
1  Introduction

In satellite navigation using GPS or simi-
lar devices, time differences between the
onboard atomic clocks used for satellite navi-
gation significantly influence the precision of
positional determination.  Precise time transfer
between the satellites and the ground is essen-
tial in determining the time discrepancies
among the onboard clocks of multiple satel-
lites.  High-precision time transfer thus repre-
sents a fundamental technology for satellite
navigation.  

In this context, the Communications
Research Laboratory (CRL) will install Time
Comparison Equipment (TCE) [1] on the Engi-
neering Test Satellite VIII (ETS-VIII).  This
equipment will be used for precise time trans-
fer between the satellite and the ground and to
investigate the behavior of atomic clocks in
orbit.  In time-transfer operations the TCE will
transmit and receive signals to and from the
ground.  As the two-way uplink and downlink
transmission pathways are approximately
equivalent, the effects of transmission delay in
the atmosphere or those due to the motion of

the satellite will be cancelled out, enabling
highly precise time transfer [2], with anticipat-
ed precision on the order of several nanosec-
onds in code-phase operation and approxi-
mately 100 ps in carrier-phase operation.

We have completed development of the
TCE and have begun development of the earth
station and of the data analysis program.  This
report presents an outline of the earth station
(TCE earth station) under development.

2  Two-way time transfer

The TCE earth station measures the code
phase and the carrier phase with reference to
the ground clock and calculates the time T

e
at

which the signal was received from the satel-
lite.  The TCE calculates the reception time Ts

with reference to the onboard cesium atomic
clock.  These observed values can be
expressed in the following equation.
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Here,τ
g 
is the geometrical delay between

the earth station and the satellite, dt
e
and dts are

the time differences between the clocks at the

FUJIEDA Miho et al. 243

4-8  Time Comparison Experiment
4-8-1  Earth Station of Time Comparison Experiment
FUJIEDA Miho, TAKAHASHI Yasuhiro , GOTOH Tadahiro ,

NAKAGAWA Fumimaru , and IMAE Michito

The Time Comparison Equipment (TCE) for ETS-VIII has been developed to transfer time
precisely between the ground reference clock, UTC (CRL) and the on-board atomic clock.
We have finished the development of the TCE and been under construction of the earth sta-
tion as well as a data-analysis program.  In order to upgrade the stability of the time transfer,
temperature control of the outdoor unit, improvement of the code-phase resolution and so
on are planed in the earth station. 

Keywords 
ETS-VIII, Time transfer, Satellite Navigation



244

earth station and aboard the satellite, respec-
tively.  T is delay due to the troposphere and I

d

and I
u

are the uplink and downlink delays
attributable to the ionosphere, respectively. d

eTx

and d
eRx

represent internal delay values in
transmission and reception for the TCE earth
station, and ds

Tx
and ds

Rx
represent internal delay

in transmission and reception for the TCE.
The time difference between the clocks on the
satellite and on the ground can be obtained by
subtracting the value observed on the ground,
T

e
, from the value observed on the satellite, Ts.
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Equation 3 shows that the difference
between these two observed values is
expressed by the sum of several terms: the
time difference between the clocks on the
ground and on the satellite, delay difference
within the transmission and reception units of
both systems, and the difference between
uplink and downlink ionospheric delay.  The
TCE and the TCE earth station measure and
correct for internal delay in real time.  Given
the frequency dispersion of ionospheric delay,
the TCE earth station is designed to receive
radio waves in two frequency bands—the L-
band and the S-band.  Total Electron Content
(TEC) is then estimated and correction is per-
formed [3].

3  Measurement principles

This section outlines the code-phase and
carrier-phase measurement principles in place
at the TCE earth station.  The TCE earth sta-
tion transmits and receives PSK (Phase Shift
Keying) modulation signals diffused by a C/A
(Clear and Acquisition) code compatible with
GPS.  The code clock frequency is 1.023
MHz.  The code of the signals transmitted
from the satellite is known, allowing the
receiver to track the code.  The code phase is
the amount of phase shift required to synchro-
nize the code generated in the receiver with
the reception-signal code.  The carrier code is
determined in a similar manner.  The TCE
earth station generates the code and the carrier

in coherence with a reference signal, enabling
measurement of the time difference between
the satellite and ground clocks. 

The data-processing unit [4] generates the
code（Lead, Typical, Lag）with the shift of the
chip phase （+ 、0、－ ）. For each code, the
sine and cosine components are obtained for
the correlation integral of the measured signal.
The carrier phase is obtained from the arctan-
gent calculated from these components.  The
code phase can be obtained from the shift of
the code resister.

As the carrier frequency of the signals
transmitted from the satellite is in the L-band
or S-band, the carrier phase offers resolution
on the order of picoseconds.  However, since
the number of carrier-phase rotations during
signal transmission cannot be obtained, this
value must be estimated using the results of
code-phase measurement.

