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(57) Abstract: This positioning satellite selecting 
device obtains, from signals transmitted from a plural­
ity of positioning satellites, a selection combination of 
positioning satellites used for positioning at a position 
of a subject to be positioned. This positioning satellite 
selecting device is provided with: a positioning data 
acquisition unit (111) which acquires positioning data 
which are navigation information on a positioning 
satellite, a distance observation value, and an error cor­
rection value of the distance observation value; a satel­
lite position calculating unit (112) which calculates a 
satellite position of the positioning satellite from the 
navigation information in the positioning data; a qual­
ity evaluation unit (114) which evaluates the quality of 
the positioning data; a shortest time designation unit 
(115) which sets the shortest selection time, which is 
the shortest time for selecting the positioning satellite, 
to a longer value as the quality becomes worse; a plan 
making unit (113) which obtains the selection combin­
ation under the condition that a time is selected to be 
longer than the shortest selection time when the posi­
tioning satellite is selected; and a plan preservation 
unit (117) which preserves a selection combination 
plan of the positioning satellite.
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19 Title

POSITIONING SATELLITE SELECTION DEVICE, POSITIONING

INFORMATION TRANSMITTING DEVICE, AND POSITIONING SYSTEM

5 Technical Field

[0001] The present invention relates to a positioning system and a positioning 

device that use positioning satellites such as the Global Positioning System (GPS) 

and the like.

Background Art

10 [0002] In measuring a position (positioning) of a positioning target by using

positioning satellites, it is important to appropriately determine a combination of 

satellites to be used for positioning. The quality of the position which is the 

accuracy and precision of the position of the positioning target depends on the 

quality of a range observation value for each satellite. Thus, it is desirable that a

15 satellite with a large observation error be excluded from being used. Also, the 

number of required channels and the positioning computation load increase as the 

number of satellites to be used increases, so that it is desirable to determine the upper 

limit on the number of satellites in accordance with the number of channels and 

computation capacity available at a terminal, and selectively use a combination of

20 satellites that will result in the best quality of the position of the positioning target. 

[0003] It is expected that in 2020 more than 100 positioning satellites including the 

Global Positioning System (GPS), quasi-zenith satellites of Japan, GLONASS of 

Russia, Beidou of China, and Galileo of Europe will be orbiting the earth, and that 

approximately 30 of them will be always available for use in Asia and Oceania. On

25 the other hand, the number of channels at a positioning terminal varies widely with 

the cost, ranging from 10 or so to more than 200 channels. It is important,
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especially for a terminal with a small number of channels, to determine a selection 

combination of satellites from which to receive signals. Similarly, also in a 

positioning service that generates differential error correction information and 

provides it to a user, the number of satellites for which error correction can be

5 performed has restrictions according to the line capacity, so that it is desirable that a 

service provider determine a combination of satellites that will result in the best 

quality of the position of the user terminal.

[0004] To determine the combination of satellites to be used for positioning, 

consideration is given, for example, to a precision deterioration index (DOP: Dilution

10 of Precision) determined from elevation angles, visibility times, and the quality of 

observation values of individual satellites and a geometric arrangement based on a 

combination of satellites. As a conventional technology related to this, for example, 

Patent Literature 1 proposes a train position detecting system in which, in order to 

reduce a multipath error in detecting a train position, a combination of positioning

15 satellites that will minimize an error between a position calculated at a reference 

station and a predetermined true position is determined and information on the 

combination is provided to a train, and the train selects signals of the satellites 

included in the information on the combination from among received satellite signals 

and performs positioning.

20 Citation List

Patent Literature

[0005] Patent Literature 1: JP 2010-163118 A

Summary of Invention

[0006] A conventional positioning system determines a combination of satellites at

25 each time based on independent evaluation on a per-time basis, so that a satellite 

which is used for a short duration of time may be selected into the combination of
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satellites. If a satellite which cannot be used continuously by a positioning filter on 

a terminal side is selected, there is a problem that the time necessary for reducing an 

error in positioning data of the satellite cannot be secured resulting in a large error, 

so that stable positioning cannot be performed.

5 [0007] An embodiment of the present invention performs stable positioning (by

securing the time required for reducing an error in positioning data of a satellite) 

when positioning is performed by selecting satellites to be used from among a large 

number of positioning satellites.

[0008] The present invention provides a positioning satellite selection device for

10 obtaining, from signals transmitted from a plurality of positioning satellites, a 

selection combination at each time of the positioning satellites to be used for 

positioning at a position of a positioning target, the positioning satellite selection 

device comprising:

a positioning data acquisition unit configured to acquire positioning data

15 including navigation information and a range observation value of the plurality of the 

positioning satellites;

a satellite position calculation unit configured to calculate a satellite position 

at each time of the positioning satellite from the navigation information of the 

positioning data;

20 a quality evaluation unit configured to obtain a quality evaluation value

based on the positioning data;

a shortest time designation unit configured to set a shortest selection time 

which is a shortest time during which the positioning satellite is selected 

consecutively in time based on the quality evaluation value; and

25 a plan creation unit configured to obtain the selection combination at each

time of the positioning satellites on a condition of selecting for longer than the
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shortest selection time, by using, as an evaluation criterion, a precision degradation 

index obtained from a geometric arrangement in the sky at each time calculated from 

the positions of a plurality of the positioning satellites, select and add an unselected 

positioning satellite that will best enhance the precision degradation index to a time 

5 at which a number of selected satellites is less than an upper limit and the precision 

degradation index is poorest, and if said positioning satellite is visible at one of 

neighboring times each of which is either before or after said time, further select said 

positioning satellite to select said positioning satellite for longer than the shortest 

selection time.

10 [0009] The present invention also provides a positioning satellite selection device

for obtaining, from signals transmitted from a plurality of positioning satellites, a 

selection combination at each time of the positioning satellites to be used for 

positioning at a position of a positioning target, the positioning satellite selection 

device comprising:

15 a positioning data acquisition unit configured to acquire positioning data

including navigation information and a range observation value of the plurality of the 

positioning satellites;

a satellite position calculation unit configured to calculate a satellite position 

at each time of the positioning satellite from the navigation information of the

20 positioning data;

a quality evaluation unit configured to obtain a quality evaluation value 

based on the positioning data;

a shortest time designation unit configured to set a shortest selection time 

which is a shortest time during which the positioning satellite is selected

25 consecutively in time based on the quality evaluation value;

a plan creation unit configured to obtain the selection combination at each
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time of the positioning satellites by using, as an evaluation criterion, a precision 

degradation index obtained from a geometric arrangement in the sky at each time 

calculated from the satellite positions of a plurality of the positioning satellites; and 

a plan modification unit configured to delete a predetermined positioning

5 satellite from the selection combination based on the quality evaluation value, or add 

the positioning satellite which is visible to the selection combination based on the 

precision degradation index.

[0010] The invention also provides a positioning information transmitting device 

comprising:

10 a positioning data acquisition unit configured to acquire positioning data

from a reference station which acquires from a plurality of positioning satellites the 

positioning data including a range observation value and navigation information of 

each positioning satellite;

a satellite position calculation unit configured to calculate a satellite position

15 at each time of the positioning satellite from the navigation information included in 

the positioning data;

a correction data generation unit configured to generate correction data for 

correcting an error included in the positioning data of the positioning satellite;

a quality evaluation unit configured to obtain a quality evaluation value

20 based on the correction data;

a shortest time designation unit configured to set a shortest selection time 

which is a shortest time during which the positioning satellite is selected 

consecutively in time to a larger value as the quality evaluation value is poorer;

a plan creation unit configured to obtain the selection combination at each

25 time of the positioning satellites to be used for positioning on a condition of selecting 

for longer than the shortest selection time of the positioning satellite, by using, as an
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evaluation criterion, a precision degradation index obtained from a geometric 

arrangement in the sky at each time calculated from the satellite positions of a 

plurality of the positioning satellites, select and add an unselected positioning 

satellite that will best enhance the precision degradation index to a time at which a

5 number of selected satellites is less than an upper limit and the precision degradation

index is poorest, and if said positioning satellite is visible at one of neighboring times 

each of which is either before or after said time, further select said positioning 

satellite to select said positioning satellite for longer than the shortest selection time; 

and

10 a correction data output unit to output the positioning satellites included in

the selection combination at each time and the correction data for these positioning 

satellites.

[0011] The invention also provides a positioning information transmitting device 

comprising:

15 a positioning data acquisition unit configured to acquire positioning data

from a reference station which acquires from a plurality of positioning satellites the 

positioning data including a range observation value and navigation information of 

each positioning satellite;

a satellite position calculation unit configured to calculate a satellite position

20 at each time of the positioning satellite from the navigation information included in 

the positioning data;

a correction data generation unit configured to generate correction data for 

correcting an error included in the positioning data of the positioning satellite;

a quality evaluation unit configured to obtain a quality evaluation value

25 based on the correction data;

a shortest time designation unit configured to set a shortest selection time
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which is a shortest time during which the positioning satellite is selected 

consecutively in time to a larger value as the quality evaluation value is poorer;

a plan creation unit configured to obtain the selection combination at each 

time of the positioning satellites to be used for positioning by using, as an evaluation

5 criterion, a precision degradation index obtained from a geometric arrangement in 

the sky at each time calculated from the satellite positions of a plurality of the 

positioning satellites;

a plan modification unit configured to delete a predetermined positioning 

satellite from the selection combination based on the quality evaluation value, or add

10 the positioning satellite which is visible to the selection combination based on the 

precision degradation index; and

a correction data output unit configured to output the positioning satellites 

included in the selection combination at each time and the correction data for these 

positioning satellites.

15 [0012] According to embodiments of the present invention, even when there are

restrictions on the number of channels and the positioning computation load, the 

duration during which a satellite is selected is longer than the time required for 

reducing an error in positioning data of the satellite, so that stable positioning can be 

performed.

20 Brief Description of Drawings

[0013] Fig. 1 is a diagram illustrating an example configuration of a positioning 

system according to a first embodiment of the present invention;

Fig. 2 is a block diagram illustrating an example configuration of a 

positioning device according to the first embodiment of the present invention;

25 Fig. 3 is a diagram illustrating a hardware configuration of the positioning

device according to the first embodiment of the present invention;
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Fig. 4 is a flowchart illustrating an example of a process of the positioning 

device according to the first embodiment of the present invention;

Fig. 5 is a flowchart illustrating an example of a plan creation process 

according to the first embodiment of the present invention;

5 Fig. 6 is a flowchart illustrating an example of a process of allocating the

same satellite to a neighboring time of a time to which the satellite is allocated in the 

plan creation process according to the first embodiment of the present invention;

Fig. 7 is a flowchart illustrating an example of a plan modification process 

according to the first embodiment of the present invention;

10 Fig. 8 is a diagram illustrating an example configuration of a positioning

system according to a second embodiment of the present invention;

Fig. 9 is a diagram illustrating an example configuration of a positioning 

system using a communication line according to the second embodiment of the 

present invention;

15 Fig. 10 is a block diagram illustrating an example configuration of a

positioning information transmitting device according to the second embodiment of 

the present invention;

Fig. 11 is a block diagram illustrating an example configuration of a 

positioning terminal according to the second embodiment of the present invention;

20 Fig. 12 is a diagram illustrating an example hardware configuration of the

positioning information transmitting device according to the second embodiment of 

the present invention; and

Fig. 13 is a diagram illustrating an example hardware configuration of the 

positioning terminal according to the second embodiment of the present invention.

25 Description of Embodiments

[0014] First Embodiment
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A conventional positioning system determines a combination of satellites at 

each time based on independent evaluation on a per-time basis. For this reason, if 

the number of selected satellites is small relative to the number of positioning 

satellites to be evaluated, there arise significant temporal changes in the combination, 

5 so that a positioning filter on a terminal side cannot use individual satellites 

continuously. In particular, in real-time kinematic positioning (RTK: Real Time 

Kinematic) and precise point positioning (PPP) using a carrier phase observation 

amount, if the duration during which individual positioning signals are used is short 

relative to the magnitude of observation errors, carrier phase ambiguity

10 (indefiniteness of an integral multiple of a wavelength) cannot be determined due to 

a random error component. Thus, it is not possible to perform positioning on the 

order of centimeters utilizing a highly precise carrier phase observation amount. 

