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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 spoo?ng, 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 inte ration s stem, even in heav ~ammin and hi h (22) Filed. Dec. 26, 2000 g y y] g g 
dynamic environments. To improve the accuracy of the 

Publication Classi?cation integrated GPS/INS navigation system, phase measurements 
are used and the idea of the differential GPS is employed. A 

(51) Int. Cl.7 ................................................... .. G01C 21/26 master-slave relative positioning scheme is invented and is 
(52) US. Cl. .......................................... .. 701/214; 701/216 effective for high accuracy formation driving and ?ight. 
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FULLY-COUPLED VEHICLE POSITIONING 
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, ?led on Feb. 8, 1999, and another 
non-provisional application, application number 09/661, 
587, ?led 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-?y 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 
maneuvers. 

[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 
re?ected 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 speci?c 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 
si?ed as a gimbaled con?guration and a strapdoWn con?gu 
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-?xed (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. 

[0011] 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 dif?culties 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 ?rst 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 ?lter. The third approach is 
to use an extended Kalman ?lter 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: 

[0014] 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 
noise. 

[0015] 2. There is a signi?cant 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 ?lter, 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 ?lter, 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-?y) technique) is disclosed to resolve the 
integer ambiguities on the ?y 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 ?xing 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 dif?cult 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 ?lter 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 ?lter is implemented in real time to optimally 
blend the GPS raW data and the INS solution and to estimate 
the navigation solution. 

[0025] Another further objective of the present invention 
is that a robust Kalman ?lter 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 ?lter 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. 

[0031] 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. 

[0032] FIG. 3 is a How diagram of the neW process for 
on-the-?y ambiguity resolution technique of the present 
invention. 
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[0033] FIG. 4 is a How diagram of intermediate ambiguity 
search strategy (IASS) according to the neW process for 
on-the-?y 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-?y 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-?y 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 ?lter according to the above pre 
ferred embodiment of the present invention. 

[0037] FIG. 8 is a block diagram of the robust Kalman 
?lter 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 speci?c 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. 

[0045] b) Combine the output of the INS (inertial 
navigation system) processor 31 and the GPS mea 
surements in a Kalman ?lter 33 (as shoWn in FIG. 2). 

[0046] c) Feed back the output of the Kalman ?lter 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. 

[0048] 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-?y ambiguity resolution module 32 is 
activated. 

[0049] f) Output carrier phase integer ambiguities as 
the ambiguities are ?xed from the on-the-?y ambi 
guity resolution module 32 into the Kalman ?lter 33 
to use the GPS carrier phase measurement to update 
the Kalman ?lter 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. 

[0052] The master-slave relative positioning process com 
prises steps of: 

[0053] (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 speci?c 
forces) from the IMU 10 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 ?lter 33 (as shoWn in FIG. 2). 

[0058] Feed back the output of the Kalman ?lter 
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-?y ambiguity resolution module 32 is 
activated. 

[0061] Output carrier phase integer ambiguities as 
the ambiguities are ?xed from the on-the-?y ambi 
guity resolution module 32 into the Kalman ?lter 33 
to use the GPS carrier phase measurement to update 
the Kalman ?lter to further improve the positioning 
accuracy. 

[0062] 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 con?guration 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, P code 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, psmj is the pseudorange corresponding 
to the j th GPS satellite signal re?ecting from the 
master carrier; rmj is the geometrical distance 
betWeen the master carrier and the j th GPS satellite; 
dSrn is the geometrical distance betWeen the master 
carrier and the slave carrier. 

[0067] In the above equation, psmj 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 dSm-dSrn 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 dSrn 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: 

psmj=rmj+dsm 

[0070] Where: psmj is the range rate corresponding to the th GPS satellite signal re?ecting from the master carrier; rmJ 

is the range rate betWeen the master carrier and the j th GPS 
satellite;dSrn 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. 

[0072] 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 

AtSm=[tR(GPS)—6R ]—[t5(GPS)—6S]—1:m 

[0073] Where tR(GPS) is the reception GPS time; 6R 
is the receiver clock delay With respect to GPS time; 
tS(GPS) is the signal emission GPS time; 65 is the 
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satellite clock delay With respect to GPS time;"crn is 
the signal delay induced by the Frequency translator 
transmit system. 