4  Outline of the TCE earth station

Development of the TCE earth station is
based on the TCE engineering test model and
has approximately the same configuration and
functions as the TCE.  The main functions of
the TCE earth station are as follows.

•  Reception of S-band and L-band signals
from the ETS-VIII and measurement of code
phase and carrier phase
•  Generation of S-band signals to be transmit-
ted to the ETS-VIII
•  Generation of the S-band and L-band sig-
nals used to measure internal delay in the
reception signals; measurement of code phase
and carrier phase for the generated signals
•  Measurement of the internal delay of the S-
band transmission signal (The TCE earth sta-
tion loops the signal back just before the
antenna to measure code phase and carrier
phase.)

Table 1 shows the specifications of the
TCE earth station, Fig.1 consists of a block
diagram of the station, and Fig.2 is an external
view.

In Fig.1, the block on the left, enclosed by
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a dotted line, is the outdoor unit.  The TCE
earth station generates 10.23-MHz signals, as
does the satellite, based on the UTC (CRL)
reference signal, and uses the 10.23-MHz sig-
nal as the clock for each module.  

The signal path of the reception system is
as follows.  First, the signal (received by an
antenna 2 m in diameter) is amplified with an
LNA (Low Noise Amplifier) and input into the
converter.  The converter down-converts the
signal frequency—first to a 50.127-MHz
intermediate frequency (IF) and then to 2.5575

MHz.  Next, the signal is divided into two
components, denoted as I and Q, with a phase
difference of 90 degrees.  The signal compo-
nents are then input into the processor, which
demodulates the C/A code and measures the
code phase and the carrier phase.

For the transmission signal, the signal gen-
erator generates the carrier on which the code
is superposed.  The signal is then amplified
with an HPA (High Power Amplifier) and
transmitted.  To measure the internal delay, the
reception calibration signal is input into the
reception signal pathway directly before the
LNA input from the combiner.  The calibra-
tion signal then follows the same path as the
reception signal.  The transmission calibration
signal is amplified with the HPA, divided,
input into the combiner, and demodulated.  
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Block diagram of the TCE earth stationFig.1

External view of the TCE earth stationFig.2

Specifications of the TCE earth stationTable 1

signal power[dBW]
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The three calibration signals (for transmis-
sion calibration, L-band reception calibration,
and S-band reception calibration) follow the
paths common to all calibration signals to be
inserted into the pathways of the transmission
and reception signals.  Thus, the difference
between the delay values of the transmission
and reception calibration signals enables
determination of the difference in internal
delay between the transmission and reception
units.  Signal loop-back is also enabled by
switching the pathway of the S-band transmis-
sion signal after HPA amplification, perform-
ing frequency conversion, and inputting the
converted signal into the S-band reception sig-
nal pathway.  This function will be used to test
the system.

A portable TCE earth station is scheduled
for development.  The antenna for this
portable station will have the same diameter as
that for the fixed station: 2.4 m.  However, the
portable antenna features a segmented struc-
ture for easier storage and transport.  The
remaining functions of the portable station
will be equivalent to those of the fixed station.
The fixed station will be installed at the CRL
Headquarters (Koganei, Tokyo) and the
portable stations will be transported to various
atomic clock facilities for experiments.  In
addition to experiments on time transfer
between the ground clock, UTC (CRL), and
the ETS-VIII onboard clock, two-way time
transfer experiments are also planned between
the UTC (CRL) and other earth-based clocks
via the satellite [5].

The data processing unit features a shared
structure to enable the simultaneous process-
ing of multiple signal sequences following
conversion of these signals into the intermedi-
ate frequency.  Attributing different C/A codes
to different channels will allow simultaneous
processing for up to 8 signal sequences.  In
most experiments between the TCE earth sta-
tion and the ETS-VIII, five channels will be
used: two for reception, one for transmission,
and two for calibration.  The three remaining
channels will be used for experiments, includ-
ing those between the portable earth stations.

5  Improvements in the TCE

Two-way time transfer will be conducted
by calculating the difference between the time
at which a signal is received at the TCE earth
station (measured at the station) and the corre-
sponding time measured by the onboard TCE.
Thus, the precision of time transfer depends
on the accuracy of measurement both of the
onboard TCE and the TCE earth station.  TCE
components are limited due to onboard restric-
tions; for example, the CPU features slow
clock speed and limited signal-processing
capabilities.  As the TCE earth station is free
from these restrictions, several improvements
have been devised to enhance the measure-
ment accuracy of both the TCE and the TCE
earth station.  The following describes these
improvements in more detail.

5.1  Temperature control of the out-
door unit

Equation 3 for two-way time transfer indi-
cates that the error in the measurement of
internal delay reduces the precision of time
transfer.  The TCE earth station measures the
internal delay in real time; accordingly, fluctu-
ation in measurement must be minimized to
the fullest extent possible.