[0015] In particular, in the real-time kinematic positioning (RTK: Real Time 

Kinematic), the precise point positioning (PPP), and the like using the carrier phase

15 observation amount, there is a problem that the carrier phase ambiguity cannot be 

determined due to the random error component and thus high precision positioning 

cannot be performed.

[0016] According to the present invention, even when there are restrictions on the 

number of channels and the positioning computation load, the duration during which 

20 a satellite once selected to be used for positioning continues to be selected is longer 

than the time required for reducing an error in positioning data of the satellite, so that 

stable positioning can be performed. In positioning using the carrier phase 

observation amount, it is possible to secure the time required for determining the 

carrier phase ambiguity according to the quality of the positioning data of the

25 satellite and thus perform stable positioning on the order of centimeters.

[0017] An embodiment of the present invention reduces temporal changes in a
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combination of satellites to be used so as to perform stable positioning when 

positioning is performed by selecting the satellites to be used from among a large 

number of positioning satellites.

[0018] In positioning using the carrier phase observation amount, it is possible to

5 secure the time required for determining the carrier phase ambiguity according to the 

quality of the positioning data of the satellite and perform stable positioning on the 

order of centimeters.

[0019] According to the present invention, even when there are restrictions on the 

number of channels and the positioning computation load, the duration during which 

10 a satellite once selected for positioning continues to be selected is longer than the

time required for reducing an error in positioning data of the satellite, so that stable 

positioning can be performed. There is provided a significant effect not available 

conventionally that in positioning using the carrier phase observation amount, it is 

possible to secure the time required for determining the carrier phase ambiguity 

15 according to the quality of the positioning data of the satellite and perform stable 

positioning on the order of centimeters.

[0020] Fig. 1 is a diagram illustrating an example configuration of an entire system 

including a positioning device 30 according to the first embodiment of the present 

invention. As illustrated in Fig. 1, the positioning device 30 of this embodiment is a 

20 device that receives a signal of a positioning satellite 10 and measures a position of a 

positioning target 20. There are a plurality of the positioning satellites 10 in the sky, 

and the positioning device 30 selects a plurality of selected positioning satellites 11 

actually used for positioning from among the plurality of the positioning satellites 10 

and measures the position of the positioning target 20. The positioning target 20 is 

25 a moving object such as, for example, a car, a motorcycle, a train, or an airplane.

[0021] Fig. 2 is a block diagram illustrating a configuration of the positioning
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device 30 according to this embodiment. The positioning device 30 includes a 

positioning data acquisition unit 111 that acquires positioning data from the 

positioning satellites 10 and 11; a satellite position calculation unit 112 that 

calculates a three-dimensional position of a satellite at an arbitrary time by using

5 navigation information acquired by the positioning data acquisition unit 111; a 

quality evaluation unit 114 that evaluates the quality of positioning data; a shortest 

time designation unit 115 that sets a shortest selection time for the selected 

positioning satellite 11; a plan creation unit 113 that obtains a selection combination 

of positioning satellites on the condition that a selection time during which the

10 selected positioning satellite 11 is selected consecutively is longer than the shortest 

selection time by using, as an evaluation index, a precision degradation index based 

on a geometric arrangement obtained from the positions of the satellites obtained by 

the satellite position calculation unit 112; a plan storage unit 117 that stores (in a 

storage unit) the selection combination as selection combination information; and a

15 positioning computation unit 118 that performs a position measurement computation 

by using the positioning data of the positioning satellites 11 included in the selection 

combination information.

[0022] The positioning data is data including navigation information, a range 

observation value, and an error correction value of this range observation value

20 transmitted from the positioning satellites 10 and 11. The shortest time designation 

unit 115 sets the shortest selection time which is the shortest time during which a 

positioning satellite is selected to a smaller value as the quality evaluated by the 

quality evaluation unit 114 is better. Specifically, the quality evaluation unit 114 

obtains a quality evaluation value by evaluating the quality, and the shortest time

25 designation unit 115 sets the shortest selection time to a smaller value as the quality 

evaluation value is better and to a larger value as the quality evaluation value is
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poorer.

[0023] The positioning device 30 may be configured to include a plan modification 

unit 116 that modifies a plan during a modification time from the current time in 

accordance with the quality evaluation value, and may be configured such that the

5 modified plan is stored in the plan storage unit 117 and the positioning computation 

unit 118 acquires the selection combination of satellites from the plan storage unit 

117 to perform a computation to measure the position of the positioning device 30 

itself by using the positioning data of the positioning satellites 11 included in the 

combination. By adopting such a configuration, even after the selection

10 combination has been obtained by the plan creation unit 113, the plan is modified by 

the plan modification unit 116, so that stable positioning can be performed 

continuously.

[0024] Each block will be described below.

[0025] The positioning data acquisition unit 111 receives ranging signals

15 transmitted by the positioning satellites 10 and 11, and acquires a range observation 

value for the positioning satellite 11 and navigation information of the positioning 

satellites 10 and 11. In doing so, if the number of channels for receiving 

positioning signals of satellites possessed by the positioning device 30 is smaller than 

the number of visible satellites, the selection combination at the current time is read

20 from the plan storage unit 117, and ranging signals of the selected positioning 

satellites 11 included in the selection combination are received preferentially. If the 

computing capability of the positioning device is lower than the capability for 

processing all target signals, ranging signals of the selected positioning satellites 11 

included in the selection combination are also similarly received preferentially.

25 [0026] The range observation value may be only a pseudorange observation value,

or may include both a pseudorange observation value and a carrier phase observation
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value. There may be signals at only one frequency or signals at two or more 

frequencies.

[0027] The navigation information may be only a navigation calendar (Broadcast 

Ephemeris) for calculating a high precision position and clock error, or may include

5 both the navigation calendar and an almanac for calculating an approximate position 

of a satellite. In place of the navigation calendar, high precision orbit and time 

information provided by IGS (International GNSS Service) or the like may be used. 

[0028] Using the navigation information acquired by the positioning data 

acquisition unit 111, the satellite position calculation unit 112 calculates a

10 three-dimensional position of each satellite in the sky at an arbitrary time within the 

planning target time. The method for calculating the positions of the positioning 

satellites 10 and 11 from the parameters included in the navigation information is in 

accordance with the procedure described in the specifications provided by the 

institution operating each of the positioning satellites 10 and 11.

15 [0029] The plan creation unit 113 obtains a precision degradation index based on a

geometric arrangement calculated from the position of each positioning satellite 

obtained by the satellite position calculation unit 112. The obtained precision 

degradation index is used to plan a selection combination of satellites at each time, 

such that the maximum value of the precision degradation index at each time during

20 the target time period from a start time tstart to an end time tend is minimized.

[0030] At this time, planning is done under the constraint that the shortest time 

during which each positioning satellite is selected consecutively in time is longer 

than a time tshortest designated by the shortest time designation unit 115.

[0031] The time interval for deciding a selection combination of satellites is, for

25 example, 30 seconds in consideration of changes in the geometric arrangement of the 

satellites.
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[0032] As the precision degradation index, PDOP (Position Dilution of Precision) 

is used, for example. The PDOP at the position of the positioning device 30 is 

expressed as indicated below using an elevation angle eli and an azimuth angle azi 

with respect to the positioning device 30 which are calculated from the position of a 

5 satellite i included in the selection combination. Note that n denotes the number of 

satellites included in the combination.

[0033] [Formula 1]

PDOP = + q22+ q33 (Formula 1)

[0034] [Formula 2]

10 Q = (HTHYi

Qn Qn Ql3 Qi4

Q21 q22 Q23 Q24

Qu Q32 §33 Q34

?41 Q42 ^43 Q44 _

(Formula 2)

15

20

[0035]

[0036]

[Formula 3]

H =

1Ίsin(az1) cos(e/j) cos^zjcosie/j) sinfe/,)

sin^zjcosie/,) cosiazjcosie/,.) sin(e/,.)

sin(azB)cos(e/B) cos(azB)cos(e/B) sin(e/B)

1 ···· (Formula 3)

Here, Q is a covariance matrix determined from an observation matrix H,

and ql 1, q22, and q33 are variances of position estimation values in a horizontal

direction (two axes) and in a vertical direction, respectively. When expressed using

H, it is (H'H)“1. When expanded, it is represented by a determinant of ql 1 to q44 as

indicated in Formula 2. Using the elevation angle eli and the azimuth angle azi with

respect to the positioning device 30 which are calculated from the position of the

satellite i, H is represented as indicated in Formula (3). Each row vector (1 χ 4) of

the H matrix is composed of line-of-sight direction unit vectors (1 χ 3) for each

satellite and a numerical value 1 concerning estimation of a receiver clock error.
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[0037] In place of the PDOP, it is also possible to use HDOP (Horizontal Dilution 

of Precision) as an index when priority is given to the precision in the horizontal 

direction, or use VDOP (Vertical Dilution of Precision) as an index when priority is 

given to the precision in the vertical direction. The HDOP and the VDOP are

5 represented by the following formulas.

[0038] [Formula 4]

HDOP = ^11 + ^22

VDOP =
(Formula

4)

[0039] That is, the HDOP is obtained by the square root of the sum of ql 1 and q22,

10 and the VDOP is obtained by the square root of q33.

[0040] Considering that one or more satellites of the positioning satellites included 

in the selection combination may be invisible in reality by, for example, being

concealed behind a building, it is also possible to use, as the precision degradation

index, the maximum value of DOP (PDOP, HDOP, VDOP) when one or more

15 arbitrary satellites in the selection combination are invisible.

[0041] The quality evaluation unit 114 evaluates the quality of the positioning data

of each of the positioning satellites 10 and 11 acquired by the positioning data 

acquisition unit 111, and obtains a quality evaluation value which is an index value

for the quality of the positioning data of each satellite. The quality evaluation unit

20 114 temporarily calculates positioning data and a range observation value for

evaluating the quality of the positioning data, rather than positioning data and a range

observation value for use in an actual positioning computation. In other words, the

range observation value is obtained for quality evaluation, so that the range

observation value obtained by the quality evaluation unit 114 will be called a

25 pseudorange observation value herein.
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[0042] A pseudorange refers to a range between a satellite and a receiver which is 

obtained by calculating a propagation time until a signal transmitted from the 

satellite reaches the receiver, from a phase difference between an observation value 

of a positioning code string (C/A code, P2 code, etc.) placed on a carrier of the signal

5 and a value of the same positioning code string generated by synchronizing the

receiver clock with the same reference time as that of the satellite clock, and then 

multiplying the propagation time by the speed of light. Synchronization of the 

receiver clock and the satellite clock with the reference time involves errors, so that 

the obtained range includes an error due to the difference between the clocks. For

10 this reason, it is called the “pseudo” range.

[0043] As an evaluation index of the pseudorange observation value, it is possible 

to use, for example, the least squares residual when positioning is performed by the 

least squares method using the pseudorange observation values of all positioning 

satellites, that is, the least squares residual of the pseudorange observation values of

15 all positioning satellites. For the least squares residual of the pseudorange 

observation values of all positioning satellites, the following formula may be used, 

for example.

[0044] [Formula 5]

v (/ //(// A’ //> 7/ ftly ..........................................(Fomiula

20 5)

[0045] Here, the y vector is a column vector composed of pseudorange observation 

values of individual positioning satellites, the v vector is a column vector composed 

of the least squares residual of the pseudorange observation values of the individual 

positioning satellites, H is a matrix calculated from the elevation angles and azimuth 

25 angles of the individual satellites as in Formula 3, and R is an error matrix of the 

pseudorange observation values.
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[0046] As an evaluation index of the carrier phase observation value, a residual 

before observation update in a Kalman filter may be used, for example. This allows 

calculation of the evaluation index regardless of whether or not ambiguity has been 

fixed (a state in which an undefined integer value that is an integral multiple of a

5 wavelength has been solved and can be used as a fixed value).

[0047] The carrier phase observation value is a phase difference between the phase 

of a carrier tracked at the time of observation of a positioning code string used for

measuring the pseudorange and the phase of the same carrier signal generated by 

synchronizing the receiver clock with the same reference time as that of the satellite 

10 clock. The phase difference has ambiguity of 2π χ N (N being the number of waves 

and an integer value). As the residual before observation update of an LI carrier 

phase, the following formula can be used, for example.

