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(57) ABSTRACT

A GPS system and method for generating precise position
determinations. The GPS system includes a ground based
GPS reference system which receives with a reference
receiver GPS signals and makes phase measurements for the
carrier components of the GPS signals. The GPS reference
system then generates and broadcasts an 1nitialization signal
having a carrier component and a data link signal having a
data component. The data component of the data link signal
contains data representing the phase measurements made by
the reference receiver. The GPS system also includes a GPS
mobile system which receives with a mobile position
receiver the same GPS signals as were received by the
reference system. In addition, the GPS position receiver
receives the data link and 1nitialization signals broadcast by
the reference system. The GPS position receiver then makes
phase measurements for the carrier components of the GPS
signals during and after an initialization period and makes
phase measurements for the initialization signal during the
initialization period. In response to the phase measurements
made by both the reference receiver and the position
receiver during the mitialization period, the position receiver
generates 1nitialization values representing resolution of the
integer ambiguities of the received signals. In response to
the 1nifialization values and the phase measurements made
by both the receivers after the inmitialization period, the
position receiver generates precise position determinations
to within centimeters of the exact location.
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SYSTEM AND METHOD FOR GENERATING
PRECISE POSITION DETERMINATIONS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This 1s a continuation, of application Ser. No. 08/410,011
filed Mar. 22, 1995, now abandoned, which 1s a
continuation, of application Ser. No. 08/036,319 filed Mar.
24, 1993, now abandoned.

FIELD OF THE INVENTION

The present invention relates generally to systems and
methods for generating precise position determinations for
any land, sea, air, or space vehicle. In particular, 1t pertains
to aircraft landing systems and methods.

BACKGROUND OF THE INVENTION

There has traditionally been a need for systems and
methods which allow a user to make extremely precise
position determinations. In fact, a number of attempts have
been made at developing these kinds of systems and meth-
ods. However, they all suffer from serious problems which
render them unfeasible or inaccurate.

This 1s particularly true in the case of aircrait landing
systems and methods. The current system, the Instrument
Landing System (ILS), was developed decades ago and is
very expensive to install and maintain.

A proposed alternative to ILS 1s the Microwave Landing
System (MLS). It however 1s also expensive to install and
maintain.

Other proposed alternatives are based on the Global
Positioning System (GPS). GPS involves a constellation of
24 satellites placed in orbit about the earth by the United
States Department of Defense. Each satellite continuously
broadcasts a GPS signal. This GPS signal contains an
[-band carrier component (L1) transmitted at a frequency of
1.575 GHz. The L1 carrier component 1s modulated by a
coarse acquisition (C/A) pseudo random (PRN) code com-
ponent and a data component.

The PRN code provides timing information for determin-
ing when the GPS signal was broadcast. The data component
provides information such as the satellite’s orbital position.

The carrier component allows a receiver to easily acquire the
GPS signal.

Position determination using Conventional GPS 1s well
known 1n the art. In Conventional GPS, a receiver makes
ranging measurements between an antenna coupled to the
receiver and each of at least four GPS satellites in view. The
receiver makes these measurements from the timing infor-
mation and the satellite orbital position information obtained
from the PRN code and data components of each GPS signal
received. By receiving four different GPS signals, the
receiver can make fairly accurate position determinations.

However, Conventional GPS only allows a user to deter-
mine his actual location to within tens of meters. In appli-
cations such as aircraft landings, position accuracies of one
foot must be achieved. Therefore, conventional GPS 1s not
suitable for these applications.

A more accurate version of OPS 1s Ordinary Differential
GPS. Position determination using Ordinary Differential
GPS 1s also well known 1n the art. It involves the same kind
of ranging measurements as are made with Conventional
GPS, except that a ground reference receiver at a precisely
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known location 1s utilized. Ideally, satellite ranging errors
will affect the position determinations made by the user’s
receiver 1n the same way as they will the position determi-
nations made by the nearby ground receiver. Since the
location of the ground receiver 1s already known, the ground
receiver can compare the position determination 1t has
calculated with the actual known position. As a result, the
oround receiver can accurately detect ranging errors.

From these errors, the ground receiver can compute
suitable corrections which are transmitted by data link to the
user’s receiver. The user’s receiver can then apply the
corrections to its own ranging measurements so as to pro-
vide accurate real time position determinations.

Also, a pseudolite (i.e. ground based pseudo satellite) can
be used to transmit these error corrections along with an
unassigned PRN code. The unassigned PRN code enables
the user’s receiver to make a redundant fifth ranging mea-
surement for even greater precision. And, in some cases, 1t
enables the user’s receiver to make a necessary fourth
ranging measurement where one of the other GPS signals
has been lost.

However, even with Ordinary Differential GPS, the posi-
fion determinations are only accurate to within several
meters. Since, as indicated earlier, aircraft landing systems
must be accurate to within a foot, Ordinary Ditferential GPS
by itself 1s not suitable for such an application.

An extremely accurate form of GPS i1s Carrier Phase
Ditferential GPS. This form of OPS utilizes the 1.575 GHz
carrier component of the GPS signal on which the PRN code
and the data component are superimposed.

Carrier Phase Differential GPS 1nvolves generating posi-
tion determinations based on the measured phase differences
at two different antennas for the carrier component of a GPS
signal. However, this technique initially requires determin-
ing how many integer wavelengths of the carrier component
exist between the two antennas at a particular point in time.
This 1s called integer ambiguity resolution.

A number of approaches currently exist for integer ambi-
ouity resolution. However, all of them suffer from serious
problems which render them unfit for precise position deter-
minations 1n applications such as a aircraft landing.

One approach 1s Integer Searching using redundant mea-
surements. This mvolves receiving more than the standard
four GPS signals 1n order to sort out the correct combination
of integer ambiguities. The different combinations of integer
candidates are systematically checked against a cost func-
tion until an estimated correct set 1s found. However, for
antenna separations of just a few meters, the checked
combinations can number 1n the hundreds of millions. As a
result, this approach has a propensity to arrive at wrong
solutions. Furthermore, the configuration of the constella-
tion of GPS satellites can only guarantee that four satellites
will be 1n view at any given time. Therefore, any application
requiring precise position determinations at any given time
must not rely on redundant satellites for reliable resolution
of the mteger ambiguities.

Another approach 1s Narrow Correlator Spacing. This
technique involves using the PRN code of the GPS signal to
bound the integer ambiguities. However, a significant
amount of the time 1t can yield position determination errors
of as much as several meters. This does not provide the kind
of consistency which 1s required 1n aircraft landing appli-
cations.

Still another approach 1s Dual Frequency Wide-Laning.
This approach also utilizes a second GPS signal broadcast
by each satellite. This second GPS signal has an L-band
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carrier component (L.2) transmitted at a frequency of 1.227
GHz. The L2 carrier component and the L1 carrier compo-
nent are differenced so as to form a signal having an effective
wavelength that 1s much longer than either of the two carrier
components. From this signal, 1t 1s relatively easy to resolve
the integer ambiguities. However, the 1.2 component 1s not
available for civilian use. Although the denial of the second
carrier component can be countermeasured with cross cor-
relation technology, the performance of this type of tech-
nology 1s unproven and very expensive to implement.

One successtul approach to mteger ambiguity resolution
1s motion-based and has been utilized 1n static surveying
applications. This approach involves taking a number of
phase measurements while the user’s antenna and the ref-
erence antenna are stationary. These phase measurements
arc made over a period of about 15 minutes. The phase
measurements made during the slowly changing geometry
of the GPS satellites will reveal the integer ambiguities. But,
in many situations 1n which precise position determinations
are required, such as aircraft landing, 1t would be impractical
to require the user’s antenna to remain stationary for 15
minutes while the integer ambiguities are resolved.

Another motion-based approach has been used for aircraft
attitude determination. It involves placing an antenna on the
tail, on the fuselage, and on each wing tip. The antenna on
the fuselage serves as the reference antenna. The integer
ambiguities can be resolved 1n seconds by rotating the
aircraft and taking several phase measurements. Taking the
phase measurements during this rapid change 1n geometry
with respect to the slowly changing GPS satellite geometry
will reveal the integer ambiguities. However, since the
reference antenna and the other antennas are fixed to the
aircrait, this approach i1s limited to attitude determinations
and 1s not suitable for precise position determinations for the
aircraft itself.

OBJECTS OF THE INVENTION

It 1s an object of the mvention to provide a complete GPS
system and method for making precise position determina-
fions to within centimeters of the exact location.

It 1s another object of the 1invention to provide a mobile
GPS system used i1n conjunction with a reference GPS
system for making precise position determinations to within
centimeters of the exact location.

It 1s further an object of the invention to provide a
reference GPS system used in conjunction with a mobile
GPS system for making precise position determinations to
within centimeters of the exact location.

It 1s another object of the invention to provide a mobile
GPS position receiver capable of making GPS position
determinations to within centimeters of the exact location.

It 1s another object of the invention to provide a mobile
GPS receiver capable of precise GPS attitude
determinations, coarse GPS position determinations to
within meters for navigation, and precise GPS position
determinations to within centimeters for landing.

It 1s further an object of the invention to provide a ground
based GPS reference transceiver capable of supplying a
mobile GPS position receiver with the information neces-
sary for making precise GPS position determinations to
within centimeters of the exact location.

SUMMARY OF THE INVENTION

The foregoing and other objects of the invention may
ogenerally be achieved by a GPS system and method which
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employs Carrier Phase Differential GPS. The system and
method utilize a ground based reference GPS system and a
mobile CPS system mounted on a moving vehicle.

™

The elements of the reference system are stationary. They
include a GPS reference receiver, an 1nitialization
pseudolite, a data link pseudolite, and a reference antenna.

The data link pseudolite generates and broadcasts a data
link signal in the form of a signal beam. This data link signal
has at least a carrier component and data component.

The 1mitialization pseudolite generates and broadcasts an
mnitialization signal in the form of a low power signal
bubble. The initialization signal has at least a carrier com-
ponent.

The reference antenna receives GPS signals broadcast by
GPS satellites and provides them to the reference receiver.
The reference receiver makes phase measurements at peri-
odic measurement epochs for the carrier components of the
GPS signals and may do the same, depending on the
configuration of the reference GPS system, for the carrier
component of the initialization signal. Data representing
these phase measurements 1s received by the data link
pseudolite and broadcast to the mobile system via the data
component of the data link signal.

The elements of the mobile system are mounted on the
moving vehicle and are therefore mobile. The mobile system
includes a GPS position receiver and two antennas.

The first antenna receives the same GPS signals as were
received by the reference antenna. This 1s done both during
and after an 1nitialization period.

The second antenna receives the initialization and data
link signals broadcast by the two pseudolites during the
initialization period. After the 1nitialization period 1s over,
the second antenna only receives the data link pseudolite
signal.

Each of the GPS signals received by the first antenna and
the reference antenna has an integer ambiguity associated
with these two antennas. The 1mitialization period 1s used to
resolve these integer ambiguities so that the mobile GPS
position recelver can generate subsequent precise position

determinations for the first antenna using Carrier Phase
Ditferential GPS.

During the mitialization period, the GPS position receiver
receives from the first antenna the CPS signals and from the
second antenna the 1nitialization and data link signals. While
the moving vehicle 1s within the signal bubble and receives
the initialization signal, there 1s a large angular change in
geometry between the moving vehicle and the mitialization
pseudolite as the vehicle moves through the signal bubble.

The mobile GPS position receiver makes and records
phase measurements for the GPS signals and the initializa-
tion signal over this large angular change 1n geometry. These
phase measurements are made at the same epochs as those
made by the GPS reference receiver over this same change
in geometry. Furthermore, the mobile GPS receiver receives
via the data link signal the phase measurements made by the
GPS reference recerver and records them. From the recorded
phase measurements of both receivers, the GPS position
receiver can accurately compute initialization values repre-
senting resolutions of the integer ambiguities of the GPS
signals. Thus, the large angular change 1n geometry reveals
the 1nteger ambiguities.

Once these nitialization values have been computed, the

initialization period 1s over and the moving vehicle will have
left the signal bubble. The mobile GPS receiver can then
compute precise positions for the first antenna at each
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measurement epoch to within centimeters of the exact
location. This 1s done using the computed initialization
values, the phase measurements for the GPS signals made by
the mobile position receiver, and the phase measurements
made by the GPS reference receiver provided to the GPS
position receiver via the data link signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects of the ivention will
become more apparent on reading the following detailed
description and upon reference to the drawings, in which:

FIG. 1 shows a general view of a GPS system which
employs two 1nitialization pseudolites in accordance with
the 1nvention;

FIG. 2 shows a more detailed view of the GPS system
shown 1n FIG. 1;

FIG. 3 provides an illustration of how integer ambiguities
at an 1itial epoch arise which are then resolved during an
initialization period required for generating precise position
determinations;

FIG. 4 provides an 1llustration of the integer ambiguities
at an epoch after the initial epoch;

FIG. 5 shows the vector relationships associated with the
integer ambiguities shown i FIGS. 3 and 4;

FIG. 6 shows the vectors representing the surveyed posi-
fions of antennas which are mounted on an airplane with
respect to the body coordinate system of the airplane;

FIG. 7 shows the rotation of the body coordinate system
of the airplane with respect to the runway coordinate system;

FIG. 8 shows a general view of a GPS system employing
a single initialization pseudolite 1n accordance with the
invention;

FIG. 9 illustrates elimination of cross track uncertainty by
use of two 1nitialization pseudolites;

FIG. 10 1llustrates elimination of cross track error by
overlying a single initialization pseudolite twice;

FIG. 11 provides an illustration of the vector relationships
associated with the mteger ambiguities which are resolved

during an 1nitialization period required for generating pre-
cise GPS attitude determinations;

FIG. 12 shows rotation of the attitude antennas about a
single axis of the runway coordinate system during the
initialization period required for GPS attitude determina-
tions;

FIG. 13 shows a detailed description of a ground base
GPS reference system which 1s part of the entire GPS system
of FIG. 1 and which employs two 1nitialization pseudolites;

FIG. 14 shows an alternative embodiment for the GPS

reference system where pseudolite signals are received
directly by a reference receiver from pseudolite signal
generators;

FIG. 15 shows another embodiment for the GPS reference
system where the GPS reference receiver and the pseudolite
signal generators share a common synthesizer;

FIG. 16 shows yet another embodiment for the GPS
reference system where the GPS reference receiver and the
pseudolite signal generators are combined 1nto a single GPS
reference transceiver;

FIG. 17 provides a detailed illustration of a portion of a
GPS mobile system which 1s part of the entire GPS system
of FIG. 1 and which includes a GPS position receiver and
several antennas;

FIG. 18 provides a detailed 1llustration of another portion
of the GPS mobile system including a GPS attitude receiver
and several antennas;
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FIG. 19 shows another embodiment of the GPS mobile
system where a single GPS receiver generates both position
determinations and attitude determinations;

FIG. 20 shows another embodiment of the GPS mobile
system where an inertial measurement unit 1s employed;

FIG. 21 shows another embodiment for the GPS mobile

system where a single antenna and a single GPS position
receiver are employed.

DETAILED DESCRIPTION OF THE
INVENTION

FIGS. 1-21 provide illustrations of the invention
described herein. In these figures, like components are
designated by like numerals.

DETAILED DESCRIPIION OF SYSTEM AND
METHOD

FIG. 1 shows a general view of a GPS system 20 for
generating precise position determinations using Carrier
Phase Differential GPS. An airplane 21 1s on final approach
trajectory 22 to runway 23. Four GPS satellites 24(1)—(4) at
known orbital positions are in view and broadcast GPS
signals 25(1)—«4). Initialization pseudolites 26(1)—(2) are
located at known positions on each side of the horizontal
component of flight trajectory 22 and respectively generate
and broadcast initialization signals 27(1)—(2) in the form of
a low power signal bubbles 28(1)—(2). A data and ranging
link pseudolite 29 1s located at a known position at the end
of runway 22 and broadcasts a data link signal 30 in the form
of a signal beam 31. As shown, Airplane 21 1s inmitially
outside of signal bubbles 28 but within signal beam 31.

FIG. 2 shows GPS system 20 while airplane 21 1s mside
GPS signal bubbles 28(1)—«(2). Mounted on airplane 21 is
GPS mobile system 37 which includes GPS position

receiver 32, GPS attitude receiver 33, GPS top side antenna
34, GPS attitude antennas 35(1)—(3), and GPS bottom side

antenna 38. Each of the components 32-34, 35(1)—«3), and
38 of the GPS mobile system 37 1s mobile. Furthermore,
cach of the antennas 34 and 35(1)—(3) receives GPS signals
25(1)—(4) and 1s coupled to position receiver 32. Antenna 38
receives pseudolite signals 27(1)—(2) and 30 and 1s also
coupled to receiver 32.

