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New Scientific Underwater Cable System Tokai-SCANNER for Underwater
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Abstract—We have developed a new cost-effective scientific
underwater cable system named Tokai Submarine Cabled Net-
work Observatory for Nowcast of Earthquake Recurrences
(Tokai-SCANNER) using a decommissioned optical underwater
telecommunication cable. We have used this cable in two ways
simultaneously: 1) to construct an ocean-bottom observatory at
the end of the cable, and 2) to use the cable as a long emitting
antenna to sense electromagnetic properties of the Earth’s crust.
We have also developed a new time-synchronization system that
sends a one-pulse-per-second (1PPS) signal and NMEA data to
underwater sensors. To vary the supply voltage and current to
the observatory and to emit a low-frequency electromagnetic
field around the underwater cable, we have also developed an
underwater power unit that has a wide input voltage and current
range. Tokai-SCANNER has been functioning since April 2007.

Index Terms—OQOcean-bottom observatory, scientific underwater
cable, time synchronization.

I. INTRODUCTION

APAN is located near plate boundaries where massive
earthquakes occur periodically, causing considerable
damage and casualties. Because most plate boundaries are
located under the seafloor, seismic observation of the seafloor
is important to elucidate the nature of the earthquakes and to
mitigate such damage. Scientific underwater cable systems play
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an important role in seismic observation of the seafloor because
they enable real-time, continuous, and long-term monitoring of
earthquakes and tsunamis.

In Japan, eight scientific underwater cable systems have been
constructed since the late 1970s [1]. Although these cables cover
only a limited area, they have produced fruitful results. For ex-
ample, the off-Muroto system showed that cabled ocean-bottom
seismometers can increase the estimation accuracy of the earth-
quake hypocenters [2]. In 2004, the same system showed that
the tsunami sensors detected a small tsunami about 20 min be-
fore the tsunami hit the Muroto coast [3]. This finding showed
that the system is useful for issuing early tsunami warnings.

Scientific underwater cable systems also provide long-term,
real-time data in many other scientific fields including oceanog-
raphy, marine biology, and marine chemistry. Such long-term
and real-time data are necessary to advance these fields of sci-
ence. Several ambitious new projects to construct scientific un-
derwater cable systems have been promoted worldwide. Near
North America, a ca. 800-km-long scientific underwater cable
system, NEPTUNE Canada, is currently being constructed at
the University of Victoria [4], over the northern part of the Juan
de Fuca tectonic plate and VENUS [4] in waters near Victoria
and Vancouver. Actually, NEPTUNE USA is expected to be
constructed soon in the southern part of the Juan de Fuca tec-
tonic plate.! In Europe, the European Seafloor Observatory Net-
work (ESONET) consortium [5] proposed ten scientific under-
water cable systems from the Arctic Ocean to the Black Sea.
The NEMO-SN1 [6], which is a part of ESONET, has been oper-
ating in the central Mediterranean Basin since 2005. In Taiwan,
the Marine Cable Hosted Observatory (MACHO) [7] has been
planned. In Japan, the Dense Ocean-Floor Network System for
Earthquakes and Tsunamis (DONET) [8], [9] is now being con-
structed off the Kii Peninsula. It will eventually comprise 20
observatories in a region where mega-thrust earthquakes are ex-
pected to occur.

We have developed a new scientific underwater cable system
named Tokai Submarine Cabled Network Observatory for
Nowecast of Earthquake Recurrences (Tokai-SCANNER).
Tokai-SCANNER is located off Toyohashi in central Japan
(Fig. 1), where huge earthquakes are expected to occur, and
where the Headquarters of Earthquake Research Promotion
in Japan advocates promotion of real-time observation. We
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Fig. 1. Location of Tokai-SCANNER.

Fig. 2. Landing station.

have reused a pair of ca. 60-km-long decommissioned optical
underwater telecommunication cables. The cables had been
a segment of the domestic telecommunication cable network
called Japan Information Highway (JIH) developed by KDDI
Corporation in 1999. It uses up-to-date technologies of dense
wavelength division multiplex (DWDM) and optical amplifica-
tion, which have enabled development of a flexible wideband
communication system. KDDI Corporation abandoned a pair
of landing cables off Toyohashi and the landing station (Fig. 2),
donating them to JAMSTEC in 2006. We have used the
west-side cable for ocean bottom observations. A shunt fault
exists in the east-side cable at about 5 km from the landing
point. We will use the east-side cable as a passive electric
antenna to observe the electromagnetic properties of the Earth’s
crust.

