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(57) Abstract

A method and apparatus for rapidly and accurately determining the position coordinates of a remote, movable re-
ceiver (11) relative to a fixed reference receiver (15). The technique utilizes successive code measurements and carrier
phase measurements of both the L; and L, carrier signals broadcast from four or more orbiting GPS satellites (13). Code
measurements based on a weighted average of the individal L; and L, code measurements in each satellite/receiver link are
adjusted in accordance with the corresponding carrier phase measurement for an L,-L, carrier difference signal and are
further smoothed over time in data processor (27). This yields a rapid determinaton of the remote receiver's position
coordinates, with progressively increasing accuracy. After merely about two to three minutes of processing, a standard car-
rier phase procedure can be implemented to yield a position determination that is accurate to within about one centimeter.




FOR THE PURPOSES OF INFORMATION ONLY

Codes used toidentify States party to the PCT on the front pages of pamphlets publishing international appli-
cations under the PCT. 7

AT Austria FR France ML -Mali
AU Australia GA Gabon MR Mauritania
BB Barbados GB  United Kingdom MW Malawi
BE Belgium HU Hungary NL Netherlands
BG Bulgaria IT Ttaly NO Norway

. BJ Benin JP Japan RO Romania
BR Brazil KP Democratic People’s Republic SD Sudan
CF  Central African Republic of Korea SE Sweden
CG Congo KR Republic of Korea SN Senegal
CH Switzerland LI  Liechtenstein SU Soviet Union
CM Cameroon LK SriLanka TD Chad
DE Germany, Federal Republic of LU Luxembourg TG Togo
DK Denmark MC Monaco US  United States of America
FI  Finland MG Madagascar




WO 87/06713 PCT/US87/00948

METHOD AND APPARATUS FOR PRECISION DYNAMIC DIFFERENTIAL POSITIONING

BACKGROUND OF THE INVENTION

This invention relates generally to positioning systems
using signals broadcast from a plurality of orbiting satellites,
and, more particularly, to satellite-based differential
positioning systems that determine the position coordinates of a

remote receiver relative to a reference receiver having known

coordinates.

Satellite-based positioning systems such as the Global
Positioning System (GPS) are now a highly popular means of
accurately and precisely determining a receiver's coordinates.
These systems have numerous practical applications and,
depending on the time duration over which measurements are
taken, they can determine a receiver's position to

sub-centimeter accuracy.

In GPS, a2 number of satellites orbiting the earth in
well-defined polar orbits continuocusly broadcast signals
indicating their precise orbital positions. Each satellite
broadcasts two modulated carrier signals, designated L, and
L,. The signals from the various satellites are all broadcast
on the same two fregquencies, but are each modulated by a unigue,
pseudorandom digital code. Each satellite signal is based on a
precision internal clock. The receivers detect the superimposed

modulated L, and L, carrier signals and measure either or
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both of the code and carrier phase of each detected signal,
relative to their own internal clocks. The detected code and

carrier phasas can be used to determine the receiver's position

coordinatas.

In absolute positioning systems, i.e., systems that
determine a receiver's position coordinates without reference to
a nearby referance receiver, the position determination is
subject to errors caused by the icnosphere. The ionosphere
imposes a group delay on the modulated signals, delaying
detection of the modulated code. This makes the breoadcasting
satellite appear to be further away that it is, in fact. This
error'can be as much as several hundred meters, although it is

more typically on the order of ten meters.

By contrast, the same ionosphere causes a phase advance
of the carrier signal, which is equal in magnitude to the delay
in the detected code phase. The icnosphere-caused range
measurément errcrs can be corrected by adjusting the L, and
L, code measurements in accordance with a suitable combination
of the L, and L, carrier phase measurements. Such a
technique is described in a paper by Ronald R. Hatch, entitled
"The Synergism of GPS Code and Carrier Measurements," Magnavox

. Technical Paper MX-TM-3353-82, Jan. 1982.

Although the icnospheric correction technique referred
to above is generally satisfactory in eliminating the ranging
errors caused by the ionosphere in an absolute positioning
system, it has not proven to be éntirely satisfactory. This is
because the noise level is increased substantially bv the

correction procedure and because the procedure generally
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requires a substantial number of independent measurements to be
processed before a sufficiently accurate measurement can be

obtained.

