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1. General
a, Jystems
\Nlt. is the ourpose of this memorandum to co:mpare the
detection capabilities of the sonar systems which employ
"sintle freency", frejuency modulated and noise pulses with
each processed in the manner typical of that technique., It
is specifically not the intent of this memorandum to oor&dcr
seurch rate, ranne and bearint loculization and range rate
determination, Nur is it the intent of the memorandum to
propose an optimum processing for each of the different tech-
ni;jues but ruther to choose a processinz which will emphasize
the similarities where they exist in order to hrinz out the
significunt differences, In order to facilitate the compurison,
the output bandwidth of the processin: system will be made
ewul to the reciprocal of the pulse duration. The reasons
for this condition will be discussed in the report.
b, devorberation
The reverberation level for the first surfuce conver-
gqence zone ard seu state 2 which is given in section d below
is that observed by NilL Code 2233 by omnidirectional pinging
at 1 ke with one second pulses., It will be assuned that re-
verberation will decrease with pulse duration below one second
and be independent of pulse durations longer than 5 seconds up
to 30 seconds when neighboring bottom reverberution interferes.
c. MNolse
It 1s assumed that the limiting noise is that due to
the array platform and that this nolse field is essentially
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omnidirectional with a centinuous spectrum of level comparable

with the ambient sea noise at about a sea state 4. This agrees
with the observations on thie submarine which will be the plat-

form for the LURAD reseurch array.

d, Luid.D Parameters

These basic parumeters are those observed by Kk.L Code
2233, for an opérating frequency f, = 1 ke,

Two way trunsmission loss,
4152 db

first gone : 2 Hp
second gone : 2 liyy = +168 db
+176 db
Reverberation level (RL), = ~119 db

(first gzone, omnidirectional, one second pulse,
sea state 2)

RL decreases with pulse duration Tp below 1 sec,

RL is eonstant for pulse durutions Tp longer than
5 sec.

Bandwidth of reverberation for long single frequency
pings is the order of 1 eps at 1 ke,

Target strength: T = 20 db
These e uipment parameters are for the LUiiD reseurch
system under construction at N.L,

ileceiver beamwidth @ a 3° (horiszontal line array of
50 elements n ¢ 50)

Y R, YN R S ) <5

Projestor front-to-back ratio > 10 db, which insoni-
fies only one of the horisontal 3° sectors observed
by the receiver,

3pectrum level of platform noise Ny = -33 db/ops
relative to 1 pbar,
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e, Calculations

It is hoped that the calculutions wiilch follow ure
precise within a fuctor of 2 or 3 db, Calculutions huve been
rounded off %o t'«_is aceuracy.

2, Single Freuency Pulse: Ping
a., Jystem -

Tha siznal is an original single frequency which has
becn modulated with a rectangular pulse of duration Tp and
passed throuth a filter of bandwidth Af = 1/Tp. The process-
ing system in the receiver consistg aimply of a bank of filters
of the sume bandwidth Af = 1/Tp separated A f apart to detoct
dopnler differences,

b. everberation
AL e (HL), * 10 1oz (F /360) * 10 log Tp

RL = =119 + 10 log (3/360) + 10 log Tp

-119 =21 + 10 log Tp

=140 + 10 log Tp
If the ccho level is I, then echo to absolute reverberation
level R is niven by

Z«Re «2 + T =-HL

EeRsg =157+ 20+ 14 - 10 1log Tp

= 2«10 1og Tp

If now Af is the si:rul bandwidth for a 3ziven pulse duration Tp,
und Ar‘i.a ths resolvable range inorement or ping length for that
pulse duration, then
when Z «R= Odb, Tp%1sec, Af = 1 cps, Ar = 1000 yds
when & = R = 1C db, Tp % 0.1 sec, Af = 10 cps,Ar = 100 yds
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- et
: Because the .1 of the ['irst zone Jonhincnue for pulses

of 5 seconds or longer duration which is consistont with the
3 mile extent in ranga of the zone, and vecuuse of tiie finite
1 cps bundwidth of the reverberation for lons pulses, there
exist the possibilisy that 30 second single {re-uency pulse
with 1/30 cpe filter \d.il show an echo 7 db above the rever-

to the first zone and

beration, Thig vilue is peculiar/to the receiver beamwidth
the corresponding value

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

TR R RO T ) S

thicd gones assuming 6 and 9 mile extents in rante. If RL
and <2H for the succeeding sones rury in the sume manner with

range, = - I will be independent of range.

