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1. Gener:t].

a. 3yste~ns

It is the pt~rpose of this memorandum to co:~*pars the

detection capahtlitio3 of the sonar syotcmo ~ihioh employ

“sin~le fro ~uei cy ” , fre~uency modulated and noise pulses with
• 

each processed in the manner typical of that technique. ~~It

is specifically not the intent of this memorandum to coneIdsr

search rate, ran~e and beiirin~ localisation and range rate

det.errninattnn. !~~r i~ it. the intent of the memorandum to

propose an optimum ~rocessini~ for each of’ the different tech—

ni iues but r~ther to choose a proceeeini which will. emphasti.

the similarities where they exist in order to brtn t out the

si~riific;int iifferences . In order to facilitate the compe rison,

the output bandwidth of the procesain~ system will be made

• ~ual to the reciprocal of the pulse duration. Th, reasons

for this condition will be discussed in t~ie re port .

b. ~ev~rberatton

The reverberation level for the fi rst surface conv.r—

~enoe zone ar ci s~a state 2 which is ~ive~ in section d below

is t hat observed by N~~ Code 2233 b~’ cxddirectional pinging

at 1 Icc with one second pulses. It will, be aaswasd that rs—

• verberat ion will decrease with pulse duration below one second

and be independ ent of pulse durations longer than 5 seconds up

to 30 seconds when neighboring bottom reverbsration interfere s.

a. Noise

It I.e assumed that the limiting noise is th~.t. du. to

the array platform and that this noise field is essentially
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osmijdirectional wit h a cpntinuous spectrum c~f level comparable

with the ambient sea nois. at about a sea state l~. This agrees

with the observations c~ the subsartne which will, be the plat-

form for the LJ ~&Ai) research array.

d. L~)d.1D Pai’3meters

These basic par.unetez’s are those observed by l~L~~ Code

2233, for an operating frequency f0 : 1 Icc.

Two way tra nsmission loss,

first ;one ~ 2 H1 4 l5’~ db

second zone : 2 1111 ~ +3,68 db

third zone : 2 H1~~~: + 176 db

Reverberation level (k~L) 0 ~ —119 db

(first zone, omoidirectianal, one second pulse,
sea state 2)

1~L decreases with puls. duration T? bilow 1 sec.

itt is constant. for puls. durations T~ long r than
5 sec.

Bandwidth of reverberation for long ~‘tng1. frequency
• pinga is the order of 1 ape at 3. Icc.

Target strength: T = 20 db

These e ~ui~ asnt parameters are for the I~~tU) researob

sy-atem w~der const ru ction at N.L.

itec ivsr beazavidth 0 ~ 3° (horizon I .al line array of
50 .l.msrit sns50)

Proj.otor frontu’to-back ratio >10 db, which ineoril-
ties only on. of the hoM ontal ,0 sectors observed
by the reo.iIsr.

3p.ctrmn level of platform nois. N1, —33 dbfops
relativ, to 1 ~ibe.r .
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e, Calculations

It is hoped that. the calcubtions win ch follow are

precise within a f~ctor of 2 or 3 db, Calculations have been

roUnded off ~o t~is accuracy.

2. ~3ingle Ire . uency Pulse: Ping

a. ~.ystem

Th3 ei~nal is an original single frequency which has

beon modulated with a rectangular pulse of duration Tp and

passed throwth a filter of bandwidth A f : ]flp. The proseas—

ing system in the receive r consists simply of a bank of filter.

of the same bandwidth At  i/’r p separat ed A f ap &rt to detoct

dop J.er differences.

b ~everberatian

g (NL)0 ~ 10 log (0 /~60) + 10 log Tp

itt -119 + 10 log (3/360) • 3,0 log Tp

• :—fl9~~2 l +  lO log Tp

—3 4 0 + l O log Tp

If the ache level is 2~ then echo to absolute reverberation

level R i e rivsn by

~~— R 5  - ‘Z I . T — l L L

£ — f t : —151.20.1’~
() -’ 10].og Tp

: 2 — l Q log ?p

If now At is the sii.,nal bandwidth for a ~ivsn pulse duration Tp,

and A r is th~ resolvable range ineressent or ping length for that

puls. duration, then

wtnen3-  f t .  0 d b, Tp l l e s a, At c l a p s, Ar :  l000 yds

whet ~ f t .  10 db, Tp ’~ 0.3. s.o,Af .10 cps,Ar * 3.00 yda

~30NTID~ATIAL
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t3ecause tne .U. of the fitst zone oei~increase for pulses

