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LCP~C SIGI~AL PI~OCESS1NG ALY~J~S

R K Bet sworGh

This ~~nior urn descr-lbea brie~1y the laboratory tests conduc ted to

determine the signa . proco&sing gain of the present Lorad signal pro cess-

ing e~uiiz~ezit (r efereuc e Lorad block diar ~ra~ , Marc h 1961) . These tests

¶~~2~~ by no mcen~ comprehensive or exhau~tiv~:, but did suffice th deu~ n-

strate the processing gain of the system for several. independent ~~~

simi lar setups for ~ii±xing and measuring input sign&. and noise . Tee

ni~merica1 result s obtaine d frorn th~ce teat s are sufficient to ans~~r aon~e

of the initial questions which ~ere raised concerning the signal . proceas ~

ing gain o1 the syste~n aM to dete~~ime what. 1o~~es, if any, co~ d. be

attributed to particu1a~r portions of the circuitry included in the teats .

This memorsz~hnn should not be construed as a repo rt , as its basic function

is to provide, for engineering purposes, inZorma t~on aaa ociateã with the

initial Lorad signal ~reoceasing ane.lyses . This memorand um covers a portion

of the work done under ~~ 02101~3, 8-P~)Ol 03 02, Task 8016 ( REI . Sl—3)

by Code 2633c .

BPCXG1~OU!D

The centr al port ion of the Lora d signal processing ayate~a prior to

ecaipu ter dsta processIng Is a ~ultip1ex Daitic Corre1ator~’2 built by

Cc~puter Control Co.; Inc., ?ram~.ngham, Mass achuaett~ . The wiit supplies

1. Harva rd University Acoustic s Research Lab oratory 1~4-37, THE DELTI C
COBBELATOR by V. C. Anderson, 5 Janu ary l.9~6

2. InstructIon Manual for a Multiplex Deltie Correlator, Vol . 1, C~~puter
Control Cczspen,y, Inc .

4- . 6302.15-(?533
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po1arity-coincid~nce cross-correlatIon of’ .!ilxte.en sixailtaneous input

signals with eight store d refer c~nce signal 3 In all possible combination s

once every 5003 microi~econde . rn ach input signal and each reference signal

is clipped, trnnslatec4. In frequency, fIltered.~ clipped again, sampled, and

then time-compressed vrior to being applie l to a threc phase corre i.ator .

The sixteen t1~ e-compreo~cd input signals e.re supplied sequentia lly for

313 microseconds each to i;a~e signal ter minal, of eight three phase cor re-

latora . The entIre system , Including In~~ ; bwidpasc filters and output

comb filte rs , opt inai ly designed for a 100 cycle per second bandwidth .

The 1)eltic sampl ing rat e in 5008 r~ieroaecondB and the time cor~preon1 os

factor is l~O2~ .

TBEO~~ PICAL PR0CE5~3U~G GAIN

The signal employed by Lor ad is pseudo .•noiae generated by a digital

shift register thiven by a preci sion oscillator. The received signal IS

processed by cross-cor r~Latin g it with a stored replica (reference ’~- of the

tr ansmitted. pulse . A signs.). appears at the aor~~lator outp ut when the

received signal “matches ” the store d replica. The output signal-to-noise

ratio for email values of signs]. -to-no .se ratio at the input Is given In

the foUo win~ equation 3

{8/1i)j~ 5~f Li )

where

ratio of peak signs). power to ~ oj ce power at eor re].ator
output .

3. Harvard University Acoustics fleseo.rch Laboratory, Th-27, Correlatora
for Signal Receptio n, by J. J. P~arau , Jr , and R. allis, Jr ., 1~ Sept .
l9~2
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-~~ S/N)j~ = ratio of si.gnal i~c~.”z’ ‘.0 n.)ise power at cor relatc r input

T integration time of corre1:-~tor outp ut filter

banthridth of ~i~ t&~ at correlator iaput

The ‘.,e.rain~tera chosen ~or the &~ve1o~ aente:l Lorad equipsent axe:

T 313 mIcro~econd~; ~f l.5O2~. megecycles

SubstItuting these in equation ~~~

“ SIN )out ‘./N~in :313) •, 1.502~1)

• or

S/!flout 27 d,b theoreti cal. processing gain.

