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FOREWORD (U)

w@e Project COMBO* uses coded marine animal sounds for a covert underwater
communications system with ranges to 50 nmi. The Project COMBO concept originated in
1959 at the Navy Electronics Laboratory. Collection and analysis of sounds suitable for ul-
timate use in Project COMBO began in 1965. We recorded marine animal sounds, measured
sound source levels, observed animal behavior and initiated acoustic analyses. In 1970, the
Defense Advanced Research Projects Agency (DARPA) sponsored analysis and duplication
of sonogram patterns of marine mammal sounds we had collected and the Naval Ship
Systems Command (NAVSHIPS) sponsored the Project COMBO communications applica-
tion of the sounds.

== During Project COMBO, we developed a coding technique that uses temporal
and frequency patterns to convey messages. We also developed a recognizer/decoder instru-
ment, the COMBO Signal Recognizer (CSR), and produced the improved CSR-II from it.
We developed methods for computer sound synthesis and investigated communications ap-
plications of entire sound sequences. Laboratory and sea tests used six demonstration mes-
sages based on coded pilot whale sounds: messages were received correctly underwater out
to 50 nmi.

=& The Project COMBO effort was coordinated with the Low Data Rate, Quick
Response Program of the Integrated Acoustic Communications System plan. In this report
we review Project COMBO and relate the project concept to advanced development and
fleet use. We present background information and discuss the Project COMBO plan.
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SUMMARY (U)
OBJECTIVE (U)

e Develop a covert communications system with a bioacoustical message format
using animal sounds as message elements that are recognizable with existing fleet signal pro-
cessing equipment.

RESULTS (U)

1. == A coding technique, a computer program for elemental sound synthesis and
a recognizer/decoder instrument that is compatible with fleet low-data-rate communications
equipment were developed.

2. = Pilot whale sounds were synthesized and coded to convey six demonstra-
tion messages. Messages were received correctly underwater out to 50 nmi.

RECOMMENDATIONS (U)

1. s Coordinate progress and results from Project COMBO into the Integrated
Acoustic Communication System Plan, especially the Low Data Rate/Quick Response
Program.

2. == Develop techniques and equipment to synthesize large whale sounds and
small whale screams and to process wideband clicks and frequency-swept signals.

3. =eae Modify the COMBO signal rece:ver system to utilize more message frequen-
cies. Increase the CSR processing bit rate to 0.07 bits/sec. Use automatic gain control and a
wider filter pass band on the receiver system. Adapt parallel coding/decoding to the CSR;
update the input pattern every 50 msec.

4. we@y Perform an error analysis on the triple-redundant message format.

5. =elmsm Develop and maintain a reference collection of recorded marine animal
sounds. Collect information on the distribution and habits of bioacoustic source animals.
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INTRODUCTION (U)

iy Project COMBO was o four-year rescarch and development effort to produce a
covert-by-disguise underwater communications system using coded underwater sounds of
marine anicils. The coded sounds are generated at one platform and received and decoded
at another tfigure 1), Marine animal sounds are common and prominent components of the
natural underwater sonte environment. Military communications based on natural animal
sounds confound detection by even informed enemy surveillance because the messages are
but o small portion of the total biological chorus. As part of Project COMBO we character-
ized marine animal sounds, devised a distortion-free coding scheme. identified signal process-
ing techniques. developed a method to project. detect and decode signals. and synthesized
sounds with computer algorithms, Project development can be traced in references 1-4.

COMBO RECEIVER

IN THE FLEET TO BE DEVELOPED
e N -
p SLPDE‘ZZ/'?::L COMBO SIGNAL DECNDED
PROCESSING RECQGNIZER MESSAGES
SHIP ( MESSAGE SYNTHESIZED
SONAR FORMAT ANIMAL SOUNDS
PRI

(U) Figure 1. COMBO system concept.

s Project COMBO relates to the Integrated Acoustic Communications System
(TACS) Plan (reference Sy, especially the Low Data Rate. Quick Response Program (LDR/
QRP) (reference 6). The project provides a system for submarines to communicate LDR

messages up to g SO nmi range without revealing their location. Such LDR messages may be

useful in Identification Friend or Foe (1) functions. during escort or to coordinate sup-
port. trail. barrier or fire control activities. The system also provides submarines a covert
means to transmit sweep finds to surface units and to contact other submarines prior (o

conventional communication. Use of natural underwater sounds makes the COMBO system

a relatively covert solution to LDR communication tasks.
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4 mebme he project’s objective is to develop a covert communications system with a
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bioacoustic message format using animal sounds as message elements. Messages can be g
received with existing signal processing equipment in the fleet, The system will confound
interceptors by presenting an cverwhelming task of analyzing all marine mammal sounds
encountered inorder to icentify possible message clements. |4

AUTHENTICITY (U)

mafmme |- idelity of transmitted sounds depends onsignal-to-noise ratio and transmissicn
bandwidth. Sounds recorded for communications applications must have a high signal-to-
noise ratio or undergo subsequent noise removal, Transmitters must maintain sufficient

bhandwidth to preserve the sounds’ natural qualities. :
{3
J (Uy Improved fidelity factors result from better recording technigues, improved sig-
nal processing and synthesis and advanced transducer development. g
4
Y e Thie transmissions’ temporal and geographic consistency depends on detailed I
knowledge of distribution and habits of biodcoustic source animals. ;
UTILITY (U)
Lo
el |10 COMBO communication systemutilizes receiving and processing equipment. ‘: i
such as the WOC=5, already in fleet use. System implementation requires message recogni- i
tion equipment, transducer optimization and signal generation capability. Tape recordings
or real time signal-synthesizing computers can generate the signals., ;
; :
; PROGRESS (U) A
¥ A
.
HARDWARE CONFIGURATION (U) 3
N
(Uy The contiguration of the Project COMBO equipment is described in this section.
Ve,
7
=i The waveform generator is a magnetic tape recorder that plays cassettes contiin- 44
S ing coded analog recordings of pilot whale phonations in natural choruses. ) -
=
?x (Uy A specially-designed 1-kW amplifier drives selectable-impedance transducers at
£ full power in the frequency band from 20 Hz to 10 kHz. o
mbe Acoustic sources included a free-flooded cylindrical transducer to reproduce B
i pilot whaule sounds. Critical characteristics of the transducer were broadband response, hish
0
8 3
E Vv,
I SEGHEI B
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N iy Vg AT




s P 0 S e iia:
Ak g R st L Tt Ry R S R Lg% S ¢ G R s i CO B LAy )
Ll e ERIEAY

ey 3 5 a8

power capacity . depth msensitivity, small size and light weight. Parametric transducers were
also used in test pools and at sea in cooperation with personnel from the Naval Underwater
Systems Center.

=i Channels up to 50 nmi long were established during sea tests. Coded pilot whale
sounds in the 1.5-to 4.0-kHz band were projected at levels up to 200 dB re 1gPa at 1 m. Pro-
jector and receiver depths varied from near surface to 122 m. The water column was well-
mixed.

wmh A coustic sensors are cable-connected., calibrated hydrophones or military sono-
buoys. Modified siot buoys provide an ¢jectable transceiver to extend the warface or airborne
communication range without increased transmitted acoustic powen.

