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ABSTRACT

The Office of Naval Research (ONR) is sponsoring a number of Science and Technology (S&T) initiatives in the area of Underwater Acoustic Communications (Acomms).  These initiatives are resulting in the development of new signaling schemes and signal processing algorithms.  The scope of these initiatives ranges from low data rate (100-1,000 bits per second), low power, non-coherent, covert modulation techniques to high data rate (10,000 bits per second), high power, phase coherent technologies for the transmission of large amounts of digital data.  ONR’s Underwater Acomms program includes basic, applied and advanced development research projects.  Recently, new commercial underwater acomms modulation and demodulation (modem) systems have been introduced using these new acomms technologies. They are used for transmitting voice, text and instrument data between submerged sources and remote receivers.  Typical scientific acomms modem applications include real-time data transfer between bottom or surface moored ocean buoys and autonomous underwater vehicles (AUVs).   The offshore oil industry accounts for most of the commercial modem applications. Here acoustic modems are used to monitor pipeline and platform functions, and to remotely operate valves.  Military applications include submarine-to-surface ship, submarine-to-submarine, submarine-to-unmanned undersea vehicle (UUV), and submarine-to-distributed sensor data links. 

I.  INTRODUCTION

Electromagnetic (RF) signals are severely attenuated in the oceans; likewise, laser blue-green, light beams can only penetrate seawater a few tens of meters.  Extremely-low-frequency lateral electromagnetic waves show promise for underwater low data rate communications, but require large transmitter apertures and power sources [1].  Sound waves provide the best impedance match to the underwater acoustic channel.  As a result, the Navy’s underwater communication systems utilize acoustic signals to send and receive messages.  

The Navy’s standard underwater telephone converts audio voice signals to acoustic signals by modulating an electrical carrier frequency; amplifying the modulated carrier; and converting the amplified, modulated carrier to an acoustic pressure wave using an electroacoustic transducer mounted on the hull of the ship.  At the receiving underwater telephone, the acoustic pressure waves are converted to electrical signals, demodulated, amplified, and converted back to voice signals by a headset speaker. 

The first standard underwater telephone system, the AN/UQC-2, was introduced in the 1940s.  It operated in the 8-12 kHz band, and employed single sideband modulation.  The UQC was superceded by the AN/WQC-2.   In the 1960’s a WQC low frequency band was added for better range performance.  In the 1970’s the WQC-6 underwater telephone was introduced.  The operational range of these underwater telephones is limited, and they suffer from signal degradation caused by reverberation in the form of multipath intersymbol interference.  These underwater acoustic channel effects are frequently so severe, the underwater telephones are only used in emergencies to send short messages.

With the emergence of the new Navy doctrine—Forward, From the Sea—the missions for the submarine force are expanding. The new submarine missions require coordinated operation with the rest of the battlegroup, deployment of remote surveillance systems, and peacetime surveillance and reconnaissance.  These new missions require effective communications while the submarine is submerged at speed and depth [2]. 

Both ships and submarines will need to communicate with remote, off-board sensor systems in the form of UUVs and Deployed Autonomous Distributed Sensor (DADS) systems [3]. The new sensor systems can collect and process huge amounts of data, characterizing in-situ environmental conditions and shipping traffic.  This data is converted to a “picture” of the undersea littoral battlespace.  These undersea images are critical to the successful execution of operations envisioned in the new Navy doctrine.  The ability to generate the undersea battlespace pictures, and accomplish the new undersea missions hinges on a high speed, covert, undersea communications network, linking all the undersea combatants and their associated sensor systems. 

II.  OFFICE OF NAVAL RESEARCH (ONR) UNDERWATER ACOMMS PROGRAM

The Office of Naval Research (ONR) is supporting a number of projects focusing on the improvement of underwater acoustic communications.  These projects span the entire spectrum of the communications process—data compression, encoding, modulation, transduction, beamforming, synchronization, equalization, detection, demodulation, decoding, decompression, and data display.  Refer to Table 1.

The Department of Defense S&T process consists of three distinct phases- basic research, applied research, and advanced development.  The basic research program “seeds” new technologies and exploits breakthroughs for naval applications.  New technologies and concepts for future systems are developed in the applied research program.  The advanced development phase is where new high-payoff naval capabilities are demonstrated using the high-risk, technologies and concepts developed in the applied research phase.  The funding categories for the basic, applied and advanced development phases

Table 1.  ONR-Funded Underwater Acoustic Communications Projects.