Thus, for an input ctgnai -Co-uoi.sc ratio of -27 cib, the peak aignal/r5r3

noise ratio at the correlator output will be unity. The theoreticai

proceesing gain response curve is plotted In fig. 1.

I~~ 0RAT~)R(~ PW)CESSING GAIN )~&~~3R~24E~~S

Laboratory measurements were made to di~ten~ine proces sing gain of

the Lorad signal processing eauIlI ent , where

-{ Proce ssing GaIn)measw~~ ~ ____ db ( ? _~.~~~~&~) 
db

.~ins noise out “~ rme noise

The Initia l test s were conducted in September 1961, prior to shipboard

Installation of the Lorad equipr.ent on the 115$ MIA , end included the

input transmit ~receive band.pess filters, Mu ltiplex I~ltic Corre ]ator , comb

filters, prima ry OR and secondary OR circuitry . The test setup is sho~’n

in fig. 2. The input signal was pseudo-noi se from one of the eight range

rate reference gener&toro (TP2i-~~ , in Processor Cabinet No. 2), depending

3 CONFIOEI?I’IAL
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011 the reference c~~unel to be tested. ~‘1~~ aignal was mixed with band

• limited therasi. noI~’~ from & General Radic Noise Generato~’, Model 1390B,

and fed Into the 9elected signal ch~xir~.e3. to be tested via its input

bandpass filtei . The b3ndpaSa filter input was made available through a

beam test box perasnently locat ed on the filter cabinet . Noise of auffi-

cleat umplI tud~’ ‘to contro l the clipper amplifiers in the D~].tic cabInet

wa~ ±‘~u to the other 15 cIgna]. channels via their si~ oeIsted input band.paes

filters to simulate sea noise conditions end to eliminate any crosi~-talk

effects that mig~.; iafluence the processing gain measurements. Input

signal and noise levels were me~su.red at the clipper amplifie r input

(bandpaee filter output ) in the Deltic cabinet using a HP ~O0-C vacuum

tube voltmeter to monitor the clipper amplifier side of a low peas RC

filter which va~ Installed on the clipuer card s to reduce system noise.

~o~’ims3. level of the injected thernc~l noise ~t.s 30 d.b above system noise

• at this point . This procedure was repeated several times to include

different combinations of signal and. reference channels in the tests .

The output noise level van ~easurett a~ the center tooth of the comb

filter asacciated with the reference charnel being tested. This level

was measured during p~~ioda ~then no correlation functions existed using

a. ~i~~OO-~) vecuvr~ tube voltmeter. To prevent capacitive loading of the

1.5 ~regaeyc1e ~:t gnal at this point , a 1~.O db resistive pad was Installed on

the filter toot h and a short coaxial le~id ~~s brought oft’ to the meter.

To provi de display persistPnee ol’ poak output sign&.., a Hughes ‘ “

Memoscope was used for u~ nitoring purposes. Because of the bandwidth

limitations of the ~~i~ scope, the output signal was measured at the do

cONyr n~~TTAL
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a plIfie~ oui..put ~TP-l, Processor No. l’~ following the secondary OR

circuit and wus referred back to the comb filter tooth by means of a

calibration curve (fig. 3) relating peak signal a~np1itude at the dc

sznp].ifler output to peak signal amplitude at the comb filter output .

Initially, 22 consecutive correlation aumples on each of the th ree

input f.’~equencies were recorded for a given input signal-to-noise

ratio. From these results, it van determined that If only 12 consecutIve

samples on each of the three input freq uencies vere taken, a maxinnna

de~Iat1on of 0.2 d.b in the measured average outp ut signal level resulted.

