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JUSTIFigaTIO

LORAD SIGHAL PROCESSING ARALYSES
T

by DISTRINUTION AVATLABIL(TY gy
N T T
R. K. Betsworth LOCTITN Ty

gg?__GI}UC‘TGION ﬂ. }

< 4, 8 S

| Thisz memorapdum deccribes brlefly the laboratory tests conducted to
determine f,he signal procescing gain of the pregent Lorad signal process-
ing equimment {reference Lorad block diegram, March 1961). Theae tests
were by no meens compiehensive or exhaustivae; but did suflice to demon~
gitrate the processing gain of the system for several independent but
similar setups Por wixing aud measuring input gigpal and noise. Tpe
nmerical results obtained from these tests are sufficlent to answer some
of the initlel gueations which were raised concerning the sigrel process-
ing gnip of the pystem and to determine what losses, if any, couid be
attributed to particular portions of the circulitry included in the tests.
This memorsndum shouid not be construed as 8 report, as its basic function
is to provide, for engineeving purpcses, information associated with the
initial Lorad signal processing anelyses. This memorandum coverxs & portlon
of the work done under AS 02101-5, S-FOOL 03 02, Task 8016 (NEL EL-3)

by Code 2633c.

A
\

BACKGROUND
The certral portion of the Lorad signal processing system prior to
computer dste processing is a Multiplex Deliilc Correlatorls? built by

Computer Control Co., Inc., Framingham, Massechusetts. The ualt supplies

i. Harverd Univereity Acoustics Research Laborstory TM-37, THE DELTIC
CORRELATOR by V. £. Anderson, 5 January 1956

2. Iestruction Manuel for a Multiplex Deltic Correlator, Vol. 1, Computer
Control Compeny, Inc.
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polarity-coincidence crogs-correlation of sixteen simultaneous Iinput
signals with eight stored refercnce aignals in all possible combinations
once every 5008 microseconds. ,E'.ach input 3ignal. and each reference signal
1s clipped, trenslated in frequency, flltered, clipped again, sampled, and
then time-compressed prior to being applied to)’ three phage correlator.
The sixteen time-compressed input signals are supplied sequentially for
313 microseconds each to the signel terminal of eight three phase corre-
lators. The entire system, including ivpui bandpass fllters and output
comb filters, is optimaily designed for & 100 cycle per second bandwidth. %
The Deltic sampling rate is 5008 microseconds and the time compression

factor is 1502

THEORETICAL PROCESSING GATN

The sigoual employed by Lorad is pseudo-noise generated by a digital

shift register driven by a precision osciliator. The received signal is

processed by cross-corrzlating it with a siored replica {reference) of the
trsnsmitted pulse. A signel appears at the corxclator output when the
received signal "metches" the stored replica. The output signsl-to-noige
ratic for small values of signal-to-noise ratic at the input is given in

the following equation3
(8/Mout = (8/N)yyn TAL (1)
where

(8/N)out = retio of peak signsl power to noise power at correlator
output .

3. Hervard University Acoustics Research Leboratory, T™M-27, Correlators
for Signal Reception, by J. J. farsn, Jr, and R. Hills, Jr., 15 Sept.
1952
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’
'S/N)in

T

ratio of signal power o nolse power at correlatcr input

!

integration time of correlator cutput filter
£ = bandwidth of signal at coxrrxelator ianput

The »eramsters chosen for the developmentel Lored equipment are:
T = 313 microseconds; Af = 1.5024 megacycles

Substituting these in ecuation (1),

(8/W)gue = (8/N)44(323) (1.502h)
or

(8/Mout

- = 27 db theoretical processing gaia.
(8/8)in

Thus, for an input signal-to-noise ratio of -27 db, the peak signal/rms
noise ratioc at the coxrelastor outpat will be unity. The theoretical
processing grin respouse curve ls plotted in fig. 1.

