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FOREWORD (U)

427" Project COMBO* uses coded marine animal sounds for a covert underwater
communications system with ranges to 50 nmi. The Project COMBO concept ariginated 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,

oot e e My e T

Lﬁ'f During Project COMBQ, 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-{| 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 bused 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 1o advanced development and
flect use. We present background information und discuss the Project COMBO plan.
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; SUMMARY (U)
OBJECTIVE (U)

A&7 Develop a covert communications system with a bioacoustical message format
using animal sounds as message eIements that are recogmzable with existing fleet signal pro-
cessing equipment.

.RESULTS (U)

(2Y 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. s .

2. £€) Pilot whale sounds were synthesized and coded to convey six demonstra-
tion messages. Messages were received correctly underwater out 1o 50'nmi,

RECOMMENDATIONS (U)

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

2. (Q{ Develop techniques and equipment to synthesize Jarge whale sounds and
small whale screams 2nd to process wideband clicks and frequency-swept signals.

3. (E¥ Modify the COMBO signal receiver system 1o utilize more message frequen-
civs. 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. Ad.u)l parallei coding/decoding to the CSR;
update the input pattern every 50 msec.

4. (@) Perform an error analysis on the triplerredundant message format.

5. {C¥ 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 {Lh

}4/ Project COMBO was a four-year rescarch amd development eflort 1o produce
covert-hy-disgtiise underwater communications system using coded nnderwater sounds of
marine animals. The coded sounds are generated at one platform and reeeived and decaded

N - al antother tigure 1. Marine animal sounds are comaman amd prominent componpents of the L
: matural tnderwater sonic environment, Military communications hased on natural animal
‘y soumds conlound detection by even inlormed enemy surveilbtee becatise the messuges are i.'
"«‘g but o small portion of the total biological chorus. As part of Project COMBO we character- ;;
i Tred marine animal soumds, devised @ distertion-free coding scheme, idenificd signal process- ;":\
il ing techimignes, developed a method to project, deteet and decade signals, and synthesized i -'E'
i sounds with compurer sigorithms, Project development can be traced in references 13, ‘f’f

COMBO RECEIVER

TO BE DEVELOPED

"IN THE FLEET
e N

e e e

Ve SLPDEFZ:-)::L COMBO SIGNAL DECNDED
PROCESSING | RECOGNIZER MESSAGES

4 ‘5.‘.‘: S

"h"‘m%."-““- A' AT o et P e £y

e

SHiP | ( |MESSAGE SYNTHESIZED 3
3 SONAR FORMAT ANIMAL SOUNDS |

CONEIDENTIAL
(U) Figure 1. COMBO system ennvept.

¥ e,

Xy

G

Ak T

,1,8{ Project COMBO relates 1o the Integrated Acoustic Communications System
(LACS) Plan treference S), especinlly the Low Dita Rate, Quick Response Program (LDR/
i QR (reference 6). The project provides a system for submarines (o communicate LDR
. miessiges up 1o g SO nmi rmpe without revealing thetr location. Such LDR messages may be
useful in ldentification Friend or Foe (1FI7} functions. during escort or 10 coordinate sups
part. trail. laerrier or fire control activities. The system also provides submarines g covert
means 1o transmit sweep s to surfaee units and to contact other submarines prior to
conventional communication. Use of mudural underwater sounds mukes the COMBO system
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BACKGROUND (U)

CONCEPT (U)

A&T The project’s objective is to develop a covert communications system with a
hinacoustic message Tormat using animal sounds as message elemenis, Messuges can be
received witly existing signal processing equipment in the fleet. The system will confound -
interceplon by presenting an everwhelming task of inalyzing all marine mammat sounds
encountered in order 10 jeentify posible messype clements.,

AUTHENTICITY (U)

417 Fidelity ol transmitted soundsdepends on signad-to-noise ratio ind transmission
handwidth, Sounds recorded for communications applications must have a high signal-to-
nutse riatio or undergo subsequent noise removal, Transmitters must maintain sufticient
bandwidth 1o preserve the sounds’ natural qualities.

11 Improved lidelity Fucton result from better recording techniyues, ampruw.d »ig-
ual provessing amd sy nthesis and advanced transducer development.

AT The transmissions temporal and geographic consistency depends on detailed -
hnowledge of distribution and habits of bivacoustic souree animals,

UTILITY (U)

M The COMBO communivatinn systemutilizes receiving and processing equipment,

stich as the WOOC-5, already in {leet use, System implementation requires message recogni-
tinn equipment, transdocer optintization and signal generation capability, Tape recordings
ol real time signal-synihesizing computers can generite e signals,
PROGRESS (U)
HARDWARE CONFIGURATION (U)
(U The conliguration ol the Project COMBO equipment is deseribed in this scetion,

AT The waveform generatot is a nagactic tipe recorder that plays cassettes contuin-
ing vodded anslog recordings of pilot whale phonations in nalural choruses,

(U1 A speciully-designed 1-kW amplifier drives selectable-impedance transducens at
Iull power in the Ira.qun:my band from 20 Iz 1o 10 kI,

B Acoustic sourees included a free-flowded cylindrival transduger 1o reproduce
pilor whale seunds, Critical chazicteristios of the trmsducer were hroad band response, lieh
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PR pawer capacity, deptho msensitivity, small size and light weight, Parametric transducers were b
B ‘ also used in 1est pools andd al sea in cooperation with personne! from the Naval Underwater '"‘
= Svstems Center, 1}
R .
B ] 457 Chunnelsup to S0 nmi long were established during sea tests, Coded pilot whale s
33 ) sounds in the F.5-10 $.0KE2 bund were projected at levels up to 200 dB re Luluar | m, Pro- él-
. jeetor and receiver depths varied from near surlaee te 122 m. The witler column was well- -
mixed, E:
. 1 20
&
€T Avoustic sensors are cablesconnected, calibrated hydrophones or mifitary sono-
huays, Madilied st huoys provide an ejectalle transeeiver to extend the sarfaee or airhorme H
communicition range without increased transmitted seoustic powet, ‘:
. g
A8T The coding employs Frequeney shilt keying (1FSK ) using natural tonals inhierent ‘E
in the signatls within a chorus of unimal sounds. Eriple-redundant transmission i used o ' o
overcome interference. A message is repeated three tines in theee different ways in a %0- i
' seeond interval, The message Forma! is deterministic and provides u choice rom six different ,!
) N miessages wilh assignsd meaning. .
' 4l
457 The message detector is tae madified COMBO Signal Recognizer, CSR-(L The &
CSR-H has an operator-set threshokd calibrttion. error-correcting Jogic and external circuit {
testers. The instriment shitts avtomatically to account for missing up 1o two ol the three _'r"
signals in the fest sipnat set, The CSR=11 alvo accounts for-missing signals wnd for random 4l
sigmal eceurrence within o speeilfe time interval. The instrument recognizes maltiple qualify- E ;;:
-

ing signals preceding messages and extracts the messages from the transinisions, .

