program instructions comprising:

instructions for forming a first composite measurement using GPS carrier-phase
measurements on the three carrier GPS frequencies;

instructions for forming a second composite measurement using GPS carrier-phase
measurements on at least two GPS carrier frequencies; and

instructions for smoothing the first composite measurement with the second

composite measurement.

16.  The positioning system of claim 15, wherein the instructions for forming the first
composite measurement comprise:

instructions for forming at least two wide-lane carrier phase measurements based on
the carrier-phase measurements on the three carrier frequencies;

instructions for resolving whole-cycle ambiguities in the wide-lane carrier-phase

measurements; and

16



10

15

WO 2005/036202 PCT/US2004/033482

instructions for using the ambiguity-resolved wide-lane measurements to form the

first composite measurement.

17.  The positioning system of claim 15 wherein the second composite measurement is

formed to have a small multi-path noise therein.

18.  The positioning system of claim 15 wherein the second composite measurement is

formed using carrier-phase measurements on all of the three frequencies.

19.  The positioning system of claim 15 wherein the second composite measurement

includes unresolved whole-cycle ambiguities.

20.  The positioning system of claim 15 wherein the instructions for smoothing the first
composite measurement with the second composite measurement comprise:

instructions for computing an offset between the first composite measurement and the
second composite measurement at each of a plurality of measurement epochs;

instructions for smoothing the offset in an expanding average over the plurality of
measurement epochs; and

instructions for adding the smoothed offset to the second composite measurement to
obtain the ambiguity-resolved, refraction-corrected, and noise minimized GPS carrier-phase

measurement.

17
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