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Engineering Test Satellite VIl (ETS-VII), which is planed to launch in 2004 will carry a high-
ly precise cesium clock system on its mission first time in Japan for fundamental studies. To
estimate precision of this clock, CRL has developed highly precise time comparison equip-
ment. This one can measure the clock offsets between satellite and the Earth stations with
precision of a few nanoseconds by code observations and of a few picoseconds by carrier
phase observations.

Using this equipment via the ETS-VI not only provides advanced time-transfer technolo-
gies between space and the Earth, but also gives highly precise time-transfer between each
Earth stations as well as a possibility for comparing ranging technology between radio and

laser signals.
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1 Introduction

The Engineering Test SatelliteVll (ETS-
Wl )11 due to be launched in 2004 was
designed to develop the advanced common
base technology required for future space
activities. Equipment aboard the satellite will
include a large expandable antenna for mobile
communication experiments, a corner cube
reflector (CCR) for satellite laser ranging
(SLR) to acquire advance satellite navigation
technology, and a cesium atomic clock (a
Highly Accurate Clock, or HAC).

The CRL will provide onboard time com-
parison equipment (TCE) capable of perform-
ing highly precise time transfer between the
satellite and the ground and will evaluate the
performance of the atomic clock in orbites.
While the well-known LASSO experiment
carried out in the 1980s3114] eval uated the per-
formance of an on-board clock using an SLR
station, the TCE and TCE Earth stations will

evaluate the performance of the on-board
clock by the two-way time transfer methodis).
In this evaluation, the carrier phase can be
used as an observed value in addition to the
pseudo-ranging, and thus comparison preci-
sion within a few tens of ps may be expected.
Moreover, since the satellite and the Earth sta-
tion each transmit signals to the other, amost
the same observed values can be directly
obtained using radio waves as obtained by
using an SLR station.

In addition to a fixed station, a portable
TCE Earth station will be developed.
Through this arrangement, time transfer via
TCE becomes possible both between a satel-
lite and an Earth station and between Earth
stations. In two-way satellite time transfer
using a communication satellite, a satellite
oscillator proves unstable, and therefore time
transfer is only possible using the pseudo ran-
dom noise (PRN) code. In cases in which
TCE is used as an intermediary, the carrier
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phase may also be used, resulting in more
highly precise time transfer relative to two-
way satellite time transfer via communication
satellite.

2 Time transfer system

2.1 System configuration

The fundamental theory behind TCE is
described in detail elsewhere in this journal
2. Here we will provide a brief explanation
of the principle of time transfer using TCE.
The time transfer system consists of a HAC
system, a main TCE component aboard the
satellite, and two TCE Earth stations on the
ground (Fig.1).
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Configuration of the time transfer sys-
tem using TCE and TCE Earth stations

The reference signal of TCE Earth station
is based on UTC(CRL), while TCE operates
using reference signals of 1 kpps and 10.23
MHz supplied from HAC. The S-band is used

for time transfer transmission and reception
signals; the Earth station transmission fre-
guency is 2,656.390MHz, and the satellite
transmission frequency is 2,491.005MHz.
Both transmitting signals are superposed on a
ranging signal that is modulated using the
spread-spectrum method with a chip rate of
1.023MHz. For the spreading code, the same
type of pseudo random noise (PRN) employed
in the C/A code of the GPS is used. It isthus
possible to perform time transfer using two
kinds of observed values—pseudo range and
carrier phase—as in the case of GPS. Addi-
tionally, to perform ionospheric correction, an
L-band (1,595.880MHz) signal is sent, albeit
unidirectionally (from the satellite to the
ground).

In addition to the receipt of a signal from
the ground, TCE receives a transmitting signal
and a calibration signal from the satellite,
allowing for real-time monitoring of variation
in internal delay. The units that receive these
three types of signals feature the same config-
uration; each unit processes a signal whose
frequency has been down-converted to an IF.
Modification of the PRN code therefore
allows for simultaneous receipt from three
Earth stations, permitting two-way satellite
time transfer between Earth stationsvia TCE.

