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Abstract - Recent progress in optical telecommunication underwater cables and other related technologies make it possible to develop versatile scientific cable networks of next-generation. These networks will provide electric power and wide range of data transmission line to many kinds of equipment deployed on seafloor. They enable researchers to access seafloor equipment in real-time from laboratories and provide long-term real-time data from seafloor. They are expected to bring breakthrough to science of multidisciplinary field.

Some vigorous new scientific underwater cable network projects are proposed in USA, Canada, Europe and Japan. In USA and Canada, NEPTUNE, MARS and VENUS projects were proposed and initiated. NEPTUNE, a joint project between the USA and Canada, will realize a vast cable network of 3,000km in total length in the north-west Pacific. MARS in Monterey Bay and VENUS in Canada precede NEPTUNE and are regarded as test beds for NEPTUNE. In Japan and Europe, ARENA and ESONET projects are proposed.

Communication systems for these scientific cable networks are quit different from optical underwater telecommunication cable systems and communication systems on land. Most communication terminals are placed in underwater housings which are not easy to be repaired when broken whereas conventional underwater telecommunication cable systems connect only stations on land.

In this paper, basic technical requirements are defined first. There are some options to realize communication systems. The followings are examples of these options. 

(1) Optical Ethernet network in which plural switches are connected in parallel or series.

(2) DWDM/CWDM system in which optical transducers with LDs are imbedded in wet housings.

(3) DWDM/CWDM system in which optical transducers with LDs are placed in landing stations and optical modulators are placed in wet housings.

(4) Communication system in which LDs or modulators are placed in BUs

(5) Communication system in which LDs or modulators are placed in nodes

In this paper, advantages and disadvantages of each system will be examined. Finally, the present status of development for NEPTUNE and ARENA communication systems will be described. Developments are progressing in each project separately.
I. INTRODUCTION
New scientific underwater cable network projects are being proposed in USA, Canada, Europe and Japan. In USA and Canada, NEPTUNE, MARS and VENUS projects have been proposed and initiated. NEPTUNE, a joint project between the USA and Canada, will realize a vast cable network of 3,000km in total length in the north-west Pacific. MARS in Monterey Bay and VENUS in Canada precede NEPTUNE and are regarded as test beds for NEPTUNE. In Japan and Europe, ARENA and ESONET projects are proposed.

Communication systems being proposed for these scientific cable networks are significantly different from optical underwater telecommunication cable systems and communication systems built for the telecommunications industry. Most communication terminals for these scientific observatories are placed in underwater housings which are not easily accessible for regular mainenence or repair, whereas conventional underwater telecommunication cable systems connect only to stations (communications terminals) on land.

The oceanographic research community is unable to fund new submarine optical equipment research, development, and product qualification efforts in the area optical networking. Therefore, efforts must be made to make use of existing or soon-to-be-existing optical network products.

From a conceptual design standpoint, designs of undersea and terrestrial optical networks can be seen as almost identical. However, from a practical standpoint, submarine optical networks require equipment with low electrical power requirements, small physical size, sufficient heat dissipation and heat tolerance, high reliability, and no need for physical access by a technician. Thankfully, the demands of the terrestrial optical networking marketplace are driving products in these directions. These observatory design efforts continue to benefit by piggy-backing on these R&D efforts.

One disadvantage to the rapid advances in optical network product development is that new and very attractive types of optical network equipment become available at a rapid rate. Thus, it is important to know the projected deployment date for an observatory so that one can work back to a design freeze date for the optical network. Given the typically fixed-cost nature of the observatory development efforts described here, the cost ramifications of freezing the design too soon can have significant affect on the geographic scope and features of the resulting observatory.

The remainder of this paper presents a snapshot of the optical network alternatives currently being considered by the NEPTUNE and ARENA data communications design teams. First we examine the requirements for each of the design efforts. Then we sketch the technical aspects of the optical network alternatives that can be considered for a submarine optical network. Finally we review the status of the NEPTUNE and ARENA efforts and explain the current design decisions of each.   