Located near runway 23 1s a ground based GPS reference
system 39. It includes reference GPS antenna 40, stationary

reference GPS receiver 41, and pseudolites 26(1)—(2) and
29. Reference antenna 40 receives GPS signals 25(1)—(4),
initialization signals 27(1)—«2), and data link signal 30.
Reference receiver 41 1s coupled to reference antenna 40 for
receiving these signals. Pseudolites 26(1)—(2) respectively
comprise signal generators 42(1)—(2) and pseudolite trans-
mit antennas 43(1)—2). The signal generators 42(1)—2) are
respectively coupled to antennas 43(1)—2) and respectively
generate pseudolite signals 27(1)—(2) while antennas 43(1)
—(2) respectively broadcast these signals. Pseudolite 29
comprises signal generator 44 and pseudolite transmait
antenna 45. Signal generator 44 1s coupled to antenna 45 and
generates pseudolite signal 30 while antenna 45 broadcasts
this signal. Reference antenna 40, reference receiver 41, and
pseudolite antennas 43(1)—(2) and 45 are at precisely sur-
veyed locations with respect to each other and runway 23.

The GPS signals 25(1)—(4) are L1 C/A code GPS signals.
In other words, they contain an L1 carrier component, a C/A
PRN code, and a data component. In the preferred
embodiment, the initialization signals 27(1)—(2) and the data
link signal 30 are L1 C/A GPS type signals 1n order to utilize
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existing GPS technology and methodology. However, the
signals 27(1)—(2) and 30 need not be limited to L1 CIA GPS
signals. In fact, the pseudolite signal 30 need only provide
a data link between the reference system 39 and the mobile
receiver 32. Thus, 1t could simply comprise a carrier com-
ponent (with a frequency in the L-band or otherwise) and a
data component. Furthermore, the pseudolite signals 27(1)
—(2) need only provide receiver 32 with a carrier signal.
Thus, they could simply comprise a carrier signal (with a
frequency in the L-band or otherwise).

The L1 carrier 1s a sinusoidal wave transmitted at a
frequency of 1.575 GHz. In the preferred embodiment, the
L1 carrier signal allows the position receiver 32 and the
reference receiver 41 to easily acquire the GPS signals
25(1)—(4), 27(1)—(2), and 29. And, as is discussed later, it
also allows the position receiver 32 to compute precise
position determinations for airplane 21 using Carrier Phase

Differential GPS.

The PRN code provides timing information enabling the
position receiver 32 to make Conventional GPS and Ordi-
nary Differential GPS position determinations. It comprises
a series of variable width pulses broadcast at a frequency of
1.023 MHz. Each of the GPS satellites 24(1)—«4) and the
pseudolites 26(1)—(2) and 29 transmits its own unique PRN
code. This enables position receiver 32 and reference
receiver 41 to easily identily and separate the various GPS
signals received by the two receivers.

The position receiver 32 and the reference receiver 41
ogenerate mternally the same PRN codes at substantially the
same time as do GPS satellites 24(1)—(4) and pseudolites
26(1)—(2) and 29. The receivers 32 and 41 compare the PRN
codes that they generate with the corresponding PRN codes
received from the GPS satellites 24(1)—(4) and the pseudo-
lites 26(1)—(2) and 29. The phase difference needed to match
the received and generated PRN codes 1s then computed 1n
terms of time.

The computed phase difference represents the time it
takes for the PRN code of the broadcasting GPS satellite
24(1)-(4) or pseudolite 26(1)~«2) or 29 to travel to the
antenna 34, 35(1)—(3), 38 or 40 which has received the PRN
code. From the measured phase difference, the range to the
broadcasting GPS satellite 24(1)—(4) or pseudolite 26(1)—(2)
or 29 can be established. With ranging measurements to the
four different GPS satellites 24(1)—(4), position determina-
tions using Conventional GPS can be made by receiver 32
to within tens of meters. With additional ranging measure-
ments to pseudolites 26(1)—«2) or 29, and with data fur-
nished by receiver 41 and broadcast by pseudolites 26(1)—
(2) or 29 in the respective data components of GPS signals
27(1)—(2) or 30, accurate position determinations can be
made using Ordinary Differential GPS to within several
meters.

The data component of each of the GPS signals 25(1)—(4)
broadcast by the GPS satellites 24(1)—(4) respectively, when
considered alone by the position receiver 32, only contains
enough mnformation for enabling the position receiver 32 to
make Conventional GPS position determinations. However,

when the position receiver 32 also considers the data com-
ponent of GPS signals 27(1)—2) or 30, it can make Ordinary

Differential GPS and Carrier Phase Differential GPS posi-
fion determinations.

The information in the data component of each GPS
signal 25(1)—(4) includes the orbital position of the GPS
satellite 24(1)—(4) which has broadcast it. This information
1s provided as a bit stream with a frequency of 50 bits per
second. The information in the data component of the
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pseudolite GPS signals 27(1)—(2) or 30 can include (a) the
position of pseudolites 26(1)—(2) and 29, (b) the position of
antenna 40, (c) the position of reference receiver 41, (d)
corrective information computed by reference receiver 41,
(¢) the raw carrier phase measurements and PRN code
measurements made by reference receiver 41 for the GPS
signals 25(1)—«(4), 27(1)—(2), and 30, and (g) important
runway and airport status information. All of this informa-
tion 1s broadcast as a bit stream with a frequency of
approximately 1000 bits per second.

As 1ndicated earlier, FIG. 1 shows airplane 21 approach-
ing runway 23 outside of the signal bubbles 28(1)—(2).
While outside the signal bubbles 28(1)—(2), position receiver
32 makes position determinations using Ordinary Differen-
tial GPS from the information supplied by GPS signal 30.
This 1s done to provide proper navigation during an initial-
ization period. During the initialization period, position
recerver 32 1s mitialized for Carrier Phase Differential GPS
position determinations.

The 1nitialization of position receiver 32 involves 1nteger
ambiguity resolution. Integer ambiguity resolution 1s the
process of determining, at a particular point 1n time, the
number of mteger wavelengths of the carrier component of

a GPS signal 25(1)—«4), 27(1)—«2), or 30 which lies between

a given pair of antennas 1n the direction of the broadcasting,
GPS satellite 24(1)—(4) or pseudolite 26(1)—2) or 29.

FIG. 3 provides an 1llustration of how three integer
ambiguities N5y, N3g, and N5,y arise at the first measure-
ment epoch of the 1nitialization period.

GPS satellite 24(i) (i.e. the i’ of the GPS satellites
24(1)—(4)) broadcasts with its transmit antenna a carrier
component of GPS signal 25(i) (i.e. the i of the GPS signals
25(1)—«(4)) in the direction of antennas 34 and 40. The
integer ambiguity n,s, of GPS signal 25(1) 1s associated
with top side antenna 34 and reference antenna 40.

Ranging link pseudolite 29 broadcasts with its pseudolite
antenna 45 a carrier component of GPS signal 30 1n the
direction of antennas 34 and 40. The integer ambiguity n,
of GPS signal 30 1s associated with top side antenna 38 and
reference antenna 44).

Initialization pseudolite 26(k) (i.e. the k”* of the initial-
ization pseudolites 26(1)—(4)) broadcasts with its pseudolite
antenna 43(k) (i.e. the k¥ of pseudolite antennas 43(1)—(2))
a carrier component of GPS signal 27(k) (i.e. the k of the
GPS signals 27) in the direction of antennas 38 and 40. The
integer ambiguity n,,,y of GPS signal 27(k) is associated
with top side antenna 34 and reference antenna 40.

Both of the receivers 32 and 41 are configured to make
phase measurements for the acquired GPS signals 25(1)—(4),
27(1)~2), and 30. Each measurement includes both a frac-
tional wavelength phase component @, and an integer
wavelength phase change component @, . The integer
wavelength change in phase ®_ . for each raw phase mea-
surement 1s kept track of by receiver 32 as of the time the
GPS signals 25(1)—(4), 27(1)—(2), and 30 was first acquired.
In the preferred embodiment, the phase measurements are
made by the receivers 32 and 41 at a rate 1n the range of 1-10
Hz. Each cycle 1s a measurement epoch. This rate 1s selected
so that the phase measurements of reference receiver 41 can
be sampled and telemetered up to receiver 32 (via the
pseudolite GPS signals 27(1)—(2) or 30) for synchronization

with the sampled raw phase measurements of receiver 32.

As mentioned previously, antennas 34 and 38 are coupled
to position receiver 32 and antenna 41 1s coupled to refer-
ence receiver 41. Both position receiver 32 and reference
receiver 41 generate mnternally their own carrier component
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for phase comparisons with the received carrier component
of GPS signals 25(1)—(4), 27(1)«2), and 30. These carrier
components are not generated at exactly the same time
because at each measurement epoch the receiver 32 has
clock synchronization error AT, the reference receiver 41
has clock synchronization error AT, , the signal generator of
GPS satellite 24(1) has a clock synchronization error AT, , ,
the signal generator 44 of the ranging link pseudolite 29 has
synchronization error AT,,, and the signal generator 42(k)
(i.c. the k” of the signal generators 42(1)—<(2)) of initializa-

tion pseudolite 27(k) has synchronization error AT, .

As shown 1n FIG. 3, the unknown range r,,.,s4 between
the transmit antenna of GPS satellite 24(1) and antenna 34,
at the 1nitial epoch of the initialization, includes the phase
component @, ., measured by receiver 32 and the
unknown integer component N5y 54 0f GPS signal 25(1).
The unknown range r 5 55 between the pseudolite antenna 435
and the antenna 38, at the 1nitial epoch of the initialization,
includes the phase component @, 5, measured by receiver
32 and the unknown integer component n5,,55 0f GPS signal
30. And, the unknown range r,;.s5 between a pseudolite
antenna 43(k) and the antenna 38, at the initial epoch of the
initialization, includes the phase component @, ;55 Mea-
sured by receiver 32 and the unknown integer component

o738 f0r GPS signal 27(K).

The unknown range r,,;,40 at the itial epoch between
the transmit antenna of GPS satellite 24(i) and antenna 40
includes the phase component @,y measured by recerver
41 and the unknown integer component Nasgyqe OFf GPS
signal 25(1). The known range r,s,, at the initial epoch
between the pseudolite antenna 45 and antenna 40 includes
the phase component @, ,, measured by receiver 41 and the
unknown 1nteger component ns, ., of GPS signal 30. The
known range 1,540 at the mitial epoch between a pseudo-
lite antenna 43(k) and antenna 40 includes the phase com-
ponent @, ;.40 measured by receiver 41 and the unknown
integer component Ny, Of GPS signal 27(k). The phase
measurements o540, P3040, A0A Doy, are uplinked to
receiver 32.

The unknown mteger components N,s /345 N3g/385 No7ey
38, Nys(py/405 D3040, A0 No7py,40 Which are assigned at the
initial epoch remain constant throughout the initialization
process and the subsequent Carrier Phase Differential GPS
position determinations. This fact 1s 1llustrated in FIG. 4.

FIG. 4 shows an epoch after the 1nitial epoch. This second
epoch could be during or after the initialization period. Each
of the measurementsifl)ﬁ(mm, (I)25(.:jz4q: (1)30;303 (j_[):_aoz«:to: D,
(38, and D54y 40 Will have changed since the nitial epoch.
This 1s due to the fact that the fractional component @, and
integer wavelength change component @, . which make up
the 1dentified phase measurements have changed since the
initial epoch. However, the assigned integer components
D55 (iy/34> Na0/380 D27(ky/38 N2sya0s Dao0s AN Do7k,40 have
not changed.

The relationship between @,55, and N5y, and the
relationship bemfeen Dy 5iiy/20 and Dy5 ja0 Are provided as
follows in Equations (1), and (2) respectively:

(1)

Dosiiy34 = 25¢0y34 — Nosgy3a + Al — Al

(2)

Dosiya0 = 2440 — N2sgya0 + ATay — Aloag)

Equations (1) and (2) can be differenced so as to form the
single difference phase relationship provided as follows in
Equation (3):
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(3)

Doy = Posiiyza — Posiyao = 2a¢y34 — F2aya0 — Mo + Alsp — ATy,

where n,s, 1S the integer ambiguity between antennas 34
and 40 at the 1nitial epoch for the carrier component of the
GPS signal 25(1) broadcast by GPS satellite 24(1).

The relationship between @, 55 and ny,,55 and the rela-
tionship between @, ,,, and n,,,,, are provided as follows
in Equations (4), and (5) respectively:

(4)

D30/38 = 145,38 — Nagy3g + Alzp — ATy

(3)

$30/40 = T45140 — N340 + AT4 — Ay

Equations (4) and (5) can be differenced so as to form the

single difference phase relationship provided as follows 1n
Equation (6):

(6)

D3o = D338 — P3040 = ras/38 — Lasao — N30 + Alzp — ATy

where n, 1s the integer ambiguity between antennas 38 and
40 at the 1nitial epoch for the carrier component of the GPS
signal 30 broadcast by pseudolite antenna 45 of ranging link
pseudolite 29.

The relationship between @, ;3¢ and 0,545 and the
relationship between ®,;;,40 a0 Ny54,40 are provided as
follows in Equations (7), and (8) respectively:

(7)

Dr76/38 = Ta36y/38 — W7cay3s + Alsp — ATy

(8)

Do70y/40 = Tazgey/a0 — W70 + ATay — AT o0

Equations (7) and (8) can be differenced so as to form the
single difference phase relationship provided as follows in
Equation (9):

(9)

D7y = Poryas — Po7ya0 = Ta3ky38 — Laskya0 — No7y + Alsp — ATy

where n,,, 1s the mteger ambiguity between antennas 38
and 40 at the 1nitial epoch for the carrier component of the
GPS signal 27(k) broadcast by pseudolite antenna 43(k) of
initialization pseudolite 26(k).

In order to make proper position determinations for
airplane 21 relative to the beginning of runway 23, Equa-
tions (3), (6), and (9) must be manipulated so as to include
the vector relationships t, X, y, S5, P4z Pas> and A’k
associated with the ranges r,434> 24040 Las/ass L5740
L4385 A0 Ty52940- These relationships are shown in FIG.
5 and are established with respect to the runway coordinate
system 46 associated with the threshold of runway 23.
Coordinate system 46 1s defined by the along track AT, cross
track CT, and altitude A coordinates.

The position of reference antenna 40 with respect to the
runway 23 threshold 1s known and represented by the vector
t which is provided as follows in Equation (12):

(12)

where t,,, t.,, and t, are respectively the along track
distance between antenna 40 and the runway 23 threshold.
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The position of top side antenna 34 with respect to the
runway 23 threshold 1s unknown and represented by the
vector x [3x1] provided as follows in Equation (13):

(13)

_KAT _

ACT

| XA

where X, -, X, and x, are respectively the along track, cross
track, and altitude distances between antenna 34 and the
runway 23 threshold.

The position of bottom side antenna 38 with respect to the
runway 23 threshold 1s unknown and represented by the
vector y [3x1] provided as follows in Equation (14):

 YaT (14)
Yer
L YA

where v, -, Y-, and y , are respectively the along track, cross
track, and altitude distances between antenna 38 and the
runway 23 threshold.

The known direction to GPS satellite 24(1) relative to
antenna 40 1s represented by the unit direction vector 8§,
[3x1] provided as follows in Equation (15):

 So46)AT (15)

So40i) = | SpayeT

| S24(iA

where S,4:y475 Saagycr S2ama are respectively the unit
along track, cross track, and altitude distances to GPS
satellite 24(1). This vector 1s computed by receiver 32 for a
GPS satellite 24(i) from the satellite position information
contained in the data component of 1ts associated GPS signal
25(1) and from the known position of antenna 40 in the
coordinate system used to determine the positions of the
GPS satellite 24(i).

The known position of pseudolite antenna 45 of ranging
link pseudolite 45 relative to reference antenna 440 1s repre-
sented by the position vector p, . [3x1] provided as follows
in Equation (16):

 Pas/AT | (16)

Prs = | Pasct

| Pasja

where pusaz Pascr and pus,, are respectively the along
track, cross track, and altitude distances between antenna 40
and pseudolite antenna 45.

The known position of pseudolite antenna 43(k) of the
initialization pseudolite 26(k) relative to reference antenna
40 1s represented by the position vector p,s;, [3x1 ] provided
as follows in Equation (17):

DazkyaT (17)

Pz = | Paskycr

| P4skya

where pysiyars Paswycr and Paz(rpa Ar€ respectively the
along track, cross track, and altitude distances between

antenna 40 and pseudolite antenna 43(k).
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The vector A'k., [3x1] is the lever arm correction vector
needed for determining the unknown position vector x. It 1s
the dot product of the transposed attitude matrix A[3x3] and
the known position vector k., [3x1] for the bottom side
antenna 38 .

The known position of bottom side antenna 38 relative to
top side antenna 34 1s precisely surveyed with respect to the
body coordinate system 47 defined by the coordinates X, Y,
and Z and shown 1n FIG. 6. This position 1s represented by

vector ks, which is provided as follows in Equation (18):

 k3gix | (18)

kagv

k3gz |

where Kiq v, K35y and Kyg,, are respectively the distances
between antennas 34 and 38 in the X, Y, and Z directions.

The attitude matrix A 1s known and can be determined
from attitude solutions generated by attitude GPS receiver
33. As shown 1 FIG. 7, the matrix 1s established from the
rotation of the body coordinate system 47 of airplane 21 with
respect to the runway coordinate system 46. This matrix 1s
provided as follows in Equation (19):

CAxyar  Aviar  Agyar | (19)

A = | Axer Ayjer  Agjer

Axia Ayia Agya |

where each element of the matrix represents the rotation of
a coordinate of the body coordinate system 47 with respect
to a coordinate of the runway coordinate system 46. As a
result, the vector A’k represents the position of antenna
relative to antenna 34 1n the runway coordinate system 46.