Proj.

No.
Project Title
Objective
S&T Category
Performing Agency
Principal 

Investigator
Period of 

Perf.

1
“Hadamard Matrices” Type A
Acomms networking
6.2 SBIR
Delphi & Datasonics
Proakis, Porta & Rice
FY97-99

2
“Convolutional Codes & FHSS” Type B
Acomms networking
6.2
Datasonics
Green & Rice
FY96-98

3
“Channel Adaptive FHSS”    Type C
Acomms networking
6.2
Sanders, a L-M Co.
Edelson & Will
FY96-97

4
“Covert Acoustic Communications”
Covert acomms
6.2 SBIR 
Delphi & PSI
Proakis & Forren
FY98-99

5
“Multiline Transmit Array for LPD/LPI Acomms”
Covert acomms
6.2
NUWC
Owsley
FY97

6
“Compressive Underwater Video

Camera”
Video frame xmit
6.2
HBOI
Caimi, Ritter & Schmalz
FY96-97

7
“Impulse Response Mapping”
Channel mapping
6.2
HBOI
Caimi & Tongta
FY96-97

8
“Utility Acoustic Modem”
AUV comms
6.1
NEU & WHOI
Brady, Preisig & Johnson
FY95-99

9
“Active Noise Suppression & AUV Acomms Optimization”
Noise Suppress.
6.2
NUWC
Peloquin & Leinhos
FY98-00

10
“Surf Zone Robot Communications”
Multi-user acomms
6.2 STTR 
NEU & Massa
Brady & Massa
FY97-99

11
“Underwater Acoustic Channel & Network Optimization”
Network Optimize 
6.2 SBIR 
Delphi & Datasonics
Proakis & Porta
FY99-00

12
“Coherent Path Beamformer”
Multipath Suppress.
6.2
FAU
LeBlanc
FY98-99

13
“Acomms with AUVs & AOSN Development”
Multiuser Protocols
6.2
FAU
Smith
FY98-99

14
“Advanced Tactical Acoustic Communications ATD”
Fleet Acomms Systems
6.3
NUWC, WHOI & Sanders
Nagle, Freitag & Edelson
FY97-99

15
“Acomms Overview & Spatial Signal Processing”
Improved FSK SNR
6.2
MIT
Baggeroer & Kilfoyle
FY98-99

of the S&T program are designated 6.1, 6.2 and 6.3, respectively.

Projects 1-3 in Table 1 are all based on acoustic communication technologies optimized for low data rate, low power, covert, and robust underwater communications.  These projects are being undertaken in direct support of the ONR Code 321 DADS program, and are managed by the Mr. J. A. Rice at the Space & Naval Warfare (SPAWAR) Systems Command, San Diego, CA.

Northeastern University and Delphi Communication Systems, Inc. are collaborating with Datasonics to develop an acomms modulation scheme employing Hadamard codes for the new Datasonics ATM-875 underwater acoustic modem. The ATM-875 has a maximum source level of +175 dB re 1uPa and operates in the 8-14 kHz frequency band.  The ATM-875 shipboard modem with an operator control unit and a self-contained subsurface ATM-875 modem are shown in Figure 1.   
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Figure 1.  Datasonics Underwater Acoustic Modem, Model ATM-875.

The Hadamard modulation scheme, called Type A, provides a maximum data rate of 1200 bits per second (bps) [4].  SPAWAR Systems Center, San Diego and Datasonics are collaborating in the development of a new commercial modem, incorporating an M-ary frequency-shift-keyed (MFSK) modulation scheme, called Type B.  Type B signals employ non-binary convolutional coding. Type B computer simulations predict a bit-error-rate of 10-5 at a signal (bit)-to-noise ratio (Eb/No) of 8 dB [5].   Datasonics has been developing acoustic modems since 1991; see Sea Technology, February 1998, vol. 39, no. 2, and pp. 49-55.

A third SPAWAR and Sanders Company collaboration resulted in a modulation scheme referred to as Type C—a frequency-hopped, spread spectrum design incorporating channel adaptive equalization.  The technology developments for all three of these modem signals and signal processors were funded by ONR.