,.
1)
pa

=G

;(/'f The signal band is not limited in this plan. Analog vollaees input 1o the CSR-11 {'

maly represent any preprocessing aleorithm and thus do not conline the encoding<lecoding 5;

micthod 10 tonal preprocessing, The decoding scheme seeommaodates broadland animid ;}
sounds witly gapic FM ssezeps and rich harmonie structure, The CSR-1 uses standard spectral b

) pracessing instruments related o e ANSBQR-20/22/23 equipment and to the WQC-5 '

; (LDRQRE) communivution system (relenonce 61, . &
I v, . < l
e SIGNAL SECURITY (U) e
AN i
5{ 45T Covert use ol the COMBO communication scheme requires computer synthesis ﬂ
} . of animal soands. Marine animal sigoals recorded in nature are inseparably imbued with &3
Bl noise and cannot be used directly as a sipnal wavelorm. Non-unitorm spatial distributions in ._7‘
; the noise liekl projected with natural animal soonds wonld destroy the communications” ' gy
e coverlness, The cade Tormat requires a unigae, ever-changing sequence of background sounds 1
-E ’ to maintain the code’s natural guatity. in the COMBO scheme, all soumds would be ' H
éi i synthesized. k!
2pa . ; i
1 €‘ 517 The COMBO plun providessix possible niessages wliich cant be assigned arhitrary ‘_
f‘% meaning that can be changed @l any time, A “code of te day™ s possible with the plan. ‘.',
" gi. The number of messages can be inereased by using differenl equipment conligurations and ',
b f{ﬁ . . _ather signal processing techniques. The CSR=1 bit rate is aboat (O3S hils/sec and can he 1.
g doubled ta 0.07 bits/sev by using sweep limil control freference 7). | 1
‘ ’9-
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A8T Transducers and amplifiers used in the COMBQO seliemie must be eompalible
e with flect equipment, We surveved transduvcers in feet use and other low-frequency trans-
A ducers that could be used in the COMBO system (reference 8. 9). With minor modiications,
Mleet transdueers are marginally seceptable for COMBO transmissions in certain frequency
bands. Forexsmple, the UQC-2 trunsducer is the best Meet trunsducer tor pilot whale
sounds, The Qeet transducers surveyed have limited low-frequency capability. The extended
low-Imecueney response of the other transducers surveyed would enable transmission of more
i diverse signals over grealer ranges.
ENVIRONMENTAL FACTORS (U)
ks
?q- 1 Covertness of COMBO communication depends apon signal fidelity and the
k2 naturgness ol the animal sounds. The sounds” physical characteristics, such as source level
% and tonal compowerts, must be proper. Preferred sounds are from marine nramnals, such as
£ pilot whales or killer whales, with a cosmopolitan oceurrence, The sounds must be used -in
53 an appropriate context. For instance. mating signads transmitted in a non-mating season
could arouse the saspicion of’ a Knowledgeable monitor. The sounds From a single species
% may vary regionally. Thus, well-known dinleets shoukd nor be used out of context, These
h sneculations presume a1 knowledzeable interceplor, '
:‘; {&F The COMBO pl requires natural sounds to provide o “cover™ for communivy-
;%ﬂ tion signuls, [n some areas certain species of whales have hecome scarce through overharvest-
g ing. hut conservation measures have allowed other populations to inerease. For example. the
;- sautitern right whale is nearly extinet but (he grey whale popubation is increasing. Population
;'3 ) size is not necessarily direetly related to acoustic presence. For example, the humpback
:‘ whale population is sl but the species is particularly soniferous. Similarly, the killer whale
M LOreiniey orcal, is freguently heard even though its populstion is depleted. Thus, the use of |
Al COMBO sounds in the ocean requires relatively lew wlisles. aad conse rvation measures should
":l ' puarantee populations at Jeast as large as present ones.
o
gl SYSTEM COMPONENTS (U)
{U) The lollowing sections present six aspeets of the COMBO systemi: Signals, Signal
" Detection (CSR 1 Signal Synthesis, Transducers, Deployment Security, and Fleet Impaet,
e
b SIGNALS (U)
'\; 167 Three cutegories of marine mammals produce sounds with potential COMBO
b ﬁ application: large whales, small whales ¢:.cluding porpoises), and pinnipeds (seals und seu
lf lions). The listed sounds gre common and contain lonat components. Within the whale cate-
e’ gorics, animals are discussed in order of probable potential applicubility to the COMBO i
",_' cammunications scheme from mosi Lo least likely. Pinnipeds are not so ordered, because E
3}_ most oceus in non-overlupping geographicul arcas. and nearly all ave very vocal. ' .j:
-
i ‘
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1" Large whales produce low-frequency sounds with high source levels. The low-
frequency sounds require special trunsducers, The sounds could be used in a COMBO com-
mugicativasecheme wiilsan teadod tange lyomd 50-mal oetor shorterdistances onder
very noisy conditions. Sounds from small whales end from pinnipeds are higher in frequency
and therefore eusier to reproduce with trmsducers. W a COMBO communications scheme,
sounds rom smalt whales and pinnipeds are limited 1o ranges betow 50 nmi unless source
Jevels wre at least 20 dB over natural. The most sujtable large whale sounds lor COMBO are
from humpback. right. and finback i Trom pitot. killer and beluga antong the small whales
(see figure 2).

LARGE WHALES (U)

(U) The humphack whale, Meguprera novacanglive, produces a varicty of ander-
waler culls- ineduding howls. moans-gounts ories el o lows=requency pulses. Funds-
mental components cover Irequencies from 20 to 2000 Hz, with hamonics as high as 5000
Hz. Sound duration varies from 0.2 sec to over S.sec. and source level may exceed 180 dB
te 1 ,u‘P.. Hiimpliack white phofiatlom are Hen in-mehcv Hradahinsd,

(U) When not migrating, humpback whales oceur coastally and are distributed in all
oceans. The whales oceur in lower [atitudes during winter and spring and in higher latitudes,
ineluding polarseus. during stmamer. In the breeding areas around Bermuda, e West Indies,
Hiwait, and New Zealand, humpback whale sounds are grouped into “songs™ that lust up Lo
30 min. contain.sections of repetitive. slercolyped phmu and m.:y be reprated for hours
{referenee 10).

(U) 'l'hc l‘fj._.hl wlmlc I-'uim!acmr glm‘inh‘v producc': x‘ouml'q s'imilur 1) humph.u.-k
(rclcrumc ] l) Line. umuwnv.-nls viry b-.-lwccn 50 and 1500 2. w:lh dumlmns Irum 0.2 3 1o
al least 4 see. Most of the energy in the phanations oceurs below 500 He, Sound sourge level
is over 180 dB re | pPa, Right whales are widely distributed in small numbers. in coastal
waters. in lalitudes poleward of 25 degrees. Right whales migrate to Jower latitudes during
the winter.

(Uy The linback whale, Balacaypiera phl sultes, produces pulses and moans in the
sibakt Tron 10 1o 10U Mo, with Tess than 1 sec daraion: Sonic Finback whale sounds are Tie
quency modulated (references 12, 13), Finback whales produce pulse 1rains centered at 20
Haz.with-regular interpulse imervals-of o few seconds (redensace 14y The .‘.'U-l‘l;r{pulxv-a
occur in doublels- with intra- and interdoublet intervals of 10 10 25 see. The pulse 1rain
continue for ‘murs and constitute well-known interferences at SOSUS stations. Anather
fiidreck Wilntle sutimdiv e Bweeiadn compiitd-ule 68-Heo 8 see cominoment foldwad 53 L.z
34-Hz componenl varying in kength up 1o 1.8 sce. Source levels of Inback whale sounds ;
range up to 180 dB re 1 pPa (reference 13). The finhack whale oceurs in #ll oceans, cspc-
cially in polar seas during stnmer months.