Y
e The coding emplovs trequency shift keying (1°SK) using natural tonals inherent

3 in the signals within a chorus of animal sounds. Triple-redundant transmission is used to
k3! overcome interference. A message is repeated three times in three different ways in a 90-

” second interval. The message format is deterministic and provides o choice from six different

'{; messages with assigned meaning.

, melie [ he message detectoris tae modificd COMBO Signal Recognizer. CSR-[1. The
CSR-H has an operator-set threshold calibration, error-correcting logic and external circuit
';- testers, The instrument shifts automatically to account for missing up to two ol the three

signals in the first signal set. The CSR-11 also accounts for missing signals and for random
signal occurrence within a specific time interval. The instrument recognizes multiple qualily-
= ing signals preceding messages and extracts the messages from the transmissions.

=4

J‘I wimim [h1e signal band is not limited in this plan. Analog voltages input to the CSR-]1
may represent any preprocessing algorithm and thus do not confine the encoding-decoding
method to tonal preprocessing. The decoding scheme accommodates broadband animeal
i sounds with rapid M sweeps and rich harmonic structure. The CSR=IT uses stundard spectral
i processing instruments related to tie AN/BQR-20/22/23 equipment and to the WQC-5
' (LDR/QRP) communication system (reference 6).

3

1 SIGNAL SECURITY (U)

a
4

s Covert use of the COMBO communication scheme requires computer synthesis
of unimal sounds, Marine animal signals recorded in nature are inseparably imbued with
noise and cannot be used directly as a signal waveform. Non-unitorm spatial distributions in
the noise field projected with natural animal sounds would destroy the communications”
covertness. The code format requires a unique. ever-changing sequence of background sounds
to maintain the code’s natural quality. In the COMBO scheme, all sounds would he
synthesized.

Sl et

iy

mele  The COMBO plan providessix possible messages which can be assigned arbitrary
meaning that can be changed at any time. A “code of the day™ is possible with the plan.
The number of messages can be increased by using different equipment conligurations and
other signal processing techniques. The CSR=TT bit rate is about 0,035 bits/sec and can he
doubled to 0.07 bits/sec by using sweep limit control (reference 7).

9
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== Transducers and amplifiers used in the COMBO scheme must be compatible
with fleet cquipment. We surveyed transducers in flee: use and other low-frequency trans-
ducers that could be used in the COMBO system (reference 8, 9). With minor modifications,
fleet transducers are marginally acceptable for COMBO transmissions in certain frequency
bands. Forexample, the UQC-2 transducer is the best fleet transducer for pilot whale
sounds. The fleet transducers surveyed have limited low-frequency capability. The extended
low-trequency response of the other transducers surveyed would enable transmission of more

diverse signals over greater ranges.
ENVIRONMENTAL FACTORS (U)

malm  Covertness of COMBQO communication depends upon signal fidelity and the
naturalness of the animal sounds. The sounds’ physical characteristics, such as source level
and tonal componerts, must be proper. Preferred sounds are from marine mammals, such as
pilot whales or killer whales, with a cosmopolitan occurrence. The sounds must be used in
an appropriate context. For instance. mating signals transmitted in a non-mating season
could arouse the suspicion ol a knowledgeable monitor. The sounds from a single species
may vary regionally. Thus, well-known dialects should not be used out of context. These
sncculations presume a knowledzeable interceptor.

mee The COMBO plan requires natural sounds to provide a *cover™ for communica-
tion signals. In some arcus certain species of whales have become scarce through overharvest-
ing. but conservation measures huve allowed other populations to increase. For example, the
sotthern right whale ts nearly extinet but the grey whale population is increasing. Population
size is not necessarily directly related to acoustic presence. FFor example, the humpback
whale populationis small but the species is particularly soniterous. Similarly. the killer whale
(Orcinus orea), ts frequently heard even though its population is depleted. Thus. the use of
COMBO soundsin the ocean requires relatively few whales, and conservation measures should
guarantee populations at feast as large as present ones.

SYSTEM COMPONENTS (U)

(U) The followingsections present six aspects of the COMBO systent: Signals, Signal
Detection (CSR), Signal Synthesis, Transducers, Deployment Security, and Fleet Impact.

SIGNALS (U)

=& | hree categories of marine mammals produce sounds with potential COMBO
application: farge whales, small whales (1 cluding porpoises). and pinnipeds (seals and sca
lions). The listed sounds are common and contain tonal components. Within the whale cate-
gories. animals are discussed in order of probuble potential applicability to the COMBO
communications scheme from most to least likely. Pinnipeds are not so ordered. because
most oceur in non-overlapping geographical arcas. and nearly all are very vocal.
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megm | arge whales produce low-frequency sounds with high source levels. The low-
frequency sounds require special triansducers. The sounds could be used in a COMBO com-
municabions scheme with an ntended ravge bevond 50 ang or Tor shorter distaroes vider
very noisy conditions. Sounds from small whales and from pinnipeds are higher in frequency
and therefore easier to reproduce with transducers. In a COMBO communications scheme.
sounds from small whales and pinnipeds are limited to ranges below 50 nmi unless source
fevels are at feast 20 dB over natural. The most suitable large whale sounds for COMBO are
from humpback. right. and finback and from pilot. killer and beluga among the small whales
(see figure 2).

LARGE WHALES (U)

(U) The humpback whale. Megaptera novacangliae. produces a variety of ander-
waler calls including howls. moans grunts eries velps, and low-frequency pulses. Funda-
mental components cover frequencies from 20 to 2000 Hz. with harmonics as high as 5000
Hz. Sound duration varics from 0.2 sec to over 5 see, and source level may exceed 180 dB
pe |t Hompback whiade plomation are clen freguepoy oduhited

(U) When not migrating, humpback whales oceur coastally and are distributed in all
oceans. The whales occur in lower latitudes during winter and spring and in higher latitudes,
including polar scas, during summer. In the breeding areas around Bermuda, the West Indies.
Hawaii. and New Zealand, humpback whale sounds are grouped into “songs™ that last up to
30 min. contain sections of repetitive. stereotyped phrases. and may be repeated for hours
(reference 10).

(U) The right whale. Eubalaena glacialis, produces sounds stmilar to humpback
whale sounds: moans. grunts. and bellows intermingled with pulses and rasping sounds
(reference 11). Line components vary between 50 and 1500 Hz. with durations from 0.2 to
at least 4 see. Most of the energy in the phonations occurs below 500 Hz. Sound source level
is over 180 dB re | pPa. Right whales are widely distributed in small numbers, in coastal
waters, in latitudes poleward of 25 degrees. Right whales migrate to lower lutitudes during
the winter.