[0048] [Formula 6]

v = y - A (^) (Formula

15 6)

[0049] [Formula 7]

^(x1 -x,.)2 + (/ -yr)2 +(zl -zr)2 +§tr + +X1
/? = ■j(x‘ -x/y +(y‘ -y/y +(z‘ -zf +Slr + ΛΑ,2 ··· (Formula

-xr)2 +(y"-yry +(z"-zry + Slr

7)

[0050] [Formula 8]

z = [xr,yr,zr,5tr,N}.,---,Nlr,---,N^ (Formula

[0051] Here, the y vector is a column vector composed of LI carrier phase

observation values of individual satellites, and the z vector is a column vector

20

8)
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composed of state estimation values before observation update by the y vector. 

Note that x1, y1 and z1 represent the position of an i-th positioning satellite i, and λιη 

indicates the wavelength of the LI carrier wave (0.1903 [m]). The z vector includes 

the position xr, yr, and zr of the positioning device 30, a clock error 5tr converted into

5 meters, and ambiguity N? for the i-th positioning satellite i. Note that the subscript 

r indicates that it is a term related to the receiver. In Formula 6, h<i> denotes an 

observation model.

[0052] Formula (6) indicates the residual before observation update (a difference 

between an actual observation value and a predicted observation value calculated

10 from the state estimation value before observation update and the observation model). 

Formula (7) indicates the observation model. Formula (8) indicates the state 

quantity to be estimated.

[0053] The residual before observation update in the Kalman filter as in Formula 6 

may be used also as the evaluation index of the pseudorange observation value. By

15 using the residual before observation update, sudden changes in the observation 

amount at short intervals can be detected. Thus, even when a small number of the 

positioning satellites 10 and 11 are used, quality degradation due to environmental 

changes such as strong multipath can be detected.

[0054] For a satellite with fixed ambiguity, the least squares residual of Formula 5

20 may be used also as the evaluation index of the carrier phase observation amount.

The evaluation indices of Formula 5 and Formula 6 include the positions of the 

positioning satellites 10 and 11, so that it can be regarded that the quality of the 

navigation information for calculating the positions of the positioning satellites 10 

and 11 is also evaluated simultaneously.

25 [0055] In place of the observation residuals such as the lease squares residual of the

pseudorange observation value and the residual before observation update of the LI
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carrier phase mentioned above, ranging precision information (URA: User Range 

Accuracy) of each positioning satellite provided by a general differential GNSS 

(Global Navigation Satellite System) service may be used as the quality evaluation 

index. The URA can be calculated from a message defined in “RTCM

5 STANDARD 10403.2 Differential GNSS (Global Navigation Satellite Systems)

Services - Version 3, February 1, 2013. (pages 11, 81)”. When the statistical values 

of each of clock orbit component, ionospheric, multipath, and tropospheric errors of

the positioning satellites 10 and 11 have been obtained, ranging precision 

information calculated from the above statistical values of the errors may be used, as

10 defined in “Japan Aerospace Exploration Agency, Quasi-Zenith Satellite System 

User Interface Specification, November 28, 2014, (pages 197-199)”.

[0056] The shortest time designation unit 115 designates the shortest selection time 

tshortest which is the shortest time during which each of the positioning satellites 10 

and 11 is selected consecutively in time in the plan creation unit 113. The shortest

15 selection time tshortest is determined in accordance with the quality evaluation value of 

the positioning data of each positioning satellite calculated by the quality evaluation 

unit 114. Specifically, for example, the shortest time tshortest can be determined by 

multiplying variance of observation residuals of the positioning satellites 10 and 11 

whose observation residuals are less than or equal to a threshold by a proportionality

20 coefficient a, as indicated in the following formula.

[0057] [Formula 9]

t shortest (Formula

[0058] Here, v is an observation residual, and n is the number of the positioning 

25 satellites 10 and 11 whose observation residuals are less than or equal to the

9)
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threshold. In Formula 9, in place of the variance, an average value may be used, a 

root mean square (RMS) may be used, a maximum value may be used, and other 

statistical values may be used.

[0059] The proportionality coefficient a is given by the following formula, for

5 example, where Orand[m] is the target value of a level of random errors to be reduced 

by successively processing observation values of the positioning satellites 10 and 11, 

and At is a sampling interval.

[0060] [Formula 10]

Δί

rand

10 10)

(Formula

[0061] (Formula 10) uses the fact that the level of random errors decreases in

inverse proportion to the number of observations.

[0062] In the calculation of variance of observation residuals, the variance may be 

calculated from evaluation values of the observation residuals in one epoch which is 

15 an interval at which one piece of data is acquired in interferometric positioning.

The variance may also be calculated from evaluation values in a time period of the 

past several seconds to several hours.

[0063] The threshold of evaluation values (the threshold of observation residuals

when the observation residuals of the positioning satellites whose observation

20 residuals are less than or equal to the threshold are obtained) may be, for example, 

three times the observation error standard deviation per unit weight calculated from 

the observation error matrix, or may be three times the standard deviation obtained 

from the variance value. The observation error standard deviation per unit weight 

can be obtained, for example, by the following formula.

25 [0064] [Formula 11]
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_ 1
σο ~ ~n < ................................................................................................. (Formula

11)

[0065] Here, λί is each eigenvalue of the observation error matrix R diagonalized 

by unitary transformation. As the shortest selection time, a value based on

5 experience may be given, independently of the evaluation value of the positioning 

data of each epoch.

[0066] When the above-mentioned ranging precision information is used as the 

quality evaluation index, the shortest time may be, for example, a value obtained by 

multiplying the maximum value of the ranging precision of positioning satellites

10 whose ranging precision is less than or equal to the threshold by the 

above-mentioned proportionality coefficient. In addition to the maximum value, 

other statistical values such as an average value may also be used.

[0067] The plan modification unit 116 modifies a plan during the modification time 

tmodify from the current time in accordance with the quality evaluation value. If the

15 positioning satellites 11 included in the plan of the selection combination at the 

current time includes a positioning satellite whose quality evaluation value of the 

positioning data output by the quality evaluation unit 114 exceeds the threshold (poor 

evaluation), that positioning satellite 11 is excluded from the combination during the 

modification time tmodify from the current time, and another positioning satellite 10

20 not exceeding the threshold and not included in the selection combination is newly 

added to the combination. If the evaluation value of positioning data has not been 

acquired, it is handled as if the evaluation value exceeds the threshold. Here, the 

modification time tmodify refers to a time period from the current time to the end time 

of modification of the plan.
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tmodify.

[0069]

12)

[0070]

[0068] With regard to the modification time tmodify, in order to make the selection 

time of the additional selected satellite 11 longer than the shortest selection time 

without fail, the modification time tmodify may be set to the shortest selection time 

tshortest and the plan may be modified at the time interval of the modification time

[Formula 12]

t modify shortets ...................................................................................................(Formula

The modification time tmodify may be a selection exclusion time which is a

10 time period from the current time to the nearest time when the satellite is no longer 

selected. Alternatively, the selection exclusion time and the shortest selection time 

tshortest may be compared and the maximum value of these may set as the modification 

time tmodify.

[0071] If the evaluation value of the positioning data of the positioning satellite 10

15 to be added has not been acquired, the positioning data acquisition unit 111 is 

executed again to acquire the positioning data of this positioning satellite 10, and the 

quality evaluation unit 114 is executed again to evaluate the quality of the 

positioning data. To modify the plan, as in creating a plan by the plan creation unit 

113, the precision degradation index based on the geometric arrangement calculated

20 from the position of each positioning satellite 10 is used, and the combination of 

satellites at each time is modified so that the maximum value of the precision 

degradation index at each time during the modification time tmodify from the current 

time is minimized. In doing so, the constraint is that the shortest time during which 

each satellite is selected consecutively in time is longer than the shortest selection

25 time tshortest designated by the shortest time designation unit 115.
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[0072] The plan storage unit 117 stores a selection plan of a selection combination 

of the positioning satellites 10 and 11 created by the plan creation unit 113. If the 

plan modification unit 116 modifies the plan, the stored selection combination plan is 

overwritten with the modified plan. The selection plan of the positioning satellites

5 10 and 11 is stored as a data structure under which it is possible to recognize the

satellites to be selected at each time from the start time tstart to the end time tend. For 

example, a list of satellites may be defined and stored for each time, or a 

two-dimensional array of the total number of times x the total number of the 

positioning satellites may be defined, and the value of the [t, i] element of the array

10 may be represented as 1 if the i-th satellite is selected at the t-th time and the value 

may be represented as 0 if not selected.

[0073] The positioning computation unit 118 acquires the combination of the 

selected positioning satellites 11 from the plan storage unit 117, and performs a 

computation to measure the position of the positioning target by using the

15 positioning data of the selected satellites 11 included in the selection combination 

among the positioning data of each satellite acquired from the positioning data 

acquisition unit 111.

[0074] The positioning computation unit 118 calculates the position of the 

positioning target on which the positioning device 30 is mounted by using

20 pseudorange observation values and carrier phase observation values for four or 

more positioning satellites 11, the values having been corrected using information on 

the satellite clock error included in the navigation calendar. As the 

above-mentioned observation values such as the pseudorange observation values and 

the carrier phase observation values, it is also possible to use observation values to

25 which error correction values obtained from the outside by being provided by a 

quasi-zenith satellite or the like have been applied.
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[0075] The procedure for correcting errors is in accordance with the procedure 

described in the specifications provided by the institution operating each of the 

positioning satellites 10 and 11 and each service. For example, when only 

pseudorange observation values at one frequency are used, the position xr, yr, and zr

5 of the positioning device 30 and the clock error otr are estimated by the least squares 

method indicated below. The y vector is a column vector composed of pseudorange 

observation values of individual satellites, and the z vector is a column vector

composed of state estimation values.

[0076] [Formula 13]

10 2 = [xr,yr,zr,St\ = (HTR lH) 1HTy ................. (Formula

13)

[0077] When pseudorange observation values at two frequencies and carrier phase 

observation values at two frequencies are both used, the position xr, yr, and zr of the 

positioning device 30, the clock error otr, and the ambiguity Nlu1 and Nl2? for each

15 satellite are estimated by the least squares method as indicated in the following 

formulas.

[0078] [Formula 14]

z=h„ y„z„dt,Nf,-Np„Nf ,-¾] =(H„TR-'H„y' Hjy

(Formula 14)

20 [0079] [Formula 15]

H 0 n*n o,„ 1

H () C)
Ηφ = wx n n* n

Φ H On.n
H 0 n*n

(Formula

[0080] Here, Xli and λι.2 indicate the wavelength of the LI carrier wave (0.1903

15)
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[m]) and the wavelength of the L2 carrier wave (0.2442 [m]), respectively. The z 

vector includes the position xr, yr, and zr of the positioning device 30, the clock error 

otr converted into meters, and the ambiguity N? for the i-th positioning satellite i. 

[0081] By converting the estimated ambiguity into an integer by adopting the

5 LAMBDA (the Least Squares Ambiguity Decorrelation Adjustment) method or the 

like, the position of the positioning device 3 on the order of centimeters can be 

obtained. In estimating the state quantity, an estimation filter such as a Kalman 

filter or the like may be used, in addition to the least squares as described above. 

[0082] Fig. 3 is a diagram illustrating a hardware configuration of the positioning

10 device 30 according to the first embodiment.

In Fig. 3, a positioning antenna 151 receives signals of the positioning 

satellites 10 and 11. A received data demodulation unit 152 performs amplification, 

frequency conversion, and the like on the signals received by the positioning antenna 

151 to perform AD conversion and digitization, and performs code demodulation and

15 the like. Upon receiving the signals of the received data demodulation unit 152, a 

computation processing unit 153 performs demodulation of navigation information 

and computations such as a satellite orbit computation and a position computation. 

A storage unit 154 temporarily stores data when a computation is performed, or 

stores data such as a selection combination list. An output unit 155 outputs a result

20 computed by the computation processing unit 153 or data stored in the storage unit 

154 to the outside in response to an instruction from the computation processing unit 

153. This output is output to a display device such as a display, or provides 

information to an external device as a signal via an interface. The output includes 

display of a position on a map.