To minimize the time required for runnin g all of the teats desired

during a limited time schedule, it van decided that a tot al of 36 con-

secutive samples ~l2 for each frequency baud) would be au.fflcient for

determini ng the processing gain or a channel a.t a given input signal-to-

noise rc~tIo .

Th~e to the combined backg round noise peaks from all eight of the

reference channels at the secondary OR circuit output, the mintTlnlS input

signal -to-noise ratio for 50% detectabili ty of the correlation function

at the output menitor was -~ db. ~br all correlation functions not seen

at the output menitor, the signs). level was recorded an being equal to

one-half of the average rectified level because of the probabi1~.ty that

the corr elation function , not detectib le at this point , could have an

amplitude of zero or an az~xp1itude equal to the peak noise background.

From the test results, tabulated in Table 1, the average processing

gain of the system van about 21 db. In some of the test configurations

fbr an Input signal-to-noise ratio of -~ db, sufficient correlation

5 OONFI~~ 1TIAL
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TA~BLE 1. ProcessIng Gain
r~orm& operation)

Proces~!ng G&th
d b l  

_ _ _ _  

db
~r M ; ~~

-
~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~

_ _  ~~~~~~~~~ _ _  
~~~~~~~~~~~~~~

o l6.~ i6~~o rr .~ i8.~ ~~~‘.9 18.1 18.~~~ 18.2 i6.~~ I 16.3

-2 18.2 18.0 ~.9 6 19.9 19.]. -- -- -- 18.2 1 .7

-~~ -- 20.0 21.5 2~ .8 21-o 21~~ 20.8 ~~~~ -- --

iota 1. J 19.9  1 . 9  20.]. 21.8 20.6 20.8 21.2 20.6 20 ~.0 
- 

l6~ 7

~ S signal channel ~1 of 16 beams)
R reference channel 1 of 8 ran~~ rates )

note 1: ~S/N) 0~t for no noise in

6
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ftnctions were no~ detectible to cosn~u~e processing gain . Becau9e of

the tinx~ element involved, all teat configurations were not run for

the eonditiou where ~hc input signal-to-noi se ratio wan -2 db .  One can

beat under stand the re ason for an 1.ncreaae In processing gain OF the

input slgoal-tc-nolse decreases by observing i~Igane 1, where the

theoretical processing gain response curve he.~ beer. plotte d. Rere It

is seen as the input si nai-to-noise ra tio decreases the system Is

operating on the linear portion of ~he respo nse curve .

From the test results and equation 1, there Is a 6 d.b negative devia-

tion from the maxirnun theoretical. p ocessing gain . In an ~‘.ttempt to

dett~rmine where the losses occurred in the system, several add.itional

teats were ~~r&ormed. One of these test s was to repeat the above

procedur’~’ but using the permanently installed 30 cpa input bandpass

filters in reference channel No. 7 Instead of the normally used. 100 cpc

bandpasa filters . 1~’rom the limited. data obtained .
~ Table 2’, the

results we~~’ inconclusive . Theo-retlcaUy, for the 30 cpa case, the

processi~ig gain ahould decrease by a factor equal. to the ratio ot’ the

bandwidths lees the Increase In gain due to a hi~~er sampling rat e;

however , the results indicated there was no d.1 ffex’ence between the two

operating conditions .

To eliminate the skirt effects of the input be.ndpaes filters in

the system, Rnother test was perfor~~d, whereby pre-filter ing by means

of a steep-sI ded 1000-1100 cpa bandpaes filter was used in signal.

channel no. 3 and reference channel . rio . . ~ fig, ) .  The output of the

special filter was then beterod.yned up to the frequency band A, B, or

7 CONYrDENP TAL
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TABLE 2. ProcessIng Gain
100 cps bandwidth versus ~O cpa bandwidth using s!.gnal
channel. ~ and reference channel ~

— Processing Gain —
db _________db 

________

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

BW 3O~~~~

]J~. .8 15.5

0 17.9 18.0

-2 19.]. 19.0

21.0 20.9

nata l 
— 

20.6 
— 

20.2

note 1: (S/N) 0~t for no noise in.
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C , and ~~ .tvto the normally used han dpass fiI~.ters In the ~~~o channels

where the unwanted side band was re~~cted . The .re~.ults of this test

are shown In table 3. An additional test to eliminate the input band-

pass filters completely was performed using the scheme shows In fig. 
~~~
.