From the preceding vector relationships, the following
mathematical relationships in Equations (20)—«25) may be

established:

AT
T24(i)/34 — L2440 = Spaq)(X = 1) (20)

rysas = X —t+ A'ksg — pysl (21)

£45/40 = |P4s| (22)
faakyss = X —t+ Alksg — P43 (23)
L43k)/40 = |Pazq)! (24)
y=X+ ATkg,g (25)

Equation (20) can be combined with Equation (3) to estab-

lish the single difference phase relationship provided in
Equation (26):

(I)ZS(i} — §§4(1}(K — t) — N25(i) + Ang — ﬂ.T,;H (26)

Equations (21) and (22) can be combined with Equation (6)
to establish the single difference phase relationship provided
in Equation (27):

B30 = |x — t+ Alksg — pysl — Ipss| — 030 + AT3z — ATy, (27)

Equations (23) and (24) can be combined with Equation (9)
to establish the single difference phase relationship provided
in Equation (28):
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o7 =[x — t+ A'Kag — Pasl — [Pas| — D270 + ATsp — ATy (23)

In order to cancel out the clock synchronization errors
AT,;, and AT,;, Equations (26) and (27) can each be
differenced with one of the two equations derived from
Equation (28) which is associated with one of the two
pseudolites 27(1)—(2). Furthermore, the two equations asso-
ciated with the pseudolites 27(1)—2) can be differenced with
cach other. Thus, where the equation associated with
pseudolite 27(1) is used as the base differencing equation,

the following double diiference phase relationships are
established in Equations (29), (30), and (31):

..-"'-..T T
Dosiip71) = 524(1}(3{ —t) =[x —t+ A ksg — P43(1}| + |P43“}| — Nosgiy2701) (29)

B30271) = Ix —t+ Alksg — pysl — (30)

T
X —t+ A Kkss — Pazy| — [Pas| + [Pazery| — Nao2zw

o722y = [x =t + A'kss — pazpyl — (31)

T
x—t+ A ksg — P43(1;.| — |p43(2}| + |]_3'43(1}| — NZ?(Z}IZT(U

where Nos o701y Nagazay and Nogoy 07y are unknown
constants which respectively represent the difference
between the integer ambiguities n, s and 0,54, the 1nteger
ambiguities Ny, and n,45y, and the integer ambiguities n,, o,
and n,5.;y. Thus, the values Nosiyo719, Nagyery, and
Nso/27¢1y are expressed as follows in Equations (32), (33),
and (34):

Nasay27(1) = D2sdy — N27¢2) (32)
N30/27(1y = N30 — N27¢1) (33)
Na72y27¢1) = N27¢2) — 271 (34)

Equations (29), (30), and (31) may then be linearized for
cach epoch to provide the following relationships in Equa-
tions (35), (36), and (37):

0Drs5iy2701) = (35)
(xo —t+ Alksg — pyaiiy)
AT 43(1) T
Soaiiy — OX + — Nsg; + So44
[ 24(1) |X{) —t+ ATkgg _ ]_3'43“}| |p43(1}| 25(1)/27(1) 24(1)
(X —t+ Alksg — Dis) (Xo—t+ Alkae — P43(1)) (36)
5‘15’30;2?(1} = T - T 0X
|K0—t+A kES_p45| |K{]—t+A kgg—p43(l}|
0Dp72y271) = (37)
(x0 —t+ Aksg — pasa) - (Ko —t+ Aksg — Pasqr) OX —
|Xo —t+ATk38 —P43(2}| X0 —t+ATk3g —p43“}|

|P43(2}| + |P43(1}| - NZ?(Z};Z?{I}

where (A) the guess for the estimate x, of the precise
position vector X at each epoch 1s of the 1itialization period
calculated by receiver 32 using Ordinary Differential GPS,
and (B) 0x is the vector at each epoch which represents the
unknown precise difference between the unknown precise
vector x and the estimate X,.

The relationship between the vectors x and x, and the
vector 0x is represented as follows in Equation (38):

OX=X-X_ (38)
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Furthermore, the vector 0x can be expressed as follows 1n
Equation (39):

| 6XAT ] (39)
OX (SXCT

| 0Xa |

where 0x,,, 0X.,, and 0x, represent respectively at each
epoch the unknown precise difference between the vectors x
and X, 1n the along track, cross track, and altitude distances.

One method for computing the values Nos;y27¢1y, Nsgj27
(1, and Ny;y554y Only 1nvolves making carrier phase

measurements q)25(z)f34: (I)2_5 £)/409 Do/385 @30;40: (I)Z’?(k)BS!
and @, ., associated with the GPS signals 25(1)—~(4),

27(1)~2), and 30. As mentioned previously, at least four
GPS satellites 24(1)—(4) are always guaranteed to be in view
at any one time. Thus, the four GPS signals 25(1)—(4),
barring any sudden maneuvers, will always be received by
receivers 32 and 41. Furthermore, this method can be used
with several configurations for the ground system 39.

Where the ground system 39 includes two 1nitialization
pseudolites 26(1)—(2), as shown in FIG. 1, receiver 32 will

make phase measurements @,s5,y5, and D,z 55 and
receiver 41 will make measurements @, 540 ané D7 1y/40

over a number of epochs while airplane 21 is inside the
signal bubbles 28(1)—(2) and receives the initialization sig-
nals 27(1)—«2). During this initialization period, there 1s a
large angular change 1n geometry between antennas 34 and
38 and the transmit antennas 43(1)—«2) as the antennas 34
and 38 move through the signal bubbles 28(1)—(2).

The phase measurements made by the receivers 32 and 41
during this large angular change 1n geometry are recorded by
receiver 32. This 1s done 1 such a way that the equations
generated from Equations (35) and (37) can be stacked in
matrix form for simultaneously computing the unknown
values Nos;y07¢1y and Nageoy o5y and the unknown vectors
ox at each epoch.

In the case where only one 1nitialization pseudolite 26 1s
used, as shown 1n FIG. 8, receiver 32 will make the phase
measurements @, 5, and P, 4135 and recever 41 will
make the phase measurements ®,s ;40 and Py (4y,40 OVEr a
number of epochs while inside signal bubble 28(1). In this
case, there 1s a laree angular change 1n geometry between
antennas 34 and 38 and the transmit antenna 43(1) as the
antennas 34 and 38 move through the signal bubble 28(1).

As was the case 1n the dual imitialization pseudolite
conilguration, the phase measurements made by the receiv-
ers 32 and 41 during the large angular change 1in geometry
are recorded by receiver 32. Receiver records these mea-
surements 1n such a way that equations generated from
Equation (35) can be stacked in matrix form for simulta-
neously computing the unknown values Ny 55,y and the
unknown vectors 0x at each epoch.

For greater accuracy, receiver 32 1s programmed to record
the phase measurements @534, Posiiyaos Poyryas and
D,5y40 at more than the mmimum number of epochs
needed to compute the earlier described unknown values
associated with each configuration. In either configuration,
more than the required number of equations will be gener-
ated by receiver 32 from Equation (35) and, if applicable to
the configuration used, Equation (37). All of these equations
are stacked 1n matrix form for solving the unknowns asso-

ciated with that configuration. Thus, the system and method
will benefit because the set of unknowns will be over-
determined.

Another way of adding accuracy to the computation of the
unknowns associated with either configuration, 1s to utilize
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additional GPS satellites 24(1) when they are 1n view. Thus,
carrier phase measurements @, and P54, for the
additional GPS signal 25(1) are also made by receiver 32 and
receiver 41 respectively at a number of measurement epochs
over the large change in geometry. These phase measure-
ments are recorded by receiver 32. In either configuration,
additional equations will be generated by receiver 32 from
Equation (33) at each epoch for solving the unknowns
assoclated with that configuration. Once again, the system
and method benefits from the over-determined set of
unknowns.

As a variation of the two configurations described earlier,
pseudolite 30 may be used as a carrier ranging link as well
as a data link. Thus, phase measurements @, 5, and O,
are made by receivers 32 and 41 respectively at a number of
epochs over the large change 1n geometry. These phase
measurements are also recorded by receiver 32. As a resullt,
receiver 32 can generate from Equation (36) additional
equations at each epoch for solving the earlier discussed
unknowns associated with either configuration and the
unknown value N;, .-,y These additional equations can
serve as redundant equations to be stacked with all the other
equations generated from Equation (35) and, if applicable,
from Equation (37). Furthermore, if the lock on any of the
GPS signals 25(i) is lost for some reason, the equations
generated from Equation (36) can serve as substitutes for the
equations which would have been generated from Equation
(35).

Most importantly, the computation of the unknown vector
0x at each of the epochs employed i the imitialization
process and the computation of the unknown values N25® ;
27¢1y and, 1f applicable, N;q,74y or/and Nusy271y, 18
repeated 1terat1ve1y until they converge to within a desired
level. Recerver 32 accomplishes this by taking from the
previous iteration the computed vector dx at each employed
epoch and computing the vector x at each employed epoch
from Equation (38). The computed vector x at each
employed epoch 1s then substituted as the estimate x, 1nto
Equation (35) and, if applicable, into Equations (36) or/and
(37). The unknown vector d8x at each employed epoch and
the unknown values N,s;y051y and, 1t applicable, N3g/71y
or/aed Nz?(z) f27(1) AT€ then computed again. As was etated
carlier, this process 1s repeated by receiver 32 until the
computed unknown values N,s 074y and, 1t applicable,
N3o/27¢1y or/and Nuy oy 0701y, converge to within a desired
level.

Once the values N,sy05y and, 1t applicable, N;q 051,
or/and Nu 2y 571y, have been computed to within the desired
accuracy level, receiver 32 can compute the integer ambi-
guities n,s.y and n,,4y and, 1t applicable, n,, .y or/and ny,.
This 1s done with the relationships established 1n Equation
(32) and, if applicable, Equation (33) or/and (34). Thus, the
large change in angular geometry between the antennas 34
and 38 and the transmit antenna 43(1), and if applicable,
43(2), provided means for resolving the integer ambiguities
0,5 and n,,,y and, 1f appheable n,, and Do7(2).

In this method, receiver 32 can make precise position
determinations using Carrier Phase Differential GPS only
after the values N,siy27¢1y, Dasey, and D54y and, if
applicable, Nsg 071y, Nav2y27¢1y, N30 and 0,55y, have been
computed. Thus, these are the 1nitialization values generated
by receiver 32 during the initialization process.

Another method for resolving the integer ambiguities
involves making and recording phase velocity measure-
ments at a number of epochs while airplane 21 is inside the

signal bubble 28(1), and if applicable, signal bubble 28(2).
This method also requires taking the phase measurements
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Dosiy/340 Pori1yass Posiyrao and Poyiqy,40, and 1t applicable,
D, 2y3¢ and 27(2y/400 Al the same epochs and recording
them. Both receiver 32 and 41 make phase velocity mea-
surements at the same rate 1n which they make the above
identified phase measurements.

As 1n the earlier described method, the phase measure-
ments and the phase velocity measurements are made over
a number of epochs while airplane 21 1s inside the signal
bubble 28(1), and if applicable, signal bubble 28(2).
Furthermore, as the antennas 34 and 38 move through the
signal bubble 28(1) and, if applicable, 28(2), receiver 32
records the phase measurements made during the large
angular change 1n geometry between antennas 34 and 38 and
the transmit antenna 43(1), and if applicable, transmit
antenna 43(2).

The phase velocity measurements are also made by
receivers 32 and 41 at a number of epochs over the large
change 1n geometry. The phase velocity measurements made
by receiver 41 are uplinked to receiver 32 in the data
components of any of the pseudolite GPS signals 27(1)—(2)
and 30.

These phase velocity relationships are obtained by differ-
entiating over time the Equations (9) and (26). These rela-
tionships are provided as follows in Equations (40) and (41):

Dosi) = Posiyza — Dosiiymo = XS24q) + XS24y + AT32 — ATy, (40)

Dr70 = Do7y3s — Pozoya0 = Tasgeyss + ATz — ATy (41)

where (A) @25@),34 and @27(;{),38 are the phase velocities

measured by receiver 32, (B) D, 5140 a0d @27(k) 40 are the
phase velocities measured by receiver 41 and uplinked to
receiver 32, (C) 524(,3 1s the rate of change of the unit

direction vector $,, ., (D) X is the rate of change of the
precise position vector X, (E) r43(k) /35 18 the rate of change n
the range r,5./3s, and (F) AT;, and AT,,, are the rate of
changes 1n the clock synchronization errors AT, and AT,
respectively.

Since S,,, 1s small, 1t can generally be neglected in
Equation (40). Furthermore, the phase velocity measure-

ments @, 5,3, are made by recerver 32 at each epoch of the
mnitialization process and the phase velocity measurements

D540 are made by receiver 41 at these same epochs and
uplinked to receiver 32. In response, receiver 32 generates
equations at each employed epoch from Equation (38) and

stacks them in matrix form so as to compute x and the

relationship ,&TB,2 AT41 at each employed epoch.

Since the relationship ATB2 AT 41 can be eomputed at

each employed epoch, the actual rate of change r 53¢ can
be computed by recerver 32 at each of these epochs as well.
This 1s done by substituting into Equation (41) the relation-

ship ATBZ &T,,41 along with the phase velocity measure-
ments <I>27(k) 15 Made by receiver 32 at each employed epoch

and the phase velocity measurements ®,;;y.40 made by
receiver 41 at these same epochs and uplinked to receiver

32.

Furthermore, the actual rate of change i'43(ky33 can be
expressed as follows in Equation (42):

i43(k)f38=iﬂf43(k)£38+6i (42)

where (A) r, /4338 1S the guess at each employed epoch of
the rate of change of r 5435 and (B) or 1s the precise
difference between the actual and the guessed rate of change
of 145438 The guessed rate of change at each employed
epoch 1s computed by receiver 32 using the vector relation-
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ship associated with Equation (23), where the coarse posi-
tion vector X, calculated from Ordinary Ditferential GPS 1s

substituted in place of the vector x. The value &r at each
employed epoch can be computed from the values f43(k) 38
and Ty,43435 UsIng Equation (40).

Equation (42) can also be linearized to provide the
following relationship in Equation (43):

4

E it 3 (43)
Lo/43(k)/38 Lo/43(k)/38

FDMS(]{},J’?;S — F0/43(k)/38

Of43(k)38 = OX

Lo/43(k)/38

where (a) 0x 1s the unknown constant vector representing the
difference between the actual trajectory vector x and the
estimated trajectory vector x, over the entire initialization

period, (B) ?0;43(;{) s 1S the guess at each employed epoch

—> . _
for the actual range vector 1 45,35, a0d (C) 1y 432935 1S the

ouess at each employed epoch for the actual rate of change

— —
N T 43038 The values for the guesses r .53 and

loasmyss €an be easily computed by receiver 32 using
similar relationships to that established in Equation (23),
where the coarse position vector x, calculated from Ordi-

nary Differential GPS 1s substituted in place of the vector x.
—>

_ The values Or, I1y.u3438 Tomswss I oasgss and
Losaaryss Ar€ computed by receiver 32 at each of the epochs

employed during the large angular change 1n geometry are
stored by receiver 32. Thus, from these stored values
receiver 32 can generate equations from Equation (43)
which are stacked in matrix form for solving for the
unknown vector 0x.

The calculation for 0x 1s 1teratively repeated until it
converges to within a desired level. This 1s done by substi-
tuting the value of 0x obtained 1n the previous iteration into
Equation (37) and computing the vector x. This calculated
vector X 1S then used as x,, for the next iteration. The vector
0x is then computed again from Equation (43) in the way
just described and compared with the previously computed
0x to see 1f 1t converged to within the desired level.

Once ox 1s computed, the integer ambiguities n,5;, and
N,y and it applicable, n,,,y, can be computed using
Equation (26). This requires substituting into Equation (26)
the phase measurements D,sy545 Porryage Posiyao and
D5 (1y40, and 1f applicable, D,y 35 and DPy0)/40, r€COTded
by recerver 32. Thus, receiver 32 generates a set of equations
from Equation (26) which are stacked in matrix form for
solving for the mteger ambiguities n,s.y and N5y, and 1f
applicable, n, .. Thus, as in the previous method, the large
change 1 angular geometry between the antennas 34 and 38
and the transmit antenna 43(1), and if applicable, 43(2),
provides means for resolving the integer ambiguities n,s
and n,,,y and, 1t applicable, ny, and n,; .

As with the previous method, receiver 32 can make
precise position determinations using Carrier Phase Daiffer-
entiali GPS oply atter the integer ambiguities n, s, and 0,54,
and, 1f applicable, n,, .01:/?111?1 D27(2) have been computed.
Thus, these are the initialization values generated by
receiver 32 during the initialization process of this method.
| The ‘fact that the integer ambiguit‘ies 0,5, a0d 0,54 and,
if applicable, n;, or/and n,,,, are 1teger values serves as
a built-in mtegrity checking device for both of the methods
described. Thus, recerver 32 can check to see during the
initialization process that these computed integer ambigu-
ities converge to 1nteger values.
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Once the integer ambiguities n,s., and n,,y and, 1f
applicable, n,, and n,,,,, have been computed, receiver 32
can compute at each epoch the precise position vector X.
T'his 1s done by substituting the mteger ambiguity n,s;y Into
Equation (26), and if applicable, the integer ambiguity ns,
into Equation (27). Since airplane 21 will have left the signal
bubble 28(1), and if applicable, signal bubble 28(2), Equa-
tion (28) is no longer usable for computing the vector x.