II. BASIC CONSIDERATIONS AND REQUIREMENTS
A.
Network Configuration


All transoceanic commercial telecommunications systems are point-to-point links connecting terrestrially shore to shore, with only a few occasional branches. On the other hand, in the case of a scientific cable network, most sensors, instruments and optical transmitters/receivers are placed on the seabed. The cable networks are required to branch in order to economically deploy sensors two-dimensionally in scientifically interesting area. These requirements are thoroughly different from those for telecommunication systems, and make specific characteristics for scientific cable networks.
B.
Flexibility and Expandability


The scientific network often needs to grow with incremental funding, unpredictable scientific needs and future changes in requirements as more sophisticated sensors are developed. Thus the data transmission system should be flexible and expandable to accommodate these changes and expansions.
C. Signal Hierarchy and IP Network.

Conventional underwater and terrestrial telecommunication systems operate with SONET systems. Although they provide reliable and wide band data network, they lack flexibility and expandability. They are for point-to-point connect systems. Moreover, SONET systems are for public telecommunication systems to which a high reliability is required, and are not commercial off-the-shelf (COTS) systems.


One promising system is IP network. The IP network allows for topologically independent extension and enlargement without affecting other nodes. The present scientific community as a majority operates over IP network which is manageable with commercially available data processing techniques prevalent in the internet sphere

D.
Reliability and Cost
The reliability requirement for scientific cable networks is shared with commercial telecommunications. As most of transmission terminals will be placed on seafloor, it is not easy, highly costly and time-consuming to repair or maintain these devices. However telecomm grade reliability is attained through a high cost, which is recouped through a business model that research does not comply with. Further, there is a likelihood of occasional system modification for a research network from time to time, during which repairs and upgrades could be engaged. Therefore the reliability of an underwater research network must conform to a different cost/reliability model when compared with commercial telecommunications.

The underwater repeaters for telecommunication systems consists of only qualified devices and have a simple structure to realize high reliability. On the other hand, the underwater systems for scientific cable networks would contain many devices such as Ethernet switches, sensor interfaces and optical transmitter/receivers. It is not realistic to make these devices from qualified devices only. It is needed to use COTS devices to realize a system which satisfy scientific requirements. This means that further measures to increase reliability is needed.

One fascinating solution would be mesh or ring networks. In mesh or ring networks, even if a portion of the network breaks, the network can continue working bypassing the broken portion. This can also increase the reliability for power feeding systems. By increasing both equipment and path redundancy we can obtain availability of the system without the use of extremely costly high reliability devices. 

Redundancy should be considered for most critical or vulnerable devices.

[FRITZ: Describe statistical reliability facet of NEPTUNE in this segment or in the technical option segment. It would be very attractive to describe reliability statistically and will enhance the importance of this paper.

As reliability is very important and complicated issue, if you could add other aspects, it would be attractive.]

E.
Transmission Capacity

Transmission capacity requirements can be classified into three categories.

1) HDTV signals

Bandwdith requirements for HDTV depends on the signal compression mode. In the satellite broadcasting system in Japan, the baseband HDTV signal of 1.5Gbps is compressed to 24Mbps with MPEG2 which enables recording on D-VHS recorders for home use. The quality of images depends on the compression rate. Although the degradation of images is very little even if high compression rate of 0.016 (satellite broadcasting system) is used, the acceptable level of degradation for scientific use should be re-considered. In the re-consideration, terrestrial transmission and video recording should be taken into consideration.

In addition, if the HDTV signal is transmitted over Ethernet, dropouts of packets could seriously affect the decompression process and may deterioriate the image quality. Quality of service requirements may be significantly increased for the subsea Internet if this is the case. If full-bandwidth HDTV is required for subsea science it is probable that a dedicate path (packet or wave) may be required.