We have used the west-side cable simultaneously in two
ways. One is to provide electric power and communication
lines to an observatory connected at the end of the cable [10],
[11]. The other is to use the cable as a long emitting antenna
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generating low-frequency electromagnetic waves to monitor
electromagnetic properties of the Earth’s crust [12]. Because
the optical underwater telecommunication cables have only
one conductor, and because the return currents flow in sea-
water, we can use the cables as electric antennas. Furthermore,
because the water content of the Earth’s crust influences both
electromagnetic and mechanical properties, we can estimate
the mechanical properties of the crust by monitoring its elec-
tromagnetic properties. We can generate a low-frequency
electromagnetic field by controlling the supply voltage and
current flowing in the cable. Nearby electromagnetic fields that
can be monitored with ocean-bottom electromagnetometers
will reveal the electromagnetic properties of the crust. We have
developed a new underwater power unit [13] that has a wide
input voltage and current range; using it, we can widely vary
the supply current.

We have also developed a new time-synchronization system
and evaluated its performance [14]. It provides a one-pulse-
per-second (1PPS) signal, clock, and modified NMEA? data to
underwater sensors. The NMEA data format, specified by the
National Marine Electronics Association, defines the interface
between various marine electronic devices including global po-
sitioning system (GPS) receivers. The 1PPS signal is a set of
pulses per second synchronized with GPS time. These signals
will be used to give precise GPS time to underwater sensors.

Transmission delay has been monitored at the landing sta-
tion using the 1PPS signal that returns from the junction unit at-
tached at the cable end. We have confirmed that the fluctuation
of the transmission delay is less than £2 ns over four months
[10], which is far better than the scientific requirements.

Since its construction in March 2007 [15], Tokai-SCANNER
has functioned well. In April 2007, two sensor units were con-
nected to the junction unit: DOMES3 and S-SMAD.4# DOMES
includes an Overhauser absolute magnetometer, electrome-
ters, a thermometer, and a tiltmeter. S-SMAD comprises an
ocean-bottom seismometer, a pressure gauge, and a differen-
tial pressure gauge. An acoustic reference station developed
by Asada et al. [16] was connected to the junction unit in
September 2008. This acoustic reference station will be used to
measure the Earth’s crust movement.

In this communication, we will describe Tokai-SCANNER’s
configuration, power feeding system, optical data transmission
system, time-synchronization system, and construction work.
Contents of this communication are largely based on papers pre-
sented at prior conferences [10]-[15].

II. SYSTEM CONFIGURATION

Fig. 3 depicts the basic configuration of Tokai-SCANNER. A
repeater is inserted in the cable. A junction unit is connected at
the end of the cable. Two sensor units, DOMES and S-SMAD,
and the acoustic reference station have been connected to the
junction unit. Two underwater mateable connectors remain
available for future expansion. An electrode is connected to the

2NMEA is a data specification for communication between marine electronic
devices defined by the National Marine Electronics Association.

3Deep—sea Overhauser Magnetometer, Eletrometers, and Standalone heat
flow meter (SAHF).

4Seismic Sensor-Management-and-Acquisition Device.
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Fig. 3. Basic configuration of Tokai-SCANNER.
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Fig. 4. Schematic view of the junction unit.
Electric
junction unit. This electrode is used to make a path to seawater Circuit

for the electric current that is supplied from the landing station.
Because the polarity of the supplied current is negative, no
electric corrosion occurs.

Figs. 4 and 5, respectively, present a schematic view and a
photograph of the junction unit. A watertight housing is con- gimbal joint. A streaming cable can be connected directly to the
nected directly to the end of a ca. 50-m-long stub cable througha  watertight housing through an eye coupling. All tension on the

Fig. 6. Basic equivalent circuit of the power supply system in repeaters.
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Fig. 7. Configuration of the underwater power unit.

streaming cable is directly transferred to the stub cable through
the watertight housing when installing or recovering the junc-
tion unit. That configuration makes the frame of the junction
unit simple and light.

Electric power, communication lines, and the time-synchro-
nization signal are provided to sensors through underwater
mateable connectors. The maximum available electric power
to each sensor is +15 V/I A. The communication protocol
between the landing station and the junction unit is Ethernet,
so that the system can be connected easily to the terrestrial IP
network. In fact, 10-Mb/s Ethernet or RS422 can be selected
on command for communication interface between the junction
unit and the sensors.

