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It is the intent of this paper to outline the philosophy which under’-
girds the field of signal processing as it relates to instrumentation in
underwater acoustics and in particular to the most prevalent application
of underwater acoustics, sonar. The term signal processing as used here
refers to the real time transformations carried out in sonar equipments
to maximize the performance of the equipment within the limitations im-
posed by the ocean and its bounda ries. Emp hasis is placed on the limi-
tation of the ocean and the influence of these limitations on equipment
design rather than on a detailed descriptionof the signal processing instru-
mentation which has been developed over the past several yea rs ,

Son .q  r C o m p a r e d  to  R a d a r

In order to emphasize some of the more important l imi t in g  factors
of the ocean and its boundaries it is hel p ful to make a comparison with
the companion field of radar. Although these two fields , at fi rst though t,
appear to be conceptuall y identical , th e diffe rences are importan t  and
introduce variations in the s ignal processing techniques of the two fields.

The primary common objective of both fields is that of echo-ranging.
In the echo—ranging problem one is dealing with wave p ropagation in the
medium and is concerned wi th  the bounda ry value problem established by
the ph ysical relationship of the medium, the source and the target. For
both cases the l imitation in detection capabi l it y  i~ the spur i ous  backgroun d
energy against which the targe t must  he identif i ed.

~This paper represents results of research sponsored 1w the Offic e of
Naval Research tinder contract  N onr  22 lo (~ .S) . .
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Although this general sta t ement oft heproh lem is equall y app l icab l e
to both sonar and radar , the differences in the detailed descri ption of the
problem have a greater o r l e s ser in f luen ceon  the signal processing of the
two fields .

The electromagnetic field is a vector field as contrasted with the
scalar acoustic field; however, this difference introduces onl y mino r dif-
ferences in signal processing techniques.

Transducers, converting acoustic energy to electrical energy , and
vice versa, must be incorporated in sonar systems whereas antennas which
coup le electromagnetic energy directl y into the medium may be used in
radar. This difference again introduces oni y minor variations in signal
processing techniques.

The most obv ious diffe rence in the wave propagation is the velocity
of propagation where a difference of a facto r of approximatel y 2 x lO~exists. This difference is reflected as a gross change in operating fre-
quency and in travel time for an echo-ranging pulse.

The bounda ry conditions fo r the two cases are also appreciabl y dif-
ferent. in most ra da r work the atmosphere may be treated as a semi-
infinite space with ground acting as an absorbing or scattering bounda ry .
The ocean , on the other hand , must be considered as a layered space
bounded by the surface and the bottom. The surface is a iiressure release
boundary which acts as a nearl yplane perfect reflector , pe rturbed by sur-
face wave action , while the bottom presents a ph y sicall y comp lex hounda ry,
the acoustical properties of which are d i f f i cu l t  to p redict in other than a
statistical f ash ion.

A striking difference between the two fields occurs in the effect of
the refractive index of the medium on the propagation paths. Trad i t i ona l l y
the rada r problem has ignored the refractive mdcx of the a tmosphere  with
perhaps the exception of ext re niel y long- range equipment , whe reas the
field of sonar has always been plagued wi th  strong re f rac t ion  cau sed by
the stratified thermal structu re in the ocean anti , as a m a t t e r  of fact , in
the majori ty of cases this refract ion is tile l i m i t i n g  facto r in sonar  p e r —
fo rma nc e.

The atmosphere and the ocean a l so  d i f f e r  in t h e i r  power hand!  ing
abil ity.  The power l i m i t  of the tw nle(i in iii \ V Jt  t sq cm a i c  shown in
Figu re 1. In both eases , the power I i i i i i i , wh ich  is v s t a b i i s i i e d  by the
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electrical breakdown of
the air  for rada r and the

______ cavitation breakdown of
the water for sona r, is

OREA ~ Dow ~ dependent upon the di s—
tance from sea level. As
can he seen , the power
l imita t ion of the earth ’s
a t m o s p h e r e  i s  un-
impo rta ilt except for  high
altitudes in the case of
radar. On the otherhand,
thc cavitation threshold inFigure 1. t h e  o c e a n  i m p o s e s

a severe limitation near the surface for sonar and is strongl y dependent
upon depth. The cavitation l imit  is one of the i mportant factors which
determines the size of an electroacoustic project ing transducer.

