
US 20020029110A1 

(19) United States 
(12) Patent Application Publication (10) Pub. N0.: US 2002/0029110 A1 

Fukuda et al. (43) Pub. Date: Mar. 7, 2002 

(54) SYSTEM FOR DETERMINING THE Publication Classi?cation 
HEADING AND/OR ATTITUDE OF A BODY 

(51) Int. Cl.7 ................................................... ..G01C 21/26 
(52) US. Cl. .................. .. 701/213; 701/300; 342/357.08; 

(76) Inventors: Masaru Fukuda, Nishinorniya-shi (JP); 342/357-12 
Sadao Sato, Nishinorniya-shi (JP); 
Hiroyuki Toda, Nishinorniya-shi (JP) 

(57) ABSTRACT 

Correspondence Address: _ _ _ _ 

BIRCH STEWART KOLASCH & BIRCH A system for determining the heading and/or attitude of a 
PO BOX 747 body receives radio waves from a plurality of position-?xing 
FALLS CHURCH’ VA 22040_07 47 (Us) satellites using at least three antennas ?xedly mounted at 

different positions of the body. To reliably obtain integer 
arnbiguity solutions of carrier phases of the radio Waves in 

(21) APPL NO: 09/870,628 a shorter time, the system directly deterrnines integer arnbi 
guities frorn attitude angle data obtained by an IMU attitude 

(22) Filed; Jun_ 1, 2001 processing section When the integer arnbiguities are to be 
redeterrnined in the event of an interruption of the received 

(30) Foreign Application Priority Data radio Waves or a change in the combination of satellites to 
be used. This system provides a user With highly accurate 

Jun. 1, 2000 (JP) .................................... .. 2000-164684 uninterrupted heading and/or attitude angle information. 

52 
5k 

co= to: 

GPS receiver unit 

Satellite ephemeris 
information 

Y GPS receiver 

GPS attitude 
processing 
section 

Attitude processing unit 

Satellite-use L. 

Ampli?er J 

GPS receiver 

I 
Carrier 
phase 

differences 

planning section 
I 

Phase difference 
processing section 

Integer ambiguity 
determing section 

Reinitialization 
judgment sectio 

Heading 
and/or 
attitude 
r 

IMU I GPS 
integration 
processing section 

C MU attitude processing section 



Patent Application Publication Mar. 7, 2002 Sheet 1 0f 4 US 2002/0029110 Al 

x" (North) 
FIG.1 

(A) 
Second antenna 

X'Wiif) 

First antenna 
eference antenna _ (R ) Thlrd antenna 

yn (East) 

2“ (Down) 

xa (Heading) 

(B) 
Second antenna 

First antenna 
(Reference antenna) Third antenna 



Patent Application Publication Mar. 7, 2002 Sheet 2 0f 4 US 2002/0029110 A1 

FIG.2 
: 31 Reference satellite 

Single integer ambiguity 
Direction vector 

Single path differences 

Sin le difference 
ofcarrier phase 

Baseline antenna L3‘ 

First antenna 
(Reference antenna) 



Patent Application Publication Mar. 7, 2002 Sheet 3 0f 4 US 2002/0029110 A1 

FIG.3 
S1 

E0351 
CO= (33k 

Satellite ephemeris 
‘ _ information GPS attitude 

GPS receiver unit processing 
Attitude processing unit 

section 

GPS receiver - sateuim?se . L planmng section 

GPS receiver - Phase difference 
processing section 

+ 

V IIIU GPS receiver 
Integer ambiguity 
determing section Ampli?er I V 

Carrier 
phase 

differences ‘7 
IMU snsor unit ‘ Reinitialization 
\_—_—_J judgment sectio 

Heading 
IMU IGPS and/o‘ 

. . 7 integration amiude 
' ' processing section ' 

IMU attitude processing section 

V 



Patent Application Publication Mar. 7, 2002 Sheet 4 0f 4 US 2002/0029110 A1 

FIG.4 

‘ START I 
+ 

Select satellites to 
be used and fetch n1 I I 
observation data Estimate 

baseline vector 

k____— 
Determine initial 
integer ambiguity 

Integer 
ambiguity 
determined? 

nteger 
ambiguity 
determined? Estimate 4 

v n 

baseline vector 
| 

Test integer 
ambiguity 

Test is good? 