LABORATORY PROCESSIKG GATN MELSUREMENTS

Laboratory measurements were made to determine proceselng gain of

the Lorad signal processing equiprent, where

(Proceesing Gein)peagured ’\p_ea;s 9%% outdb - ,%%o% o
The initial tests were conducted in September 196)., prior to shipboard
instellation of the Lorad equipment on the USS BAYA, end included the
input transmit ‘receive bandpecs filters, Multiplex Deltic Correlator, comb
filters, orimaxy OR and sccondary OR circuitry. The test setup is shovm
in fig. 2. The input signal was pseuvdo-nolse from one of the eight range

rate refersace gemerators (TP21-28, in Processor Cebinet No. 2), depending
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on the reference chawnel to be tested. This nignal wes mixed with band
limited thermel noisze from a Ceneral Redic Hoise Ceneretoxr, Model 1390B,
and fed into the selected signel chaunel to be tested via its input
vandpass filter. The bondpass filter input was made evalleble through a
been test box permancntly located on the filtexr cabinet. Nolse of suifi-
cient amplituds to control the clipper smplifiers in the Deltic cabipetd
was fod to the other 15 signal channels via their assocleted input bandpass
PMlteys +to simulate ses noise conditions end to eliminate any cross-talk
effacts that might influence the processing gain measurements. Input
gignel and nolze levels were measured at the clipper amplificr Input
(bandpass filter output) in the Deltic cabinet using a EP 200-C vacuum
tube voltmeter to monitor the clipper amplifier side of a low pass RC
filter widch was instelled on the clipper cards to reduce system noise.
Momimel level of the injected theimal nolse wag 30 db above systewm noilse
at this point. This procedure was repeated several times to ipclude
different combinations of sigpal and reference chanpels in the tests.
The oubput voise level was measwred at the center tooth of the combd
filter asscciated with the reference charnel belng tested. This level
wag measured during peviods when no correlation functions existed using
a H°h00-D) vecuum tube wltmeter. To prevent capacitive loading of the
1.5 megacycle =ignal et this point, a 40 db resistive pad was installed on
the filter tooth and a short coaxisl lead was brought off to the meter.
To provide displey persistence of peak output signal, a Hughes 5"
Memoscope was used for monitoring purposes. Because of the bandwidth

limitsations of the Memoscope, the output signel was measured at the de

b CONFYDENTTAL
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amplifier oviput {TP-l, Processor No. 1) following the secondary OR
circuit and wuc referred back to the comb filter tooth by means of &
calibration curve (fig. 3) relating peak signel amplitude et the de
smplifiler output to peak sigpel eamplitude at the comb filter output.

Inivlally, 22 consecutive correlation Bmpleg on each of the thiee
input frequencies were recorded for a given input signal-to-noige
ratio. From these results, 1t was determined that if only 12 consecutive
samples on each of the three input frequencies were taken, s maximum
devietion of 0.2 db in the measured average output signal level resulted.
To minimize the time required for running all of the tests demired
during & limited time schedule, it was decided that o total of 36 con-
secutive samples {12 for cach frequency band) would be sufficisnt for
deteimining the processing gain of & chanpel et a given input signal-to-
noise ratio.

Due to the combined background noise peaks from all eight of the
veference channels at the secondary OR circuit output, the minimum input
sigral-to-poise ratio for 50% detectability of the correlation function
at the output monitor was -4 db. For all correlation functions not reen
at the output monitor, the signel lewvel was recorded as bYeing equal to
one-palf of the average rectified level btecause of the probability that
the correlation function, not detectible at this point, could have an
amplitude of zero or an amplitude equal to the peak noise basckground.

From the test rssults, tabulated in Table 1, the average processing
gain of the syatem wac about 21 db. 1In some of the test configurations

for an input signal-to-noise ratio of -4 dh, sufficient correlation

CONFIDENTIAL
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TABLE 1. Processing Gain
" pormel operation)

'S/¥)4q ST “Processing Gein
ab db
o et - Y = ‘mﬂTﬂnm
% 53, K} 8* fgzlss,n 3, | 83,85 | §3,R6 1 83, R7| 83,88 | 89,%5| SIk K5
Sl 53,1 g Yo s 22 4___,_._.
, 0 16.3116.0 1 27.7 118.3 1119 118.2 118.3 |18.2 116.5 | 16.3
: -2 18.2118.0 | 19.6 {19.9 [ 19.1 | -- - ~- | 18.2 | 17.7
E
3 = -~ 1200 {215 {218 |21.0 | 200 |20.8 | 2.5 | -~ -