of 5 sscornd* ox’ Lon~er dur~t.ion which is consistent with Ute

• 3 mile extent in ran g. of the zone, and uecauze of t~e finite

1. ape bandwidth of th revorber:ttion f or long pulses, there

e~d.st the po$sibtlià1y tha t 30 second single frs’~uency pulse

with 1/30 ape filter will show an echo 7 db &~~ve the rever -
to the firs t zone and

beration. This v 4ue te p.eulia,r/to the receiver beamwidth
• the corresponding value

chosen for this system and/ia insignificant for the second and

rh i ;~~~ ~onee ass’mdn~ 6 and 9 mile extents in ran~s. If itt

and -2ff for the succeeding lonsi v~.ry in the same monnsr with

range, ~ — 1( will, be independent of range.

~. t~oj se

N = r~1 + 10 log (1/n) + 10 log At

-33 — 17 + 10 log At  = —50 • 10 log At

The •oho—tos.rnotse level i~ then given by

~~— N :3o .T — 2 1 1 — N

where .
~~~ 

to the a~d,al source level in aby. ~olving for

• US have

• 
~~C~. - N ) ~~50. 10 log Af - .20+2H

In (b) above ~ pul~e length Tp a 0.1 sees ~ave an echo 10 db

above reverberation. It we wish 4so to have an echo 10 db

above noise for that system, we have

For E — N . 10~db, Af : 3.0 ape ( - It g 10 db, A r .  1.00 jds)

• I one ~o 1 0 —  50 .3.0 — 20 • 150 = 10~3 ~~~
II Zons~~0 .10 5 0 , 1 0 —2 0 . 34~~.1lJ3~ ñr

• IIt Zans 30 .10 - 5 0 . 10 — 2 0 +1%.1.~~ j~~

• 00NFID~~~IAL
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d ,  Doppler 3hift (b t d)

• Fo rlknot  A1~tj s~~~~~~~0.7 op3

• where v is the targ et velocity, c is the velocity of ~.,und .

For 1.5 latot~ Atd ~ 0.7 1 15 • 10.5 cpa.

Because the bandwidth of reverberation for long single frequency

• ping. is the order of 1 cpa, pulses of 1 eecond din”.ttion or long..

er should then be able to detect 2 knot subsarines at better

— It than for zero doppler but how much better depends upon the

tail of the trs’pzency distribution of reverberation which is ta~mo~ai.

3. FM Pulse:

a~.. ~37st.n

In this discuaa itht the F14,pule. sonar will tr~inamit a

short pulse during which tbe frequency i. linearly swept through

a bandwidth Af FM and th. echo multiplied by an identical or

similar pule. generated locally at the desired ti ... The pro.-

duct of the two signals is sent through a ban’. of bandpas. filters

to a display device to indicate range or dopple r ditfe rences ,

In an FM pulse sontir described above the output rsver—

berttion level I. given by:

: T~,Ar rpi ~ R

where F te the outout filter bandwidth and Tp.~ is Ut. F~ p”tls dur:it ion
• where it1 is the r.v.rb.ration from a ~sdt rang interval, ~M

C~rFM is the ran s increment for the FM sonar.

The output noi se level. is:

N N , 1~sF (z)
wher e 0~ and inoleded the effect of the reodver dir.stivity

5, co~~~.~rL.L
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C. N Fr~Y ;:.r LJ~

l~ow it is r~r uired to reduce the output reverberation level

to the absolute reverbe ration level, it, which Is 10 db below

the echo level, Z, as discussed in the pulsed ‘ single fre—

quenc~y ” case, This obvioualy requires that the effective pint’,

length, A rFM, of the F~4 ao~ar e.iual the ping length,A r ~, of

the “single frequency” sonar.

t~F -1- C
T7’ ‘f M ’-  (

~~
)

~~~FM ~~‘ Z 2A4 r.

There are three variables AF, A fy~, and TFM to consid r, only

• one of which, ~F, uniously deter mines the output noise level N.