Calculate GPS 
attitude angles 

l 
Determine integer calcmate IMU nlO 
ambiguity from IMU n14 - 
attitude angle data attitude angles 

119 

T 
IMU / GPS 
integration n1 1 
processing 

l 
Judg whether 
reinitialization n 1 2 
has occured 

n13 
Reinitialization 
siganal received? 

Output heading 
and/or attitude “15 



US 2002/0029110 A1 

SYSTEM FOR DETERMINING THE HEADING 
AND/OR ATTITUDE OF A BODY 

BACKGROUND OF THE INVENTION AND 
RELATED ART STATEMENT 

[0001] The present invention relates to a system for deter 
mining the heading and/or attitude of a body moving or 
stationary, such as an aircraft or a vessel. 

[0002] There is being developed an attitude determining 
system (ADS) Which receives radio Waves transmitted from 
a plurality of position-?xing satellites by a plurality of 
antennas disposed at speci?c positions of a body With one of 
the antennas being used as a reference antenna, measures the 
phases of carrier signals of the radio Waves, determines the 
relative geometric relationship of the onboard antennas by 
determining the relative positions of the antennas With 
respect to the reference antenna, and thereby measures the 
three-dimensional attitude of the body. 

[0003] Another eXample of a conventional system for 
determining the attitude of a body utiliZes an inertial mea 
surement unit (IMU) sensor like a rate gyro Which detects 
angular velocity. 

[0004] The conventional ADS determines integer ambi 
guities involved in a double difference of carrier phase or in 
a single difference of carrier phase by observing the double 
difference of carrier phase or the single difference of carrier 
phase betWeen the carrier phases of the radio Waves trans 
mitted from the position-?xing satellites to determine the 
positions of the antennas relative to the reference antenna. In 
the conventional integer ambiguity solution method, hoW 
ever, there arise errors in solution statistically and stochas 
tically With the probability of ?nding a correct integer 
ambiguity solution being 85% to 95%, for eXample, Wherein 
the time required for obtaining the integer ambiguity solu 
tion greatly depends on observation noise level and baseline 
lengths (i.e., the lengths betWeen the reference antenna and 
the other antennas Whose relative positions should be deter 
mined). Under an ordinary noise level, 30 seconds to a feW 
minutes are required on average to obtain an integer ambi 
guity solution When the baseline lengths are approximately 
1 m. When the noise level is high, it has occasionally be 
impossible to obtain an integer ambiguity solution even after 
10 minutes of observation, for eXample. 

[0005] In practical situations, it becomes necessary to 
obtain integer ambiguity solutions When the combination of 
satellites used for position ?X is altered or When a cycle slip 
(a situation in Which information on integer components of 
a value in a counter for counting the carrier phases is lost due 
to inability of a coherent delay lock loop of a carrier 
reconstruction circuit to track) occurs due to noise, for 
eXample. Therefore, if the time for determining the integer 
ambiguity solution is long, an attitude output for a user 
Would be frequently interrupted for impermissibly long 
periods of time. Also, if the rate of correct integer ambiguity 
solutions is loW, the system Would output unreliable attitude 
information. This has been a major bottleneck for practical 
application of the conventional ADS. 

[0006] In an attitude determining system using the afore 
mentioned IMU sensor, on the other hand, a major problem 
has been the accumulation of errors Which occurs due to the 
fact that the system determines the three-dimensional atti 
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tude of a body by integrating its angular velocity compo 
nents in the direction of each of three aXes X, y, Z. 

[0007] Previous efforts to overcome the aforementioned 
problems by integrating the conventional ADS and IMU 
system are found in US. Pat. No. 5,349,531, in Which 
attitude information is interpolated With attitude determina 
tion results obtained from an output of an IMU sensor When 
an attitude data output from the ADS is interrupted. The 
attitude determining system of US. Pat. No. 4,754,280 
basically determines the attitude of a body based on the 
output of the IMU sensor and outputs it as attitude infor 
mation and utiliZes the attitude determination results 
obtained by the IMU system just for estimating and remov 
ing IMU sensor errors. 

[0008] When a Widely available loW-cost IMU sensor is 
used in a system for determining the attitude of a body by 
means of the IMU sensor, hoWever, signi?cant errors Would 
occur, making it impossible to perform accurate error mod 
eling. Therefore, even if the IMU sensor error is estimated 
and compensated for, it can not be completely removed. 
Thus, When a maXimum permissible error is about 1°, 
backup time ensured by the IMU is approximately 30 to 60 
seconds at the maXimum. This means that the ADS should 
restore an reliable attitude data output Within this backup 
time, so that the conventional ADS/IMU integrated system 
has not been suited for practical use. 