427 Of Chile, the blue whale, Balaenoptera musculus, produces 37-see seqtiences off
.three mouns. The interval Detween the [Irst two moans varies up to' 2 see, wnd helween the
second and third rem 1.5 to 3.5 sec. A 39011z tonal pulse oceurs just belore the last moun,
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The blue whule moans average 158-dB source level, and are amplitude-modulated at 3.9 aad
7.855ee. The strongest components oceur at 20 He and others extend to abour 200 1

. Sequenves typically repeal every 1.7 min, but the silent interval may be as long as 3.3 min
(referentve 15 In the eastern North Pacific. blue whales prodtce stmtilar mgans ol lwo 1y e,
with the most energy near 20 Hz. Blue whales vecur in all oveans. They concentrate il high
lutitudes during summer months and of T Califomia in autumn, The long, 20117 phonations ae
well-known 2t SOSUS stations from southern Califomia (o the Bering Sea (relerense 120

e = e g

RS I

T The sperm whale, Physe ter catodon, produces trains of short clicks, Al slow re-
petition rales, the sperm whale click trains are called “carpenter Fish™ sounds by Nuvy sopar-
men. The clicks have a souree tevel as higloas 175 dB and most energy between 200 and
10.000 Hz. The elick repetition rate rnges From [ to 100 per second. Short click tiains may

™ry

have distinet thythmic parterns, and may be repeated (relerences 16, 170 Spern whales ape £
usually lound in groups that preduce clicks in chorus, e speem while is distributed in all g
aceans, especially in tropicai and sub-tropical waters near the Azores, Peru, the Galapagos, ‘
and ol Central Calilornia. Because of their ubiguity. high source level and vommon vecin . %'}
renee, sperm whale sounds are fumiliar to somarmen of all nationalities and are excellont 4
sounds for COMBO application. 11
48T The elick structure of sperm whale sipnals is incompatible with present COMBO B
methuads ol narrow frequency band procesing and coding and requires instead, wideband ' ;.,{
threshold detection and simple lemporal coding patterns, Neverthieless, sperim whale soumds f .
. are ideal Jor biologics communication applications, L

R

&,
:

SMALL WHALES (U)

JET The pilot whale, Globicophuale meleena, G, scammond, and G, merorivick p
prechuces a variety of sounds, inchding clicks, whistles, sqavals, warbles, and grunts treter
ences 18, 1% and 200, Some pilot while whistles are pure-tone, and others are righ in hat-

g

SLE gl

2 e

A

X maonics. A whistle may remain al asingle Trequency Tor up 1o 0 second. oF sweep oven sev 1l Iﬂ .
.‘“. kllzin the sime time. Whistle and squeal energy is distributed from SO0 Hz o 15 L He 0s 2,
.' l souree level ol al feast 175 dB. A large proportion ol whistles and squesds are bekow » W1, K , :
;,. Exeept For polar seas. pilol whales necur in every farge body of marine water, Filat whale E: ,f
‘é sounds are suituble for COMBO (ransmissions of 25 to 50 nii. Jat
i.:e Uy I the castern North Pacili, killer whales. Orcinnx orca comil narrowhand chicks I v
iv ol' 10 to 25 msee duration treference 211 The Tundanrental resonant click frequency ism '8
§ . the 250- 10 S00-Hz range, The clicks occurin short bumsts of 10 1o 15, or in mueh longer. r_
iy high-repetition-rale, raucous sereams. Sereaims ovuir in (wo parts, v at 3 W pention rae 10
£ % ahont Q.5 kllz and the otherat about 2 ki, Bath scrcain parts have many larmomies, In l
5‘ ‘ Antaretiv waters. Rilker whales emit ¢lick Lrains similar to thow of narthern auimals trelv i‘,
?" enee 220 Antarctic killer whiles do not produce the stercaty ped seremins characteristie of )3 ; o
44 their northern counterparts, Killer whales ocetir worldwide, especially near coasts at gl ; l;
el y latitedes and in polar regions, ! }'_’ s
L |
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b (U Belugas, Dedphinapierns fencas, may be the most soniferous sea manumals (rel-
ererve 230, Belugas emit a variety of sounds. including whistles. warbles, chirps. clicks,
ot heils st LU Lz Belaga mourdds tppidally contain

Wuppos crity sodd fueans o 0
energy in narrow Frequency houds, Belugas oceur miainly in the Aretie Ocean. The whales
occur seasonably as far south as SO°N, i are abundan? in (e Davis Stits. Hudson Bay,
Gull of St. Lawrence. snd along the cousts of Alaska, Norway, und the Soviet Union,
Belugas do not oceur in the southern hemispherse.

(U False kilier whales, Psendorea crassiddens., produce whistles in the 2.5 1o S-kilz
. lrequency band. with some energy up 1o 8 klz, false Killer whales also emit clicks and
R - Psees treterence 200, Exeept in polar regions. false Killer whales oceur in open seas through-
out the workl,

tU) The bottdenose porpoise, Pursiops trencwins, vlicks al frequencies up to 200
k2 and wiistles in narrow bands between o and [5 kllz treference 243, Bottlenose porpoise
elick trains van sound like barks, yelps. squeaks. sqquawks. or rusty gates, The bottlenose
parpoise oceurs widely in the Atlantic and Tndian Oceans and is common along the coasts of
the Americas and Lurope, Related species (7 gifli and 77 snenn) oceur in warmer parts of
the Pacilic, particularly in the China Sea and in coustal American waters,

tU)  Atiantic spotied porpoises, Stenella plagiodon, produce brogdband clicks and
whistles in the §- to | 5-k1z frequency range (referenee 200, The spotted porpoise occurs
atong the Atlantic cousts of Lurope and Americs. and in the Indian Ovean, A related species.
Stenclla graffinen. also calied “spotted dalphin™, oceurs in the eastern tropical Pacific.

(U Pacilic while-sided porpoises. Lagenoriyuchns obliguidens, may oceur in berds -
af up 10 2000 animals, Pacilic whitesided porpoises produce broadband clicks and whistles.
The whistte may sccur in prlse trains 6 as o rstcous Bleat with independent duadl compu-
nents (relerence 251 Distinet line componentsextend as low as 1.5 k7 in Pacilic white-sided

" Sudinos Pl adiinesiibind pompoiae foear Soms Baja Caiseia 10w Aleasian
Islands and in Japanese walers. A related species. Lagenorhiyuchies acwius, oceurs in colder
waters of the North Atlnatic, and Lagenorhynelias obsenrus, vecurs in the South Pacific and
South Atiuntic oceuns. The difTerent species probably pradu e distinet sounds.

i tU) The saddlehack parpoise, Delplinus delphis. produces broadbynd clicks and
: naitrrowband whistles that have been recorded in the 10- 1o 20kl 7 band and as low ax § kilz
i treference TR). The saddiehack porpoise oceurs in lirge groups in wirrmer wilers ol the
2 Atlantic. Indiun, and Pacilic oceans, '
3
s A5 Atlsimall whales produce sante sustatined narrowband signals that could be used
& in a COMBO communition scheme for ranges Tess than 10 ami. The sounds™ high Irequen-
. . . - - . s .
£ cies are suhjéet 1o high attenuation. Small wharde sounds might have utility lor short-range
% communication at Tow levels to limit the chances of distant interception, |
o N . ’
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PINNIPEDS (U)