Lot us consider âF , first . There is a minimum value,

AFmt u, which is determined by the condition that the targets

of interest stay within the range interval t~ r~~ for a time

e ’ual. to or longer than the response time l/I~F of the output

filter, Thus where v is the maximum ranc~e rate for the tar..

gets

_L ~
~4)

C
Y A i~~~

rM g;~.

For the e.iuality :

~ ~~ ~~~FJ~.
’
\”M M  \ (  T~,., /

Under the condition AF 2 1~Frnin, one tasy chose es. ential]3

an;,- A F < t~fp~. In selecting this output filter AF, the

choice must o mad• between a narrow band filter and lower

source level, or a broad band filter and higher source 1ev.] .

6. CONFID 2ITXAL
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Fhe value of AF selected above, and the value of it

deotrad fixes t h e ratio 
T

~u/Af which is the reciprocal of
df,

the froouency sweep rats ldt . It is obvious that the pub .

length TF,~ cannot ~e smaller than the response time 1I~F of

the output filters without dscr~aethg both the echo and the

variab le part . ‘f the reverb iratio ~ relative to noise, and thus

cannot improve detection . ~ubjoct to th. condition t~F • TPN ~ 1,

one can choo~~ ax~ TFM and, from equ i.t ion 1, obta in the oorr es—

• pondi~g input or signal ban dwidth A f~~ which yields the sweep

ra te ~~/dt determined by the selection of t~ F and it above.

The smallest pair of valiiee ar e those for which TFM ~

and C~
f FM ~ A f . from the condition ArFM = A 

~
. • The larges t

pair of values are those for which At is the maximum ~b~.atn—

able from availa ble t ransducers . On the bzaie of detection

alone ther e is no choice, each pair giving identical ly- the

same C~ r~~ and 1. (If one consider s search rate, includi ng

sy tema employing simulu tneous or mixed pulstn~ at dtff erent

trequencios , thu’e m ay be a choice between these . Theøe con-

siderations have been specifically omitted from the menorandum

which is concerned with detection alone).

.4nce acceptance of the condition A F.TFM s 1 ii a

basie condition tor simplifying the oompu.rtson of the detection

capabilities of the pulse FM and flsingl.. trequsocy” ontsrs, it

n4ght be well to contrast FM sonars with A? •T’
~~ 1 with those

for whi~h A F T : 1.

To hay, the same N for the sums source level:

• N N 191’ . N1 L\F

AF2’ :AF
7.



ani. T~’A~~’ : (AT A F

To have the same R :
-
~~

.. c~c~ ~ A c
~ ~.\ç ‘/2

And both satisfy the same AF~~N (4 -‘
~~

---
‘

) . Thus the

sonar with th~F
1•T1 

= Ct >1 employs “~j. 
‘~ times the pulse length

and “.~~~“ times the bandwidth to obtain the same detection capa-

bilities as the sonar with A F T  ~ 1. The former employs a

pulse “ Ct ” times longer with the same frequency sweep rat e df,~~

as the latt .er but averages over only 1/(..k ~~ of its duration.

Thu s we feel the comparison of the detection capabilities of

the F~4 and “single frequency ” sonars on th .~ basis of the same

bandwidth is completely justi fied. This does not necessarily

hold for the comparison of sweep rates which has been specifi-

cally omitted in this menorand’sa.

The FM scnare for which C~F T  ~ 1 have the very much

simplified equations.
T~
N

and

From these equations it is clear that the input bandwidth At

alone determinee the output ri’verberation level and the output.

bandwidth A? alone determines the output noise level as long

as all other parameters .• fixed.

It is turther int~reettng to note that there is a con-

stant ratio between the miniimsn output bandwidth ~ F~.jn one can

CQNFID~2~TZAL
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employ with a giver . inp~t bandw’~dth ~~~ This constant. ratio

2W~ is determined by the maximum ran ge ~f relative velocit i es

0 to t lrwhtch one wished to th itect with a single locally gener .