[0009] Also, neither of the aforementioned US. Patents 
are intended to solve the aforementioned problems involved 
in obtaining an integer ambiguity solution of a single 
difference of carrier phase or a double difference of carrier 
phase in the ADS. 

SUMMARY OF THE INVENTION 

[0010] In vieW of the foregoing, it is an object of the 
invention to provide an attitude determining system Which 
can reliably determine an integer ambiguity solution in a 
shorter time using an output of an IMU sensor. 

[0011] Another object of the invention is to provide a 
measuring system Which can obtain an integer ambiguity 
based on an output of an IMU sensor. 

[0012] The present invention makes it possible to deter 
mine integer ambiguities of single differences of carrier 
phase or double differences of carrier phase observed When 
determining relative positions of multiple antennas based on 
attitude angles of a body obtained by means of an IMU 
sensor to thereby shorten the time required for obtaining an 
integer ambiguity solution, so that attitude determining 
results can be continuously output to a user even if cycle 
slips frequently occur. 

[0013] According to one aspect of the present invention, a 
system for determining the heading and/or attitude of a body 
comprises 

[0014] at least three antennas Which receive radio Waves 
from a plurality of position-?xing satellites With one of 
the antennas being used as a reference antenna, the 
antennas being ?Xed at different positions of the body, 
means for determining the relative positions of the 
other antennas With respect to the reference antenna by 
observing single differences of carrier phase or double 
differences of carrier phase betWeen carrier phases of 
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the radio Waves and by calculating integer ambiguities 
of the phase differences to thereby determine the head 
ing and/or attitude of the body, an IMU sensor installed 
on the body, means for obtaining attitude angles of the 
body based on an output of the IMU sensor, and means 
for determining the integer ambiguities based on the 
attitude angles obtained When the integer ambiguities 
are to be redetermined. 

[0015] According to another aspect of the invention, a 
system for determining the heading and/or attitude of a body 
as described above has the said means for determining the 
integer ambiguities Which comprises means for obtaining a 
baseline vector in the local coordinate system from the 
attitude angles obtained based on the output of the IMU 
sensor, means for obtaining the path difference With respect 
to the baseline vector, and means for obtaining the integer 
ambiguities based on the path difference With respect to the 
baseline vector and measured phase difference. 

[0016] According to another aspect of the invention, a 
system for determining the heading and/or attitude of a body 
comprises tWo antennas Which receive radio Waves from a 
plurality of position-?xing satellites, the antennas being 
?xed at different positions of the body With one of the 
antennas being used as a reference antenna, means for 
determining the relative positions of the other antennas With 
respect to the reference antenna by observing single differ 
ences of carrier phase or double differences of carrier phase 
betWeen carrier phases of the radio Waves and by calculating 
integer ambiguities to thereby determine the heading and/or 
attitude of the body, an IMU sensor installed on the body, 
means for obtaining attitude angles of the body based on an 
output of the IMU sensor, and means for determining the 
integer ambiguities based on the attitude angles obtained 
from the output of the IMU sensor When the integer ambi 
guities are to be redetermined. 

[0017] According to further aspect of the invention, a 
system for determining the heading and/or attitude of a body 
comprises a plurality of antennas Which receive radio Waves 
from a plurality of position-?xing satellites, the antennas 
being ?xed at different positions of the body With one of the 
antennas being used as a reference antenna, means for 
determining the relative positions of the other antennas With 
respect to the reference antenna based on integer ambiguities 
of the phase differences to thereby determine the heading 
and/or attitude of the body, an IMU sensor installed on the 
body, means for obtaining attitude angles of the body from 
an output of the IMU sensor, and means for determining the 
integer ambiguities based on the attitude angles obtained 
from the output of the IMU sensor When the integer ambi 
guities are to be redetermined. 