{UY The Weddell seal. Lepromchates weddelli. emits narrowband pulses at repetition
rates from gbove 140 see 10 one in several seconds (reference 26). The sounds’ frequency
range is from 50 to 10.000 lz. The pulse trains typically start a1 1 10 2 k2 with a fast
repetition rate and end a1 aboul 0.1 kHz with slow repetition. Individuzl pulses in a train are
frequency modulated from 2 kllz at 10 kHe to 50 He at 100 Hz. Weddell seals also produce
howls, with fundamentals ranging from 50 (0 4000 Hz und with strong harmonic siructure.
and ringing sounds in the 1-to 3-kHz runge that last up 1o 10 sec. Weddell seals oveur in the
southern hemisphere around the Antarctic continent and its adjacent pack ice. Weddel! seals
migrate us far us 30°S to Soulh America. to Australia, and 10 New Zealand,

(Uy The beanded seal. Erignathees barbaus Temits 2 whistle with a tremolo charae-
teristic caused by fast frequency modulation of a few hertz, The whistle is modulated further
over several hundred Hertz at rates ol ubout 1/see to one in several seconds as the whistle
drops 3 to 4 kllz to 0.2 kllz over & period of a minute (referenge 27). The bearded seal is
circumpolar inwiters ol the Aretie. Ocean and the adjacent Atlantic and Pacilic regions,

(U) The ringed seal, Prsa hispida. produces a number of soumds. including a stealy
diserete-<component. downwurd frequency sweep imbued withh harmonics treference 28).
The sounds [ast from about | to 4 sec, range from 5 kilz 10 0.2 kHz and have at Jeast four
strong harmonics which may extend above 10 kHz. This seal also makes a browdband ringing
sound in the frequency range from below 2 kilz o about 6 klkz, with durations up to 15
sec¢.. The ringed seal oceurs widely in the Arctic Ocean and on the north cousts of Europe,
Greenlund, North America and the Soviet Union,

(Y The ribbon seul, Phoca (Histriophoca) fasciata, produces two principal under-
wa ler sounds coincident with spring reproductive sctivities: an intense 1--10 S-sev downw ired
frequency sweep in the 7- to 0.[-klz region and a 0- to 5-kliz breathing-1ype sound of al-
most | see duration but at 20 10 25 JB lower in pressure level (reference 2%). This seal is
distributed .from the northeast Bering Sea 1o the Sea of Okhotsk and into the northern Seu
of Jupan. Ribbon seals also oceur on thé coasts of Korea and northerr Japan.

(U The Califorsius seadion. Zadoghas calffiinnianns, cmits o variely of upldowalics
sounds inc hl(lim_. barks, grouns, growls. and bleats (references 28 and 30). The barks” main
components ou.ur between 0.5 and 1 kllz. Harmonics extend up 10 about 5 kllz. Most ol
the other Culifoniawa lon sosnibs wovtr iethe it ey reite 65 071 e 43 e ol
forniu sea lion occurs along the California coust, Baja Califomia, the Gualapagos Islands .xmlf

]

the coast of Japan. Bulls oceur as far north as Washington in the wintertime, ;
:

(L) Pinniped sounds usually oceur within lOnnu of coasts, ice packs or dnftm;. Iu:‘
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SIGNAL DETECTION ()

2 The COMBO Signal Recogaizer, Second Generation, CSR=I1 tligure 3). was
designed and assembled. und then lested both in the faboratory and at sea. The signal recog-
nition devive can decode properly even if seven of the nine signals are lust. Information
extruclion logic uses read-only memory unils { RCMs), The CSR=11 can {ill in missing inlor-
mation elements, average and weigh results, and display the best possible output, The word
“BAD™ appears in light-emitting diode (LED) displays when duti are insuflicient or Jo not
confonn 1o e of six message formats, The CSR-11 accommodates broadband-processed
bivucoustic signals. That is, given a teclnigire to process sweeping signals, the CSR=11 1ype
decading would also suffive far broadhand data,

TEST TEST
DATA 5TORE

TS , INPUT RESD ouTPUT
RECODER STORAGE ¥ cnriay ¥ Mgg:{.}\;‘ ‘ ~* SisBLaY"
fal GROUP T LY UGU DA S—
MASTER DETECTOR
GAIN : -
*OUTPUT DISPLAY FORMAT
TIME FRAMES
1123
GROUP 11| 4 | 57| 6
m| 7 8|89
(LINCLASSIFLLED)}

() Figure 3. COMBO Signal Recogniver, CSR-I1, elements and vonfiguration.

OPERATING FEATURES ()

AT The CSR-1H sfenal Tormal is three mutually exclusive elements. czeh tiisitted
three times at ditTerent frequencies. The CSR-1] produces six possible messages, using nine
dilferent (ransmitted frequencies. To compensate for Frequency shifts during message traps
missian, the receiver aceepts frequency “bands™ centered on the possihle transmission Ire-
guencies. The nine frequency bands are adiusted 1o mateh natural components in nine dit-
ferent pilot whale sounds, preseleeted aecording to the code of the day. The Srequeney hands
are rndomly arranged between 2.5 and 3.5 klz and the CSR=[1 recognizes nine animal
suunds spaced throughout a “natural™ chorus al phonations { ligure &),
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"t Fignre 4. Sonogram ol natural pilet whale soxnds used in Project COMBO. Sounds lam tworwhales
are illustrated. Suunds with less frequency modulation contained message infarmation, The coincident
upghde svunds itlustrited weee not used 10 transmit infermation. Anaby ss filter bandwadith is 45 147,
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1 Pre-recognition processing in the CSR=1 is 1onal analysis with o real-time
. speetriin analy zer that is sweep-imited at 245 10 4 5 KBz and with an ensemble ave-ager
that useseight sverpges. The analyzer isa Spectral Dynamics SD 301 and is the satree analyzer
wsedd in the WQC-5 (LDR/QRE fleet communication system., The aversger is a Spectral
Dynamics 309, -

p'rf The entire spectrunt in 4 selected Rormat of animal sounds is projected into the
waler, Received data are (Tist Dandpuassed between 1.25 and S klz. We also use a three-
dimensional waterlall display 1o characterize the received signals and ambicnt nois: and to
compare sipnals to natural sounds as they would eppeir to sonarmen on the BQR-20 or 22

e & Lach of the nine trequency bands is represented by an analog voltage ftom
'—' Spectral Dynamics Line Order Trackers that monitor the power spectra within a 36-4Hz band
Y about the center requeney, Analog voltages are compired to preset values amd separated
53

into a sequence ol nine time fewnes divided into three time groups, Incoming datin dre dis-

3,, played in LD disptavs corresponding to cach time frame il the data coincide with the
;’ proper dme group, For example, ditta shown by LEDs 120 3 are obtained daring time

Group 1. LED s 4. 5. 6 during Group [ and LED's 7, 8.9 during Group 1 liguse 3).