Frequently, a reference receiver located at a2 reference
site having known ccordinates is available for receiving the
satellite signals simultaneously with the receipt of signals by
the remote receiver. If the reference and remcte recaivers are
sufficiently close to each other, e.g., within about 50 to 100
kilometers, it can be assumed that the ionosphere affects the
various satellite signals they receive substantially equally.

In this circumstance, the signals received simultaneously by the
two receivers can be suitably combined to substantially
eliminate the error-producing effects of the ionosphere and thus
provide an accurate determination of the remote receiver's

coordinates relative to the reference receiver's coordinates.

To properly combine the signals received simultanecusly
by the reference receiver and the remote receiver, and thereby
eliminate the error-producing effects of the icnosphere, it is
necessary to provide an initial estimate of the remote
receiver's coordinates. By far the easiest way to obtain the
initial relative position of the remote receiver is to locate it
at a pre-surveyed marker. Unfortunately, such markers are not
alwvays available. An alternative procedure for determining the
initial coordinatas of the remote receiver relative to those of
the reference receiver is to exchange the antennas for the two
receivers while both continue to detect the Ly carrier
signals. This results in an apparent movement between the two
antennas of twice the vector distance between them. This

apparent movement can be halved and used as the initial offset

between the two receivers.
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Both of the initial relative positioning technigues
dasr—-ihed ahave suffer the disadvantage of having to be repeated
if the number of L, carrier signals being detected ever drops
below four, whether due to loss of lock or due to signal path
obstruction. This generally requires a substantial amount of

time and is, therefore, not considered desirable.
\

Another approach proposed in the past for determining
the initial relative positions of a remote receiver and a
reference receiver in a differential positioning system is to
constrain the remote receiver to a fixed position until its
coordinates can be reestablished to within about ten centimeters
of accuracy. This allows the use of routine fixed site
positioning techniques that process the L, carrier phase and
code measurements. Unfortunately, these technigues generally

require at least ten minutes to yield the required accuracy.

It should, therefore, be appreciated that there is a
need for an apparatus and technique for determining the initial
coordinates of a remote receiver relative to a fixed reference
receiver, without imposing any regquirements on specific movement

of the remote receiver and without requiring an undue amount of

time. The present fulfills this need.

SUCMMARY OF THE INVENTION

The present invention resides in an apparatus and
related method for determining the coordinates of a remate
receiver relative to a reference receiver having known
coordinates, without imposing any reguirements on initial

movement of the remote receiver and without regquiring undue time

-
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to provide an initial position determination. The method uses
both of %he modulated L; and L, carrier signals broadcast

from a number of GPS satellites. If the number of detected
carrier signals ever drops momentarily below a required number,
the method can accurately redetermine the remote receiver's
coordinates without impesing any special requirements on the

remotes receiver's movement and without necessitating undue time

delay.

In the method of the invention, an initial step
measures the range to each of four or more GPS satellites from
both the reference receiver and the remote receiver, at each of
a succession of time points. This initial step 6f measuring
includes steps of detecting the L, and L, codes, to produce
a code measurement for eaéh satellite/receiver pair, at each
time point, and further detecting the L, and L, carrier
phases, to produce a carrier phase measurement for each
satellite/receiver pair, at each time point. The successive
code measurements are then smoothed in accordance with the
corresponding carrier phase measurements at the same time point
and in accordance with the code and carrier phase measurements
for all previous time points. This produces a carrier adjusted

code measurement for each satellite/receiver pair, at each time

peint.

The smoocthed, carrier-adjusted code measuremenss for
the reference receiver are then compared with theoretical range
values based on the known coordinates of the reference receiver
and the known orbits of the four or more satellites, to produce
an error value for each smoothed code measurement. Satellite

clock errors are then determined based on these error values.
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The successive smoothed cocde measurements for the remote
receiver are~then adjusted to eliminate the effects ¢f the
satellite clock errors, to produce a succession of corrected
range measurements for each satellite. Finally, estimated
coocrdinates of the ramote site are determined to be the

particular coordinates that minimize errors in the corrected

range measurenments.