[0018] Since the integer ambiguities of the single differ 
ences of carrier phase or the double differences of carrier 
phase observed When calculating the relative positions of the 
multiple antennas are directly determined from the attitude 
angles of the body obtained by means of the IMU sensor in 
this invention, it is possible to output attitude information to 
the user substantially Without interruption even When the 
combination of satellites to be used is altered or a cycle slip 
has occurred. Furthermore, it becomes possible to output 
highly reliable attitude information because the rate of 
correct integer ambiguity solutions increases. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIGS. 1A and 1B are diagrams shoWing an 
example of an antenna layout depicted in a local coordinate 
system and an antenna coordinate system, respectively; 

[0020] FIG. 2 is a diagram shoWing the relationship 
betWeen baseline vectors and single differences of carrier 
phase, etc.; 

[0021] FIG. 3 is a block diagram shoWing the construction 
of an attitude determining system for a body according to the 
present invention; and 

[0022] FIG. 4 is a ?oWchart shoWing operations per 
formed by a reinitialiZation judgment section and an IMU/ 
GPS integration processing section of an attitude data pro 
cessing block shoWn in FIG. 3. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS OF THE 

INVENTION 

[0023] First, an antenna coordinate system, a local coor 
dinate system and coordinate transformation betWeen these 
tWo coordinate systems are explained referring to FIGS. 1A 
and 1B. 

[0024] FIG. 1A shoWs an antenna layout depicted in the 
local coordinate system, in Which the x, y and Z axes 
represent north, east and vertical directions, respectively, 
With the position of a reference antenna (?rst antenna) taken 
as an origin, for instance. In FIG. 1A, a point With coordi 
nates (xln, yln, Z1“) is the position of a second antenna, a 
point With coordinates (xzn, yzn, Z2“) is the position of a third 
antenna, L1n is a baseline vector from the ?rst antenna to the 
second antenna (i.e., the vector indicating the length and 
direction of a straight line connecting the reference antenna 
chosen from multiple antennas to one of the other antennas 
Whose relative position should be determined), and L2n is a 
baseline vector from the ?rst antenna to the third antenna. 
The superscript “n” Written to the right of the values of the 
coordinates and the baseline vectors indicates that these 
coordinates and baseline vectors are for the local coordinate 
system. 

[0025] FIG. 1B shoWs an antenna layout depicted in the 
antenna coordinate system, in Which the x axis represents the 
heading (i.e., the direction in Which a ship’s boW or the nose 
of an aircraft is oriented), the y axis corresponds to a 
direction perpendicular to the x axis, and the Z axis indicates 
a direction perpendicular to both the x and y axes, With the 
position of the reference antenna (?rst antenna) taken as an 
origin, for instance. In FIG. 1B, 21 point With coordinates 
(x1'‘‘, y1'‘‘, Z13) is the position of the second antenna, a point 
With coordinates (x28, yza, Z28) is the position of the third 
antenna, L18 is a baseline vector from the ?rst antenna to the 
second antenna, and L28 is a baseline vector from the ?rst 
antenna to the third antenna. The superscript “a” Written to 
the right of the values of the coordinates and the baseline 
vectors indicates that these coordinates and baseline vectors 
are for the antenna coordinate system. 

[0026] Equation (1) beloW is a transformation formula for 
converting coordinates from the antenna coordinate system 
to the local coordinate system: 
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(1) 

[0027] Where L3n is a cross product of L1n and L2“, and L38 
is a cross product of L18 and L23. 

[0028] The coordinate transformation operator Can of 
equation (1) is expressed by equation (2) below: 

[0029] Where Sr is the angle of roll (i.e., the angle of 
rotation about the X axis of the antenna coordinate system) 
a body, 0p is the angle of pitch (i.e., the angle of rotation 
about the y axis of the antenna coordinate system), and By 
is the angle of yaW (i.e., the angle of rotation about the Z axis 
of the antenna coordinate system). These angles are obtained 
respectively from the folloWing equations: 

(2) 

(4) 

(5) XXX 
[0030] Since L18, L23 and L38 of equation (1) are knoWn 
quantities, C,n can be obtained if L1“, L2n and L3n are 
determined from carrier phase difference observables. When 
the value of C,n is obtained, attitude angles can be calculated 
by equations (3) to (5) above. Here, the angle of yaW is a 
direction referenced to north. Since measuring accuracy of 
the attitude angles is determined by the accuracy of calcu 
lation of the coordinates (xln, yln, Z1“) and (xzn, yzn, Z2“), an 
attitude determining system usually observes carrier phase 
differences and determines the relative positions of the 
antennas With high accuracy instead of performing position 
?xing by using a pseudorandom noise code. While either a 
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single difference of carrier phase method or a double dif 
ference of carrier phase method may be used for position 
?xing, the double difference of carrier phase method is 
described in the folloWing discussion: 

[0031] Equation (6) beloW is an observation equation 
applicable to the double difference of carrier phase method: 

XX 
(6) 

[0032] Where 

[0033] m: satellite No. 