sy

=

A Time fraae generition begins when qualilying data in Group T are acquired.
Additional qualifying inputs are sequentially stroh.d into the proper LED display and stored
in memory for subsequent majorily/complementary Tagic anilysis, A Group il dats acqui-
sition during time Group [ indicates that some previous data were missed and an automatic
shilt ocenrs to move the display to the proper lrame,

a2 g

E -;‘ et

L1 Tinting frames For which no datg are aequired disphay an “1™ for empty. Mul-
tiple actuisitions dueing a time frame are ndicated with a paint 1o the lelt of the number
displaved i the Tranwe, The First pumber received s displayed mud the nltipie sequisition
inailso stored in memory lor-leter message extraction. Aller time {rame 9, ROM passes hori-
sontal, complementary logie in seqirenee on the rows ol stored. data and attempts 1o Jill sin-
gle voids accompanied by two bona fide inputs. For example, i the data for Group | were

e
pord
T

e

i P
R

i 311 in tme Trames 1, 2 and 3, respectively. o 2 will replace the I during the initia) comple-
:L mentary logic pass to produce mutuadly exchusive message clentents. By similier processing.

ather single voids or multiple acquisitions will be changed. e, 328 1o 320 or 221 to 3210
Multiple voids renmain unchanged and seeial multiple acquisitions display emply. ez, 213
bevomes 3L, Mujority logic scans each column ol provessed data sequentially and places

~

" the majority character for ech column in a final best-message matvis, For example, il ihe
tirst column containe 3513 in Frames 1.9, and 7. respectively, a 3 will oeeur in e Tirst

i pasition ol 1he 1 sst-message patrix, Simikarly. 232 in the second column produces o 2 in
o N

F e

the second position of the best-message matrix, and ELE in the third column produces un k-
. i the third position. A secomd complementary logic pass on the best message marrix a1-
templs o Gl voids before results are <lisplayed in LEDs, 1F the ffal message is uneertain be-
i ' cause of insufticient or conflicting data, the letters “*BAD™ are displayed in the LED instead
© ol'a final message. Single-hit, even purily is maintained throughout the logic pases. A point
displayed in 2 linal message Frame indicates i inoperative ROM, Afler final messuge assem-
by, o decoder network activales solenoids oF Lape recorders to announee messages,
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] ywenly houns of bivacoustic recordings with high signal-to-noise ralios were
plaved nto the CSR-1T without false alarm. The recordings included many pilot whale
sounds because pilot whale sounds comstituted the coded category of souneds, At times during
the test. o single lime window would quality, but he message display wis ghways “BAD™,

[ ower signal redognition or triggering thresholds will inereise incorrect messige aceeptinee
or "BAD” display, but a slow altack mad slow release automatic gain control prevents this
problem, The tests indicate that the ¢hinves of receiving spurious signals ol the required
Irequencies iy the right order and at the right times are inlinitesinal. T he Bme conditional
coding ol the COMBO seheme suppresses False alaons, Actugl false alsrm rtes A RY depend
upon equipment conligurtions for specific applivations and conditions,

' SEA TESTS (L)

A5T The COMBO concepts. systems amd provessing sehemes were fested in the kiho- h
catory and at sea to improve trnsitission fidelity and measure performance. [Rital tests usad |
the CSR=1 A tatal of 76 cansecutive repetitions of three dilferent COMBO messages were
correctly recognized and decaded by the Sawindowed CSR-1in a test at the Transducer
Fvaluation Center on Point Loma. Sounds were played Trom 2 free-loaded eylinder 1o an
ompidirectional hydrophone ind 2 tape recorder a1 source levels up to 200 4B re 1 gl*a. Sig- 3
mitls were synthesized pilot while sounds superimposed on g chorus recorded at sea, The £
CSR=1is deseribed and discassed in relerences 31 and 32,

7 InJuly 1973, preliminury sea teals oceurred off Caaling [slnd. The sounds., f

projector. receiver, procesaing leehnigue and decoding method weredhe same as used in the !
TRANSDEC tests. The projector and receiver were at a depth of 150 1 and at ranges of g
0.01,0.13,0.25, 0.5, 1 and 2 nnid. The water column was well-mixed. Source levels were B
gpproximately 175 dBre | aPu. All recorded transmissions were decoded in the laboratory 3
without error. :

-. . s |?

: T In September 1973, the same COMBO messape formal was projected at levels i

N o 200 8 re 1 pPa ot sea to ranges of S, 10, and 20 nmi. Instruments were the smne as Tor :

';" previous tests, The receiver was o Wilcoxon hydrophane. MI9DA and the projecior was a

e lree-Noeded eylinder, ITC 2014, Both instruments were at 250 f1. A specially designed 1-kW

! amplitier projected synthiesized pilot whade sounds at source Jevels 25 dB above natural

iy Jevels. Preprocessing aned deceding were the same as in the previous lield tests. The five i

f:f signals were distribuled through (he Trequeney band Trom 4.4 to 6 kllz. ’

N .

h N HA The CSR=1 correetly detected afl recorded messages (coded animal sounds) at

- the $- aad 10-mi ranges and 90 pereent ol the mesages al 20 nmi, Ambient noise comdi-

‘ tions weee neir maximum Weng shipping noise levels, Sigoal loss ocvurred ot two of the live

% frequencies fransmitted st 20 nmi. ' i

1 . 7

¢ ‘
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E‘ 7 Signal-to-noise ratios were determined op the real-time spectrum anpalyze A
N trable 11 AL S and 1) i, the noise was nearly all charos sounds projected by this system, '

AL 2 nmi, ambient ~ea nodse above 1 Kz masked the signaks. Received level as a function

el

”

5 :
¢ . of requeney is showp in faere 5, For reference, the souree level of the 3.4k Tz signal was "
X 200 d8 e 1 glb Our measurements 1 Urck™ attenuation loss mode! crelerence 330 4

' ' 5T In April 1978, 0 90-see tape-recorded sequence of nine COMBO pilot whale sig- 3;

nab wins projected at runges of 2.9 and 16 nmi, The natural tonals oceurred in a irequeney
bamd from 2.5 to 3 3 K1z as part of a realistiv choros, Instrumentation was the same as lor
previous tests, Souwrce levels and Inmnsducer depdhs are given in table 2,

WA Foue COMBO sequences and a 3-kHe calibrution-tone were transitted al each

bl Tite. .

i . w . .

k> 187 Revonded seqguenees were pluyved into the CSR=I sys<tem alter processing with

5 aeal-time spectrom iy zer snd line-order irackers, Messiges were recognized perfectiyv at

B adl rrges and signal-lo-nodse ratios (able 2L The receivet] signal-to-noise ratios agree with

]‘ the proediction Tor YRz ftable 3.