; ! c. Noise
L i N 2Ky + 10 log (1/n) + 10 1o Af
2=33-17 +101log Af = =50 +10 log Af

The echo=to-noise level is then given by
EwNeSe+T=2=-N

O P e T T T T 5 AR

where 34 13 the wxial source level in phby. Jolving for 30,

we nave
B .
: so..(z.-nhn-r.zu

= (2=-N) =50 +101og Af =20 +2H
In (b) above & pulse length Tp = 0.1 secs zave an echo 10 db

T T

above reverberation., If we wish .lso to have an echo 10 db

above noise for that system, we have
For 5 -Ng210,db, Af =10 eps (C~ R g 10 db, Ar = 100 yds)
I Zone 9o 210 - 50 +10 ~ 20 + 158 = 300 gy
IT Zone 3, 10 = 50 + 10 = 20 + 163 = A18 yhyy
III Zone 35 = 10 = 50 + 10 = 20 +176 w 126 yky
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d, Doppler 3nift (£f£g)
For 1 knot A!‘d:_z:f_.so.'lcpa _
where v is the target velocity, ¢ is the velocity of sound,
For 15 knots Afg = 0.7 X 15 =« 10.5 cps,
Because the bandwidth of reverberution for long single frequency
pings is the order of 1 cps, pulses of 1 second duration or long~
er should then be able to detoct 2 knot submurines at better
% « R than for gero doppler but how much Letter depends upon the
tail of the frequency distribution of reverberation which is unknown.
3. FM Pulse:

a. System

In this discussioh the FM pulse sonar will transmit a

short pulse during which the freguency is linearly swept. through
a bandwidth Afpy and the echo multiplied by an identical or
similar pulse generated locally at thae desired time, The pro=
duct of the two signals is sent through a ban* of bandpass filters
to a display device to indicate range or doppler differences,

In an F{ pulse sonir described above the output rever-
berition level is given by:

AF C
R:=MRAYw = R'Af Trn 2 W
vhera F is the output filter Mndw:\.dth and Tp¢ is the K pﬁlu duration
where R) is the reverberation from a unit runge interval, und

Arpy is the rante increment for the F¥ sonar,

The output. noise lavel is:

N = N, AF (2)
where i) und Ny included the effect of the receiver directivity

5. CONPID.BTI.L
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Now it is re~uired to reduce the output reverberation level
to the absolute reverberation level, R, which is 10 db below
the echo level, I, as discussed in the pulsed "single fre-
quency" cuse, This obviously recuires that the effective ping
length, Arpy, of the FM sonar ejuil the ping length, A r,, of
the "single frequency” sonar,

T C T C

There are three variables OF, A fpy, and Tpy to consider, only
one of which, AF, uniquely detarmines the output noise level N,
Let us consider AF, first, There is a minimum value,
AFmin, whigh is determined by the condition that the targets
of interest stay within the range interval Arpy for a time
ewal to or longer than the response time 1/AF of the output

filter, Thus where v is the maximum rance rate for the tar=

gets
A Y
SR
Af i3 )
—A"—F S .'_.Q_FT c
FmM T
Y AFFM &

For the e.juality:
v,
2v Af "
brﬂm = (‘E'- ...-FJ“\)

Under the condition AF 20AFmin, one may chose essentially
an; AF < AMfpye In selecting this output filter DF, the
choice must be made between a narrow band filter and lower
source level or a broud band filtor and higher source level,

i CONFIDIHTIAL
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The value of AF seletted above, and the value of R
desirad fixes the ratio Tm/lsfm which is the reciprocal of
the freouency sweep rate dr/di'.. It is obvious that the pulse
length Tp,, cannot te smaller than the response time LAF of
the output filters without decrgasing both the echc and the
variable part of the reverburation relative to noise, and thus
camnot improve detection. Subject tc the condition AF - Tpy21,
one can choose any Tpy and, from equation 1, ebtain the corres-
pondifg input or signal bandwidth O fpy which yields the sweep
rate d.f/ dt determined by tho selection of AF and R above,

The smallest pair of values are those for whiech Tpy = 1/ AF,
and Afpy = Af, from the condition Arpy = O),. The largest
pair of values are those for which Af is the maximum sbicin~
able from available transducers. On the basis of detection
alone there is no choice, each pair giving identically the
same Orp, and 1. (If one considers search rate, including
sy;tems employing simulutneous or imixed pulsing at different
frequencioes, thore may be a choicq between these. These con-
siderations have been specifically omitted from the memorandum
which is concerned with detection alone).