The Covert Acoustic Communications and Multi-line Transmit Towed Array projects are both aimed at low frequency, long range covert acoustic communications.  Both of these projects employ low data rate (5-50 bps) acomms technologies that would be used primarily by the U.S. Navy.

Projects 6-9 and 11-14 are focusing on high data rate, robust submarine and UUV underwater communications.  The Compressive Underwater Video Camera project is a joint effort by the University of Florida and the Harbor Branch Oceanographic Institution (HBOI).  This project is comparing a number of low-distortion, high-rate image compression transforms and is developing enhancements to the Blurring, Local Averaging, Sharpening, and Thresholding (BLAST) transform which achieves high compression ratios (~400:1) and distributes error uniformly in the spatial sense [6]. Another HBOI project—IR Response Mapping—is determining if it is possible to use existing acoustic propagation models to predict the impulse response (IR) of an underwater acoustic communications channel.  Preliminary analysis of in-water IR data indicates good agreement between model predictions and experimental results.

The Utility Acoustic Modem (UAM) project is part of the ONR Code 322OM Autonomous Oceanographic Sampling Network (AOSN) program.  This project is developing an AUV acoustic modem, which will be used to monitor AUV performance and sensor data, determine AUV location within the network, and allow AUV remote control via a RF  gateway node. The UAM electronics and canister are shown in Figure 2.  Used primarily for scientific experiments, its design has not been commercialized.  The watertight canister pictured in Figure 2 is 5 inches in diameter and 12 inches in length.  It houses the modem electronics and battery.  The UAM developer, Woods Hole Oceanographic Institution, is now developing an even smaller version, called a micromodem, for use in bottom crawling UUVs. 
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Fig. 2.  UAM Electronics and Canister.

The UAM has two modulation schemes—MFSK (10- 1,000 bps) and PSK (2,500- 10,000 bps).  Operating frequency is programmable up to 30 kHz.  Transmit source level is +180 dB re 1uPa.  In the receive mode the modem consumes 4 watts; in the “sleep” mode it draws 0.05 mw.  The energy source is a 300 W-H lithium battery.  Plans call for remote control of the modulation mode, and eventual adaptive modulation mode switching.  See Sea Technology, June 1998, vol. 39, no. 6, pp. 65-71.
An UUV Modem Active Noise Suppression project is being accomplished by the Naval Undersea Warfare Center, Division Newport, and is sponsored by ONR Code 333.  This project is directed toward a number of UUV acoustic communication challenges, including vehicle noise mitigation, enhanced packet detection, and UUV acoustic communications transducer array optimization.  See Sea Technology, December 1997, vol. 38, no. 12, pp. 10-15.

The Surf Zone Robot Communications and the Underwater Acoustic Channel and Network Optimization project are small business research projects.  Both are investigating new technologies for underwater acoustic network optimization and multi-user communications.  The former is focused on robotic network communications and the latter is concentrating on fixed and mobile node, acoustic network, communication.  For more information on the Navy Small Business Technology Transfer (STTR) and Small Business Innovative Research (SBIR) programs, see Internet web site http://www.onr.navy.mil/sci_tech/industrial/sbir_bbs.  

Northeastern University  and Massa are partners in the Surf Zone project.  This project is investigating a new approach for underwater acoustic communication and navigation, focusing on an application where a number of small robotic “lobsters” would be remote controlled and positioned in very shallow water.

Delphi Communications Systems and Datasonics are the performing agencies for the underwater acoustic network project.   This SBIR project has two main thrusts.  One thrust is aimed at developing techniques for in-situ measurement of the acoustic channel scattering function—the multipath spread and Doppler spread.  Knowledge of the channel’s scattering function can then be used to select the modem signal and signal processor most appropriate for the measured channel.  Eventually this technology will be used to not only match the modem signal to the given channel, but also automatically change the signal parameters to a more appropriate type if the channel’s scattering function changes.