(U) The finback whale. Balacnoptera physalus, produces pulses and moans in the
vange Tro 10 1o Tuu Hz, widh Tess Than 1 osec duiation. Soaic Tinbadk wiidie sounds aie Tie
quency modulated (references 12, 13). Finback whales produce pulse trains centered at 20
Hiowith regalar inter-pulse intervals ol o few seconds (redferenee 14y The 20-He pulses
occur in doublets with intra- and inter-doublet intervals of 10 to 25 sec. The pulse trains
continuce for hours. and constitute well-known interferences at SOSUS stations. Anather
Cinback Whale soumd 42 Boacoroam commposcd-of 2 0¥ Haz 3 B see comporont felldwed e o
34-Hz component varying in length up to 1.8 sec. Source levels of finback whale sounds
range up to 180 dB re 1 uPa (reference 13). The finback whale occurs in all oceans, espe-
cially in polar seas during summer months.

seae  Off Chile. the blue whale, Baluenoptera musculus, produces 37-sec sequences of
three moans. The interval between the first two moans varies up to 2 sec. and between the
second and third frem 1.5 to 3.5 sec. A 390-11z tonal pulse occurs just before ihe last moan.
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The blue whale mouns average 188-dB source level, and are amplitude-moduluted at 3.9 and
7.8/sec. The strongest components oceur at 26 Hz.and others extend to about 200 He
Sequences typically repeat every 1.7 min. but the silent interval may be as long as 3.3 min
(reference 15). In the castern North Pucitic, blue whales produce similar moans of two ty pes.
with the most energy near 20 Hz. Blue whales occur in all oceans. They concentrate at hieh

latitudes during summer months and off California in autummn. The long. 20-H/ phonations are

well-known at SOSUS stattons from southern California to the Bering Sea (reference 127

e The sperm whale. Phvserer carodon, produces trains of short clicks. At slow re-
petition rates, the sperm whale click trains are called “carpenter fish™ sounds by Nuavy sonar-
men. The clicks have a source level as high as 175 dB and most energy between 200 and
10.000 Hz. The click repetition rate ranges from 1 to 100 per second. Short click trains may
have distinet rhythmic patterns, and may be repeated (references 16, 17). Spermy whales e
usually found in groups that produce clicks in chorus. The sperm whale is distnbuted i all
aceans, especially in tropical and sub-tropical waters near the Azores. Peru. the Galapugos.,
and oft Central Calitornia. Because of their ubiquity, high source level and common occut
rence, sperm whale sounds are familiar to sonarmen of all nationalities and are excellent
sounds for COMBO application.

webmm ‘[he click stracture of sperm whale signals is incompatible with present CONBO
methods of narrow frequency band processing and coding and requires instead, widebuand
threshold detection and simple temporal coding patterns. Nevertheless, speriy whale sounds
are ideal for biologics communication applications.

SMALL WHALES (U)

s |he pilot whale, Globicephala meluena, G, scammoni, and G macrorhvincha
produces a variety of sounds, including clicks. whistles, squeals, warbles, and grunts Geie
ences 18, 19 and 20). Some pilot whale whistles are pure-tone, and others are rich in hat-
monics. A whistle may remain at a single frequency forup to a second, or sweep over severad
Ktz in the same time. Whistle and squeal energy is distributed from SO0 2 to 15 K2 0y
source level of at least 175 dB. A targe proportion of whisties and squcals are helow » Ly
Except tor polar seas, pilot whales occur in every farge body of marine water. Pilot whale
sounds are suitable for COMBO transmissions of 25 to 50 nmi.

(W) 1In the castern North Pacific. Killer whales. Orcinus orca . emit nartowband chicks
of 10 to 25 msec duration (reference 21). The fundamental resonant click frequency ism
the 250- to 500-Hz range. The clicks occurin short bursts of 10 to 15, or in much longer.
high-repetition-rate, raucous screams. Screams occur in two parls, one at g repetition rate
about 0.5 klz, and the otherat about 2 kHz. Both scream parts have many harmonies. In
Antarctic waters, Kitler whales emit click trains similar to those of northern animals (rerer
ence 22) Antarctic killer whales do not produce the stereoty ped sereams characteristic o;
their northern counterparts, Killer whales occur worldwide, especially near coasts at higher
latitudes and in polar regions.
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(U) Belugas, Delphinapterus teucas. may be the most soniferous sea mammals (rel-
ererce 23). Belugas emit a variety of sounds. including whistles, warbles, chirps. clicks.
baizaes cries and moans af Precesecios vupobo W00 Kz Belup s soupds yypicatly comtain
energy i narrow frequency hands. Belugas occur mainly in the Arctic Ocean. The whales
occur seasonally as far south as S0°N, and are abundant in the Davis Stiaits. Hudson Bay.
Gulf of St. Lawrence. and along the coasts of Alaska. Norway. and the Soviet Union.
Belugas do not occur in the southern hemisphere.

(U) False kilter whales. Pseudorea crassidens. produce whistles in the 2.5- to 5-ktHz
frequency band. with some energy up to 8 kKHez, False killer whales also emit clicks and
buzzes (reference 200, Except in polar regions, false killer whales oceur in open seas through-
out the world.

{U) The bottlenose porpoise, Tursiops truncatus . clicks at frequencies up to 200

kllz and whistles in narrow bands between 4 and 15 kHz (reference 24). Bottlenose porpoise
click trains can sound like barks, velps. squeaks. squawks, or rusty gates, The bottlenose

porpoise occurs widely in the Atlantic and Indian Oceans and is common along the coasts of

the Americas and Furope. Related species (7. gilli and T, nuwan) occur in warmer parts of
the Pacific, particularly in the China Sea and in coastal American waters.

(U) Atlantic spotted porpoises, Stenella plagiodon . produce broadband clicks and
whistles in the 5- to 15-kHz frequency range (reference 20). The spotted porpoise oceurs

along the Atlantic coasts of urope and America. and in the Indian Ocean. A related species.

Stenella graffmani. also called “spotted dolphin™, occurs in the ecastern tropical Pacific.

(U) Pacific white-sided porpoises. Lagenorfiynchus obliquidens, may occur in herds
of up to 2000 animuils. Pacific white-sided porpoises produce broadband clicks and whistles.,
Fhic whistle may oocur o pulse trains or as g raucous bleat with independent dual compe:
nents (referenee 253, Distinet line componentsextend as low as 1.5 KHz in Pacific white-sided
n:ir_!u\.'-w sitennds Pocilie wliite il ‘-1-1|-p||i-.]- Pk (e |1:v|_i'| {oalilivriia v e Aleudican
[slands and  Japanese waters, A related species, Lagenorhynchus acutus, oceurs in colder
waters of the North Atlantic, and Lagenoritynchus obscurus, occurs in the South Pacitic and
Souih Atiantic oceans. The different species probably produ ¢ distinet sounds.

(U) The saddleback porpoise. Delphinus delphis. produces broadband clicks and
narrowband whistles that have been recorded in the 10- to 20-kHz band and as low as 5 kHz
(reference 18). The saddleback porpoise occurs in large groups in warmer waters of the
Atlantic. Indian, and Pacific oceans.

weime AUl simall whales produce some sustained narrowband signals that could be used
i a COMBO commun’cition scheme Tor ranges less than 10 nmi. The sounds’ high frequen-
cies are subject to high attenuation. Small whale sounds might have utility for short-range
communication at low levels to limit the chances of distant interception,
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(U) The Weddell seal, Lepronychotes weddelli, emits narrowband pulses at repetition
rates from above 140 sec to one in several seconds (reference 26). The sounds™ frequency
range is from 50 to 10.000 Hz. The pulse trains typically start at 1 to 2 kHz with a fast
repetition rate and end at about 0.1 kHz with slow repetition. Individual pulses in a train are 3
» frequency modulated from 2 kHz at 10 kHz to 50 He at 100 Hz. Weddell seals also produce i
] howls, with fundamentals ranging from 50 to 4000 Hz and with strong harmonic structure. .
and ringing sounds in the 1-to 3-kHz range that last up to 10 sec. Weddell seals occur in the ¢
southern hemisphere around the Antarctic continent and its adjacent pack ice. Weddell seals :
migrate as far as 30°S to South America. to Australia, and to New Zealand. ]

(U) The bearded scal, Erignathus barbatus, emits a whistle with a tremolo charue-
teristic caused by fast frequency modulation of a few hertz. The whistle is modulated turther
over several hundred Hertz at rates of about 1/sec to one in several seconds as the whistle
drops 3 to 4 kHz to 0.2 klHz over a period of a minute (reference 27), The bearded seal is
circumpolar in waters of the Arctic Ocean and the adjacent Atlantic and Pacific regions.