2.2 Observed value

Observed values for code phase and carri-
er phase measured by the TCE and the Earth
stations can be expressed as they are under
GPS, although the frequencies will differis.
The observed value of the code phase is
expressed by the following.

Crlt) = Al =) +ar*(t — ) = [ (8 +dro(2)]
I+ T+ cldt () — (2 — 7,)]
weldpr(t) + 2t = 7)) + e (1)
ety = et =77 dre(t = 77)] = [P(E) + dr® (2|

+1, + T+ cldt?(t) — dt,.(t — 7,.)]
Feldi{t) + dr(t — 7)) o+ e’ (2

Here, C,, Cs-represents the code phases
received by the Earth station and the satellite,
respectively, in units of distance (m); z., -
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stands for propagation times from the Earth
station to the satellite and from the satellite to
the Earth station;rsdrs-is the position vector
of the center-of-mass and the eccentricity vec-
tor of the satellite antenna; r,,dr, -is the posi-
tion vector of the terrestrial point and the
eccentricity vector of the station antenna; T-
stands for tropospheric delay; 1., l4-represent
ionospheric delays for UPLINK and for
DOWNLINK, respectively; dt,,dts-represents
the clock offsets of the Earth station and of the
satellite; d.,ds-are receiver'sinternal delays of
the Earth station and of the satellite; and
ds, ds-represent transmitter's internal delays of
the Earth station and of the satellite.

A significant difference between TCE and
the GPS receiver is that the GPS is capable of
measuring a pseudo range between the satel-
lite and the receiver, whereas TCE has no time
information besides 1 kpps and thus outputs
the code phase as a measured value. There-
fore, the code phase has an initial phase ambi-
guity, as in the case of the carrier phase.
However, the period of the ambiguity may be
aslarge as 1 ms. When performing time trans-
fer, the code phase ambiguity can be ignored
because the offset between the satellite and
Earth clocks feature a minimal offset—rarely
more than 1 ms.

To perform time transfer, the difference
between the two observed values is deter-
mined.

Gl =) = {r'(—7)+dr(t = =) - [mdt) +dro{8)]]
[t = ) A drolt - 7] = (8 +ar (]}
- L) 3
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Since ETS-VIIl will be placed in geostation-
ary orbit, and since the satellite and the Earth
station transmit signals simultaneously, the
distance the satellite moves at this moment is
small and can be regarded ast ~t°. Moreover,
if the distance between the satellite and the
Earth station is taken into consideration, calcu-
lation can be performed safely assuming that
the satellite moves a distance of rs(t—z.) = rs(t),
r(t—°) =r.(t). =,©may be as large as approxi-

mately 100ms, dt(t) =~ dt.(t—7°), dts(t) ~dts(t—=)
Is assumed. Moreover, the internal delay is
expressed by d.=d, — d,d*=ds-ds, and formu-
la (3) can be rewritten simply as formula (4).

Cot) - C5(6) = 2e(dt, — dt*) + cldy — d°)
(I~ L)+ el (%)

In formula (4), if the internal delay and the
ionospheric delay can be separately deter-
mined, the time difference between the satel-
lite and the Earth station can be found. Simi-
larly to the expression of the code phase, the
carrier phase can be expressed as follows.

Oo(t) = |[r'(t—mp) +dri{t = )] = [re(t) + dr (2]
~Ig+ T +eldtn(t) — dt*{t — )]
+eldre () + 638 = 7.)] (5)

+Ag[or(to) — ¢°(to)] + AaNr +&r
D1) = |[re(t = 7Y+ dr(t =75 = [FF(E) + dri ()]l
—Iy + T +cldt*(t) — dto(t — 7))
+eld (1) + Ser(t — 7))
+Auld? () — dn(to)] + Au¥® + &° (6)

lonospheric delay of the carrier phase is
reversed in sign relative to the sigh of the code
phase because ionospheric delay has changed
from group delay to phase delay. Internal
equipment delay in this case is not identical to
that of the code phase, and so the delay is
expressed by d instead of d. The carrier phase
has additional terms: the initial phase (¢.(t),
¢s(1,)), and integer carrier phase ambiguity
(N:, N°). Since error becomes smaller than
that of the code phasg, ¢ is used to express the
error independently.

