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for Sonar Signals

JERRY K. Parks*
Lockheed Missiles & Space Company, Sunnyvale, Calif.

The principle of operation and the theoretical fundamentals of the “Barber Pole” optieal
correlation detector are reviewed. This correlator, which may be classified as a noncohevent
optical correlation detector of the stoved reference type, performs veal-time correlation of
multiple delayed signals with a stored reference without requiring a prior knowledge of the
signal delays. The use of real-time integration in the correlator makes it possible to avoid
the usual step of recording received signals on film prior to correlation with the reference. The
results obtained with the first model of this correlator are reviewed briefly. A description is
then given of the new multichannel model that is being developed presently. The design
features described are the optical layout for multichannel operation, the high-resolution
transistorized vidicon system for scanning out the correlation function, and the modular
nature of the equipment. Doppler compensation methods are discussed briefly. An example
is given to show how the correlator can be used to simultaneously process the multiple pre-
formed beam outputs of a sonar array. The paper is terminated with a list of potential ocean
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Development of a Multichannel Optical Correlation Detector

system applications.

Introduction and Review of Previous Work

HE optical correlation detector described here has been

designed to correlate audio signals, of roughly 1-see¢ dura-
tion, with a noise-free, photographically stored reference signal.
Correlation is carried out in real time without recording the
received signal on film. When the correlator is used as an
active sonar signal processor, its operations consist of provid-
ing an electrical version of the stored reference signal to the
sonar transmitter and of correlating received acoustic ccho
signals having unknown multiple delays with the refcrence
signal. An experimental version of the correlator has been
built and operated in the laboratory. Results of this work are
reported in Ref. 1. A brief review of previous work will be
given here in order to provide background material needed for
understanding the operation of the new development model
correlator.

The principle of the correlator can be understood by re-
ferring to Fig. 1, which shows the basic elements. These con-
sist of a moving photographic record, a light-beam intensity
modulator (light valve), and vidicon tube. The reference sig-
nal recording is done in two dimensions to introduce a con-
tinuous range of reference signal delay. In Fig. 1it1s seen that
the time-varying photographic transmission observed at a
point on the y axis of the fixed coordinate system is the analog
of the reference signal. At a different point on the y axis the
same photographie transmission funetion is observed, but it is
delayed in time because of the slant of the recording. At any
point y = gGr (where G is the record translational velocity
and g is a dimensionless constant determined by the record
slope), the time-varying record transmission can be represented
by a + S(t — 7), where @ is the photographic transmission bias
S(t) is the stored reference signal waveform, and 7 represents
the reference signal delay, which is a function of 3. The
reference function is converted to an electrical signal by focus-
ing a pinpoint of light on the moving record at a given point y
and by sensing the light transmitted through the record at
this point with a photodetector. This readout signal is pre-
sented to the sonar transmitter for conversion to an acoustic
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signal. Echo signals, after being received, are used to drive
the light valve. The light valve modulates the intensity of a
fan-shaped light beam that illuminates the reference record
along a narrow vertical line parallel to the y axis. The time-
varying light intensity of the fan-shaped beam, when controlled
by the amplitude of a received signal having delay aq, can be
represented by b + KiS{t — «1), where b is a light bias inten-
sity and K is an amplitude factort. The intensity of the light
transmitted at any point y along the illuminated line is the
analog of the product of the reference signal (with delay corre-
sponding to the location of the point y) and the received echo
signal. The light transmitted by the moving reference record
at each point y is imaged on the face of the vidicon tube.
The vidicon tube serves the double purpose of integrating the
light and of converting the integrated produet signal into
clectrical form. There are four integrated product terms in
the vidicon output because of the light bias and record
transmission bias. The only important term is

oy + T X .
Ry = K [0S = oy — et (1)

which 18 just the correlation function between the reference
signal and echo signal. This funetion is represented in analog
form on the vidicon tube face as exposure along a line image.
The function peaks at a value of y corresponding to py = o,
where p = 1/¢gG. The exposure function is converted to a
time-varying eleetrical signal by scanning the vidicon electron
beam along the line image.