(U) The ringed scal, Pusa hispida. produces a number of sounds. including a steady
discrete-component, downward frequency sweep imbued with harmonics (reference 28).
The sounds last from about | to 4 sec, range from S klz 10 0.2 kliz and have at least four
strong harmonics which may extend above 10 kHz. This seal also makes a broadband ringing
sound in the frequency range from below 2 kllz to about 6 kilz, with durations up to 15
see. The ringed seal occurs widely in the Arctic Ocean and on the north coasts of Europe,
Greenland, North America and the Soviet Union.

(U) The ribbon scal. Phoca (Histriophoca) fasciata, produces two principal under-
water sounds coincident with spring reproductive activities: an intense 1-to S-sec downward
frequency sweep in the 7- to 0.1-kHz region and a 0- to 5-klz breathing-ty pe sound of al-
most 1 see duration but at 20 to 25 dB lower in pressure level (reference 26). This seal s
distributed from the northeast Bering Sea to the Sea of Okhotsk and into the northern Sea
of Japan. Ribbon seals also occur on the coasts of Korea and northerr Japan. i

(U The California sea on Zalaplis californianius emits o variely ol umlerwater :
sounds including barks, groans, growls, and bleats (references 28 and 30). The barks™ main i
components occur between 0.5 and 1 kllz. Harmonics extend up to about 5 kllz. Most of
the other Califernha sea Hon soritds Bootr 49 Hie Proguedey e of U e b ke, The Uald
fornia sea lion occurs along the California coast, Buja California, the Galapagos Islands and
the coast of Japan. Bulls occur as far north as Washington in the wintertime. 1

(U) Pinniped sounds usually occur within 10 nmi of coasts, ice packs or drifting ice.
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SIGNAL DETECTION (U)

me@e The COMBO Signal Recognizer. Second Generation, CSR-I1 (figure 3). was
designed and assembled. and then tested both in the laboratory and at sea. The signal recog-
nition device can decode properly even if seven of the nine signals are lost. Information
extraction logic uses read-only memory units (RCMs). The CSR-IT can fill in missing infor-
muition clements, average and weigh results, and display the best possible output. The word
“BAD™ appears in light-emitting diode (LED) displays when data are insufficient or do not
conform to one of six message formats. The CSR-1 accommodates broadband-processed
bioacoustic signals. That is, given a technigque to process sweeping signals, the CSR-1 type
decoding would also suffice tor broadband data,

TEST TEST
DATA S5TORE

e
INPUTS ]
READ
THRESHOLD sTORAGE |-+ JNPUY L ONLY b gend
MEMORY

GROUP

! ™ TIMING |— s
MASTER DETECTOR
GAIN R == =—

*‘OUTPUT DISPLAY FORMAT
TIME FRAMES

111121} 3

GROUP 11| 4 (5] 6

ml 7 i 8 9

(UNCLASSIFIED)

(U) Figure 3. COMBO Signal Recognizer, CSR-I1, elements and configuration.

OPERATING FEATURES (U)

miamn ['he CSR-IT signal format is three mutually exclusive elements, cach transmitted
three times at different frequencies. The CSR=11 produces six possible messages. using nine
different transmitted frequencies. To compensate Tor frequency shifts during message trans-
mission. the receiver aceepts frequencey “bhands™ centered on the possible transmission fre-
quencies. The nine frequency bands are adjusted to mateh natural components in nine dit-
ferent pilot whale sounds. preselected according to the code of the day. The frequency bands
are randomly arranged between 2.5 and 3.5 kHz and the CSR-I1 recognizes nine animal
sounds spaced throughout a “natural™ chorus of phonations ( figure 4).
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mely  Pre-recognition processing in the CSR-1 is tonal analysis with a real-time
spectrum analyzer that is sweep-limited at 245 to 4 5 kHz and with an ensemble aveager
that useseight averages. The analyzer is a Spectral Dynamics SD 301 and is the same analyzer
used i the WQC-5 (LDR/QRP) fleet communication systeny. The averager is i Spectral
Dynamics 309,

mele e entire spectrum in a selected format of animal sounds is projected into the
water. Received data are first bandpassed between 1.25 and 5 kHz. We also use a three-
dimensional waterfall display to characterize the received signals and ambient noise and to
compare signals 1o natural sounds as they would appear to sonarmen on the BOR-20 or 22.

meigmm |0 choof the nine frequency bands is represented by an analog voltage from
Spectral Dynamics Line Order Trackers that monitor the power spectra within a 36-Hz band
about the center frequency. Analog voltages are compared to preset values and separated
into a sequence of nine time frimes divided into three time groups. Incoming data are dis-
plaved in LED displays corresponding to cach time frame i’ the data coincide with the
proper time group. For example, data shown by LED's 1, 2, 3 are obtained during time

Group 1. LED’s 4. 5. 6 during Group L and LED's 7. 8.9 during Group 11 (figure 3).

semm T frame generation begins when qualifying data in Group 1 are acquired.
Additional qualifying inputs are sequentially strobod into the proper LED display and stored
in memory for subsequent majority/complementary togic analysis. A Group Il data acqui-
siaion during time Group ©indicates that some previous data were missed and an automatic
shift oceurs to nove the display to the proper frame,