III. POWER FEEDING SYSTEM

As described in the Introduction, we seek to vary the supply
current flowing in the cable to use the cable as a long emitting
antenna. The supply current for optical underwater telecommu-
nication cable systems is usually restricted by repeaters; little al-
lowance exists. For JIH, the current applied to repeaters is spec-
ified as 0.92 A. To avoid this restriction, we decided to supply a

current with an opposite polarity to that of normal operation.
Because the power supply system in repeaters basically con-
sists of zener diodes, as depicted in Fig. 6, by supplying a cur-
rent with opposite polarity, we can inactivate the repeater and
thereby vary the value of the supply current. However, the cur-
rent is limited to 1.5 A because of the allowable current of the
electric wires in the repeater.

To improve the quality of the electromagnetic monitoring, we
developed an underwater power unit [13] that has a wide input
voltage and current range. Because of the limited development
period and the limited budget, we decided to develop a simple
underwater power unit to minimize the development risk. The
total power consumption was estimated as about 108 W at the
initial design stage.

Fig. 7 presents the configuration of the underwater power unit
in the junction unit. At the input stage, after passing through
the surge protection circuit, the input voltage is up-converted
to +360 V. Then, after being down-converted to +24 V, the
voltage is reconverted to several output voltages. Electric power
provided to each sensor is isolated electrically from others
by isolated converters to prevent unforeseen stray current
corrosion.

Authorized licensed use limited to: Kenichi Asakawa. Downloaded on December 9, 2009 at 04:16 from IEEE Xplore. Restrictions apply.



ASAKAWA et al.: NEW SCIENTIFIC UNDERWATER CABLE SYSTEM TOKAI-SCANNER 543

b 6 3
LT | i
NJM2375M

1: VFB, 2: COMP, 3: MULT, 4: CSENSE
5: DZERO, 6: GND, 7: DRIVE, 8:V*

li lo
. l 1 L) SN
= HNJ ¥ |
Vi i E“ T Vo
43 4 M 1 ‘
2 ‘2
|

Fig. 8. Basic circuit of the up-converter at the input stage.
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Fig. 10. Loss spectrum of the spare repeater.

For the up-converter at the input stage, a power factor
controller (PFC) is used. Fig. 8 portrays the basic circuit of
the up-converter. The PFC is usually used to improve the
conversion efficiencies of alternating current/direct current
(ac/dc) converters. We used the PFC to support a wider input
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Fig. 11. Block diagram of the time-synchronization system.

voltage and current range. The PFC controls the switching
frequency and switching duty simultaneously. As input signals
for control, it uses the input voltage, the current flowing through
the transformer, and the output voltage. The up-converter is
activated when the input voltage V; becomes greater than about
64 V, although the control circuit for startup and shutdown is
not presented in Fig. 8.

Fig. 9 depicts the input voltage and current range of the un-
derwater power unit. The shaded area shows where the stable
operation was confirmed. The input voltage and current range
depends on the output power. When the output power is 27 W,
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TABLE 1

MEASURED LOSS MARGINS. UPLINK IS A LINK FROM THE JUNCTION UNIT TO THE LANDING STATION. DOWNLINK IS THE OPPOSITE. THE DEFINITIONS OF THE
THRESHOLD LOSSES WHICH ARE EQUIVALENT TO THE TRANSMISSION LOSS MARGINS ARE AS FOLLOWS. ETHERNET: LOSS AT WHICH THE LINK ALARM
ON THE CONVERTER AT THE LANDING STATION IS TURNED ON. SERIAL DATA: LOSS AT WHICH THE 1PPS SIGNAL THAT TURNED BACK FROM
THE JUNCTION UNIT CANNOT BE RECEIVED AT THE LANDING STATION. RS422 (DOWNLINK): LOSS AT WHICH COMMANDS FROM THE
LANDING STATION CANNOT BE RECEIVED AT THE JUNCTION UNIT. RS422 (UPLINK): LOSS AT WHICH THE LINK ALARM

ON THE RECEIVER AT THE LANDING STATION IS TURNED ON

Transmission signal | Estimated Measured loss Estimated Measured loss margin
loss (uplink /downlink) loss margin (uplink /downlink)

Ethernet 25.0/23.8 13.8/12.8
Serial data 25.8 23.9/22.9 10.2 12.8/15.3
RS422 23.3/22.6 12.8/12.8

for example, the input voltage and current can be changed from « 018 >

67 V/0.76 A to 300 V/0.15 A. /

IV. OPTICAL DATA TRANSMISSION SYSTEM 1PPS -

Because the cable has three fiber pairs, we have made
three optical data transmission channels [10], [11]: 1) Eth-
ernet, 2) serial data for the time-synchronization system, and
3) RS422 for control and monitor of the power feeding system.
Commercially available optical transmitter/receivers are used
(ETH-100 for Ethernet, OSO155STR for serial data, and D422
for RS422).

