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(57) ABSTRACT 

An improved fully-coupled vehicle positioning method and 
system with differential GPS can substantially solve the 
problems encountered in either the global positioning Sys 
tem-only or the inertial navigation System-only, Such as loSS 
of global positioning Satellite Signal, Sensitivity to jamming 
and Spoofing, and an inertial Solution's drift over time. In the 
present invention, the Velocity and acceleration from an 
inertial navigation processor of the integrated GPS/INS 
System are used to aid the code and carrier phase tracking of 
the global positioning System Satellite signals, So as to 
enhance the performance of the global positioning and 
inertial integration System, even in heavy jamming and high 
dynamic environments. To improve the accuracy of the 
integrated GPS/INS navigation System, phase measurements 
are used and the idea of the differential GPS is employed. A 
master-Slave relative positioning Scheme is invented and is 
effective for high accuracy formation driving and flight. 
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FULLY COUPLED VEHICLE POSITONING 
METHOD AND SYSTEM THEREOF 

CROSS REFERENCE OF RELATED 
APPLICATION 

0001. This is an improved non-provisional application of 
a previous allowed non-provisional application, application 
number 09/246883, filed on Feb. 8, 1999, and another 
non-provisional application, application number 09/661, 
587, filed on Sep. 14, 2000. 

FIELD OF THE PRESENT INVENTION 

0002 The present invention relates generally to a global 
positioning System and inertial measurement unit (GPS/ 
IMUT) integrated positioning and navigation method and 
System, and more particularly to an improved fully-coupled 
integration method and System of the global positioning 
system (GPS) receiver and the inertial measurement unit 
(IMU), which allows the mutual aiding operation of the GPS 
receiver and the inertial navigation System (INS) at an 
advanced level with features of inertial aiding global posi 
tioning System Satellite Signal tracking, fuzzy logic for 
attitude determination, master-Slave relative positioning, 
robust attitude determination, and on-the-fly resolution of 
GPS carrier phase integer ambiguities and real-time posi 
tioning in the differential GPS mode. 

BACKGROUND OF THE PRESENT 
INVENTION 

0003. The GPS user equipment, which comprises an 
antenna, a Signal processing unit, and associated electronics 
and displays, receives the signals from the GPS satellites to 
obtain position, Velocity, and time Solutions. There are two 
types of GPS observables: code pseudoranges and carrier 
phases. Phase measurements are based on two L-band 
carrier frequencies. One is the L1 carrier with frequency 
1575.42 MHZ and the other is the L2 carrier with frequency 
1227.60 MHz. For pseudorange measurements, there are 
two basic types of Pseudo Random Noise (PRN) code 
measurements. One is known as the C/A (Coarse/Acquisi 
tion) code modulated on the L1 frequency only and the other 
is known as the P (Precise) code modulated on both L1 and 
L2 frequencies. In addition to the above information in the 
GPS signals, the GPS signals also modulate the navigation 
message, which includes GPS time, clock corrections, 
broadcast ephemerides, and System status, on both L1 and 
L2 frequencies. 
0004. Because of the navigation message transmitted by 
the GPS satellites, the positions and velocities of the GPS 
Satellites can be computed. Therefore, the propagating time 
of a GPS signal can be determined. Since the signal travels 
at the Speed of light, the user can calculate the geometrical 
range to the Satellite. In this way, the code pseudorange 
measurements can be determined and is degraded by errors, 
Such as ephemeris errors, user and Satellite clock biases 
(including Selective availability (SA)), atmospheric effects 
(ionosphere and troposphere), and measurement noise 
(receiver error and random noise). These errors not only 
affect pseudorange measurements but phase measurements. 
The most obvious difference between both measurements is 
the measurement error. For phase measurements, the mea 
Surement noise is of the order of a few millimeters and for 
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pseudorange measurements, the measurement noise is accu 
rate to about 30 centimeters (for the P code) or 3 meters (for 
the C/A code). 
0005. The Global Positioning System, GPS, contains a 
number of error Sources: the Signal propagation errors, 
Satellites errors, and the Selective availability. The user range 
error (URE) is the resultant ranging error along the line-of 
Sight between the user and the global positioning System 
Satellite. Global positioning System errors tend to be rela 
tively constant (on average) over time, thus giving the global 
positioning System long-term error Stability. However, the 
Signals of the global positioning System may be intentionally 
or unintentionally jammed or Spoofed, or the global posi 
tioning System (GPS) receiver antenna may be obscured 
during vehicle attitude maneuvering, and the global posi 
tioning System signals may be lost when the Signal-to-noise 
ratio is low and the vehicle is undergoing highly dynamic 

CUWCS. 

0006 In addition to the unavoidable errors (such as 
ionospheric delay, tropospheric delay, clock biases, and 
measurement errors) and the intentional error (Such as SA), 
the GPS measurements (pseudorange and phase) may also 
be affected by the environment surrounding a GPS user 
antenna. Like the multipath effect, because of an object 
nearby the user antenna, the antenna receives not only a 
direct signal from a GPS satellite but also a second or more 
reflected or diffracted signals from the object. For a highly 
dynamic vehicle, the onboard GPS receiver may lose the 
lock of a GPS signal because the signal-to-noise ratio (SNR) 
is low or the GPS signal is blocked by the body of its own 
vehicle. 

0007 Typically, the navigation solution is estimated by 
using the pseudorange measurements. Since the Satellite 
clock biases are provided by the navigation message, for 
three-dimensional position determination, in addition to the 
three unknowns in position, the receiver (user) clock bias 
also needs to be estimated, i.e., there are four unknowns for 
the navigation Solution. As a result, for a Stand-alone 
receiver, the position determination usually needs a mini 
mum of four visible GPS satellites, and the estimated 
position is accurate to about 100 meters with SA on. In order 
to improve the accuracy of the estimated position, the phase 
measurements will be used. Also, to eliminate the most of 
SA and other common errors (for example, receiver and 
satellite clock biases), the differential GPS will be 
employed. As a result, the accuracy of the estimated position 
is of the order of a few centimeters. However, to achieve the 
centimeter accuracy, one of the key Steps is to resolve carrier 
phase integer ambiguities. 

0008 An inertial navigation system (INS) comprises an 
onboard inertial measurement unit (IMU), a processor, and 
embedded navigation Software(s), where the components of 
the IMU include the inertial sensors (accelerometers and 
gyros) and the associated hardware and electronics. Based 
on measurements of vehicle Specific forces and rotation rates 
obtained from onboard inertial Sensors, the positioning 
Solution is obtained by numerically Solving Newton's equa 
tions of motion. 

0009. The inertial navigation system is, in general, clas 
sified as a gimbaled configuration and a strapdown configu 
ration. For a gimbaled inertial navigation System, the accel 
erometers and gyros are mounted on a gimbaled platform to 
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isolate the sensors from the rotations of the vehicle and then 
to keep the measurements and navigation calculations in a 
Stabilized navigation coordinate frame. Generally, the 
motion of the vehicle can be expressed in Several navigation 
frames of reference, Such as earth centered inertial (ECI), 
earth-centered earth-fixed (ECEF), locally level with axes in 
the directions of north-east-down (NED), and locally level 
with a wander azimuth. For a strapdown inertial navigation 
System, the inertial Sensors are rigidly mounted to the 
vehicle body frame. In order to perform the navigation 
computation in the Stabilized navigation frame, a coordinate 
frame transformation matrix is used to transform the accel 
eration and rotation measurements from the body frame to 
one of the navigation frames. 
0010. In general, the measurements from the gimbaled 
inertial navigation System are more accurate than the ones 
from the Strapdown inertial navigation System. And, the 
gimbaled inertial navigation System is easier in calibration 
than the Strapdown inertial navigation System. However, the 
Strapdown inertial navigation Systems are more Suitable for 
higher dynamic conditions (such as high turn rate maneu 
vers) which can stress inertial sensor performance. Also, 
with the availability of modem gyros and accelerometers, 
the Strapdown inertial navigation Systems become the pre 
dominant mechanization due to their low cost and reliability. 
0.011 Inertial navigation Systems, in principle, permit 
pure autonomous operation and output continuous position, 
Velocity, and attitude data of the vehicle after initializing the 
Starting position and initiating an alignment procedure. In 
addition to autonomous operation, other advantages of an 
inertial navigation System include the full navigation Solu 
tion and wide bandwidth. However, an inertial navigation 
System is expensive and is degraded with drift in output 
(position and Velocity) over an extended period of time. It 
means that the position and Velocity errors increase with 
time. This error propagation characteristic is primarily 
caused by, Such as, gyro drift, accelerometer bias, misalign 
ment, gravity disturbance, initial position and Velocity 
errors, and Scale factor errors. 
0012 Under the requirements, such as low cost, high 
accuracy, continuous output, high degree of resistance to 
jamming, and high dynamics, the Stand-alone INS and 
stand-alone GPS have difficulties to perform properly. 
Therefore, to decrease or diminish the drawbacks for each 
system (INS and GPS), the integration of both systems is 
one of the ways to achieve the above requirements. In 
general, there are three conventional approaches for inte 
grating the GPS and INS. The first approach is to reset 
directly the INS with the GPS-derived position and velocity. 
The Second approach is the cascaded integration where the 
GPS-derived position and velocity are used as the measure 
ments in an integration Kalman filter. The third approach is 
to use an extended Kalman filter which processes the GPS 
raw pseudorange and delta range measurements to provide 
optimal error estimates of navigation parameters, Such as the 
inertial navigation System, inertial Sensor errors, and the 
global positioning System receiver clock offset. 
0013 However, there are some shortcomings of the 
above existing integration approaches and they are Summa 
rized as follows: 

0.014) 1. In the conventional global positioning system 
and inertial navigation System integration approaches, only 
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position and velocity from the output of the GPS receiver or 
the GPS raw pseudorange and delta range measurements are 
used. However, the GPS raw phase measurements haven’t 
been used for an integration Solution, although the phase 
measurements are accurate to a few millimeters in contrast 
to 30 centimeters for the P code pseudorange or 3 meters for 
the C/A code pseudorange in the presence of measurement 
OSC. 