In other aspects of the invention, the code
measurements produced in the initial step of measﬁring is
produced by computing the weighted average of the individually
detecteerl and L, codes. This reduces the noise level from
that of the individual L, and L, code measurements. 1In
addition, these code range measurements can be adjusted in
accordance with the phase difference of the L, and L,
carrier phase measurements. This phase difference reflects a
wavelength that is much longer than that of either of the L,
or L, carrier. signals, which facilitates a more rapid .
determination of the number of whole cycles in each link and
thus leads to a faster and more accurate determinaticn of the

remote receiver's coordinates:

In another aspect of the invention, the step of
smocthing can include an initial step of computing an expected
value for each code measurement, based on the corrasponding
smoothed code measurement for the previous time point and on the
difference between the corresponding carrier phase measurements
for the same time point and the previous time point. The
smoothed code measurements for the current time point are then

produced by computing a weighted average of the current ccde

measurements and their corresponding expected code measurements.

w
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The final step of determining ccordinates can include
an initial step of differencing the corrected range
measurements, produced in the step of adjusting, and theoretical
range values, based on an estimate of the remote receiver's
coordinates and the known satellite orbits. This produces a set
of error values for each éine point. The estimate of the remote
receiver's coordinates are then adjusted, to minimize the set of
errcr values for each time point. The method can be performed
recursively, in real time, with each estiﬁate of coordinates

*

being based on the adjusted estimate for the previcus time

peint.

In yet ancther aspect of the invention, the estimate of
te remote receiver's coordinates can be made even more accurate
by differencing the Ll-Lz carrier phase measurements for the
remcte receiver and the corresponding corrected range
measurements, produced in the step of adjusting. This produces
a set of error values for each time point. The particular
position cocrdinates that minimize this set of error values can
then be deterzined for each time point. This same procedure can
then be performed using first the individual L, or L,
carrier phase measurements and then a weighted average of the
individual L; and L, carrier phase measurements, to enhance

the position determination still further.

Other aspects and advantages of the present invention
will become apparent from the following description of the
preferred embodiment, taken in conjurcticn with the accsmpanying

drawings, whichuillustrate, by way of example, the principles c$

the invention.
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FIG. 1 is a schematic diagram (not to scale) of a
dynamic differential positioning system having two receivers,
one located at a reference site having known coordinates and the
other located at a rencte: movable site having unknown
coordinates, the two receivers detecting signals broadcast from
four or more orbiting satellites, to determine the coordinates
of the remote site;

FIG. 2 is a simplified flowchart showing the
operational steps performed by the apparatus cf the invention in
accurately determining, in real time, the position cocordinates

of the movable, remote receiver of FIG. 1l: and

FIG. 3 is a schematic diagram showing how the
successive code measurements are smoothed to improve their

accuracy.

DESCRIPTION OF THE PRETEIRRYD FMBODIMENT

As shown in the accompanying drawings, this invention
is embodied in an apparatus for accurately determining the
position coordinates of a movable, remocte receiver 1l using
signals broadcast from a plurality of orbiting satellites 13.
The apparatus is particularly useful as part of the Global
Positioning Systenm (GPS),-in which each satellite broadscasts two
separate carrier signals, denoted Ly and L,, each modulated
by a separaterpseudorandcm digital code. A reference receiver
15 is located at a reference site having known coordinates,

which can be spaced as much as 50-100 kilcmeters from the

-

4
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movable remote receiver 11. For the four depicted satellites,
there are, therefore, eight .separate links 17 formed between the

gatellites and the two receivers.

The L, and L, carri;r signals broadcast by the four
satellites 13 are on the ;ane two frequencies, but each such
carrier signal is mcdulated by a unique pseudorandom digital
code. The respective remote receiver 1l and reference receiver
15 include antennas 19 and 21 for receiving the superimposed,
incoming medulated carrier signals, and the receivers separate
the received signals from each other and measure the cocde phase
and carrier phase of each incoming signal. These code phase and
carrier phase measurements are transmittad on lines 23 and 25

from the respective receivers 11 and 15 to a data processor 27,

for position determinatioen.

The remcte receiver 1l and reference receiver 15 make
their code and carrier phase measurements on a continuous
basis. For example, each new set of measurements can be

etransmitted on lines 23 and 25 to the data processor 27 evely

three seconds.

