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Studies on Satellite-Based Navigation and Communication
Utilizing Precise Clock Synchronization Between Radio Stations

Koji Yamawaki

National Space Development Agency of Japan

Abstract

This paper summarizes studies on the utili-
zation of precise clock synchronization in satellite-
based navigation and communication. The user’s
clock synchronization with one of the precise
clocks installed in a navigation satellite or ground
radio station, which maintains the time standard
for the generation of range measurement signals,
enables the adoption of new satellite navigation
concepts, and the simplicity will open up avenues
for efficient methods of mobile communications.
Precise clock synchronization between two radio
stations, which really means the detection of the
time offset between two clocks, is performed, in
principle, by using bi-directional communication
between these stations and by detecting the dif-
ference in radio propagation times between one
direction and its opposite. Satellite positioning
based on clock synchronization will reduce the
number of deployed satellites and mitigate
geometrical requirements for satellite placement.
Application of synchronized timing to spread-
spectrum communications will produce a technol-
ogy combining code division multiple access
(CDMA) with time division multiple access
(TDMA), with which optional communications
between radio stations and multiple aceess circuit
control for mobile message communications can
be achieved efficiently.

Another subject of this paper is the formula-
tion and integration of several kinds of satellite-
based navigation algorithms. Such formation and
integration can be skillfully achieved by applying
the weighted least squares (WLS) method. Nearly
optimal estimation of positioning is done by

regulating the weights of the WLS algorithm,
referring to the numerical values of dilution of
precision (DOP) , which are calculated from the
covariance matrix 0 A H" H)™ !discussed later.
Characteristics of the WLS navigation algorithm
are discussed in relation to the geometry of satel-
lite placement. '

1. Introduction

Satellite positioning done by measuring
one-way radio propagation time, such as
GPS/NAVSTAR, which uses several satellites as
points of reference for range measurement, re-
quires knowledge of the standard time of the sat-
ellite by which radio transmitting timing is gen-
erated; therefore, for GPS, the time difference
between the clocks installed in the navigation
satellite and the user’s equipment is estimated
together with the user’s position vector. In this

~ case, the range measured by the user’s equipment

is called the pseudo-range, which is shifted from
the real range by the above clock offset.

A clock-asynchronous positioning method like
GPS, as described above, has special require-
ments for satellite deployment; it requires that at
least four satellites be widely distributed in the
sky and arranged visibly far from the shape of a
line or a circle. Therefore, clock-asynchronous
positioning requires that more satellites be de-
ployed and that there be a wide field of view in
the sky to maintain positioning accuracy.

In contrast, the new positioning method,
based on clock-synchronous positioning, requires
that the user’s clock be synchronized with the
satellite clock by means of other measurements.
Clock synchronization is done via two-way com-
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munication between the satellite and

Time axis of satellite

the user’s equipment, as shown in the
following section. Clock synchroniza-
tion frequency can be reduced by using
a highly stable clock, such as an atomic
clock. This positioning method reduces
the number of satellites to be deployed
and mitigates the geometrical re-
quirements for satellite placement.
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with navigation means, produces a
new mobile communication network.
Generally, in mobile communications
that use satellites as the only means of
radio relay, the radio signal transmitted by a mo-
bile radio station is received by all ground radio
stations linked to the satellites and reprocessed
for connection with the public telephone network.
In other words, in satellite-based mobile commu-
nications, mobile stations cannot select the
ground stations with which they want to connect,
because the radio signals relayed by the satellite
are transmitted widely without focus. However,
the use of clock synchronism for communications
makes it possible for ground stations to process

only the radio signals arriving at a pre-assigned

time slot. As a result, the mobile station is able to
select the ground station by the control of radio
transmission timing. This timing can be generat-
ed by using the clock offset and the range be-
tween radio stations, and spread-spectrum com-
munications will permit radio signal superposi-
tioning if there are slight time lags in radio signal
epochs, even if they have been coded with the
same pseudo-random number.

2. User's Clock Synchronization

The time difference between two radio sta-
tions, or “clock offset”, as it is commonly called, is
estimated by detecting the time lag in two-way
propagation of range measurement signals.