The bendpaan :rllters and. frequenc y tr anslation circul. try were bypassed

and a ~0 epa tonal . signal wer. xnixeu w~ith pre-filtered tbermal noise

arid ~‘rd dire ctly In to the clipper e’npUf ~ers preceding the t~1tIc

storage lines Note : Initially ~n alternative method ve~ suggested

whereby th~ er~~c~ i)e.ltic ‘was stored. with all zeroes and cross-

correlated with a 100 cpa tonal input signs]. on the corresponding

signal Deit~.c. flowerer, one does not get the true picture in th~1r ease

t~ the superposItion of the two aldebands at the comb fi .lte~ which

result s In a voltage gain of 6 db ) .  The results of these ~ests indi-

cated r.heie was n~glIgIb1e lose assocIated with the Input bandpas-’~
flu t~~ r

l)iring s. two week period : n January 1962, in ‘whi ch the US~ ~A’~A

wan tied up at the ~~~~ pier , a series of shipboard lahora torj tests

was perfoxi~ ~‘1 to ietermlne the proc~seing gain of the same

signal proces’iing ~‘quipuent , excluding any effeccs of the primary C~
and secondary 0!~ c cultry duri.n~ the n~ asure~~nts . These tests

were conducted to veri fy previous results, Isolate ~~~~~~ arid to

obtain a p-c :~s3Irg ga-tn t g t~rc ~‘or a lower input aignal -to~-noise

ratio • -., Bypassing the (‘fl circuitry decreases the n~~ber of baek&round

aoI’~e nesics and allows detection of the cor-celation function ‘ror ama-i 3.er

values of l ut. aIgn~ ’ -to--noise rat io). T bnique’~: ueec~ In the in:~Li~.l

9 CO14F1~~~~~ N~’ 
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TABLE 3. Processing Gain
(F’refil~~red signal versus nors~l bandpaat3 filters

U~~if lg  signs). channel 3 and reference channel 5 ’I

- S/N)~~ Proce ssing Gain

~~Lra~mIR,m ~~~~~~~~~~~~ ~~~~~~~~~

Pre —filter Normal
~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~~~~— .

I ~ 1 .0 18.0

.4 20.h 20.9

20.7 J 20.7

tiote l~ ~$/N)~~~ for no noise in

C ~‘0NVUY?R1”AL
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teats were repeated here for r:~ .x~n~ ni~ vii and noise and feealag it

into the system. -c ~’-ause of’ the pIoceaelng gain uni fo rmity btalned

for vari ous eomb1n~tic.n~ of signal and reference channels in the

initial t-e~~~~~. end time schedule ii ~~t icw~- , only sigosi chnnn~1.

ro .  3 and reference ’ channel no. ‘~ ~~re used In these teats . All out-

put neaaurenEnts were made at the cert ~~- toot h of’ tt~ c-~~Lb ~U.t~ r -

I~ butf’er &wIIfIe &’ , fig. 6, ~ - - ~dL~~ proper termination of the ~o~-

filter toot~ and isolation to preveni loading of the 1.5 w#’~zacyc1e

signa) -at tht s p~t~~ ~~~ instali”d on the filter output t r i ~tu~l . To

provide display persistence of the corre1~tion function rci.r n~ asore-

uw~nt purpoaes~ the Memoeco e ‘-r~~ i~~~l for a~oriitorIng the peak output

cigosi .. Because ~f the band.vl.dt h iiniitations of the Merca cope, an

envelope detecLor wan required to dt~t~~:t the 3 kilocycle per second

correlat-lon functio n. Necessary precautions were t aken to iw~ure the

correlat on function was centered in the filter tooth 17) being

~~nito-~’ed~ A response curve was run on the peak detector circuitry

.o determine It s lose t O~3 volts peak ) and this result was added to

the peak output signal level .