pote 1 12.9 519-9 2. | 21.8 | 20.6 | 20.8 [ 21.2 | 20.6 | 20.0 | 18.7

# § = gigual chanuei (1 of 16 beems)
R = reference chamel {1 of 8 ranz: rates)

note 1: (8/N),,4 for no noige in

6 CONFIDENTIAL
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functions wers not detectible to compute processing gein. Because of
the time element involved, all test configurations were unot run for
the condition where the input signal-to-poise ratio was -2 db. One can
best understand the reason for an increase in processing gain es the
input sigpal-to-noigse decreases by observing figure 1, where the
theoretical processing gain response curve hes teen plotted. Here it
iz seen as the input gignal-~to-noige ratio decreases the aystem is
operating on the linear portion of the response curve.

From the test results and eguetion 1, there ia & & db negstive devia-
tion from the maximun theoretical processing gain. In an sttempt to
determine where the losses occurred in the system, several! additional
tests were performed. One of these tests was to repeat the above
procedur= but using the permanently installed 30 cps input bandpass
filters in reference channel No. 5 insteed of the normally used 100 cpe
bandpass filters. From the limited data obtained ' Table 2), the
results weixe inconclusive. Theoretically, for the 30 cps case, the
processing gain should decrease by a factor equal to the ratio of the
bandwidthes less the increase in gain due to a higher sampling rate;
however, the results indicated there was no difference betweez the two
operating conditions.

To eliminate the skirt effecta of the input bandpess fliters in
the system, another test wee performed, whereby pre-filtering by means
of a steep-sided 1000-1100 cps bandpass filter was used in signsl
chaonel no. 3 and reference chanoel no. 5 (fig. ). The output of the

gpecial filter was then heterodyned up to the freguercy bend A, B, or

it CONFIDRENTTAL
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TARLE 2. Processging Guin
1100 cps tandwidth versus 30 cps bandwidth using signal
channel 3 and reference channel 5)

(8/8)in Processing Gain
db db RS ‘T
Bw = 100 cps BW = c
+b 4.8 15.5
: 0 17.9 18.0
-2 19.1 19.0
b 21.0 20.9
note 1 20.6 20.2

note 1: (8/N)q, for no noise in.
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C, ard fed into the normally used bandpass filters in the two chennels
where the unwanted side band was rejected. The results of this test
are shown in table 3. An additionel test to eliminate the input bapd-

pass Pfilters completely was performed ueing the scheme shown in fig. 5.

The bandpasa filters and frequency translation circuitry were bvpassed
and a 50 cps tonal sigpnal was mixed with pre-filtered thermal noise
and fed directly into the clipper emplifiers preceding the Deltic
storage lines Note: Initially sn alternative method wes suggested
whereby thz reierence Deltic wes stored with all zeroes and crosa-
correlated with & 100 cps tonal input signel on the corresponding
signal Deltic. However, one does not get the true picture in this case
due te the superpogition of the two sldebands at the comb filter whick
regults in a voltege gein of 6 db). The results of these tests indi-
cated there was negligible loss agsociated with the input bandpess

filtern.

During & two week period in Jenusery 1962, in which the USS RAYA
was tied up at the NEL piler, & series of shipboard laborstory tests
wae performed to determine the proceseing gain of the sawe Lorad
signal proceasing eguipment, excluding sny effeccs of the primsry OR
and secondary GR civeuitry during the messurements. These tests
were conducted to verify previous resulis, isclate losases, snd to
obtein a processing gain figure for a lower input signsl-to-noise
¥ ratlo. (Bypassing the OR circuilyy decrecses the number of background

nolse peaks and allows detection of the correlation function for smaller

| ——
T

r’ P TR S S A N

valueg of input sigoal-to-noise ratio). Teshniques ueed in the initisl

it e
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TABLE 3.

Processing Gain
(Frefiltered sigral versus noxmal bandpass filters
using signal channel 3 end reference cheanel 5)

S/N) g Processing Gain
db db
Pre-filter Normal
¢] 17.0 18.0
- 20.4 20.9
 note 1 20.7 20.7 g
Note 1: (8/N) 4 for no noige in

10
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teste were repeated here for mixing signal and noise and feecing it
into the system. -:cause of the processing gain uniformity obtained
for various combinaticne of sipgnael end refereace channels in the
initial tests, and time schedule limitations, only signal chsnpel

no. 3 aud reference chennel no. 5 were used in these tests. All out-
put measurements were made et the center tooth of the comb filter.