25 [0083] Description will be given as to which component of the hardware of Fig. 3

implements each unit of Fig. 2. The positioning data acquisition unit 111 is
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implemented by the positioning antenna 151 and the received data demodulation unit 

152. The final navigation information and range observation value are calculated 

using the computation processing unit 153. Computations of the satellite position 

calculation unit 112, the quality evaluation unit 114, the shortest time designation

5 unit 115, the plan creation unit 113, the plan modification unit 116, and the 

positioning computation unit 118 are mainly processed by the computation 

processing unit 153. Results of the computations processed by the computation 

processing unit 153, such as positioning data, a quality evaluation value, a shortest 

selection time, selection combination information, and a positioning computation

10 result, are stored in the storage unit 154. The plan storage unit 117 stores a 

selection combination plan in the storage unit 154.

[0084] The computation processing unit 153 of Fig. 3 may be configured to read a 

program recorded in the storage unit 154 and perform the processes of the satellite 

position calculation unit 112, the quality evaluation unit 114, the shortest time

15 designation unit 115, the plan creation unit 113, the plan modification unit 116, and 

the positioning computation unit 118. A processing circuit to perform the process 

of each unit may be configured with dedicated hardware, and may be implemented 

by a single circuit, a composite circuit, a programmed processor, a parallel 

programmed processor, an ASIC, or an FPGA.

20 [0085] The storage unit 154 corresponds, for example, to a nonvolatile or volatile

semiconductor memory such as a RAM, a ROM, a flash memory, an EPROM, and 

an EEPROM, a magnetic disk, a flexible disk, an optical disk, a compact disk, a mini 

disk, a DVD, and the like.

[0086] Fig. 4 is a flowchart illustrating an example of the process of the positioning

25 device 30 according to the first embodiment. The process of the positioning device

30 of Fig. 4 starts when the positioning device 30 is powered on, for example.
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[0087] If positioning data has not been acquired from the positioning satellites 10 

and 11 (step Sil; NO), the positioning data acquisition unit 111 repeats step SI 1 to 

wait for acquisition of positioning data. If positioning data has been acquired (step 

Sil; YES), the positioning data acquisition unit 111 acquires range observation

5 values for a plurality of the positioning satellites 10 and 11 and navigation 

information of the positioning satellites 10 and 11.

[0088] The quality evaluation unit 114 evaluates the quality of the positioning data 

of each positioning satellite acquired by the positioning data acquisition unit 111. 

As a result of the evaluation, if there is a satellite whose quality evaluation value

10 exceeds the threshold among the satellites included in the combination plan at the 

current time and it is determined that the plan needs to be modified (step S12; YES), 

the satellite selection combination plan during the modification time tmodify from the 

current time is modified by the plan modification unit 116 (step SI3).

[0089] In an embodiment in which the processing cycle of the positioning device

15 30 is short (for example, a cycle of 0.1 seconds) and the plan modification process

cannot be completed within the allotted time (for example, 0.05 seconds), the plan 

modification process may be a thread process independent of the loop and only a 

process of removing the satellite whose quality evaluation value exceeds the 

threshold from the selection combination may be performed in the current loop.

20 [0090] Next, if the current time is the time to plan for the next time slot (after the

plan end time tend) (step SI4; YES), the plan creation unit 113 creates a selection 

combination plan of positioning satellites from the current plan end time tend to a new 

plan end time tend’ (step SI5).

[0091] The plan uses each satellite position calculated by the satellite position

25 calculation unit 112 and the shortest selection time determined by the shortest time 

designation unit 115 from the quality of the positioning data. The plan creation
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process is performed as a thread process independently of the loop in the process of 

the positioning device 30 in Fig. 4, and after completion of the plan creation process, 

the selection combination plan is stored in the plan storage unit 117.

[0092] Considering that the plan creation process is a thread process, and that there

5 is a possibility that a created new selection combination plan may be modified, it is 

desirable that the time to plan for the next time slot (after the current plan end time 

tend) be a time earlier than tend by (tpianning + tmodify) or longer, where tpianning is the time 

required for creating a plan. The time period from the current plan end time tend to 

the next new plan end time tend’ may be set to one hour, for example.

10 [0093] Next, the positioning computation unit 118 performs a computation to

measure the position of the positioning target by using the positioning data of the 

positioning satellites 11 included in the selection combination among the positioning 

data of each satellite (step SI 6). The position of the positioning target may be the 

position of the positioning device itself.

15 [0094] If the power is not turned off, the process returns to step Sil and step SI 1 to

step S16 are repeated. When the power is turned off, the process ends.

[0095] Fig. 5 is a flowchart illustrating an example of the process of creating a plan 

of a selection combination of positioning satellites according to the first embodiment. 

The plan creation process of Fig. 5 is started when step S15 of Fig. 4 is executed.

20 [0096] The satellite position calculation unit 112 calculates the three-dimensional

position of the satellite from the start time tstart to the end time tend from the 

navigation information of each of the positioning satellites 10 and 11 included in the 

positioning data, and calculates the elevation angle el and the azimuth angle az with 

respect to the position of the positioning device 30 (step S22).

25 [0097] The following process is a process performed by the plan creation unit 113.

The plan creation unit 113 performs a process of adding the positioning satellite 10
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having a good geometric arrangement to the selection combination, preferentially 

from the selection combination at a time at which the precision degradation index 

based on the geometric arrangement is large, that is, at which the precision 

deteriorates.

5 [0098] The calculation of the precision degradation index requires at least four

positioning satellites, and there is a positioning satellite that is to be a basic 

component of the combination, such as a quasi-zenith satellite with a high elevation 

angle of Japan. For these reasons, the positioning satellites 10 which result in the 

lowest precision degradation index are first allocated to each time, without taking

10 into consideration the final precision degradation index of the selection combination 

of the positioning satellites 10 (step S23).

[0099] For example, the minimum number of the selected positioning satellites 11 

may be set to four, and the positioning satellites 10 may be allocated to each time in 

descending order of the height of the elevation angle. The priority of the

15 positioning satellite system of the positioning satellite 10 to be selected may be 

changed depending on the region. For example, in Japan, East Asia, and Oceania, 

only quasi-zenith satellites and GPS satellites with a high elevation angle may be 

allocated, and in high latitude regions in Europe, only GLONASS satellites with a 

high elevation angle may be allocated. Generally, a signal from a satellite with a

20 high elevation angle is not easily blocked by a building or the like and also has high 

quality, regardless of the environment of the positioning terminal.

[0100] In allocating the minimum number of satellites (step S23), in order to make 

the shortest time during which each positioning satellite is selected consecutively in 

time longer than the shortest selection time tshortest designated by the shortest time

25 designation unit 115, a satellite is allocated in descending order of the height of the 

elevation angle and then the same satellite is allocated to the combination of a
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neighboring time.

[0101] Fig. 6 is a flowchart illustrating an example of a process, when one 

positioning satellite p is allocated to a time t, of simultaneously allocating the same 

positioning satellite p to a neighboring time in the plan creation process according to

5 the first embodiment. It is assumed here that the positioning satellite p is added to 

the selection combination, and it will be described how a selection combination is 

determined for an adjacent time slot (hereinafter also called a neighboring time) 

before or after the time to which the selected positioning satellite p is allocated (how 

the positioning satellite is added to the neighboring time). The neighboring time is

10 before or after the time to which the selected positioning satellite p is allocated, and 

its duration is the time interval of the shortest selection time tshortest.

[0102] The time t is the time to which the positioning satellite 10 is to be allocated. 

A time difference with respect to the time t is defined as a time difference dt. One 

unit of the time difference dt is the time interval at which a selection combination of 

15 positioning satellites is determined in creating a plan.

[0103] In step S31, the process of allocating the satellite to the neighboring time is 

started with the time difference dt = 0. In the flowchart, Break in the next block 

after step S31 means that the loop ends to return to the higher level process. When 

passing through this block for the first time, whether or not Break is taken has not

20 been determined, so that the process proceeds directly to NO below.

[0104] Next, in step S32, the positioning satellite p is added to the selection 

combination list of a time t+dt. The allocation of the positioning satellite to the 

neighboring time is first considered with respect to the time before the time t. 

[0105] Next, in step S33, it is determined whether all of the following conditions 

25 are satisfied.

(1) A time (t+dt-1) is after the start time, the time (t+dt-1) being a time one time
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interval unit before the time t to which the positioning satellite p is allocated (where 

one unit is the time interval at which a selection combination is determined).

(2) The positioning satellite p is visible at the time (t+dt-1).

(3) A difference dt-1 between the time t and the time (t+dt-1) is less than or

5 equal to half of the shortest selection time tshortest.

(4) At the time (t+dt-1), the number of positioning satellites already allocated is 

less than the upper limit of the number of positioning satellites to be selected 

simultaneously.

[0106] If the above (1) to (4) are all satisfied (step S33; YES), the process proceeds

10 to step S34, and the time difference dt is set to only one unit before. Accordingly, 

the time to be considered is a time (t+dt) where dt = dt-1. As long as the above 

conditions (1) to (4) are satisfied, step S32 to step S34 are repeated. As a result, the 

positioning satellite p is included in the selection combination list of the time 

satisfying the above conditions (1) to (4). If the conditions (1), (2), and (4) are

15 satisfied, the positioning satellite p is planned to be included in the selection 

combination less than or equal to half of the shortest selection time tshortest before the 

time t at which the positioning satellite p is added.

[0107] In step S33, if any one of the above (1) to (4) is not satisfied (step S33; NO), 

the allocation of the satellite to the time before the time t ends, and the allocation of

20 the satellite to the time after the time t starts. In the flowchart, Break is taken in 

step S33 to return to the Break determination block, and then Break is determined 

and the process proceeds to step S3 5.

[0108] In step S35, the current value of dt of the previous loop is recorded in dtbegm 

as the earliest allocation time, and the upper limit dtupper of the latest time is set from

25 the time difference dtbegm of the earliest allocation and the shortest selection time

tshortest. Specifically, it is set as dtupPer = tshortest + dtbegm - 1. Lastly, the time
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difference is returned to dt = 0.

[0109] In step S36, it is determined whether the following conditions are all 

satisfied.

(5) A time (t+dt+1) is before the end time, the time (t+dt+1) being a time one

5 unit after the time to which the positioning satellite is allocated.

(6) At the time (t+dt+1), the positioning satellite p is visible.

(7) At the time (t+dt+1), the number of positioning satellites already allocated is 

less than the upper limit of the number of positioning satellites to be selected 

simultaneously.

10 [0110] If the above conditions (5) to (7) are all satisfied (step S36; YES), the

process proceeds to step S37. In step S37, the positioning satellite p is added to the 

selection combination list of the time (t+dt+1), and the time difference dt is set to a 

time one unit after. Specifically, the time difference is set to dt = dt+1. As long as 

the above conditions (5) to (7) and dt < dtupper are satisfied, step S36 to step S37 are

15 repeated.

[0111] As a result, the positioning satellite p is included in the selection 

combination list of the time satisfying the conditions of the above (5) to (7) and the 

time difference dt < dtupPer. If the conditions (5) to (7) are satisfied, the positioning 

satellite p is planned to be included in the selection combination from the earliest

20 time t+dtbegm at which the positioning satellite p is added to the time t+dtupPer.

[0112] If any one of the above (5) to (7) is not satisfied (step S36; NO) or if dt > 

dtupPer, the allocation of the satellite to the time after the time t ends, and the process 

proceeds to step S38. In step S38, dt at this time point is recorded in dtend as the 

time difference of the latest allocation time. In the flowchart, Break is taken in step

25 S36 to return to the Break determination block, and then Break is determined and the

process proceeds to step S3 8. If the time difference is more than or equal to the
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upper limit of the time after (dt > dtupper), the process proceeds to step S3 8. 

[0113] In step S33 above, the positioning satellite p is added to the selection 

combination list of the time t+dt, on the condition that the time difference dt at the 

time t is less than or equal to half of the shortest selection time tshortest (condition (3)).