The second thrust of the Delphi/Datasonics underwater acoustic network project is to develop techniques for optimizing the routing of messages amongst nodes in the network to spread node energy consumption evenly throughout the network.  This project is also developing the protocols for multi-user, underwater acoustic communications.  Current plans are to employ code-division-multiple-access (CDMA) methods using Gold codes.    
The Department of Ocean Engineering at the Florida Atlantic University is involved in two ONR acomms projects.  One is investigating the benefits of an adaptive beamformer “front-end” for underwater acoustic modems.  Initial results indicate the adaptive beamformer may yield very high data rates (20-50 kbps), especially at frequencies greater than 25 kHz.  The second project is developing a “Peer-to-Peer Communication Protocol” for underwater communications.  This new acomms protocol is being incorporated in EdgeTech acoustic modems.   See Sea Technology, May 1998, vol. 39, no. 5, pp. 10-15. 

The Florida Atlantic University, Ocean Engineering Department was instrumental in the development of the Edgetech Full Spectrumtm  Acoustic Modem, pictured in Figure 3.  The Edgetech modem uses a multi-frequency chirp pulse operating at 25 kHz with a source level of +192 dB re 1 uPa.  It features baud rates from 300 up to 2,400, and these rates “auto adjust” to provide the maximum rate for the channel.  Expected range performance is up to 4 km in 10 m deep water and up to 10 km in deeper water.  It uses an enhanced AT command set, weighs about 10 kg, and the standard housing can operate down to depths of 1,000 meters.
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Figure 3.  Edgetech Acoustic Modem

The Tactical Acoustic Communications Advanced Technology Demonstration (ATD) project started in October of 1996, and will span a total of three years. This ATD project  sponsor is the Submarine Warfare Division (N87) in the Office of the Chief of Naval Operations. The ATD is managed jointly by ONR and the Advanced Systems and Technology Office (ASTO) in the Navy’s Program Executive Office for Undersea Warfare (PEO-USW).  The “lead laboratory” for this ATD is the Naval Undersea Warfare Center, Division Newport, and the prime contractor is Sanders, a Lockheed Martin Company.  This ATD is developing signal processing algorithms and associated “core” modem systems for use on Navy submarines and surface ships.  The ATD goals are a robust, real-time voice and fax acomms capability at ranges of 37 to 124 km at medium frequency (2-4 kHz) and a video frame acomms capability at ranges of 3.7 to 5.6 km at high frequency (20-40 kHz).  The voice and text transmissions will require a data rate of 2,400 bps and the video frame transmissions will require a 10,000 bps data rate.  Maximum range at either frequency will be dependent on in-situ environmental conditions as well as source and receiver geometry.

The basic algorithms being employed in the ATD project were developed in the mid 1990s by a team of scientists from the Massachusetts Institute of Technology (MIT), Northeastern University, and the Woods Hole Oceanographic Institution.  Acomms data rates as high as 20,000 bps at ranges of 2 km in shallow water were demonstrated in controlled experiments with these algorithms.  The algorithms are based on the use of phase coherent modulation, coupled with joint synchronization and adaptive equalization [7]. Adaptive equalization is used to combat intersymbol interference (ISI) caused by the underwater acoustic channel multipath phenomenon.

All ATD transmissions—whether voice, text or imagery—are converted to digital signals formatted in packets.  The beginning of each packet consists of a probe signal used for multi-channel synchronization, followed by a training sequence and then the actual data.  The training sequence is used to initialize the mean-square-error algorithms, in effect, allowing the modem receiver to adapt to the propagation conditions of the in-situ acoustic channel. The development of these advanced coherent underwater acoustic channel algorithms is an underwater signaling breakthrough, producing an order of magnitude improvement in throughput data rate.   For a demonstration of ISI-free, underwater, voice transmission using the ATD technology, listen to the .wav file recordings at this ASTO web site: http://www.asto-nav.com  Select the Programs button, then the Active Technology button, and scroll down to the Acomms ATD text.  For comparison an AN/WQC-2 voice recording is included on this web site.

Professor Arthur Baggeroer of the Departments of Ocean Engineering and Electrical Engineering at MIT is the principal investigator for a comprehensive acomms project which is endeavoring to compile an “Overview of the State of Acoustic Telemetry.”  See accompanying article by Professor Baggeroer and Daniel Kilfoyle in this issue. In 1984 Professor Baggeroer published an initial summary of the state-of-the-art of underwater acoustic telemetry [8].  One of Professor Baggeroer’s Ph.D. students is currently investigating acomms transmit spatial diversity as a part of this same project.