0015 2. There is a significant impediment to the aiding of 
the global positioning System signal tracking loops with an 
inertial navigation System. It is that the aiding causes the 
potential instability of the conventional global positioning 
System and inertial navigation integration System because of 
a positive feedback Signal loop in the integrated global 
positioning and inertial System. As a result, the degradation 
in accuracy of the inertial aiding data increases the Signal 
tracking errors. And, the increased tracking errors are fed 
back into the inertial System. This may cause further deg 
radation of the inertial System because the measurements 
may severely affect the Kalman filter, which is well tuned for 
a low accuracy inertial navigation System. 
0016 3. The inertial sensors in the conventional tightly 
coupled GPS and inertial integration System can not provide 
the high accuracy in Velocity. Therefore, the aiding of a 
carrier phase tracking loop can not execute properly due to 
the need for high accuracy of the external input Velocity. 

SUMMARY OF THE PRESENT INVENTION 

0017. An objective of the present invention is to use the 
Velocity and acceleration from an inertial navigation pro 
ceSSor, which are corrected by a Kalman filter, as the aiding 
of the code and carrier phase tracking of the GPS satellite 
signals so as to enhance the performance of the GPS/INS, 
even in heavy jamming and high dynamic environments, 
and to improve the accuracy of the receiver position and 
velocity by using differential GPS. To accurately determine 
the receiver position and Velocity at the centimeter level, the 
GPS phase measurements will be used and the differential 
GPS will be employed. In this invention, a new process 
(OTF (on-the-fly) technique) is disclosed to resolve the 
integer ambiguities on the fly and estimate the receiver 
position in real time. The results of GPS estimates will 
increase the accuracy of the inertial navigation System and 
therefore enhance the capability of the GPS tracking loop. 
0018. Another objective of the present invention is that 
the self-contained INS complements the GPS as the GPS 
receiver loses lock of the GPS signals. Once the GPS 
receiver regains the Signals and then estimates the receiver 
position and Velocity, the output (position and Velocity) of 
the GPS receiver is used to correct the position and velocity 
of the INS that have drifted. 

0019. Another objective of the present invention is that a 
data link is used to receive the data, Such as position, 
Velocity, and raw measurements, from a reference Site in 
addition to a GPS receiver to collect the raw measurements 
for a rover site. Using the differential GPS and phase 
measurements, the accuracy of the GPS positioning is of the 
order of centimeter level after fixing the integer ambiguities, 
and, as a result, the integrated GPS/INS is applicable in high 
accuracy positioning. 
0020. Another objective is to use fuzzy logic for multi 
antenna GPS attitude determination, where false GPS mea 
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Surements are isolated to enhance the robustness of the 
attitude determination System. 
0021 Another objective is to use a master-slave scheme 
for relative positioning using GPS which is difficult to 
intercept indirectly. 
0022. A further objective of the present invention is that 
the inertial navigation System can aid the resolution of the 
GPS carrier phase integer ambiguities by providing more 
accurate position information. 
0023. Another objective of the present invention is that 
the Kalman filter processes the GPS phase measurements as 
well as the GPS pseudorange and delta range from both 
reference and rover Sites, So as to improve the accuracy of 
the integrated positioning Solution. 
0024. Another objective of the present invention is that 
the Kalman filter is implemented in real time to optimally 
blend the GPS raw data and the INS Solution and to estimate 
the navigation Solution. 
0.025. Another further objective of the present invention 
is that a robust Kalman filter is implemented in real time to 
eliminate the possible instability of the integration Solution. 
0026. Another objective of the present invention is that a 
low accuracy inertial Sensor is used to achieve a high 
accuracy integration Solution by the aid of the global posi 
tioning System measurement. 
0027. Another objective of the present invention is to 
provide a real-time integrated vehicle positioning method, 
which can substantially solve the problem of instability 
present in many existing Systems where a Kalman filter is 
used to perform optimal estimation. 
0028. Another objective of the present invention is to 
provide a real-time integrated vehicle positioning method, 
which Supports high precision navigation in general aviation 
and Space applications. It can also be used for ground motion 
vehicles tracking and navigation applications. 
0029. Another objective of the present invention is to 
provide a real-time integrated vehicle positioning method, 
which uses the GPS raw phase measurements to update the 
inertial navigation System and aids the GPS tracking loop by 
the accurate output of the inertial navigation System So as to 
Satisfy the requirements of, Such as, low cost, high accuracy, 
continuous output, high degree of resistance to jamming, 
and high dynamics, and to overcome the disadvantages of 
the existing techniques. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0030 FIG. 1 is a block diagram illustrating an improved 
fully-coupled vehicle positioning method and System with 
differential GPS according to a preferred embodiment of the 
present invention, in which the global positioning System 
measurement and the inertial measurement are blended in a 
central navigation processor. 
0.031 FIG. 2 is a block diagram of the central integrated 
navigation processing, including the global positioning Sys 
tem and inertial Sensors, according to the above preferred 
embodiment of the present invention. 
0.032 FIG. 3 is a flow diagram of the new process for 
on-the-fly ambiguity resolution technique of the present 
invention. 
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0033 FIG. 4 is a flow diagram of intermediate ambiguity 
Search Strategy (IASS) according to the new process for 
on-the-fly ambiguity resolution technique of the present 
invention. 

0034 FIG. 5 is a block diagram of the procedure for 
forming the estimator bank according to the new proceSS for 
on-the-fly ambiguity resolution technique of the present 
invention. 

0035 FIG. 6 is a complete form of the estimator bank 
according to the new process for on-the-fly ambiguity reso 
lution technique of the present invention. 

0036 FIG. 7 is a block diagram of the inertial navigation 
System processing, which receives the navigation State cor 
rections from a Kalman filter according to the above pre 
ferred embodiment of the present invention. 

0037 FIG. 8 is a block diagram of the robust Kalman 
filter implementation according to the above preferred 
embodiment of the present invention. 

0038 FIG. 9 is a block diagram of the master-slave 
relative positioning process according to the above preferred 
embodiment of the present invention. 

0039 FIG. 10 is a block diagram of the GPS processor 
according to the above preferred embodiment of the present 
invention. 

0040 FIG. 11 is a block diagram of the preferred attitude 
determination according to the above preferred embodiment 
of the present invention. 

0041 FIG. 12 is a block diagram of the improved navi 
gation application System according to the above preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PRESENT 
EMBODIMENT 

0042. The improved fully-coupled GPS/IMU vehicle 
positioning system with differential GPS of the present 
invention, as shown in FIG. 1, comprises an IMU (inertial 
measurement unit) 10 and a GPS (global positioning system) 
processor 20 which are connected to a central navigation 
processor 30. The navigation solution is output to an I/O 
(input/output) interface 40. To perform differential GPS, a 
data link 50, which is also connected to the central naviga 
tion processor 30, is used to receive the position, Velocity, 
and raw measurements (pseudorange and phase) from the 
reference Site. The central navigation processor 30 is respon 
Sible for all data processing taskS. 

0043 Referring to FIG. 1 and FIG. 2, the improved 
fully-coupled global positioning System/inertial measure 
ment unit (GPS/IMU) vehicle positioning process with 
differential GPS of the present invention comprises the 
following Steps. 

0044) a) Receive GPS rover measurements (includ 
ing pseudorange, carrier phase, and Doppler shift) 
from the GPS processor 20 and GPS reference 
measurements, position, and Velocity from the data 
link 50, and then pass them to the central navigation 
processor 30. Receive inertial measurements 
(including body angular rates and specific forces) 
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from the IMU 10 and then inject them into an INS 
processor 31 (as shown in FIG. 2) of the central 
navigation processor 30. 

0.045 b) Combine the output of the INS (inertial 
navigation system) processor 31 and the GPS mea 
surements in a Kalman filter 33 (as shown in FIG.2). 

0046 c) Feedback the output of the Kalman filter 33 
to the INS processor 31 to correct an INS navigation 
Solution. 

0047 d) Inject the corrected velocity and accelera 
tion data from the INS processor 31 into the GPS 
processor 20 to aid the code and carrier phase 
tracking of the global positioning System Satellite 
Signals. 

0.048 e) Inject the outputs of the GPS processor 20, 
the data link 50, and the INS processor 31 into a new 
satellites/cycle slips detection module 34 to test the 
occurrence of new Satellites and cycle Slips. When 
the new satellites/cycle slips detection module 34 is 
on, an on-the-fly ambiguity resolution module 32 is 
activated. 

0049 f) Output carrier phase integer ambiguities as 
the ambiguities are fixed from the on-the-fly ambi 
guity resolution module 32 into the Kalman filter 33 
to use the GPS carrier phase measurement to update 
the Kalman filter to further improve the positioning 
accuracy. 

0050 g) Output navigation data from the INS pro 
cessor 31 to the I/O interface 40. The output of the 
I/O interface 40 can be connected to other on-board 
avionics Systems. 

0051. The master-slave positioning system comprises of 
a master system and a slave system, as shown in FIG. 9. The 
master System comprises a GPS antenna 60, a frequency 
mixer 70, and a data link 80, where the data link 80 is used 
for retransmitting received GPS signal from the GPS 
antenna 60. The slave system comprises of an IMU (inertial 
measurement unit) 10 and a GPS (global positioning system) 
processor 20 which are connected to a central navigation 
processor 30, a data link 50 for receiving GPS signal 
retransmitted from the master System, and an I/O (input/ 
output) interface 40. The central navigation processor 30 is 
responsible for all data processing taskS. 
0.052 The master-slave relative positioning process com 
prises Steps of: 

0.053 (a) Receive GPS signals by a GPS antenna 60 
of a master system, and send the received GPS 
Signals to a frequency mixer 70. 

0054 (b) Shift the carrier frequency of the received 
GPS signals by the frequency mixer 70. 

0055 (c) Broadcast the carrier frequency shifted 
GPS signals by a data link 80 of the master system. 

0056 (d) Receive GPS measurements (including 
pseudorange, carrier phase, and Doppler shift) from 
the GPS processor 20 of the slave system and GPS 
Signals retransmitted from master System from the 
data link 50, and then pass them to the central 
navigation processor 30. Receive inertial measure 
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ments (including body angular rates and specific 
forces) from the IMU10 and then inject them into an 
INS processor 31 (as shown in FIG. 2) of the central 
navigation processor 30. 