[0034] k: number of satellites 

[0035] 2»: carrier Wavelength of a received signal 

[0036] apjn; double path difference of a baseline 
vector LJ-n to a reference satellite S1 and a satellite 

s (m=1, 2, 3) 

[0037] 6¢jm: double difference of carrier phase 
observable betWeen the reference satellite S1 and the 
satellite Srn+1 

[0038] zsNjm; double integer ambiguity difference 
betWeen the reference satellite S1 and the satellite 
Srn+1 

[0039] Bel-m: double observable noise difference 
betWeen the reference satellite S1 and the satellite 
Srn+1 

[0040] FIG. 2 is a graphical representation of the double 
difference of carrier phase, in Which individual symbols 
have the folloWing meanings: 

[0041] Apjrml: single path difference of the baseline 
vector LJ-n to the satellite Srn+1 

[0042] A¢jm+1: single difference of carrier phase 
observable of the baseline vector LJ-n to the satellite 
Srn+1 

[0043] ANl-rml: single integer ambiguity difference of 
the baseline vector LJ-n to the satellite Srn+1 

[0044] Aejrml: single observable noise difference of 
the baseline vector LJ-n to the satellite Srn+1 

[0045] Also, the individual symbols and the aforemen 
tioned variables have the folloWing relationship: 

6ejm=Aejm+1+Aej1 
[0046] The double difference of carrier phase apjm of 
equation (6) can be expressed by 6pjm=6AjmLjn (j=1, 2), 
Where both zsAjm and LJ-n are functions of the coordinates 
(xln, yln, Z1“). Therefore, my and Li“, or the coordinates 
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(xln, yln, Z1“), are unknown quantities. Since there remain 
three unknown quantities if integer ambiguities are prede 
termined by one method or other, it is possible to determine 
the coordinates (xln, yln, Z1“) if at least three observables 
649m (i.e., the number of satellitesi4) are obtained. 

[0047] Expressing noW coordinate vectors of a given 
baseline vector L in the local coordinate system and the 
antenna coordinate system as de?ned in FIGS. 1A and 1B 
by XD and X3 respectively, the relationship betWeen X“, X3 
and a coordinate transformation matrix Can (3x3) is 
expressed by equation (7) beloW: 

[0048] Thus, the variance-covariance matrix of X“, 0P2 is 
given by equation (8) beloW: 

(8) 

[0049] Where 

(9) 

[0050] Where 0P2 is the variance-covariance matrix of the 
baseline vector. 062 is the variance-covariance matrix of the 
attitude angles obtained from the IMU. H is a transformation 
matrix betWeen the baseline vector and the attitude angles. 

[0051] The relationship betWeen the standard deviation op 
of errors of the baseline vector position and the value 6p 
obtained by projecting in the direction of vieWing ?led of a 
satellite is expressed by equation (10) beloW: 

[0052] Here, 6A is a direction cosine matrix difference 
taken in the direction of the satellite at the double difference 
of carrier phase. Provided that the standard deviation of do 
is ON, the relationship betWeen an attitude angle error and an 
integer ambiguity error is expressed by equation (11) beloW 
from the aforementioned equations (8) and (10): 
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(11) 

[0053] It is noW assumed that antenna bases located at 
vertices of a triangle Whose sides are 50 cm each are sWung 
With a rolling angle of 120° at rolling angle varying intervals 
of 60 seconds, a pitching angle of 115° at pitching angle 
varying intervals of 70 seconds, and With a yaWing angle of 
130° at yaWing angle varying intervals of 180 seconds, and 
the direction of a satellite and its elevation angle are varied 
through 360° and betWeen 0° and 80°, respectively. If errors 
of IMU sensors for sensing rolling, pitching and yaWing 
angles are Within a feW degrees in terms of standard devia 
tion under the conditions stated above, a range error calcu 
lated in the direction of vieWing ?led of the satellite is equal 
to or smaller than 1A of the Wavelength of the carrier of radio 
Waves (i.e., approximately 5 cm) transmitted from the sat 
ellite. 

[0054] This means that it is possible to obtain error-free 
integer ambiguities of carrier phases even When the ambi 
guities of the carrier phases are rounded to integers using the 
attitude angles obtained from outputs of the IMU sensors 
under the aforementioned conditions because the attitude 
angle error is usually a feW degrees or less. 