In addition to the projects listed in Table 1, the Naval Research Laboratory (NRL) has a three-year project underway to characterize the environmental effects on coherent acoustic communications employing joint synchronization and adaptive equalization techniques. NRLs’ efforts will result in new propagation models, which provide physics-based solutions for phase and amplitude signal variations as a function of the channel’s environmental characteristics and source/receiver geometry.

III. FUTURE FOR UNDERWATER

ACOUSTIC COMMUNICATIONS

The Navy is embarking on a new warfare paradigm—Network Centric Warfare.  It is based on the premise that networks can help the military achieve information dominance, leading to [9]:

· Speed of command, and

· Ability to organize from the bottom up.

The Navy is convinced net-centric warfare will lead to a “Revolution in Military Affairs,” enabling smaller, smarter, and quicker armed forces.

Evidence of the benefits of computer networks is all around us—in the office, at the supermarket, and in our homes.  Computer networks are revolutionizing industry and business.  It is not difficult to envision how these networks-- connected by land lines, RF and satellite links-- can be applied to benefit the Air, Army, and Navy Surface Ship forces.  It is more difficult to envision an undersea acoustic network because acoustic waves in water travel so much slower than radio frequency (RF) signals in air.  RF signals travel at 3 X 108 m/s in air whereas acoustic signals propagate at ~1.5 X 103 m/s in water.

A number of other acoustic phenomena constrain underwater communications and pose challenges to the realization of undersea acoustic networks.  The more significant are: multipath spread, Doppler spread, natural noise sources, anthropogenic noise sources, and medium inhomogeneitities.

Currently, significant strides have been made in mitigating many of the above underwater acomms channel features, but we are still some distance from achieving the goal of reliable, practical, undersea, acoustic networks.  To realize this goal will require further improvement in some areas of undersea acoustic communications.  The ONR Acomms program is addressing these issues as shown in Table 2.

The very nature of the underwater acoustic communications channel results in a number of challenges for the acoustic modem designer.  For instance, long range acomms dictate operation at low frequencies to minimize propagation losses.  Operation at low frequencies constrains bandwidth, which in turn limits data rate!  Low probability of detection requires minimum signal-to-noise ratios (SNRs); the lower the SNR, the higher the error rate and the lower the data rate!

MFSK modulation techniques appear optimum for low data rate communications in acoustic channels that are overspread both in Doppler and multipath [1].  Coherent, multi-channel, PSK techniques so far are optimum for high data rate acomms in underspread channels [10].

Table 2.  ONR Acomms Program Goals

Program Goals
Associated

Project (s)*

Greater operating range
4, 5

Multi-user access
2, 10, 11, 13

Low probability of detection
4, 5, 14

Low probability of intercept
1, 2

Higher Data rates
6, 12, 14

Lower error rates
3, 8, 14

High availability (operation in all undersea environments)
1, 2, 7, 8, 9, 15

*Refer to Table 1 Project Numbers

These results are leading to consideration of the “smart” modem concept.  Smart modems would utilize a priori knowledge in the form of 1) estimated or known modem positions in the channel, 2) oceanographic databases of site-specific acoustic propagation features, 3) and acoustic propagation models.  The transmitting Smart modem will use these databases and models to select the appropriate channel “probe” signals.  Demodulation of the probe signal by the receiving modem will yield estimates of the channel’s scattering function—multipath time spread and Doppler frequency spread.  This information will be fed back to the transmitting modem and used to match the data modulation scheme to the channel capacity and scattering function. 

In scenarios where either the transmitting modem or the receiving modems are moving underwater, the acoustic channel’s capacity and scattering function will most likely vary more rapidly than those of fixed- position modems.  The Smart modem will automatically sense these channel changes and adjust the modulation mode and data rate accordingly.  Each Smart modem will contain a number of modulation types and associated signal processors.   This modem design concept is a radical departure from previous designs that relied on a single type of modulator and demodulator.  The Smart modem paradigm is illustrated in Figure 4.

The challenge for undersea acousticians is to continue to develop new technologies that would enable the realization of robust, undersea, acoustic communication networks, i.e., an undersea Internet.  This is a grand challenge.  Meeting it is a primary goal in the Navy’s move towards network-centric warfare, and meeting it will benefit all mankind as we continue to strive for a balance between the development and protection of marine resources.
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Figure 4.  Underwater Acoustic Smart modem Paradigm.
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