[0074] The bias 65 of the satellite clock can be compen 
sated by a polynomial model With the coefficients being 
transmitted in the ?rst 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)=tR(GPS)—tS(GPS). The equipment delay "cm 
term is a knoWn constant, Which can be determined through 
testing. By correcting the satellite clock, the term 65 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, prn corresponds to the dis 
tance betWeen the position of the satellite at epoch tS(GPS) 
and the position of the master carrier at epoch tR(GPS); dSrn 
is the distance betWeen the master carrier and the slave 
carrier. Since pm 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 epoch tR. 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(ts,ts) in the above equation. Combining 
the direct pseudorange measurements, the code pseudorange 
model for master-slave relative positioning is given by 

[0078] Where, pS is the true geometric distance 
betWeen the slave carrier and satellite; pm is the true 
geometricS distance betWeen the master carrier and 
satellite;6 is the satellite clock bias; 6R is the receiver 
bias; Aeph is the range error induced by the ephemeris 
error;AiOnO is the propagation delay induced by the 
ionosphere. 

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

[0080] Where, N5 the is the initial carrier phase inte 
ger ambiguity associated With the slave carrier; NSrn 
is the initial carrier phase integer ambiguity associ 
ated With the slave carrier and the master carrier. 
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[0081] For satellite k, the carrier phase single difference 
(SD) results from the difference betWeen the tWo equations 
in the above equation, as folloWs 

[0082] Where Nk=NSk—NSmk is the integer ambiguity 
associated With the tWo carriers; A6=6RS—6RSm 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: 

[0084] Where Nkj=Nsk—Nsmk—Nsj+Nsmj 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 0I(t) 
rapidly and accurately over a suf?ciently short estimation 
period, and Wherein 0I(t) is approximated by 

[0086] The problem noW becomes to estimate the param 
eters of the above equation. The velocity-acceleration infor 
mation, Which describes the ?ight 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: 

[0087] Where (b1, b2, b3) are constants related to the 
carrier frequency and the speed of light, and are given by 

bl=?, b2=%, b3=4gfc 
C C C 

[0088] VLOS, ALOS and aLOS 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 
PIfoIg loop seriously depend on the accuracy of VLOS and 
A estimation. The VLOS and ALOS can be calculated from 
the information of velocity and acceleration coming from 
the INS processor 31 and then be incorporated into the loop 
?lter 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 (VLOS and ALOS) 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 ?lter 
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 speci?c forces, and the position error, velocity 
error, and attitude error coming from the Kalman ?lter 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 ?lter 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 speci?c 
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 ?lter 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-?y 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 ?x the ambiguity 
integer; 

[0097] The Kalman ?lter 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 speci?c forces, and the esti 
mated errors from the Kalman ?lter 33 to derive the 
corrected navigation solutions (position, velocity, 
and attitude). The corrected navigation solutions are 
output into the Kalman ?lter 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) 

PU 

[0100] Where (')mrij means double difference Which is 
formed by (')mi31 (')mj—(')rj. The subscripts m and r denote 
tWo (reference and rover) receivers and the superscripts i 
and j represent tWo different GPS satellites. P and (I) are the 
pseudorange and phase range measurements, respectively. p 
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 p0 refers to the correction of nominal 
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geometrical distance. 9» represents Wavelength. Nmrij is the 
double difference integer ambiguity. 

[l] 
i 

2 
k 

[0101] is the double difference residual of the ionospheric 
effect for L1 or L2 frequency and Tmrij denotes the double 
difference residual of the tropospheric effect. dp mi]- refers 
as the double difference residuals of phase center variations. 
MwmriJ denotes the double difference residuals of multipath 
effect. The de?nitions of the Wide lane and narroW lane 
phase range measurements are 

[0102] respectively, and the corresponding integer ambi 
guities are 

Nwijmt= 1ijm[_N2iJ-m[ 

[0103] respectively. Therefor, the frequencies for the Wide 
lane and narroW lane ambiguities are equal to fW=f1—f2 and 
fn=f1+f2, respectively. Linearly combining the L1 and L2 
equations and using tk to represent time at epoch k, the 
sequentially averaged approximated double difference Wide 
lane ambiguity (real number) is expressed as 

lM» 

[0104] and the approximated double difference narroW 
lane ambiguity (real number) is given by 

Nnijm~(7\wNwijm[-‘1>1sijm +dPCWijmI-dPCHijmQ/7m, (2) 

Pen mt 

k .. 

U (bISmrUi) 
1 

[0106] denotes the ionospheric signal observation, 




