wel Timing {rames for which no data are acquired display an L™ for empty. Mul-
tiple acquisitions during a time frame are indicated with a point to the left of the number
displaved in the frame. The first number received is displayed and the multiple acquisition
is also stored in memory for Later message extraction. After time frame 9, ROM passes hori-
sontal. complementary logic in sequence on the rows ol stored data and attempts to fill sin-
gle voids accompanied by two bona fide inputs. For example. if the data for Group | were
3 time frames 1, 2 and 3, respectively, a 2 will replace the B during the initial comple-
mentary logic pass to produce mutually exclusive message elements, By similar processing.
other single voids oy multiple acquisitions will be changed. e.g.. 321 to 321 or 221 10 321,
Multiple voids remain unchanged and serial multiple acquisitions display empty. c.g.. 3.1.3
becomes 3LE. Majority logic scans cach column of processed data sequentially and places
the majority character for cach column in a final best-message matrix. For example. if the
first column contains 313 in frames 1.4, and 7. respectively. a 3 will oceur in the first
position of the Test-message matrix. Similarly, 2.32 in the second column produces a 2 in
the second position of the best-message matrix. and ELLE in the third column produces an I
in the third position. A second complementary logic pass on the best message matrix at-
tempts to fill voids before results are displayed in LEDs. I the final message is uncertain be-
cause of insufficient or conflicting data, the letters “*BAD™ are displayed in the LED instead
of a final message. Single-bit, even parity is maintained throughout the logic passes. A point
displayed in a final message frame indicates an inoperative ROM. After final message assem-
bly. a decoder network activates solenoids or tape recorders 1o announce messages.
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=l wenty hours of bioacoustic recordings with high signal-to-noise ratios were
plaved 1nto the CSR-11 without false alarm. The recordings included many pilot whale
sounds because pilot whale sounds constituted the coded category of sounds, At times during
the test, a single time window would qualify, but the message display was always “BAD™.
L ower signal recognition or triggering thresholds will increase incorrect message acceptiance
or "BAD™ dasplay. but a slow attack and slow release automatic gain control prevents this
problem. The tests indicate that the chances of receiving spurious signals of the required
frequencies in the right order and at the right times are infinitesimal, The time conditional
coding of the COMBO scheme suppresses false alurims. Actual false alarny rates (FARY depend
upon equipment configurations for specific applications and conditions.
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mplmme [ he COMBO concepts. systems and processing schemes were tested in the labo-
ratory and at sea to improve transmission fidelity and measure performance. Initial tests used
the CSR-1. A total of 76 consecutive repetitions of three different COMBO muessuges were
correctly recognized and decoded by the S-windowed CSR-1in i test at the Transducer [
Lvaluation Center on Point Loma. Sounds were played from a free-tflooded eylinder to an
omnidirectional hydrophone and a tape recorder at source levels up to 200 dB re 1 pPa. Sig-
nals were synthesized pilot whale sounds superimposed on a chorus recorded at sea. The

B NPEERE. < SR

CSR=-1is described and discussed in references 31 and 32,

megee [ July 1973 preliminary sea tests occurred of P Catadina Islund. The sounds.
projector, receiver, processing technique and decoding method were the same as used in the
; TRANSDEC tests. The projector and receiver were at a depth of 150 ftand at ranges of
0.01,0.13,0.25.0.5. T and 2 nmi. The water column was well-mixed. Source levels were
approximately 175 dBre 1 pPu. All recorded transmissions were decoded in the laboraton

2=

SRR e R A R

without error.
i meigme [ September 1973, the same COMBO messuge format was projected at levels
‘ 10 200 dB re 1 pPa at sea to ranges of 5. 10, and 20 nmi. Instruments were the same as for 3
{ previous tests. The receiver was a Wilcoxon hydrophone. MH90A and the projector was o g
E‘. free-flooded eylinder, ITC 2014, Both instruments were at 250 fi0 A specially designed 1-kW i
3 amplifier projected synthesized pilot whgle sounds at source levels 25 dB above natural 3
fevels. Preprocessing and decoding were the same as in the previous ficld tests. The five 4
signals were distributed through the frequency band from 4.4 to 0 kHz. |
|
e [he CSR-1 correctly detected all recorded messages teoded animal sounds) at 4
the S-and 10-nmi ranges and 90 percent ot the messages at 20 nmi. Ambicnt noise condi-
tions were near maximum Weng shipping noise levels. Signal loss occurred at two of the five 5
frequencies transmitted at 20 nmi.
:
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weime  Sional-to-noise ratios were determined on the real-time snectrum analyzar
riabte Dy A S and O nmia, the noise was nearly all chorus sounds projected by this system,
AL 20 nmi, ambient sea noise above 1 kHz masked the signals. Received level as a function
of frequency is shown in figure S, For reference. the source level of the 4.4-kHz signal was
200 dB e 1 pPa, Our measurements fit Urick's attenuation loss model (reference 33).

mmiplgen [0 April 1975, a2 99-se¢ tape-recorded sequence of nine COMBO pilot whale sig-
nals was projected at ranges of 2. % and 16 nmi. The natural tonals occurred in a frequency
band from 2.5 1o 35 kHz as part of a realistic chorus, Instrumentation was the siame as for

previous tests. Source levels and transducer deptis are given in table 2.

mpmm |- Our COMBO sequences and a 3-kHz calibration tone were transmitted at cach
range.

mbn  Recorded sequences were plaved into the CSR=1T system after processing with
areabtime spectrum analyzer and hine-order trackers, Messages were recognized perfectly at
b ranges and signal-to-noise ratios (table 20, The reeeived signal-to-noise ratios agree with
the prediction for 3 KHz ctable 3.

el |1 the CSR-1 system, both the bit rate and the signal-to-noise ratio required
Tor message detection are frequency dependent. For example. assuming processing gain equi-
valent to that of the CSR-IT system and a 90-percent probability of detection, o 16-dB
signal-to-noise ratio for the spectrum level is required for a pilot whale whistle at 3 kHz that
iasts 0.7 sees Fora 200-dB source level, the signalis theoretically detectable by CSR-1 out
to 100 nmi under average ambient noise and propagation conditions (table 3). With the
same processing techniques, the signal-to-noise ratio decreases with frequency. but the data
rate is reduced because more time is required Tor recognition at lower frequencies. For exam-
plecwhiale sounds below TOO 7 require a sigaal-to-noise ratio of =4 dB. but take 100 times
loneer to be detected than the 3-kHz pilot whale signal. Thus, the bit rate is reduced by a
tactor ot 100,

b T osts also weee conducted to determine the utility of sonobuoys, especially the
SSO-HA, as receivers. The only limiting factor was radio range. which is line of sight. COMBO
stenals received and relayed by sonobuoy were processed. recognized and decoded normally.
Successful tests of CSR-L were made in the laboratory using data proiected up to 3 nmi to
sonobuoys S to 7 nni offshore.

[ eGts with parametric sotirees were made in cooperation with personnel of the
Navad Underwater Systems Center (NUSC)L A primary frequency of 66 klz was mixed with
€ OMBO sounds and projected in the NUSC guarry at a source level of 173 dB. We decoded
the recorded signals withy the CSR=1 with 99crcent probability of correct detection. Sounds
above 1 kHz were received with high fidetity, bat 20-H7 to [-kH 7 sounds lacked fidelity. In
particular, kitler whale and pilot whale sounds transmitted well, whereas blue whale and
Wedell seal sounds were garbled and degraded by noise.
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(U) Figure 5. Received level of COMBO signals measured in CSR-1 tests and predicted levels from
Urick (reference 33). Lach plotted measurement is an average from 6 COMBO signal transmissions,

R

~SEGRE-

e TR IS




CL61 udy tKrewwns asiou-ol-feudis "7 9IqeL ()

WAUNOS GP O | 10J SANEA dSIOU ZUA gy O [2A3] WndDadg paroipay

./Q_,J:,JSU..Z,_ __4.:»1”_/ 10 STUDLLAINSE AW 2ARIDO PAIY)-2UO WOL

TN AT UINEL SEULPIODDE PITBIGED WOL) PAINSEAW “7[Y $] O Z}f 0T WOL} aSI0U puryproiy

us 01 0f L-or/g-
8.0t 0 olt]-

FAVCRIININ vl o1y

(OBRIDAY ) (1SS ) -pueg IRNHON (1)
MARIRINIRY| ZF} 1 Ul dstoN puryprolg asury

(D) OLEY ISION-0-|PUSIS

smededde [-yS) oy i

poZIUZo2a1 A[1024100 213m SITRSSIW ||V *dBURI YOBI JB UNJ 1AM S[BLI} INO { "Sd3URL WU (, PUE T dY1 1B PaIINI0 syiedn e