3ince aceceptance of the condition DFTpy =1 is a
busio condition for simplifying the comparison of the detection
capabilities of tpo pulse FM and "single frequency" sonars, it
might be well to contrast FM sonars with AF -T'> 1 with those
for whichAFeT = 1,

To have the same N for the sume source level:

N = NP « MAF

AF]' =QOF
7. CONFIDEKRTIAL
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anc T ait = aTAF

Tl:QT
To have the same Rt A
e EE b C af
.RJR'zAt,'T - W|—5-&~‘~T

e A¥': aoaf

£\
And bothk satisfy the same DF,,, = (%_V %,) “ . Thus the

sonar with N =A>1 employs "@" times the pulse length
and "2 " times the bandwidth to obtain the same detection capa-
bilities as the sonar with AF*T = 1, The former employs a
pulse "Q" times longer with the sume frequency sweep rate daf /at
as the latter but averages over only 1/@2‘.‘ of its duration.
Thus we feel the comparison of the detection capabilities of
the FM and "single frequency" sonars on th.: basis of the same
bandwidth is completely justified. This does not pecessarily
hold for the comparison of sweep rates which has been spacifi-
cally omitted in this memorandwum.

The FM scnars for which AF°T ¢ 1 have the very much

simplified equations.
R R 35

N = N AF
and
ar,., = 2X Af

MmN
From these equations it is clear that the input bandwidth Af
alone determines the output reverberation ievel and the output
bandwidth AF alone determines the output noise level as long
as all other parameters ..+ (fixed,

It is further interesting to note that there is a con~

stant ratio between the minimum output bundwidth A Fnin one ean

8. CONFID:NTIAL
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enploy with a given input bandwidth Af. This constant ratio

2V/: is determined by the maximum range of relative velocities

0 to £ Vwhich one wished to detect with a single locally gener-
ated sweep rate. It is further interesting tc note the simil@dty
of these equations to those of the "single frequency" ping system,
if the AF is always kept equal to f.\Fm, in that increasing Af
will decrease reverberation and simultaneocusly increase AFmin and
hence incrosse noise. The advantage of the FM sonar over the ping
sonar lies in the maximur gain factor Af/AFp, = .;.%_ -~ b, This
maximu gain factor is already large (i.e. for a 15 knot target
bae /2T 102) and can be made much larger by employing swept
local signals teo reduce the effective relative velocity error V~
to a vory small value as is discussed in paragraph 5 below.

This gain of the FM sonar over the "single frequency”
sonar can be employed in many ways in comparison with the "single
freguency” sonar. Thus given a "single frequency" sonar of band-
width Ofp, one can make the input bandwidth of the FM sonar
Afry = Atp and AF = b1 Afp which yields Ry = Bp but Npy = b1
Np which represents a gain of b in E/N. Or one can split the
suppression factor between the two bandwidths, AF = b™X4 o
Nepy = ¥ fp and reduce noise by b=X and reverberation by
b1, Thus if the gain is 20 db one can apply it 10 db on &~R
and 10 db on E-N,

b. Reverberation
Thus for E-R = 10 db, the following FM sonars are possible,

all of which have the same Af = 10 cps and A r = 100 yds.

%
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1) Tpy = 0.1 sec, AF = 10 aps
2) Tp:= 1.0 sec, BF = 1 cps
3) TF;‘I = 10 sec, AF - .1 cps
3) Tp: = 100 sec, AF = 0.0l cps

Since a 15 knot submarine will stay in un 100 yurd ringe
interval for 12 seconds, the 100 second system ubove could not
be used (or thiy target. The locally senerated comparison pulse
may be extended to twlce the truvel time through the zone plus
the pulse length, while preserving the sume slove 9f%t to insure
that a sign.l from any point in the zone will be compared with
the locully generated pulse for 10 seoonds,

¢. Noise

The noise in an F! sonar is limited by its output band-
width; thus the long nulse F¥ scnars with smaller AF than for
the "single freouency" pulse sonar require proportionately lower
source levels; i.e., for the Tgpy equal to 10 seconds sonur above,
the re wuired source levels piven below are 20 db below those of
the Tp = 0.1 scc ping sonar,