The optical amplifiers in the repeater are inactivated, as de-
scribed in the previous section, to widen the range of the supply
current. In this case, the optical amplifiers in the repeater atten-
uate optical signals.

We measured the loss spectrum of the repeater using a spare
repeater at an early stage of the design. Fig. 10 depicts the mea-
sured loss spectrum of the spare repeater. A white light source
was used for the measurement. The spectrum of the white light
source was measured beforehand and was used as a reference.
Although the loss spectrum shows the minimum value at about
1370 nm, we decided to use 1611 nm for optical data transmis-
sion because JIH uses several wavelengths within 1545+10 nm;
moreover, 1611 nm is a commercially available wavelength for
coarse wavelength division multiplex (CWDM) systems.

Table I shows the transmission loss margins that were mea-
sured using a variable optical attenuator inserted between the
optical fibers of the cable and the optical transmitters/receivers
in the landing station. The measured transmission loss margins
were larger than 12.8 dB: they are sufficient to assure stable
operation.

V. TIME-SYNCHRONIZATION SYSTEM

Fig. 11 depicts a block diagram of the time-synchronization
system [14]. This system provides the 1PPS signal, the modified
NMEA data, and clock to underwater sensors. The 1PPS signal,
the NMEA data, and clock are provided using a network time
protocol (NTP)/GPS server in the landing station. A rubidium
oscillator in the NTP/GPS server provides a precise 10-MHz
clock. The 10-MHz clock is used as a carrier to transmit the
1PPS signal and the NMEA data. It is synchronized with the
1PPS signal to suppress jitter resulting from multiplexing and
demultiplexing. The NMEA data are sent every second.

To measure and to compensate the transmission delay over
the cable, we embedded a loopback circuit in the underwater

NMEA Data
Fig. 12. Data format.

system. The terrestrial system demultiplexes the loopbacked
signal, and the delay counter measures the delay time. In-
formation related to the measured delay time is added to the
NMEA data and is sent to the underwater system. It is used to
compensate the delay time of the 1PPS signal.

Because the delay compensator, which is embedded in a field-
programmable gate array (FPGA), is running with a 100-Mb/s
clock, we can compensate the delay time with 10-ns resolution.
For that reason, the system can provide the 1PPS signal with an
accuracy of 10 ns. Because we use the same 1PPS/NMEA de-
multiplexer in the terrestrial system as that in the underwater
system, the terrestrial and the underwater system have equal
transmission delay because of demultiplexing.

The underwater system can provide output signals of two
kinds to sensors: one is 1PPS + NMEA data. The interface is
RS422; the data format is presented in Fig. 12. The other is 1PPS
+ NMEA data + clock. For the latter signal, the 1PPS signal and
the NMEA data are encoded using the 1.25-MHz clock as a car-
rier signal. Using this coding, the 1PPS signal, the NMEA data,
and the clock can be sent to sensors through one electric line.

The 1PPS/NMEA demultiplexer in the underwater system ex-
tracts the 1PPS signal and the NMEA data from the transmitted
signal. After the delay compensator compensates the delay time,
1PPS/NMEA multiplexer-A multiplexes the 1PPS signal and
the NMEA data; 1PPS/NMEA multiplexer-B multiplexes the
1PPS signal and the NMEA data using the 1.25-MHz clock as
a carrier signal.

Before embedding the underwater system into the junction
unit, we evaluated the fluctuation of transmission delay. A pair
of 10-km optical fibers was used for evaluation. Room temper-
ature was measured for comparison. The fluctuation of trans-
mission delay attributable to the temperature fluctuation can be
described as

L dn nL (1dL
At = Ed—TAT+ ~ <Zd_T> AT (1)
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Fig. 13. Comparison between the transmission delay fluctuation and the room
temperature fluctuation.

where
c speed of light;
L fiber length (10,018 m in this test);
n refractive index of the optical fiber (1.468);
AT  room temperature fluctuation in Celsius;

At fluctuation of transmission delay;

dn temperature coefficient of the refractive index (1.19
dr % 10 73/°);

1 dL thermal expansion coefficient of optical fibers (5.5

LdT %1077/

Fig. 13 shows the measured transmission delay fluctuation,
the room temperature fluctuation, the calculated fluctuation of
the transmission delay attributable to the room temperature fluc-
tuation, and the difference between the measured transmission
delay and the calculated transmission delay over four days. The
long-term fluctuation of the transmission delay occurs mainly
because of the room temperature fluctuation. The difference be-
tween the measured transmission delay and the calculated trans-
mission delay is less than 0.5 ns.