Receiver 32 makes the phase measurements @55, at
each epoch and receives the phase measurements @5 ;40
made by receiver 41. Thus, receiver 32 can stack at each
epoch the equations generated from Equation (26) in matrix
form for solving for the vector x and the total clock
synchronization error AT, A7u;-

Once the precise position vector x 1s computed, the
position vector y for the bottom antenna 38 or any other part
of the airplane 21 can easily be computed. The position
vector y for bottom side antenna 38 can easily be computed
from the relationship established in Equation (25).
Additionally, it 1s particularly critical for the position of the
landing gear of the airplane 21 to be known during a landing.
Thus, using a similar equation to that of Equation (25), the
precise position of the landing gear can also be computed if
its location relative to top side antenna 34 in the runway
coordinate system 46 1s precisely surveyed beforehand.

Furthermore, where pseudolite 29 1s used as a carrier
ranging link, receiver 32 makes the phase measurement
D, 55 and recerves the phase measurement @, ,, made by
receiver 41. Thus, receiver 32 can stack unto the equations
generated from Equation (26) the equation generated from
Equation (27) for solving for the vector x and the total clock
synchronization error AT;,—AT,,. In this case, the ranging
pseudolite 29 serves as an 1ntegrity check in that the system
and method benefit from the over-determined set of
unknowns.

Still another built-in 1ntegrity check 1s the use of Ordinary
Ditferential GPS position determinations by receiver 32. The
system and method do not require PRN code ranging except
for generating the coarse 1nitial guess for position vector X,
at each epoch of the mitialization period. Thus, the coarse
position determinations made by receiver 32 can be used
after the initialization period to monitor the Carrier Phase
Differential GPS position determinations made by receiver
32.

In the single imitialization pseudolite configuration of
FIG. 8, airplane 21 moves through the signal bubble 28(1)
in a simple linear trajectory 22 over the initialization
pseudolite 26(1). As indicated previously, the system and
method utilizes the large angular change in geometry
between airplane 21 and the pseudolite antenna 43(1) of
pseudolite 26 1n order to resolve the integer ambiguities
N5y, D39, a0 N5y, Considered with respect to the slowly
changing GPS satellite geometry, this large angular change
in geometry will make the along track component 0x,, and
altitude component 0x, of precise position change vector 0x
clearly observable during this 1nitialization period. Thus, the
resolved 1nteger ambiguities n,sy and ni, will provide
subsequent position determinations where the along track
component X, and the altitude component x, of precise
position vector X are accurate to within centimeters.

However, in most cases the initialization trajectory 22 will
be in a line closely over the pseudolite 26(1) with little or no
cross track (i.e. lateral) deviation. Under these
circumstances, as 1s evident from the linearized Equations
(35)~(37), the cross track component 0x., of precise posi-
tion change vector 0x will be unobservable during initial-
ization. Thus, the resolved mteger ambiguities n,sy and ns,
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will result 1n subsequent position determinations where the
cross track component X, of precise position vector x will
only be accurate to within meters. This accuracy 1s com-
mensurate with the accuracy of the mmitial guess for the
vector X, calculated by receiver 32 at each epoch of the
initialization.

One way 1n which the cross track error can be reduced to
within centimeters 1s to employ the configuration of FIG. 1
which utilizes two initialization pseudolites 26(1)—2). As
shown in FIG. 9, the two initialization pseudolites 26(1)—(2)
are placed on each side of the along track component of the
flight trajectory 22. Because there are now two carrier
ranging links 27(1)—«(2) in the cross track plane, the cross
track component 0x_.,- of precise position change vector 0x
will be clearly observable during initialization. As a result,
the cross track uncertainty of the single pseudolite configu-
ration 1s eliminated and the resolved integer ambiguities
Dos and n,, will then provide subsequent position deter-

minations having a cross track component X, accurate to
within centimeters.

Another way of reducing the cross track error to within
centimeters 1s to overﬂy the single 1nitialization pseudolite
26 twice. As shown 1n FIG. 10, the first over 1ght 1s made
in the along track AT direction and the second 1n the cross
track CT direction.

With the first overflight, a first set of integer ambiguities
N,5 ., and ny, are resolved during a first initialization period.
As was discussed for the single initialization pseudolite
conflguration, after initialization, position receiver 32 pro-
vides Carrier Phase Dilferential GPS position determina-
tions with a cross track error of several meters.

During the second overilight, the coarse 1nitial guess for
position vector X, 1s calculated by position receiver 32 using,
Carrier Phase Differential GPS position determinations.
Since the overflight is in the cross track direction (rather than
in the along track direction), the cross track component X -
and the altitude component 0x., of the precise position
change vector 0x will be clearly observable. But, the along
track component 0x,, will not be observable during this
second overflicht. However, the along track component
X4 Of the 1nitial guess for position vector X, calculated for
the second overflight 1s already within centimeter level due
to the earlier overflight. Therefore, the second set of 1integer
ambiguities n,s., and n;, resolved during the second over-
flight will provide subsequent position determinations with
the cross track component X, the along track component
X.7, and the altitude component x, all accurate to within
centimeters.

Another significant advantage to Carrier Phase Differen-
tial GPS position determinations 1is that the integer ambigu-
ities n,5;, Of an additional GPS signals 25(1) broadcast by
GPS satellites 24(1) which were not in view during the
initialization period can now be resolved easily once they do
become 1n view after the initialization period. Receiver 32
accomplishes this by measuring @, 55, and 5,40 tor the
new GPS signals 25(1) at a particular epoch after the
initialization period. At this epoch the precise position
vector x 1s already being determined by receiver 32 from the
other GPS signals 25(1)—«4) and 30 which have had their
respective integer ambiguities n, sy and ny, resolved during
the 1nitialization period. The calculated position vector x and
the phase measurements @55, and P, 5,40 are plugged
into Equation (24) so as to solve for the new integer
ambiguity n,s,. Then, a new equation 1s generated from
Equation (24) at each epoch for use in solving for the
position vector X. Thus, this technique results 1n a seamless
integer hand-off so that a new 1nitialization period 1s unnec-
essary.
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The same approach can be utilized for GPS signal 30
where the integer ambiguity n,, was not resolved during
initialization. After initialization, the phase measurements
D55 and P4, are made at a particular epoch. These
values along with the calculated precise position vector x
calculated for that epoch by receiver 32 are substituted into
the Equation (25) so as to solve for the integer ambiguity
n,,. Thus, this again results in a secamless integer hand-off.

The attitude matrix A 1s generated by receiver 33 from the
GPS signals 25(1)—(4) received by antennas 35(1)—3) and
38. In doing so, receiver 33 utilizes Equation (1) associated
with antenna 34 and a set of similarly derived phase rela-
tionships each associated with one of the antennas 35(1)—
(3). For antenna 35(m) (i.e. the m™ of the attitude antennas

35(1)«3)) this phase relationship is provided in Equation
(43):

Dosiy3s(my=T24¢)y350m) D5 @y35emyHA L33A T 400 (43)

where (A) TIoyy350n Tepresents the unknown range from
GPS satellite 24(1) to antenna 35(m), (B) Dy5;/350, r€PIE-
sents the phase component of the unknown range r,,:/35 ¢
measured by receiver 32 for the GPS signal 25(1) received at
antenna 35(m), and (C) n,5./350,y Tepresents the integer
component of the unknown range r,,;/35¢,, associated with
GPS signal 25(1) received at antenna 35(m).

Receiver 33 measures O, 55,4 and Dy5y/55(,,,) 10 the same
way as was discussed earlier for receivers 32 and 41. These
measurements are made at the same rate as 1s used by
receivers 32 and 41 so that the attitude solutions generated
by receiver 33 are synchronized with the position determi-
nations of receiver 32.

Differencing Equations (1) and (43) provides the single

difference phase relationship given as follows in Equation
(44):

D5 iy3a/356m)=P250y34= Posiyms0m=DI24(0)34/350my~ D25 (:)/34/35 (m£44)

Wher‘e (A) 055 (5y/34/35(my TEPrESENLS ‘the un@own integer
ambiguity for GPS signal 25(1) associated with antennas 34
and 35(m) and (B) Ar,;y/34/350. Tepresents the difference in
the unknown ranges r,, 34 and 1,4 /350m)"

In order to resolve the integers ambiguities N,syy34/350m)
properly, Equation (44) must be manipulated so as to include
the baseline vector relationships which are associated with
the ranges Ty ;34 and C24(i)/35(m); These.relationships are
shown 1n FIG. 11 and are established with respect to the
runway coordinate system 46 which 1s defined by the
coordinates along track AT, cross track CT and altitude A.

The baseline vectors b35(}1, D352y aqd D353y respectively
represent the unknown positions of attitude antennas 35(1)
—(3) with respect to antenna 34 at the initial epoch of the
1111tlahzat10n period. The baseline vector by, [3x1] (i.e.
the m™ of the baseline vectors b3s¢1y D3sczy, and bssisy) 1s
provided as follows in Equation (45):

b35(myAT | (45)

b35(m} — b35(m};‘CT

i b35(m};’A i

where bss g,z Dssomycr a0d bssg,y 4 are respectively the
distances between antennas 35(m) and 34 in the along track
AT, cross track CT, and altitude A directions.

The direction to GPS satellite 24(i) (i.e. the i”* of GPS

satellites 24(1—(4)) in relation to antenna 34 is represented
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by the known unit direction vector $, /54 [ 3x1] provided as
follows in Equation (46):

| S24(i)/34/AT (46)

S240iy34 = | S24(iy34/CT

 Soaiy34/A

where S24(1)/34/AT, 8,41 34/c7> S24 kg /3 4,Ah arfi respectli{vglly
10 the along trac .

the unit distances to GPS satellite 24{1
cross track CT, and altitude A directions. This vector 1s

computed by receiver 33 for a GPS satellite 24(1) from the
satellite position information contained 1n the data compo-
nent of the associated GPS signal 25(i) and form the coarse
position 1ix generated by receiver 32 for antenna 34 with
respect to the coordinate system used to determine the
positions of the GPS satellite 24(1).

From the preceding vector relationships in Equations (45)
and (46), the following mathematical relationship is pro-

vided in Equation (47):

AT
Ar4)/34/35(m) = $24¢)D35(m) (47)

Combining Equation (47) with Equation (44) results in
the following relationship in Equation (48):

AT

D2s(iy34/35(m) = S24¢5)D35(m) — N25(i)34/35(m) (43)

The 1teger ambiguities N,s;y/34/350,y €20 be computed
during an 1initialization period using two different
approaches. The first approach requires that the airplane 21
remain stationary during the initialization process. The sec-
ond 1s motion-based.

The static method 1s similar to that used 1n surveying
applications. After several epochs of measuring @, ;54 and
@25(5);35(}”), receiver 33 can generate equations from. Equa-
tion (47) which are stacked in matrix form for solving the
nteger ambiguities N, 5,y/34/350m)-

In order to insure greater accuracy for the computed
values, receiver 33 employs more than the minimum number
of epochs needed to compute these values. As a result, the
system benefits from the over-determined set of unknowns.

Furthermore, receiver 33 makes measurement epochs
over a large enough time period to allow the slowly chang-
ing GPS satellite geometry to reveal the mnteger ambiguities
Nos(iy/34/350m)- 100S typically requires approximately fifteen
minutes.

Additionally, where possible, phase measurements
Dy559/34 A0 P55 /35,, fOr additional GPS signals 25(1) are
made by receiver 33. Again, the system benefits from the
over-determined set of unknowns.

The second approach to resolving the integer ambiguities
Nosny/34/350m) TEQUIres rotation of the antennas 35(1)—(3)
about at least one of the axis of the runway coordinate
system 46. FIG. 12 shows the vector relationships for such
a rotation.

In FIG. 12, antennas 35(1)—(3) rotate about the altitude A
axis. The baseline vectors bssy, Dsspny, and bssesy are
unknown at the initial epoch of the imitialization process.
The vectors Abssqy, Abss(sy, and Abss sy respectively repre-
sent the change in positions of the antennas 35(1)—(3) at a
second epoch with respect to the initial baseline vectors
b1s(1y» D3sezy, and bssesy. The vector Abss,, (i.e. the m™ of
the vectors Abss iy, Absse,y, and Abss ) is provided as
follows in Equation (49):
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| Abzs(my/aT (49)

Abssim) = | AbssmycT

- Abssimya |

where Abss g,y a7s Absseny oz, and Abss,, . are respectively
the change in position of the antenna 35(m) at the second
epoch 1n the along track Al cross track CT, and altitude
directions.

The equations generated from Equation (49) at the initial
and the second epoch can be subtracted to establish the
following relationship in Equation (50):

AT
AD2siy34/35(m) = $24(1)AD35(m) (50)

where AD ;5 15/34/350m) TEPTESENLS the change 1n Dy5v/34/35 0
between the 1nitial epoch and the second epoch.

The equations generated from Equation (50) may be
stacked at a number of epochs after the mnitial epoch to solve
for the vectors Abss,,. Thus, the vectors Abss,,, may be
simultaneously computed at each of these epochs without
resolving the integer ambiguities Ny s;y/34/35 (-

The antennas 35(1)—3) are fixed to the airplane 21. Thus,

the following constraint relationship may be imposed on the
baseline vectors b,y .,y and by, (i.c. the y” and z” of the
vectors bssipy—bsssy) as follows in Equation (51):

(b3sty) + Abssiy))(b35(z) + Abasz) = b3y basiz (51)

However Equation (51) can also be mathematically
expressed as follows in equation (52):

(b3sgy) + Abzsy)(b3sz) + Abssy)) = (52)

T T T T
b35(y)b3s(z) + Ab3s(zbasiy) + Abzs(ybasiz) + Abssy) Abss(

z)

) y)

Thus, the Equations (51) and (52) can be combined to form
the following relationship in Equation (53):

Abss(,bssiy) + Abssb3siz) = Abssbssiz (53)

Equation (53) can be stacked by receiver 33 in matrix
form to provide equations at each epoch employed after the
mitial epoch for solving the unknown vectors bss,,y. This
includes the situations where y=z and where y=z.

For greater accuracy more than the minimum number of
epochs needed to calculate the baseline vectors b, should
be employed by receiver 33. As a result, receiver 33 can
generate additional equations from Equation (53) for simul-
taneously solving the over-determined set of unknown base-
line values.

Once these baseline values are computed, receiver 33 can
compute .each Integer ambigu.ity N5 (1y/34/350my- 1018 18 done
by plugging a computed baseline vector b35(m).and the phase
measurement @,s ;34,35 recorded by receiver 33 at the
initial epoch into Equation (48) and solving for the integer
ambIGUILY Nys5/34/350 AS @ bullt 1n tegrity check, the
computed Nysqy34/350, Values are checked during the 1ni-
tialization period to see that they converge to integer values.

Once the integer ambiguities have been resolved, the
initialization process 1s over and attitude solutions for air-
plane 21 can then be computed. The integer ambiguities
,5y/34/350my ar€ 10cluded 1 the set of mitialization values
needed for computing the attitude solutions.
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FIG. 7 shows the vector relationships associated with
antennas 35(1)—«(3) with respect to the body coordinate
system 47. ‘The known vectors kys.qy, Kisoy, and kysgs,
respectively represent the precisely surveyed positions of
attitude antennas 35(1)—(3) from antenna 34 with respect to
the body coordmate system 47. The known vector Kss,,
3x1] (1 e. the m™ of the known vectors K351y, Kss¢2), and
K3s5¢3) 1s provided as follows in Equation (54):

 K3s(myx | (54)

k3 5(m) — k35(m}fz

 K3smyz |

where Kss.yx Kasomyys and Kssg,,, are respectively the
known distances between antennas 35(m) and 34 in the X,
Y, and Z directions.

FIG. 8 shows the vector relationships associated with
antennas 35(1)—(3) as the body coordinate system 47 rotates
about the runway coordinate system 46. The unknown
vectors Xssqy, Xss2y, ald Xss.5y respectively represent the
unknown positions of attitude antennas 35(1), 35(2), and
35(3) from antenna 34 with respect to the runway coordinate
system 46. The unknown vector X55,,,y [3x1] (1.¢. the m" of
the unknown vectors Xss 1y, X352y, and X553y 18 provided as
follows in Equation (55):

| X35(m)/AT | (33)

X35(m) = | X35(m)y/CT

| A35(m)A

Where Xssi,.va7 Xasmyers 30d Xs50,,,4 are respectively the
unknown distances between antennas 35(m) and 34 in the
along track AT, cross track CT, and altitude A directions.
From the preceding vector relationships in Equations (46)
and (55), the following relationship is provided in Equation

(56):

AT
Ar4)/34/35(m) = $24)X35(m) (56)

Combining Equations (56) and (44) results in the follow-
ing relationship in Equation (57):

AT (57)

‘1’25(1};34;35(111}524(1;.?{35(111} — 125(i)/34/35(m)

Since, as discussed earlier, the attitude matrix A represents
the rotation of the body coordinate system 47 about the
runway coordinate system 46, the following relationship
may be established in Equation (58)

X35(m) = ATkSS(m} (58)

Combining equation (58) with Equation (57) results in the
following relationship provided by Equation (59):

(59)

T
P2 5iy/34/35(m) S 24(1 A" K35(m) — N25(iy/34/35(m)

A complete attitude solution can be generated by receiver
33 by utilizing the differential ranges Ar, ;34,3500 Which
can be computed from Equation (44). This is done by
minimizing the following quadratic cost function provided

in Equation (60):

5

10

15

20

25

30

35

40

45

50

55

60

65

24

L (60)
T A 2
I = Z Z W35(m}fz4(i}(ﬁl‘ 24(i)/34/35(m) — k35(m}A524(i))

where Wis,.y04¢y represent the optional measurement
welghting associated with antenna 35(m) and GPS satellite
24(1).