A buffer amplifier, fig. 6, providing proper termination of the comd
filter tootn and izcletion to prevent loeding of the 1.5 megacycle
signal at this point was installed on the filter output terminzl. To
provide display persistence of the correlation function for measuve-
ment purposes, the Memoscope was used for monitoring the peak output
signal. Because of the bandwidth limitations of the Memcscops, an
envelope detecior was requirved to detect the 3 kilocycie per second
corxelation function. Necessary preceutions were faken to insure the
correlation function was centered in the filter  tooth 17) being
monitored. A response curve was run on the peak detector circultry
to determine its loss {0.3 volts peak) and this result wes added to
the pesk output signal level.

As in the previcus tesis, pre-filtered themnal noise of sufficient
amplitude to control the clipper smpiifiers in the Deltic wae fed to
the 15 input signal channele not undar test. Once the test commenced,
consecutive corvelation function amplitudes were recorded. The total
oumber of semples taken at a given input sigoel-to-noise ratio was 36;
12 for easch of the three frequency bards. Because of the probability

that the sigral miseed could equal zero volts or be equal to the peak

L CONFIDENITAL
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noise background, all correlstion functions not detected wers recorded
as being egual to one-half of the average rectifled level at the output
monitor. This series of tests was divided intc four phases and the
meagured processing gain versus input sigpal -to-noise ratios ere shown
in table l:

Pogsc 1. The pseundo-nolse signsl was m;..md with thermal noise and
fed intc input signal chennel no. 3 via its input bandpsss filter. The
block diagram of the test setup for phages 1 and 2 is shown in figure 7.

Fhase 2. To determine if there was processing loss asgociated with
the multiplexing pertion of the Deltic, the tests of phase 1 were re-
peated with the multiplexing circuitry dissbled in such o manner that
only signal input changel no. 3 wss operative.

Phege 3. 1In this teet, both the multiplexing and the freguency trans-
lation circuitry in the gystem was disabled. A 50 cps sinusoidal signal
from a GR Interpolation Oscillator, type 1107-A, was gated directly into
reference Deltic storage line no. S5 via ite clipper emplifier. The same
50 ¢ps torsl signal was mixed witb thermal noise and fed to the clipper
amplifier vhich gates information directly into signal Deltic storage
line no. 3 {fig. 8). The frequency of the oscillator was adjusted to
insure that the correlator output signal csme through the center of the
comb filter tooth that was monitored. To messure the output noise level
&t the comb filter tooth, the tonel signel was tuvrned off. The seme
output noise level wae obtained by changing the oscillator frequency to

shift the tonal signel off the monitored filter tooth. Due to the

i2 CONFIDENTTAL
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TARLE &. Processing Gain
test conducted in January 1962 using signal channel 3,
reference channel 5, and 100 cps bandwidth)
1S/ qp Procegsing Gain
_db db
P ey nitial
Phase ) | Phase 2 | Phase 3 | Fhase 4 | Teat Mean
0 19.0 | 17.2 i 18.1 17.9 18.0
-2 20.2 18.7 18.9 20.7 19.1 19.5
- -k 20.9 19.7 19.6 21.6 21.0 20.6
-6 2.2 20.3 20.3 22.8 - 2.2
note 1 21.8 al.2 22.8 20.3 20.6 21.3
pote 1. (S8/N)gut for no noise in
Fhase 1. Normal Operation
Phaee 2. No Multiplexing
Phase 3. No Multiplexing, No Trarsletion
Phase 4. No Tranclation
13
CONFIDENTTAL
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difficulty associated with ceniering the tonal signal in the tooth, the
former method was used throughcut the test for measuring the output
noise lewvel.

Phase U: ‘{he Deltic multiplexing circuitry was enabled for normal
operation (sequential sampling of the 16 signal channels). The frequency
translation remained disabled and the tests of phase 3 were repeated.

Also shown in teble %, for comparative purposes, are the results of
the initial test for slgnal channel no. 3 =nd reference channel no. 5,
where the signal was measured at the OR circuit output and referred back
to the comb filter. These resultc are included in the computations of the
meanr processing gain shown in the table.