In case of the measurement of user's clock
offset to the satellite clock, the aid of the ground

Time axis of ground station  Receiving

Fig. 1 Timing Chart of Mobile-Satellite Synchronization

radio station is needed. As illustrated in Figure 1,
the user’s equipment, which will often be called
“mobile station” hereafter, is able to measure the
difference , £,, between the arrival time of the
range measurement signal transmitted by the
satellite and the transmission time of the range
measurement signal generated by the mobile
station itself. The ground station linked with the
mobile station is able to measure the time differ-
ence, 8t, , between the arrival of the range meas-
urement signals transmitted from the mobile
station relayed by the satellite and from the sat-
ellite itself By having them inform each other of
the time differences mentioned above, the clock
offset at this moment in case of the use of geosta-
tionary satellite, £, , can be easily calculated by

t, =(0¢t, -t,)/2-w (rxL)/c* (1)

where the last term of Eq.1 is the Sagnac correc-
tion term and @, is the earth rotation rate, rthe
position vector of mobile station, L the position
vector of satellite and c is the speed of light. It
should be noted that no knowledge of precise dis-
tances between radio stations is needed in this
synchronization processing, and nearly all errors
related to radio propagation are cancelled, allow-

ing ¢, to be accurately derived.

The adoption of the highly stable clock re-
duces the frequency of the above processing. In
this case, the drift rate of user’s clock offset must
be estimated accurately. This is done by observing
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the trend in the position vector error derived from
the user's equipment installed in the mobile sta-
tion while the latter is at a standstill. .

We now address the problem of deriving a
relationship between the positioning error and
the clock drift rate. Assuming that 0 ris the error
of the user's position vector r, J L, the error of
the i-th satellite position vector L;, 0 p, the error
of the range p; (=|Li—r|) and m; the unit vec-
tor defined by (L;,—r)/ p;, the following equation
can be derived:

m; 0r=m; 6L,—0p; (2

Therefore, in three-dimensional positioning, the
- change, Or, , of the position error, 0r, at the time
interval from ¢, to ¢, is written as

1 (m, x )" )" [ 8D, (£) - Oy (&)
or, " m, - (m, xm,) (my xm,)" | | 8p,(ty) - Op,(t,)
o R TI | (my x1my)" | | 0y(t0) - 04 (8,)

6)

where it is assumed that Jp;(¢,) — Opi(¢,)

changes due to the drift rate of user’s clock offset

0&, , written as follows:
6p;(t,)- 6p.(2,) = cfésc(t)dt 4

For simplicity, it has been assumed here that m;
is fixed during the measurement of Oz,. If 0¢, is
constant, the following equation is easily derived:

P - or,

. = m (1=1,2,3) (5)

3. Clock-Synchronous Positioning

The navigation algorithm of three-
dimensional clock-asynchronous positioning that
applies the range measurements of four satellites
is written as

(Byy x Byy)" =V ! 65,
or - 1 [(ag xn, )T Vi | |95 (©)
[5(1] W, |(n, x n, o= Vi | |95

(B, x ;)" Vi, s,

where Jg is the range offset error due to clock
offset error d¢, and Js; is the difference between
the measured pseudo-range and the calculated
one derived from the latest estimate of position r.
Other variables are defined as follows.

W, = n;,(n,sX Ny

= Vi~ Vas— Via— Vi )
n; = m;—m, (i, i=1,2 3 4) 8
Vipe=m, - (m; X my) (i, j,k=1, 2 3,4) ©)]

For synchronous positioning applying three
satellites, the following equation is obtained from
Eq.6 with p,=0 and L&=r,: -

T
(m, xm,)"'] [8s, .
85, | + —(m, x 115,)0q
123

(ml x m, )T 633 (10)

or = — | (my xm,)"
123

Here, 0s, is the same pseudo-range error as used
in Eq.6, which contains the range offset 0g to be
determined from the measured clock offset.

Again, with the real range Op; defined

Op,=0s+ 0q (11)
Eq.10 can be simplified as follows:

(m, x my)" T op,
or = ——|(my xm,)" | |ép, (12)
123 (ml sz)T 5p3

Positioning accuracy is generally expressed
by several kinds of DOP, which is the ratio of the
position error to the range measurement error
(RME) in the statistical sense, and is derived from
the diagonal elements of the covariance matrix P
of the position vector error 0x ( =[ 67 dq]"),
which is written as follows for the asynchronous
positioning:

P=E[0x0X]
=oH H)™' | (13)

where 0 is the standard deviation of the range
measurement error and H is the measurement
matrix, shown in Section 4 , for instance.

