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Engineering Test Satellite VIII (ETS-VIII) is planning to be launched in 2004 for fundamen-
tal studies on satellite positioning technologies and is the one first to be installed a highly
precise cesium clock. To measure the clock offset between the satellite and the TCE Earth
station, Time Comparison Equipment (TCE) has been developed in the CRL. The TCE will
be used to improve TWTFT (Two Way Time and Frequency Transfer) and to measure both
code and carrier phases. It is possible to compare two clocks with high precision. More-
over, TCE and TCE Earth stations have abilities to remove the delay by terrestrial ionosphere
or in the receivers and transmitters.

From the examinations using TCE-EM (Engineering Model), we confirmed that TCE is
able to measure the phases of clock with precision of a few nanoseconds by code observa-
tion and of a few picoseconds by carrier phase observation. Using these results, we esti-
mated errors of time correction and found that TCE can perform on the TWTFT with high

precision.
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1 Introduction

The Engineering Test Satellite VIII (ETS
VII1), scheduled for launch in 2004, has been
developed to expand the advanced fundamen-
tal technologies required in future space
exploitation, including mobile communica-
tions technology and high-precision satellite
positioning technology 111. This will be the
first Japanese satellite to be equipped with an
onboard atomic clock (the High Accuracy
Clock: HAC) for use in the establishment of
the basic technologies of a satellite positioning
system. The Communications Research Labo-
ratories (CRL) has developed Time Compari-
son Equipment (TCE) for time transfer
between the atomic clocks on the satellite and
on the ground, and plans to evaluate the char-
acteristics of the atomic clock in orbit.

The TCE and the TCE earth station will
conduct two-way time transfer between the
atomic clocks on the satellite and on the
ground. TCE and TCE earth station are
designed to process data simultaneously to
enable correction of the problematic delays in
time transfer; namely, the fluctuation in equip-
ment delay and in delay due to the terrestrial
ionosphere. This correction is expected to
provide higher overall precision in time trans-
fer. The data collected by the TCE and TCE
earth station are transferred to the data-pro-
cessing units installed in the earth station,
where correction and time-transfer processing
is then performed.

This paper presents the configuration of
the TCE and the principles of time transfer in
Section 2, the details of the process in the
data-processing unit in Section 3, and the
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expected precision of time transfer based on
test results using the TCE-EM (TCE-Engi-
neering Model) in Section 4.

2 Two-way time fransfer

2.1 Configuration

Figs.1 and 2 show the configurations of
the TCE and of a TCE earth station, respec-
tively. The TCE and TCE earth station per-
form time transfer using a ranging signal with
spread modulation based on a Pseudo Random
Noise (PRN) code, which functions in the
same manner as the C/A code of GPS, and
conducts measurement in two steps, one for
the carrier phase and one for the code phase
[2]. Both transmission and reception take
place within the S-band, although the L-band
isaso used for one-way transmission from the
satellite to the earth station. The transmission
signal from the satellite to the earth is generat-
ed with reference to the onboard atomic clock.

The TCE operates with reference to the
10.23 MHz frequency and 1 kpps signals pro-
vided by the HAC, and measures the code and
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carrier phases for the S-band reception signal,
the S-band reception calibration signal, and
the S-band transmission calibration signals.
The reception calibration signal is generated
in the TCE, superposed on the reception signal
in the directiona coupler at the antenna front
end, and used to measure fluctuation in the
delay within the receiver. The transmission
calibration signal is generated by looping back
the S-band transmission signal in the direc-
tional coupler at the antenna front end, and is
used to measure fluctuation in delay within the
transmitter. The measured values for these
calibration signals are used to correct equip-
ment delay.

The TCE earth station operates with refer-
ence to UTC (CRL). The earth station
receives and measures the S-band and L-band
ranging signa from the satellite and also gen-
erates and transmits the S-band ranging signal.
TCE earth station measures the L-band recep-
tion calibration signals as well as the S-band
reception calibration and S-band transmission
calibration signals, which the TCE also meas-
ures. These calibration signals are used to
correct equipment and ionospheric delays.