• ated sweep rate~ It ic .turther interesting to n3te the simil~ 7ity

of these equations to those of the “single f requency ” ping system,

if the A F  is always kept equal to ~~~~~~ in tha t increasing Ar
will decrease reverberatio n and simultaneously increase ~ Fmjn and

hence increase noise. The advant age of the FM sonar over the ping

sonar lies in the maximum gain factor j~f,’tt Fmi~ b~ This

~raxinrnm gain factor Is already large (i.e.  for a 15 knot tar get

b ,. c/21’~: 10
2

) and can be made much larger by employing swept

local signals to reduc. the effective relat ive velocity error

to a v~r~r small value as is discussed in paragraph 5 below~.

This gain of the FM sonar over the “single frequenc:’4’

sonar can be employed In many ways in comparison with the “single

frequency” sonar. Thus given a “single frequency” sonar of band-

width t~fp, one can mak e the input bandwidth of the FM sonar

A f~~ A fp and A F b’~~ Ar ~ which yields £~~ Rp but NFM b~~
Np which represents a gain of b in EIN. Or one can split the

suppression factor between the two bandwidths, ti~ b~~ Li f~,

~~~~ (p and reduce noise by b X  and reverberation by

Thus it the gain is 20 db one can apply it 10 db on E—ft

and 10 db on E—N ,

b. Reverbe ration

Thus for E. it 10 db, th . following F1’I sonars are possible,

all of which have the same At ~ 10 cps and I~ r 100 y da

9,

cON?IDF2~TIAL 
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1) £F 0.1 see, AF 10 ~~
2) TF. 1.0 sec , t.~F : 1 cps

3) T~~ 10 3CC 1 0.1 CP s

4 Tj~;. 100 SOC~ A F  0.ol CPS

since a 15 knot subm~..rine will stay in an 100 yard r in~e

interval for 12 seconds , the 100 second system above could not

be used Cur t.hi~ t a r~ret . The locally ~enera tod COmPa risOn pU1st~
may be extended to twice the t r~ve1 time through the zone plus

the pulse length, while preserving the s~ine 3lo~w d~ ,0~t to inuure

th at a sig n. ~.1 from any point In the zone will be com~ared with

the locally generated pulse for 10 seoonds,

c. Noise

The noise in an FM sonar is limited by its output band—

tiid tii~ thus the long pulse F~ sonar s with smaller E~ F than for

t~ie “ single fr eouency ” pulse sonar require proportionately lower

source levels ; i.e., for the TF~ e~;u~1 to 10 seconds sonar above,

the re uired source levels ‘iver i below are 20 db below those of

the ~~ 0.1 soc ping sonar ,

I zone .-
~~~ 