DOP is governed by the geometrical relations
between the positions of applied satellites and the
measurement point. For convenience, several

kinds of DOP have been defined: VDOPis vertical
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Fig.2 Satellite Arrangement Geometry

DOP, HDOPis horizontal DOP, TDOPis tempo-
ral DOP, which relates to the range offset due to
the clock offset, and PDOP is positional DOP,
which is the root-sum squares of VDOP and
HDOP. Under normal conditions, it is difficult
to obtain convenient functional expressions of the
above DOPs. However, when all error sources
have been replaced with the equivalent RME,
each equivalent RME has the same standard
deviation, 0,, and four satellites applied have
been placed as shown in Figure 2, then the ap-
proximate DOPs of the clock-asynchronous posi-

tioning will be derived as follows:
VDOP=(4/3)"*/|c0s0 ,—cos 0l (14)
HDOP=(4/3)"*/sin6, (15)

TDOP=(1/3+cos’0y) /| cos8,—cos6,] (16)

For three-dimensional clock-synchronous
positioning, it is assumed that no 4™ satellite is
used; DOPs are written as follows:

vDOP=(1/3+ 1 2)"/cos 6, | an

HDOP=(4/3)""/sin8, (18)

where £ is the ratio of the standard deviation o,
of range offset error to the standard deviation o,
of equivalent RME.

For two-dimensional clock-asynchronous
positioning, the 4™ satellite is not applied in the
same way for three-dimensional clock-
synchronous positioning. Approximate DOPs are
derived as follows:

HDOP=(4/3)""/sin@, (19)

TDOP=(1/3+ A 2co0s%0,)'"* (20y

where A is the ratio of the standard deviation o,
of the altitude error to the standard deviation g,.

Two-dimensional clock-synchronous posi-
tioning uses only two satellites. Approximate
HDOP is written as follows:

HDOP=[2/(sinBysing)’
+ A%/ {tan8ycos($/2)}?2
+ 1Y {sinfy cos (¢ /2)} 2]V
@1

where 8y (8y=0,in this case) is the zenith angle
of the applied satellites and ¢ is the difference in
the azimuth of the satellites. '
Figure 3 shows the relations between the
DOPs of three-dimensional synchronous / asyn-
chronous positioning and the zenith angle 0, . In
asynchronous positioning, VDOP increases as 8,
decreases. In contrast, VDOP in synchronous
positioning is nearly equal to the ratio ©# at the
range of 0,<30 degrees and increases as 8 ¢in-
creases. HDOPin synchronous positioning shows
the same tendency as in asynchronous position-

u=2

———e e e

/
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\ - < \/ _____
AN \/7\\ D Sy
VDOP {syncH. ) T 3
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gt iupufated Sbupubube ubafutud iputatube iububel g2 )113: K €-1372: 10 WO I

""'J"'_[::::"'_F::I:""' """ i S

-_——— S i bttt
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Zenith Angle(deg.)

Fig. 3 DOP Comparisons for Three--Dimensional
Synchronous/Asynchronous Positioning
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ing, and decreasing as 6 ; increases. Therefore, in
asynchronous positioning the zenith angle must
be enlarged to reduce PDOP, which means that a
wide field of view is required to obtain accurate
positioning. However, synchronous positioning
does not require a wide field of view and has a
minimum value of PDOP at around 35 degrees of
the zenith angle. ‘

As evident from the above, synchronous posi-
tioning is advantageous not only for reducing
DOP but also in terms of the number of satellites
to be deployed in orbit. Only two geostationary
satellites are required to perform two-
dimensional clock-synchronous positioning, which
has the positioning accuracy indicated by Eq.21.
For example, HDOP reaches nearly 5 around
Japan when both A and 14 are 2.

We can conclude in this section that clock
synchronous positioning has the favorable fea-
tures of providing integrated satellite services
with regard to regional positioning and mobile
communications on small-scale constellations
through the application of several geosynchro-
nous satellites.

4. Integration of Navigation Algorithms

Any type of navigation algorithms is gener-
ally expressed by a common weighted least
squares (WLS) algorithm that enables the adop-
tion of all measurements and does not require the
selection of 4 satellites in a good geometric ar-
rangement.