With the three sets of signal data measured
by TCE (S-band reception, S-band reception
calibration, and S-band transmission calibra-
tion signals) and the five sets of signal data
measured by TCE earth station (S-band recep-
tion, S-band reception calibration, S-band
transmission calibration, L-band reception,
and L-band reception calibration signals), the
data-processing unit conducts two-way time
transfer and correction. Correction in the
data-processing unit is designed to result in
time-transfer precision on the order of several
nanoseconds for the code phase, and precision
of several picoseconds for the carrier phase;
specifically, this is performed through resolu-
tion of the wave-number uncertainty problem
via estimation based on code-phase informa-
tion.

2.2 Principles of time transfer
First we will consider the code-phase time
transfer. The code phase measured by TCE is
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denoted as¢+ and that measured by the TCE
earth station is denoted as ¢, . These are
expressed as follows (31:

C* = mytdtf —dte+ I+ T +ders + g, (g
Co = Tgtdte—dt* +I;+T+dpy, +dere (2)

Here, the symbols denote the following val-
ues:

Tg: Transmission time (dependent on
the distance between the satellite
and the earth station)

dt* . dt. . Time offset of the onboard atomic
clock and UTC (CRL), respective-
ly
I..I;: Uplink and downlink ionospheric
delay, respectively

T: Tropospheric delay

d%. 45, - Delay in the onboard receiver and
transmitter, respectively

d.r=. de75 . Del@y in the receiver and transmit-

ter of the earth station, respectively

As the TCE measures the respective phases,
wave-number uncertainty is generated. How-
ever, the code period can be as long as 1 ms,
enabling estimation of the wave number based
on orbital information (omitted in the above
expressions). When the difference between
these expressions is cal cul ated,

C°— Cy= 2t ~dte) + (I~ I} + {d, — &) = (e — dez) ()

is obtained, in which the transmission time
(dependent on the distance between the satel-
lite and the earth station) (75 ) and tropospher-
ic delay are cancelled out. Equation (3) still
includes terms other than the time difference
between the onboard atomic clock and UTC
(CRL): specificaly, it includes the difference
between uplink and downlink ionospheric
delay due to frequency differences and delay
differences between the satellite receiver and
transmitter and between the receiver and
transmitter at the earth station. These delay
values need to be eliminated, as we discussed
in Section 3.

The carrier phases (¢+, ®,) are expressed
asfollows, similarly to the code phase.

& = dt —dty— I+ T +deps +db, +9°(0) (4)
'I)e - Tg‘l'dte_dts_Id+T+d"}x+d5RI+(I)e(0) (5)

The ionospheric delay of the carrier phase
IS not a group delay; rather, it is a phase delay,
which has the opposite sign as a group delay.
As the carrier period can be as small as 400
ps, the initial phase terms {®(0).®. (0))
attributable to wave-number uncertainty,
remain in the equations. As with the treatment
of the code phase, the difference between
expressions (4) and (5) is calculated as fol-
lows:

- q)e =1 (dtj - die] - Uu - [d] - [d;ﬁ: - d’}IJ - (deﬁr - deT:)T [{)s W] - q’e (U]) (6)

If the ionospheric delay differences and
the receiver/transmitter delay differences in
the code and carrier phase expressions could
be removed, the initial phases of the carrier
(®{0) — ®.(0)) can be estimated from the code
phase, since the time difference to be meas-
ured (d#* - dt.) is the same for both code and
carrier phases. If cycle slips do not occur
within a set of experiments, the wave number
during the experiment can also be obtained,
since the initial phases are constant.