5 Asa result of checking a time after the time t, there may be a case in which due to, 

for example, the positioning satellite p becoming invisible, the difference between 

the time difference dtend at the latest allocation time and the time difference dtbegm at 

the earliest allocation time is shorter than the shortest selection time tshortest in step 

S38.

10 [0114] Accordingly, in step S39 if the difference between the latest allocation time

and the earliest allocation time is shorter than the shortest selection time tshortest, it is 

additionally determined whether or not the positioning satellite p is to be allocated to 

a time earlier than the earliest time (t+dtbegin). For this reason, the process proceeds 

to step S310. In step S39, if the time difference between the latest allocation time

15 and the earliest allocation time is longer than the shortest selection time tshortest, the 

process of allocating the positioning satellite to the neighboring time ends. 

[0115] If the time difference between the latest allocation time and the earliest 

allocation time is shorter than the shortest selection time tshortest, the process proceeds 

to step S310. In step S310, if the satellite is allocated additionally to the time

20 earlier than the earliest allocation time t+dtbegin, dt = dtbegm is set.

[0116] Next, in step S311, it is determined whether the following conditions are all 

satisfied.

(8) The time (t+dt-1) one unit before is after the start time.

(9) At the time (t+dt-1), the positioning satellite p is visible.

25 (10) A difference between the time (t+dt-1) and the latest allocation time tend is

less than or equal to the shortest selection time tshortest.
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(11) At the time (t+dt-1), the number of positioning satellites already allocated is 

less than the upper limit of the number of positioning satellites to be selected 

simultaneously.

[0117] If the above conditions (8) to (11) are all satisfied (step S311; YES), the

5 process proceeds to step S312. In step S312, the positioning satellite p is added to 

the selection combination list of the time (t+dt-1), and the time difference dt is set to 

a time one unit before. As a result, the time to be considered is a time (t+dt) where 

dt = dt-1. As long as the above conditions (8) to (11) are satisfied, step S311 to step 

S312 are repeated.

10 [0118] Asa result, the positioning satellite p is included in the selection

combination list of the time satisfying the above conditions (8) to (11). 

[0119] If any one of the above conditions (8) to (11) is not satisfied (step S311; 

NO), the process proceeds to step S313. In step S313, a new time difference dt is 

assigned to the time difference dtbegm of the earliest allocation time, and the process

15 of allocating the positioning satellite to the neighboring time ends.

[0120] As described above, the satellite p is added to the selection combinations 

from the time t+dtbegm to the time t+dtend by the process of allocating the satellite to 

the neighboring time illustrated in Fig. 6.

[0121] Next, the process (in and after step S24) after the allocation of the minimum

20 number of satellites (step S23) in the plan creation process of Fig. 5 will be 

described.

[0122] In step S24, if the following conditions are satisfied, the process proceeds to 

step S25.

(1) From the start time tstart to the end time tend for which allocation of selected

25 satellites is to be obtained, there is a time at which the number of selected satellites is 

less than the upper limit.
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(2) At the time at which the number of selected satellites is less than the upper 

limit selected in (1) above, there is an unselected and visible satellite.

In step S24, if the above conditions (1) and (2) are not satisfied, the process proceeds 

to step S26.

5 [0123] In step S25, a time with the maximum deterioration index (DOP) of the

geometric arrangement of the selected positioning satellites 11 is selected from 

among the times at which the number of selected satellites is less than the upper limit 

selected in (1) above. Further, the positioning satellite 10 that will minimize the 

deterioration index (DOP) by being added to the selection combination is obtained

10 from among the unselected and visible positioning satellites 10 at the time with the 

maximum deterioration index (DOP) of the geometric arrangement. Next, the 

positioning satellite which will minimize the deterioration index (DOP) by being 

added is added to the selection combination list of the time with the maximum 

deterioration index (DOP).

15 [0124] Next, in step S26, using the process of allocating the positioning satellite to

the neighboring time, the same positioning satellite is allocated and added to the 

selection combination list of the neighboring time of the additional time.

[0125] The process from step S24 to step S26 is repeated during a period from the 

start time tstart to the end time tend until there is no longer any time at which the

20 number of selected satellites is less than the upper limit or until there is no longer any 

unselected and visible positioning satellite at the time at which the number of 

selected satellites is less than the upper limit. In step S24, if the number of selected 

positioning satellites has reached the upper limit at all the times or if there is no 

longer any unselected and visible positioning satellite at the time at which the

25 number of selected satellites is less than the upper limit (step S24; NO), the process 

proceeds to step S27.
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[0126] In step S27, the selection combination list is stored in the plan storage unit 

117 and the plan creation process ends. In step S27, even when there is a time at 

which the number of selected positioning satellites is less than the upper limit, if 

there is no visible satellite that can be added, the satellite selection plan being the

5 selection combination list is overwritten in the plan storage unit 117, and the plan 

creation process ends. The above is the process performed by the plan creation unit 

113.

[0127] Next, Fig. 7 illustrates an example of the process of modifying a satellite 

combination selection plan according to the first embodiment. The plan

10 modification process of Fig. 7 is started when step S15 of Fig. 4 is executed.

[0128] First, in step S42, the satellite position calculation unit 112 is used to 

calculate the three-dimensional positions of the positioning satellites at times during 

the modification time tmodify from the current time based on the navigation 

information of each positioning satellite 11 included in the positioning data, and to

15 calculate the elevation angles el and the azimuth angles az with respect to the 

position of the positioning device 30.

[0129] Next, in step S43, the positioning satellite 10 whose evaluation value of the 

positioning data output by the quality evaluation unit 114 exceeds the threshold,thus 

having the positioning data of poor quality is excluded from the combination during

20 the modification time tmodify from the current time in the current plan.

[0130] Next, in step S44, if the following conditions are satisfied (step S44; YES), 

the process proceeds to step S45.

(1) There is a time at which the number of selected satellites is less than the 

upper limit during the modification time tmodify from the current time.

25 (2) There is an unselected and visible satellite at one of the times at which the

number of selected satellites is less than the upper limit selected in (1) above.
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In step S44, if the above conditions (1) and (2) are not satisfied, the process proceeds 

to step S46.

[0131] In step S45, a time with the maximum deterioration index (DOP) of the 

geometric arrangement based on the selected positioning satellites 11 is selected

5 from among the times at which the number of selected satellites is less than the upper 

limit selected in (1) above. Further, the positioning satellite 10 that will minimize 

the deterioration index (DOP) by being added to the selection combination is 

obtained from among the positioning satellites 10 which are unselected and visible at 

the time with the maximum deterioration index (DOP) of the geometric arrangement.

10 Next, the positioning satellite that will minimize the deterioration index (DOP) by 

being added is added to the selection combination list of the time with the maximum 

deterioration index (DOP). Note that the positioning satellite which has been 

excluded from the combination in step S43 is not to be added here.

[0132] Next, in step S46, using the process of allocating the satellite to the

15 neighboring time (Fig. 6), the same satellite is allocated to the selection combination 

list of the neighboring time of the time at which the satellite is added.

[0133] The process from step S44 to step S46 is repeated during the modification 

time tmodify from the current time until there is no longer any time at which the 

number of selected satellites is less than the upper limit or until there is no longer any 

20 unselected and visible positioning satellite at the time at which the number of 

selected satellites is less than the upper limit. In step S44, if the number of selected 

positioning satellites has reached the upper limit at all the times or if there is no 

longer any unselected and visible positioning satellite at the time at which the 

number of selected satellites is less than the upper limit (step S44; NO), the process 

25 proceeds to step S47.

[0134] In step S47, the selection combination list is stored in the plan storage unit
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117 and the plan creation process ends. In step S47, even when there is a time at 

which the number of selected positioning satellites is less than the upper limit, if 

there is no visible satellite that can be added, the satellite selection plan being the 

selection combination list is overwritten in the plan storage unit 117 and the plan

5 modification process ends. The above is the process performed by the plan 

modification unit 116. The process from step S44 to step S47 is substantially the 

same as the process from step S24 to step S27 of the plan creation unit 113 of Fig. 5, 

although the target times are different.

[0135] In the above, the positioning device 30 has been described. By using the

10 above-described components, it is also possible to configure a positioning satellite 

selection device 31 that obtains, based on signals transmitted from a plurality of 

positioning satellites, a selection combination of at each time the positioning 

satellites to be used for measuring a position.

[0136] The positioning satellite selection device 31 includes a positioning data

15 acquisition unit 111 that acquires navigation information and positioning data 

including a range observation value and an error correction value for the range 

observation value of a plurality of positioning satellites 10 and 11; a quality 

evaluation unit 114 that evaluates the quality of the positioning data; a shortest time 

designation unit 115 that sets a shortest selection time which is the shortest time

20 during which the positioning satellite 11 is selected to a larger value as the quality is 

poorer; a plan creation unit 113 that obtains a selection combination at each time, on 

the condition that the positioning satellite is selected for a longer time than the 

shortest selection time; and a plan storage unit that stores a plan of the selection 

combination at each time of the positioning satellites. The positioning satellite

25 selection device 31 can be regarded as being composed of the components of the 

positioning satellite 30 excluding the positioning computation unit 118.
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[0137] Further, the positioning satellite selection device 31 may be provided with a 

satellite position calculation unit 112 and a plan modification unit 116.

[0138] According to the configuration of the entire system including the 

positioning device 30 of the first embodiment described above, even when there are

5 restrictions on the number of channels and the positioning computation load, the 

duration during which a satellite once selected to be used for positioning continues to 

be selected is longer than the shortest required time in accordance with the quality of 

the positioning data of the satellite, so that stable positioning can be performed. 

[0139] In particular, in positioning using the carrier phase observation amount, it is

10 possible to secure the time required for determining the carrier phase ambiguity in 

accordance with the quality of the positioning data of the satellite and thus perform 

stable positioning on the order of centimeters.

[0140] Second Embodiment

In the first embodiment described above, the positioning device 30 obtains a

15 selection combination of the positioning satellites 11 and measures the position of 

the positioning target 20. In contrast, a second embodiment describes a positioning 

system that stably measures a position of a positioning target by using information 

from a reference station of which the exact position is known and which receives 

positioning data from a positioning satellite and transmits the received information.

20 [0141] There will be described a positioning system composed of a positioning

information transmitting device that uses information from a reference station to 

obtain and transmit positioning information used in a positioning terminal, and the 

positioning terminal that receives the information from the positioning information 

transmitting device and measures a position of a positioning target.

25 [0142] Fig. 8 is a diagram illustrating a configuration of a positioning system 200

according to the second embodiment. In Fig. 8, positioning satellites 10 and 11 are
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the same as the positioning satellites 10 and 11 of the first embodiment. A 

reference station 40, of which the exact coordinate position is known, receives 

positioning data of the positioning satellites 10 and 11, and transmits the positioning 

data. The positioning system 200 is composed of a positioning information

5 transmitting device 50 that acquires the positioning data received by the reference 

station 40 and obtains correction data and a selection combination for selecting the 

positioning satellites 11 to be used for positioning, and a positioning terminal 60 that 

measures a position of a positioning target 20 from the positioning data received at 

the position of the positioning target 20, (the selection combination), and the

10 correction data.

[0143] It may be configured that the positioning information transmitting device 50 

exists independently of the positioning target 20 and the positioning terminal 60 is 

mounted on the positioning target 20 which is movable.

[0144] The correction data can be transmitted from the positioning information

15 transmitting device 50 to the positioning terminal 60 via a multifunctional 

positioning satellite 17. The multifunctional positioning satellite 17 can deliver 

information uniformly from a high altitude and thus can transmit the correction data 

and the like to the positioning terminal 60 existing extensively. Even when the 

positioning target 20 moves extensively, the positioning terminal 60 mounted on the

20 positioning target can receive the correction data. The multifunctional positioning 

satellite 17 is on an orbit at a higher altitude than the positioning satellites 10 and 11. 

For example, the multifunctional positioning satellite 17 may be a so-called 

quasi-zenith satellite with an orbit passing through the zenith of (directly above) 

Japan.