The WLS positioning algorithm is also con-
venient for deriving approximate equations for
DOPs. Assuming that ¢, is the reference value
for the standard deviation (SD) of measurement
errors, 0; (i=1,2,"*N) is the SD of the range
measurement error of the i-th satellite, o,, 0, and
0, are the SDs of the local vertical, local horizon-
tal east and local horizontal north position meas-
urement errors, and o, is the SD of the range off-
set measurement error, then measurement error
ratios can be defined as follows:

k,=0,/0, (@(=12,N) (22)

Ke=0,0, (23)
K=0,0, (24)
K,=0,10, (25)
K=010, ' (26)
The WLS positioning algorithm is '
ox=HTH)'H" 00 @7

where J01s the vector of the normalized .
measurement errors, all the SDs of which
have been normalized to 0,, and defined as
follows:

00= (00,00 0py 0000, 00, 00, )
= (le/K'l”- dZ\l/K:N
Ol /Ky Ol/Ky OT/K, 0Qnik )T  (28)

Here 0Z; (i=1,2,"*)N)is the range measurement
error, 01y, O, and0r, are position meas-
urement errors, g, is the range offset measure-
ment error, and H is the measurement matrix to

rel?te Jxwith 00, and is deﬁned as follows:
T

my/x, - mylky Vs, 0 0 O
H- mylx, - myglky 0 1k, 0 0
T mylk, - myfy O 0 1k, O

Vi, -+ UVky 0 0 0 1k,

(29)

Eq. 27 is the integrated navigation algorithm
from which all navigation algorithms are derived
by proper setting of the measurement error ratios
in Eq.28 and Eq.29. For example, the three-
dimensional clock-asynchronous positioning algo-
rithm that is-Eq.6 was derived withk,,K,, K,
and K, set to infinity and N=4. The three-
dimensional clock synchronous positioning algo-
rithm that is Eq.10 was derived withk ,, ¥ , and
K , set infinity and N=3.

Supposing the uniform deployment of satel-

“lites in the earth surface, the approximate DOPs

for WLS positioning can be derived as follows:

(1+1/Nk >y

VDOP- —— 30
NB? +y2/k .} +(1+1/Nk”) x,"}'* 0)
2
HDOP-
IN(-7) + 2/ k)2 @1
2 241/2 .
rpop - *UNS )~ yrop 32)

C(+1/Nk )
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where #, is replaced with&,, 4, and £, are re-
placed with & ;. Moreover, Sand 7 are defined as

B ={(1/N)i cos ’, — a?}'? (33)
Y =(a®+ B2)"? 349
a=(1/N) 3 cosf, ' (35)

1=

where 0 is the zenith angle of the i-th satellite.
" Egs.14, 15 and 16 were derived from above

equations by assuming that K, Ky andk, are’

infinite, N=4and 6,=60, for i=1,2,3.

Figure 4, 5 and 6, which were prepared using
the above equations, show the relations between
the DOPs and the limited zenith angle with six
satellites uniformly disposed in the sky. It is rec-
ognized from these figures that measurement of
either vertical position or range offset is effective
to improve the accuracy of estimates of both verti-
cal position and clock offset. However, only hori-
zontal position measurements are effective for
improving horizontal position accuracy. Therefore,
backup using velocity integral positioning, etc,
will ensure stable performance.

The integrated positioning algorithm. that
uses the WLS method effectively reflects the con-
ditions of a very high stable clock of 10 !sec/sec,
for instance, installed in the user’s equipment as

the clock for the range measurement. This stabil-

ity is equivalent to roughly 10m/hr of the range
drift that causes 30m/hr of three-dimensional
positioning error at PDOP =3. Even if satellites
visibility changes frequently and the number of
visible satellites is reduced to three,
dimensional positioning will continue without a
fatal loss of accuracy. v :
The weights of the WLS positioning algo-
rithm can be regulated using the numerical val-
ues of the DOPs calculated from the covariance
matrix P (=0 (H"H)™'). This regulation re-
sults in nearly optimal estimation of positioning,
because the WLS algorithm is the same as in the
special case of Kalman filtering. For example,
DOPs decrease as the number of updating times
n increases with the mobile station at a standstill.
Approximate equations are written as follows:

three- :

Number of Satellite = 6

100 ey o= E_“j ____________ =]
I Zlxx=infinmitef-IC3CIICICCIT
Tesinfiniter Tzt IIrTIo]

I N O

10 20 30 40 50 60
Zenith Angle (deg.)