2

‘; 2377 In the CSR=TL system. both the it rate and the signal-to-noise ratio required ;
4 lor message detection are Frequency depemdent. Far example, asstming processing gain coui- : i
é_‘} vitlent Lo that of the CSR=F sy<tem and a 90-percent probability ol detection, a 16-d83 3
% sigl-to-nnise ratio for the spectrum level i required for a pilol whitle whistle at 3 kliz that §
. kavts 0.7 see, Fora 200-d13 souree level. the signal is theoretically detectable by CSR-1 aul ' :
| Lo LOO pmi undder siverage anbient noise amd propagation conditions (tabte 3y With the i
K] sane pracessing lechnigoes, the signal-to-nobe ratio deereises with frequency, hut the data ’

rate is redoced because more time is required For recogaition at tawer Mrequencies, For exam-
ple, whale sanrsds below 100 17 sequire a sigaal-to-noise rtio of -4 dB. but take 100 times
lenger 1o be detected than the 3Kz pilar whale sjgnzal. Thas, the Bit rae is reduced by 4
taclar ab 108,

3

2

3547 Testsitlso weee comlueted to determine the utility ol sonabuoys, especially the”
SSO~LIA, ns receivers. The only limiting fictor was radio range. which,is line of sight. COMBO
signals received und relaved by sonobuoy were processed, recognived and decoded normally.
Sucressful fests 0of CSR-T1 were made in the laboratory using day proiected up to 3 nmi o -
wapabiioys 5 1o 7 nmi ofishare,

gy

ociia L A
VTN P AL, et

99— Tests with parimetric sutrees were made in cooperation with personnel of the
Naval Underwater Systems Cenler iNUSO)L A primary frequency ol 66 Kz way mixed with
£ OMBO sounds and projected in the NUSC quany at a source level of 173 dB. We decodwed
the recorded signads with the CSR-I with 9%percent probability of correet detection. Soumls
above [ R were received with high Tidelity, but 20-17 10 1-kl1z sounds facked Tdelity. 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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\(&[ Signal-lo-Noise summary for sea tests with caded pilot whale sounds in April 1975, Values are the tange for 9
voded signals transmitted at 9 different frequencies between 2.5 and 3.5 kile Source and reeeiver were at 90m in 1300m
of water, Received brosdband aimbivnt noise was 102 to 107 dB re | pP'a. Source levels were from 179 to 198 dB. Strong
r.ultipaths occurred at the 2 and 9 nmi ranges. Four trials were rup at each range. All messages were correctly recognized
with the CSR1 apparatus,

o )
S n O
BT S P

Signal-i0-Noise Ratio (dBd

Ringe Broadband Noise in 1 He Predicted?
{nmi} . Noise! Bany® tHlighest { Average)

41013 551004

w0 0.8

-17w-1 40 to 56

Broadband noise from 20 11z 10 15 K1, measured Trom calibrated recordings taken at sea.
Front one-thind octave measurements at signal lrequencies.

Predicted Spectrum level of Wenz noise values for 190 dB wource.

CONEIBENTRAL

{U') Table 2. Signal-to-ndise smlnm:nry. April 1975,
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) In June 1974, COMBO sounds were transiniticd between ihe submaring
Dodphin and a receiving ship 0.5 to 4.5 nmi away. All COMBO signals. were recognized by
the CSR-LL In a long-range test, the signals were too weak 10 be automativally detected at
50 nmi.

RECOMMENDATIONS FOR DEVELOPMENT (U)

ey CSR-I s a test system to evaluate message rates, requency consiraints. ranges.
and voveriness available through the COMBO concept. The CSR-11 requires modilication to
inerease messupe cantent, processing speed and coding variability o be compatible with fleet
syslems,

457 The number of messages can be increased by using more signal [teguencies, lor
example, increasing the number of signal frequencies in o transmission from 9 10 21 woulkl
increase the number of triple-redundant signals from 3 to 7 and the number ol possille mes-
sages {rom 6 1o 5040,

8T Doppler tolerance can be improved hy using wider filter pass bunds. Assuming
differential speeds o 60 knots and pilot whale signals, more than 21 adjacent {tHers ol in-
creasing handwidth can be ased. Increasing bamdwidth is needed 1o accommaodate greater
doppler shifts at higher frequencies. Reduced ambient noise levels at the higher frequencies
nearly compensute for the incréased noise pussed by wider [ilters. ‘

}S?f Automativ Gain Control t AGCY would eliminate the manually adjustable gain.
Naise varies with {Teguency: thus a sepirate AGC should be used Tor cach requency band.

A5 Trunsmission thme van be reduced by using parailet eoding i decoding, The
CSR-IT system trmsmits serially one 10-see window at o time and requires at least Y0 we of
acosstiv: data o ome essape . Paralleleoding would update an inpud patbern ewery 50 disey
and require about 20 see to transmil 21 signals, or one ol 5040 possible messuges with triple
redundancy. Actual transmissions will be longer than 20 se¢ to add the realism provided by
vassdoptiaad maplitmde varigliows ol adlueal ghotnes

SIGNAL SYNTHESIS (U) -
ANALYSIS OF MARINE MAMMAL SOUNDS (L) - i

AT Synthesis of naturally-oceurring sounds depends upon tie analysis of recordings
from the sea. Proper malysis includes real-time spectral estimation. digitad and analog wave-
Yorm studies, digital filtering. and instantancous amplitde ind zero-crossing estimation, The
sounds’ specloim contains inlformation about the sounds’ frequeney range and harmonic
content. The wavelorm suggests source gencrttion mechanisms and, hence. possible syathe- |
sis procedures. Operator-interactive digital Nltering isolates individual sounds and enhances '
signal-1o-noise ratios, o : .
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TECHNIQUE OF COMPUTER SYNTHESIS (U)
MARINE MAMMAL “SCREAMS™ (U)

1) Marine mammad sounds ealled “sereams™ and “huszes™ can be composed of
pulses with varving repetition rates and varving (requency centent, Small whales and
killer whales produce such sounds.,

HET™ A time-Trequeney waterfall plat of a simulated Killer while sound is shown in
Fguree & The basic pulse was generated by low=pass liltering the harmaonics of a rectangular
pulse, with & repelition rate that varied from 1000 1o 200 Tz The frequeney harmeonics of
an actual Killer whitle sound have ahsolute lregquency compaonents thal are diflerent rom
the simulated seream becase the pulse shapes difTer (igure 7).

A Marine mammal counds incude long sinugsoidual oscillaitions. called “whistles™,
as well ay short-duration pulses. Whistle synthusis uses procedures different from pulse
synlhesis, Sinusoidal somds fave been synthesized (relerence 349: wn!hcu\ ol pulses and
clivks remain unlm:siu.d

AL Pilot whale whistles are sinusoidal. i.e.. the sound's instantancous lime wave-
Form cin closely resemble st sine wive, Only the instintancous amplitude and lrequency
vary over the durition ol the sound, The amplitude is likely to rise smoothly over about 50
msee 1o an average level 1o remain at the Jevel, and 1o deerease smoothly during the last 50
msec of the sowl, The sounds lack transient onsets or offSels that are humanly discernible.
The sounds contain hath frequency sweeps and constimt-frequency portions,

48T Whistle synthesis requires real-time, high-speed computational cupability. e
COMBO synthesis work used o PDP-11/40 minicompuiter. fligh-speed digital-to-anulog (1)/A)
convenion ol the pencrated soujds required @ (iest-in, Gest-oul 1170 memory-hased DA
wonverter, Smooth sine waves were generated by limiling the output of the D/A band witls
i active Ter, The syathesiy soltware progriom has i sell~contained lookup table that con-
Lains the microstructure of the sound 1o he synthesized (referenge 343,

A The microstructure 1able can represenl variows wive shapes, One tuble generates
pure sine waves, and athers superimpose second and third harmonies. Program exceution
speedd limits the real-time high-lrequency to 7 kHz, The frequencies to be produced are stored
sepanite from the generation program, Thus, a sound can be generated repelitively oF as
seguence, The generation progrim construets the pattern and fills the FIFO momory of the
DA converter with the outpat samples, The FIFO is clocked at g Gxed 6 b-psee interval. In
addition, the onset and oflset al the sounds are program controlied. The program isnot
limited by FIFO memory size. Belween clock intervals, new digital samples are loaded into
the FIFO memory, Figures X and 9 show time- Ircqucnu walerlall displays of computer: -
synthesized pilon whale whisties,