I lone 5o & 8 phy

IT Zone S, 9% by % ~Ngz= 10 db

III lone Sp x 106 pby & = R = 10 db

This is the minimum F¥ sonar which will sutiefy the
minimum requirements of = -« N = 10 db and £ « i m 10 db, .8
indicated ubove other I sonars can be dosigned employin; highe
er source level and/or greiter input bundwidth to increase & = N
or 5 - {, Thus a sonar with the same source levels per zone as

the "single frejuency" sonar and AF = 1 eps, T = 1 sec, and

10. CONFIDINTLAL
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+ £ = 100 cps will have . - l = 20 db and . = i » 20 db, Or
with the sume source levels per zons as the “single frequency"
sonar and . & 5 cps; T = 0.2 sec, and f = 500 cps will have
T «RNael3dbaund & - R g 27 db, The faster frequency sweep
rate systems emnloyed have to be c¢xamined for feasibility in
terms of the necessary bandwidth,

e. Doppler

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

would have a 10,5 cps shift which will cause a range error of
10,5/0.1 x 100 = 10500 yds. This shift has the advantage that
the reverberation might be lower on this filter, This ..
range error dve to dopple ambiguity can be removed by determin-
ing the arrivil time of the ocho wlthin accuracy dependent on
the echo to noise ratio,
4, Noise Pulse

a, oystem

The system is assumed to he an active correlation sonar

employins pseudorandom noise generators, In this system the
broadband signal from one gener.tor is trunsmitted und the
returning echo is crosscorrelated with the output of a second
generator which is identical with the first but started at a
later time. unly when the delay time between the two genera%asrs
matches the water travel time to the target and back are the two
signals correlated, DBy employing the shift register of the
function generator as a delay line to cover short range inter-
vals and othur function generators with different delays for

longer range intervals one can observe all zones simultaneously.

1. CONFIDZNTIAL




To make the system completely comparable with the
pulsed "single frequency" and Fil sonars, a correlator must be
employed which is insensitive o the phasc of the signal carrier
or midfre-uency but portrays the envelope of the correlation
function, 3everal such correlators have been proposed, the most
promigainy of whirh may be the heterodyne correlator. This cor-
relator will show .n output at the net- rodyne fre juency plus
any dopnler difference between the two channels und thus rejuires
narrow bandpass filters in place of the usual lowpass filters
to do the final averaging,

b, deverberation

The range resolution of an active noise sonar of this
type is Ary » % TeorrZ¢/2 A f and as such is identical with
that for thc pulsed "sihgle frequency" and Fi{ sonars a“ove which
have the same signal bandwidth. /11 buck scattered signals
arriving within a correlation time Tecorr Z1/Af of the echo
will also correlate with the delayed signal which mitches the
echo. This will yield a systematic return from reverberation
in the output of the correlator which is essentially the sume
as the reverberation observed in the Fii and ping sonars, ilever-
beration sisnuls from ranges such that the delay is not within
the correlation time of the echo will be uncorrelated and will
yleld a r.mdom or noise signal in the output of tli'xo correlator.
For a pulsed system such as we are considering the ratio of
the random output to the systematic output is demonstrated below
to be equul to the ratlo of El, the reverberation avoraged over
the pulse duration, to itl; the reverberation per unit range

12,
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interval return from the ranze of the target, Thus

T+ L/z AF r+b
®.d ) Ar
':i-‘ﬂdﬂ Mum - (jr~ L/z v BT ( S‘, _L‘&?\ df) 4

Systematic return ( J“ Ay )

P

-

w®,dr R,ar

r-af
2
where L = cly/2. !sre it is assumed that the output filter AF

reciprocal of the
is set equal to the pulse duration :

aNd the reververition is con-
stunt over the rinue interval Ar. ‘hen the target is located
at a maximum in the reverberation versus range curve the average
reverberation will be lower then the reverberation at the tar-
zet range and the random component will be small compared to
the systematic component of the reverberation in the output of
the correlator. 'hen the target is located at a minimw in the
reverberution versus range curve the reverse is true, In the
formar case which is probably the LORAD situation the noise
sonar is comparable with the pulsed Fii and "single frequency"
sonars above, In the later cuse the noise sonar is inferior
to the other two sonars in reverberation suppression,
c. Noise