Also in the case of the carrier phase, the
time difference can be determined as follows
using the same variables used for the code
phase.

B,(t) - @(t) = 2e(dt, —dt*) + (6, — ) — (L — L)
FAald-{ta) — @°(te) + Ny
—Au[e*(to) — dr(to) + N°]
+eb @)
Since the period of the carrier phase may
be as short as approximately 400 ps, carrier
phase ambiguity cannot be ignored, as in the
case of the code phase. For this reason, when
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performing time transfer using the carrier
phase, it is necessary to resolve ambiguity in
one manner or another.

2.3 Time transfer precision
2.3.1 System noise

In order to evaluate the system noise of
TCE, Engineering model (EM2) was used to
conduct the characteristic test shown in Fig.2.
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System configuration for measure-
ment of system noise in the engineer-
ing model (EM2)

"HROG" in the figure represents an appa-
ratus used to shift the phase and frequency of
the reference frequency in minute amounts. In
this experiment, the frequency is shifted by
3x10°Hz to 5MHz of UTC(CRL) to perform
the measurement. Moreover, in order to simu-
late the signal from the actual satellite, white
noise was added by a noise generator in meas-
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Results obtained by EM2 measure-
ment of a frequency shiffed by HROG
by 3x10?¢
Plots having large dispersion represent
results using the code phase, and the near-
ly straight-line plots in the center represent
results using the carrier phase.

urement. In this experiment, noise of approxi-
mately C/N,~54dB was introduced. Note that
in actual experiments, line quality of more
than 65 dB is expected.

Fig.3 shows the measurement results for
the code phase and the carrier phase, and Fig.
4 shows the residual of the carrier phase after
the least-square linear fit. The slope estimated
by this method is 0.59 ps/s, which agrees with
the correction amount of 3x10°Hz (=0.6ps/s)
determined by HROG. Standard deviations at
this time were 5.4 ns for the code phase and
36 ps for the carrier phase. A large undulation
is seen in the residuals of the carrier phase in
Fig.4, attributed to poor stability of the synthe-
sizer used to create the carrier frequency for
signal transmission (2,656.390 MHz).
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2.3.2 Carrier phase ambiguity resolu-
tion

In time transfer using the carrier phase,
precision in ambiguity resolution defines the
precision of comparison, in addition to obser-
vation precision. Carrier phase ambiguity res-
olution consists of two steps: calculation of a
float solution by the method of least squares,
and conversion of the obtained float solution
to an integer. If the float solution can be con-
verted to an integer, the precision of compari-
son cited in the previous section can be
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attained.

With GPS, the float solution can be con-
verted to an integer using the double differ-
ence observables, whereas with TCE, only the
float solution can be obtained due to the use of
a single satellite. If this solution cannot be
converted to an integer, the solution may fea-
ture error resulting from the offset between the
float solution and the integer solution at the
time of reapplication of the power supply.
Since the period of a single round of observa-
tion is determined in experimental design, the
deterioration in precision resulting from carri-
er phase ambiguity becomes a problem in
extended time transfers.

Obtaining a float solution is accomplished
by solving observation formulas (4) and (7).
Since internal delay is considered to be nearly
constant, it may be ignored in a discussion of
comparison precision. Therefore, error attrib-
utable to ionospheric effects and observation
error of the code phase determine the preci-
sion of carrier phase ambiguity resolution.
Since the two observations are the same (with
the exception of the influence of the iono-
sphere), estimation precision can be improved
by time averaging.