‘
~~~ 

p1~y

II Zor ~e S~ ~ 9~ ~uby — N 10 db

III Lone 30~~~106 paby ~~— R m 1O db

This is the minimum F~ sonar which will satisfy the

minimum requirements of — N 10 db and -~ -. it — 10 db , ~s

indicated above other FM sonare can be designed employing high—

er source level and/or gre~ter input bandwidth to increase ~ — N

or .~ — t. Thus a sonar with the s:tme source levels per zone as

the “single freiuency ” sonar and A F = 1 cpa, T . I. see, and

10. OJ NFI D~~TL~L
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• f 100 cps will have ~ — N 20 db and • — it • 20 db , Or

with the sa~o source levels per zone as the ‘3ingLe i’roquency”

sonar and 4F ~ 5 ops, T 0.2 Bec, and • f s 500 epe ~~fl have

- • 13 db and .~ — ~ 2? db. The faster trenuoncy sweep

rate systems ernoloyed have to be examined for feasibility in

terms of the necessary bandwidth.

e. Doppler

In an extreme case of doppler shift, a 15 knot submarine

would have a 10.5 cps shi ft which will cause a range error of

10,5/0.1 x 100 10500 yds. This shift has the advantage that

the reverbe ration might be lower on this filter. This i~

range orror th’e to dapple ambiguity can be removed by detexinin-

Ing the arrival time of the echo within accuracy dependent on

the echo to noise ratio ,

4 Noise Pulse

a. 3ystem

The system is assumed to ~s afl activ. correlation sonar

employing pseudora rxlom noise generators .. In this System the

broadband signal from one gener. .tor is transmitted and the

returning echo Is crosseorrelated with the output of a second

~‘enerat or which is identica l, with the first but started at a

later t ime. ~nly when the delay time between the two generatsrs

• matches the water travel time to the target and back are the two

signals correlat ed . Dy employing the shift register of the

function generator as a delay line to cover short range inter-

vals and oth ,~r function generators with different delays for

longer range intervals one can observe all zones simultaneoual7.

U. C0NFID~~:TLU..
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To i~u1CC the system completely compa rable with the

pulsed “single fr ~quency” and Fi sonars, a corrolator must be

employed which is insensitive to the phase of the signal car rier

or midfre’ usncy but portrays the envelope of the correlatien

function , 3everal such correlators have been proposed, the nest

promt~~np r~f whi r~h may be the heterodyne cvrrelator. This cor-

relator will show Lfl output at the het•:rodyno fre ~uency plus

any doppler difference between the two channels and thus re 1uires

narrow bandpaa~ filters in place of the usual lowpaes filters

to do the final averag in ,

b .. teverberation

The range resolution of an active noise sonar of this

type is A r ~ • ~ ‘Tcor r ~~c/2 A .f and as such is identica l with

that for the pulsed “single fre~uency” and FM sonars a~ove which

have the same signal bandwidth. ‘11 b-~.ck scattered signals

arriving ~n.thln a correlation time ‘rcorr Zl/A f of the echo

~,i11 also correlate with the delayed signal which siut.ches the

echo. This will yield a systematic return from reverberation

in the output of the corre].ator which is eesentiall.y the san e

as the reverberation observed in the F4 and ping sonars • Lever—

• beration signals from ranges such that the delay is not. within

the correlation time of the echo will be uncorrelat.d and will.

yield a randou~ or noise signal in the output of the correlator.

For a pulsed system such as we are considering the ratio of

the random output to the systematic output is d~~~natr at ed below

to be equal to the ratio of R1, the reverberation averaged over

the pulse duration , to it1~ the reverberation p.r unit rang.

12.
C0NF D~NTI~.L
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interval return from the ran~e of the tar get . Thus
- 

~~~~

~~~iom rsts~~~: 
)‘
~~~ 

- 

(~~~ v~d~) ~~t

3ystematic return ( (~~ ~~ \

a

where 1.. ~ CTN/2. ‘~~re it is aasum d that the output filter ~ F
reciproctl of th3r~.is set equal to the pulse duration -~Ytd the reverber i tion is con-

st ant over the r~n-~e interval Ar . ..hen the target is located

at a maxiimmt in the reverberation versus range curve the average

reverberation Will be lower then the reverber at ion at. the tar -’

~et range and the random component will be small compared to

the systematic component of the reverb eration in the out-put of

the correlator , ‘ :hen the target is locate d at. a minimirn~ in the

reverbe r ation versus range curve the reverse is t rue . In the

former case which is prob ably the LO~UD situation the noise

sonar t3 comparable with the pulsed F~ and “single frequency”

sonar s above . In the later case the noise sonar Xe inferior

to the other two sonars in reverberation euppr*esion .

a. Noige

The output noise of the correlation sonar due to input

noise is limited ~~ its output bandwidth just as in the FM sonar .

It therefore hu the same advant age of FM sonar over ping sonar.

d. Doppler

. inoe doppler which is time compression or expansion of

the signal does not produce the sa~~ result as time delay of the

signal for noise signele, this system does not have the doppler-

rang. ambiguity of the FM system. It there for. has all of the
idv intag.s of the

13. OONPIDIg~TL~.L
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• long pulse ‘single frequency” sona rs for the detection of moving

targets.

5. Swept F!• or Noiaø Pulse—Processing for Moving Target s -

This techni-ue which has been developed for the noise

correlation and FM sonare swoops the delayed signal to exactly

match the range rate of the target. Thus it can keep contact

with the targ et over a much longer avora gin time. This in-.

creased relative “stabilit y” of the target can be employed

either to reduce rr~~rberation or to reduge noise. For e~~mple

if by compensating for ite range rate the 15 knot target can

be kept within the 100 yd r-an~e interval f~r 120 seconds in

plac e of 1.2 seconds one can employ longer pulses and longer

averag ing times and reduce noise. However averaging ti~ne~
longer than 60 seconds are only possible ~! one can tolerat e

crosstalk from t~o tran smitter and adjacent reverber ation while

receiving from the first zone which will greatly increase the

froi~uency rejection requirements on the fi.~.t- .rs. .U.tar native].y

one can say that the target would now be kept in a 10 yd range

interval for 15 seconds so one can increase the bandwidth by ten
tiziios keoping the out put filter at ).1 cycles and obtain
ten times the range resolution and reduced reverberation. Of

course a ping sonar with this new bandwidth would do the same,

but would require 30 db snore source level.