SUONIS gD 861 O oL 1 WOL) JIM S[DAD[ DIINOG ey | Al P L0 01 TO1 SeA 3SIOU JUILUR PUBYPROIG PAALIIIY “1d1BM JO

WOOY [ UL WQE6 IR SIIM IDALIIAL PUR DIINOS “ZHY §7¢ PUR ¢°C UMY Satduanbagg yuataggip 6 18 PORIWSURI) S[EUSIS PIPOD
6 40J dTURL 2 dIE SN N ¢/ 6| [Udy ul spunos ajeym jo[id POPOD 1M SISD] RIS 10J AIRUWIUINS ISION-O)-[EUSIS e

TR ORNAR S~ OIS S YT TS Yorie ORI
FT 5 T : 5




9l -

C L

Lo cl

Yy N

N3 cl

ry i

N [

ol 8-

Y 0c¢ -

I Y -

N L

V H
nuu( |

/\

N

nugy

I

(dAT4ISSVTIONDY)
N 01
R 61
33 tC
st 3
s 8¢
s 6C
8s Cg]
oY 21
0v ]
DS Lt
I+ 91
\Y H
turugy |

e moo
R

i,
\r,

{UIFR

"£€ dduaiajal
PUE S]3A9[ 3SI0U 1UDIQUIE /U3y LO PISEY "SUONIPUOD ASIOU JUIIGUIT {Vv) d3eraae pue () ySiy sapun
SABUEL 1UDLDJJIP 1B 30IN0S P OOT € 10§ pardtpaid "gPp ul "zH/sonel astou-o3-[eudis pailaddy ¢ 3[qel ()

£y
S8
8K

nuug

o Lo,
o

rr,
N
e

H

(]

\r,

ir, €}
) —

er,

(ZHY)

]




S R e i W,

T

TR g

i A MAL AL . S D ATl *= ol Al i SR TR Wiy, B dnde S

wmeme | June 1974, COMBO sounds were transmitted between ihe submarine
Dolphin and a receiving ship 0.5 to 4.5 nmi away. All COMBO signals were recognized by
the CSR-II. In a long-range test, the signals were too weak to be automatically detected at
S0 nmi.

RECOMMENDATIONS FOR DEVELOPMENT (U)

wefmmm ("SR~ is o test system to evaluate message rates, {requency constraints, ranges,
and covertness available through the COMBO concept. The CSR-1 requires modification to
increase message content, processing speed and coding variability to be compatible with fleet
svstens.

el [hie number of messages can be increased by using more signal frequencies. lor
example, increasing the number of signal frequencies in a transmission from 9 to 21 would
increase the number of triple-redundant signals trom 3 to 7 and the number of possible mes-
sages from 6 to 5040.

mibe  Doppler tolerance can be improved by using wider filter pass bands. Assuming
differential speeds of 60 knots and pilot whale signals, more than 21 adjacent fifters ot in-
creasing handwidth can be used. Increasing bandwidth is needed to accommodate greater
doppler shifts at higher frequencies. Reduced ambient noise levels at the higher frequencies
nearly compensate for the increased noise passed by wider filters.

mplme A tomatic Gain Control (AGCY would eliminate the manually adjustable gain.
Noise varies with frequency: thus a separate AGC should be used tor cach frequency band.

mepe [ ransmission time can be reduced by using parallel coding and decoding. The
CSR-I system transmits serially one 10-sec window at a time and requires at least 90 sec of
acoustic data for one wessape. Parallel coding weould update an input pattem every SO asee
and require about 20 sec to transmit 21 signals. or one of 5040 possible messages with triple
redundancy. Actual transmissions will be longer than 20 sec to add the realism provided by

LR FYTTRR R R -_....:‘.‘I.'-Il dlo parialinge pa) ypalippal ol pages

SIGNAL SYNTHESIS (U)
ANALYSIS OF MARINE MAMMAL SOUNDS (U)

mam - Synthesis of naturally-occurring sounds depends upon the analysis of recordings
from the sea. Proper analysis includes real-time spectral estimation. digital and analog wave-
form studies. digital filtering. and instantancous amplitude and zero-crossing estimation. The
sounds” spectrum contains information about the sounds’ frequency range and harmonic
content. The wavelorm suggests source generation mechanisms and, hence, possible svnthe-
sis procedures. Operator-interactive digital filtering isolates individual sounds and enhances
signal-to-noise ratios.
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TECHNIQUE OF COMPUTER SYNTHESIS (U)
MARINE MAMMAL “SCREAMS™ (U)

memmm \arine mammal sounds called “sereams™ and “buzzes™ can be composed of
pulses with varying repetition rates and varying frequencey content. Small whales and
killer whales produce such sounds.

e A tinie-trequency waterfall plot ot a simulated Killer whale sound is shown in
figure 6. The basic pulse was generated by low-pass filtering the harmonics of a rectangular
pulse, with g repetition rate that varied trom 1000 to 200 112, The frequency harmonics of
an actual Killer whale sound have absolute frequency components that are different from
the simulated seream because the pulse shapes differ (Higure 7).

miemm Marine manunal counds include long sinusoidal oscillations., called “whistles™,
as well as short-duration pulses. Whistle synthiesis uses procedures diftferent trom pulse
synthesis, Sinusoidal sounds have been synthesized (reference 34): synthesis of pulses and
clicks remains untinished.

midee  PilOt whale whistles are sinusoidal. i.e.. the sound’s instantancous time wive-
form can closely resemble a sine wave. Only the instintancous amplitude and frequency
vary over the duration of the sound. The amplitude is likely to rise smoothly over about 50
msec to an average level, to remain at the level, and to decrease smoothly during the last 50
msec ol the sound. The sounds lack transient onsets or offsets that are humanly discernible.
The sounds contain both frequency sweeps and constant-frequency portions.

misbpmm  Whistle synthesis requires real-time. high-speed computational capability. The
COMBO synthesis work used a PDP-11/40 minicomputer. High-speed digital-to-analog (D/A)
conversion of the generated sounds required @ first-in, first-out (FHFO) memory-based D/A
converter. Smooth sine waves were generated by limiting the output of the D/A band with
an active filter, The synthesis sottware program has a self-contained lookup table that con-
tains the microstructure of the sound to be synthesized (reference 34).

w1 microstructure table can representvarious wave shapes. One table generates
pure sine waves. and others superimpose second and third harmonics. Program exccution
speed limits the real-time high-frequency to 7 kHz. The frequencies to be produced are stored
separate from the generation program. Thus. a sound can be generated repetitively or as a
scquence. The generation program constructs the pattern and fills the FIFQ mamory of the
D/A converter with the output samples. The FIFO is clocked at a fixed 6 -psec interval. In
addition. the onset and offset of the sounds are program controlied. The program is not
limited by FIFO memory size. Between clock intervals, new digital samples are loaded into
the FIFO memory. Figares 8 and 9 show time-frequency waterfall displavs of computer-
svithesized pilot whale whistles.

26

T S

R Tt s 5 AP, oo B Y

——
Ao B

10 ini




SRSt

iy

SRS e

By

oL

Y Y

e

s .