As in the previous tests , p:re -.filtered then~a]. noise of sufficient

ampl itude to control the clipper amplifiers in the Dei.tic was I’ed to

the 15 Input signal channels sot under teat . Once the teat co~~~uced,

consecutive cor re lation funct ton. amplitudes were recorded . The tot al

number of s~-mp i.s taken at a riven input signa l-to—noise ratio was 36;

12 for each of ~-ho t - .i ce’~ frequency bands . Because of the probability

that the signal mu . sad ecu) d equal zero volts or be equa l to the peak

coNyxJzwrIAL-
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noisi background, al). cor relation functions not detecte d were recorded

as being equal to one-half of the avera~~ recti fl ed level at the output

monitor . This series of test s was divided into four phases and the

measured processing gain versus input signal -to-noise ratios are shows

in table

The pseudo-noise signal was ini.~ed with thermal noise arid

fed Into iriput signal channel no. 3 vIa Its Input bandpaaa filter . The

block dtagram of’ the test setup for phases 1 and 2 is 8hown in. fi gure ‘.

Phase 2. To determine if’ there was processing lose associated with

the multiplexing portion of the ~~1tI c, the tests of phase 1 were re-

• peated with the mu1tIp1e~irig circuitry’ disabled in. such a m anner that

only signal input cxuuinel no. ~ v~s operative.

Phase 3, In this teat , - both the multiplexing and the frequency trane-

lation circuit ry in. the system was disabled. A 50 cp~- sinusoidal signal

from ~~- GI~ Inte rp olation Oscillator , type 1107-A, was gated directly into

reference I~ 1tIc storage line no. 5 via its clipper amplifier - - The asu~
50 cpa tons.]. signal was mined vItb thermal noise and fed to the clIpper

amplifier which gates information directly int o signal Deltic storage

lIi~. no. 3 (fig. 8). The frequency of the oscillator was adjusted to

insure that the corx’elatox’ output signal came through the center of the

comb filte r tooth that was monitored. To measure the outp ut noise level

at the com~ filter tooth , the tonal signal was turned off . The sa~~

output noise level b~s.5 obtained by changing the oselUat or frequency to

shIft the tonal signal off the monitored filter tooth. Dee to the

12 CORFIIENTIAL 
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-~~~~E ~ - . Procecaing Gain
t-~ r t  conduct(~d :~n j arLuary i962 using signal ch~nnei 3,
reference cha~’mel 5, and 100 cp~ bandw idth)

f S/N ” in Proc essIng Gs.Iri
db db

t - — — ~s~ c-.-t’.. a:~~~,e.i ~ r~~~~~~~ .c-~~~~ i ~~~~~~~~~~~ . a~t -’.wr-fln c..~~~ . ‘va4~*c- R2fl~ts~~~~~~~r~~,i nitiai
Ph~.se 1 Phase 2 Phase 3 ?hase ~ Test Mean
, -~-r...s . r  ~~~~~~~~~~~~~~~~~~~~~ sn,tr—~~~..-. — .r, ;*T1a~~~~~~~~~~~~ fl!fl ~~~~~~~~~

O 1c~.o 17~2 ~~~~ ‘ 8.1  17.9 18.0

-2 20.2 18.7 18.9 20.7 i9.~ 19.5

— .~1 20 .9 19.7 19.6 21.6 21.0 20.6

-6 2 1 - 2  20.3 20.~ 22.8 
— 

- 2 1.2

note 1 218 21.2 22.8 20.3 20.6 2 1.3

note 1. ~SIN)0~t for no noise in

Phrn’e 1. Normal. Operation
Phas e 2. No Multiplexing
:‘h o~-:: 3. No Multiplexing, No Trarsia tior
Phase 1~- No Truzu ~1ation

- ‘3
C0NVZ~~NIlAt
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difficulty asaot2 I~Lted with cente ring the ton~J signal in the tooth, the

former method was used throughout the teat for measuring the output

noise level .

