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The Engineering Test Satellite type VI (ETS-VII) was a geo-synchronous satellite launched on
December, 2006. Using ETS-VII, mobile telecommunications experiment using the large deploy-
able antennas is executed. ETS-VI is first satellite in Japan bearing atomic clocks, and basic ex-
periments of satellite positioning are carried out.

In National Institute of Information and Communications Technology (NICT), highly precise
time and frequency comparison experiment between the satellite and the ground is executed for
the first time in the world. Highly precise time comparison experiment between ground stations

using an on-board bent-pipe function and ranging experiment are also executed.
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1 Introduction

NICT has performed highly accurate time
comparison experiments between satellite and
ground in the aim of acquiring the satellite po-
sitioning element technology and ascertaining
orbit characteristics of the on-board atomic
clock using the ETS-VI. In addition, NICT has
performed time comparison experiments be-
tween ground and ground and ranging experi-
ments as applied experiments. The results of
these experiments are being used in the recent-
ly commenced Quasi Zenith Satellite (QZS)
Project. This paper describes the composition,
outline and experimental results of the Time
Comparison Equipment (TCE) on board the
ETS-VI.

2 Satellite positioning technology
development in Japan

Today in Japan, GPS (Global Positioning

System) is being used to a large extent on all
fronts such as car navigation, mobile phone po-
sitioning, ship and aircraft navigation, earth-
quake and tsunami observation and easily ob-
taining highly accurate time.

However, although GPS is an American
system that, according to government policy,
currently does not require users to pay sub-
scription fees, it is unstable at times of emer-
gency and has an uncertain future. Consequent-
ly, this apprehension about GPS and the risk of
solely relying on GPS is here. Russia has oper-
ated of GLONASS. GALILEO program has
started and launched of two test satellites. Chi-
na and India have promoted and developed an
independent positioning system.

In Japan, although research and develop-
ment of a satellite positioning system has been
delayed, discussions had been held since
around 1996 in regard to the nature of satellite
positioning system development. In March
1997, the Space Activities Commission re-
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leased a subcommittee report(1] that enabled
the development of the following satellite posi-
tioning system element technology.

- On-board atomic clocks

- Satellite time management technology

- Highly accurate satellite orbit determina-

tion technology

When the development of satellite posi-
tioning technology in Japan commenced, NICT
are performing research and development of
on-board atomic clocks of hydrogen masers(e]
with a more stable frequency than, for instance,
cesium and rubidium atomic clocks equipped
with GPS, and the Japan Aerospace Explora-
tion Agency (JAXA) and NICT are performing
research and development of satellite time
management technology and highly accurate
satellite orbit determination technology.

JAXA decided to install a cesium atomic
clock on the ETS-Vll and conduct basic research
on satellite positioning technology starting
with acquiring satellite positioning elementary
technology. NICT has proposed and obtained
approval for the two way time transfer method
regarding the highly accurate time and frequen-
cy method for atomic clocks and on the ground
atomic clocks for the purpose of evaluating the
performance of atomic clocks on board the
ETS-VI in satellite orbit and installed Time
Comparison Equipment (TCE) on the ETS-VI
in order to perform practical experiments using
this method.

Following this, in a joint project of gov-
ernment and private sector, the QZS plan
commenced[3] from fiscal 2003, research and
development on a communications and broad-
casting service form the sky over Japan and
a satellite positioning system of complement
and augmentation of GPS enhancement and
supplementary service began. Then, the non-
installation of private communications and
broadcasting mission was decided and the plan
was changed to perform practical satellite posi-
tioning experiments using the QZS41. NICT is
responsible for the time management system(e)
that performs comparisons between all clocks
used in the this accurate positioning experi-
ment system(5] using the QZS, and the results

of the TCE developed for the ETS-VIl at NICT
are being used.