Starting with an assumed estimate A, [ 3x3 | for the matrix
A, a better estimate may be obtained by linearizing Equation
(60) about the current solution A, as follows in Equation

(61):

(61)

T A 2
(m)/24() (Ar244)/34/35(m) — K35(m)0 AA0S24i))

where O0A [3x3] is an attitude correction matrix of small
angle rotations.

Thus, the attitude matrix A may be expressed as follows
in Equation (62):

A=0AA, (62)

The correction matrix 0A 1s expressed as follows 1n
Equation (63):

SA=I+0" (63)
where (A) I [3x3] is an identity matrix, and (B) ©®* [3x3] 1s
the skew symmetric matrix associated with the unknown
vector 00 of small angle rotations.

The unknown vector 0® [3x1] can be expressed as
follows in Equation (64):

00, (64)
50 = | 86,
| 80, _

where 00, 00, and 00, respectively represent the

unknown small angle rotations about the X, Y, and Z
coordinates of the body coordinate system 47.

The skew symmetric matrix & associated with the vector
00 can be expressed as follows in Equation (65):

0 =688, &6y ] (63)
o =| 56, 0 =80y
88y 80y 0

After combining Equations (62)—(65) with Equation (61),
the attitude cost function can be expressed as follows in
Equation (66):

j (66)

d
m=1 1=l

T T 2
W35(m)/24() (Ar240)/34/35(m) — K350mA0824() — $24() Ay K551 00)

where the dot product of the matrix K55,y and the vector o0&
equals the dot product of the matrix ®~ and the vector K;5,,.5.

The matrix Kss,,,," may be represented as tollows m

Equation (67):
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0 —K3simyar  K3smyaT | (67)
K§5(m} — k?rS(m}ICT 0 —k35(m};CT
—Kasmya  Kssimya 0

By minimizing Equation (66), the vector 6® may be
computed by receiver 33. As a result, the matrix ®* may be
computed from Equation (65) and the matrix A may then
be computed from Equation (63). Using the computed
matrix 0A and the computed matrix A,, receiver 33 com-
putes a more accurate estimate for matrix A from Equation
(62).

The estimate A from the previous 1teration 1s used as the
current solution A, for the next iteration. The new estimate
A 1s then computed and compared with the estimate A from
the previous iteration. This process 1s continued until the
estimate for A converges to within a desired level.

Another significant advantage to this approach 1s that the
integer ambiguities Ny s ;/34/350,) Of an additional GPS signal
25(1) broadcast by GPS satellite 24(1) which was not in view
during the 1nitialization period can be resolved once it does
become 1n view after the initialization period. Receiver 33
accomplishes this by measuring @554 and @y 5;y/350,) 01
the new GPS signal 25(1) at a particular epoch after the
initialization period. At this epoch the matrix A has already
being determined by receiver 33 from the other GPS signals
25(1)—(4) which have had their respective integer ambigu-
It1€S Nos55y/34/3500 [eSOIVEd during the initialization period.
The calculated attitude matrix A and the phase measure-
ments Do ;y54 a0d Dosi 550, are plugged into Equation
(54) so as to solve for the new integer ambiguity nys 54,
350m). Then, this newly computed integer ambiguity n,s,,
34/35(m) together with the phase measurements for the newly
acquired GPS signal 25(1) may be used in computing the
matrix A in the two ways just described. Thus, this technique
results 1n a seamless integer hand-off so that a new initial-
1zation period 1s unnecessary.

DETAILED DESCRIPTION OF GROUND
SYSTEM

FIGS. 1317 provide detailed 1llustrations of the elements
of the ground system 39. The functions of these elements, 1n
relation to the previously described equations, are better
understood with reference to these figures.

FIG. 13 shows the reference system 39 in the configura-
fion which employs dual initialization pseudolites 26. It
comprises reference GPS antenna 40, reference GPS
receiver 41, the two initialization pseudolites 26(1)—(2), and
the data and ranging link pseudolite 29.

Reference antenna 40 receives GPS signals 25(1)—+4),
27(1)—(2), and 30. It is at a known ground location, repre-
sented by the previously described vector t, with respect to
the runway 23 threshold. In this configuration, this location
can be on either side of the runway 23 but 1s within the
broadcast radius of the signal bubbles 28(1)—(2). It is also at
a known location with respect to the coordinate system used

to define the positions of the GPS satellites 24(1)—4).
Reference GPS receiver 41 receives the GPS signals

25(1)—(4), 27(1)—(2), 30 from the reference antenna 40. It
includes a signal receiving block 50, a signal processing
block 51, a reference oscillator 55, a synthesizer 56, and a
computer §7.

In this configuration, the signal receiving block 50 com-
prises a single signal receiving stage 53. The signal receiv-
ing stage 33 1s coupled to reference antenna 40 for receiving
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the GPS signals 25(1)—(4), 27(1)—«2), and 30 from reference
antenna 40. It extracts the received GPS signals 25(1)—(4),
27(1(—2), and 30 and down converts them to an interme-
diate frequency for signal processing by the signal process-

ing block 51.

The signal processing block 51 1n this configuration
includes a single multi-channel signal processing stage 54.
The signal processing stage 1s coupled to the signal receiv-

ing stage 33 for receiving the down converted GPS signals
25(1)—(4), 27(1)—~(2), and 30. It is also coupled to computer

57 for receiving signal processing control signals from the
computer 56. The signal processing stage 54 separates (1.€.
demodulates) each of the down converted GPS signal 25(1
(4), 27(1)«2), or 30 into its carrier, PRN code, and data

components.

Furthermore, with the signal processing control signals
provided by the computer 57, the signal processing stage 54
phase locks the carrier and PRN code components of each of
the GPS signals 25(1)—(4), 27(1)«2), or 30 with the carrier
and PRN code signals it generates. As a result, the signal
processing stage 54 provides the computer 57 with infor-
mation for making the earlier described carrier phase
measurements, PRN code phase measurements, and carrier
phase velocity measurements for the GPS signal 25(1)—(4),
27(1)~2), or 30.

The computer 57 1s coupled to the signal processing stage
54. It includes a central processing unit (CPU) 58 and a
computer memory 359.

The CPU 38 receives from the signal processing block 51
the information for making the earlier described carrier
phase measurements, PRN code phase measurements, and
phase velocity measurements described earlier for the GPS
signal 25(1)—(4), 27(1)—(2), and 30. Furthermore, the CPU
also receives from the signal processing block 351 the
demodulated data components of the GPS signal 25(1)—(4),
27(1)—«2), and 30.

The computer memory 59 stores the signal processing,
routine 160, the carrier phase measuring routine 161, the
PRN code phase measuring routine 162, the phase velocity
measuring routine 163, and the data formatting routine 164.
The CPU 38 1s coupled to the computer memory 359 for
receiving the routines 160—164.

The signal processing routine 160 generates the signal
processing control signals for controlling the carrier and
PRN code phase locking operations of the signal processing
block 51. These control signals are outputted by the CPU 58
and received by the signal processing block 351.

The carrier phase measuring routine 161 makes the phase
measurements Dy, s1y.40, Pagg a0 Pyypy,40 based on the
information received from the signal processing block 51.
Thus, the routine 161 and the signal processing block 51
make up the carrier phase measuring component of the
receiver 41. Furthermore, as was indicated earlier, each of
these carrier phase measurement includes both a fractional
wavelength phase component @, and an integer wavelength
phase change component ®. . These phase measurements
are used by receiver 32 for making Carrier Phase Differential
GPS position determinations.

The PRN code phase measuring routine 162 makes the
carlier described PRN code phase measurements for the
GPS signals 25(1)«(4), 27(1)—(2), and 30 based on the
information received from the signal processing block 51.
Thus, the routine 162 and the signal processing block 51
make up the PRN code phase measuring component of the
receiver 41. As was indicated earlier, these measurements
are used by receiver 32 for Conventional GPS and Ordinary
Ditferential GPS position determinations.
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The carrier phase velocity measuring routine 163 makes
the phase velocity measurements D,5.,0 and Doy 40
based on the mmformation received from the signal process-
ing block 51. Thus, the routine 163 and the signal processing
block 51 make up the carrier phase velocity measuring,
component of the receiver 41. As was 1ndicated earlier, each
of these phase velocity measurements are used by receiver
32 for calculating the imitialization values necessary for
Carrier Phase Differential GPS position determinations.

The routines 161-163 issue their respective measure-

ments at the same rate as 1s do the measurement routines 1n
receivers 32 and 33. This 1s done so that the carrier and PRN

code phase measurements and the phase velocity measure-
ments of receivers 32 and 33 can be synchronized with the
carrier and PRN code phase measurements and phase veloc-
ity measurements of receiver 41 which have been uplinked
to receiver 32. As was discussed earlier, these carrier phase
measurements are made by the routines 161-163 at the rate
or approximately 1-10 Hz.

The formatting routine 164 then formats together the
carrier and PRN code phase measurements and phase veloc-
ity measurements made for each of the GPS signals 25(1)
—(4), 27(1)—(2), and 30. This formatted data 1s then outputted
by the CPU 358 and received by the signal generators
42(1)—~(2) and 44.

The synthesizer 56 and the reference oscillator 55 are
coupled together. The reference frequency signal outputted
by the oscillator 55 1s used by the synthesizer 56 to generate
a down converting signal and a clock signal.

The down converting signal 1s received by the signal
receiving stage 33. It 1s used to down convert the received

GPS signals 25(1)—(4), 27(1)—(2), and 30 to the intermediate
frequency.

The clock signal 1s received by the signal processing stage
54 and the CPU 358. Since the CPU 358 and the signal
processing stage 54 operate based on the same clock source,
the carrier phase measurements, PRN code phase
measurements, and carrier phase velocity measurements
made for each of the GPS signals 25(1)—(4), 27(1)—(2), and
30 are coherent (i.e. made at the same time) with respect to
cach other.

Pseudolites 26(1)—«2) and 29 respectively generate and
broadcast the GPS signals 27(1)—«(2) and 30. Each is coupled
to the reference receiver 41. Pseudolites 26(1)—«2) and 29
respectively include the GPS signal generators 42(1)—(2)
and 44 and respectively include the pseudolite antennas
43(1)—(2) and 45.

The signal generators 42(1)—~(2) and 44 are respectively
coupled to the pseudolite antennas 43(1)—(2) and 45. The
signal generators 42(1)—(2) and 44 respectively include the
computers 62(1)—~3), the reference oscillators 63(1)—(3). the
synthesizers 64(1)—(3), the PRN code generators 65(1)—3),
the mixing stages 66(1)—«3), and the amplifiers 67(1)—3).

The computers 62(1)—(3) respectively have CPUs
68(1)—«(3) and computer memories 69(1)—«3). The CPUs
68(1)—(3) cach receive the data formatted by the formatting

routine 164 of computer 57. The computer memories 69(1)
—(3) respectively store the data modulating routines 70(1)—

(3) and the reference system data bases 72(1)—(3).

The reference system data bases 72(1)—(3) can include (a)
the precisely surveyed position of reference antenna 40 with

respect to the coordinate system used to determine the
positions of the GPS satellites 24(1)—(4), (b) the precisely

surveyed vectors t, p,s, and p 3, and (¢) important runway
and airport status information.

The data formatting routines 70(1)—(3) respectively for-
mat the data in the data bases 72(1)—«3) with the carrier and
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PRN phase data and phase velocity data received from the
receiver 41. The formatted data of the routines 70(1)—(3) is
respectively outputted to the mixing stages 66(1)—(3) at a
frequency of approximately 1000 bits per second.

The synthesizers 64(1)—(3) are coupled to the reference
oscillators 63(1)—(3). The synthesizers 64(1)—(3) respec-
tively use the reference frequency signal outputted by the
oscillators 63(1)—(3) for generating a clock signal and a GPS
carrier signal.

The computers 62(1)—(3) are coupled to and receive clock
signals from the synthesizers 64(1)—(3) respectively. Thus,
the operation of the computers 62(1)—3) is therefore based
on the oscillators 63(1)—(3) respectively.

The PRN code generators 65(1(3) are coupled to and
receive clock signals from the synthesizers 64(1)—(3) respec-
tively. The PRN code generators 65(1)—(3) respectively
generate a unique unassigned PRN code from the received
clock signals of the synthesizers 64(1)—(3).

The mixing stages 66(1)—3) are respectively coupled to
the computers 62(1)—(3), the PRN code generators 65(1)—(3)
and the synthesizers 64(1)—(3). The mixing stages 66(1)—(3)
respectively modulate the data received from the data gen-
erators 62(1)—3) onto the PRN codes respectively received
from the PRN code generators 65(1)—(3). The mixing stages
66(1)—(3) then respectively convert the modulated PRN
codes with the L-band carrier signals respectively received
from the synthesizers 64(1)—(3). Thus, the GPS signals

27(1)—«2) and 30 are respectively generated by the signal
generators 42(1)—(3) and 44.

The amplifiers 67(1)—(30) are respectively coupled to the
mixing stages 66(1)—(3) and respectively receive the GPS
signals 27(1)~(2) or 30. The amplifiers 67(1)—~(3) then
respectively amplify the GPS signals 27(1)—«2) or 30.

In the dual imitialization configuration of FIG. 1, the
amplifiers 67(1)—«2) respectively amplify the GPS signals
27(1)—2) at the same low power level. This power level i1s
selected so that the broadcast radii of the two signal bubbles
28(1)—(2) will overlap at a height which 1s larger than the
nominal altitude (i.e. the normal altitude) for an estimated
flight trajectory along the along track axis and between the

pseudolite antennas 43(1)—(2).
In the preferred embodiment, the nominal altitude for a

flight trajectory inside the signal bubbles 28(1)—(2) will be
approximately several hundred meters. As a result, the
power used will be on the order of several uW so that signal
bubbles 28(1)—(2) have broadcast radii which overlap at a
height greater than the preferred nominal altitude of several
hundred meters.

In the single imitialization pseudolite configuration of
FIG. 8, the amplifier 67 of the signal generator 42 amplifies
the GPS signal 27 at a low power level. This power level 1s
selected so that the broadcast radius of signal bubble 28 will
be larger than the nominal altitude for an estimated flight

trajectory along the along track axis over the signal bubble
28.

As was the case in the dual pseudolite configuration, 1n
the preferred embodiment, the nominal altitude for a flight
trajectory inside the signal bubbles 28(1)—(2) will be
approximately several hundred meters. Thus, the power used
will be on the order of several uW so that signal bubble 28(1)
will have a broadcast radius greater than the preferred
nominal altitude of several hundred meters.

In the dual imitialization pseudolite configuration of FIG.
1, pseudolite antennas 43(1)—(2) are at known locations,
represented by the vectors p,;4y, With respect to the refer-
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ence antenna 40. In the preferred embodiment, these anten-
nas are located on each side of the along track axis approxi-
mately 100 meters apart 1n the cross track direction.
Furthermore, these antennas are located approximately 1000
meters 1n front of the runway 23 threshold in the along track
direction. But, in the single 1nitialization pseudolite configu-
ration of FIG. 8, pseudolite antenna 43 will be preferably
located approximately 1000 meters in front of the runway 23
on the along track axis.

Pseudolite antennas 43(1)—(2) are respectively coupled to
the amplifiers 67(1)~«(2) and respectively receive the GPS
signals 27(1)—(2). The antennas 43(1)—(2) then respectively

broadcast the GPS signals 27(1)—(2) as the low power signal
bubbles 28(1)—(2).

As 1ndicated earlier, pseudolite antenna 45 1s at a known
location, represented by the vector p,., with respect to the
reference antenna 40. In the preferred embodiment, this
location 1s approximately 1000 meters in front of the end of
runway 23 on the along track axis.

Pseudolite antenna 45 1s also coupled to the mixing stage
66(3) of the signal generator 44 and receives the GPS signal
30 from 1it. The pseudolite antenna 45 broadcasts the GPS
signal 30 as the signal beam 31.

FIG. 14 shows another embodiment of the reference
system 39. The amplifiers 67(1)-(3) are respectively
coupled to the signal receiving block 50 of reference

receiver 41 by the coaxial cables 68(1)—3). Thus, the GPS
signals 27(1)«2) and 30 are received by the reference
receiver 41 directly from signal generators 42(1)—(2) and 44
rather than from reference antenna 40. As a result, reference
antenna 40 need not be located within the signal bubbles
28(1)—(2) in this configuration.