0057 (e) Combine the output of the INS (inertial 
navigation system) processor 31 and the GPS mea 
surements in a Kalman filter 33 (as shown in FIG.2). 

0.058 (f) Feedback the output of the Kalman filter 
33 to the INS processor 31 to correct an INS navi 
gation Solution. 

0059 (g) Inject the corrected velocity and accelera 
tion data from the INS processor 31 into the GPS 
processor 20 to aid the code and carrier phase 
tracking of the global positioning System Satellite 
Signals. 

0060 (h) Inject the outputs of the GPS processor 20, 
the data link 50, and the INS processor 31 into a new 
satellites/cycle slips detection module 34 to test the 
occurrence of new Satellites and cycle Slips. When 
the new satellites/cycle slips detection module 34 is 
on, an on-the-fly ambiguity resolution module 32 is 
activated. 

0061 (i) Output carrier phase integer ambiguities as 
the ambiguities are fixed from the on-the-fly ambi 
guity resolution module 32 into the Kalman filter 33 
to use the GPS carrier phase measurement to update 
the Kalman filter to further improve the positioning 
accuracy. 

0062 (j) Output navigation data from the INS pro 
cessor 31 to the I/O interface 40. The output of the 
I/O interface 40 can be connected to other on-board 
avionics Systems. 

0063. The master-slave navigation configuration per 
forms autonomous navigation processing on a slave carrier, 
and determines the precise relative position with respect to 
a second one (master). These navigation functions are vali 
dated by executing kinematic differential GPS processing 
based on the observables extracted from the direct GPS 
Signals and the GPS-like Signals transmitted by a data link 
on the master carrier. 

0064. A GPS antenna of the master system receives all 
the visible GPS satellite signals. These signals are transmit 
ted through a data link after a carrier frequency shift 
procedure. All features of the GPS Signal are maintained on 
the transmitting GPS-like Signal, Such as the C/A code 
modulation, Pcode modulation, navigation message modu 
lation, etc. On the Slave System, a corresponding data link is 
used to receive the GPS-like Signals from the master Space 
craft. Then an inverse carrier frequency shift is made on the 
Slave carrier to retrieve the Signal transmitted by the master 
System. The retrieved signals carry the master carrier's 
position and Velocity information which can be Solved on 
the slave carrier (as shown in FIG. 9). While the slave 
carrier receives the signals directly from the GPS satellites, 
the Slave carrier can determine its position and Velocity 
based on these direct measurements. Furthermore, carrier 
phase differential processing can be executed by the Slave 
carrier to get the precise relative position between the master 
and Slave carriers. 
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0065 Assuming the GPS signals received by the master 
carrier are transmitted without delay, the GPS-like signal 
received by the Slave carrier can be represented as: 

0066 where, p. is the pseudorange corresponding 
to the j th GPS satellite signal reflecting from the 
master carrier; r. is the geometrical distance 
between the master carrier and the jth GPS satellite; 
d is the geometrical distance between the master 
carrier and the Slave carrier. 

0067. In the above equation, p. can be derived by the 
GPS processor on the slave carrier after a GPS signal 
retrieving procedure, and the GPS Satellite position can be 
determined through the extracted ephemeris. The master 
carrier position can be determined from the same equation, 
where there are essentially 4 unknowns, the 3-dimensional 
coordinate (x, y, z) of the master carrier, and the combination 
of the receiver clock bias and delay did is the same for 
all Satellites and will appear like a clock bias. These four 
unknows can be computed directly if four Satellites are 
observed on the master carrier. 

0068 The position of the slave carrier can be determined 
from the direct GPS signals in the conventional manner. The 
relative position can be Solved precisely from the differences 
in pseudorange and carrier phase between the direct GPS 
Signal and those derived from the Signals retransmitted by 
the master carrier. The equations are essentially identical to 
those of conventional kinematic positioning as the delay due 
to de looks like a receiver clock bias which will be 
cancelled in double difference carrier phase observables. 
0069. Similarly, the velocity of the master carrier and the 
relative Velocity between the master carrier and the Slave 
carrier can be determined through the Doppler shift mea 
Surements. Time differentiation of the positioning equation 
gives: 

fan-faden 
0070 where: (), is the range rate corresponding to the j 
th GPS satellite signal reflecting from the master carrier; f, 
is the range rate between the master carrier and the jth GPS 
Satellite;d is the range rate between the master carrier and 
the Slave carrier. 

0071. The mutual relative positioning (MRP) system can 
be obtained by combining the master and Slave Subsystems 
together and installing them on each carrier. 
0.072 The GPS receiver derives the range from the mas 
ter carrier to the Satellite plus the distance between the Slave 
and master carriers through the determination of the GPS 
Signal propagation delay. In a GPS receiver, the code delay 
lock loop (DLL) is used to capture the GPS signal and 
measure the time shift. Two clocks are involved. One is the 
Satellite clock tagging the Signal emission time. The other is 
the receiver clock which records the Signal reception time. 
An atomic time system, referred to as the GPS time, is 
applied to provide time reference for the whole system. The 
time shift measured by the code DLL is presented by 

0.073 where t(GPS) is the reception GPS time; 8. 
is the receiver clock delay with respect to GPS time; 
t(GPS) is the signal emission GPS time; 8 is the 
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satellite clock delay with respect to GPS time;T, is 
the Signal delay induced by the Frequency translator 
transmit System. 

0074 The bias 8 of the satellite clock can be compen 
Sated by a polynomial model with the coefficients being 
transmitted in the first Subframe of the navigation message. 
The other errors, Such as the orbital error, the atmospheric 
refraction and the relativistic effect, are included in the term 
of At(GPS)=t(GPS)-f(GPS). The equipment delay t, 
term is a known constant, which can be determined through 
testing. By correcting the satellite clock, the term 6 van 
ishes from the above equation. Thus the time interval At 
multiplied by the Speed of light c yields the pseudorange 

0075. In the above equation, p, corresponds to the dis 
tance between the position of the satellite at epoch toGPS) 
and the position of the master carrier at epoch t(GPS); d. 
is the distance between the master carrier and the Slave 
carrier. Since p is a function of two different epochs, it is 
often expanded into a Taylor Series with respect to the Signal 
emission time 

0076. In the navigation processing, the second term of the 
most-right hand Side of the above equation is compensated 
by the following procedure. First, we can get an approximate 
At by calculating the Satellite position at epocht. Then, the 
correct At is obtained by introducing the Satellite position at 
epoch (tr-propagationdelay). 
0077. In order to accurately calculate the pseudorange 
measurement, all error Sources should be considered to 
correct the term p(t,t) in the above equation. Combining 
the direct pseudorange measurements, the code pseudorange 
model for master-Slave relative positioning is given by 

0078 where, p. is the true geometric distance 
between the slave carrier and Satellite; p is the true 
geometric distance between the master carrier and 
Satellite;ö is the Satellite clock bias;ö is the receiver 
bias; AP is the range error induced by the ephemeris 
error;A" is the propagation delay induced by the 
ionosphere. 

0079 Similarly, the carrier phase model for master-slave 
relative positioning is given by 

d = 1 + N, + fo' - for + Aeph Aiono s = P, + fo - for -- 

d 1 N SS c Aeph Aiono 
n = p +N+fo - for +---- 

0080 where, N, the is the initial carrier phase inte 
ger ambiguity associated with the Slave carrier, N. 
is the initial carrier phase integer ambiguity associ 
ated with the Slave carrier and the master carrier. 
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0.081 For satellite k, the carrier phase single difference 
(SD) results from the difference between the two equations 
in the above equation, as follows 

did = (p-pi) + N* – f Ao 1 

0082 where N=N-N, is the integer ambiguity 
asSociated with the two carriers; Aö=6-ö is the 
difference between the two GPS receiver's clock 
biases. 

0083) The carrier phase double difference (DD) is a 
function of the carrier phase Single difference: 

ki i d = did - dip 

0084) where N=N-N-N,+N is the integer 
ambiguity associated with the two carriers. 

0085. The purpose of the corrected INS velocity-accel 
eration information aided GPS PLL loop is to estimate the 
carrier phase of the intermediate frequency signal 0(t) 
rapidly and accurately over a Sufficiently short estimation 
period, and wherein 0(t) is approximated by 

0.086 The problem now becomes to estimate the param 
eters of the above equation. The Velocity-acceleration infor 
mation, which describes the flight vehicle dynamic charac 
teristics, is translated into the line-of-sight (LOS) velocity 
acceleration information. Therefore, the estimate of the 
carrier phase of the intermediate frequency Signal can be 
formulated by LOS velocity-acceleration values as follows: 

6(t)=b Vost+b Aost-batost . . . 
0087 where (b, b, b) are constants related to the 
carrier frequency and the Speed of light, and are given by 

C C 3. 