After installing the junction unit on the seafloor, we moni-
tored the long-term fluctuation of the transmission delay. Fig. 14
shows that the fluctuation of the transmission delay was less than
£2 ns over four months. This fluctuation level is far better than
the scientific requirement. Using (1), a temperature change of
1 °C corresponds to a delay fluctuation of 2.5 ns.

VI. INSTALLATION

The installation was conducted in March 2007 [15] using the
109-m-long cable ship KDD Pacific Link, which is a specialized
ship for laying and repairing optical underwater telecommuni-
cation cables.

The procedure of that installation was as follows:

1) picking up the streaming cable attached at the end of the
cable with a grapnel;

2) recovering the streaming cable and the end of the optical
underwater telecommunication cable onto the ship;

T T T T T

0 40 80
Day

Fluctuation of Transmission Delay (ns)

120

Fig. 14. Fluctuation of the loopbacked 1PPS’s transmission delay. Converted
to one-way transmission delay.

Fig. 15.

Junction unit just before being paid out.

3) connecting the junction unit to the cable and another
streaming cable to the junction unit;

4) installing the junction unit and the streaming cable onto
the seabed.

Fig. 15 presents a photograph of the junction unit immedi-
ately before being paid out over the stern sheave. The junction
unit was hoisted with an A-frame. The entire weight of the junc-
tion unit and the cable attached to the junction unit was sup-
ported by a streaming cable.

After this installation work, S-SMAD and DOMES were con-
nected to the junction unit in April 2007. The acoustic refer-
ence station was connected to the junction unit in September
2008. Fig. 16 portrays a photograph of the junction unit and sen-
sors on the seafloor. Since deployed, they have been functioning
and transmitting data continuously. Fig. 17 is an example of the
recorded seismic wave. Clear seismic waves were recorded.

VII. CONCLUSION

We developed a new, cost-effective scientific underwater
cable system using a pair of decommissioned optical under-
water telecommunication cables. Scientific underwater cable
systems enable long-term continuous real-time observation,
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which is necessary to advance ocean science. A salient issue
related to these systems is their initial construction cost. Today,
some optical underwater telecommunication cable systems that
use up-to-date technology of optical amplification and WDM
technology are anticipated to retire in several years. These
cables will provide valuable opportunities to construct cost-ef-
fective scientific underwater cable systems if these cables are
laid where scientific observation is needed. Tokai-SCANNER is
the first attempt to reuse a decommissioned optical underwater
telecommunication cable.
Tokai-SCANNER has the following new features.

A. Using the Cable as a Long Emitting Antenna

We use the cables in two ways. One is to construct a new
ocean-bottom observatory at the end of the cable. The other is
to use the same cable simultaneously as a long emitting antenna
for low-frequency electromagnetic waves. The latter function
can monitor electromagnetic properties of the Earth’s crust that
are relevant to its mechanical properties.

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 34, NO. 4, OCTOBER 2009

We have developed a new underwater power unit that has
a wide input voltage and current range. We also showed that
the current restriction by the repeater can be avoided by ap-
plying a current with an opposite polarity. In this case, the re-
peater attenuates optical signals. However, by selecting a proper
wavelength, we can realize an optical transmission system using
oft-the-shelf optical transmitter/receivers. The system has suffi-
cient loss margins to secure stable operation.

B. Time-Synchronization System

We have developed the new time-synchronization system. It
provides the 1PPS signal, the NMEA data, and clock to under-
water sensors. Transmission delay was measured using a 1PPS
signal returned from the junction unit. The fluctuation of the
delay time was less than 2 ns over four months, which was far
better than the scientific requirement.

After this installation work, S-SMAD and DOMES were con-
nected to the junction unit in April 2007. In September 2008,
an acoustic reference station was added. Since then, they have
been functioning and transmitting data continuously. Two un-
derwater mateable connectors remain for future connection.
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