25 [0145] Fig. 9 illustrates an example of a configuration in a case where the

correction data is transmitted from a positioning information transmitting device 50
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to a positioning terminal 60 by a means different from the multifunctional 

positioning satellite 17 of Fig. 8. In Fig. 9, positioning satellites 10 and 11, a 

reference station 40, the positioning information transmitting device 50, a positioning 

target 20, and the positioning terminal 60 are substantially the same as those of Fig. 8.

5 In Fig. 9, the positioning information transmitting device 50 may transmit the 

correction data to the positioning terminal 60 through a wired or wireless 

communication line 80 such as the Internet and a public line, instead of via the 

multifunctional positioning satellite 17. This is suitable for transmitting the 

correction data in an area where there is no multifunctional positioning satellite 17

10 such as a quasi-zenith satellite. The positioning information transmitting device 50 

and the positioning terminal 60 may be configured to switch from the configuration 

of Fig. 8 to the configuration of Fig. 9 when the correction data cannot be transmitted 

and received via the multifunctional positioning satellite 17.

[0146] Fig. 10 is a block diagram illustrating an example configuration of the

15 positioning information transmitting device 50 according to the second embodiment. 

The positioning information transmitting device 50 includes a positioning data 

acquisition unit 111 that, acquires the positioning data from the reference station 40 

which acquires navigation information and positioning data including error 

information from a plurality of the positioning satellites 10 and 11; a satellite

20 position calculation unit 112 that calculates the positions at each time of the 

positioning satellites 10 and 11 from the navigation information included in the 

positioning data; a correction data generation unit 120 that generates correction data 

for correcting errors included in the positioning data of the positioning satellites 10 

and 11; a quality evaluation unit 114 that obtains a quality evaluation value by

25 evaluating the quality of the correction data; a shortest time designation unit 115 that 

sets a shortest selection time which is the shortest time during which the positioning
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satellite 11 to be used for positioning is selected to a smaller value as the quality 

evaluation value is better; a plan creation unit 113 that plans a selection combination 

at each time of the positioning satellites 11 to be used for positioning on the 

condition that each positioning satellite 11 is selected for longer than the shortest

5 selection time of the positioning satellites 10 and 11 by using, as an evaluation 

criterion, a precision degradation index obtained from the geometric arrangement in 

the sky at each time calculated from the satellite positions of a plurality of the 

positioning satellites 10 and 11; a plan storage unit 117 that stores the selection 

combination at each time of the positioning satellites 11; and a correction data output

10 unit 121 that outputs the correction data of the positioning satellites 11 included in 

the selection combination.

[0147] The positioning information transmitting device 50 includes the correction 

data generation unit 120 and the correction data output unit 121, in addition to the 

components, excluding the positioning computation unit 118, of the positioning

15 device 30 according to the first embodiment.

[0148] The positioning terminal 60 also includes a terminal positioning data 

acquisition unit 131, a correction data acquisition unit 122, and a positioning 

computation unit 118.

[0149] Using the positioning data acquired from the reference station 40, the

20 positioning information transmitting device 50 generates correction data for 

correcting an error included in the positioning data acquired by the positioning 

terminal 60 from the positioning satellite 11, and provides the correction data to the 

positioning terminal 60 by using a delivery means such as the multifunctional 

positioning satellite 17.

25 [0150] The positioning terminal 60 performs a measurement computation of the

positioning target by using the positioning data acquired from the positioning
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satellite 11 by the positioning terminal 60 and the correction data acquired from the 

positioning information transmitting device 50 via the delivery means such as the 

multifunctional positioning satellite 17.

[0151] The positioning terminal 60 includes the correction data acquisition unit 122

5 that acquires the correction data transmitted from the positioning information 

transmitting device 50, the terminal positioning data acquisition unit 131 that 

acquires a range observation value and navigation information of the positioning 

satellite 11, and the positioning computation unit 118 that calculates a position by 

using the range observation value which has been corrected with the correction data.

10 [0152] The positioning device 30 according to the first embodiment of the present

invention determines a combination of the positioning satellites 10 from which the 

positioning data acquisition unit 111 acquires positioning data and the positioning 

satellites 11 to be used for a measurement computation by the positioning 

computation unit 118, in accordance with the geometric arrangement and the quality

15 of the positioning data of each of the positioning satellites 10 and 11. On the other

hand, the positioning system 200 according to the second embodiment determines a 

combination of satellites for which correction with correction data is to be performed 

by substantially the same process in accordance with the geometric arrangement and 

the quality of the positioning data of each of the positioning satellites 10 and 11.

20 [0153] Each unit will be described below.

The positioning data acquisition unit 111 acquires the positioning data of 

each of the positioning satellites 10 and 11 from the reference station 40. The 

positioning data may be acquired using a line such as the Internet. The positioning 

data to be acquired is a range observation value for each of the positioning satellites 

25 10 and 11 and navigation information of the positioning satellites 10 and 11, as in the

first embodiment. However, in order to make the correction data valid in a wide
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area, the positioning data may be acquired from a plurality of the reference stations 

40. For example, in Japan, there are about 1,300 reference stations 40 nationwide, 

so that the positioning data may be acquired from these reference stations.

[0154] The operation of the satellite position calculation unit 112 is the same as the

5 operation of the satellite position calculation unit 112 of the positioning device 30

according to the first embodiment. Using the navigation information acquired by 

the positioning data acquisition unit 111, the satellite position calculation unit 112 

calculates the three-dimensional position of a satellite in the sky at an arbitrary time 

within the planning target time.

10 [0155] As with the plan creation unit 113 of the positioning device 30 according to

the first embodiment, the plan creation unit 113 plans selection of a combination of 

satellites at each time by using the precision degradation index based on the 

geometric arrangement calculated from the positions of individual satellites, such 

that the maximum value of the precision degradation index at each time from a start 

15 time tstart to an end time tend is minimized.

[0156] At this time, planning is done under the constraint that the shortest time 

during which each positioning satellite is selected consecutively in time is longer 

than a shortest designation time tshortest designated by the shortest time designation 

unit 115. Note that the position used for calculating an elevation angle eli and an 

20 azimuth angle azi of a satellite i used for calculating the DOP is the position of the 

positioning target 20 or the positioning terminal 60 that uses the correction data.

When the position of the positioning target 20 is not known or there are a plurality of 

the positioning targets 20 that use the correction data, the position of the reference 

station 40 or an average value of the positions of the plurality of the positioning 

25 targets 20 may be used. When the positioning data of a plurality of the reference

stations 40 is used in order to make the correction data valid in a wide area, the
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position of a representative point of the target area, such as an average value of the 

positions of those reference stations 40, may be used.

[0157] Further, when the correction data is provided over a wide area (for example, 

all over Japan) and the values of the precision degradation index based on the

5 geometric arrangement and the visibility status of each satellite vary significantly 

depending on the location, the area may be divided into a plurality of sub areas and a 

representative point may be defined for each sub area, and a satellite selection plan 

may be created for each sub area. For example, Japan can be divided into ten sub 

areas.

10 [0158] The correction data generation unit 120 generates correction data for

correcting errors included in the positioning data of each satellite from the 

positioning data of the positioning satellites 10 and 11 acquired from the reference 

station 40 and the known accurate position coordinate values of the reference station 

40.

15 [0159] For example, a pseudorange correction value for correcting a pseudorange

observation value and a carrier phase correction value for correcting a carrier phase 

observation value for the positioning satellite 11 are calculated by the following 

formulas, and the pseudorange correction value and the carrier phase correction 

value are used as the correction data. As the position coordinate values of the

20 reference station 40, coordinate values obtained separately by stationary surveying or 

the like may be used, or the daily coordinate values of the electronic reference points 

provided by an institution such as the Geospatial Information Authority of Japan may 

be used.

[0160] [Formula 16]
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prc;. = p; - W-+)2 + +'-k)2 + (z'-+)2
------------------------ .--------------------------------  ···· (Formula

CPC‘ = Φίι. - y](x‘ - xr)2 + (y‘ - yr)2 + (z‘ - zr)2

16)

[0161] Here, x1, y1, and z1 are the three-dimensional position of a satellite i 

calculated from the navigation information included in the positioning data, and xr, yr, 

5 and zr are the three-dimensional position of the reference station 40. P? and Φ? are 

the pseudorange observation value and the carrier wave observation value, 

respectively, which are acquired by the r-th reference station 40 for the i-th 

positioning satellite 11 and which have been corrected by using the information on 

the satellite clock error included in the navigation calendar of the navigation

10 information. PRC? and CPC? are the pseudorange correction value and the carrier 

phase correction value, respectively, for the i-th positioning satellite 11. 

[0162] The method for calculating the satellite position from the navigation 

information and the procedure for correcting the satellite clock error are in 

accordance with the procedures described in the specifications provided by the

15 institution operating each of the positioning satellites 10 and 11 or each service. 

[0163] When the positioning data of a plurality of the reference stations 40 is used, 

individual correction values calculated by the plurality of the reference stations 40 

may be used as the correction data. Further, a surface correction parameter and the 

like obtained using the surface correction parameter (FKP: Flachen Korrektur

20 Parameter) method may be added to the correction data.

[0164] When the positioning data of the plurality of the reference stations 40 is 

used, individual state quantities such as a precision satellite clock, a precision orbit, 

an ionospheric delay amount, and a tropospheric delay amount may be estimated 

from the positioning data by using the method described in “Wubbena, G., A. Bagge, 

25 M. Shcmitz (2001). RTK Network based on Geo++ GNSMART - Concepts,
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Implementation, Results. Presented at the International Technical Meeting, ION

GPS-01, Salt Lake City, Utah, (pages 2-9)” or the like, and these state quantities may 

be used as the correction data. Here, the precision satellite clock is a clock based on 

clock error information with higher precision than the satellite clock error

5 information included in the navigation calendar, and the precision orbit is an orbit 

based on satellite position information with higher precision than the satellite 

position calculated from the navigation calendar.

[0165] When the positioning information transmitting device 50 performs relative 

positioning, the pseudorange observation value or the carrier phase observation value 

10 acquired from the reference station 40 may be directly used as the correction data.

[0166] The pseudorange observation value and the carrier phase observation value 

at a virtual reference point obtained using the virtual reference point (VRS: virtual 

reference station) method may also be directly used as the correction data.

[0167] The quality evaluation unit 114 evaluates the quality of the correction data,

15 and obtains an index value of the quality of the correction data of each of the

positioning satellites 10 and 11. As the evaluation indices of the pseudorange 

correction value and the carrier phase correction value, for example, the variance of 

differences in correction values among the epochs obtained in the past several epochs 

(for example, 5 minutes) may be used, as indicated in the formula below.

20 [0168] [Formula 17]

2 2

(Formula

17)

[0169] Generally, when the positioning data is affected by ionospheric disturbance,

strong multipath or the like, the variance of time differences of the correction data 

25 becomes large, so that quality evaluation using the variance as an index can be
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performed.

[0170] [Formula 18]

.......................................(Formula 18) 

5 [0171] Here, val denotes the variance of values included in U. N is the number of

epochs, and At is the time interval of epochs. PRC is a pseudorange correction 

amount, CPC is a carrier phase correction amount, i indicates that it is a term related 

to the satellite, and r indicates that it is a term related to the receiver.

[0172] When the positioning data of a plurality of the reference stations 40 is used,

10 the root mean square (RMS) of the differences, at the reference stations 40 close to 

one another (for example, a plurality of reference stations within a range of 10 km), 

in the correction values calculated by the individual reference stations 40 may be 

used. As the value to be evaluated, variance may be used or other statistical values 

may be used.

15 [0173] [Formula 19]

PRCrms1 (/) = rms U<™c' -rac;J
/-1,/-2 J

CPCrms1 (/) = rms U<cpc;, -cpc;2)r
/-1,/-2 J

(Formula

19)

[0174] [Here, i denotes the number of each of the positioning satellites 10 and 11, t

denotes the time, rl denotes a reference station 1, and r2 denotes a reference station 2.

20 Note that rms indicates the root mean square of the values included in U.
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[0175] As with the shortest time designation unit 115 of the positioning device 30 

according to the first embodiment, the shortest time designation unit 115 designates 

the shortest selection time tshortest during which the positioning satellite 11 is selected 

consecutively in time in the plan creation unit 113. The shortest selection time

5 tshortest is determined according to the quality evaluation values of the correction data 

of the positioning satellites 10 and 11 calculated by the quality evaluation unit 114. 