S

Yoo

08—

._u_

)]

bi;e)

]
n
)

J
i .Fn

iy

J

)
JH_ :
)

)

F o=
e

]

il
LS

il

e
935} JNIL

Iy

e

=

P

R Y T T A T ey

-

FREQUENCY (kHz}

(UNCLASSIE D)y

Time-frequency waterfall plot of a simulated killer whale

(L) Figure 6.

Time bar equals 100 msec.

sound.

|4 :
=
I
1,




b
1
i

ERA g s S s s d
.

G s bRt H i

eL T

LD ....:..Jf.-f E £
m__..-.h....kmlm..m.. _.V_‘. 5 “ g /A { “
IR ok _W— 8 ,uﬂh. S
S e SR, ]
—h-.—.ﬁ.—.ﬂh_—_ i .--—A.J...._l..*_._..l f.ﬂ‘.,...__ = -”_. ._J
g 2SN A e e S .n..,.. :

FREQUENCY (kHz}

(ENCEASSHIED)

Fime-trequency waterfall plot ot a nacral Killer whale

Fime bar equals 100 meec.

e
%3
I_o =
_ _ -
o] | —— =
o
{23s) JNIL
~ l‘i..x L o foodire ol

T ———

28

N
s

- TeTee;



TULE NS WO )Y s PUP U LoD So[EU-0- IS
; 11T SapsIgw [Eprosnuls s o pazsatu s-rindwios jo Sepdstp (Eiaiey QA 1 (1

CHISSY TONY)

(ZHX) ADN3IND3 Y4

LA AD 2 edl SFL b b

Lot e piat s U L aE RN

O et R

m .

3 _—

M. W
fy Ij

3

(das) 3L

1()

a2 s

Pt s fo &
2y

SEETIE

B




ke o M e S I P LR LT A TIPS S v STV M Kt 7L e e gl e u il aiian R D1 MR T TIPS - ~y o IRTIIY AT S W TR TR B T harent e

STy TG L g eI R A e

m..
B
3

%
3

S o o
]

N

% 2B Wol) SAPSIYm pazisauss-1atodwon jo 1as appiw ayl jo srpdsip (rpama paputdyyy g amdig ()

(A-AISSVTIOND
oL (ZH3) ADN3IND3 Y4 0

NITESAT O PITERTESL

SRR sl

et

Lo R

i B f b

v

11

GAA NN S

i

30

|

'%

{93s) JNIL

A it

)

;
0
5

N

-
g |
...u —
My :
a e —
y — - E
bt :
i

—80

||J




-SEeREF

=85%= The synthesis of pilot whale sounds requires an ability to describe the sounds’
microstructure and to choose the generated frequencies. For applications not requiring real-
time generation, sounds can be tape recorded. Recorded sounds would have an upper fre-
quency limit about 7 kHz. Methods of sound synthesis involve signal generation techniques
and computer software but the upper frequency of synthesized sounds is limited by hardware.

TRANSDUCERS (U)
BACKGROUND (U)

=& Transducers for transmitting and receiving COMBO low-data-rate messages
should have the following characteristics:

o A frequency range of 20 Hz to 10kHz.
o A source level of 160 to 200 dB re 1 pPa at 1 m, and
0 A projector signal-to-noise ratio of at least 55 dB.

Different transducers may be required to transmit different types of sounds.

(U) We surveyed 27 transmitting and 9 receiving systems to identify transducers
acceptable for COMBO use.

mels  Sound projectors transmit most effectively in a relatively narrow frequency
band. For some projectors. the effective band is wide enough for COMBO application with
certain sounds. but no projector is suitable for all COMBO sounds. For example. COMBO
codes tonals in pilot whale phonations from 1 to 3 kHz. but the animal’s sonic repertoire ¢x-
tends from 300 Hz to 15 kHz. The COMBO scheme is directed toward use of fleet sonar
equipment, but other transducers were surveyed because fleet equipment does not fulfill all
COMBO requirements.

=em= No fleet sonar system projects effectively over the frequency band required for
all low data rate transmissions in the COMBO scheme, so we considered projectors with re-
gard to the kind of sounds that could be projected. The sounds’ animal sources were classi-
fied by frequency limits. High-frequency animal sources produce sounds in the 500- to 8000-
Hz range. Small whales and porpoises. specifically beluga. Killer and pilot whales. are high-
frequency sources of COMBO sounds. Components of small whales’ signals may exceed 8
kHz. but attenuation limits communication utility of the signals’ higher frequencies. Mid-
frequency animal sources produce sounds in the 70- to 3000-Hz range. Some large whales.
such as humpbacks, and most pinnipeds are mid-frequency COMBO sources. Low-frequency
animal sources produce sounds in the 20- to 200-Hz range. Large whales. such as blue. tinback
and gray whales, are low-frequency COMBO sources. Because the frequency limits overlap.
some animals are sources in two categories.

FLEET PROJECTORS (U)

weimn  [Flect sonars applicable to COMBO applications are listed in table 4. Inadequat
low frequency response limits most of the units. Only GNATS satisfies a complete subtusk
category. namely the mid-frequency segments. The GNATS system uses three transducers
and each transducer operates in a distinct frequency range (reference 35).
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sebmm The WQC-2 low-band projecting transducer system could be equalized to pro-
vide adequate response from 1.1 to at least 5 kHz. at a source level of approximately 190 dB
re 1 wPa at 1 m. Alternatively, sounds could be preequalized for use with the system. Use of
the WQC-2 driving amplifier in a COMBO scheme would require auxiliary input from a flat
response circuit. The WQC-2 is installed on submarines and surface vessels for communica-
tions.

el The frequency response of the WQC-2 is too narrow for the entire range of the
high-Trequency category of sounds. but is adequate for COMBO transmissions of killer
whale. false killer whale, beluga. and bottlenose porpoise sounds.

melme  The frequency response of the SQQ-23 with an auxiliary amplifier and of the
BOS-13 in a communications mode nearly equals the response of the WQC-2, The BQS-13
is limited below 2.5 kilz and is thus limited to transmitting porpoise-like sounds in a COMBO
commuaications application.

wmelmm The GNATS system frequency range is suitable for transmitting high- and mid-
frequency category animal sounds. but the system has 4 maximum 160-dB source level cu-
pability. COMBO sounds require 180- to 190-dB source levels to achieve adequate communi-
cations range. Another possible disadvantage to COMBO application of the GNATS system
is that only 10 GNATS sets were built, and the availability ol units is questionable.

mebme Our survey indicates that fleet sonar projectors are most suitable for projecting
COMBO animal signals in the high-frequency category.