3 Data-processing

Two-way time transfer eliminates the
effects of geometrical delay and tropospheric
delay by calculating the difference between
the values obtained at the TCE and at the TCE
earth station for the code and carrier phases.
However, this subtraction cannot remove
ionospheric delay and the receiverg/transmitter
delay attributable to the difference in recep-
tion and transmission frequencies. The TCE
and the TCE earth station are equipped to
remove and correct these delays based on the
data measured at the TCE and the TCE earth
station, which is processed in the data-pro-
cessing unit for correction and time transfer.
In this section, this data-processing procedure
is described, in process order (Fig.3).

(1) Doppler correction

The TCE divides the ranging signa into |

and Q components, integrates the components
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for 1 second, and obtains the carrier phase
from the arctan (21. Thus, when Doppler fre-
guency shift exceeds 1Hz, the integral
approaches 0, and it becomes difficult to
obtain the carrier phase. Thus, TCE earth sta-
tion transmits the ranging signals with fre-
guency correction, in order to cancel out this
Doppler shift 41. As a result, TCE measures
the phase after correction, entailing the need
for a process to recover the original frequency
from the corrected frequency. Denoting the
frequency corrected by the earth station at the
time, t as 4f(¢), the phase shift due to the
Doppler correction, ¢ (¢) ,can be calculated
using the following expression:
t

o) = [ of(r)ar @

The TCE earth station will precisely meas-
ure the phase difference, ¢ (+) , before and after
Doppler frequency correction using DMTD
(Dual Mixer Time Difference) 51 and will
apply the obtained data to this correction.
(2) Correction of ionospheric delay

Group or phase delay, 1(s), attributable to
the ionosphere is expressed as follows using
the carrier frequency, f(Hz):

1.345 x 10~7
o | Nds
7,

The positive sign corresponds to group
delay and the negative sign corresponds to
phase delay. Here, n(m3)is the electron
density. Theintegral on the right-hand side of
the equation represents the integral of the elec-

I=+ (8)

tron density along the path and is referred to
as the TEC (Total Electron Content). As the
TCE uses different frequencies for uplink and
downlink, the respective ionospheric delay
values are different, and this has an effect on
two-way time transfer (Table 1). As the code
and carrier-phases have opposite signs
(reflecting the difference between group delay
and phase delay), determining initial phase is
also problematic.

I[«]s)ZWAN [onospheric delay in uplink and
downlink frequencies (in the direc-
fion of the zenith)

ionospheric delay
in the period of maximum in the period of minimum
solar activity, day time solar activity, night time
1 x 10" (m~*) 3 x 10'%(m~?)

TEC
uplink (2656.390MHz)
downlink (2491.005MHz)
difference

19.0(ns)
21.6(ns)
2.6(ns)

0.57(ns)
0.65(ns)
0.08(ns)

Asthe TCE earth station uses two frequen-
cies, one in the S-band and one in the L-band,
to measure the time at which the ranging sig-
nals arrive, the station can estimate the TEC
based on the difference in arrival times. At
this stage, the initial phase of the carrier is still
unknown; thus the code phase is used to esti-
mate the TEC. The arrival time difference,
Cs_ 1 » between the S-band and L-band signals
measured at a TCE earth station is expressed
asfollows:

Cs-1, = (Isa — Ira) + (dir, — dipy) + (dsere — drens) (9)

The second term on the right-hand side of
the equation is the delay difference between
the S-band and L-band transmitters of the
HAC. The third term is the delay difference
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between the S-band and L-band receivers of
the TCE earth station. With the measured
reception calibration data for the S-band and
L-band signals, the TCE earth station can cal-
culate the delay differences within the receiver
using a method similar to that applied to delay
correction in the communications equipment
described in the next section. On the other
hand, the satellite does not feature an L-band
transmission calibration system and cannot
conduct precise correction. However, the
TCE conducts this correction using the delay
difference in the HAC (measured in advance,
under the assumption that this difference is
constant). This correction can provide the dif-
ference between the S-band and L-band ionos-
pheric delay ¢5_;, = (Isq — I1.2) » @d TEC(m™2)
is calculated with the carrier frequencies
fs(Hz) and fy(Hz) :

Co_1 L 185t
1.345 x 10~7 ~ fZ — f?