Two otherfactors of importance are frequency dependent , the atten-
uation of the medium and the background noise in which the system must
operate. The interaction of the frequency dependent fa ctors with the ph ysi-
cal size of the transducer oranten n a  leads to the selection of an operat ing
frequency. This selectio n is not a simp le optimization process and thus
a large variety of system configurations are in existence.

The practical selection c f  operating frequency fo r bot h rada r a n d
sona r operations is keyed to the phys ical  size of t u e  p l a t f o r m  fro m which
the equipment must operate. For portable equipment , ca r r i ed  by a imiii .

the dimensions must he of the orde r of a foot.  For vehic le—mount e d  equip-
ment , such a s a p l a n eor s h ip ,  cqii ipn ient s  may have a ph y s.cal  size of the
order of magnitude of 1 to 10 feet. Moving  in t o  f ix e d lai l d—hase ( i  equip-
ment , or large sh ip—mounted  st r i i c t t i  res , the d i men s i o n s  nay  inc rease
to 10 to 100 feet , and f ina l l y ,  in systems designed to match  the t e r r a i n ,
dimensions w i l l  i)e i i f  the o r d e r)  )f magi’i it tide of l I l t )  to 100(1 feet . Of con rse,
the ph ys ical  d in iens  ions by themse lves  arc  not su f f i c i e n t  to e s tab i  i s i i  the
operating frequency unl e ss  the required d i r e c t i on a l  c h a r a c t e r i s t i c s  a rc
b r ought  in to  p l ay .  In genera l the bea mw id th s  wh i c l i  ar e  L (  05 nk red t be
useful ~vil1 range from 10 degrees to  0. 1 degree , c a l l in g to r a d amet cc —
to —wavelengt h rat io f a l l i n g  between ~ a iid FiOO . T h e  c on hi na t  I) 01 )f the
physical size and th e  re qil i  red di reel n oal ehia r n ct c r i ~.t ics t hen f i x c s  t i l e

‘ wavelengt h region C f  i t i t e i e s t  ~is  f i i l l i i i g  f r o m  I t . I ni t~~ I i~ c i i i .

~ 

±1
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Within these above l imitat ions
the attenuation and background noise
combine to provide an optimization
for the operating frequency. Atten-
uation in both rada r and sonar is
shown in Figure 2. Over most of
the region of interest, fro m a few cm
up in wavelength, the atmospheric
attenuation for the electromagnetic
case is essentially negli gible in con-
trastto the very high attenuation for
the acoustic energy in the ocean. In
view of this , the influence of atten-
uation on the selection of frequency
is considerably more important forFigure 2.
the acoustic case than for the elect-
romagnetic case.

The background againstwhich the system must detect a signal is the
masking, undesired, powerappearing at the output of the receiver. This
background is conventionally separated into three components : Receiver
noise, or the rando m power output generated with~the receiving system
usually at the input stage, medium noise which is the amp lified noise power
appearing at the output of the receiving antenna or transducer in the absence

• of a radiated echo-ranging pulse, and reverberation or clutter , defined as
the power appearing at the output of the receiving antenna or transducer
which is dependent upon the energy of the radiated echo-ranging pulse.