Based on the results of the previous sec-
tion, the observation precision for the code
phase is approximately 5ns. One-hour aver-
aging can increase the observation precision to
approximately 80 ps. Note that it is essentia
that no cycle slip occurs in the carrier phase
during averaging. Such dipping is considered
unlikely, as the ETS-VIl will be in a geosta-
tionary orbit, and also because both the satel-
lite and Earth stations will employ parabolic
antennas.

The effect of the ionosphere remains prob-
lematic. This effect can be determined using
dual-frequency observations and by applying a
frequency dispersion characteristicie. How-
ever, since the ionospheric delay determined
from the code phase observation has a high-
frequency component that depends on the
observation error of the code phase, this
method of determining the ionospheric effect
will reduce the precision of ambiguity resolu-

tion. In this case it is necessary to increase
precision using a process involving the fol-
lowing iterated procedures.

Initially, ionospheric delay determined
from the code phase observationsis used; after
the carrier phase ambiguity resolution with
some precision, ionospheric delay is found
using the carrier phase observations, and the
carrier phase ambiguity resolution is deter-
mined using this new value.

3 Time transfer experiment
3.1 Onboard atomic clock

The evaluation of the performance of an
onboard atomic clock is one of the major
objectives of the current project. Since preci-
sion in determination of the offset of an atom-
ic clock influences positioning accuracy,
determining the difference between
UTC(CRL) and HAC with high precision will
have a significant impact on the positioning
mission. Hereit isimportant to note that there
are no precedents in the determination of long-
term performance of both onboard and ground
clocks (with the exception of LASSO), and we
can thus affirm that current research represents
the most advanced experimentation of its kind.
With LASSO, the stability of the onboard
clock was about 10 /day, due to the use of a
quartz oscillator. Since HAC employs a
cesium clock, stability is better, at 10™/y/z .

It is well-known that the proper time of the
clock is related to geocentric coordinate time
(TCG), which depends on the gravitational
potential of the Earthi7iis). In HAC, the clock
is slowed by a frequency of 5.5x10°Hz to
allow for this gravitational effect. It is antici-
pated that the highly precise time transfer
available using TCE will prove effective in
verifying such predictions of the general theo-
ry of relativity.

3.2 Two-way time transfer via TCE

TCE can perform two-way satellite time
transfer between a fixed station and a portable
station. In two-way satellite time transfer
using communication satellites deployed to
determine international atomic time, the carri-
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er phase of an Earth station subject to time
transfer cannot be used, as the oscillator
aboard the satellite is employed to conduct
frequency conversion for UPLINK and
DOWNLINK. On the contrary, TCE performs
time transfer between HAC and an Earth sta-
tion using the carrier phase, resulting in inter-
station precision as high as approximately
+100ps.

Two-way satellite time transfer permits
highly precise time transfer, regardless of the
positions of the satellite and the Earth station,
through the mutual transmission of signals
between two stations. However, in practice
differences may arise between signal propaga-
tion paths due to the influence of the Earth's
rotation. In a rotating frame, the correction
term ¢, representing the time required for a
signal transmitted from satellite x., at time t, to
arrive a Earth station x,, at timet,, is expressed
by formula (8)a1.

_ B U Rowy B, (Ro - v)?
= B 3 + P “+ 73 {’Lﬁ + Ro ay+ RS
2G Mg orp + Ro - a:r;,,ng
1
M e ! lxm +HRy- a:ra/’RO:l (8)

Here, U, stands for the gravitational poten-
tial on the geoid surface; R, stands for the vec-
tor from the satellite to the Earth station in the
rotating frame; v, represents the velocity vec-
tor of the Earth station in an inertial frame; a,
is the acceleration vector of the Earth station
in the inertial frame; G is the gravitational
constant; and M. represents the mass of the
Earth.