Fig.4 VDOPof WLS Positioning for Zenith Angle
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' Number of Satellite = 6
100

10 20 30 40 50 &0 70 80 90
Zenith Angle{(deg.) -

Fig.5 HDOPof WLS Positioning for Zenith Angle

Number of Satellite = 6

cx=infinite--1---+
xc=infinite--{_—_|

Q p---o----f---1 KX=2""T"""7
I " kc=infinite

b - — -~
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Fig.6 TDOPof WLS Positioning for Zenith Angle
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VDOP (nAt) = (1/n)""*VDOP (0)  (36)
HDOP (nAt) = (1/n)"* HDOP (0) (37
TDOP (nAt) = (1/n)"*TDOP (0)  (38)

where At is the time interval of positioning.

A steady state of estimation errors depends
on the prediction errors of state variables or sys-
tem noises generated for a period of time in posi-
tion updating and the proper regulation of WLS
weights. Assuming that ¢ "% and ¢ ;"% are ratios
of the standard deviation of position prediction
error to the standard deviation 0, and that ¢ 2
is the ratio of the standard deviation of the range
offset prediction error to the standard deviation
0, , then the steady-state values of the above
DOPs would be approximately as follows: -

VDOPooz =7 —l( d) v (b T)VZ (39)
HDOP.={—0y+($:/+40y HDOR)"}2 (40)
TDOPco2=7 (d)vd)'r)m (41)

where 72 is derived from Eq.34. The above equa-
tions do not hold when ¢''%, ¢, ?or ¢ 2 are larger
than 3, roughly speaking.

Figure 7 shows the tendency of DOP conver-
gence due to iterative updating when the limited
zenith angle 0 is 30degrees, ¢ =0y =0,;=05
and N=6. It can be clearly seen that vertical and

temporal DOP quickly decrease to around 1 after -

several position updates, even if the DOP's initial

5
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= O-,
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Fig. 7 DOP Convergence (&.=30deg)

value is over 5. It is concluded that regulation of
the WLS weights is highly useful in the naviga- -
tion of motor cars or ships in terms of attaining

good positioning, same as the application of Kal-

man filtering, because unexpected movements

are comparatively small and the values for ¢+,

¢y and ¢, remain low.

5. Clock-Synchronous Communication

A potential application for clock synchroniza-
tion is mobile communications.

In general, the great advantage of satellite
communications exists in the possibility of wide-
area broadcasting from space and in the fact that
many mobile users are able to receive radio waves
everywhere, selecting the information which they
need. However, the mobile communication from a
mobile user to a ground radio station is not al-
ways efficient, owing to the redundant communi-
cation links unintentionally formed with multiple
ground radio stations. To put it concretely, the
radio waves transmitted from a mobile user are
received by all satellites visible from the mobile
user and transmitted to all visible ground stations.
Therefore, each ground station receives and proc-
esses the radio waves to provide the other users
with information from the mobile user, conse-
quently reducing the efficiency of mobile commu-
nications.

The problem related to the above disadvan-
tage of satellite-based mobile communications can
be solved by applying precise clock synchroniza-
tion to communication circuit control. When mo-
bile users have the positioning means to calculate
the distance of radio propagation to the other
radio station, the mobile station will be able to
transmit the radio waves so that they arrive at
the time -that has been pre-assigned for each
ground station. Each ground station will then be
able to receive and process only the radio waves
that have been transmitted at the pre-assigned
timing. As a result of the above procedures,
mobile users will be able to select the radio sta-
tions and the radio waves transmitted by mobile

This document is provided by JAXA.



users linked with public telephone networks, -

without redundancy. Such optional communica-
tion will be possible when all radio stations have
been clock-synchronized precisely and mobile
stations know their own locations. Also, the appli-
cation of radio waves with spectra spread by the
appropriate pseudo-random number (PRN) codes
1s essential for reducing the interference in multi-
ple access communications. '

In CDMA communication, which uses
"spread spectrum" radio waves modulated by
ideal PRN codes, radio waves have no correlation
to those whose heads (epoch) of the PRN code has
some time lag, even if waves are modulated by

the same PRN codes. Therefore, the radio station -

is able to select and process only those which ar-
rive within a very narrow time slot, based on pre-
assigned timing.