- The relation of receiver noise
-. to frequency is i l lustrated by Figure 

.~ 3. Thcelectromagnetic and acoust ic
‘
~~~~
‘. ~~~~~~~~ .~~~~~ noise cha racteristics shown in this

—. figu re invoke some rather gross as-
- 

-
~~ .~~ ~

- - sumptions and must  be taken as m d i—
eating general character is t ics  rath-

- - ‘,.. er than basic equipment design data .
- In the region of a few centimeters

the input noise of a receiver matched
I to a di pole exceeds the I n Ii c r e ii 

F igure 3.
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electromag netic background noise of the atmosphere whereas the input
noise of a receiver matched to a hydrophone is less than the acoustic back-
ground noise of the ocean even for the minimumor “zero sea state” noise.

The reverberation background against which the system must operate
is determined by the scattering coefficients of the medium or boundaries
involved in the propagation path. The returned energy is dependent upon
the pulse length of the transmission, the scattering cross-section and the
area insonified which is a function of both the beamwidth of the transducer
or antenna and the range at which the scattering occurs . Scattering from
a surfacewill have a different range dependence than will scattering fro m
a volume. Neglecting transmission anomalies such as attenuation and re-
fraction , the energy returned from surface scattering falls off as
the scattered return from volume scattering falls off at h R 2 while the
signal energy returned fro m a target of constant cross-section falls off at
h R 4. In general, the surface scatteringis a near-in or short range effect
compared to the volume scattering where it occurs. A comparison of

volume scattering coef-
ficients is given in Figure
4. The normal range of
acoustic scattering coef- 

\_ .iJ ’
~i~~ ficient in the upper 500 

‘
~i~1~ ’. FT R EF 

feet of the ocean is not
..\  T~~~\-- .~~ ~~~~~~, stron gly frequencydepen-

- , 

~~~~~~~~~~~~~~~~~~~~~ 
dent. Higher scattering

\ \ coefficients are observed
- -‘\ \ at the depth of the ~k ep

\ \ ~~~~~~ 
scattering layer .  The

4 \ \ electromagnetic scatter-
___________________________ ing coefficient for  heavy

rain and light rain are
shown fu r compar ison .

Fl ‘ure 4 These fa l l  off as i/ ~
4 and

for wavelengths much
above 1(1 cm become ti ii —

important in comparison to the equivalent  scattering coef f i c ien t  w h i c h
would he associated wi th  a I squa re meter targe t at i t )  km , a bea mwidth
of 100 x Il l  and a pu lse length of 10 meters .

In the electr omag netic case , wi thprop erch oic e  of wavelength , v o l —
time scatte ring is not a serious I im i t a t  ion in the performance of t i i  i-ada r,
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whereas the volum e scattering coefficient for acoustic energy in the ocean
is quite high and is a major limiting facto r in the perfo rmance of sonar
detection devices.

The important differences between sonar and radar which influence
the approach to signal processing may be summarized as follows :

1. The acoustic velocity of propagation is
much lower, introducing gross diffe rences
in travel time and in operating frequency.

2. The acoustic attenuation is higher and
strongly frequency dependent.

3. The acoustic power limit of the ocean
is relatively low.

4. Sonar islimited by the noise and reve r-
beration associated with the medium rather
than by the self-noise of the input stage of
receiver electronics.

M e t h o d s  o f  S o n a r  S i g n a l  P r o c e s s i n g

There are two basicfunctions to be performed by the signal proces-
sing equipmentofan echo -ranging system. These may be divided conven-
iently into spatial processing, or heamfo rm ing, and tem poral , or t ime-
series processing. Forbothof these, consideration must be given to the
interaction of the spatial distribution of the transducers and target and the
time-series associated with the transmitted pulse waveform .

At this point we find an interesting divergence of philosophy in the
approach to the spatial signal processing of radar and sonar. In both cases,
a di rectional receiver is required; however , in the radar case the powe r
gain of a directional antenna is used to increase the si gnal level and thus
provide an improvement over the c i rcui t  noise l imi ta t ions  of the sy stem
while in the case of sona r , either the medium noise or reverbe ration is
invariabl y the l imi t ing hackgroundof a prope rly designed system and thus
the noise rejection of a directional r ecciverg ives rise to a si gna l -to -nOiSe

improvement.

ti 



~.1I~~~

Anderson MPL -U -9/63

In order to achieve high power gain , an effective receiving radar
antenna must be tightly coupled to the medium so as to extract maximum
power from the incident electromagnetic wave, and therefore it will  also
serve as a good transmitting antenna. On the other hand , it is not neces -
sary to tightly couple a hydrophone receiver to the medium inasmuch as
the acoustic noise power of the medium is considerabl y higher than that
required to overcome the amplifier noise of the receiving electronics.
Therefore , it does not necessarily follow that a good sonar receiver is
also a good sonar projector. As a matter of fact, in many instances,
separate receiving and projecting transducers may be used to good advan-
tage in sonar. The design of the projecting transducer is not commonly
considered as a method of signal processing, rather, the operating fre-
quency and bandwidth, the beam pattern, and the power handling capacity
of the projecto r are introduced as limiting factors in the sonar design in
the same light as the limitations of the medium .