The data processor 27 procasses the succaessive code and
carrier phase measursments it receives on lines 23 and 25 in
real time, producing successively more accurate pesition deternmi-~
nations. Significantly,'tne algorithm izplemented by the data
processor imposes no constraints on movement of the remote
receiver 11. The receiver can be moved in any fashion while the -
successive measurements are being made, yet the data processor
still provides successively more accurate position determina-
tions. Accuracy to within about one centimeter can be achieved

after processing the data for as little as two to three minutes.
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The rapid determination of the remote receiver's

position coordinates and the elimination of any need for initial
constraints on the remcte raceiver's position result frez
combining the successive code and carrier phase measurements in
a special algorithm. 1In péiticular, two special staps are taken
to improve the accuracy and speed. First, the Ly and L,

code measurements for each satellite/receiver link 17 are
averaged, to provide a reduction in noise. Second, the L, and
bz carrier phase measurements for each satellite/receiver link
are differenced to provide an effective wavelength that is
substantially longer than that of the individual L, or L,
carriers. This reduces the time required to ascertain the
number of whole carrier cycles in each link, and thus pernits an

earlier use of standarzd L, carrier phase technigques.

The preferresd method of the invention will be better
understood with reference to FIG. 2, which depicts, in simpli-
fied form, the successive steps required to accurately deterzine

the remote receiver's positicn coordinates.

In an initial step 31, the reference receiver 13 and
the remote, removable receiver 1l measure the current codes and
carrier phases of both the L; and L, carrier signals
broadcast from all of the four or more satellites 13. These
measurements are performed on the signals currently being
received and will be respeated subsequently when this step 31 is
repeated. Each time, the carzier phase measurements can be
compacted, in a conventional fashicen, reduce the magnitude of
any phase ncise in the successive measurements. For example,
rhe measurements can be made every 200 milliseconds and

compaciad inte average values that aze updated once every three

sacends.
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In a fcllowing step 33, the L, and L, code measure-
ments for each satellite/receiver link 17 are averaged with each
other, to produce a single code measurement for each link. This
reduces the measurement's effective noise, and provides an

‘ effective gain of about 1l.4. The L; and L, measurements are
preferably combined to produce a frequency-weighted average, as
follows:

P(n) = (Ly * Py + Ly * Py)/(L. + Ly)
Where: P(n) = Weighted average code nmeasurement at
nt time point
L, = Frequency of L, carrier signal
L, = Frequency of L, carrier signal
P; = L, code measurement at ntl time point
P, = L, code measurement at nth time

point.

In a following step 35, each corresponding pair of L,
and Lz carrier phase measurements are differenced, to produce
a phase measurement for a difference carrier having a substan-
tially longer wavelength (i.e., 86 centimeters) than that of
either the L, carrier (i.e., 19 centimeters) or the L,
carrier (i.e., 24 centimeters). This can be expressed, in
equation form, as follows:

C{(n) = Cl - c2

Where: C(n) = (Ll - L,) Carrier phase measursment

at n*B tipe peint
C, = L, carrier phase measurement at nth
time point
C, = L, carrier phase measurement at ata
time point.
The phase measurement of the difference carrier is thus much

coarser, facilitating a significantly more rapid determinaticn
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of the number of whole carrier difference cycles present in each
link. This determination ultimately leads to a rapid
determination of the remote receiver's coordinates with maximum

acgcuracy.

A following step 37 of the method produces a so-called
smoothed range value for the current time point, for each
satellite/receiver 1link 17. This smocothed range value is
produced by computing a weighted average of the current code
measurement (produced in step 33) and an expected code
measurement, which is based on the smocothed range value for the
previous time point (produced in this step-37), adjusted by the
difference in carrier phase measurements (produced in step 35)
for the current and previous time points. In the case of the
first time point, in which case there is no previous time point,
the smoothed range value can simply be made equal to the first
code measurement. This step will be Setter understocod with

reference to FIG. 3.

FIG. 3 is a schematic diagram showing the orbital path
39 of a single satellite in relation to a receiver located at a
poeint indicated by the reference numeral 41. Code and carrier
phase measurements are depicted as being made at three separate
time points. At time point 1, the code measurement indicates
that the satellite is located at a point P(l). This point

differs from the satellite's actual position on the orkit line

et o -

39 because of noise in the L, and L, code measurements. At
time 2 (e.g., three seconds later), the code measurements
indicate that the satellite is then located at the positieon
indicated by P(2). In addition, the change in the carrier phase

measurement from the first time point to the second time point,
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i.e., C(2) - c(1), indicates the the satellite has moved closer

to the receiver by the indicated amount.