The aforementioned property of radio waves
modulated by a PRN code is useful for the multi-
ple access of mobile communication circuits de-
scribed previously. Especially in message com-
munications, the probability of interference can
be reduced even if simple ALOHA is applied for
the method of circuit access.

The probability of interference Pis expressed
as follows:

P =1-(rik)exp(-rlk) (42)

where ris the average rate of circuit application

(connection) in the mobile communications and k&
is the number of multiple access channels, de-
fined as follows: E

_~ Time Interval of PRN Code Sequence
~ Available Time Slotin Inversed SS “3)

Figure 8 which is derived from Eq.42 shows
that the preparation of multiple access channels
improves the efficiency of spread-spectrum com-
munication circuits. Specifically, the probability of
interference P without multiple access, that is
k=1, is 0.95 at around r=5, but Pis reduced to
almost 1/10 when k& is 10. Therefore, multiple
access in mobile message communications util-
ized by many mobile users is indispensable for

Probability of Interference

10p~—————- O-O-O-OGRRO-O-00CR
D)
O ] A
k=1 [ ] = A
08.__________._____.._._..'.(_5 ______
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Fig.8 Probability of Interference vs Multiple Access

avoiding frequent interference, and multiple ac-
cess channels are formed by preparing several
time slots that have time lags for radio receiving
based on the pre-assigned timing, which is main-
tained by the precise synchronism.

6. Satellite Constellation for Positioning

‘Satellite positioning based on clock synchro-
nization, or "clock-synchronous positioning”, as it
is called in the previous sections, has highly fa-
vorable features. Especially in the application of
geosynchronous satellites to navigation satellites,
clock-synchronous positioning will realize higher
availability than GPS by a small-scale satellite
constellation.

A minimum satellite constellation for con-
tinuous positioning can be constructed by two
geostationary satellites. Figure 9 shows ADOP of
two-dimensional clock-synchronous positioning. It
can be seen from this figure that ADOPless than
10 can be attained when the latitude of meas-

‘urement position is higher than 20 degrees and

the difference in geostationary longitude of the
two satellites is within 10 to 90 degrees. Such a
regional navigation system, using geostationary
communication satellites, will suit GPS augmen-
tation.
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In principle, a constellation composing of
three satellites enables two-dimensional clock-
asynchronous and three-dimensional clock-
synchronous positioning, and a constellation of
more than three satellites enables three-
dimensional clock-asynchronous positioning.
However, when geosynchronous satellites are
applied to navigation satellites, two-dimensional
clock-asynchronous positioning is the only avail-
able one in terms of the geometrical dilution of
precision. Figure 10 shows HDOP of two-
dimensional clock-asynchronous positioning. It
can be seen from this figure that HDOPless than
10 can be attained when the latitude of meas-
urement position is higher than 20 degrees and
the maximum difference in geostationary longi-
tude of the three satellites is larger than 100 de-

grees. Therefore, the navigation serviceable area

'is narrower than that in two-dimensional clock-

synchronous positioning. It means that more sat-
ellites are needed in two-dimensional clock-

. asynchronous positioning .

A satellite constellation composing of two
geostationary satellites and three geosynchronous
satellites with 45 degrees of orbital inclination,
for instance, it is called five stars network (FSN)
for convenience, will enable three-dimensional
clock-synchronous positioning roughly in the area
of one third of the earth’s surface. Figure 11
shows the navigation serviceable areas that
achieve positioning accuracy of PDOP<5 at 10
degrees of the limited elevation angle. It is clearly
seen from this figure that clock-synchronous posi-
tioning is superior to clock-asynchronous in the

‘availability as a means of navigation.

Figure 12 shows the global positioning accu-
racy of a satellite constellation which composes of
three FSNs deployed globally. Numbers in the
world map means the percentage of PDOP > 5
and minus sign (-) means no dilution in all time.
It is seen from this figure that it is possible to
provide navigation service of PDOP < 5 almost
100 % in the world, using FSN constellations.