The basic beamforming process as related to the receiver is con-
cerned with the treatment of spatially separated samples of the acoustic
field obtained from an array of transducer elements. In general , these
samples must be treated by a process of time delay and summation. The
time delays associated with beam fo rming lie in the millisecond region and
the frequencies of the carriers involved are generally restricted to the
region of a few kilocycles. The time delays required for beamfo rming
will correspond to the dimensions of the array and will range from 5 to
500 wavelengths. This amount of time delay is small compared to the
two -way travel time to the target. Neither the time delay nor the fre-
quencies involved are limited to any extent by the component state of the
art and thus one finds a remarkable flexibility in the techniques which
can be used to ca rry out the beamfo rming process. 

i..,~ The various beam-
///// ~~ fo rming methods may be

/4’i; ~~~~~~~~~~ 
C listed in order of sophis-

t, tication as shown in Fig - 
.,, . ure 5. The basic omni-

directional transd u c e r

/ ~~ element, A , is devoid of
I 

~~~~~ - \ ~/ any spatial signal proces -- 4 ///// I~ ,,>\ sing, yeilcli ng but a sing le
• spatial s am p i e  o f the

• 1  acousticfield. A nuniher

Figu re S.
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ofthese basicelenicnts rnay he combined in a plane array. In this confi g-
uration no t ime delays are introduced in the element outputs , all elements
are merely summed into a common electrical connection.

A fu rther flexibil i ty in the beam forming process is achieved by t h e
introduction of a delay l ine for electrical t ime delay, as shown in C. The
simplest configuration is one in which the individual signals from an array
of elements are introduced i~ito the appropriate taps of an electrical delay
line so that the signals which arr i ~ c from a pa rt icular direction and are
time delayed by thei r associated travel t ime across the aperture wil l  l)e
superimposed in phase at the output of the delay line. In this case the
array elements are usuall yarrari ged in a regula r geometric confi gu ra t i on
in a plane so as to facilitate switching the time delay tap conn eL t I o i 1~ to

permit steering of the electricall y phased beam to di ffe rent direct ions .

The beamfo rming process reaches its ultimate complexity when the
numberofde lay lines is inc reased as shown in D and multiple electrically
formed beams are simultaneously available. In this instance the arrays
may take on arbitrary confi gurations in three dimensions and the pre formed
beams may cover both azimuth and elevation. The cssen ial requirement
of this last beamfo rmingprocess is memory or rime delay equipment which
will provide a complete set of incremental t ime delays in a form suitable
for combination in a beamfo rming matrix.

The temporal processing methods treat the wavefo rm of the recel ved
signal and noise in order to provide max imum discr iminat ion  between the
signal and the background. The various techniques of tempo ral processing
may also be listed in order of increasing sophistication.

A. Spectrum or Energy Fi ~~t e r in g

13. A + Post Detection Av er ag i in ~
C. 13 + M u l t i p le Sweep Ene rgy

Summat ion
[). A + Cross — c n r r y l , i i i ,n ~~i t t i

Refe rence \ \ , iv c l or n l

1 .  M o l t  ip l Sweep I ile c\ Si i i i i  —

Ill i t  I ( ) i i .

Al i l  ug h one cou ld i c , id i l y  ta k e -  L \ .. F ! C I  i i i  i t h i s  l i s t , i does i i i i p i i  —

c i t ~ L C ’ v ( r  the i . i i i gc  u l  i l l e t l i C O l s  u sed C C I  h iiipo r . i I  p i C . t s s i n g  i i i  s o i i d r .

S

IIh~ ~~ ~~~~~~~
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The first three are employed with simple “ping ” sona rs in which  a sing le
frequency carr ier  pulse is t ransmit ted.  When long, sing le frequency
pulses are transmitted , the doppler shif t  caused by relative ta rget mot E  ii

can permit separation of the echo from a background of reverberation by
simple narrow band spectrum fil tering.

The latte r two methods , B and E , pertain to the more recent membe r
of the temporal processing fraternity,  correlation or matched f i l t er in ~
This is the most complex of the temporal processing methods and requires
a memory in which that po rtion ot the received wavefo rm to be processed