In combining the various measurements in step 37 (FIG.

2), to produce the smoothed range value for the second time
point, an expected value for the code, i.e., EP(2), is defined
to be equal to the code actually measured at the first time
point combined with the change in carrier phase measurements
from the first time point to the second time point, i.e., C(2) =~
C(1). The smoothed code is then defined to be the arithmetic
average of the second code measurement, i.e., P(2), and the
expected value of the second code range measurement, i.e.,
EP(2). Thus, for the second time point, these equations are:

EP(2) = P(1) + (C(2) = C(1))

SP(2) = (P(2) + EP(2))/2.

Generalizing for the nth time point, these two
equations become:
EP(n) = SP(n = 1) + (C(n) = C(n - 1))

SP(n) = EP(n) + (P(n) - EP(n))/n.

Thus, in FIG. 3, the smoothed code range at the secoand
time point, i.e., SP({2), is located midway between the expected
code, i.e., EP(2), and the actually measured code, i.e., P(2).
Similarly, for the third time point, the smoothed code, i.e.,
SP(3), is located one-third of the way from the expected caode,
i.e., EP(3), to the actually measured code, i.e., P(3). At time
n, each of the measured codes, i.e., P(1)-P(n), has a l/nth
contributicn to the smoothed code range, i.e., SP(n). Ac:ually,’

because all of the successive carrier phase measurements

accurately reflect range changes since the first time point, the
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successive code measurements all function to improve the
accuracy of the code measurement for the first time point. Each

successive time point is thus expected to yield a slightly more

acgurate range determination.

With reference again to FIG. 2, it will be appreciated
that the step 37 produces the smoothed code values for the
current time point, i.e., SP(n), for each satellite/receiver
link 17. These represent the best estimate of the range fron
eaéh receiver 11 or lsrto each satellite 13, based on the code

and carrier phase measurements made for the current and all

previcus time points.

In a subsequent step 43, the theoretical ranges from
the reference receiver 15 to each of the four or more satellites
13 are computed usingrthe known cocrdinates of the reference
receiver and the known orbits of the satellites. These known
orbits can be derived fréh the detected L, and 1L, codes or

from separate sources such as the National Geodetic Survey.

Next, in 45, the difference between the current
smoothed range value and the theoretical range value, for each
link 17 between the reference receiver 15 and the varicus
satellites 13, is determined. The determined differences are
defined to be attributable tc errors in the internal clocks of
the various satellites. 1In fact, these errors can also be
attributed to ionospheric effects, which delay the modulated
codes and advance the carrier phases, and satellite orkic
errors. However, because these errors will likely affez: the
signals received by the two receivers 11 and 13 substantially

b0 w -

equally, it makes no difference whether the errors are

o
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attributable to the ionosphere, orbit errors, or the satellite

~lnacks.

The differences between the smocthed range values and
the theoretical range values determined in step 45 can be
expressed in terms of integer and fractional values of the L,
- L, carrier difference measurement. Arbitrarily, but
advantagecusly, the integer portion of the difference is
determined to be a bias value and the fractional portion is

determined to be the satellite clock error.

In a succeeding step 47, the smoothed range values for
each link 17 between the satellites 13 and the remote receiver
11 are adjusted to correct for the satellite clock errors
determined in step 45. The resulting adjusted, smocthed range
values represent the best current estimate of the range from the
remote receiver to each satellite, with satellite clock errors,
orbit errors and icnespheric effects having been substantially
canceled out, and with the benefit of all of the previous code

and carrier phase measurements being factored in.

In a following step 49, the adjusted, smocthed range
values for the links 17 between the remote receiver 1l and the
four or more satellites 13 are processed to determine the
particular X, Y and Z pesition coocrdinates for the receiver and
the particular receiver clock error value that‘minimize errors
in these range values. If the measurements from precisely four
satellites are being processed, the three position coordinates
and the receiver clock error can be solved for exactly, with
zero resulting errcr. If the measurements for five or more
satellites are being processed, on the cther rand, the eguations

can be solved in a least mean sgquare errsr fashion.
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More particularly, step 49 can include an initial step

of differencing the adjusted, smoothed range values (from step
47) and theorestical range values, which are based on an estimate
of the remote receiver's coordinates and the known satellite
orbits. This produces a sat of error values for each time
peint. The estimate of the remote receiver's coordinates are
then adjusted, to minimize the set of error values for each time
point. Because the method is performed recursively, each
initial estimate of the coordinates can be based on the adjusted

estimate for the previous time point.