OTHER PROJECTORS (U)

sl Other projectors surveyed meet certain COMBO criteria. Several projectors
have potential use for acceptable COMBO transmissions (table 5). Except for the Honeywell
HNX 182-A. the listed projectors are small and lightweight., The NOSC PHD 1V is the only
pratsducer sumeyed that can project broadband sound at frequencics as ow as 20 Wz withy
no significant distortion (figure 10). Disadvantages of the NOSC PHD 1V for COMBO

venrinicatiohs applicetions include o apper sooree fevel limioaf 1SS Al thie dbsesee OF

active depth compensation, and a minimum frequency limit that increases with depth.

w1 I'TC 2010 and 2011 projectors cover a broad frequency band and operate
at an adequate source level. The I'TC units are small and omnidirectional in the plane normal
to their axes. Together, the 1TC projectors have been successfully used in COMBO sea tests,

mibmm Tlie parametric system from the Naval Underwater Systems Center (NUSC) s
broadband above 1 kiz and is suitable for projecting COMBO sounds of porpoises and small
whales (figure 11, The parametric system is very directional and may project unwanted
output at primary frequencies that will fall within the detection range of COMBO signal
recognition instruments,

mishei |1 Honeywell HX 182-A projector operated satisfactorily at frequendies (tom
60 1o 1100 Hz tfigure 12). The projector is inadequate for COMBO signals in the low- or
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mid-frequency categorios. A tleet sonar used i conpunctionwith an HX 182-A and o PHD-TV
would be capable of COMBO transmissions at lrequencies from 0 1o 10000 11,

LOW-FREQUENCY PROJECTORS (U)

(L Sin low-trequency projectons sunveyed e desenibed i table 60 Fhe hydianln
mechaninms of the hy droacoustic deviees Tisted produce unaceeptable harmonme distortion
and extrancous compaonents. The HX 234-B uses wditterent pressure compensation system
than the HX I82-A 0 Al projectors listed in table 6 have greater source levels and less depth
sensitvey than the PHD FV.

FLEET RECEIVING TRANSDUCLERS (U)

mabmmn O sunvey mdicites that receivers mectime CONBO criteri are invanlable i the

4 fleet Ctable 7y Fhe receving response ol thie WOC=2 08 nirowest ol the suveyed umis oy

1

existing transducers, the SQO -2 2305 best tor CONMBO apphcation for surtace ships and the

BOR-7 s optimal tor submanmes, Towed arrays give extendod low-frequences coverage, bt

thew use s resvnictive. A broadband hvdrophone will he necessary for surtace ships to
receive COMBO sounds, The BOQR-7 enables submarines to recenve COMBO sounds at

frequencies as low as SO 11/

el Suirfice stnps can also nse sonobuoys to receive COMBO signals i the entire
20- to 10.000-8t, frequencey range A sonobuoy deployed away Trom g sovface ship would
likehy receive Tess ownsship noise than hutl-mounted reccivers, Antenna hepht hinits sono

buay radio range. Depending on sca state, a surface ship movig ai 20 ke shoudd reecnve
COMBO signals rom g sonobuoy Tor 15 1o 30 min.

DEPLOYMENT SELCURITY (U)

meli  Covert and secure application of the COMBO communications scheme requires
; that the bioacoustic signals have adequate natural quahities. Acoustic eniteria tor signal nat-
= uralness include fdelity Csource level trequency content, wavelform, amphitude and duration.,

Specitic signals also tust occur ot times and locations proper for source animals,

TRANSDUCIERS (U)

s No underwiater sound projecting equipment can transnit bhiogcoustic signals

with absolute Tidelity . Signal analysis can reveal the perturbations that transducer systems

1 . impose on transmyissions and can identity unnataral bioacoustic signals. Transducers that
project bioicoustic stignals for communications must it the transmitted perturbations so

the signat variability occurs within normal limits tor a knowledgeable listener

SOURCE LIVELS (U)

mmbml Conmmunication applications ol hioacoustic sienals may requie igher-than-

R
FoabiDE X Tg e

natural source feveds to overcome propagation loss factorsind to achieve suthicient commu-

nications tnges. The source levels of phonations by Jarge whales are adequate Tor most
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System Deployment Frequency. kHz
SQO-23 Surface 0.5-06
BQR-7 Submarine 0.1-7
BQS-6. 13 Submurine 0.5-8
SOR-17 (TASS) Submuarine 0.01-1.1
BOR-15(STASS) Submarine 0.05-25

(SECRET)

(U) Table 7. Fle:t receivers suitable for possible COMBO-like applications.

COMBO applications. Communication signals that use phonations of other marnme mammals
may have to exceed natural source levels by up to 30 dB. Source level is a function of the
transmission’s coded frequency and intended range. Use of unnaturally high source levels
should be limited to short-duration transmissions and low frequency sounds.,

SIGNAL SYNTHESIS (U)

weime  Sional synthesss has reproduced portions of pilot whale sinusoidal waveform
whistles. The sounds of large whales have not been synthesized. Adequate synthesis of bio-
acoustic signals for covert communications requires quality recordings of natural sounds.
Synthesized signals are constructed from and compared with the natural templates, Synthe-
sized signals must appear natural on sonar displays and must sound natural to knowledgeable

listeners.

wele  The formats presenting bioacoustic communications signals must also be natural,
The increase in critical bandwidth with frequency in animals’ auditory function implics that
bandwidth ot animal sounds also increases with frequency. Thus, synthesized animal signals
that sweep across frequency should have more frequency variance in the high-frequency por-
tion. Some formats. such as the amplitude rise and decay of choruses, change gradually and
vary randomly. Other formuts, such as humpback whale songs. occur in distincet rhythmic
sequeitees that are repeated as stanzas.

s Lnsembles upon which coded signals are superimposed must be randomly con-
structed. The library of component synthesized sounds must be targe enough that long-term
analog recordings are nonrepeating.

mew  During sca trials of COMBO equipment. transmission of synthesized pilot whale
sounds attracted pilot whales to the transmitter. The whales' phonations added to the sonic
environment without degrading the communications effort.




SIGNAL OCCURRENCE (U)

=& Bioacoustic communication signals must occur at the proper time and place.
No marine mammal is pan-oceanic and many distinct phonations occur only at certain times
or places. The frequency with which a bioacoustic communication will be used depends upon
the communicators’ activities. More common signals should be used for more frequent com-
munications.

= A guide to biologics has been produced to familiarize sonarmen with bioacoustic
signals. bioacoustic sources. and marine mammal distribution (reference 12).

FLEET IMPACT (U)

wa A six-week study of Project COMBO and of the effects of bioacoustics on fleet
operations concluded that both the U.S. and the Soviet Union would have the capability to
apply bioacoustics to communications tasks after 1975 (reference 36). Covert active sonar
using marine animal sounds requires changes in fleet sonar hardware and operating doctrine.
Reliable, relatively covert communications possible through Project COMBO also will affect
submarine tactical deployment.

=& Poor communications disrupt coordination in submarine escort or ASW opera-
tions. Even a limited covert communication ability will enhance coordination between sur-
face ships and submarines. Project COMBO provides covertness unavailable with presently-
deployed two-way communication systems and thus enhances coordination in critical
scenarios.

mein  [J.S. Sonarmen typically tune out biologics as interference. but Soviet use of
bioacoustics for communications is likely, so fleet sonarmen must become more familiar
with bioacoustic signals. Past biologics classification was based on NASTAD training tapes.
aural memory and the sonarmen’s experience. Annctated BQR-20/22 displays and bio-
acoustic indices (reference 12) now augment the classification effort.

seb  Marine animal sounds are ubiquitous (reference 37) and likely well-known to
Soviet sonarmen. Signal processing techniques will aid and advance underwater military
communications, but U.S. forces may face an increasingly costly race to stay below pre-
sumed detection thresholds. Covert communication by natural disguise is a psychologically
confounding alternative approach that can convey considerable advantage to the adversary
first employing the technique.
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