may be stored insuch a manner that it may be compa red with a reference
wavefo rm for all time delays wi th in  the range of inte rest. This time delay
analysis of the correlation method is thus a convolution process and re -
quires a considerably greater memory capacity and information rate than
is called for in beamfo rming.

A variation of the correlation processing may be made wi th  special
wavefo rm s such as a frequency modulated wavefo rm which p ermits  the
transformation of time delay into the frequency domain \vhc r e  spectrum
analysis may be used instead of the t ime delay anal ysis  of t rue c o r r e l a t i o n .
The FM processing predates true correlation processing by n ianv ca rs ,
having appeared in sonar equipment in World War II .

M e d i u m  a n d  M e t h o d s

Havingoutlined the l imitat ion of the medium and the methods of si gnal
processing it now remains to discuss the inf luence  of one on the other. The
relativel y slow velocity of propagation has been an impo rtant factor in the
developmentof spatial processing techniques . With round -i rip t r a v e l  t imes
which may be of the order of minu t e s  for long r ange sona r sy stems it has
become necessa ry to turn  to the use of m u l t i p l e  beani proc essing SO that a
well resolved search in bear ing may be L ; I  r r ied  out in  a reasonable lengt h
o f t ime. The hi gh noi se back g round in the ocean places pren l ium on t h e
generation of la  rge amounts  o fa c iu s t i e s  energy.  Iii o rder  t meet the  re —
quirem ent  and still  operate w i t h i n  the seve re l i m i t a t i o n s  on pea k a c i f l i S t i c
power i m posed by the med ium ii h a s  hic et i necessa ‘~~ to em ploy th e  t r an s  —

mission of long peak —powe F I im i t ( ( 1  ~O l SL s . Of coo rse , i lie use of long
pulses increases the zone of i f lS oni  f i c a r i o n  so tha t  r eve r l e  r L i t i ( I1 becomes
the l i m i t i n g  fa ctor. In orde r to of fse t  t h i s  increased r everh . rat ion cue rgv
it is necessary to r e t a i n  a hi gh degree of resol o t i o u i  in range by the  ise C I

- - ---- . .  ~~~--—~~~~~~~~~~~~~~~~~~~~~~
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broad band (0. 25 to 0. 5 oCtaveS ) wavefo rm s in the transmitted pulse and
the introduction of the corre lation methods of si gnal processing. In this

• way both range and doppler resolution may be utili zed to discr iminate
against the reverberation background while retaining the long pulse lengths
required for maximum acoustic energy to overcome the noise back ground .

In general it can be stated that the sonar si gnal processing methods
have been exploited to the maximum extent allowable by the l imitat ion of
coherence time in the ocean and the l imitat ions of the technolog ical state
of the art. Nearly every known or conceivable memory device has been
used or considered for use in sonar signal processing. The relatively
low operating frequency of sonar equipment has permitted the use of mem -
ory equipment built with sto rage media such as electromagnetic delay lines ,
magnetic recording, dielectric recording, photographic film , digital corn -
puter components such as shift registers , magnetic core matrices , elec-
trostatic storage tubes and ultrasonic delay line memories. The require -
ment for the use of long pulses having la rge time bandwidth products of
the order of io~ or greater has justi fied the use of these later digital
processing techniques which can operate effectively on clipped polarity
samples of the acoustic waveforms and provide practical instrumentation
for performing the involved transfo rmations required for signal proces -
sing. The introduction of time compression techniques has shifted the
kilocycle ope rating frequencies of sonar into the megacycle region so that
full advantage may be taken of high speed computer logic in the signal
processing equipment.

These various memory techniques have given rise to a m riad of
instruments for both the spatial and temporal si gnal processing appl u -
cations. The fieldofsonarsignalproccssing has had a vo racious appetite
for the latest developments iii component technology and it W i l l  con t inue  t( C

he a fertile field for the appl ication of new component developments  i i
years to come.
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