Phase ~1-: The Deltic multiplexing circuitry wan enabled for normal

operation - sequential sampling of the .16 signal channels). The frequenc y

translation remained dThabl ed and the test s of phase 3 were repeat -ed.

Also shown In table 1g., for comparative pur poses , are the results of

the initial te~-t for signs). channel no. 3 and reference channel no. ~~~

where the signal was measured at the OR circuit out put and referre d back

to the comb filter. These results are Included In the computations of the

c~ an processing gain shown in the tab le.

In all of the test phases , the minimum Input signal-to-noise ratio

F- for 50% detectibi].ity wa~ —8 db and the measured processing gai n was

about 21 db. Processing gain was not computed where the input signal-to-

noise ratio was -8 db because the amplitude of the correlation function

c ould not be m’~asured accurately for thi s test condition . Deviations from

the mean processing gain of 21 db can be partly attributed to some drift

in the Memoscope end Interpretation of the mean output noise level due to

the dampi ng facto r of the vacutwi tube voltmeter used in the tests. The

maximum deviation of + 1 .2 db can be attributed to measurement error , which

i~ pot - unr.~asonab1e for teat conditions of this nature . The incre ase in

signal processing gaIn as Input signal—to -noise ratio decreases can best be

understood by observing f ig .  I where the mean processing gain response

coNFT~EN’r AL
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curve is plotted frora the data tabulated in ta.ble 4. Here one realizes

that as input signal-to-noise ratio decreases the syste4n is operating

on the linear portion of the response curve . The measured. recognition

differential4 (output signal-to-noise ratio for 50% detec tability) was

13 db. Theoretically, for amall values of Input signal-to-noise ratio,

the processing gain at the comb filter output would be 27 db; of course,

this figure cannot he achieved due to system losses ~~~,6 With independent,

but siniilar, setups for mixing end measuring input signol and noise,

there wan no significant difference between the signal processing gain

obtained in the September 1961 end the January 1962 tests .

C0NCLUS~0NS:

1. The measured signal processing gain of the present Lorad signal pro-

ceasing equipment , excluding the effects of the OR circuitry, is 2]. db,

which is 6 db less than the theoretica3. fi gure of 27 db. In discussing

this loss with others in the field, it appear s that a large part of the

6 db deviation from the theoretical xia~ti~nim processing gain can be

att ributed to the combined losses of signal clipping and sampling ra te .

The theoretic al calculations of the Individual losses associate d with

clipping and sampling do not approach 6 db; however, in tests perfon~ed

by Code 2354 on elisilar sIgnal processing equipment, using polarity-

coincidence cross-corre lation techn iques and having a theore tical pro cessing

4. A Sunmiary of Unde~i~ater Acoustical Data , Part III , ~‘Reco~~ ition
Differenti al ”, lJri ch and Pyrce , ONR , December 1953

5. Paran and Hills, op. cit .
6. Anderson, op. cit .
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gain of 27 db, a 3 db incre ase in the measured proc easing gain resulted

when the sampling rate was doubled . Prior to doublIng the samplIng rate ,

a measured processing gain of 2]. db wan obtained.

2. The measured recognition differential when the signal is viewed at

the comb filte r output is 13 db, corresponding to an Input signal-to-

noise ratio of -8 db. Although no attempt was made to determine the

false alarm rate in the tests condu cted, it was very low.

3. There are no measurable losses associated with the system Input baud-

pass filters, multiplex unit, or the frequency tran slation circuitry .

~1.  There is a 4 db loss in detection capability at the secondary OR

output due to the combined background noise peaks of the correlator t a

output . This means that the useful processing gain of the owerall signal

processing equipment is 21 - 4 17 db at the secondary OR output .

5. The minimum usable input signal-to-noise ratio for 50% detection of

the signal at the seconda ry OR output is -4 db.
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