[0055] Real number ambiguities are calculated as folloWs 
from the attitude angles. 

[0056] Since the position (xja, yja, ZJ-a) of a baseline vector 
LJ-a (i=1, 2) in the antenna coordinate system is knoWn, the 
position (xjn, yj“, 21-“) of the baseline vector LJ-n (j=1, 2) in the 
local coordinate system is obtained from the attitude angles 
detected by the IMU sensors using equations (2) and 

[0057] Single difference of carrier phase Apjm of each 
satellite is calculated backWard from the position (xjn, yj“, 
21-“) using equation (12) beloW: 

(12) 

(“1.2.3.4. j=1,2) 

[0058] Since AJ-rn is a vector in the direction of vieWing 
?led of a satellite m of the baseline vector Lj“, it can be 
determined from the position (xmn, ymn, Zmn) of each satel 
lite and the position (xjn, yj“, 21-“) in the local coordinate 
system, Where m is the number of the used satellite and j is 
the number of the baseline vector. 

[0059] Since the observation equation of the single differ 
ence of carrier phase expressed by equation (13) beloW, it is 
possible to calculate real number ambiguity ANJ-rn of the 
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single difference of carrier phase for the satellite m if the 
single difference of carrier phase A¢jm is an observable: 

(13) 

(m=1,2,3,4> 151,2) 

[0060] Where a value obtained by rounding ANJ-rn to an 
integer is the integer ambiguity (single integer ambiguity 
difference). 
[0061] In the case of the double difference of carrier phase 
method, it is possible to calculate a double difference of 
carrier phase real number ambiguity 6N1?“ from the afore 
mentioned equation Therefore, the invention is appli 
cable to either the single difference of carrier phase method 
or the double difference of carrier phase method. It is to be 
noted that in the same Way the invention can be applicable 
to one of any other numbers used for “j”. 

[0062] NoW, the construction of the present attitude deter 
mining system for a body is described With reference to 
FIGS. 3 and 4. 

[0063] FIG. 3 is a block diagram of the attitude determin 
ing system. Designated by s1, s2, . . . sk in FIG. 3 are 
satellites of the Global Positioning System (GPS). GPS 
antennas receive radio Waves from the multiple satellites, 
convert received signals into intermediate frequency (IF) 
signals, and amplify the IF signals. A GPS receiver calcu 
lates antenna positions and carrier phase differences from 
the signals received by the individual antennas and outputs 
these data together With information on the positions of the 
individual satellites to an attitude data processing block at 
speci?c time intervals (i.e., a feW tens of milliseconds to a 
feW seconds). Since the satellite positions obtained by 
position ?xing, ephemeris information, etc. comply With the 
coordinate system of the GPS, these data are converted into 
the local coordinate system in the GPS receiver block or in 
the attitude data processing block. In the folloWing discus 
sion, it is assumed that the data are converted in the GPS 
receiver block. 

[0064] A satellite-use planning section of the attitude data 
processing block selects satellites to be used based on the 
satellite ephemeris information and the antenna positions 
and gives the antenna positions and information on the 
selected satellites to a phase difference processing section. 
The phase difference processing section calculates observed 
quantities of single (or double) phase differences from 
carrier phase difference signals received from the GPS 
receiver block and delivers the resultant data to an integer 
ambiguity determination section. The integer ambiguity 
determining section determines integer ambiguities of the 
single (or double) phase differences of the relevant satellites, 
evaluates the goodness of the integer ambiguities, and gives 
integer ambiguity information to a GPS attitude processing 
section. The GPS attitude processing section calculates 
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baseline vectors in the local coordinate system from the 
integer ambiguities and carrier phase difference observables 
output from the phase difference processing section using a 
knoWn method. Attitude angles are calculated from the 
baseline vectors for the local coordinate system thus 
obtained and the knoWn baseline vectors for the antenna 
coordinate system from equations (1) to The attitude 
angles obtained by the GPS are hereinafter referred to as 
“GPS attitude angles.” 