The limits of integration of the product of the received and
stored signals are controlled by the vidicon scanout timing.
Integration proceeds for twice the reference signal duration.
At the end of this time interval the correlation function (ex-
posure funetion) is rapidly scanned out. The opaque portion
of the record automatically adjusts the integration duration
to be equal to reference signal duration at each point on the
illuminated line. To provide for seanout of the correlation
function without interrupting correlation of incoming signals,
two fan-shaped beams are used. One is displaced along the
reference record by a distance equal to the reference signal
length from the other. With such an arrangement two line
images are formed on the vidicon tube face. These are alter-

1 The signal waveform S(¢) is considered to remain unchanged
during propagation in order to simplify the descripion of the
correlator operation.
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nately scanned out at times separated by the reference signal
duration.

In the actual instrument the effeet of the periodic reference
record is obtained by wrapping one or more reference record
periods around a transparent ecylinder, which is caused to
rotate at a constant rate. The appearance of the record
cylinder has resulted in the name “Barber Pole” optical corre-
lator. Echo signal delays are determined by noting the num-
ber of record periods which has clapsed since the signal was
transmitted and by noting the loeations of the corvelation
peaks along the y axis,

The performance characteristies of the optical corvelator
which ave of primary interest are the signal-processing gain and
the resolution of the correlation functions of two signals
having a small relative delay. In the case of an ideal correla-
tor using a reference signal having bandwidth 1 and duration
T, the processing gain for detection of the signal is the pres-
ence of interfering noise having Gaussian statistics, and a uni-
form power spectral density is 271, That is, the relationship
between the input signal-to-noise power-ratio (S/N):, and
she output peak signal-to-noise power-ratio (S/N)q 1s

(S/Njo = 2TH(S/N)i (2)

The optical correlator cannot theoretically obtain the ideal
processing gain because 1t is necessary to use light and photo-
graphic transmission blases in the optical operations, and be-
cause it 1s desirable to limit the received signal in order to keep
the light bias value low.

The experimental work was done using a reecording of a
pseudonoise signal consisting of a binary-type optimal-length
shift register sequence 511 bits in length. This signal has a
triangular-shaped autocorrclation function having a base
width 2 bits wide. The processing gain of the correlator (tak-
ing into account bias and limiting effects), when used with this
pseudonoise signal, was theoretically determined to be 23 db.
For the cylinder rotation rates used, the correlation function
theoretical width was 1.5 msee.

Experimental tests were made using direct eleetrical con-
nection of the reference readout signal to the receiver mput
where mterfering noise was added. These tests showed the
correlator processing gain to be 20 db as compared with the
expected processing gain of 23 db.  Resolution tests made with
clectrical delay lines showed the ability of the correlator to
clearly resolve two signals of equal amplitude having a relative
delay of 2 msee. Sueccessful tests of the experimental correla-
tor were also conducted in air over a one-way sound propaga-
tion path, although the performance was reduced because of
imadequate transducer performance. The results obtained
with the experimental model were encouraging enough to
stimulate the development of a more versatile model. It is
the purpose of this paper to describe the new model.

General Description of the New Correlator

The development work on the new model was undertaken
with the goal of developing a multichannel correlator reliable
enough to be taken to sea for sonar signal processing experi-
ments. It is designed to incorporate a number of improve-
ments over the first experimental model.  These include
multichannel operation, modular arrangement for increasing
channel capacity, a new high-resolution vidicon tube, transis-
torized vidicon electronies, continuously variable eylinder ro-
tation rate, and provision for later addition of a Doppler com-
pensating unit. No attempt has been made to minimize the
size of the equipment at this time.