Note that this correction term does not
take into consideration any quantity of 1 ps or
less. The second through fourth terms on the
right side of formula (8) originate from the
frame difference and represent the Sagnac
effect. The last term depends on the gravita-
tional potential. In two-way satellite time
transfer using a geostationary satellite, calcu-
lation can be performed assuming the distance
between the satellite and the Earth station R,
to be constant, and consequently the ¢t term

and the ¢® term are canceled out by propaga-
tion from the satellite to the Earth station and
from the Earth station to the satellite. Similar-
ly, the term that depends on the gravitational
potential is canceled out because the displace-
ment from the satellite to the Earth station and
that from the Earth station to the satellite are
the same. Asaresult, (R,-w)/c? remains as the
correction term.

The two-way satellite time transfer net-
workrioy within the Asian region (a network
for which the CRL is responsible) includes a
link with Australia (AUS) via PAS8 and a link
with Taiwan (TL) and China (NTSC) via
JCSAT; the Sagnac correction for these links
are as shown in Tablel. In actual observation,
it is generaly difficult to isolate and identify
the influence of the Sagnac effect, as it is
impossible to separate the influence of this
effect from the time difference between the
clocks of two stations. By incorporating the
TCE Earth station in the existing network, the
time difference between two stations can be
determined from a comparison of TCE and
communication satellite observation results.
Since two sets of results are obtained (corre-
sponding to different satellite configurations
with common reference signals), the Sagnac
correction can be determined from the differ-
ence in these two sets of results. It is expected
that the Sagnac correction may be verified in
actual measurement by comparing the differ-
ence with the value calculated by formula (8).

I[e]o])[20 N Sagnac correction quantities for the
two-way satellite time transfer net-
work in the Asian area

CRL and Sagnac fiilE  Satellite

AUS 43.86 ns PASS8
NTSC —-85.29 ns JCSAT 1B
TL —63.07ns JCSAT 1B

3.3 Comparison of ranging technolo-
gy between laser and radio signals
The values observed using TCE enable
determination of the round-trip distance
between the satellite and the Earth by sum-
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ming the formulas (5) and (6). Expressing the
distance between the satellite and the Earth
station as p(t,t—77) and the internal delay as
0, =0+, 0= os+os, formula (9) is derived.

r(t) +2°(t) = 207(tt—77)
—{Is+ L.} + 2T + ¢(d, + 6})
Fhafde (to} — ¢ (ta) + Ny
+Aa[#*(t0) ~ drlto) + N
+et 9)

ETS-WI is capable of SLR observation,
and the CRL intends to track ETS-Vl from its
SLR observation station(111. It will be possi-
ble to observe the difference in laser ranging
and radio-wave ranging by installing a
portable station at nearly the same position as
that of the SLR station and observing SLR and
TCE simultaneously. Since atmospheric prop-
agation delay differs significantly depending
on the use of light or radio waves, it is
assumed that the results of simultaneous
observation will enable us to evaluate the rela-
tive effects of hydrostatic delay and wet delay,
the influence of the ionospheric delay, and
more.

However, with the increase in unknowns
[as seen in the comparison between formulas
(7) and (9)], carrier phase ambiguity resolu-
tion becomes more difficult than time transfer.
Moreover, comparison between absolute val-
ues becomes important when performing com-
parison with SLR; however, TCE is structural-
ly incapable of determining the absolute value
of internal delay, and hence generates an offset
in such comparison. How these values should
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be estimated in the future represents a practi-
cal analytical challenge.

4 Concluding remarks

The space-borne time comparison mission
represents pioneering research, in which atom-
ic clocks aboard a satellite and on the ground
are measured with precision of approximately
a few tens of ps. At the same time the CRL
has also been pursuing the development of a
space-borne hydrogen maser atomic clock,
and we believe that long-term observation of
an atomic clock in orbit will provide important
basic data for the development of such atomic
clocks. Moreover, since the establishment of
a proprietary navigation satellite technology is
currently a national goal, highly precise time
synchronization between satellites and the
ground is becoming increasingly important.
For this and many other reasons, we believe
that the collection of basic data and the estab-
lishment of an appropriate analytical tech-
nique are accomplishments of the greatest
importance.
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