3 ETS-VI and the positioning
mission equipment

3.1 ETS-\I

The ETS-Vl{71 whose appearance is shown
in Fig. 1 is a geostationary satellite launched
from the Tanegashima Space Center on De-
cember 18, 2006, and performs mobile com-
munications experiments using large deploy-
able antennas for the purpose of developing
the latest common base technology required
for future space activities. Furthermore, in or-
der to conduct basic experiments for satellite
positioning, atomic clocks were installed on a
Japanese satellite for the first time and all types
of experiments are being performed at JAXA
and NICT in the aim of acquiring satellite posi-
tioning element technology.

3.2 Highly Accurate Clock (HAC)s;
HAC is a mission device installed on the
ETS-WIl by JAXA used to perform satellite pos-
iting experiments and consists of a Cesium Fre-
quency Standard (CFS) atomic clock, S band
transceiver, L band transmitter, 1.0m diameter
antenna in common use for S band and L band
and Satellite Laser Ranging (SLR) equipment.
The US made cesium atomic clock that is also
used for GPS was introduced to the CFS and
the specifications are shown in Table 1. JAXA
has performed experiments to acquire the fol-

Jl:h 8 External view of ETS-VI
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1F-15) =15 | Specification of spaceborne atomic clock

Frequency [10. 23MHz
Weight 13. 6kg
Precision |+1x 10"

Stability [1 x10™" (z=1 ~3.6s)
1.89 x10""x %% (¢ =3.6~10%)
6 x10" (z =10°~10%)

(T : Averaging time)

lowing element techniques in regard to the
technology using these.

- The performance evaluation of the atomic
clock on orbit and the acquisition of man-
agement techniques on orbit

- The acquisition of precision management
techniques for satellites time and ground
time

- The evaluation of highly accurate orbit
determination techniques

3.3 Time Comparison Equipment (TCE)
3.3.1 Outline

TCE is a mission device installed on the
ETS-W by NICT, performs highly accurate
time comparison experiments between satellite
and ground for performance evaluations of
CFS in satellite orbit for the first time in the
world.

The structure of the highly accurate time
and frequency comparisons between CFS and
the ground reference clock is shown in Fig. 2.
These world first comparisons using the two
way time transfer method between the satellite
and ground that determines the time difference
between two clocks by transmitting signals for
time comparisons from the satellite to the
ground and from the ground to the satellite, and
measures each received signal and the time dif-
ference. In principle, the two way time transfer
method is a method that can the delay and vari-
ation of the ionosphere and troposphere on the
propagation route and the impact of satellite
movements and enables accurate time compar-
isons.

In addition, since highly stable atomic
clocks have been installed on the satellite and
on the ground and all signals such as carrier
signals and modulation signals are coherently

HAC
TCE
S-band Downlink CFS
(2491.005 MHz) \ ETS-VIII
L-band Downlink
(1595.88 MHz)
S-band uplink
(2656.390MHz)

Atomic Carrier
Clock Phase
Receiver| Ground Station

Block diagram of time comparison

External view of PFM of TCE

generated as well as GPS positioning signals,
this enables positioning information of both
modulation signals and carrier signals to be uti-
lized and time to be compared with ps (10
seconds) order accuracy.

In terms of the development of TCE, prior
to the creation of the on board PFM (Proto
Flight Model) the EM (Engineering Model)
was created to verify performance and conduct
electric experiments for the entire satellite sys-
tem. Following tests, the PFM was installed on
the satellite and launched when a test with the
whole satellite was conducted. The appearance
of TCE-PFM is shown in Fig. 3. It is designed
to be efficiently utilized in a small area.