The output noise of the correlation sonar due to input
noise is limited by its output bandwidth just as in the Fi{ sonar.
It therefore his the same advantage of FI sonar over ping sonur.

d. Doppler

3ince doppler which is time compression or expansion of
the signal does not produce the same result as time delay of the
signal for noise signals, this system does not have the doppler-

range ambiguity of the FM system. It therefore has all of the
advantanges of the

3.
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long pulse "single frequency” gonurs for the detection of moving
targets.
5. OSwept Fl{ or Noise Pulse-Processing for Moving Targets

This techni~ue which has been developed for the noise
correlation and FH sonars sweeps the delayed signal to exactly
match the range raete of the target. Thus it cun keep contact
with the target over a much longer averaging time, This in-
creased relative "stability" of the turset can be employed
either to reduce reverberation or to reduge noise. For example
if by compensating for ite rangze rate the 15 knot target can
be kept within the 100 yd runze interval for 120 seconds in
place of 12 seconds one can employ longer pulses and longer
averaging times and reduce noise., llowever averaging tiues
longer than 60 seconds are only possible if one can tolerate
crosstalk from the transmitter and adjacent reverberation while
receiving from the first zone which will greatly increase the
freguency rejection reyuiremgnts on the fa.isrs, Alternatively
one can say that the target would now be kept in a 10 yd range
interval for 15 seconds sc one can increase the bandwidth by ten
times kecping the output filter at 2.1 cycles und 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 more source level,
6. Time Compression Analysis

Techniques exist for the time compression of these sig-
nals by a factor of 1000 and thus conduct the multiple process~
ing suggested above at 1000 times the input rate and reduc: by
a factor of 1000 the number of units required for simultaneous
processing.

L CONFIDINTIAL




7. Assump%ions: Tt is well to smphasize the most hagardous
agsumptions .

a. It is assumed that the 1 kc RL in sea state 2 will de-
grease with ping length below I second. No observations have
bsen made below 1 seeond, If the converse holds it would indi-
cate that the scatters do not occupy the whole convergence gzone,
Thus the reverberation level would be higher in some rsgions
and lower in others than that calculated

b. It is assumed that the reverberation comes equally from
all bearings and so may be reduced in the ratio of the beam width
to the total horizontal angle  Again there are no observations.
If the converse is true the reverberation level would be lowsr
on some bearings and higher on some bearings than calculated.

~, It is assumed that the limiting self noise of the re-
ceiving array platform is not much worse than the ambient sea
noise, for which there is scme evidence. But to assume the
linear receiving array will be able to reduce this prubably
directiorial noise field as it would an omnidirectional noise
field is expecting a lot. IX{ an array were designed to place
a null in the direction of the noise field a much larger noise
reduction could be realized,

d, Data on the reverboration levels exist only for the
first convergence gzone, There is no experimental evidence to
suggest that the echo-to~reverberation ratio will be the same
for all zones.

e. This first order analy=is assumes that the variations in
the reverberation and noise levels which obscure the target are :

no larger than their r.m.s. valuee which are herein calculated.
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f. This comparison deals only with dete tion and does not
consider search rate, range and bearing localization, and range
rate determination.

8, Summary

a. These sonars all seem to be identical in reverberation
suppression if they have the same signal bandwidth Af.

b. These sonars all seem to be identical in noise suppression
if they all have the same total energy in the pulse. The sonar
which averages over a long pulse (T - 1/AF) can operate at pro-
portionately lower source levels than those which operate with
shorter pulses.

c. For all those sonars the minimum output bandwidth APm
which determines the output noise lavel is proportional to the in-
put bandwidth At, the reciprocal of which determines the output
reverberation level. Thus a decrease in the noise level will
cause an increase in reverberation level and vice versa.

d. The advantage cof the time avsraging sonars is in the
cor.ztant of proportionately between the AFm and Af.. For a
"single frequency" somar this is unity, and for a time averaging
sonar this gain factor b = Af/AF is greater than unity. This
gain permits larger ) £ with smaller A F than in the ping sonar
with the resultant greater noise suppression for the same rever-
beration suppression or great.:r reverberation suppression for
the same noise suppression.

e, The maximum gain factor b is ¢/2v where ¢ is the
velocity of sound and 3 v is the range of uht.i:vo velocities
which one wishes to detect with a single locally generated

16.
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sweep rate., This gain factor can be made much larger by
employing swept local signal to reduce the effective

relative velocity error g to a smaller value.
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