In a final step 51, the preogram increments to the next
time point and returns to the initial step 31 of measuring the
codes and carrier phase of the various incoming carrier
signals. The process described in detail abeve is repeated for
as long as desired, each time yielding a successively more

accurate position determinatien.

After processing the data for approximately two to
three minutes, the position determination can be expected to be
accurate to within one-half wavelength of the L,~L, carrier
difference (i.e., about 43 centimeters). At that time,
differences can be computed between the ranges from the best
estimate of the remote receiver céordinates to each satellite 13
and the corresponding L,-L, carrier phase measurements. The
fractional portions of the resulting differences form a set of
error values that can be minimized by adjusting the estimated
coordinates. The whole number portiocns of the resulting
differences can be disregarded, as representing the numbers of
whole cycles of the Ly-L, carrier difference in the various
links 17. This step yields position coordinates that are

typically accurate to within ten centimeters or less.
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In a further procedure, which can be implemented
. immediately after the Ly=Ls carrier phase procedure
described immediately above, differences are computed between
the estimated ranges and the corresponding individual L, or
L, phase measuresments. Again, the fractional portions of the
resulting differences tcr; a set of error values that can be
minimized by adjusting the estimated coordinates of the remote
receiver 1l. This procedure yields position coordinates that
are accurate to within about one centimeter, which represents

just a small fraction of each cycle of the L, or'Lz

carriers.

Finally, this same procedure can be followed for a
weighted average of the individual L, and L, carrier phase
measurements. This yields position coordinatés that are

accurate, typically, to less than one centimeter in any

direction.

It will be appreciated that the differential
positioning technique described in detail above is effective
whether the remote receiver 1l remains staticnary or is
continuously moving. This is because the final position
determination is made in step 49 using merely an estimate of the
receiver's position and the adjusted, smoothed range
measurements to-each satellite 13. Movement cof the receiver is

thus accommodated just as readily as movexment of the satellites.

It should be appreciated from the foregoing description
that the present invention provides a significantly improved
technique for rapidly and accurately determining the pesition

coordinates of a remote, Rovable receiver relative to a fixed
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reference receiver. The technique utilizes successive code

measurements and carrier phase deasurements of both the Ll and
L, carrier signals broadcast from four or more orbiting GPS
satellites. Code measurements based on a weighted average cof
the individual L, and L, code measurements in each
satellite/receiver link a;e adjusted in accsrdance with the
corresponding carrier phase measurement for an Ly-L, carrier
difference signal and are further smoothed over time. This
yields a rapid determination of the remotas receiver's position
coérdinates, with progressively increasing accuracy. After
merely about two to three minutes of processing, a wide laning
procedure can be implemented to yield a position determina=ion

that is accurate to within about one centimeter.

Although the present invention has been described in
detail with reference to the presently preferred embodiment,
,thosgiskilled in the art will appreciate that various
medifications can be made without departing from the inventicn

sbs

Accordingly, the invention is defined only by the following

claims.
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I CLAIM:

1. A method for determining the coordinates of a
remote receiver relative to a reference receiver having known
coordinates, the method using the modulated Ly and L,
carrier signals hrcadcast'tran four or more GPS satellites, the
method comprising steps of:

measuring the range to each of the four or more
satellites from both the reference receiver and the remote
receiver, at each of a succession of time points,- the step of
measuring including steps of

detecting the Ll and L, ccdes, to produce a
code measuremgnt for each satellite/receiver pair, at each
time point, and

detecting the Ly and L, carrier phases, to
produce a carrier phase measurement for each
‘satellite/receiver pair, at each time point:

smoothing the successive code measurements for each
satellite/receiver pair in accordance with the corresponding
carrier phase heasurements for the same time point and in
accordance with the code measurements and carrier phase
measurements for previous time points, to produce a smoothed
code measurement for each satellite/receiver pair, at each time
point;