RESULTS

In all of the test phases, the minimum input signal-to-noise ratio
for 50% detectibility was -8 db and the measured processing gain was
about 21 db. Processing gain wae not computed where the input signal-to-
noise ratio was -8 db because the smplitude of the correlation function
could not be measured accurately for this test condition. Deviations from
the mean processing gain of 21 db can be partly attributed to some drift
in the Memoscope and interpretation of the mean output noise level due to
the damping factor of the vacuum tube voltmeter used in the tests. The
maximum deviation of + 1.2 db can be attributed to measurement error, which
i8 rot unreasonable for test conditions of this nature. The increase in
signal processing gain as input signal-to-noise ratio decreases can best be

understocd by observing fig. 1 where the mean processing gain response

14 CONFT DENTYAL
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curve is plotted from the data tabulated in table L. Here one realizes
thet as input signel-to-noise ratio decreeses the system is operating

on the lineaxr portion of the response curve. The measured recognition
aifferentiallt (output signal-to-noise ratic for 50% detectebility) was
13 db. Theoreticelly, for smsll values of input signael-to-noise ratio,

the procesaing galn at the comb filter output would be 27 db; of course,

this figure cannot be achieved due to system losses.5'6 With independent,

but similar, setups for mixing end measuring input signel and noise,
there was no significant difference between the signal precessing gain
obtained in the September 1961 and the Jamary 1962 tests.

CORCLUSIONS:

1. The measured signel processing gain of the present Lorad signal pro-
cessing equipment, excluding the effects of the OR circultry, is 21 db,
which ie 6 db less than the theoretical figure of 27 db. 1In discussing
this loss with others in the field, it appears that a large part of the
6 db deviation from the theoretical meximm processing gain can be
attributed to the combined losses of signal clipping and sempling rate.
The theoretical calculations of the individual losses assoclated with
clipping end sampling do not approach 6 db; however, in tests performed

by Code 235k on eimilar signal processing equipment, using polarity-

coincidence cross-correlation techniques and heving & theoretical processing 1

L. A Summary of Underwater Acoustical Deta, Part IIT, "Recognition
Differentiel", Urich and Pyrce, ONR, December 1953

5. Faran and Hills, op. cit.

6. Anderson, op. cit.

15 CONFIDENTIAL
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gain of 27 db, a 3 db incresse in the measured processing gain resulted
when the sampling rate was doubled. Prior to doubling the sampling rate,
a measured processing gain of 21 db was obteined.

2. The measured recognition differentiel when the sigpal is viewed at
the comb filter cutput iz 13 db, correspording to an input signal-to-
pnoige ratio of -8 db. Altbhough no attempt was made to determine the
false alarm rate in the tests conducted, it was very low.

3. There are no measurable losses associated with the system input bspd-
pess filters, multiplex unit, or the frequency translation circuitry.

L. There is a 4 db loss in detection capability st the secondary OR
output due to the combined background noise peaks of the correlator's
output. This means that the useful ﬁrocesaing gain of the overall signal
processing equiprent is 21 - & = 17 db at the secondary OR output.

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

the sigpal at the secondary OR output is -t db.

16 CONFIDENTIAL




Qutput Signel-to-Noise Ratio in DB

~Measured Processing Gain {Mean from
Teble &)

+15 ¢
EoEa s s mamann st mewem—— msmeswalo==== Racogonition Differentisl

+10 1 =

el . Theoretical Processing
Gain
(o)
-5 By
=10 |
-15 + + ; — 4 + - - t
+15 +10 +5 0 =5 -10 -15 20 -5 -30

Input Signal-to~Noise Ratio in DB

Figure 1. Signal Processing Gain Response Curve
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Figure 3. Calibration Curve Relating Peck Signel Amplitude at the
Comb ™M1lter Tooth to Peak Signel Amplitude at the e

Arplifier Output




—— T Tg— =TT —————
.
.

CONFTDENTTAL

!51 gnal [ ¢Prefilter

TP-25 1000-1100 cps
Processor #2
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1
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Oscillator
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< ADDER [—————@ bandpass
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channel 3

Figure k. Test Setup tc Check Skirt Effects of the Input Bandpess
Filters
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Figure 5. Test Setup to Bliminste the Input Bandpass Filters
in the Processing CGain Apalyses
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