0088 V, AP and a correspond to the range rate, 
the range acceleration and the range acceleration rate along 
the LOS between the satellites and the receiver. Therefore, 
the tracking and anti-interference capabilities of the aided 
PL loop seriously depend on the accuracy of VOS and 
A estimation. The VP and AP can be calculated from 
the information of Velocity and acceleration coming from 
the INS processor 31 and then be incorporated into the loop 
filter in the GPS processor 20. 
0089. The code tracking loop of the GPS processor 20 
tracks the code phase of the incoming direct Sequence 
Spread-spectrum signal. The code tracking loop provides an 
estimate of the magnitude of time shift required to maximize 
the correlation between the incoming Signal and the inter 
nally generated punctual code. This information of time 
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delay is used to calculate an initial vehicle-to-satellite range 
estimate, known as the pseudorange. The information of 
Velocity and acceleration coming from the central navigation 
processor 30 is transformed into the LOS velocity and 
acceleration (V' and A') which are used to precisely 
estimate the code delay. By this way, the dynamic perfor 
mance and anti-jamming capability are enhanced. 
0090 The central navigation processor 30, as shown in 
FIG. 2, receives the measurements coming from the IMU 10 
and the GPS processor 20, in which the measurements are 
blended to derive high precision navigation information 
including 3-dimensional position, 3-dimensional Velocity, 
and 3-dimensional attitude. These data are output from an 
INS processor 31 of the central navigation processor 30 and 
are passed to the I/O interface 40. Other avionics systems 
can read the navigation data from said I/O interface 40. As 
mentioned before, the Velocity and acceleration information 
are also fed back to the GPS processor 20 to aid the global 
positioning System Satellite Signal code and carrier phase 
tracking. 
0091. The GPS processor 20 outputs the pseudomage, 
Doppler shifts, global positioning System Satellite ephem 
eris, as well as atmosphere parameters to the Kalman filter 
33 in which the data from the INS processor 31 and the GPS 
processor 20 are integrated to derive the position error, 
velocity error, and attitude error. The INS processor 31 
processes the inertial measurements, which are body angular 
rates and Specific forces, and the position error, Velocity 
error, and attitude error coming from the Kalman filter 33 to 
derive the corrected navigation Solution. The navigation 
Solution includes 3-dimensional position, 3-dimensional 
Velocity, and 3-dimensional attitude. These data are output 
into the Kalman filter 33. On the other hand, these data are 
also passed to the I/O interface 40 which provides a navi 
gation data Source for other avionics Systems on board a 
vehicle where these avionics Systems need navigation data 
or part of these data. 
0092. The central navigation processor 30, as shown in 
FIG. 2, receives the measurements from the IMU 10, the 
GPS processor 20, and the data link 50. Then, the measure 
ments are combined to derive high precision navigation 
information including 3-dimensional position, 3-dimen 
Sional Velocity, and 3-dimensional attitude. The central 
navigation processor 30 further comprises the following 
modules: 

0093. The INS processor 31 receives inertial mea 
Surements including body angular rates and Specific 
forces from the IMU 10;outputs navigation data 
(position, Velocity, and attitude) into the I/O interface 
40. Therefore, other avionics systems can read the 
navigation data from the I/O interface 40. As men 
tioned before, the Velocity and acceleration informa 
tion from the INS processor 31 is also fed back to the 
GPS processor 20 to aid the GPS code and carrier 
phase tracking, 

0094) The GPS processor 20 receives GPS RF (radio 
frequency) signals from the GPS satellites and out 
puts the pseudorange, Doppler shifts, GPS Satellite 
ephemerides, as well as atmospheric parameters to 
the Kalman filter 33; 

0095 The new satellites/cycle slips detection mod 
ule 34 receives the navigation data from the INS 
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processor 31, GPS rover measurement from the GPS 
processor 20, GPS reference measurement from the 
data link and determines if new GPS satellites come 
in View or cycle Slips occur; 

0096. The on-the-fly ambiguity resolution module 
32 receives the navigation data from the INS pro 
cessor 31, GPS rover measurement from the GPS 
processor 20, GPS reference measurement from the 
data link and is activated when new GPS satellites 
come in View or cycle Slips occur to fix the ambiguity 
integer, 

0097. The Kalman filter 33 integrates the data from 
the INS processor 31, the GPS processor 20, and the 
data link 50 to estimate the position error, velocity 
error, and attitude error. Then, the INS processor 31 
processes the inertial measurements, which are the 
body angular rates and Specific forces, and the esti 
mated errors from the Kalman filter 33 to derive the 
corrected navigation Solutions (position, Velocity, 
and attitude). The corrected navigation Solutions are 
output into the Kalman filter 33 and also passed to 
the I/O interface 40 which provides a navigation data 
Source for other avionics Systems on board a vehicle. 

0098. It is well known that the receiver measurement 
noise for the L1 and L2 frequencies is about 1.9 mm and 2.4 
mm, respectively, while the receiver measurement noise for 
P(Y) and C/A codes is about 0.3 m and 3 m, respectively. 
However, the high accuracy of positioning with GPS carrier 
phase measurements is based on the prior condition that the 
phase ambiguities have been resolved. The ambiguity inher 
ent with phase measurements depends upon both the global 
positioning System receiver and the Satellite. Under the ideal 
assumptions of no carrier phase tracking error and the 
known true locations of the receiver and Satellite, the ambi 
guity can be resolved instantaneously through a simple math 
computation. However, there is the presence of Satellite 
ephemeris error, Satellite clock bias, atmospheric propaga 
tion delay, multipath effect, receiver clock error and receiver 
noise in range measurements from the GPS code and phase 
tracking loops. 

0099 For GPS measurements, the double difference 
equations for L1 and L2 frequencies are (Scalar equations) 

! - aii ii ii it P p, + p + i + T + dig - Mii k f i f p: ""P. 

ii ii i i ii p: + p + A NE - E + T + d g + My +&i; , (k = 1, 2 f pc." "o: "o: ( ) 

0100 where (), means double difference which is 
formed by (), 31 (), -(). The subscripts m and r denote 
two (reference and rover) receivers and the SuperScripts i 
and j represent two different GPS satellites. P and d are the 
pseudorange and phase range measurements, respectively. O 
is the geometric distance between the phase centers of two 
antennas (a GPS user's receiver and a GPS satellite) at the 
nominal time and p refers to the correction of nominal 
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geometrical distance. ... represents wavelength. N. is the 
double difference integer ambiguity. 

Ii i 

2 
k 

0101 is the double difference residual of the ionospheric 
effect for L1 or L2 frequency and T. denotes the double 
difference residual of the tropospheric effect. deco. refers 
as the double difference residuals of phase center variations. 
M." denotes the double difference residuals of multipath 
effect. The definitions of the wide lane and narrow lane 
phase range measurements are 

0102 respectively, and the corresponding integer ambi 
guities are 

N=N1+N2, 
0103 respectively. Therefor, the frequencies for the wide 
lane and narrow lane ambiguities are equal to f=f-f and 
f=f+f, respectively. Linearly combining the L1 and L2 
equations and using t to represent time at epoch k, the 
Sequentially averaged approximated double difference wide 
lane ambiguity (real number) is expressed as 

(1) 

0104 and the approximated double difference narrow 
lane ambiguity (real number) is given by 

X. dis(t) ii ii 
ari i=1 (k-1)-bis(tr. 1) + bis(t) 
dis(t) = k k 

'i -dii -dii dis = P, d: 

0106 denotes the ionospheric signal observation, 

i - Ji pi . f. pi -- f : . 2mr 
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0107 and 2 refer to the wavelengths of the wide lane and 
narrow lane ambiguities, respectively. Also, the ionosphere 
free models for pseudorange and phase range are defined as 

2 2 
P f p f Pl 
iFnr 2 2 line 2 2 2n f 2 f 2 

2 2 
ii f ii f d; 

0108) 
0109 The advantage of the IMU aiding phase ambiguity 
resolution and cycle slip detection is that the precision 
vehicle coordinates and velocity from the corrected INS 
Solution are available to aid in determining the original 
ambiguities and the search volume. Additionally, the INS 
aiding Signal tracking enhances the receiver's capability to 
hold the global positioning System Satellite Signal, thus the 
probability of Signal loSS or cycle slip is reduced. 

respectively. 

0110 Referring to FIG. 2, the on-the-fly ambiguity reso 
lution module 32 is activated when the new satellites/cycle 
Slips detection module 34 is on, and, therefore, collects the 
position and velocity data from the INS processor 31, the 
rover raw and Doppler shift measurements from the GPS 
processor 20 and the reference raw measurements, Doppler 
shift measurements, position, and Velocity from the data link 
50 to fix the integer ambiguities. After fixing of the integer 
ambiguities, the integer ambiguities are passed to the Kal 
man filter 33 to further improve the measurement accuracy 
of the global positioning System raw data. 

0111 FIGS. 3, 4, 5, and 6 represent the method and 
proceSS used for the on-the-fly ambiguity resolution module 
32. FIG. 3 shows the process of the on-the-fly ambiguity 
resolution module 32. When the on-the-fly ambiguity reso 
lution module 32 is on, a Search window is set up. The Search 
window comprises Several time epochs (assumed N epochs). 
Within the Search window, an intermediate ambiguity Search 
Strategy (IASS) is used to Search an integer ambiguity set at 
each epoch. 

0112 The on-the-fly ambiguity resolution module 32 
performs the following Steps: 

0113 (a) initiating an on-the-fly ambiguity resolu 
tion module as the new Satellites/cycle slips detec 
tion module is on, i.e., the new Satellites or cycle 
SlipS occur; 

0114 (b) fixing integer ambiguities to estimate a 
more accurate vehicle navigation Solution, 

0115 (c) sending the selected integer ambiguities 
from the on-the-fly ambiguity resolution module to 
the Kalman filter 
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0116. The above step (b) further comprises: 
0117 (b. 1) using intermediate ambiguitv search 9. gully 
Strategy (IASS) and estimator bank to set up ambi 
guity Set and determine the ambiguity integer, 

0118 (b.2) validating and confirming the ambiguity 
integer. 

0119 Basically, IASS comprises the “simplified” least 
Squares method and the extrawidelaning technique. Before 
using the least-Squares method to Search the ambiguities, the 
observable common Satellites between two antennas (refer 
ence and rover) are divided into two groups: 

0120 the primary satellites and the secondary sat 
ellites. Since the double difference equations are 
used, the Satellite with the highest elevation is 
defined as the reference Satellite. The primary Satel 
lites include the next four higher elevation Satellites, 
i.e., there are four independent double difference 
equations. 

0121 The rest of the observable satellites are cat 
egorized into the Secondary Satellites. 

0122). As shown in FIG. 4, the IASS process comprises 
of a primary double difference wide lane ambiguity resolu 
tion module 71, an ambiguity domain determination module 
72, a least-Squares Search estimator 73, a position calcula 
tion module 74, a secondary double difference wide lane 
ambiguity resolution module 75, an extrawidelaning tech 
nique module 76, and a L1 and L2 ambiguity resolution 
module 77. 