3.3.2 Composition

The main characteristics of the TCE and
HAC are shown in Table 2 and a block chart of
TCE (thick lines in the box) and HAC is shown
in Fig. 4. This has the function of measuring
the time difference of two way transfer by
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transmitting time comparison signals (trans-
mission signals) from the satellite to the ground
and receiving time comparison signals (receiv-
ing signals) from the ground. In addition,
through the function of measuring in real time
the time delay of the transmission and receiv-
ing systems within the satellite, it is possible to
correct fluctuations of time delays caused by
temperature or secular variation on different
routes of the transmission and receiving sys-
tems. Consequently, in order to measure the 3
superimposed signals of receiving signals, re-
ceiving system calibration signals and trans-
mission system calibration signals, the TCE
signal processing component with 3 channels
(thin line) can perform PN demodulation in
each channel and measure carrier phases and
code phases simultaneously.

[[10) <174 Main specification of HAC and TCE

Next, an explanation according to each
route is as follows:
(1) Transmission signals

Transmission carrier waves and pseudo
random noise (PN) codes based on reference
signals (10.23MHz, 1kPPS (1000 pulses per
second) ) are generated by the base band signal
synthesis component and, following modula-
tion, transmitted from the 1.0m diameter an-
tenna via the diplexer (DIP) after amplified in
the S band transmission system.
(2) Receiving Signal

The electric waves received from the 1.0m
diameter antenna are amplified, the frequency
is converted in the TCE, and PN demodulation
and measurements are conducted by the signal
processing component.
(3) Receiving system calibration signals

Following modulation, carrier waves gen-
erated by the signal synthesis component and
PN codes that are generated by the PN code

Tramsmitting| S-band|5.7W generator are inserted from the directional cou-
Power L-band|18W pler on S band receiving system input side, su-
S-band | reduency | 2491.005MiTz perimposed with receiving signals using a mix-
RX Frequency|2656.390MHz :
T-band|TX Frequency]| 1595 880MI1z er (X), and PN demodulation and measurements
PN Code Same as GPS C/A Code are conducted by the signal processing compo-
Size (TCE) 320mm X 320mm X 325mm nent. It is also possible not to use these signals.
Weight (TCE) 12.3kg
Carrier Phase Signal TCE
Tt;C Measarement | Processing unit .
| e
] MPU PN
DEMOD.
| I
Code Clock '
Measurement Signal Generator
i
|
PNGEN{— T sw | [ Sbana Lomé
RX Antenna
N
10.23MHz 1KPPS
Synthesizer WP (
T | | Sband| T
D¢
) Base Band Signal PN N
Atomic Clock Generator MOD. Lband

Block diagram of HAC and TCE
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(4) Transmission system calibration signals

A portion of transmission signals are divid-
ed by the directional coupler in front of the an-
tenna and, following frequency conversion in
the TCE, these signals are superimposed with
the receiving signals and receiving system cor-
rection signals using a separating and synthesis
device (Hybrid), and PN demodulation and
measurements are conducted by the signal pro-
cessing component.

4 Ground system

As shown in Fig. 5, a fixed station and
transportable station with a 2.4m diameter an-
tenna have been created as earth stations to
conduct TCE experiments (TCE earth stations).
TCE earth stations contain an S band transmit-
ter, and, in the same manner as the satellite, the
time comparison component performs code
and carrier phase measurements, time delay
calibration for the transmission system and re-
ceiving system can also be performed, and both
S band and L band frequencies can be mea-
sured.

In addition to performing highly accurate
time comparisons between satellite and ground,
these 2 TCE earth stations were also created for
the purpose of performing ground to ground
highly accurate time comparisons. By placing
these 2 earth stations in different locations and
measuring different reference signals, such
ground to ground highly accurate time com-
parisons can be performed as application ex-
periments.

As a result of using the two way time trans-

Antenna of TCE earth station

(fixed station, transportable station)

fer method, it is necessary to transmit measure-
ment values from the satellite to the ground us-
ing the TCE telemetry. This connects the JAXA
Tsukuba Space Center which performs track-
ing management including the TCE monitoring
function and command control function by a
communications line and transmits and re-
ceives data.