Specifically, the poorer the quality evaluation value, the larger the value set as the 

shortest selection time tshortest. For example, it may be arranged that the shortest 

selection time tshortest is changed in accordance with the type (group) of positioning 

10 satellites, and the poorer the quality evaluation value for each type of positioning 

satellites, the larger the value to be set. Alternatively, it may be arranged that the 

poorer the past quality evaluation value of the positioning satellites 10 and 11, the 

larger the value to be set.

[0176] For example, to determine the shortest selection time tshortest, it is considered 

15 that the variance of differences in correction values among epochs is used as the

quality evaluation value for the pseudorange correction values of the positioning 

satellites 10 and 11. It is determined by multiplying the maximum value of the 

evaluation values of the positioning satellites 10 and 11 whose quality evaluation 

values are less than or equal to the threshold (assuming that a larger value indicates 

20 poorer quality) by a proportionality coefficient. The threshold of the quality 

evaluation value for pseudorange correction values may be, for example, 1.5 m 

which is three times a random component of an observation error of a pseudorange 

observation value in general.

[0177] [Formula 20]

25 tshortest = a‘ max PR Ca‘r(f)2 ......................................... (Formula
i

20)
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[0178] Here, a denotes a coefficient, i denotes the i-th positioning satellite 10 or 11, 

r denotes that it is a term related to the receiver, and t denotes the time.

[0179] The proportionality coefficient a of Formula 20 is given, for example by the 

following formula, where Orand[m] is the target value of the level of random errors to

5 be reduced by sequentially processing the observation values of the positioning 

satellites 10 and 11, and At is a sampling interval.

[0180] [Formula 21]

_ Δζ
a — 2 ....................................................................................................................................................................................................................(Formula

rand.

21)

10 [0181] When the positioning terminal 60 performs positioning using the carrier

phase observation value, the evaluation value for the carrier phase correction value 

may be applied similarly. As the threshold of the evaluation value for the carrier 

phase correction value, a quarter of the carrier wavelength (0.048 [m] for the LI 

carrier and 0.061 [m] for the L2 carrier) may be used, for example.

15 [0182] As with the plan modification unit 116 of the positioning device 30

according to the first embodiment, the plan modification unit 116 modifies a plan 

during a modification time tmodify from the current time in accordance with the quality 

evaluation value. If the satellites included in the combination plan at the current 

time includes a satellite whose evaluation value of the correction data output by the

20 quality evaluation unit 114 exceeds the threshold, that satellite is excluded from the 

combination during

the modification time tmodify from the current time, and another satellite not exceeding 

the threshold and not included in the combination is newly added to the combination. 

If the evaluation value of the correction data has not been acquired, it is handled as if 

25 it exceeds the threshold.

11450159_1 (GHMatters) P108250.AU

P108250.AU


51
20

15
40

92
37

 
19

 Ju
n 

20
19

[0183] The operation of the plan storage unit 117 is the same as the operation of the 

plan storage unit 117 of the positioning device 30 according to the first embodiment 

of the present invention.

[0184] The correction data output unit 121 acquires a selection combination of the

5 positioning satellites 11 from the plan storage unit 117, and outputs the correction 

data of the positioning satellites 11 included in the selection combination among the 

correction data of each satellite acquired from the correction data generation unit 120. 

The correction data output by the correction data output unit 121 is provided to the 

positioning terminal 60 via the delivery means such as the multifunctional

10 positioning satellite 17.

[0185] Fig. 11 is a block diagram illustrating an example configuration of the 

positioning terminal 60 of the positioning system 200 according to the second 

embodiment. The positioning terminal 60 includes the terminal positioning data 

acquisition unit 131, the correction data acquisition unit 122, and the positioning

15 computation unit 118.

[0186] The terminal positioning data acquisition unit 131 receives a ranging signal 

transmitted by the positioning satellite 11, and acquires a range observation value for 

the positioning satellite 11 and navigation information of the positioning satellite 11. 

[0187] The correction data acquisition unit 122 acquires correction data provided

20 by the positioning information transmitting device 50 via the multifunctional 

positioning satellite 17. The correction data acquisition unit 122 may be configured 

to acquire the correction data provided from the positioning information transmitting 

device 50 through wireless communication, a wireless LAN, or the like via the 

Internet, instead of the multifunctional positioning satellite 17. This is effective

25 especially in an area where it is not possible to communicate with the multifunctional 

positioning satellite 17.
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[0188] The positioning computation unit 118 corrects the range observation value 

acquired by the terminal positioning data acquisition unit 131 with the correction 

data acquired by the correction data acquisition unit 122 for the positioning satellite 

11 to which the correction data is be used for correction, and calculates the position

5 of the positioning terminal 60 or the positioning target 20 by using the range

observation value corrected with the correction data. For the calculation of the 

position using the corrected range observation value, substantially the same 

calculation as with the positioning computation unit 118 of the positioning device 30 

according to the first embodiment is used.

10 [0189] Fig. 12 is a diagram illustrating a hardware configuration of the positioning

information transmitting device 50 according to this embodiment. In Fig. 12, a data 

receiving unit 162 receives information from a communication line 161 such as the 

Internet, a public line, and a leased line. A computation processing unit 163 

performs a computation based on data received by the data receiving unit 162 and

15 data stored in a storage unit 164. The storage unit 164 holds information input in 

advance, and holds temporary data for a process performed by the computation 

processing unit 163 and resulting data. An information transmitting unit 165 

transmits information on a computation result and the like stored in the storage unit 

164 to the outside in accordance with an instruction from the computation processing

20 unit 163. The information transmitting unit 165 is configured to transmit 

information to the multifunctional positioning satellite 17. Alternatively, the 

information transmitting unit 165 may be configured to transmit information via a 

communication line such as the Internet, a public line, and a leased line. Further, 

information may be transmitted by switching between using both and using one of

25 the multifunctional positioning satellite 17 and the communication line.

[0190] Description will be given as to which component of the hardware
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implements each unit of the positioning information transmitting device 50 

illustrated in Fig. 10. The positioning data acquisition unit 111 is implemented by 

the communication line 161 and the data receiving unit 162. The satellite position 

calculation unit 112, the correction data generation unit 120, the quality evaluation

5 unit 114, the shortest time designation unit 115, the plan creation unit 113, and the 

plan modification unit 116 are implemented by the computation processing unit 163. 

Information such as positioning data, correction data, a quality evaluation value, and 

a selection combination handled by the computation processing unit 163 is held in 

the storage unit 164 and is read out. The plan storage unit 117 stores a combination 

10 list and correction data in the storage unit 164 and reads them out. The correction 

data output unit 121 transmits information on the combination list and correction 

data held in the storage unit 164 to the outside through the information transmitting 

unit 165 in accordance with an instruction from the computation processing unit 163. 

The information transmitting unit 165 transmits information via the multifunctional 

15 positioning satellite 17 and the communication line.

[0191] The computation processing unit 163 of Fig. 12 may be configured to read a 

program stored in the storage unit 164 to perform the processes of the satellite 

position calculation unit 112, the correction data generation unit 120, the quality 

evaluation unit 114, the shortest time designation unit 115, the plan creation unit 113, 

20 and the plan modification unit 116. A processing circuit to perform the process of 

each unit may be configured by dedicated hardware, and may be implemented by a 

single circuit, a composite circuit, a programmed processor, a parallel programmed 

processor, an ASIC, or an FPGA.

[0192] The storage unit 164 corresponds, for example, to a nonvolatile or volatile

25 semiconductor memory such as a RAM, a ROM, a flash memory, an EPROM, and 

an EEPROM, a magnetic disk, a flexible disk, an optical disk, a compact disk, a mini
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disk, and a DVD.

[0193] Fig. 13 is a diagram illustrating a hardware configuration of the positioning 

terminal 60 according to this embodiment. In Fig. 13, a positioning antenna 151 

receives signals of the positioning satellites 10 and 11. A received data

5 demodulation unit 152 performs amplification, frequency conversion, and the like on 

the signals received by the positioning antenna 151 to perform AD conversion and 

digitalization, and performs code modulation and the like. An information 

receiving unit 171 receives information from the outside. The information 

receiving unit 171 may be configured to receive information from the multifunctional

10 positioning satellite 17. The information receiving unit 171 may also be configured 

to receive information via a communication line such as the Internet, a public line, 

and a leased line. Further, both the multifunctional positioning satellite 17 and the 

communication line may be prepared, and information may be received by switching 

between them.

15 [0194] A computation processing unit 173, which receives signals from the

received data demodulation unit 152 and information from the information receiving 

unit 171, performs demodulation of navigation information, computations such as a 

satellite orbit computation and a position computation, and also performs various 

types of computation. A storage unit 174 stores temporary data when a

20 computation is performed, or stores data such as a selection combination list. An 

output unit 175 outputs a result of a computation by the computation processing unit 

173 or data stored in the storage unit 174 to the outside in accordance with an 

instruction from the computation processing unit 173. This output is output to a 

display device such as a display, or provides information to an external device as a

25 signal via an interface. The output includes display of a position on a map.

[0195] Next, description will be given as to which component of the hardware of
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Fig. 13 implements each unit of Fig. 11. The terminal positioning data acquisition 

unit 131 is implemented by the positioning antenna 151 and the received data 

demodulation unit 152. The final navigation information and range observation 

value are calculated using the computation processing unit 173. The correction data 

5 acquisition unit 122 is implemented by the information receiving unit 171.

Computations of the positioning computation unit 118 are mainly processed by the 

computation processing unit 173. Results of the computations processed by the 

computation processing unit 173, such as positioning data, selection combination 

information, and positioning computation results, are stored in the storage unit 174.

10 The positioning results computed by the positioning computation unit 118 are output 

by the output unit 175 to a display device such as a display, and displayed. The 

display includes display of a position on a map, and also includes output of the 

positioning results to another system.

[0196] The computation processing unit 173 of Fig. 13 may be configured to read a

15 program recoded in the storage unit 174 and to perform the process of the positioning 

computation unit 118. A processing circuit to perform the process of each unit may 

be configured with dedicated hardware, and may be implemented by a single circuit, 

a composite circuit, a programmed processor, a parallel programmed processor, an 

ASIC, or an FPGA.

20 [0197] The storage unit 174 corresponds, for example, to a nonvolatile or volatile

semiconductor memory such as a RAM, a ROM, a flash memory, an EPROM, and 

an EEPROM, a magnetic disk, a flexible disk, an optical disk, a compact disk, a mini 

disk, a DVD, and the like.

[0198] It has been described above that the correction data acquisition unit 122

25 acquires data transmitted from the positioning information transmitting device 50. 

However, it may be configured to also acquire another type of data. For example,
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there is another system that obtains a different selection combination at each time of 

the positioning satellites 11 obtained by using the precision degradation index 

obtained based on the geometric arrangement as the evaluation criterion, instead of 

adopting the condition that each satellite is selected for longer than the shortest

5 selection time for the positioning satellites 10 and 11. It may be configured to 

acquire the positioning satellites of the different selection combination at each time 

of the positioning satellites obtained by this other system by using, as the evaluation 

criterion, the precision degradation index obtained based on the geometric 

arrangement, and also acquires the correction data for these positioning satellites.

10 [0199] To acquire the positioning satellites of the different selection combination

and the correction data of these positioning satellites mentioned above, it is 

configured to receive them via the multifunctional positioning satellite 17 and the 

communication line as described above.

[0200] The correction data acquisition unit 122 may be configured to switch

15 between using the positioning satellites 11 of the selection combination and the 

correction data for these positioning satellites transmitted from the positioning 

information transmitting device 50 and using the positioning satellites of the different 

selection combination obtained by the different system by using, as the evaluation 

criterion, the precision degradation index obtained based on the geometric

20 arrangement without adopting the condition of selecting for longer than the shortest 

selection time and the correction data for these positioning satellites.

[0201] The correction data acquisition unit 122 may also be configured to switch to 

using the positioning satellites of the different selection combination and the 

correction data for these different positioning satellites mentioned above, if a signal

25 transmitted from the positioning information transmitting device 50 cannot be 

received or no signal has been transmitted from the positioning information
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transmitting device 50 and the current time is past the target time of the positioning 

satellites of the selection combination already acquired. It is effective when a 

signal transmitted from the positioning information transmitting device 50 cannot be 

received for one reason or another.