In this embodiment, reference receiver 41 has four signal
paths. The first accommodates the GPS signals 25(1)—(4)
received from the antenna 40. The second, third, and fourth
respectively accommodate the GPS signals 27(1)—(2) and 30
received respectively from the three coaxial cables 68(1)—
(3).

Thus, 1n this embodiment the signal receiving block 67
has four signal receiving stages 53(1)—(4) and the signal
processing block 68 has four signal processing stages 54(1)
—(4). The signal receiving stages 53(1)—(4) are respectively
coupled to the signal processing stages 54(1)—(4).

The signal receiving stage 53(1) is coupled to antenna 40
for receiving GPS signals 25(1)—(4). The signal receiving
stages 53(2)—(4) are respectively coupled the coaxial cables
68(1)—(3) for respectively reeewmg the GPS signals
27(1)~(2) and 30. Except for this difference, each of the
signal receiving stages 53(1)—~(4) is otherwise configured
and coupled 1n the same way and performs the same signal
extracting and down converting functions as was earlier
described for the signal receiving stage 53 of FIG. 11.
Moreover, each of the signal processing stages 54(1)—(4) is
configured and coupled 1n the same way and performs the
same separating and information providing functions as was
carlier described for the signal processing stage 54 of FIG.

13.

Furthermore, 1 this embodiment, the integer ambiguities
N3, and n,, .,y are associated with the reference receiver 41
and the antenna 38, rather than with reference antenna 40
and antenna 38. And, the vectors p,; and p,s represent the
distances from each of the signal generators 42(1)—(2) and
44 to the reference receiver 41, rather than the distances

from the pseudolite antennas 43(1)—(2) and 45 to the refer-
ence antenna 40.

FIG. 15 shows still another embodiment of the reference
system 39. The configuration shown in FIG. 13 is the same

10

15

20

25

30

35

40

45

50

55

60

65

30

as that in FIG. 13 except that the synthesizer 56 of reference
receiver 41 1s coupled to each of the signal generators

42(1)—~(3) respectively.
This connection replaces the oscillators 63(1)—(3) and

synthesizers 64(1)—(3) of the signal generators 42(1)—(2) and
44 respectively. Since the operations of reference receiver 41

and signal generators 42(1)—(2) and 44 are now based on the
same osclllator 55, the clock synchronization errors AT o0

and AT,, are replaced by the single clock synchronization
error AT,,. Thus, Equations (4), (5), (7), and (8) can be
expressed as fellows:

(4)

D30/38 = 145738 — N3gy34 + Al — ATy

(3)

‘1’30;49 = I45/40 — 1N30/40

(7)

Dr76y/38 = Ta3qy/38 — M7ky3a + Al324ATy

(8)

‘I’z?(k);am = L43(k)/40 — N27(k)/40

Equations (5) and (8) 1n this configuration no longer include

any clock synchronization errors. Unlike the case for the
configurations of FIGS. 13 and 14, the Equations (5) and (&)
are no longer required for cancelling out the clock synchro-

nization errors AT, 5, and AT,, with the single phase
relationships of Equations (6) and (9) respectively. Thus, the
phase measurements @, and P, ., and corresponding
phase velocity measurements @, 5 ;40 and D,74,40 DEEd NOL
be measured by receiver 41 and uplinked to receiver 32.
Furthermore, the values 15,40, 03040 T43(2y/40> 30 N37y/40
need not be computed by receiver 32. Thus, the values

D30,405 (I)Z’T(k)MO: (I)25(;);4o= (I)Z’?(k)MO: T45/400 N307400 La3(k)/40
and n,52y,40 €an be implicitly removed from consideration 1n

the set of Equations (1)—42) by setting them to zero.

This configuration has an advantage over the configura-
tion of FIG. 13 1n that the number of channels required by
the signal processing block 51 1s reduced by three. This
stems from the fact that the carrier phase measurements for
the three GPS signals 27(1)—(2) and 30 need not be made.

This configuration also has an advantage over the con-
figuration of FIG. 14 in that it eliminates the three signal
receiving stages 53(2)—(4) and the three signal processing
stages 54(2)—«4) needed for making the phase measurements
for the GPS signals 27(1)—«2) and 30. It also eliminates the
need for the coaxial cables 68(1)—(3).

FIG. 16 shows a variation of the embodiment 1n FIG. 15.
In this configuration, the receiver 41 and the signal genera-
tors 42(1)—«2) and 44 are combined into a single transceiver
70. The CPU 358 of computer 57 1s directly coupled to the
mixing stages 66(1)—(3). Furthermore, the synthesizer 56 is
coupled to the mixing stages 66(1)—«3) for providing the
carrier components of the pseudolite signals 27(1)—(2) and
30. The synthesizer 56 1s also coupled to the PRN code
generators 65(1)—«(3) for providing the clock signals neces-
sary 1n generating the PRN codes of the pseudolite signals
27(1)—2) and 30 respectively.

The computer memory 359 of computer 55 stores the
signal processing routine 160, the carrier phase measuring
routine 161, the PRN code measuring routine 162, the phase
velocity measuring routine 163, the data formatting routine
164, and the reference system data base 72. In this
conflguration, the data formatting routine 164 formats the
measurements made by the routines 161-163 with the data
in the data base 72.

In alternative arrangements to any of configurations in
FIGS. 13-16, the pseudolite signals 27(1)~«2) and 30 need
not be GPS signals. In this case, synthesizers 64 may
generate carrier components for the pseudolite signals 27(1)



US RE37,256 E

31

—(2) or 30 at a frequency other than the GPS L1 frequency
of 1.575 GHz. This may be done 1n order to avoid interfer-
ence with the GPS signals 25(1)«4). Furthermore, the
pseduolite signals need not have PRN code components.
Thus, signal generators 42(1)—~(2) or 44 need not include the
PRN code generators 65(1)—(3). And finally, the pseudolite
signals 27(1)—«2) need not contain data components since
the data component of the pseudolite signal 30 will suffice
to provide receiver 32 with the all of information necessary
for making precise position determinations. Therefore, the
signal generators 42(1)—(2) need not include the computers
62(1)—(2) for providing formatted data to be modulated onto
the carrier components of the signals 27(1)—(2).

But, in order to minimize hardware costs by utilizing
existing GPS receiver technology, signal generators 42(1)—
(2) and 44 generate the pseudolite signals 27(1)—2) and 30
as GPS signals. Thus, the synthesizers 64 generate carrier
components having a frequency of 1.575 GHz and the signal
generators 42(1)—(2) and 44 include PRN code generators
62.

DETAILED DESCRIPTION OF MOBILE
SYSTEM

FIGS. 17-21 provide detailed illustrations of the GPS
mobile system 37 which makes up part of the entire GPS
system 20. The functions of the components of the mobile
system 37, 1n relation to the previously described equations,
are better understood with reference to these figures.

FIG. 2 shows one embodiment of mobile system 37. In
this embodiment, mobile system 37 includes GPS position
receiver 32, GPS attitude receiver 33, antennas 34, 35(1)—
(3), and 38.

FIG. 17 provides a more detailed illustration of part of the
configuration of FIG. 2. This figure shows the relationship
between antennas 34 and 38 and GPS receiver 32.

The antenna 34 receives GPS signals 25(1)—(4). As was
indicated earlier, 1ts position with respect to the runway 23
threshold 1s given by the vector x.

The antenna 38 receives GPS signals 27(1)—~(2) and 30. As

was also indicated earlier, 1ts position with respect to the
runway 23 threshold 1s given by the vector .

GPS position receiver 32 receives the GPS signals 25(1)
—(4), 27(1)—~(2), and 30 from the antennas 34 and 38. Like
the reference receiver 41, it includes a signal receiving block
80, a signal processing block 81, a reference oscillator 85, a
synthesizer 86, and a computer 87.

In this configuration, the signal receiving block 80 com-
prises two signal receiving stages 83(1)—(2). The signal
receiving stage 83(1) is coupled to antenna 34 for receiving
the GPS signals 25(1)—«(4). The signal receiving stage 83(2)
1s coupled to antenna 38 for receiving the GPS signals
27(1)—(2) and 30. The signal receiving stages 83(1)—(2) are
configured and coupled 1n the same way and perform the
same signal extracting and down converting functions as
was described earlier for the signal receiving stage 53 of the
reference receiver 41 1n FIG. 11.

The signal processing block 81 includes two multi-
channel signal processing stages 84(1)—(2). The signal pro-
cessing stages 84(1)—(2) are respectively coupled to the
signal receiving stages 83(1)—(2). The signal processing
stages 84(1)—(2) are configured and coupled in the same
way, perform the same signal separating and phase locking
functions, and generate the same type of phase and phase
velocity information as was described earlier for the signal
processing stage 53 of reference receiver 41 of FIG. 11.

The computer 87 1s coupled to each of the signal pro-
cessing stages 84(1)—(2). It includes a central processing
unit (CPU) 88 and a computer memory 89.
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The CPU 88 receives from the signal processing stages
84(1)—~(2) the information necessary for making the earlier
described carrier phase and PRN code measurements and
phase velocity measurements for each received GPS signal

25(1)—(4), 27(1)«2), and 30. Furthermore, the CPU 88 also
receives from the signal processing block 81 the demodu-

lated data components of the GPS signal 25(1)—(4), 27(1)—
(2), and 30.

The computer memory 89 stores the signal processing,
routine 190, the carrier phase measuring routine 191, the
PRN code phase measuring routine 192, the phase velocity
measuring routine 193, the coarse position generating rou-
tine 194, the accurate position generating routine 195, the
GPS satellite unit directional vector computation routine
196, the initialization routine 197 using just phase
measurements, the initialization routine 198 using both
phase measurements and phase velocity measurements, the
precise position generating routine 199, and the precise
position integer hand-off routine 200. Data generated by the
routines 190-200 are stored i1n the data storage area 201 of
the computer memory 89. The CPU 88 1s coupled to the
computer memory 89 for receiving the routines 190200 and

the data 1n the data storage arca 201.

The signal processing routine 190 genecrates the signal
processing control signals for controlling the carrier and
PRN code phase locking operations of the signal processing
block 81. These control signals are outputted by the CPU 88
and received by the signal processing block 81.

The carrier phase measuring routine 191 makes the phase
measurements @y 54, P3g/35, and Poy,35 based on the
information received from the signal processing block 81.
Thus, the routine 191 and the signal processing block 81
make up the carrier phase measuring component of the
receiver 32. As was indicated earlier, each of these carrier
phase measurement includes both a fractional wavelength
phase component ®, and an integer wavelength phase
change component @, .. These phase measurements are used

by receiwver 32 for making Carrier Phase Differential GPS
position determinations.

The PRN code phase measuring routine 192 makes the
PRN code phase measurements described earlier based on
the mformation received from the signal processing block
81. Thus, the routine 192 and the signal processing block 81
make up the PRN code phase measuring component of the
receiver 32. As was indicated earlier, these measurements
are used by receiver 32 for Conventional GPS and Ordinary
Ditferential GPS position determinations.

The Carrier phase velocity measuring routine 193 makes
the phase velocity measurements @, 5, and @535 from
the mformation received from the signal processing block
81. Thus, the routine 193 and the signal processing 32 block
81 make up the carrier phase velocity measuring component
of the receiver 32. As was indicated earlier, each of these
phase velocity measurements are used by receiver 32 for
calculating the initialization values necessary for Carrier
Phase Differential GPS position determinations.

The routines 191-193 issue their respective measure-
ments at the same rate as 1s do the measurement routines in
receivers 41 and 33. This 1s done so that the carrier and PRN
code phase measurements and the phase velocity measure-
ments of receivers 41 and 33 can be synchronized with the
carrier and PRN code phase measurements and phase veloc-
ity measurements of receiver 32. As was discussed earlier,

these carrier phase measurements are made by the routines
191-193 at the rate of approximately 1-10 Hz.

The coarse position generating routine 194 1s called up by
CPU 88 for coarse navigation when airplane 21 1s out of
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view of the pseudolites 26(1)—(2) and 29. The routine 194
computes position determinations using Conventional GPS

to within tens of meters of the exact location. It generates
these position determinations from (A) the PRN code phase
measurements which were made for each of the CPS signals
25(1)—(4) by signal processing block 81 and which were
measured by the routine 192, and (B) the GPS satellite
position data in the data components of the GPS signals
25(1)—(4) which were demodulated by signal processing
block 81.

The accurate position generating routine 195 1s called up
by CPU 88 for more accurate navigation when airplane 21
is in view of any of the pseudolites 26(1)—~(2) or 29. The
routine 195 generates position determinations using Ordi-
nary Differential GPS to within several meters of the exact
location. It does so by computing corrections for the PRN

code phase measurements which were made for each of the
GPS signals 25(1)—(4) by the signal receiving block 81 and

which were measured by the routine 192. These corrections
are computed from (A) the PRN code phase measurements
which were made for GPS signals 25(1)—(4) by receiver 41
and which were sampled and uplinked to receiver 32 by any

of the pseudolites 26(1)—(2) or 29, (B) the known position of
reference antenna 40 with respect to the coordinate system

used to determine the positions of the GPS satellites 24(1)
—(4), and (C) the GPS satellite position data in the data

components or the GPS signals 25(1)-(4) which were
demodulated by the signal processing block 81. The coarse
position determinations of routine 195 are then computed in
the same way as 1n routine 194 except that the computed

corrections are applied.

The unit directional vector computation routine 196 com-
putes the vectors S,y 1n the manner described earlier. Thus,
these vectors are computed from the satellite orbital posi-
fions received 1n the data components of the GPS signals
25(1)—(4) and from the known location of reference antenna
40 1n the coordinate system used to define the satellite orbital
positions.

The 1nitialization routine 197 generates the earlier
described initialization values necessary for precise position
determinations using Carrier Phase Differential GPS. This
initialization routine 197 only employs the carrier phase
measurements made by receivers 32 and 41 and involves a
multiple step process.

The routine 197 first uses Equations (35) and, if appli-
cable Equations (36) or/and (37) to compute in the manner
described earlier the initialization values Njsiy071y, and it
applicable, Nyg .5y or/fand N,z 5574y Thus, the routine
initially computes these initialization values from (A) the
measurements P, s, and P, ,y,5¢ and, 1 applicable @,
38 and @,5,y,35 Mmade at a number of epochs during the
initialization period by receiver 32, (B) the measurements
D5 5y7a0 and @7 1y40 and, 1t applicable @5, and P55y 40
made at the same epochs by receiver 41 and contained 1n the
data component of pseudolite signal 30 and, 1f applicable,
27(1) or/and 27(2), (C) the vector §,,,y computed by routine
196, (D) the coarse initial guess for position vector X,
computed by the routine 195, (E) the matrix A received from
receiver 33, aI}d (F) the predetermined vectors t, K;q, P 438>
and p,- contained in the data component of the pseudolite
signal 30 and if applicable, 27(1) or/and 27(2). These values
are recorded 1n data storage areca 201 1n such a way that the
equations generated from Equation (33) and, if applicable,
Equation (34) or/and (35), can be stacked in matrix form for
simultaneously computing the initialization values Nys ;-
(1), and 1f applicable, N3y or/and Ny; oy 574y Routine
197 uses the 1terative process described earlier for comput-
ing these values.
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Then, routine 197 uses Equation (32) and, if applicable
Equations (33) or/and (34) to compute the initialization
values n,sy and, 1t applicable, ny, or/and n,, ;. As a built
integrity check, routine 197 checks to see that the values
N5y, N30, Noyzy CONVErge to integer values at each iteration
or alfter the entire iterative process has been completed.
These values are then stored 1n storage area 201 for use by

the routines 199 and 200.

The mitialization routine 198 generates the initialization
values necessary for precise position determinations using,
Carrier Phase Differential GPS. The initialization routine
198 employs both the carrier phase measurements and phase
velocity measurements made by receivers 32 and 41 and
involves a multiple step process.

The routine 198 first uses Equation (40) to compute the

value ATBZ—AT41 at a number of epochs 1n the manner
described earlier. Thus, the routine initially computes these
initialization values from (A) the phase velocity measure-
ments O, 5,5, Made at these epochs during the mitialization
period by receiver 32, (B) the phase velocity measurements
D,5040 Made at the same epochs by receiver 41 and
contained 1n the data component of pseudolite signal 30 and,
if applicable, 27(1) or/and 27(2), and (C) the vector $,,,
computed by routine 196.

Then, routine 198 uses Equation (41) to compute the

range rate r,;,ys¢ at each epoch employed in the manner
described earlier. Thus, the routine 198 computes this value
from (A) the phase velocity measurement @, ;35 made by
receiver 32, (B) the phase velocity measurement @, /40

made by receiver 41 and contained in the data component of
pseudolite signal 30 and, if applicable, 27(1) or/and 27(2),

and (C) the value AT.,—AT,, computed by routine 198.
Next, routine 198 uses Equation (42) to compute the value
dr at each epoch employed in the way described earlier.
Thus, dr is computed from (A) the range rate i'43(k) /35 at each
of these epochs by routine 198, and (B) the guess rq434)/3¢

for the actual range rate r,;;35 Which i1s computed by
routine 198 at each of these epochs.