The fixed station is located in Building 2 of
NICT head office (Koganei City, Tokyo) and
utilized UTC (NICT) as the reference signal.
The transportable station can be transported
anywhere in Japan. It is placed at the HIKARI
Center approximately 150m from NICT head
office Building 2 when the experiments dis-
cussed in 5.5 and 5.6 are conducted and uti-
lized a hydrogen maser as a standard.

5 Experiment results

The experimental items and results of the
TCE experiments conducted by NICT are de-
tailed below.

5.1 Performance verification
experiments

(1) Time Comparison Performance

The time comparison performance of TCE
and the TCE earth station is described in 5.2
Short-Term Stability Measurement. Expected
satisfactory performance was verified by the
initial check-out after the launch and the subse-
quent periodic measurements.
(2) Tonosphere Correction

Time comparisons using the TCE and the
TCE earth station utilizes the two way time
transfer method. In principle, this method en-
ables ionosphere and troposphere delays on the
propagation route and satellite movements to be
offset. However, since there is a frequency vari-
ation with the S band uplink (2656.390MHz)
and downlink (2491.005MHz), a ionosphere
delay for that variation will remain. This can
be corrected by calculating measured values
of the S band downlink and L band downlink
(1595.88MHz).

An example of the ionosphere delay correc-
tion volume calculated from the results of the
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fixed station calculations is shown in Fig. 6.
During the experiment period, the solar activi-
ties were in a clam period. Consequently, since
the ionosphere delay was small, the correction
volume only had a maximum of 150ps which
was not sufficient for corrections.

5.2 Short term stability measurements

Short term stability measurements were
performed during the experiment period. These
were conducted through the highly accurate
time comparisons between satellite and ground
and utilized the Japan standard time UTC
(NICT) as ground standard time. UTC (NICT)
comprised of 18 cesium atomic clocks (Cs) and
3 hydrogen masers. This has a two-digit higher
stability than CFS.

An example of the results for highly accu-
rate time comparison between satellite and
ground is shown in Fig. 7. Of these results, (a)
shows the difference between UTC (NICT) and
CFS and most seem to refer to the movements
of CFS. This shows that there was a 187 ns
change over a 25 hour period, and since this as
a uniform change, the 10.23MHz CFS frequen-
cy had around a 0.02mHz variation. (b) is a cal-
culation of the frequency stability (Allan vari-
ance) after removing the first drift component
in (a). The code phase calculations had a calcu-
lation accuracy of an average of 0.7ns per sec-
ond and the carrier phase calculations had an
average of 3ps (approx.) per second. The sta-
bility of carrier phase calculations is better than

-100

Time Difference (ps)

-150

-200

0 4 8 12 16 20 24
Time (hour, UT)

F[:17 An example of numerical result of iono-
Spheric delay correction

the CFS specification values and it seems that
the CFS stability could be seen after one sec-
ond of measurement.

5.3 Long term stability calculations

Although it was scheduled that long term
stability would be determined from the results
of the periodical time comparisons between
satellite and ground, absolute values have not
yet been achieved. In terms of a long term CFS
evaluation, as shown in Fig. 7 (b), it appears
that there has been no significant change on
CFS stability since no variation have been vis-
ible over a two year period. In terms of the fre-
quency difference, shown by the inclination of
the time comparison results in Fig. 7 (a), the
change over approximately two years is plotted
in Fig. 8. This shows the frequency change (ap-
proximately 2x10'?Hz/s) as the difference
from 10.23MHz reference signal, which is the
difference between the CFS and UTC (NICT)
frequencies, and it seems that most of it was the
change of CFS. This change ratio of this incli-
nation was —1.35uHz/year.