0123 The first step of the IASS is to resolve the primary 
double difference wide lane ambiguities in the primary 
double difference wide lane ambiguity resolution module 
71. The a priori information about the rover position 
(obtained from ionosphere-free pseudorange measurements) 
and the approximated double difference wide lane ambigu 
ities (Equation (1)) are combined with the primary double 
difference wide lane phase range measurements to form the 
Simultaneous equations. Also, the a priori information about 
the rover position can be given by the output of the INS 
processor 31. Use the minimum variance with a priori 
information to estimate the rover position and primary 
double difference wide lane ambiguities. 
0.124. After the estimation of the primary double differ 
ence wide lane ambiguities, the estimated primary double 
difference wide lane ambiguities and the corresponding 
cofactor matrix are Sent to the ambiguity domain determi 
nation module 72, wherein an ambiguity Search domain is 
established based on the estimated double difference wide 
lane ambiguities and the corresponding cofactor matrix. The 
ambiguity Search domain is Sent to the least-Squares Search 
estimator 73. A Standard least-Squares Search method is 
applied to Search the ambiguity Set in the least-Squares 
Search estimator 73. Also, the Standard least-Squares Search 
method can be simplified to accelerate the ambiguity Search. 
The “simplified” least-squares search method is defined as 
directly Searching the ambiguity Set, that minimizes the 
quadratic form of residuals 

0125 where xN is the optimal estimate vector of the 
double difference wide lane ambiguities (real number), n is 
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the double difference wide lane ambiguity vector within the 
search domain (integer number), and P is the cofactor 
matrix corresponding to the optimal double difference wide 
lane ambiguity estimate, without using Statistical or empiri 
cal tests (because the estimator bank will execute the task of 
confirmation). 
0.126 The fixed primary double difference wide lane 
ambiguities are Sent to the position calculation module 74 to 
compute the rover position. The calculated rover position is 
Sent to the Secondary double difference wide lane ambiguity 
resolution module 75 to fix the secondary double difference 
wide lane ambiguities by applying the primary wide-lane 
ambiguity-fixed rover position Solution into the Secondary 
double difference wide lane phase measurements. 

0127 Substituting the resolved double difference wide 
lane ambiguities into Equation (2), the approximated double 
difference narrow lane ambiguities (real numbers) are cal 
culated. The extrawidelaning technique States that if the 
wide lane ambiguity is even (or odd), the corresponding 
narrow ambiguity is even (or odd), and Vice versa. Using the 
extrawidelaning technique, the narrow lane ambiguities can 
be resolved in the extrawidelaning technique module 76. 
Therefore, in the L1 and L2 ambiguity resolution module 77, 
the L1 and L2 ambiguities are calculated from the combi 
nation of the wide lane ambiguities and narrow lane ambi 
guities, which correspond to 

N + N. 
lmr 2 

0128 and 

ii - Aji ji N. N5. 

0129 respectively. 

0130 Returning to FIG. 3, when the current ambiguity 
set from the IASS is different from the one(s) from the 
previous epoch(s), the current ambiguity set becomes a new 
member of an estimator bank 321 and a corresponding 
weight bank 322. When the current ambiguity set is the same 
as one of the previous ambiguity set(s) in the estimator bank 
321, the number of Kalman filters in the estimator bank 321 
remains. The complete form of the estimator bank 321 and 
weight bank 322 is depicted in FIG. 6. The process for 
establishing the estimator bank 321 and weight bank 322 is 
shown in FIG. 5 and comprises the following steps: 

0131 1. Search the integer ambiguity set at the first 
epoch of the search window by using the IASS. The 
integer ambiguity Set becomes a member of the 
estimator bank 321 because there is no member in 
the estimator bank 321 before the first epoch. Based 
on the ambiguity Set and phase measurements, the 
rover position (ambiguity-fixed Solution) is esti 
mated, and then a corresponding weight is calculated 
in the weight bank 322. The calculation of the weight 
is according to 
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p. (NIA) = fin M-, i=1,2,..., D (3) 
X pm (Ad: N,) 
i=l 

0132) where 
P(APIN)=P(APeak 1:AP 2 . . . .AP, 
NP(AdN), i=1,2,... D (4) 
0.133 and the first term of the product can be 
expressed as 

p. (Adk Adk-1, Adk 2, ... Adi, Ni) = 

1 a cov(Ad, a 
(eX (go k) si-1,2,..., D V(2)detcov(Ad) 2 

0134) which is assumed and defined as a Gaussian 
distribution. Equation (4) states the accumulative 
property of P(AdN), where P(AdN) repre 
Sents the probability mass function of the measure 
ment sequence Ad={Add, Ad-, ... Add up to the 
current time t conditioned by the individual ambi 
guity Set N. In other words, the calculation of the 
weight depends on not only the data of the current 
epoch but also the data of the previous epochs. det() 
and () denote the determinant and the inverse of a 
matrix, respectively. z is the optimal measurement 
residual (measurement value-the optimal com 
puted value) at time t and cov(A)=E{zz" is the 
covariance matrix of the measurement at the time t 
r is the dimension of the measurement at each 
epoch. For the first epoch (t) (k=1) of the search 
window, Equation (4) (probability) becomes 

1 a cov(Ad, a (5) 
p. (Ad N) = (eX (go k) s 

W(2)detcov(Ad) 2 

i = 1, 2, ..., D. 

0135). Of course, the value of the only weight (D=1 in 
Equation (3)) in the weight bank 322 is equal to one. The 
optimal rover position for this epoch is equal to the rover 
position multiplied by the corresponding weight. Based on 
the optimal rover position and the Doppler shifts, the rover 
Velocity is estimated. 

0.136 2. Search the ambiguity set by using the IASS 
at the second epoch of the search window. Two 
Situations may occur: 
0.137 2-1. When the integer ambiguity set is the 
Same as the one of the previous epoch (epoch one), 
the number of the Kalman filters in the estimator 
bank 321 is still one, as shown in the lower part of 
FIG. 5. Based on the ambiguity set and the phase 
measurements (for epoch two), the rover position 
(ambiguity-fixed Solution) can be estimated and 
the corresponding weight in the weight bank 322 
is calculated cumulatively (i.e. Equations (3) and 
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(4), where D=1). The optimal rover position for 
epoch two is equal to the rover position multiplied 
by the associated weight (naturally, for this case 
the value of the weight is equal to one). Based on 
the optimal rover position and the Doppler shifts, 
the rover Velocity is estimated. 

0.138 2-2. When the integer ambiguity set is 
different from the one of the previous epoch 
(epoch one), the current ambiguity Set becomes a 
new member of the estimator bank 321, i.e., the 
number of the Kalman filters in the estimator bank 
321 is two, as shown in the upper part of FIG. 5. 
Based on each ambiguity Set and the same phase 
measurements (for epoch two), the individual 
rover position (ambiguity-fixed Solution) can be 
estimated and the calculation of each correspond 
ing weight in the weight bank 322 is based on 
Equations (3) and (5) (where D=2). In other 
words, when new ambiguity Set is resolved, each 
corresponding weight in the weight bank 322 is 
calculated from Scratch. The optimal rover posi 
tion for epoch two is equal to the Sum of the 
individual rover position multiplied by the asso 
ciated weight. Based on the optimal rover position 
and the Doppler shifts, the rover velocity is esti 
mated. 

0.139 3. Follow the same procedure as described in 
step 2 for the rest of the epochs of the search window. 
At the last epoch (epoch N) of the search window, 
after the search of IASS, the estimator bank 321 and 
weight bank322 are completely established (referred 
to FIG. 6). 

0140. Referring to FIG. 3, after the period of the search 
window, Still, the phase measurements (reference and rover) 
are input into the complete estimator bank 321 (as shown in 
FIG. 6). As shown in FIG. 6, each Kalman filter in the 
estimator bank 321 has its own ambiguity Set, which is 
selected by the IASS during the search window. Therefore, 
the number of the Kalman filters, D, in the estimator bank 
321 is an arbitrary positive integer number which depends 
on the number of the different ambiguity sets from the search 
of the IASS during the search window. Based on each 
ambiguity Set and the phase measurements, the individual 
rover position (ambiguity-fixed Solution) can be estimated 
and each corresponding weight in the weight bank 322 is 
calculated cumulatively (based on Equations (3) and (4)). 
Thus, the optimal rover position is equal to the Sum of the 
individual rover position multiplied by the associated 
weight. Based on the optimal rover position and the Doppler 
shifts, the rover velocity is estimated. Follow the same 
procedure until a criterion is met. The criterion is defined as 

0141 where C denotes a very large uncertainty to make 
Sure that the ambiguity Set is robust enough. After the 
criterion is met, the estimator bank 321 and weight bank 322 
Stop functioning and output the Selected integer ambiguities 
into the Kalman filter 33 (referred to FIG. 2). During the 
confirmation period (from the first epoch of the Search 
window to the epoch when the estimator bank 321 and 
weight bank 322 stop functioning), the estimator bank 321 
and the weight bank 322 identify the correct integer ambi 
guity Set and estimates the rover position in real time. One 
important characteristic of the estimator bank 321 and 
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weight bank 322 is that the weight in the weight bank 322 
corresponding to the correct integer ambiguity in the esti 
mator bank 321 is approaching one while the others (cor 
responding to the rest of the ambiguity Sets) are converging 
to Zero. Therefore, the correct (selected) integer ambiguity 
Set is the one with the weight close to one. During the whole 
procedure, when new Satellites or cycle Slips occur, the 
on-the-fly ambiguity resolution module will be initiated 
(on). 
0142 Referring to FIG. 7, the INS processor 31 com 
prises an IMU I/O interface 311, an IMU error compensation 
module 312, a coordinate transformation computation mod 
ule 313, an attitude position Velocity computation module 
314, a transformation matrix computation module 315, and 
an earth and vehicle rate computation module 316. 
0143) The IMU I/O interface 311 collects the signal of the 
body angular rates and specific forces from the IMU 10 for 
processing and converting it to digital data, which are 
corrupted by the inertial Sensor measurement errors. These 
contaminated data are passed to the IMU error compensation 
module 312. The IMU error compensation module 312 
receives the Sensor error estimates derived from the Kahnan 
filter 33 to perform IMU error mitigation on the EMU data. 
The corrected Specific forces and the body angular rates are 
Sent to the coordinate transformation computation module 
313 and the transformation matrix computation module 315, 
respectively. 