Based on the TEC obtained here, delay is
calculated for both frequencies and correction
Is performed to remove ionospheric delay.

(3) Correction of delay in communication
equipment

Next, delay is corrected in the receivers
and transmitters of the TCE and the TCE earth
station. The TCE and the TCE earth station
measure both the transmission and reception
calibration signals in the S-band, and the dif-
ferences between these signals provide g5, — d.,
andd, . — d.7 IN Equations (3) and (6), allow-
ing for elimination of the effects of delay in
the receivers and the transmitters.

Fig.4 shows an overview of the calibration
system. The transmission signal is divided in
the directional coupler at the antenna front end
and returns to the TCE as the transmission cal-
ibration signal through the calibration path.
On the other hand, the reception calibration
signal is generated in the TCE, follows the
calibration path, is superposed on the recep-
tion signal in another directional coupler, and
returns to the TCE. The TCE earth station has
similar calibration systems. The calibration
path of an earth station passes through a cable,

TEC = (10)

and the transmission and reception calibration
systems follow the same path. The TCE has
different cables for transmission and reception
calibration signals, but the cables run through
the same locations and path lengths are
assumed the same. Here, denoting the delay
in the transmitter asdy, , the delay in the
receiver asdg., and the transmission time in
the cdibration path as « , thetimes (Tere. Tors)
measured in the transmission and reception
calibration systems are expressed as follows:

Tere = dreta (11)
Tope = dp:+ o (12)

Calculating the difference cancels out the
transmission time in the calibration pathway,

Tere — Tote = dre — drs (13)

The difference between receiver and trans-
mitter delay can then be calculated, enabling
the elimination of the effects of these delays.

H

dTx drx
.......................... > stemsmmnnsmeennsene,,
I=E _J:l
" Transmission " " Recention %
calibration i calibration
Terx ; Tcrx
o]

Tx | |Calibration System Rx

Overview of the calibration system

(4) Time transfer (5) Estimated carrier initial
phase
The difference between the corrected data
obtained by the TCE and the TCE earth station
determines the difference between the onboard
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atomic clock and UTC (CRL). Although the
carrier-phase delay-difference data still
includes the initial phase term, the initial
phase of the carrier is estimated from the dif-
ference between the corrected code/carrier
phases of the TCE and the TCE earth station,
since the time difference in the measurement
data is the same for both phases. This opera-
tion enables time transfer with the carrier
phase.

4 Time-transfer precision

This section discusses the precision of the
time transfer and correction expected in actual
experimentation, based on the measurement
precision of the code and carrier phases.

4.1 Measurement precision of TCE

To examine the measurement precision of
the code and carrier phases for the TCE, the
TCE-EM (EM: Engineering Model) was used
for the testing configured, as shown in Fig.5.
The test employed a hydrogen-maser atomic
clock as the reference signal for the ranging

code phase
carrier phase

1.5

PHASE (ns)

signal and either the same hydrogen-maser
atomic clock or a Cesium atomic clock as the
reference signal for the TCE. This test
involved almost no variation of equipment
delay and path-length. Thus, the measurement
precision of the TCE-EM was measured when
the reference signals for the ranging signal and
for the TCE uses the same hydrogen-maser
atomic cock, and the relative time difference
between the hydrogen-maser and Cesium
atomic clocks when the two reference signals
use the above different clocks, respectively.
Fig.6 shows the code and carrier phases
measured with the Cesium atomic clock for

H maser

or e 1023M-z
Cs clock LSynth |
10MHz

Noise Generator

TCE-EM

H maser
10MHz

Block diagram of the TCE-EM test

TCE/EM

1.5 2 2.5 3 3.5

f IME (hour)

Time-transfer test results for the hydrogen-maser and Cesium atfomic clocks using the TCE-EM.
Measurement with the code isindicated in red and carrier measurement isindicated in blue.
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the TCE reference signal. The initial values
for the code and carrier phasesat t = 0 are O
and 1 ns, respectively. The code and carrier
phases show the same tendencies in variation.
It is clear that the carrier phase features preci-
sion on the order of several tens of picosec-
onds, which is close to the variance of the
Cesium atomic clock, and that even the code
phase demonstrates nanosecond-level preci-
sion.