186

Phase (ns)

0 6 12 18 24
Elapsed Time (h)

Code Phase

Allan Deviation

10%
Averaging Time [s]

Zl:54  An example of time comparison result

Above: (a) time comparison result
Under: (b) Allan deviation
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5.4 Measurements at the time of
turbulence

Among temperature variation, attitude
variation, orbit variation, electrical voltage
variation and signal transmission and reception
level variation that can be considered measure-
ments at the time of turbulence, no one has
been observed as an apparent major impact on
time comparisons. Except for these, it has re-
cently turned out that variation due to iono-
sphere disturbances is significant. The total
electron content variation caused by ionosphere
disturbances as seen from the results of calcu-
lations at the fixed station is shown in Fig. 9.
This shows a maximum change of 10 TECU
(TECU is the Total Electron Content Unit. 1
TECU is 10" electrons per m?). The impact on
time comparisons at this time is approximately
100ps but this can be corrected. However, as
this figure represents the period when solar ac-
tivities are calm, it is predicated that it can in-
crease by approximately 10 times when solar
activities are in an extreme period.

5.5 Ground to ground time comparisons

Highly accurate ground to ground time
comparisons are conducted between atomic
clocks placed in two locations such as between
national time standards, using GPS positioning
signals or the two way time transfer method of
code phase measurement relayed by geosta-
tionary communications satellite.

Ground to ground time comparisons con-
ducted as an application experiment using TCE

s : Mearurement Value

N 28 A | :First-order approximation
pu =g
3 2 5 s
® hd 3
% 21 ““w-*\.a~1~::\__~’ R o
- 20 . +te . *
[ g B
.3: " . \\
k=] '\.‘*;‘\
18 &
<
5]
2 17
2
4 16

16

2007/10/1 2008/3/31 2008/9/30 2009/4/1 2009/10/1

Date

Secular distortion of frequency difference

and HAC use the following two methods.
(1) Time comparisons via satellite clocks

Satellite to ground time comparisons are si-
multaneously conducted in two locations and
ground to ground time differences are deter-
mined by calculations via CFS.

(2) Time comparisons via satellite repeater

HAC contains a relaying function for con-
ducting relay experiments for positioning sig-
nal and conducts ground to ground time com-
parisons using this function. A highly stable
relay becomes possible by using atomic clock
signals as frequency-converted local signal on
the satellite, which differs from regular repeat-
ers by communications satellites.

An example of the frequency stability re-
sulting from ground to ground time compari-
sons between a fixed station and a transportable
station using these two methods is shown in
Fig. 10. This shows the conventional time com-
parison using the code phase relayed by a geo-
stationary communications satellite, time com-
parison via satellite clock (career phase
measurement) and time comparison via satel-
lite relay (career phase measurement). Conse-
quently, satellite clocks showed a better result
than the code phase relayed by a geostationary
communications satellite by 1-2 digits and sat-
ellite relay showed an even better result by 1
digit. This shows the possibility of higher sta-
ble time comparison of atomic clocks on the
ground.

" " P P P T i n l
2 4 6 8 10 12 14 16 18 20 22
TIME (HOUR, UT)

Total Electron Content (TECU)

An example of influence by ionospheric
perturbation
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Zlef L8 An example of time comparison result

between ground stations

5.6 Ranging experiments

In principle, the two way time transfer
method enables the distance between satellite
and ground to be determined by modifying the
calculations, and in principle, this can offset
the movements of the two atomic clocks and
perform highly accurate ranging.

An example of the results of ranging calcu-
lated from time comparison data is shown in
Fig. 11. This is the difference from SLR (Satel-
lite Laser Ranging) results determined at NICT
HIKARI Center.

The ranging using TCE can be considered
useful for highly accurate orbit determination
since the measurement falls within the differ-
ence of £80cm from with SLR results. Still, its
absolute values are unclear and therefore rela-
tive values.

6 Summary
NICT has performed time comparison ex-
periments using a time comparison equipment

on-board the ETS-VIl and the results have been
incorporated in the highly accurate positioning
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experiment system that uses the QZS. The first
quasi-zenith satellite “Michibiki” (QZS-1) was
launched on September 11, 2010 and after
completing the initial function verification
tests, it commenced conducting technology
validation experiments. In the future, we per-
form experiments for constructing an indepen-
dent positioning system.
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