0144. In addition to the corrected body angular rates from 
the IMU error compensation module 315, the transformation 
matrix computation module 315 also receives the earth and 
vehicle rate from the earth and vehicle rate computation 
module 316 to perform transformation matrix computation. 
The transformation matrix computation module 315 sends 
the transformation matrix to the coordinate transformation 
computation module 313 and attitude position Velocity com 
putation module 314. The attitude update algorithm in the 
transformation matrix computation module 315 uses the 
quaternion method because of its advantageous numerical 
and stability characteristics. The differential equation of the 
relative quaternion between the body frame and the local 
navigation frame is: 

d/2924-2 $2n4 
0145 where q=qo qi qaqs is a four-component vector 
of quaternion parameters and the four components are 
defined as follows: 

A9 
go = cos 

: A q = COSOSIn 2 

A6 
d2 = cosfsin 

A6 
as = cosysin 

0146 where A0 is the rotation angle and C.B., and Y are 
the angles between the axis of rotation and the axes of a 
coordinate System. For instance, they are the angles with 
respect to the roll, pitch, and yaw axes. Also, the quaternions 
Satisfy the condition 
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0147 S2 is the skew-symmetric matrix of the vector, 
coil, which is sensed by the gyro and is the rotation rate 
vector of the body frame (b) relative to the inertial frame (i) 
in the body frame, and both are expressed as 

0 - (up -Coby -(ob. 
(op. 0 (Obz Coby 

Opl = f, = b. F (oil, (oby (oby (obz Coby -(ob: 0 (ob 

0148 G2 is the skew-symmetric matrix of the vector, 
()", which is the rotation rate vector of the local navigation 
frame (n) relative to the inertial frame in the navigation 
frame, and both are expressed as 

0 -(or -copy -Con: 
(or 0 (Oz (Ory T 

On = , (of F cons, cony, congl". 
copy -Con: 0 (0. 
(on: cony -(0, 0 

0149 If the navigation frame is the local level North, 
East, and Down (NED) navigation frame, then 

0150 where () is the Earth's rotation rate, L is the 
geodetic latitude, and ) is the longitude. 

0151. The coordinate transformation module 313 collects 
the specific forces from the IMU error computation module 
312 and the transformation matrix from the transformation 
matrix computation module 315 to perform the coordinate 
transformation. The coordinate transformation computation 
Sends the Specific forces transferred into the coordinate 
System presented by the transformation matrix to the attitude 
position Velocity computation module 314. 
0152 The attitude position velocity computation module 
314 receives the transformed specific forces from the coor 
dinate transformation computation module 313 and the 
transformation matrix from the transformation matrix com 
putation module 315 to perform the attitude, position, veloc 
ity update. A general navigation equation that describes the 
motion of a point mass over the Surface of the Earth or near 
the Earth has the following form: 

0153 where a and V are the acceleration and velocity of 
the vehicle relative to the Earth in the navigation frame, () 
is the Earth rotation vector, () is the angular rate of the 
navigation frame relative to the earth, and r is the position 
vector of the vehicle with respect to the Earth's center. 
0154) Because the accelerometers do not distinguish 
between vehicle acceleration and the mass attraction gravity, 
the Specific vector, f, Sensed by the accelerometers is: 
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0155 where g(r) is a combination of the earth's gravity 
and the centrifugal force at the vehicle location. Thus, 

CocoSL icosL 

Co. = 0 , coC = -i, 
- Cosin L -Sin L 

O157 The vehicle velocity is updated by the following: 
V-C,"f-MV+g 

0158 where C" is the direction cosine matrix from the 
body frame to the navigation frame, 

fix V O 

f = | fiy, V = | V | g = 0 , and 
fb. wd 

O -(2co, + )sinL L 
M = (2coe -- Å)sinL O (2coe -- Å)cosL 

-L -(2a, -- Å)cosL O 

0159 For the WGS-84 ellipsoid, the normal gravity for 
mula is the following expression: 

5 h 
3d = go - 201 + f+m). +(n-1)sin L. 

0160 where m=co; ab/GM, go is the gravity at the 
equator, f is the elliptical flattening, h is the altitude, a is the 
Semi-major axis value, b is the Semi-minor axis value, and 
GM is the earth S gravitational constant. 
0.161 The differential equations for the position update of 
the geodetic latitude, L, longitude, 2, and height, h, are given 
by: 

L = - - - - - h = - R - , = (R, , best = -'d 

0162 where R is the radius of the curvature in the 
Meridian and RN is the radius of the prime vertical. 
0163. After the computation of the position and velocity, 
the position and Velocity errors calculated by the Kalman 
filter 33 are used in the attitude position velocity computa 
tion module 314 to correct the inertial Solution. For the 
attitude correction, there are two executable approaches. 
First approach is to Send the attitude errors computed by the 
Kalman filter 33 to the attitude position velocity computa 
tion module 314 to perform attitude correction in the attitude 
position velocity computation module 314. The second 
approach is to Send the attitude errors computed by the 
Kalman filter 33 to the transformation matrix computation 
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module 315 to perform the attitude correction before the 
attitude position Velocity computation module 314. 
0164. The corrected inertial solution obtained from the 
attitude position Velocity computation module 314 is passed 
to the Kalman filter 33 to construct the measurements of the 
Kalman filter 33. The corrected inertial navigation solution 
is also sent to the carrier phase integer ambiguity resolution 
module 32 to aid the resolution of the integer ambiguities. 
The corrected velocity and acceleration is passed to the GPS 
processor 20 to aid the global positioning System Satellite 
Signal carrier phase and code tracking. Also, the attitude, 
position, and Velocity information is sent to the I/O interface 
40 which provides a navigation data source for other avi 
onics Systems onboard a vehicle. Furthermore, the attitude, 
position, and Velocity computed by the attitude position 
velocity computation module 314 are sent to the earth and 
vehicle rate computation module 316 to calculate the Earth 
rotation and the vehicle rotation rate. The calculated Earth 
and vehicle rates are Sent to the transformation matrix 
computation module 315. 
0.165. It is well known that the Kalman filter produces 
optimal estimates with well defined Statistical properties. 
The estimates are unbiased and they have minimum variance 
within the class of linear unbiased estimates. The quality of 
the estimates is however only guaranteed as long as the 
assumptions underlying the mathematical model hold. Any 
misspecification in the model may invalidate the results of 
filtering and thus also any conclusion based on them. 
0166 In the improved real-time fully-coupled GPS/IMU 
positioning process and system with differential GPS, an 
alternative for a Kalman filter for position and attitude 
derivation is a robust Kalman filter. This robust Kalman 
filter is stable enough to operate in more than one dynamical 
environment. If the dynamicS change drastically, or if a 
Sensor failure occurs, for example, a GPS Satellite Signal 
failure or an inertial Sensor Signal failure, the filter must 
detect, rectify and isolate the failure situation. 
0167 A robust filter has the characteristic that it provides 
near-optimum performance over a large class of proceSS and 
measurement models. The pure Kalman filter is not robust 
Since it is optimal for only one particular proceSS and 
measurement model. If the filter is not correct, the filter 
covariance may report accuracy which is different from what 
can actually be achieved. The purpose of filter integrity is to 
ensure that the predicted performance from the error cova 
riance is close to the actual estimation error Statistics. In 
addition, filter divergence is usually caused by a changing 
process, measurement model, or a Sensor failure. 
0.168. This present invention uses a residual monitoring 
method to obtain a robust Kalman filter which is used to 
blend the global positioning System raw data and the inertial 
Sensor measurements. When the proper redundancy is avail 
able, residual monitoring Schemes can efficiently detect hard 
and soft failures and filter divergence. One benefit of the 
residual monitoring approach is that when the filter model is 
correct, the Statistical distribution of the residual Sequence is 
known. Thus, it is easy to generate a measurement editing 
and divergence detection Scheme using a test-of-distribution 
on the measurement residuals. The same Statistics can be 
used to assess the filter tuning and adjust the Size of the 
covariance when divergence is detected. FIG. 8 gives the 
implementation of this robust Kalman filter including a 
residual monitoring function. 
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0169. As shown in FIG. 8, a GPS error compensation 
module 337 gathers the GPS rover raw measurements 
(including pseudorange, carrier phase, and Doppler shift) 
from the GPS processor 20, the GPS reference raw mea 
Surements, position, and Velocity from the data link 50, and 
the position and Velocity corrections from an updating State 
vector module 339 to perform GPS error compensation. The 
corrected GPS raw data are Sent to the preprocessing module 
335. 

0170 A preprocessing module 335 receives the GPS 
satellite ephemeris from the GPS processor 20, the corrected 
GPS reference and rover raw data from the GPS error 
compensation module 337, and INS Solutions from the INS 
processor 31. The preprocessing module 335 performs the 
calculation of the State transition matrix and Sends it as well 
as the previous State vector to a State vector prediction 
module 336. The calculated State transit matrix is also sent 
to a covariance propagation module 332. The preprocessing 
module 335 calculates the measurement matrix and the 
current measurement vector according to the computed 
measurement matrix and the measurement model. The mea 
Surement matrix and the computed current measurement 
vector are passed to a computing measurement residue 
module 338. 

0171 The state vector prediction module 336 receives the 
State transition matrix and the previous State vector from the 
preprocessing module 335 to perform State prediction of the 
current epoch. The predicted current State vector is passed to 
the computing measurement residue module 338. 

0172 The computing measurement residue module 338 
receives the predicted current State vector from the State 
vector prediction module 336 and the measurement matrix 
and the current measurement vector from the preprocessing 
module 335. The computing measurement residue module 
338 calculates the measurement residues by subtracting the 
multiplication of the measurement matrix and the predicted 
current State vector from the current measurement vector. 
The measurement residues are Sent to a residue monitor 
module 331 as well as the updating state vector module 339. 

0173 The residue monitor module 331 performs a dis 
crimination on the measurement residues received from the 
computing measurement residue module 338. The discrimi 
nation law is whether the Square of the measurement resi 
dues divided by the residual variance is larger than a given 
threshold. If the square of the measurement residues divided 
by the residual variance is larger than this given threshold, 
the current measurement may lead to the divergence of the 
Kalman filter. When it occurs, the residue monitor module 
331 calculates a new covariance of the System process or 
rejects the current measurement. If the Square of the mea 
Surement residues divided by the residual variance is leSS 
than this given threshold, the current measurement can be 
used by the Kalman filter without changing the current 
covariance of System process to obtain the current naviga 
tion Solution. The covariance of the System process is Sent to 
the covariance propagation module 332. 