26
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£8) The synthesis of pilot while 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 uppar fre-
" quency limit about 7 kHz. Methods of sound synthesis involve signal generution techniques
and computer software but the upper frequency of synthesized sounds is limited by hardware,

TRANSDUCERS (U)
BACKGROUND (U)

48T Transduu:rs for transmitting and receiving COMBO low-d.u.; rale messages
should have the following characteristics:

o A frequency range of 20 Hz to 10 kHz.
o A source level of 160 to 200 dB re | pPa at 1 m, and
o A projector sighal-to-noise ratio ol 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 identily transducers
acceptable for COMBO use,

437 Sound projectors transmit most elfectively in a relatively narrow frequency
band. For some projectors, the effective bund 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 | to 3 kHz, but the animal’s sonic repertoire ex-
tends from 300 Hz to 15 kHez. The COMBO scheme is directed toward use ol fleet sonar
equipment, but other transducers were surveyed because fleet equipment does not tulfil) all
COMBO requirements.

t€¥ No fleet sonar system projects e flectively over the {requency bamd required lor
all low data rate transmissions in the COMBO scheme. so we considered projectors with re-
gard to the kind ol sounds that could be projected. The sounds® animal sources were classi-
lied by frequency limits. High-frequency animal sources produce sounds in the 300- 1o 8000-
Hz range. Small whales and porpoises. specilically beluga. Killer and pilot whales, are high-
frequency sources of COMBO sounds. Components of small whales™ signals may exceed 8
kHz, bur attenuation limits communication utility ol the stgnais’ higher frequencies. Mid-
frequency animal sources produce sounds in the 70- to, 3000-Hz runge. Some large whales,
such as humpbacks, and most pinnipeds are mid-trequency COMBO sources. Low-frequency
animal séurces produce sounds in the 20- to 200-Hz range. Larpe whales. such as blue, tinhack
and gray whales, are low-frequency COMBO sources. Because the frequency limits ovérlap,
soie animals are sources in two cateporics,

v

FLEET PROJECTORS (U)

A&7 Fleet sonarsapplicable to COMBO applications are listed in table 4. lnadeguan:
low Irequency response limits most of the units. Only GNATS satislies 2 complete subtask
category, namely the mid-frequency sepments. The GNATS system uses three trunsducers
and cach transducer operates in a distinet frequency range treference 351,

- 31
—SECRET—
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487 The WQC-2 low-band projecting transduter system could be equalized Lo pro-
vide udequate response from 1.1 to ut least 5 kHz. at a source level of approximately 190 dB
re | gPa at 1 m. Alternatively. sounds eould be preequalized Jor use with the system. Use of
the WQC-2 driving amiplilier in 4 COMBO schetne would require auxiliary input from a tlat
response cireuit. The WQC=2 is installed on submarines and surfuce vessels for communicas
tions,

157 The frequency response of the WQU=2 is 100 nanow [or the entine range of the
high-frequency caiegary ol sounds, but is adequate for COMBO trunsmissions of killer
whale, false killer whule, beluga, and bottlenose porpoise sounds.

L .
45T The frequency response of the SQQ-23 with an auxiliary amplilier and of the

BOS-13 in a communications mode nearly equals the response of the WQC-2, The BQS-13

is Fimited below 2.8 K11z and is thos limited 1o transmitting pumolse «like sounds in a COMBO

commuateations application.

A5T 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 ca-
pahility, COMBO sounds require 180- to 190-dB source levels 1o achieve adequate commiung-
cations range. Another possible disudvantage to COMBO application of the GNATS system

-is that only 10 GNATS sets were built, and Lhe availability of units is questionable,

41 Our survey indicates that Teet sonar projecton are most suitahle for projecting
COMBO animal signals in the high-frequency category.

OTHER PROJECTORS (U)

,LS( Other projectors surveyed mect cerlain COMBO criteriu, Several projecion
have potential use tor acceptable COMBO transmissions Clable 53, Except Tor the Hloneywell
X 182-AL the Tisted projectors are small and lightweight, The NOSC PHID IV s the only
truisducer surveyed That cun project breadband sound at fréquencics as fow as 20 Uz with
na signifivant distortion {fgure 103, Disadvantages of the NOSC PHD IV Tor COMBO
sontnpaiaticn i applicarions itk i appee soireotbeve) Qinitaof 1 S6GIET edhoatee 6f
active depth compensation, and a minimum frequency limit that increases with depth.

G TR aTh:
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o
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},(?f The ITC 2010 and 2011 projectors cover i broad frequency band and operate
at an adequate souree level. The ITC uanits are small and omnidirectional in the plane normal
to their axes, Together, the ITC projectars have been suceessitlly used in COMBO sea tesis,

e £} L TR
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ART The parametric systens from the Nava) Underwater Systems Center (INUSC s
broadband ubove | ki lz and is suitable for projecting COMBO sounds ol parpoises aud small
whales tligire 1), The parametric system is very dircetiond and may project unwanted
oupit at priniry {frequencies that will fall within the detection riunge ol COMBO signal
recognition instrumenis,

[

..-.mss I
ey e R

Eets

et

ART The Honeywell HX 182-A projector operated satisfactorily at frequendies lrom
60 1o 1100 He tfigure 12, The pmjcu;nr is inadequiate for COMBO signals in the low- or
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Maximum Undistorted
Source Level,

(L) Table 5. Non-fleel projectors considered for COMBCHike applications.

System Deployment  Frequency. Kz _ dBre LuPast lm
' 1. WQC-2 (Low Bandy Surface/Submarine is-5 . 190

2, 80023 Surface IH-8 200+

-3 BOS’-i 3 {Conmum Mode)  Submarine 25-8 200+

/4. GNATS Submarine 0.06-6 160+

—(CONEIDENTHALY-
(U) Table 4. Fleet sonars considered for COMBO-ike applications.
&.
Frequency Cper:uing
Response Source Level Depth Approximate
Transducer - J KMz o dBredpPa.lm  Limibm o Configuration _ Size.m
NUC I’IILID v 0.01 -0.1 1530 No data Cylindvr 0.4 Diax 0.5
" HX 182-A 0.06-1.1 190 230 Cylinder 0.6 Diax 1.8
ITC 2010 ) -4 180+ Unlimited . Ring 0.5 Diux 0.2
ITC 2011 4-9 190+ Unlimited Ring 0.2 Diax 0.]
NUSC Parameiric | -20 195+ 91 Dise 0.9 Dia x 0.1
- {UNCLASSIFIED)
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(“input™, above) and after projection hy the PHD IV transducer at @ m depth (“outpm™. helow),
The effective analy'sis filter bandwidth is 1.1 Ha.
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10 100 * 1000 10000
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(UNCLASSIFIER)

TN Y W VR ey

A (U) Figure 12. Response ofHX 182-A projector in series with a 110-t0-206 i1z band :
G tejection filter, The input signal was 100 V rmis at 400 Hz. The source depth was '
G 62 m. g
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’ ! mid-reguency categosivs, A eeU soma wsed in comun o s il an 1IN IS 2A and o PHB-IY