6. Time Compression ~nalyais

Teohni iuee e~d.st for the time compression of these sig-

nals by a factor of 1000 and thus conduct the multipl. process-

ing suggested above at 1000 times the input rate and redus 3 by

a factor of 1000 the number of units required for simultaneous

processing .

OONFID2~TIe%L
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7, Assum ptIon. : Tt Is well to emphasise the w r’t hazardous

assumption s . ,

a It is assumed that the ~. kc RL ±r sea ctm~te 2 ~tfl 1 de.

crease with ping length below I se~ond .~ No observa tion , have

been made below 1 second . If the “onveree holds it would m di —

€~ate t hat the scatter s do not occ upy the whole convergence zone~

Thus the reverbe ration level would i~~ higher in some region.

and lower in othe rs than that calculated

o~ It is assumed that the reverberation comes equally from

a11 bearings and so may be reduced In the ratio of the beam width

to the total horizontal angle Aga1r~ there ~*re no observations

If th. converse is trae th~ r-,varberatlon level would be lower

on some bea rin gs and higher on some bearings than calculated

~~~, It i~ assumed that the limiting self noise cf the re-

~etvi ng array platform is not m -~~h worse t.ha’~ th. ambient sea

nni se~. for which there is some evidence . But to assume the

linear re’eiv’tng array will be able to reduce this probably

dir .ctional noise field as it would an omnidi rectiona l noise

field is expecting a 1ot ,~ It an array were designed to place

a null in the di rection of the noise field a much larger noise

reductior ~ could be realised .

d. Data on the reverb~ration levels exist only for the

first eonvergenc . sone~ Thue Is no experimental evidence to

suggest that the echo~.to—rvterberatton ratio will be the sea.

for all zones

e,  Thj~ first order analysis assumes that the tari*tiona in

the reverberation and noise levels which obscur. th. target are

no larger than thei r r a s  values which are herein calcul ated
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f. Thi. comparison deals onl y with det. tion and do.e not

con.ld•r search rate , range and bearing ].ocalisat ion, and range

rate determ ination.

q~ St~~sary

a. These sonars all seem to be identical in reverberation

suppress ion it they have the same signal bandwidth bt

b . Thsee sonare all seem to be identical in nois. suppression

if they al] have the same total eneru in the pulse The sonar

which averages over a long pulse (‘r l/~~F) can operate at pro-

portionately lower source levels than those which operate with

shorter pulses.

c. For all those sonare the minimum output bandwidth A F~ j ~

which determ ines the output noise level is proportional to the in-

put bandwidth ~ f, the reciprocal of which determines the output

reverbe r ation level. Thus a decr ease in the noise level will

cause an increase in reverberation level and vice versa,

d. The advantage of th. time averaging sonars is in the

car ~tant of proportionately between the Fain and f For a

“single frequency~ sonar this is unity, and for a time av.raging

sonar this gain factor b = Af/~ F is greater than unity . This

gain permits larger t~ f with ~~~fl er A ~ tha n in the ~ .ng sonar

with the resultant greater noise suppression for th. same r .vsr—

beration suppression or great ~r reverbsration suppression for

the sazse noise suppr.esion.

e. The ~ a’rimum gain factor b is c/2v where c is the

velocity of sound and t v is the range of r.lativ. ve]octtiss

which one wishes to detect with a single local ly g.nsr ated

16.
OQN?ID~ STIAL

_________________________ 
________

- 
- - ---—-- . ---- .- ———— -. . ,-———- --- —

~~~~~
--- A



- . . - - —

- -

tj t4C~.P~SSlF~ED
eoKrInMfu .~~

sweep rate. This gain factor can t’e iude m uch larger by

employing swept local signal to reduce the effective

relative velocity error t L T  to a smaller value.
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