0.174. The covariance propagation module 332 gathers 
the covariance of the System proceSS from the residue 
monitor module 331, the state transition matrix from the 
preprocessing module 335, and the previous covariance of 
estimated error to calculate the current covariance of the 
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estimated error. The computed current covariance of the 
estimated error is Sent to a computing optimal gain module 
333. 

0.175. The computing optimal gain module 333 receives 
the current covariance of the estimated error from the 
covariance computing module 332 to compute the optimal 
gain. This optimal gain is passed to a covariance updating 
module 334 as well as the updating state vector module 339. 
The covariance updating module 334 updates the covariance 
of the estimated error and sends it to the covariance propa 
gation module 332. 
0176) The updating state vector module 339 receives the 
optimal gain from the computing optimal gain module 333 
and the measurement residues from the computing measure 
ment residue module 338. The updating state vector module 
339 calculates the current estimate of the state vector 
including position, Velocity and attitude errors and sends 
them to the GPS error compensation module 337 and the 
INS processor 31. 
0177. In view of the above, the present invention can 
provide a real-time fully-coupled vehicle positioning pro 
cess and system with differential GPS to substantially solve 
the problems encountered in global positioning System-only 
and inertial navigation System-only, Such as loSS of global 
positioning Satellite Signal, Sensitivity to jamming and 
Spoofing, and the inertial Solution's drift over time. There 
fore, the following features and advantages can thus be 
achieved: 

0178 (1) The velocity and acceleration from an 
inertial navigation processor are used to aid the code 
and carrier phase tracking of the global positioning 
System Satellite Signals, So as to enhance the perfor 
mance of the global positioning and inertial integra 
tion System, even in heavy jamming and high 
dynamic environments. 

0179 (2) The velocity and acceleration from an 
inertial navigation processor are corrected by a Kal 
man filter and used to aid the code and carrier phase 
tracking of the global positioning System Satellite 
Signals, So as to enhance the performance of the 
global positioning and inertial integration System, 
even in heavy jamming and high dynamic environ 
mentS. 

0180 (3) To accurately determine the receiver posi 
tion and velocity at the centimeter level, the GPS 
phase measurements will be used and the differential 
GPS will be employed. In this invention, a new 
process (OTF (on-the-fly) technique) is proposed to 
resolve the integer ambiguities on the fly and esti 
mate the receiver position in real time. The results of 
GPS estimates will increase the accuracy of the 
inertial navigation System and therefore enhance the 
capability of the GPS tracking loop. 

0181 (4) To perform the differential GPS, the data 
link 50 (as shown in FIG. 2) is used to receive the 
raw measurements, position, and Velocity from a 
reference Site. 

0182 (5) The self-contained INS complements the 
GPS as the GPS receiver Suffers the loss of the GPS 
Signals. Once the GPS receiver regains the Signals 
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and then estimates the receiver position and Velocity, 
the output (position and velocity) of the GPS 
receiver is used to correct the position and Velocity 
of the INS that has drifted. 

0183 (6) The inertial navigation system aids the 
Satellite Signal integer ambiguity resolution of the 
global positioning System by providing more accu 
rate position information. 

0184 (7) The integrated navigation solution of the 
global positioning System and the inertial measure 
ment unit aids the Satellite Signal integer ambiguity 
resolution of the global positioning System by pro 
Viding more accurate position information. 

0185 (8) The satellite signal carrier phase measure 
ments (reference and rover) are used in the Kalman 
filter, as well as the pseudorange and delta range of 
the global positioning System, So as to improve the 
accuracy of the integration positioning Solution. 

0186 (9) The Kalman filter is implemented in real 
time to optimally blend the global positioning Sys 
tem raw data and the inertial navigation Solution and 
to estimate the navigation Solution. 

0187 (10) The robust Kalman filter is implemented 
in real time to eliminate the possible instability of the 
integration Solution. 

0188 (11) Low accuracy inertial sensor is used for 
achieving a high accuracy integration Solution due to 
the aiding of the global positioning System measure 
mentS. 

0189 The present invention can be used for Wide Area 
and Local Area Augmentation Systems where precision 
corrections are required. The formal requirements estab 
lished by the FAA for the WAAS (Wide Area Augmentation 
System) stipulate that aircraft real time position should be 
determined to an accuracy of 7.6 meters in both the vertical 
and horizontal component planes with a 95% probability 
(two Sigma). This assumes a conventional single-frequency 
user applying WAAS-supplied corrections to broadcast GPS 
orbits and clocks and to the ionopheric delay model. 
0190. The wide-area master station (WMS) tracks and 
processes the GPS data to derive a vector correction for each 
GPS satellite. The vector correction will include GPS 
ephemeris errors, Satellite clock errors, and ionospheric 
delay estimates. The FAA distinguishes two kinds of cor 
rections: a Slow correction and a fast correction. The slow 
correction contains the slowly varying errors: the ephemeris 
error and long-term clock errors. Due to its slowly varying 
nature, this error need be transmitted no more than every 120 
Seconds. On the other hand, the Satellite clock error is 
quickly varying due to selective availability (SA). A given 
Satellite should not be unreported for more than Six Seconds. 
The Message Type 25 shall provide the WAAS users the 
Slow varying Satellite ephemeris and clock errors with 
respect to the broadcast values. 
0191 The present invention can be applied to autono 
mous navigation for Reusable Launch Vehicles (RLVs), 
which is used to transport payloads and humans between the 
earth and Space Successfully and safely. The autonomous 
multi-antenna GPS/DGPS/MEMS IMU/WAAS/Radar 
Altimeter integrated System provides precise, reliable indis 
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pensable navigation information for all of the RLV's flight 
phases. The real time automatic reconfiguration capability is 
realized by a flexible Federated Kalman filtering mechani 
Zation and an expert mission planing System. The configured 
GPS/INS integration provides a navigation solution during 
the RLV's ascent and descent phases. The configured GPS 
Interferometer/INS integration provides a navigation Solu 
tion for the RLV's orbital operations, while the configured 
GPS/DGPS/WAAS/INS/Radar Altimeter integration pro 
vides a precise approach and landing capability for the RLV. 
The GPS, INS, Radar Altimeter, and WAAS Sensors assume 
complementary roles So that optimal System performance is 
achieved for every flight phase with the characteristics of 
high precision, high integrity and SeamleSS navigation. An 
intelligent neural network is applied to perform multi-Sensor 
failure detection and isolation, and redundancy manage 
ment. 

0.192 The boost stage is from take-off until the main 
engine cut-off. Since the launch vehicle may meet large 
disturbances, Such as winds, Structure disturbances, and 
thrust direction errors, launch vehicle attitude Stabilization is 
of critical importance during this Stage. Another problem is 
a potential failure of a GPS-only system due to high launch 
vehicle dynamics during the boost Stage. The Fully-Coupled 
GPS/INS integrated System using pseudorange and delta 
range measurements provides robust navigation perfor 
mance during the boost Stage. The Velocity and acceleration 
(V-A) information derived from the INS is injected into the 
GPS Signal tracking loops to improve the dynamic perfor 
mance and interference tolerance of the GPS receiver. 

0193 Within the fully-coupled GPS/INS integration 
architecture, the MEMS IMU sensor and the GPS receiver 
complement each other at an advanced level. The advan 
tages of the Fully-Coupled integration mode include: 1) 
hardware-level redundancy, 2) low-cost IMU sensors, 3) 
enhanced anti-interference, 4) dramatically extended 
dynamic range, 5) shortened time-to-first-fix (TTFF) and 
Signal reacquisition time, and 6) excellent navigation accu 
racy. 

0194 A low-cost multi-antenna GPS and MEMS IMU 
integration with interferometric processing executeS navi 
gation with an attitude estimation capability for the RLV's 
orbital operations. This integration approach eliminates the 
need for a star tracker for attitude estimation. GPS attitude 
determination using carrier phase measurements can be 
made with 3 antennas at the ends of two baselines of known 
length. Before attitude information can be computed, the 
initial phase ambiguities must be Solved. 
0.195 A GPS/DGPS/WAAS/MEMS IMU/Radar Altim 
eter integration mode provides precise approach and landing 
capability for the RLV. The absolute positioning accuracy 
achievable from GPS is dependent upon the accuracy of the 
GPS measurements which are affected by many errors. The 
major error Sources include ephemeris error, clock error 
including Selective Availability (SA), atmospheric effects 
and multipath. SA is the intentional degradation of the 
system imposed by the DoD through satellite clock dithering 
and is the largest error source using GPS. The GPS is 
augmented by the WAAS/DGPS data and the altitude mea 
Surements coming from a radar altimeter. 
0196. During the descent stage, the fully-coupled GPS/ 
MEMS IMU provides the RLV's position and attitude 
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information under the high dynamic environment. Toward 
the end of the descent stage, the WAAS receiver starts to 
track the WAAS signal, and the DGPS receiver also starts to 
receive correction data from the ground-based reference 
station. In the DGPS/WAAS mode, the RLV navigation 
system is more reliable than DGPS-only or the WAAS-only 
system. A key consideration for DGPS/WAAS mode is to 
Select a relevant ground reference Station which provides the 
most applicable error corrections. A tradeoff analysis and 
decision should be made for the geometry. An approach that 
weighs the corrections based on the RLV-GPS-ground ref 
erence Station geometry Seems to be appropriate. 
0.197 Another typical application of present invention is 
in the aircraft industry, as shown in FIG. 12. The navigation 
sensor array comprises of an IMU 111, a GPS receiver 112, 
an air data 113, a WAAS 114, a radar altimeter 115, and a 
baro altimeter 116. The measurements from the sensor array 
are processed by a plurality of local Kalman filters, and 
finally blended in a master Kalman filter 124. The measure 
ment from the IMU 11 and the GPS receiver 112 are 
processed by an IMU/GPS Kalman filter 121. The measure 
ments from the IMU 111, the GPS receiver 112, and the air 
data 113 are processed an IMU/GPS/Air Data Kalman filter 
122. The measurements from the IMU 111, the GPS receiver 
112, the WAAS 114, the radar altimeter 115, and the baro 
altimeter 116 are processed by an IMU/GPS/WAAS/Altim 
eter Kalman filter 123. 