[0065] Referring to FIG. 3, an IMU sensor block includes 
a rate gyro for detecting angular velocities around three 
perpendicular axes as Well as an x-axis ampli?er, y-axis 
ampli?er and Z-axis ampli?er for amplifying angular veloc 
ity outputs. This IMU sensor block outputs data on the 
angular velocities around the individual axes to an IMU 
attitude processing section of the attitude data processing 
block. More speci?cally, the IMU sensor block outputs 
angular velocities osis about axes of an IMU sensor coor 

dinate system referenced to a right-handed inertial coordi 
nate system Whose X axis coincides With the line of inter 
section of the earth’s equatorial plane and a meridian plane 
passing through the vernal equinox and y axis coincides With 
an eastWard-directed line perpendicular to the X axis. What 
are needed here are angular velocities uusns about coordinate 
axes of the IMU sensors in the local coordinate system. The 

relationship betWeen (osis and uusns is given by 0051150015 
(nsin, Where rosin is an angular velocity obtained When an 
angular velocity in the local coordinate system referenced to 
the inertial coordinate system is measured from the IMU 
sensor coordinate system. Since uusis>>uusin in the case of a 
loW-speed body like a ship, (osis may be disregarded. In the 
case of a high-speed body like an aircraft, uusns is calculated 
from the position of the body using a knoWn method. 

[0066] The IMU attitude processing section calculates the 
attitude angles using Euler’s equation or Gilmore’s algo 
rithm Which are knoWn. The attitude angles thus obtained 
are hereinafter referred to as “IMU attitude angles.” 

[0067] An IMU/GPS integration processing section com 
bines the IMU attitude angles and the GPS attitude angles 
and outputs individual attitude angles including the angles of 
roll, pitch and yaW. 

[0068] FIG. 4 is a ?oWchart shoWing operations per 
formed by a reinitialiZation judgment section and the IMU/ 
GPS integration processing section of the attitude data 
processing block shoWn in FIG. 3. First, the attitude data 
processing block selects satellites to be used for position 
?xing and takes in observation data obtained by receiving 
radio Waves from the selected satellites (step n1). If integer 
ambiguities are not determined yet under initial conditions, 
baseline vectors are estimated (real number solutions are 
determined) for the individual antennas. A Kalman ?lter or 
the least squares method, for instance, is used for this 
estimation. Subsequently, the integer ambiguities are deter 
mined by rounding the real number solutions to integers 
using a knoWn method (steps n2%n3%n5—>n6%n5 . . . 

[0069] Next, the goodness of the estimated integer ambi 
guities is veri?ed by conducting a XZ-test or by judging 
Whether baseline lengths coincide With actual values (step 
n7). If the result of veri?cation is unsatisfactory, the afore 
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mentioned operation for determining the integer ambiguities 
is reexecuted (steps n8Qn5 . . . If the result of veri?cation 

is satisfactory, baseline vectors are calculated using the 
obtained integer ambiguities as knoWn quantities, and GPS 
attitude angles are calculated from relative positions of the 
individual antennas (step n9). Then, IMU attitude angles are 
calculated from angular velocities around the three axes 
detected by the IMU sensors at the same time that the GPS 
attitude angles Were calculated (step n10). 

[0070] Next, the GPS attitude angles and the IMU attitude 
angles are combined. Speci?cally, the IMU attitude angles 
are converted to attitude angles de?ned in the same local 
coordinate system as for the GPS attitude angles by using the 
GPS attitude angles as initial values of a strap-doWn of the 
IMU sensor block. Also, IMU sensor errors are estimated 

from differences betWeen the GPS attitude angles and the 
IMU attitude angles (step n11). 

[0071] The GPS attitude angles are attitude angles of the 
axes of the antenna coordinate system referenced to the local 
coordinate system, and the IMU attitude angles are attitude 
angles of the axes of the IMU sensor coordinate system 
referenced to the local coordinate system. Although it is 
desirable to install the antennas and IMU sensors on the 

body such that the axes of the antenna coordinate system and 
the axes of the IMU sensor coordinate system exactly match 
each other, this is dif?cult in practice. Accordingly, a devia 
tion of the coordinate axes is compensated for by a math 
ematical operation involving rotation of the coordinate axes. 

[0072] The aforementioned estimation of the IMU sensor 
errors is made by estimating ambiguity and drift errors 
Which constitute the IMU sensor errors using information on 
the differences betWeen the GPS attitude angles and the IMU 
attitude angles. The IMU sensor errors thus estimated are 
removed from the IMU attitude angles. 

[0073] Subsequently, the reinitialiZation judgment section 
of the attitude data processing block judges Whether any 
cycle slip has occurred. If no cycle slip has occurred, the 
attitude data processing block outputs the obtained attitude 
angles (steps n12%n13—>n15). 