2) Time Synchronous Signal

For acoustic geodesy, time synchronous signals with accuracy from 5-10 micro-seconds is needed.

In case of IP, the NTP protocol typically provides an accuracy of time synchronization is typically in order of milliseconds or higher. Another transmission path is likely needed for a time synchronous signal.

3) Other Data and Control Signals


There are many kinds of sensors and instruments connected to scientific cable network. Although the amount and the format of these data and control signal is different from each other, the total amount of data would be far less than that for the HDTV signal. IP networks can provide flexible infrastructures which accommodate these various kinds of signals.
F. Node to Node Communication

With the advent of sensor network technologies [ ], a more recent need has emerged for low-latency node-to-node interactions. If this proves to be a serious need it limits the topologies available for the optical network design.

III. Technical Options
There are several technical options available. Optical communication technology is evolving very rapidly, and the most promising options would change in time. However, it is worthwhile to examine the characteristics of the currently available options and describe their advantages and disadvantages, as well as the applications they are suitable for. This will help to make clear the present status and orientations of both the NEPTUNE and ARENA development efforts (which will be further discussed in section III.

[FRITZ: Please replace section III with the work you have been doing. I have copied Kenichi’s stuff here, but not done much editing of it. Yellow highlighting indicates Kenichi’s comments as shown in his previous email.]
1) Optical Ethernet and Intra-node Redundancy


[We have presently tested in the laboratory, commercial off-the-shelf (COTS) optical Ethernet devices by Network Electronics, which prove the viability of an optical Ethernet solution for underwater research networks. (I can have this information ready to add to the paper if desired). Distances of 50km unamplified and over 100km amplified using SMF28 type fibre have proven to operate with BER rates better than 10-12 . This equipment operates an appropriate thermal output range and electrical power range compliant with the NEPTUNE power system design.

Could you describe this system as you have presently tested it in the laboratory.]
2) DWDM versus CWDM

[We have evaluated at a "spec sheet" level, CWDM equipment and have not elected to test it in the laboratory for NEPTUNE. This is due to its apparent attenuation limited functionality at about 70km. However CWDM appears to be very attractive for a small system connecting 1GbE networks at distances of around 50km. Recent enhancements to the 14XXnm peak in Corning fiber of furthered this cause. The facile nature IP/GbE mentioned for the extension of NEPTUNE also plays handily in it's ability to interconnect with other GbE optical protocols.  (We can present a simple CWDM extension node design for NEPTUNE. I have one in mind using CISCO equipment if you like.)

Interval limitation of 70km seems due to loss of CWDM filters inserted in the line. Is my understanding correct?

I think although this system has limitation due to attenuation, it seems to have other advantages such as independence between wavelength which increase the system robustness, increasing transmission capacity and flexibility. Even it can not be adopted for NEPTUNE, it would be attractive for another system as you pointed out. If you could describe CWDM system, it would be worthy.]
3) DWDM System with Optical Modulator

[We have done basic evaluation for optical modulator. It uses Raman amplifiers as modulators in underwater terminals. It would enable to use DWDM system in which all laser diodes for which accurate temperature control is needed are placed in land terminals. It would be a possible option for future network. I can briefly describe this method.]
III. ARENA AND NEPTUNE

[KENICHI, FRITZ: Need to expand this after the other sections are complete]
It is understandable that the US and Japan efforts have adopted two different approaches for the design of NEPTUNE and ARENA observatories, respectively. 

One factor which drives the different design philosophies is that NEPTUNE engineering is being for the most part done in academic institutions, with plans to perform the fabrication and installation under industrial contract. The US feels that this approach will make it more probable that the resulting observatory will include the unique features required by the scientific community rather than compromise features in favor of industries preference for building systems closer to the design of existing systems.

The Arena observatory effort, on the other hand, favors a closer relationship with industry during the design phase. They feel that [Need some words from Kenichi here]
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