Options for Communication Systems in

Scientific Underwater Cabled Networks

A Proposed Use of Internet Protocol over Wave Division Multiplexing Technology for a High Reliability Sub Sea Scientific Network
I. INTRODUCTION


The use of modern optical submarine telecommunication cables and recent progress in related technologies make it possible to develop versatile, next generation scientific networks. These networks will provide electrical power and data transmission capabilities to instrumentation deployed on the seafloor. Researchers will be able to access this equipment in real-time from laboratories and provide continuous data from the seafloor. 

Many new scientific underwater cable network projects are being proposed around the world. In the USA and Canada the NEPTUNE, MARS and VENUS projects have been initiated. NEPTUNE will realize a vast cable network of 3,000km in the Northeast Pacific. MARS, located in Monterey Bay California and VENUS in Canada precede NEPTUNE as test. In Japan IEEE OES Japan Chapter has proposed the ARENA project. The ESONET project in EUROPE will cover from the Mediterranean to the North Atlantic Ocean.


Communication systems proposed for these scientific cable networks differ from existing optical underwater telecommunication systems. Most communication terminals for these scientific observatories are placed in underwater housings that are not accessible for maintenance or repair. Conventional underwater telecommunication cable systems place this equipment on shore and connect only terrestrial stations.

It is extremely expensive to fund research and development for telecommunications submarine-grade optical equipment. Therefore the oceanographic community is investigating adaptation of commercial-off-the-shelf (COTS) terrestrial optical equipment.

From a design standpoint, the architecture of  terrestrial and undersea optical networks are almost identical. From a practical standpoint, submarine optical networks require equipment with low electrical power demands, small physical size, adequate heat dissipation, high reliability, and hands off operation., Demands of the terrestrial optical networking marketplace are driving commercial products in these directions. This paper presents a snapshot of the optical network alternatives currently being considered by the NEPTUNE and ARENA teams

II. BASIC REQUIREMENTS

A.
Network Configuration


Scientific cable networks, unlike commercial telecommunications networks, require sensors, instruments and optical transceivers to be placed on the seabed. The science networks require a branching capability so scientists can deploy sensors three-dimensionally in scientifically interesting areas. 


Communications are required between underwater observatories.
B.
Flexibility and Expandability

A sub sea scientific network will need to grow with incremental funding, unpredictable scientific needs and changes as more sophisticated sensors are developed. It is crucial that the data transmission system be flexible and incrementally expandable to accommodate this growth.


The use of a repeated OEO (optical-electrical-optical) backbone, in opposition to a continuous optical ring such as SONET allows for expansion on demand without the retuning of power characteristics. Such an architecture also admits introduction of dissimilar components at a later date assuming the adjacent link protocols are made compatible.

One promising option is an IP-over-Ethernet based network which allows for topologically independent extension without affecting other nodes.

C.
Reliability and Cost


The reliability requirement for scientific cable networks is shared with commercial telecommunications. Most of the transmission terminals will be placed on the seafloor. The inaccessibility of this equipment makes it costly and time-consuming to repair. 

Unlike sub sea telecommunications systems, underwater scientific systems contain devices such as Ethernet switches and sensor interfaces. Commercial terrestrial devices can be employed. However measures need to be taken to increase reliability.

One solution would be to employ mesh or ring topologies, wherein the network continues to function by bypassing failed segments when a portion of the network breaks..

D.
Transmission Capacity


Transmission capacity requirements can be classified into three categories.

1) HDTV signals


Bandwidth requirements for HDTV depends on the signal compression mode. Reduced scan rates for seafloor scenes, which change slowly, and, the nearly monochromatic nature of the optical channel on the seafloor due to the strong wavelength dependence of the attenuation of light should be taken advantage of.

If full-bandwidth HDTV is required, a dedicated path (packet or wave) may be required.

2) Time Synchronous Signal


For acoustic geodesy, time synchronous signals with accuracy from 5-10 microseconds is needed. A more stringent requirement exists for acoustic tomography. Even a 1 microsecond requirement does not allow for much future capability growth
Among internet protocols the NTP protocol typically provides time synchronization with an accuracy (milliseconds). Another transmission path is likely needed for a time synchronous signal. IEEE 1588 with boundary clocks is another option.
3) Other Data and Control Signals



There are many kinds of sensors and instruments connected to scientific cable networks. Although the amount and the format of these data and control signals differ, the total amount of data is far less than that expected for the HDTV signal. IP networks can provide flexible infrastructures, which accommodate these diverse kinds of data.

F. Node-to-Node Communication


With the advent of sensor network technologies [1], a more recent requirement that is emerging is low-latency node-to-node interactions. If this proves to be a significant need it limits the topologies available for the optical network design.

III. TECHNICAL OPTIONS


Here we examine the characteristics of currently available options and describe the advantages, disadvantages. This will help to clarify and present the status and orientations of both the NEPTUNE and ARENA development efforts which are our main focus here.

A. Optical GbE over DWDM with Intra-node Redundancy


The optical solution for NEPTUNE [2] at this time is a Gigabit Ethernet over DWDM solution. Using commercially available optical transponders, EDFAs and multiplexing equipment, distances in excess of 200km are achievable. The equipment works within thermal, electrical and physical size parameters acceptable for oceanographic deployment. The availability of affordable terrestrial EDFAs allows pre-amplification on the order of 23 dB per channel.  

The NEPTUNE design uses 8 wavelengths carrying 1 GbE (Gigabit Ethernet) each.