Fig.7 shows the stability of the code and
carrier phases during the test illustrated in
Fig.6, system stability in carrier phase meas-
urement, and the stability of the HAC. Sys
tem stability for the measurement of the carri-
er phase for 1 second is 1.0x 10%?, which is
extremely high, ensuring measurement on the
order of picoseconds. Measurement with the
code phase also reaches the stability of the
HAC in approximately 1000 seconds, corre-
sponding to sufficient precision in observa-
tion.
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4.2 Precision of ionospheric delay

correction

Let us consider the estimation precision of
the TEC using two frequencies. Assuming
that delay for the receiver and transmitter of
the TCE earth station is completely removed,
and considering only measurement error
(écg_p) in the arrival-time difference
between the S-band and L-band signals, the
error in TEC, §TEC , isexpressed as follows:

6Cs_p, y firt
1345 x 107 J2 - f7

Here, ionospheric delay correction error in
the S-band, 415, isexpressed as

/i

- 12

Assuming the measurement precision of
the code phase, §¢s_, to be 1 ns (based on
the test described in the previous section),
dIs 1S expected to be approximately 700 ps.

ITEC =

(14)

g = 6Cs_,

(15)

TCE/EM
Allan deviation

code
: carrier
<— carrier (system)
— HAC CSF

100 10*

Averaging time(s)

lZ[e WA Alan deviation for time transfer with the hydrogen-maser and Cesium atomic clocks.

The code phase isindicated in red and the carrier phase isindicated in blue. For reference, system sta-
bility in carrier-phase measurement isindicated in green and the stability of HAC isindicated in black.
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This value corresponds to a measurement time
of 1 second. Increasing the amount of data
can reduce éIs . Improvements are also
expected in code-phase measurement preci-
sion for the earth station, improvements that
are expected to increase the precision of the
overall system even further.

4.3 Precision of initial-phase estima-

tion

Based on the test results described in sec-
tion 4.1, the precision of the initial-phase esti-
mation for the carrier phase is calculated.
Fig.8 shows the distribution function of the
difference between the carrier and code phas-
es. It is clear that the distribution is well-
described by a normal distribution. The initial
phase needs be estimated only once in our
experiment. Estimation precision depends on
the given time for a single experiment. For
example, if the experiment lasts 3 hours,
10800 data points are obtained. Here, the

1200
1000
800 |

600

sample number

400

200 |

-1050 -900 -750 -600 -450 -300

15 0 150
difference (ps)

interval estimation of the initial phase (confi-
dence coefficient of 95%) yields precision of
+4.26 ps, sufficient for the estimation of the
initial phase.

5 Summary

The TCE and the TCE earth station meas-
ure the phases in the calibration system as
well as the phases of the reception signals in
two-way time and frequency transfer. The
obtained data is transferred to the data-pro-
cessing unit. We have shown that composite
processing of the data in the data-processing
unit can ultimately provide extremely high
precision in time transfer. We also conducted
a test with the TCE-EM, determined TCE
measurement precision, and demonstrated
based on the measured data that correction and
estimation conducted in the data-processing
unit provide sufficient precision.

The purpose of time transfer using the

TCE/EM

300 450 600 750 900

Histogram illustrating the difference between the code and carrier phases.
The initial phase of the carrier is calculated based on these results.
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TCE and the TCE earth station is to establish
the basic technologies for satellite positioning
systems, with high expectations for applica-
tion to a quasi-zenith satellite planned for
future launch.
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