0198 A mission planner 125 is connected with the master 
Kalman filter 124. The working mode of the master Kalman 
filter is monitored and commanded by the mission planner. 
The navigation Solution is Sent to the mission planner So that 
the mission planner can generate commands based on cur 
rent mission Status. The mission planner dynamically con 
figures the master Kalman filter to obtain an optimal navi 
gation Solution for all Stages of flight by enabling the 
appropriate local filters and their navigation Sensors. The 
System reconfiguration is done by pre-programmed flight 
information and by monitoring key System States to detect 
flight phase transitions. The monitoring is done by resetting 
its parameters based on the divergence tests, and verifying 
the Subsequent performance of the calibrated System. 
0199 The preferred embodiment of the GPS processor 20 
is disclosed in FIG. 10 to adapt the multiple GPS antenna to 
derive a GPS attitude measurements as a backup of the 
attitude the of the fully-coupled GPS/IMU processing men 
tioned above. Referring to FIG. 10, the GPS processor 20 
further comprises: 

0200 (1) a RF unit 21, for converting the RF (radio 
frequency) GPS signals from the multiple GPS 
antennas to digital base band GPS Signals, which are 
Sent to a correlation and tracking loops 22, 

0201 (2) the correlation and tracking loops 22, for 
receiving digital base band GPS signals of the mul 
tiple GPS antenna to perform the tracking processing 
of the GPS signals and to derive GPS carrier phase, 
pSuedorange, and range rate measurements on the 
multiple GPS antenna, which are sent to a satellite 
and antenna Selection module 23; 

0202 (3) the satellite and antenna selection module 
23, for choosing a GPS antenna with a maximum 
number of GPS satellites in view and performing the 
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carrier phase difference processing among the mul 
tiple GPS antenna to derive the carrier phase differ 
ence measurements of the multiple GPS antenna, 
wherein the GPS carrier phase, pSuedorange, and 
range rate measurements of the chosen GPS antenna 
with maximum number of GPS satellites in view are 
Sent to the central navigation and control processor 
30 to perform the fully-coupled GPS/IMU process 
ing, and the carrier phase difference measurements 
of the multiple GPS antenna are sent to the attitude 
determination processor 24, 

0203 (4) the attitude determination processor 24, 
for receiving the carrier phase difference measure 
ments of the multiple GPS antenna to derive the GPS 
attitude measurement. Referring to FIG. 11, the 
attitude determination processor 24 further com 
prises: 

0204 (1) an integer ambiguity resolution module 
241, for receiving the carrier phase difference mea 
surements of the multiple GPS antenna to fix the 
ambiguity integer number of the carrier phase dif 
ference measurements and receiving the predicted 
carrier phase difference measurements of the mul 
tiple GPS antenna from a phase difference prediction 
module 246 to form a carrier phase difference resi 
dues; 

0205 (2) a state update module 242, for establishing 
a vector equations of the GPS attitude measurement 
errors, whose elements are called State variables, and 
receiving predicted State estimates from a State pre 
diction module 243, gain parameters and FDI com 
mand from the fuzzy logic inference module 244, 
and the carrier phase difference residues from the 
integer ambiguity resolution module 241 to derive 
current estimate of the GPS attitude measurement 
errorS, 

0206 (3) a state prediction module 243, for receiv 
ing current estimate of the GPS attitude measure 
ment errors to predict estimate of the GPS attitude 
measurement errors at next epoch; 

0207 (4) the fuzzy logic inference module 244, for 
receiving the carrier phase difference residues to 
determine if the carrier phase difference residues has 
big error and determine a optimal gain parameter for 
the state update module 242 

0208 (5) a vehicle attitude propagation module 245, 
for propagating the previous epoch GPS attitude 
measurements to current epoch GPS attitude mea 
surements and receiving current estimate of the GPS 
attitude measurement errors to correct current epoch 
GPS attitude measurements, and outputting the cor 
rected current epoch GPS attitude measurements as 
optimal GPS attitude measurements; 

0209 (6) the phase difference prediction module 
246, for receiving optimal GPS attitude measure 
ments at current epoch to generate the predicted 
carrier phase difference measurements of the mul 
tiple GPS antenna at next epoch. Referring to FIG. 
11, the fuzzy logic inference module 244 further 
comprises: 
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0210 (1) a fault detection and isolation (FDI) mod 
ule 2441, for receiving the carrier phase difference 
residues to determine if the carrier phase difference 
residues has big error, and output a reject FDI 
commands if the carrier phase difference residues 
has big error; 

0211 (2) a filter gain computation 2442, for receiv 
ing the carrier phase difference residues to determine 
a optimal gain parameter for the State update module 
242 

0212. The acceleration and velocity data from the central 
navigation and control processor 30 can be input to the 
correlation and tracking loopS 22 to aid the tracking pro 
cessing of the GPS Signals. 
0213 The attitude data from the central navigation and 
control processor 30 can be input to vehicle attitude propa 
gation module 245 as the initial GPS attitude measurement. 
What is claimed is: 

1. An improved fully-coupled vehicle positioning System, 
comprising: 

a global positioning System (GPS) processor for provid 
ing GPS measurements including pseudorange, carrier 
phase, and Doppler shift, for a slave System; 

a data link for receiving GPS-like Signal from a master 
System, where Said GPS-like Signal is a frequency shift 
GPS Signal and generated by Said master System; 

an inertial measurement unit (IMU) for providing inertial 
measurements including body angular rates and Spe 
cific forces, 

a central navigation processor, which are connected with 
said GPS processor, said IMU and said data link, 
comprising an inertial navigation System (INS) proces 
Sor, a Kalman filter, a new Satellites/cycle Slips detec 
tion module, and an on-the-fly ambiguity resolution 
module; and 

an input/output (I/O) interface connected to Said central 
navigation processor, 

a GPS antenna of said master system for receiving GPS 
Signal; 

a frequency mixer of Said master System for shifting 
carrier frequency of Said GPS Signal received from Said 
GPS antenna to generate said GPS-like signal; 

a data link of Said master System for transmitting Said 
GPS-like signal; 

wherein said GPS measurements from said GPS processor 
and GPS-like Signal from Said data link are passed to 
Said central navigation processor and Said inertial mea 
Surements are injected into Said inertial navigation 
system (INS) processor; 

wherein Said GPS-like Signal is processed by Said central 
navigation processor to derive GPS measurements, 

wherein an output of said INS processor and said GPS 
measurements are blended in Said Kalman filter; an 
output of said Kalman filter is fed back to said INS 
processor to correct an INS navigation Solution, which 
is then output from Said central navigation processor to 
said I/O interface; 
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wherein said INS processor provides velocity and accel 
eration data injected into Said GPS processor to aid 
code and carrier phase tracking of GPS Satellite Signals, 

wherein an output of Said GPS processor, an output of Said 
data link, and an output of Said INS processor are 
injected into a new SatelliteS/cycle Slips detection mod 
ule to test the occurrence of new Satellites and cycle 
slips, wherein as Said new SatelliteS/cycle SlipS detec 
tion module is on, Said on-the-fly ambiguity resolution 
module is activated to resolve global positioning Sys 
tem Satellite Signal carrier phase integer ambiguities, 

wherein Said on-the-fly ambiguity resolution module out 
puts the integer ambiguities into Said Kalman filter to 
further improve positioning accuracy, and Said INS 
processor outputS navigation data to Said I/O interface. 

2. An improved fully-coupled vehicle positioning System, 
as recited in claim 1, wherein said GPS processor further 
comprises: 

a RF (radio frequency) unit for converting the RF GPS 
Signals from a plurality of GPS antennas to a plurality 
of digital base band GPS signals; 

a correlation and tracking loops for receiving Said digital 
base band GPS signals of said GPS antenna to perform 
the tracking processing of the GPS Signals and to derive 
GPS carrier phase, pSuedorange, and range rate mea 
Surements, 

a Satellite and antenna Selection module for choosing a 
GPS antenna with a maximum number of GPS satel 
lites in View and performing the carrier phase differ 
ence processing among Said GPS antenna to derive the 
carrier phase difference measurements of said GPS 
antenna, wherein Said GPS carrier phase, pSuedorange, 
and range rate measurements of the chosen GPS 
antenna with maximum number of GPS satellites in 
View are Sent to Said central navigation processor to 
perform the fully-coupled GPS/IMU processing; 

an attitude determination processor for receiving the 
carrier phase difference measurements of said GPS 
antenna to derive the GPS attitude measurement. 
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3. An improved fully-coupled vehicle positioning method 
comprises Steps of: 

(a) receiving global positioning System raw measure 
ments, including pseudorange, carrier phase, and Dop 
pler shift; 

(b) receiving a GPS-like signal from a data link; 
(c) sending said GPS raw measurements to a central 

navigation processor from a GPS processor and Said 
data link, 

(d) receiving a plurality of inertial measurements includ 
ing body angular rates and Specific forces from an 
inertial measurement unit (IMU); 

(e) computing an inertial navigation Solution which are 
position, Velocity, acceleration, and attitude of a vehicle 
by sending said inertial measurements from said IMU 
to an inertial navigation System (INS) processor of Said 
central navigation processor for 

(f) fixing integer ambiguities based on testing the occur 
rence of new Satellites or cycle SlipS using Said GPS 
rover raw measurements from said GPS processor, GPS 
reference raw measurements, position, and Velocity 
from Said data link, and Saidinertial navigation Solution 
from Said INS processor and Send the integer ambigu 
ities to a Kalman filter; 

(g) blending an inertial navigation Solution derived from 
said INS processor and said GPS raw measurements 
from said GPS processor and said data link in said 
Kalman filter to derive INS corrections and GPS cor 
rections, 

(h) feeding back said INS corrections from said Kalman 
filter to said INS processor to correct said inertial 
navigation Solution; and 

(i) sending said inertial navigation Solution from Said INS 
processor to an I/O interface, So as to provide naviga 
tion data for an on-board avionics System. 