Routine 198 then computes 0x from Equation (43) in the

manner described earlier. Thus, it 1s computed from (A) the

— —
gUESS T /430438 10T the actual range vector 1 45455 COM-

puted from x,, (B) the guess i‘omg_(k) g Lor the actual rate of

—
change in 43435 computed from x,, (C) the earlier

described guess ryu3y38 and (D) the carlier computed

value dr. These values are stored in the storage area 200 so
that after several epochs routine 197 can generate equations
from Equation (41) which are stacked in matrix form for
solving for the unknown vector 0x. The calculation for 0x 1s
iteratively repeated until it converges to within a desired
level. This 1s done by substituting the value of 0x obtained
in the previous iteration into Equation (37) and computing
the vector x. This calculated vector x 1s then used as X, for
the next iteration. The vector 0x 1s then computed again from
Equation (43) in the way just described and compared with
the previously computed 0x to see if 1t converged to within
the desired level.

. — .
T'he guesses rou3y38 I 0430380 A0 Tou3()35 AT€ COM-

puted by routine 198 from the vector relationship which
corresponds to Equation (20). Thus, these guesses are com-
puted from (A) a coarse position fix x, received from routine
195 at each epoch, (B) the matrix A computed by receiver
33, and (C) the predetermined vectors t, Ksg, and p,s

contained 1n the data component of pseudolite signal 30 and,
if applicable, 27(1) or/and 27(2).
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Then, routine 198 uses Equation (32) and, if applicable
Equations (33) or/and (34) to compute the initialization
values n,s.y and, 1t applicable, ns, or/and n,, 4. As a built
integrity c%eck, routine 198 checks to see that the values
555y, D305 Nay(zy CONVErge to integer values at each iteration
or alter the entire iterative process has been completed.
These values are then stored 1n storage area 201 for use by

the routines 199 and 200.

The precise position generating routine 199 1s called up
by CPU 88 for precise position determinations when air-

plane 21 is in view of the pseudolites 26(1)—(2) and 29. The

routine 93 generates position determinations using Carrier
Phase Ditferential GPS to within centimeters of the exact
location.

The precise position routine 199 generates the precise
position vector x using Equations (26) and, if applicable,
Equation (27). Thus, the vector x 1s generated from (A) the
measurements @, s34 and @, 44,35 and, 1f applicable @5,
38 and @, ,y,35 Made at a each epoch after the 1nitialization
period by receiver 32, (B) the measurements D5 o and
D,71y40 and, 1 applicable @54, and @55y, made at the
same epochs by receiver 41, (C) the vector S, computed
by routine 196, and (D) the initialization values n, 5 and, if
applicable, n,,. Furthermore, for accurate landings, the
precise position routine 199 can compute the precise posi-
tion y of the bottom side antenna 38 using Equation (25).
Thus, it computes this position from (A) the attitude matrix
A computed by receiver 33, (B) the computed vector x, and
(C) the known vector k,,. For even greater accuracy in
landing, routine 199 will compute the position of the landing
gear 1n the same manner.

The integer hand-off routine 200 computes after the
initialization period the integer ambiguities n,s 4y and ns, for
any GPS signals 25(1) or 30 which were not in view during
the 1nitialization period or which were lost after this period.
This is done by using Equation (26), or if applicable,
Equation (27). Thus, the values for the new integer ambi-
guities n,s, and, if applicable, ns,, are generated from (A)
the measurements D55, and D,y 5, and, 1t applicable
D335 and D,5,55 Made at an epoch of after the initial-
ization period by receiver 32, (B) the measurements @5, .45
and D,-1y,.40 and, 1f applicable @54, and P,y Mmade at
the same epoch by receiver 41, (C) the victor §,,,y computed
by routine 196, (D) the vector x computed by routine 199 at
the same epoch, (E) the predetermined vector t and, if
applicable, the vectors p,. and K., recerved from the data
component of the GPS signal 30, and, if applicable, (E) the
matrix A. The routine 199 will then use these additionally
computed integer ambiguities for computing the precise
position vector X.

The synthesizer 86 and the reference oscillator 85 are
coupled together. The synthesizer 86 1s configured and
coupled 1n the same way and generates the same type of
down converting and clock signals as was described earlier
for the synthesizer 56 of reference receiver 41 of FIG. 11.
The oscillator 85 1s configured and coupled 1n the same way
and generates the same type of reference frequency signal as
was described earlier for the reference oscillator 35 of
reference receiver 41 of FIG. 11.

The clock signal generated by the synthesizer 85 1s
received by the signal processing stages 84(1)—(2) and the
CPU 88: Since the CPU 88 and the signal processing stages
84(1)—(2) operate based on the same clock source, the carrier
phase measurements, PRN code phase measurements, and
carrier phase velocity measurements made for each of the

GPS signals 25(1)—«(4), 27(1)—(2), and 30 are coherent (i.c.
made at the same time) with respect to each other.
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FIG. 18 provides another detailed illustration of part of
the mobile system 37. It shows the antennas 34 and 35(1)
—(3) and the GPS attitude receiver 33.

Antennas 34 and 35(1)—(3) receive GPS signals 25(1)—
(4). As was indicated earlier, the positions of antennas
35(1)—(3) with respect to antenna 34 are respectively given
by the vectors X;5.1y, X350y, and X353 10 the runway coor-
dinate system 46 and given by the vectors K54y, K552y, and
K353y 1n the body coordinate system 47.

The GPS attitude receiver 33 1s coupled to GPS position
receiver 32. It computes the attitude matrix A using Carrier
Phase Differential GPS. As was described earlier, the atti-
tude matrix A 1s used by the routines 197 and 198 of receiver
32 in computing the 1nitialization values described earlier
and 1s used by routine 199 of receiver 32 1n computing the
precise position vector y.

GPS receiver 33 receives the GPS signals 25(1)—(4) from
cach of the antennas 34 and 35(1)—«3). Like the reference
receiver 41 and the position receiver 32, 1t includes a signal
receiving block 110, a signal processing block 111, a refer-
ence oscillator 115, a synthesizer 116, and a computer 117.

In this configuration, the signal receiving block 110
comprises four signal receiving stages 113(1)—«4). The sig-
nal receiving stage 113(4) is coupled to antenna 34 for
receiving the GPS signals 25(1)—«4). The signal receiving
stages 113(1)—3) are respectively coupled to antennas 35(1)
—(3) for also receiving the GPS signals 25(1)—(4). The signal
receiving stages 113(1)—(4) are otherwise configured and
coupled in the same way and perform the same signal
extracting and down converting functions as do the signal
receiving stages 53(1)—(4) and 83(1)—«2) described earlier
for reference receiver 41 and position receiver 32 respec-
fively.

The signal processing block 111 includes four multichan-
nel signal processing stages 114(1)—(4). The signal process-
ing stages 114(1)—(4) are respectively coupled to the signal
receiving stages 113(1)—«4). The signal processing stages
114(1)«(4) are configured and coupled in the same way,
perform the same type of signal separating and phase
locking functions, and generate the same type of phase and
phase velocity information as do the signal processing stages
53(1)—~(4) and 83(1)—(2).

The computer 117 1s coupled to each of the signal
processing stages 114(1)—(4). It includes a central process-
ing unit (CPU) 118 and a computer memory 119.

The CPU 118 receives from the signal processing stages
114(1)«(4) the raw carrier phase measurements for GPS
signals 25(1)—(4).

The computer memory 119 stores the signal processing
routine 120, the carrier phase measuring routine 121, the
directional vector computation routine 122, the static atti-
tude 1nitialization routine 123, the motion based attitude
initialization routine 124, the attitude generating routine
125, and the attitude mnteger ambiguity hand-off routine 126.
The computer memory also stores data generated from these
routines 120-126 in the data storage areca 127. The CPU 118
1s coupled to the computer memory 119 for receiving the
routines 120126 and the data 1n the data storage arca 127.
The CPU 118 1s also coupled to the CPU 88 of the GPS
position receiver 32 for passing the computed attitude matrix
A to the receiver 32.

The signal processing routine 120 generates the signal
processing control signals for controlling the carrier and

PRN code phase locking operations of the signal processing
block 111. These control signals are outputted by the CPU
118 and received by the signal processing block 111.
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The carrier phase measuring routine 121 makes the phase
measurements @55, and Py5; 35y, Dased on the mfor-
mation received from the signal processing block 111. Thus,
the routine 121 and the signal processing block 111 make up
the carrier phase measuring component of the receiver 33.
As was 1ndicated earlier, each of these carrier phase mea-
surement 1ncludes both a fractional wavelength phase com-
ponent @, and an integer wavelength phase change com-
ponent @, . These phase measurements are used by receiver
33 for making Carrier Phase Differential GPS attitude deter-
minations.

The routine 121 issues the phase measurements at the
same rate as 1s do the measurement routines in receivers 41
and 32. This 1s done so that the phase measurements and the
phase velocity measurements of receivers 41 and 32 can be
synchronized with the carrier phase measurements of
receiver 33. As was discussed earlier, these carrier phase
measurements are made by the routine 121 at the rate of
approximately 1-10 Hz.

The unit directional vector computation routine 122 com-
putes the vectors $,,.y/34 10 the manner described earlier.
Thus, these vectors are computed from (A) the satellite
orbital positions received 1n the data components of the GPS
signals 25(1)—(4), and (B) the location of reference antenna
34 1n the coordinate system used to define the satellite orbital

positions computed by routine 122 from Conventional GPS
or Ordmary Differential GPS.

The static attitude mitialization routine 123 when selected
computes the initialization values nys /34735,y Irom Equa-
tion (48) in the manner described earlier. Thus, routine 123
is responsive to (A) the measurements @,y /54 and D5y,
35(m) made by routine 122 over several epochs, and (B) the
directional vectors §,, 4,5, computed by routine 122. Since
routine 123 records these values so that Equation (43) is
stacked 1 matrix form, the values n,sg;ys4/350,y can be
simultaneously solved. These mitialization values n, sy,
35(m) are then stored in the data storage area 127 for use by
the attitude determination routine 125. As a built 1n 1ntegrity
check, these values are checked to see that they converge to
integer values.

The motion based attitude initialization routine 124 when
selected also computes the 1nitialization values 0,5y/34/35(m
in the manner described earlier. This requires a multiple step
Process.

First, routine 124 nitially computes the vectors Abss,,s
using Equation (50) in the manner described earlier. Routine
124 records in data storage arca 127 the measurements
Dsiyza ANA Pysiy/350,,y Made by routine 122 at an 1nitial
epoch. Then, at a number of succeeding epochs routine 124
computes the vectors Abss,,, from (A) the measurements
Dysiyza aANd Doy 550,y recorded at the initial epoch and
made at these succeeding epochs, and (B) the unit direc-
tional vectors S, 3, computed by routine 122.

Routine 124 then computes the baseline vectors bss,,
from Equation (53). These values are generated from (A)
measurements D, 54 and Py /35, Made by routine 122
at the epochs employed, (B) the vectors Ab,, computed
from Equation (43) at each of the epochs employed after the
initial epoch, and (C) the unit directional vectors $,, /34
computed by routine 122. Routine 124 records those values
in the data storage area 127 so that Equation (53) is stacked
In matrix form. As a result, the baseline vectors b,y can
be simultaneously solved and stored 1n the data storage area

127.

Once the baseline vectors bss,,, are computed, routine
124 computes the values n,554/350, from Equation (48).
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Thus, these values are generated by routine 124 from (A) the
measurements @, 5, and @5 35,y Made by routine 122
and recorded at the initial epoch, (B) from the baseline
vectors bss,,,, computed and stored in storage area 127, and
(C) the unit directional vectors $,, /54 computed by routine
122. The computed initialization values N5y 34/350m are
then stored in data storage area 127 for use by the attitude
determination routine 125. As a built 1n integrity check, the
values 0,5 /3435 can be checked to see that they converge
to mteger values.

The attitude determination routine 125 computes the
attitude matrix A at each epoch in the manner described
carlier. This involves a five step process.

First, routine 125 computes at each epoch the differential
ranges Ar,, 4350, Using Equation (44). Thus, these dif-
ferential ranges Ars,/34/350m are computed from (A) the
measurements ©,s ;54 and @ys /350, Made by routine 122
at each epoch, (B) the initialization values n,s.y34/350m
computed by routines 123 or 124, and (C) the unit direc-
tional vectors §,, 5, computed by routine 122.

Routine 125 computes the 1initial estimate A, at each
epoch by minimizing Equation (60). Thus, the initial esti-
mate A, 1s generated by routine 125 from (A) the predeter-
mined measurement weights W5,y 04¢, (B) the differential
ranges Aty nsa/350m cOmputed by routine 125, (C) the
known vectors K5y, and (D) the unit directional vectors
S>a¢ computed by routine 122.

The routine 125 then computes the vector 0® at each
epoch by minimizing the Equation (66). Thus, the vector 00
is generated by routine 125 from (A) the predetermined
measurement weights Ws,.y 4y, (B) the differential ranges
Az aciyzasseny computed by routine 125, (C) the initial
estimate A, computed by routine 125, (D) the matrix B ,,*
computed by routine 125, and (E) the computed unit direc-
tional vectors S,,;/34-

Routine 125 then computes the matrix & using Equation
(65). Thus, the matrix ®" is generated by routine 125 from
the elements of the computed vector 00.

The routine 125 then computes the correctional matrix 6A
using Equation (63). As a result, the matrix dA is generated
by routine 125 from the computed matrix ",

The routine 125 then computes the matrix A using Equa-
tion (63). Thus, matrix A is generated by routine from the
computed correctional matrix 0A.

The routine 125 repeats this process iteratively until the
value for A converges to within a desired level. As was
discussed earlier, this 1s done by substituting the estimate
matrix A from the previous iteration into Equation (66) as
the matrix A, for the next iteration. The new estimate A 1s
then computed and compared with the estimate A from the
previous 1teration. This process 1s continued until the esti-
mate for A converges to within the desired level.

[

The integer hand-off routine 126 computes after the
initialization period the integer ambiguities Ny sy 34735, 1O
any GPS signals 25(1) which were not in view during the
mnitialization period or which were lost after this period. This
is done by using Equation (59). Thus, the values for the new
integer ambigUIties N5y 34,35, A€ generated from (A) the
measurements Dys,y,34 and o535, Made at an epoch,
(B) the known vectors Kss,,, and (C) the known attitude
matrix A computed by routine 125. The routine 125 will then
use these additionally computed mteger ambiguities 1n com-
puting the attitude matrix A.

The synthesizer 116 and the reference oscillator 115 are
coupled together. The synthesizer 116 1s configured and
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coupled 1 the same way and performs the same down
converting and clock signal generating functions as do the
synthesizers 56 and 86. The oscillator 115 1s configured and
coupled 1n the same way and performs the same reference
frequency signal generating functions as does the reference

oscillator 55 and S8S5.

The clock signal generated by the synthesizer 116 1s
received by the signal processing stage 114 and the CPU
118. Since the CPU 118 and the signal processing stage 114
operate based on the same clock source, the carrier phase
measurements made for each of the GPS signals 25(1)—(4)
are coherent (i.e. made at the same time) with respect to each
other.

FIG. 19 shows an alternative embodiment for the airborne
components of system 20. In this configuration, there 1s a
single GPS receiver 32 which computes both position deter-
minations and attitude determinations.

Receiver 32 now has five signal paths. The first accom-
modates the GPS signals 25(1)—(4) received from the
antenna 34. The second, third, and fourth signal paths

respectively accommodate the GPS signals 25(1)—(4)
received by the antennas 35(1)—(3). And, the fifth accom-
modates the GPS signals 27(1)—~2) and 30 received from the

antenna 38.

Thus, 1n this embodiment the signal receiving block 80
has five signal receiving stages 83(1)—(5) and the signal
processing block 81 has five signal processing stages 84(1)
—(5). The signal receiving stages 83(1)—(5) are respectively
coupled to the signal processing stages 84(1)—(5).

The signal receiving stages 83(1)—(5) are respectively
coupled to the antennas 34, 35(1)—(3), and 38. Except for
this difference, each of the signal receiving stages 83(1)—(5)
1s otherwise configured and coupled in the same way and
performs the same signal extracting and down converting,
functions as was ecarlier described for the signal receiving
stage 53 of FIG. 11. Moreover, each of the signal processing
stages 84(1)—(5) 1s configured and coupled in the same way,
perform the same type of separating and phase locking
functions, and generate the same type of phase and phase
velocity information as was described earlier for the signal
processing stage 54.

Furthermore, computer memory 89 of computer 87 stores
in this configuration the signal processing routine 190, the
carrier phase measuring routine 191, the PRN code phase
measuring routine 192, the phase velocity measuring routine
193, the coarse position generating routine 194, the accurate
position generating routine 195, the unit directional vector
computing routines 196 and 122, the imitializing routines
196 and 197, the precise position generating routine 198, the
precise position hand-off routine 199, the static attitude
mitialization routine 123, the motion based attitude initial-
ization routine 124, the altitude generating routine 125, and
the attitude integer hand-off routine 126. The computer
memory also stores data generated from these routines

190200 and 122-126 in the data storage arca 201. The CPU

88 1s coupled to the computer memory 89 for receiving the
routines 190-200 and 122-126 and the data in the data

storage arca 201.