The NEPTUNE project has presently laboratory tested optical Ethernet equipment manufactured by Network Electronics, (www.network-electronics.com), which prove the viability of an optical Ethernet solution for underwater research networks. Distances of 50km un-amplified and over 200km amplified have proven to operate with BER rates below 10-12. This equipment operates in an appropriate thermal output range and electrical power range compliant with the NEPTUNE power system design.
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Basic Architecture for an 8 Wavelength DWDM System

The various characteristics of the system tested in the laboratory are shown in the table below.

	DWDM CHARACTERISTICS

	Typical Transceiver Specs (Network Electronics Transponders)

	Wavelength:
	1528 nm – 1562 nm

	Wavelength Output Power:
	+0 dBm out

	Receiver Sensitivity:
	-19 dBm in

	Dispersion Penalty:

	2dB @ 170km (Nortel Lasers)

	Typical WDM Parameters (Network Electronics Mux/Demux)

	Mux Attenuation:
	3dB

	DeMux Attenuation
	3dB

	Common Telecomm Fiber Specs (Corning SMF28E)

	Attenuation:
	0.19 dB @ 1550 nm

	Dispersion:
	18 ps/(nm.km)

	EDFA Preamplifier Specifications (Nortel/Bookham 1AOC28)

	Gain:
	23 dB

	Maximum Input:
	-10 dBm

	Optical Budget Estimate – 178 kilometer maximum

	Input
	0 dBm

	Attenuation
	3(mux) + 3(demux) + 2(dispersion) + .19dB/km x 178km – 23(gain) = 19dB

	Output
	Input – Attenuation = -19dBm


B. GbE over CWDM Alternative


One promising approach to optical networking, is Coarse Wave Division Multiplexing (CWDM) technology. Its assets are similar to DWDM with lower cost but a greater limitation on distance. The likely sphere of application for CWDM is for unamplified networks with node separation less than 80km or as extensions to a DWDM network. CWDM appears to be attractive for small coastal applications.

C. 10 GbE Solution


An obvious simplification of an 8-channel GbE DWDM solution is to condense the wavelengths into one 10GbE stream. Cisco Systems currently manufactures a switch which meets NEPTUNE specification in its DWDM line, which utilizes two 10G GBICs.

One challenge with 10G signaling over long distances is the adverse effects of dispersion on signal shape. It works very well for short distances or where dispersion-compensation of some sort can be employed. 


The spectral line width of DFB communications lasers and signal chirp limits the modulation rate of the signal over long runs of dispersive media at  10G. One solution is to omit electrical modulation of the laser, and to use optical modulation; 

D. DWDM System with Optical Modulators


Recently, a new optical modulator has been proposed by Tokura et al[3] which uses a Raman amplifier as an optical modulator for DWDM systems and could be used in submarine applications. 

In the Raman modulator, the modulated driving current modulates the gain of the Raman amplifier, which modulates the carrier lightwave amplitude.

In this system all light sources are placed in terrestrial stations. In each underwater observation node a corresponding wavelength is dropped from an  optical fiber and returned back to the terrestrial station through another fiber after being modulated by the Raman modulator. The same wavelength in the second optical fiber is also dropped at the same node, and is returned back to the other terrestrial terminal through the first optical fiber after being modulated. Thus, even if the underwater cable is broken, all underwater observation nodes can continue data .
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Configuration of DWDM with Raman modulators


The features of this system are:

(a) Simple configuration

(b) The system consists of only field proven devices.

(c)
The wavelength stabilization systems are located in terrestrial stations.

(d) Robustness against cable faults.

(e) About a hundred wavelengths are available for use.

Signal balancing required for the addition of new wavelengths can be partially compensated with the use of dummy lightsources beforehand. 


Although not a COTS system, the system consists of reliable cost effective COTS devices.


One of the promising applications of the Raman modulator design is ARENA in which two horizontal trunk cables are placed at adjacent sides of a plate boundary, and connected to multiple terrestrial stations. This enables step-by-step construction of the network.

In ARENA, one or a few wavelengths are assigned to each node carrying an IP or HDTV signal. Backbone layer connections between the terrestrial terminals increase flexibility. Since laser diodes are placed in terrestrial terminals, it is straightforward to increase the number of wavelengths without affecting previously installed nodes. 

IV. NODE AND NETWORK RELIABILITY


The presently accepted link topology for NEPTUNE is a meshed network architecture. The impact of meshing, and hardware redundancy of critical devices within the node, was determined by performing a study to determine the node availability, repair rate and optimum node channel configuration. This study was divided as follows:

Node Reliability – Determine the number of OEO repeated wavelengths versus dropping wavelengths.

Network Reliability – Examine the adequacy of a meshed topology.


The result of the study demonstrated that if the nodes are not periodically repaired eventually the node will completely fail after 13 years. After 15 years all 26 nodes have at least 5 remaining paths to the shore. 


The conclusion of this study is that the deployment of commercial terrestrial devices in a redundant and meshed architecture provides a system that is acceptable to the oceanographic .

V. ARENA AND NEPTUNE DESIGN STATUS

After the feasibility study for ARENA the idea using Raman modulators was recommended. As the system has many advantages, Tokura et al. [3] built a prototype and evaluated it. The early results show promising characteristics.  Recent experiment showed that the data transmission rate was improved to 310Mb/s from 30Mb/s of the early results, and could be heightened more than a few Gb/s by improving the frequency characteristics of the pump laser.

The present design status for the US NEPTUNE effort is strongly tied to the MARS testbed project. The MARS testbed, a joint project with the Monterey Bay Aquarium Institute, is a single, 3-channel NEPTUNE-style node that is expected to be deployed off the California coast in the fall of 2005. 

This paper describes the technical options of communication systems for scientific underwater cable networks and the present status of NEPTUNE and ARENA. Both systems are based the same basic requirements and  both projects adopted an IP over DWDM architecture. This attests that the IP over DWDM approach will become mainstream in scientific underwater cable networks. 
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