The characteristics of equipment such as
the HPA, the LNA, and cables are known to
change with changes in the surrounding tem-
perature.  In time transfer on the order of
picoseconds, fluctuation in delay due to tem-
perature change results in significant system
error [6].  Thus, all outdoor equipment at the
TCE earth station (with the exception of the
antenna) is housed in a series of enclosures;
temperature inside these enclosures is con-
trolled to suppress fluctuations in delay.  All
indoor equipment is installed in a thermostatic
chamber.  Sensors are attached to all items of
equipment to monitor temperature, including
the cables connecting the indoor and outdoor
units.
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5.2  Adjustment of transmission power

The carrier phase can be obtained from the
sine and cosine components of the C/A code
correlation integral.  When the C/N (Carrier to
Noise ratio) is high, the carrier-phase is quan-
tized in accordance with the bit number asso-
ciated with the quantization of the correlation
integral.  The TCE samples the correlation
integral with a signed single bit [4].  The reso-
lution of the carrier phase is thus limited to
45 .゚  However, the decrease in the C/N is
equivalent to the phase modulation in the
receiving signal, thus maintaining linearity in
the carrier phase obtained from the integral.  

The TCE earth station adjusts the power of
the transmission signal with a variable attenu-
ator to optimize the C/N of the reception sig-
nal.

5.3  Measurement of code phase

The code tracking of the TCE is performed
based on the delay-control method, in which
the shift resister values are shifted with refer-
ence to 20.46 MHz, which is 20 times greater
than the code-clock frequency.  The shift
resister values are added every 20 ms and col-
lected by telemetry every 1 s.  Thus, the code
phase is obtained as an average over 1 s.  

On the other hand, the TCE earth station
executes tracking control using an NCO
(Numerically Controlled Oscillator).  Thus it
is expected that an integrated NCO phase can
be obtained with improved code-phase meas-
urement accuracy.  The tracking rate of the
NCO will also increase to 40.96 MHz, which
is expected to lead to an approximately
twofold increase in resolution.

5.4  Adjustment of the code phase
and the carrier phase of the trans-
mission signals

The carrier phase is calculated from the
correlation integral of the code.  The correla-
tion integral is obtained as an average over 1
s, as with the code-phase.  Thus, if the carrier
phase were to fluctuate by ±180 ,゚ the average

of the transmitted phase would be 0 ;゚ this
amount of fluctuation corresponds to very low
accuracy.  To prevent this and similar effects,
the earth station will adjust the carrier phase
and code phase of the transmission signals
sent from the station.  Carrier phase will be
varied by adjusting the frequency of the
10.23-MHz reference signal input to the trans-
mission signal generator.  The code phase will
be adjusted by shifting the phase of the NCO.

5.5  Removal of Doppler frequency
shift and correction of transmission
frequency

The TCE does not automatically track the
Doppler frequency.  Thus, it cannot obtain the
code correlation when the Doppler frequency
shift is large, failing to perform the measure-
ment of transmission frequency.  On the other
hand, the TCE earth station automatically
tracks the carrier frequency using the NCO;
thus, frequency shift can be obtained from the
integrated NCO phase.  Using this frequency
shift value, the reference frequency of the
TCE earth station is adjusted to shift the
reception frequency to cancel the TCE
Doppler shift.  This frequency enables deter-
mination of the code correlation and allows
measurement to be performed.  

Fig.3 shows the concept behind this cor-
rection.  SG in the figure stands for Signal
Generator, TIC represents the Time Interval
Counter, and DMTD refers to the Dual Mixer
Time Difference.  This system reads the fre-
quency shift of the NCO and converts it to a
shift with reference to the 10.23 MHz refer-
ence signal frequency.  To cancel the shift at
the satellite, the direction of the shift away
from the central frequency of the transmission
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S-band signal generator of the TCE
earth station

Fig.3
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signal is reversed.  A frequency signal slightly
away from 10.23 MHz is output from the SG
and is used as the reference frequency for the
S-band transmission signal generator.  This
will shift the S-band transmission frequency
away from 2491.005 MHz.  In two-way time
transfer, the subtraction cancels Doppler shift
without requiring correction.  However,
because the frequency is shifted to enable
measurement with the TCE, correction is
required in time-difference calculations.  

In general, the phase is the time integral of
the frequency.  Thus, precise determination of
the frequency change over time is necessary.
To achieve this, time variation in the reference
frequency is monitored in picoseconds using
the DMTD equipment for use in time-transfer
frequency correction.

6  Summary

The TCE is designed for time transfer fea-
turing precision on the order of several
nanoseconds using the code phase, and with
100-ps precision using the carrier phase.  Time
transfer with precision on the order of picosec-
onds is now the goal, as clock stability has
surely advanced.  This is also an important
issue in terms of the establishment of satellite
navigation technologies.  

To increase measurement resolution, the
TCE earth station implements temperature
control for the outdoor unit and improves code
tracking frequency in the data-processing unit.
It will also feature functions to adjust the code
phase and transmission power and to correct
the Doppler frequency.  Next we will test the
performance of the earth station and complete
the data-analysis program to prepare for satel-
lite launch.
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