:lf wonld be cupul\ic ol COMBO [ransmessions ab tredquencies troam 23 1o 100000 1],

KAt

b LOW-FREQUENCY PROIFCTORS (U) '

o . '

)

1;5. (U Sia low-Trequeneys progectors surveyed are deseobed s gable A T hydialic

B, . mechunisas of The by droacousgic devices histed produce unpceepible Darsiona distaction

*. . T amd extrneous compenents, The FIN 23381 ases o diierent pressute cosipeisation sysliesn

} ’ than the TIX 18E2-AL Al prajectoe [sted in tahle 6 lune greater somee lesels aind less depath 3 "

an Asmsibivy than the PHD TV, ‘;f

£y i E

& FLEET RECEIVING TRANSDUCERS (1

R . '

. = Oue sarvedy mdicates Har reecivers neevimg COMBO eritenisane avaslable i the g

Rl Meet Cabie 71 Fhe recening response of Hie WOU-2 s narrowest of the surveyed amats For 7
enisimg tansdueers, the SO =230 Best Tor COMBCH apphcat ey Lo surbzace staps and the y

y Yy
wo% S
£

Y2

BORST s optinnid Lor subimiinmas, Fowed aray s give ediembod fow-legueney coverage, g
thew use woresirictive. A bromdbaned hydroplione will be necessary Tor suelace ships To
receive COMBOY saunds. The BOR-7 emables submarmes 1o receve COMBO soumds al
Irequeencies as low as 30 {12

-,
1o

oy

=5 Surlice sBips cin also ase sonobuoy s to peveive COMBO signals in the entire
20- 1o HLOODO-C Trequendy range A sanobussy deployed away Trom a soelace ship woukl
likely receive less vwnship noiswe than lwllsmounied 1eceivers, Antenna heght fugis sono- 3
buay riadio range, Depending on sei stale, aosuelace ship moving w20 Ksheubd reeeive

L2 A

el

[p21; . } . . -

e COMBO signals Irom wosomohuey Top |5 to M) in, .
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: DEPLOYMENT SECURITY (U) , P
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that the bioacomsdic signals have sdequate natural qualitses. Avoustic criteria [un signat nat- i

i urness include icdelity . source Tevel Bequency content, wavelom amphiude and duraton. s

i Spevific spmnals also st oceur ot thies and locatipns prisper Tor source anintah. e
BlE i 1 it

i TRANSDUCERS (W) by

5T No widerwiates sound projecting aquipment cun transnnt oacoastie signals

;-,-\.l{x Y Ay

1'. “with aisolute fidelity . Sienal analysis can reveal the peiturbitions that tansdoeer systeas I

g fz . impose on Ensmissions il can identily unmtural bioacoustic signals. Tragsducers ten |

s praject biogeoustiv sigitals Tor communivations musd limit the transmitied perturbations ~so ' E
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"L 3 Frequency Operational
s Response. Souree Level. Depth
E __"l;r:{:a:sq:lc..-_rh _ P_Iz__ o dB re | pl’u_._ul_ Im '_l__i_m_it_.ﬂ\_ . g'un_l'iggruliun
' Honeywell
HX 254-B 91 em Dia x 120 cm plus
Bender Bar 25-100 180 450 depth compensator, 900 kg, towed
Magnavox Bender Resonant at
Bar 50 Hz 180 450 43 em Diax B emi. 133 kg
ot General Dynamies :
Hydroucoustics 60~ 103 180 160 53 em Diux 245 ¢m, 730 ke, towed
Moo Hydro-
acoustic 40 - 400 180 at 55 Hz 155 455 kp ’1
: ‘ [N
Westinghouse 190 ¢ Broadbznd) No dat: 1200 ke i)
Flexural Disc -10-100 200 (Disvrete Freq) S # '-’,
Acrojet Electro- .i.:‘_
. systems Flexural : s
Dise - 25-95 ©o-199 - Nodata  0.24m>. 455 kg s

}'&5 Table 6. Low-frequency piojectors surveyed for possible COMBO-like applications.
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System Deploynent Frequeney, klz
SQQ-23 . Surluce 035-0
BOQR-7 Submarine : 0.1-7
BQS-n. 13 Submarine 0.5-8
SQR-17(TASS) ' Submarine 0.00- 1.1
BOR-13 (STASS) Submarine nos-23

(U} Tuble 7. Flezl receivers snitable for possible COMBO-like applications.

COMBO applications. Commiunication signals that use phonations of other marme mamuak
muy lave ta exceed patural source levels by up to 30 dB. Source level is 4 funcnon ol the
transmission s coded Trequeney and intemled range. Use of uanaturally Digh source levels
should be limited to short-duration transmissions and low frequency sounds, .

SIGNAL SYNTHESIS (U)

AR Signal synthesis has reproduced portions of pilot whale sinusoidal waveform
whistles. ‘The sounds of Firge whales have nat been synthesized, Adeqquate synthesis of bio-
acoustic signals for covert communications requires quality record ings ol nutural sounds.
Synthesized signals are constructed Tram and compared with the nutural templates, Synthe-
sized signals must appear natural on sanardisplays and musi sound natural to Knowledgesble
listeners.

AT The Tornals presenting bioucoustic communications signals mtst also be natural,
The inerease in eritical bandwidth with requeney inanimals’ auditory function implies thut
bandwidth of animal sounds also inereases with frequency. Thus. synthesized anjmal signals
that sweep dcross lrequency should have more frequeney varianee in the high-lrequency por-
tion. Some Formals, such as the amplitude rise and decay of choruses, chimge gradually and
vary randonly. Other Tormats., sich as humpback whale songs, oceur in distinet rhythmic
sequences that dre repeated as stanzas.

JJ.{{ Ensembles upon which coded signais are superimposed st be randomly con-
structed, The library of component synthesfzed soutich must be Lirge eitongh that long-term
amtlog recordings are nonrepesting.

KT During sea trials of COMBO vquipmuent, tinsmission of sy nthesized pilon whale -

sounds attracted pilot whales to the transmitter. The whiles' phanations added 1o the sonic
vivironmen! without degrading the eommunications elTort,

.
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SIGNAL OCCURRENCE (U)

_48) Bioacoustic communication signals must occur at the proper time and place.
No murine mammal is pan-oceanic and many distinct phonations occur only at certain times
or phaces. The frequency with which 4 bioacoustic communication will be used depends upon
the communicators® activitics. More common signals should be used for more frequent com-
munications.

487 A guide to biologics has been produced to familiurize sonarmen with bioacoustic
signals. bioacoustic sources, and marine mammal distribution (reference |12).

FLEET IMPACT (U)

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

45y Poor communications disrupt-coordination in submarine escort or ASW operu-
tions. Even a limited covert communication ability will enhance coordination between sur-
lace ships and submarines. Project COMBO provides covertness unavailable with presently-
deployed two-way conununication systems and thus cnhances coordination in critical
$CCMITIOS.

—£5 U.S. Sonarmen typically tune out biologics as interference, but Soviet use of
bioucoustics for contmunications is likely, so fleet sonarmen must become more [amiliar
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-

~ avoustic indices (reference 12) now augment the classitication efTort.

A57 Marine animal sounds are ubiquitous (reference 37) and likely well-known to
Soviet sonarmen. Signal processing fechnigues will aid and advance underwater military
communications, but U.S, forces may fuce an increusingly 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.

40
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