7. Conclusion

The results clearly demonstrate that clock-
synchronous positioning is superior to clock-
asynchronous positioning in terms of the number
of satellites deployed and the geometrical re-
quirements for satellite placement, as well as the
fact that any positioning algorithm can be effec-
tively integrated by applying the weighted least
squares estimation algorithm shown in Section 4.

- The integrated positioning algorithm behaves
like asynchronous positioning without clock syn-
chronization and offers more accurate positioning
data, depending on the frequency of synchroniza-
tion and the user’s clock stability. Optimal proc-
essing can be done by properly regulating the
measurement error ratios.

Precise clock synchronization of around 107 °
sec will be achieved using bi-directional commu-
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nication, and this synchro-
nmsm’ will be applied not
only to clock-synchronous
positioning but also to clock-
synchronous communica-
tions, realizing the effi-
cient wuse of spread-
spectrum radio waves.

Satellite-based navi-
gation and mobile commu-
nications will be satisfacto-
rily unified by clock syn-
chronism, as is expected in
the above discussions, and
will establish complemen-
tary relations. The inte-
grated satellite system that
results will decrease total-
system lifecycle cost and
will supply positioning and
message  communication
services simultaneously at a
low charge for numerous
mobile users.

YThree-Dim. Synchronous e
s ositioning Serviceable Area |-~
bt 2 4 T

lelted Elevatlon 10deg.

PDOP<5 (50 % Avallable at bou dary zone)

—: [Two-Dim. Asynchronous

S et Positioning Scmceablc Arca ||

Fig. 11 Comparison of FSN Nawgatnon Serviceable Area

'Lxmm:d Elevatmn’!ﬂdeg ‘

g 5 a---:

PDOP<5 ( 50 % Avallable at boundary zone)

Three Dim. Synchronous Posmonmg : z“'Aye _Fre(Luency of Dllutlon 0 6% |

¢y

@

6

@

Fig. 12 Global Positioning Performance of Three FSNs Constellation

References
B.WParkinson and J.J.Spilker Jr, eds. :"Global Posi-
tioning System ‘Theory and Applications | and II ",
Progress in Astronautics and Aeronautics, Volume163
and 164.
Raymond L. Pickholtz, et al. "Theory of Spread-
Spectrum Communications - A tutorial", IEEE Trans.
Communications, Vol. COM-30, pp.855-884, May, 1982.
Massatt, P and Rudnick, K : "Geometric Formulas for
Dilution of Precision Calculation”, NAVIGATION, Vol.
37, No. 4, Winter, 1990-91.
Knable, N. and Kalafus, RM. : "Clock Coasting and
Altimeter Ermor Analysis for GPS", NAVIGATION,
Vol.31,No.4, Winter, 1984-85.

®)
®

®

10

Phillips, A.H : "Geometrical Determination of PDOP",
NAVIGATION, Vol.31, No. 4, Winter, 1984-85.

" Spilker Jr, JJ. : "GPS Signal Structure and Perfor-

mance Characteristics”, NAVIGATION, Vol 25 No. 2,
Summer, 1978

Yamawaki, K. : "Methods of Performance Enhancement
of GPS-Based Satellite Navigation", Proceedings of the
4th Symposium on Small Satellites, Small Payload
Workshop, pp.81-97, 1992.

Yamawalki, K.: "Integration of Satellite Nav1gat10n Algo—
rithms based on the Least-Squares Method", Proceed-
ings of the 4th Symposium on Small Satellites, Small
Payload Workshop, pp.99-109, 1992.

This document is provided by JAXA.




NASDA Technical Memorandum (NASDA-TMR-980001E)
Date of Issue : October 30, 1998

Edited and Published by :

National Space Development Agency of Japan

2-4-1, Hamamatsu-cho, Minato-ku,

Tokyo, 105-8060 Japan

©1998 NASDA, All Rights Reserved

Inquiries and suggestions on the Report
Should be addressed to :

Technical Information Division
Technical Information Center

2-4-1, Hamamatu-cho, Minato-ku,
Tokyo, 105-8060 Japan

FAX: +81-3-5470-4327

This document is provided by JAXA.



W NASID/A

NATIONAL SPACE DEVELOPMENT AGENCY OF JAPAN

This document is provided by JAXA.



	戻る