comparing the successive smoothed code measurements for
the reference receiver with theoretical range values based on
the known coordinates of the reference receiver and known orbits
of the four or more satellites, to produce an error value for
each smoothed code measurement for the reference receiver:

determining the errors in the internal clocks of each
of the four or more satellites, based on the error values

produced in the preceding step of comparing;
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adjusting the successive smoothed code measurements for
the remote receiver, to eliminate the effects of the satellite
clock errors determined in the preceding step of determining and
thereby produce a succession of corrected range measurements for
each satellite; and

determining the garticular coordinates of the remote
Teceiver that minimize errors in the successive corrected:ranqe

measurements.

2. A method as defined in claim 1, wherein the first
step of detecting that is part of the step of measuring includes

steps of:

detecting the individual Ly and L, codes for each
satellite/receiver pair; and 7

computing a weighted average of the detected individual
L, and L,, codes to produce the code measurement for each
satellite/receiver pair, at each time point, each of the code

measurements having less noise then the individual Ly and L,

codes on which it is based.

3. A method as defined in claim 1, wherein: .

the second sﬁep of detecting that is part of the step
of measuring includes steps of differencing the Ly and L,
carrier signals for each satellite/receiver pair, at each time
point, and detecting the carrier phase of each resulting
Ly-L, difference signal, this difference being the carrier
phase measurement; and

the step of smocothing includes steps of

computing an expected value for each code

measurement, based on the corresponding smocthed code

measurement for the previous time point and on the
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difference between the corresponding carrier phase
measurenments for the same tiue point anu tne previous time
point, and

computing a weighted average of each code
measurement and the corresponding expected code heasurement,
to produce the :nacth;d code measurezment for each

satellite/receiver pair, at each time point.

4. A method as defined in claim 3, wherein the final
step of determining includes steps of:

providing theoretical range values from the remote
receiver to the four or mere satellites, at each time peint,
based on an estimate of the remcte receiver's position
coordinates and the known satellite orbits: _

differencing the theoretical range values, determined
in the step of providing, and the corresponding corrected range
measurements, produced in the step of adjusting, to produce a
set of error values for each time peint; and

adjusting the estimate of the remote reeeiver's
position coordinates at each time point, to minimize the

corresponding set of error values.

S. A method as defined in claim 4, wherein:

the method steps are performed recursively; and

the estimate of the remote receiver's position
coordinates at each time point, used in the step of providing,
is based on the adjusted estimate provided in the step of

adjusting for the previous time point.

6. A method as defined in claim 3, wherein the final

step of determining includes steps of:
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differencing the Ly-L, carrier phase measurements
for the remote receiver, produced in the preceding step of
measuring, and the corresponding, corrected range measurements,
produced in the step of adjusting, to produce a set of error
values for each time point; and

determining the éarticular position coordinates for the
remote receiver that minimize the set of error values at each

time point.

7. A method as defined in claim 3, wherein the final
step of determining includes steps of:

differencing the L, carrier phase measurements for
the remote receiver, produced in the step of measuring, and the
corresponding corrected range measurements, produced in the step
of adjusting, to produce a set of error values for each time
peint; and

determining the particular position coordinates for the
remote receive that ninimizerthe set of error values at each

time point.

8. A method as defined in claim 3, wherein the final
step of determining includes steps of:

computing a weighted average of the L, and L,
carrier phase measurements, produced in the step of measuring
for the remote receiver, at each time point:

differencing the weighted averages, computed in the
preceding step of computing, and the corresponding corrected
range measurements, produced in the step of adjusting, to
produce a set of error values for each time point: and

determining the particular position coordinates for the
remote receiver that minimize the set of error values at each

time point.
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9. A method as defined in claim 1, wherein the method

is performed recursively, in real tine.

10. A method as defined in claim 1, wherein:

the step of cnnp?ring includes a step of differencing
the successive smoothed code measurements for the reference
receiver and the theoretical range values, based on the known
coordinates of the reference site and known orbits of the four
or more satellites, to produce the error value for each
saéellite, at each time point:; and

the first step of determining includes a step of
defining the satellite clock errors to be equal to the
fractional portions of the corresponding error values produced

in the preceeding step of differencing.
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FIG.2
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