[0074] When the occurrence of a cycle slip has been 
detected, the integer ambiguities are directly determined 
from IMU attitude angle data by the aforementioned method 
and the baseline vectors are determined from the integer 
ambiguities (steps n13Qn14Qn4). This estimation of the 
baseline vectors in step n4 and the estimation of the baseline 
vectors in step n3 differ in that the number of states in the 
baseline vector estimation in step n3 is three (X, y, Z) plus m 
number of ambiguities Whereas the number of states in the 
baseline vector estimation in step n4 is three only (X, y, Z) in 
a case Where a Kalman ?lter is used, for instance. Therefore, 
computational complexity of the baseline vector estimation 
in step n4 is rather small so that the baseline vectors can be 
estimated in an extremely short period of time. 

[0075] From this time onWard, the attitude data processing 
block carries out the aforementioned veri?cation of the 
goodness of the estimated integer ambiguities in step n7 and 
the later operations (steps n7Qn8 . . . ) Since no error 

usually occurs in the integer ambiguities determined in step 
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N14, the operation How may proceed from step n4 to step 
n9, skipping steps n7 and n8. 

[0076] Since the integer ambiguities are directly deter 
mined from the IMU attitude angle data as stated above 
When system reinitialiZation has become necessary due to 
cycle slips or a change in the combination of satellites to be 
used, for instance, it is not necessary to spend a long period 
of time for determining the integer ambiguities. As a con 
sequence, it is possible to output the attitude angles of the 
body to be used for determining the integer ambiguities 
substantially Without interruption and thereby provide a user 
With highly accurate attitude angle information continu 
ously. 

What is claimed is: 
1. A system for determining the heading and/or attitude of 

a body, said system comprising: 

at least three antennas Which receive radio Waves from a 
plurality of position-?xing satellites With one of the 
antennas being used as a reference antenna, the anten 
nas being ?xed at different positions of the body; 

means for determining the relative positions of the other 
antennas With respect to the reference antenna by 
observing single differences of carrier phase or double 
differences of carrier phase betWeen carrier phases of 
the radio Waves and by calculating integer ambiguities 
of the phase differences to thereby determine the head 
ing and/or attitude of the body; 

an IMU sensor installed on the body; 

means for obtaining attitude angles of the body based on 
an output of the IMU sensor; and 

means for determining the integer ambiguities based on 
the attitude angles obtained When the integer ambigu 
ities are to be redetermined. 

2. A system for determining the heading and/or attitude of 
a body as de?ned in claim 1 Wherein said means for 
determining the integer ambiguities comprises means for 
obtaining a baseline vector in the local coordinate system 
from the attitude angles obtained based on the output of the 
IMU sensor, means for obtaining the path difference With 
respect to the baseline vector, and means for obtaining the 
integer ambiguities based on the path difference With respect 
to the baseline vector and measured phase difference. 

3. A system for determining the heading and/or attitude of 
a body, said system comprising: 

tWo antennas Which receive radio Waves from a plurality 
of position-?xing satellites, the antennas being ?xed at 
different positions of the body With one of the antennas 
being used as a reference antenna; 

means for determining the relative positions of the other 
antennas With respect to the reference antenna by 
observing single differences of carrier phase or double 
differences of carrier phase betWeen carrier phases of 
the radio Waves and by calculating integer ambiguities 
to thereby determine the heading and/or attitude of the 
body; 

an IMU sensor installed on the body; 

means for obtaining attitude angles of the body based on 
an output of the IMU sensor; and 
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means for determining the integer ambiguities based on 
the attitude angles obtained from the output of the IMU 
sensor When the integer ambiguities are to be redeter 
mined. 

4. A system for determining the heading and/or attitude of 
a body, said system comprising: 

a plurality of antennas Which receive radio Waves from a 
plurality of position-?xing satellites, the antennas being 
?xed at different positions of the body With one of the 
antennas being used as a reference antenna; 

means for determining the relative positions of the other 
antennas With respect to the reference antenna based on 
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integer ambiguities of the phase differences to thereby 
determine the heading and/or attitude of the body; 

an IMU sensor installed on the body; 

means for obtaining attitude angles of the body from an 
output of the IMU sensor; and 

means for determining the integer ambiguities based on 
the attitude angles obtained from the output of the IMU 
sensor When the integer ambiguities are to be redeter 
mined. 