FIG. 20 shows another embodiment for the airborne
components of system 20. In this configuration, an inertial
measurement unit (IMU) 130 has been substituted for the
GPS attitude receiver 33. The IMU 130 1s coupled to the
CPU 88 of receiver 32.

In one embodiment, the IMU 130 can directly provide
receiver 32 with the computed attitude matrix A.
Alternatively, the computer memory 89 can store a routine
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131 for converting the attitude parameters yaw, pitch, and
roll supplied by the IMU 130 into the matrix A.

FIG. 21 shows another embodiment for the airborne
components of system 20. In this configuration, only a single
antenna 34 and a single receiver 32 are mounted on airplane
21. Recerver 32 now has only one signal path. It accommo-
dates the GPS signals 25(1)~«(4), 27(1)—~(2), and 30 all

received from the antenna 34.

Thus, 1n this embodiment the signal receiving block 80
has a single receiving stage 83 and the signal processing
block 81 has a single signal processing stages 84. The signal

receiving stage 83 1s coupled to the signal processing stage
84.

The signal receiving stage 83 1s coupled to the antenna 34.
Except for this difference, the signal receiving stage 83 is
otherwise configured and coupled in the same way and
performs the same signal extracting and down converting
functions as was earlier described for the signal receiving
stage 53 of FIG. 11. Moreover, the signal processing stage
84 1s configured and coupled in the same way, performs the
same type of separating and phase locking functions, and
ogenerates the same type of phase and phase velocity infor-
mation as was described earlier for the signal processing
stage 54.

The computer 87 1s coupled to the signal processing stage
83. It otherwise 1s coupled 1n the same way and stores the

same routines as was described earlier for the receiver 32 of
the embodiment of FIG. 2.

CONCLUSION

Many of the individual elements of the components of
system 20 are known 1n the art. In fact, many are found in

commercially available products.

Specifically, the GPS antennas 34, 35(1)—(3), 38, 40 and
43(1)—~(2) are of the type commonly known as standard
hemispherical microstrip patch antennas. The GPS antenna
45 1s of the type commonly known as a standard helical
antenna.

The signal receiving stages 53(1)—«4), 83(1)—(5), and
113(1)—<(4), the signal processing stages 54(1)—«(4), 84(1)—
(5), and 114(1)—(4), the synthesizers 55, 85 and 115, the
oscillators 56, 86, and 116, and the computers 57, 87, and
117 and their respective signal processing routines 160, 190,
and 120, carrier phase measuring routines 161, 191, and 121,
PRN code phase measuring routines 162 and 192, phase
velocity measuring routines 163 and 193 may be of the type
commonly found 1n a Trimble 4000 Series GPS receiver.

The reference oscillators 63(1)—(3), the synthesizers 64(1)
—(3), the PRN code generators 65(1)—(3), the mixing stages
66(1)—(3), and the amplifiers 67(1)—(3) may be commonly
found 1n a GS5-100 signal generator produced by Welnavi-
gate.

Although these figures and the accompanying description
are provided 1n relation to an airplane, one skilled 1n the art
would readily understand that the invention is applicable to
Carrier Phase Differential Position determinations for any
land, sea, air, or space vehicle. Furthermore, while the
present invention has been described with reference to a few
specific embodiments, the description is illustrative of the
invention and 1s not to be construed as limiting the inven-
tion. Indeed, various modifications may occur to those
skilled 1n the art without departing from the true spirit and
scope of the 1nvention as defined by the appended claims.

What 1s claimed 1s:

1. A method of resolving integer wavelength ambiguities
assoclated with phase measurements made for GPS carrier
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signals transmitted by GPS satellites, the method being used
with an aircraft on a final approach trajectory to a runway,
the method comprising the steps of:

positioning one or more pseudolites each at a fixed known
location with respect to a reference coordinate system
in front of the runway below the final approach trajec-
tory of the aircraft;

with the one or more pseudolites, transmitting one or
more pseudolite carrier signals;

with a mobile GPS receiver system mounted on the

aircrait:

receiving the transmitted one or more pseudolite carrier
signals and the transmitted GPS carrier signals;

making phase measurements for the received one or
more pseudolite carrier signals and the recerved GPS
carrier signals at measurement epochs while the
aircraft 1s on the final approach trajectory, there
bemng an integer wavelength ambiguity associated
with the phase measurements made for each of the
received GPS carrier signals;

determining directions to the GPS satellites with
respect to the reference coordinate system at the
measurement epochs; and

resolving the integer wavelength ambiguities 1n
response to the phase measurements, the known
location of each of the one or more pseudolites, and
the determined [lines of sight] directions to the GPS
satellites.

2. The method of claim 1 wherein:

the final approach trajectory has an along track compo-
nent;

the one or more pseudolites comprise two pseudolites
further positioned 1n the positioning step on opposite
sides of the along track component of the {final
approach trajectory.

3. The method of claim 1 wherein:

cach of the one or more pseudolite carrier signals 1s
transmitted 1n the pseudolite carrier signal transmitting
step as a low power signal bubble;

the phase measurements are made 1n the phase measure-
ment making step while the aircraft flies through the
onc or more low power signal bubbles on the final
approach trajectory.

4. The method of claim 3 wherein each of the one or more
pseudolite carrier signals 1s transmitted 1n the transmitting,
step with a pseudo-random code signal as an L1 C/A GPS
signal.

5. The method of claim 1 wherein:

the mobile receiver system comprises a top side antenna
mounted on top of the aircraft and a bottom side
antenna mounted on bottom of the aircraft;

the GPS carrier signals being received 1n the receiving
step with the top side antenna;

the one or more pseudolite carrier signals being received
in the receiving step with the bottom side antenna.
6. The method claim 1 wherein:

the phase measurements are made 1n the phase measure-
ment step during a period 1n which the aircraft flies over
the one or more pseudolites on the final approach
trajectory and a large angular change 1n geometry
occurs between the mobile GPS receiver system and
the one or more pseudolites;

the integer ambiguities are resolved in the resolving step
[with] withour searching through a set of potential
solutions by batch processing of (A) the phase
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measurements, (B) the known location of each of the
one or more pseudolites, and (C) the determined direc-
tions to the GPS satellites.

7. The method claim 6 wherein:

the mobile GPS receiver has undetermined positions with

respect to the reference coordinate system at the mea-
surement epochs;

the integer wavelength ambiguities are resolved with the
batch processing in the resolving step based on a set of
simultaneous equations that relate (A) the phase
measurements, (B) the known location of each of the
one or more pseudolites, (C) the determined directions
to the GPS satellites, (D) the integer wavelength
ambiguities, and (E) the undetermined positions of the
mobile GPS receiver system, the number of the mea-
surement epochs and the pseudolite and GPS carrier
signals being such that the set of simultancous equa-
tions 1s overdetermined.

8. The method of claim 7 further comprising the step of:

with the mobile GPS receiver system, computing initial
guesses for the undetermined positions of the mobile
GPS recelver system;

the set of simultaneous equations comprising a set of
non-linear equations that are linearized so that the
undetermined positions of the mobile GPS receiver
system are represented as estimates and precise ditfer-
ences between the estimates and the undetermined
posItions;

the 1nteger wavelength ambiguities being 1iteratively

resolved with the batch processing 1n the resolving step
by (A) resolving the integer wavelength ambiguities
and computing the [corrections] precise differences in
iterations based on the set of simultanecous equations,
(B) in an initial one of the iterations, using the initial
guesses as the estimates, and (C) in each subsequent
one of the iterations, using as the estimates the esti-
mates used 1n a directly preceding one of the iterations
adjusted by the precise differences computed m the
directly preceding one of the iterations.

9. A method of resolving integer wavelength ambiguities
assoclated with phase measurements made for GPS carrier
signals transmitted by GPS satellites, the method comprising
the steps of:

positioning one or more pseudolites each at a fixed known
location with respect to a reference coordinate system,;

with the one or more pseudolites, transmitting one or
more pseudolite carrier signals;

with a mobile GPS receiver system:

receiving the transmitted one or more pseudolite carrier
signals and the transmitted GPS carrier signals;

making phase measurements for the received one or
more pseudolite carrier signals and the received GPS
carrier signals at measurement epochs while a large
angular change 1n geometry occurs between the
mobile GPS receiver system and the one or more
pseudolites, there being an 1nteger wavelength ambi-
guity associlated with the phase measurements made
for each of the received GPS carrier signals;

determining directions to the GPS satellites with
respect to the reference coordinate system at the
measurement epochs; and

resolving the integer wavelength ambiguities 1n
response to the phase measurements, the known
location of each of the one or more pseudolites, and
the determined [lines of sights] directions to the GPS
satellites.
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10. The method claim 9 wherein the integer ambiguities
are resolved in the resolving step [with] without searching
through a set of potential solutions by batch processing of
(A) the phase measurements, (B) the known location of each
of the one or more pseudolites, and (C) the determined
directions to the GPS satellites.

11. The method claim 10 wherein:

the mobile GPS receiver has undetermined positions with
respect to the reference coordinate system at the mea-
surement epochs;

the mteger wavelength ambiguities are resolved with the
batch processing in the resolving step based on a set of
simultancous equations that relate (A) the phase
measurements, (B) the known location of each of the
one or more pseudolites, (C) the determined directions
to the GPS satellites, (D) the integer wavelength
ambiguities, and (E) the undetermined positions of the
mobile GPS receiver system, the number of the mea-
surement epochs and the pseudolite and GPS carrier
signals being such that the set of simultancous equa-
tions 1s overdetermined.

12. The method of claim 11 further comprising the step of:

with the mobile GPS receiver system, computing initial
guesses for the undetermined positions of the mobile
GPS recelver system;

the set of simultancous equations comprising a set of
non-linear equations that are linearized so that the
undetermined positions of the mobile GPS receiver
system are represented as estimates and precise differ-
ences between the estimates and the undetermined
positions;

the integer wavelength ambiguities being iteratively
resolved with the batch processing 1n the resolving step
by (A) resolving the integer wavelength ambiguities
and computing the precise differences i1n iterations
based on the set of simultaneous equations, (B) in an
initial one of the iterations, using the initial guesses as
the estimates, and (C) in each subsequent one of the
iterations, using as the estimates the estimates used 1n
a directly preceding one of the iterations adjusted by
the precise differences computed 1n the directly pre-
ceding one of the iterations.

13. The method of claim 9 wherein:

the mobile GPS receiver system 1s mounted on an aircraft
on a final approach trajectory to a runway; and

cach of the one or more pseudolites 1s positioned 1n the
positioning step 1n front of the runway below the final
approach trajectory;

the phase measurements are made 1n the phase measure-
ment step during a period 1in which the aircraft flies over
the one or more pseudolites on the final approach

trajectory and the large angular change 1n geometry

OCCUTS.
14. The method of claim 13 wherein:

the final approach trajectory has an along track compo-
nent,

the one or more pscudolites comprise two pseudolites
further positioned 1n the positioning step on opposite
sides of the along track component of the {final
approach trajectory.

15. A method of making position determinations for a

mobile GPS receiver system mounted on an aircraft on a

final approach trajectory to a runway, the method comprising
the steps of:

positioning one or more pseudolites each at a fixed known
location with respect to a reference coordinate system
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in front of the runway below the final approach trajec-
tory of the aircraft;

with the one or more pseudolites, transmitting one or
more pseudolite carrier signals;

with a GPS reference system:
receiving GPS carrier signals transmitted by GPS sat-
cllites at a fixed known reference location with
respect to the reference coordinate system;
transmitting reference phase information associated
with the GPS carrier signals received with the GPS
reference system;

with the mobile GPS receiver system:

receiving the transmitted one or more pseudolite carrier
signals, the transmitted GPS carrier signals, and the
transmitted reference phase information;

making phase measurements for the one or more
pseudolite carrier signals and the GPS carrier signals
received with the mobile GPS receiver system at
measurement epochs during an 1nitialization period
while the aircraft 1s on the final approach trajectory
and making phase measurements for the GPS carrier
signals received by the mobile GPS receiver system
at measurement epochs after the mnitialization period
while the aircraft i1s still on the final approach
trajectory, there being an integer wavelength ambi-
ouity assoclated with the phase measurements made
for each of the GPS carrier signals;

determining directions to the GPS satellites with
respect to the reference coordinate system at the
measurement epochs during and after the 1nitializa-
tion period;

resolving the integer wavelength ambiguities in
response to (A) the phase measurements made at the
measurement epochs during the initialization period,
(B) the known location of each of the one or more
pseudolites, (C) the reference phase information
received during the initialization period, and (D) the
determined directions to the GPS satellites at the
measurement epochs during the 1nitialization period;
and

computing positions for the mobile GPS receiver sys-
tem with respect to the reference coordinate system
at the measurement epochs after the initialization
period in response to (A) the resolved integer
ambiguities, (B) the phase measurements made at the
measurement epochs after the inmitialization period,
(C) the reference phase information received after
the initialization period, and (D) the determined
[lines of sight] directions to the GPS satellites at the
measurement epochs after the initialization period.

16. The method or claim 15 wherein the reference phase

information 1s transmitted in the reference phase information
fransmitting step from a fixed different location than the
known location of each of the one or more pseudolites so
that the transmitted reference phase information 1s received
with the mobile GPS receiver system during and after the
initialization period while the aircraft 1s on the final
approach trajectory.

17. The method of claim 15 further comprising the step of:

with the GPS reference system, making phase measure-
ments for the GPS carrier signals received with the

GPS reference system at the measurement epochs dur-
ing and after the initialization period;

the reference phase information transmitted during and
after the mmitialization period in the reference phase
information transmitting step comprising the phase
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measurements made during and after the 1nitialization
period with the GPS reference system.

18. The method of claim 15 wherein:

the final approach trajectory has an along track compo-
nent;

the one or more pseudolites comprise two pseudolites
further positioned 1n the positioning step on opposite
sides of the along track component of the {final

approach trajectory.
19. The method of claim 15 wherein:

cach of the one or more pseudolite carrier signals 1s
transmitted 1n the pseudolite carrier signal transmitting
step as a low power signal bubble;

the phase measurements made 1n the phase measurement

making step during the initialization period are made

while the aircraft flies through the low power signal
bubbles on the final approach trajectory.

20. The method of claim 19 wherein each of the one or

more pseudolite carrier signals 1s transmitted 1n the trans-

mitting step with a pseudo-random code signal as an L1 C/A
GPS signal.
21. The method of claim 15 wherein:

the mobile receiver system comprises a top side antenna
mounted on top of the aircraft and a bottom side
antenna mounted on bottom of the aircraft;

the GPS carrier signals being received with the top side
antenna 1n the receiving step with the mobile GPS
recelver system;

the one or more pseudolite carrier signals being received
with the bottom side antenna 1n the receiving step with
the mobile GPS receiver system.

22. The method of claim 15 wherein the phase measure-
ments made i1n the phase measurement step during the
initialization period are made while the aircraft flies over the
one or more pseudolites on the final approach trajectory and
a large angular change 1n geometry occurs between the
mobile GPS receiver system and the one or more pseudo-
lites.

23. The method of claim 22 wherein the integer ambigu-
ities are resolved in the resolving step [with] without search-
ing through a set of potential solutions by batch processing
of (A) the phase measurements made at the measurement
epochs during the initialization period, (B) the known loca-
tion of each of the one or more pseudolites, (C) the reference
phase information received during the 1nitialization period,
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and (D) the determined directions to the GPS satellites at the
measurement epochs during the initialization period.

24. The method claim 23 wherein:

the mobile GPS receiver has undetermined positions with
respect to the reference coordinate system at the mea-
surement epochs during the initialization period;

the integer wavelength ambiguities are resolved with the
batch processing in the resolving step based on a set of
simultaneous equations that relate (A) the phase mea-
surements made at the measurement epochs during the
initialization period, (B) the known location of each of
the one or more pseudolites, (C) the reference phase
information received during the initialization period,
(D) the determined directions to the GPS satellites at

the measurement epochs during the initialization, (E)

the integer wavelength ambiguities, and (F) the unde-

termined positions of the mobile GPS receiver system
at the measurement epochs during the initialization
period, the number of the measurement epochs and the
pseudolite and GPS carrier signals being such that the
set of simultaneous equations 1s overdetermined.

25. The method of claim 24 further comprising the step of:

with the mobile GPS receiver system, computing initial
oguesses for the undetermined positions of the mobile
GPS receiver system;

the set of simultaneous equations comprising a set of
non-linear equations that are linearized so that the
undetermined positions of the mobile GPS receiver
system are represented as estimates and precise ditfer-
ences between the estimates and the undetermined
posItions;

the integer wavelength ambiguities being 1iteratively
resolved with the batch processing 1n the resolving step
by (A) resolving the integer wavelength ambiguities
and computing the [corrections] precise differences in
iterations based on the set of simultancous [lincarized
non-linear] equations, (B) in an initial one of the
iterations, using the 1nitial guesses as the estimates, and
(C) in each subsequent one of the iterations, using as
the estimates the estimates used 1n a directly preceding
one of the iterations adjusted by the precise differences
computed 1n the directly preceding one of the itera-
tions.
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