5 [0202] A terminal quality evaluation unit 132 that obtains a quality evaluation

value by evaluating the quality of the positioning data of the terminal positioning 

data acquisition unit 131 may be provided, and the correction data acquisition unit 

122 may be configured to switch to using the positioning satellites of the different 

selection combination and the correction data for these positioning satellites

10 mentioned above if the quality evaluation values of the positioning data of all of the 

different positioning satellites of the different selection combination mentioned 

above are better than the threshold. Conversely, the correction data acquisition unit 

122 may be configured to use the correction data for the positioning satellites 11 of 

the selection combination and the correction data for these positioning satellites

15 transmitted from the positioning information transmitting device 50 if any one of the 

quality evaluation values of the positioning data of the different positioning satellites 

of the different selection combination mentioned above is poorer than the threshold. 

[0203] According to the positioning system 200 of the second embodiment 

described above, in a positioning service that generates differential error correction

20 information and provides it to a user, the duration during which the positioning 

satellite 11 once selected as the correction target continues to be selected is longer 

than the shortest selection time in accordance with the quality of the positioning data 

of the satellite, so that stable positioning can be performed by the positioning 

terminal 60. This is effective especially when there is a restriction, in accordance

25 with the line capacity, on the number of satellites that can be used as the error 

correction target.
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[0204] In particular, the positioning system 200 of the second embodiment can 

secure the time required for determining the carrier phase ambiguity in accordance 

with the quality of the positioning data of the satellite, and perform stable positioning 

on the order of centimeters.

5 [0205] In the claims which follow and in the preceding description of the invention,

except where the context requires otherwise due to express language or necessary 

implication, the word “comprise” or variations such as “comprises” or “comprising” 

is used in an inclusive sense, i.e. to specify the presence of the stated features but not 

to preclude the presence or addition of further features in various embodiments of the 

10 invention.

[0206] It is to be understood that, if any prior art publication is referred to herein, 

such reference does not constitute an admission that the publication forms a part of 

the common general knowledge in the art, in Australia or any other country.

Reference Signs List

15 [0207] 10: positioning satellite, 11: selected positioning satellite, 17:

multifunctional positioning satellite, 20: positioning target, 30: positioning device, 

31: positioning satellite selection device, 40: reference station, 50: positioning 

information transmitting device, 60: terminal-side positioning device, 111: 

positioning data acquisition unit, 112: satellite position calculation unit, 113: plan

20 creation unit, 114: quality evaluation unit, 115: shortest time designation unit, 116: 

plan modification unit, 117: plan storage unit, 118: positioning computation unit, 

120: correction data generation unit, 121: correction data output unit, 122: correction 

data acquisition unit, 131: terminal positioning data acquisition unit, 200: positioning 

system
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CLAIMS

1. A positioning satellite selection device for obtaining, from signals

transmitted from a plurality of positioning satellites, a selection combination at each 

time of the positioning satellites to be used for positioning at a position of a 

positioning target, the positioning satellite selection device comprising:

a positioning data acquisition unit configured to acquire positioning data 

including navigation information and a range observation value of the plurality of the 

positioning satellites;

a satellite position calculation unit configured to calculate a satellite 

position at each time of the positioning satellite from the navigation information of 

the positioning data;

a quality evaluation unit configured to obtain a quality evaluation value 

based on the positioning data;

a shortest time designation unit configured to set a shortest selection time 

which is a shortest time during which the positioning satellite is selected 

consecutively in time based on the quality evaluation value; and

a plan creation unit configured to:

obtain the selection combination at each time of the positioning 

satellites on a condition of selecting for longer than the shortest selection time, by 

using, as an evaluation criterion, a precision degradation index obtained from a 

geometric arrangement in the sky at each time calculated from the positions of a 

plurality of the positioning satellites,

select and add an unselected positioning satellite that will best 

enhance the precision degradation index to a time at which a number of selected 

satellites is less than an upper limit and the precision degradation index is poorest,
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and

if said positioning satellite is visible at one of neighboring times 

each of which is either before or after said time, further select said positioning 

satellite to select said positioning satellite for longer than the shortest selection time.

2. The positioning satellite selection device according to claim 1,

wherein the plan creation unit is configured to select the positioning 

satellite for which an interval of time from a latest time to an earliest time to which 

the positioning satellite has already been allocated is shorter than the shortest 

selection time, and add the selected positioning satellite to a time before the interval 

of time.

3. A positioning satellite selection device for obtaining, from signals 

transmitted from a plurality of positioning satellites, a selection combination at each 

time of the positioning satellites to be used for positioning at a position of a 

positioning target, the positioning satellite selection device comprising:

a positioning data acquisition unit configured to acquire positioning data 

including navigation information and a range observation value of the plurality of the 

positioning satellites;

a satellite position calculation unit configured to calculate a satellite 

position at each time of the positioning satellite from the navigation information of 

the positioning data;

a quality evaluation unit configured to obtain a quality evaluation value 

based on the positioning data;

a shortest time designation unit configured to set a shortest selection time 

which is a shortest time during which the positioning satellite is selected
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consecutively in time based on the quality evaluation value;

a plan creation unit configured to obtain the selection combination at each 

time of the positioning satellites by using, as an evaluation criterion, a precision 

degradation index obtained from a geometric arrangement in the sky at each time 

calculated from the satellite positions of a plurality of the positioning satellites; and

a plan modification unit configured to delete a predetermined positioning 

satellite from the selection combination based on the quality evaluation value, or add 

the positioning satellite which is visible to the selection combination based on the 

precision degradation index.

4. The positioning satellite selection device according to any one of claims 1 

to 3,

wherein the quality evaluation unit is configured to obtain the quality 

evaluation value by using one of an observation residual when positioning is 

performed using an observation value of the positioning satellite, ranging precision 

information of the positioning satellite, and a standard deviation of differences in 

error correction values of the positioning satellite in each epoch, and

wherein the shortest time designation unit is configured to set the shortest 

selection time to a value obtained by multiplication by a proportionality coefficient 

obtained from an error level target value and a sampling interval.

5. The positioning satellite selection device according to claim 4,

wherein the proportionality coefficient of the shortest time designation unit 

is a value obtained by dividing the sampling interval by a square of the error level 

target value.
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6. The positioning satellite selection device according to any one of claims 1 

to 3,

wherein the plan creation unit is configured to select four or more visible 

positioning satellites sequentially from a satellite with a highest elevation angle, and 

generate a selection combination list of the positioning satellites.

7. The positioning satellite selection device according to any one of claims 1 

to 3,

wherein the plan creation unit is executed as a thread process independent 

of a loop of an epoch, and is configured to start the process a predetermine time 

before a plan end time of the existing plan.

8. The positioning satellite selection device according to any one of claims 1 

to 3, further comprising:

a positioning computation unit configured to perform a computation to 

measure a position by using positioning data of the positioning satellites included in 

the selection combination of the positioning satellites.

9. A positioning information transmitting device comprising:

a positioning data acquisition unit configured to acquire positioning data 

from a reference station which acquires from a plurality of positioning satellites the 

positioning data including a range observation value and navigation information of 

each positioning satellite;

a satellite position calculation unit configured to calculate a satellite 

position at each time of the positioning satellite from the navigation information 

included in the positioning data;
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a correction data generation unit configured to generate correction data for 

correcting an error included in the positioning data of the positioning satellite;

a quality evaluation unit configured to obtain a quality evaluation value 

based on the correction data;

a shortest time designation unit configured to set a shortest selection time 

which is a shortest time during which the positioning satellite is selected 

consecutively in time based on the quality evaluation value;

a plan creation unit configured to:

obtain the selection combination at each time of the positioning 

satellites to be used for positioning on a condition of selecting for longer than the 

shortest selection time of the positioning satellite, by using, as an evaluation criterion, 

a precision degradation index obtained from a geometric arrangement in the sky at 

each time calculated from the satellite positions of a plurality of the positioning 

satellites,

select and add an unselected positioning satellite that will best 

enhance the precision degradation index to a time at which a number of selected 

satellites is less than an upper limit and the precision degradation index is poorest, 

and

if said positioning satellite is visible at one of neighboring times 

each of which is either before or after said time, further select said positioning 

satellite to select said positioning satellite for longer than the shortest selection time; 

and

a correction data output unit configured to output the positioning satellites 

included in the selection combination at each time and the correction data for these 

positioning satellites.
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10. The positioning information transmitting device according to claim 9, 

wherein the plan creation unit is configured to select the positioning

satellite for which an interval of time from a latest time to an earliest time to which 

the positioning satellite has already been allocated is shorter than the shortest 

selection time, and add the selected positioning satellite to a time at the interval of 

time.

11. A positioning information transmitting device comprising:

a positioning data acquisition unit configured to acquire positioning data 

from a reference station which acquires from a plurality of positioning satellites the 

positioning data including a range observation value and navigation information of 

each positioning satellite;

a satellite position calculation unit configured to calculate a satellite 

position at each time of the positioning satellite from the navigation information 

included in the positioning data;

a correction data generation unit configured to generate correction data for 

correcting an error included in the positioning data of the positioning satellite;

a quality evaluation unit configured to obtain a quality evaluation value 

based on the correction data;

a shortest time designation unit configured to set a shortest selection time 

which is a shortest time during which the positioning satellite is selected 

consecutively in time based on the quality evaluation value;

a plan creation unit configured to obtain the selection combination at each 

time of the positioning satellites to be used for positioning by using, as an evaluation 

criterion, a precision degradation index obtained from a geometric arrangement in 

the sky at each time calculated from the satellite positions of a plurality of the
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positioning satellites;

a plan modification unit configured to delete a predetermined positioning 

satellite from the selection combination based on the quality evaluation value, or add 

the positioning satellite which is visible to the selection combination based on the 

precision degradation index; and

a correction data output unit configured to output the positioning satellites 

included in the selection combination at each time and the correction data for these 

positioning satellites.

12. The positioning information transmitting device according to any one of 

claims 9 to 11,

wherein the quality evaluation unit is configured to obtain the quality 

evaluation value by using one of an observation residual when positioning is 

performed using an observation value of the positioning satellite, ranging precision 

information of the positioning satellite, and a standard deviation of differences in 

error correction values of the positioning satellite in each epoch, and

wherein the shortest time designation unit is configured to set the shortest 

selection time to a value obtained by multiplication by a proportionality coefficient 

obtained from an error level target value and a sampling interval.

13. The positioning information transmitting device according to claim 12,

wherein the proportionality coefficient of the shortest time designation unit 

is a value obtained by dividing the sampling interval by a square of the error level 

target value.
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14. The positioning information transmitting device according to any one of 

claims 9 to 11,

wherein the plan creation unit is configured to select four or more visible 

positioning satellites sequentially from a satellite with a highest elevation angle, and 

generate a selection combination list of the positioning satellites.

15. The positioning information transmitting device according to any one of 

claims 9 to 11,

wherein the plan creation unit is executed as a thread process independent 

of a loop of an epoch, and configured to start the process a predetermine time before 

a plan end time of the existing plan.

16. The positioning information transmitting device according to any one of 

claims 9 to 15,

wherein the correction data output unit is configured to output data to a 

positioning terminal via a multifunctional positioning satellite.

17. A positioning system comprising:

the positioning information transmitting device according to any one of 

claims 9 to 16, the positioning information transmitting device for outputting the 

positioning satellites included in the selection combination at each time of the 

positioning satellites and correction data for correcting an error included in the 

positioning data of the positioning satellite; and

a positioning terminal including:

a correction data acquisition unit configured to acquire the 

positioning satellites included in a selection combination at each time of the
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positioning satellites to be used for positioning at a position of a positioning target, 

and correction data for correcting an error included in positioning data of these 

positioning satellites;

a terminal positioning data acquisition unit configured to acquire 

positioning data including a range observation value of the positioning satellite; and

a positioning computation unit configured to calculate a position 

by using the range observation value obtained by correcting the range observation 

value of the positioning satellite with the correction data of the positioning satellite 

acquired by the correction data acquisition unit.
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