The optical arrangement for multichannel operation is
shown in Fig. 2. In this arrangement, a single fan-shaped
beam of light intensity, modulated by the reccived signal,
originates from an optical beam generating unit. This beam
is split into two identical beams at a beam splitter. The two
beams are incident on the rotating reference record at posi-
tions separated by one reference signal duration 7. In the
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Fig. 1 Reference record and oplical arrangement for
correlating the received signal with the reference signal.

arrangement shown in Fig. 2, the reference record and opaque
portion are each repeated four times around the cylinder.
The two beams are incident on the record at locations angu-
larly separated by 45°. The light transmitted through the
rotating record is reflected by a mirror system, which causes
it to pass out of the inside of the eylinder and back toward the
vidicon tube. The two vertical lines of light appearing on the
inside of the rotating evlinder are imaged on the vidicon tube
face plate.

Additional fan-shaped light beams originating from other
oplical beam generating units are made to follow optical
paths closely adjacent to the single channel paths shown in
Fig. 2. These additional beams are made parallel by a group
of narrow mirrors loeated near the center of the cirele of
optical beam generating units.  These mirrors can be
spaced closely at this point because the optical beams are
thin here. Tive beams are aligned in this manner. A sixth
beam passes through the beam-aligning mirror group without
reflection and goes direetly to the beam splitter. The com-
plete optical path of this beam is shown in Fig. 2. The optical
paths of the other beams have been deleted beyond the beam
splitter in order to avoid confusion in the drawing. The six-
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Fig. 2 Optical arrangement for simullaneous multi-
channel processing of sonar signals.
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Fig. 3 Location of correlation function line pairs on

vidicon tube face for multichannel operation; scan must

progress from one line of a pair to the other in a time
approximately equal to the signal duration T.

channel arrangement gives rise to the six elosely spaced line
pairs which are imaged on the vidicon tube face in the manner
shown in Fig. 3.

The vidicon scanout pattern is chosen so that correlation
function lines ean be imaged anywhere in the raster area of
the vidicon face and still be scanned out without synchroniza-
tion and beam positioning adjustments. The scanning pat-
tern is chosen to provide three longitudinal scans in the width
of one correlation function line image. This insures that at
least one complete longitudinal scan of each correlation func-
tion line will occur regardless of its location on the vidicon
face. The transverse motion of the vidicon sean is gyn-
chronized with the record cylinder rotation period by means
of a synchronizing pulse derived from the cylinder. Timing
is not a critical factor, since a small percentage of the integra-
tion time can be lost without appreciably affecting the corre-
lation function peak amplitude. The output signals resulting
from scanout of the correlation functions corresponding to the
different channel signals are filtered and put through a
threshold device and are then displayed on a cathode ray
oscilloscope tube face in intensity modulation form.

The multichannel correlator shown in Fig. 2 is modular in
nature. Channel capacity of a basic unit can be increased
from one channel to six by adding the desired number of beam
generating units.  (Actually, an additional layer of beam gen-
erating units could be added above the first layer, and their
beams could be interleaved with the others by using addi-
tional mirrors.) When the channel capacity of one such basic
unit is exhausted, other basic unifs can be added in the
positions indicated by the dashed lines of Fig. 2.

Design Considerations and Component Selection

The important design considerations are the vidicon resolu-
tion, the vidicon illumination, the light modulator frequency
response, the type of reference record, the record illumination,
and the cylinder rotation rate stability. The vidicon resolu-
tion is the factor that, in practice, determines the upper limit
of the correlator performance. This is because the number
of points which can be resolved in scanning out the line image
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on the vidicon determines the useful time-bandwidth product
of the reference signal, and thus the correlator processing
gain. The correlation function scanout unit is designed to
operate with either of two commercially available high-
rexolution vidicon tubes and its associated magnetic focus
and deflection coils. The first tube 1s a 14-in. RCA-8521
vidicon, and the second tube is a 2-in. Machlett MIL-2058G
vidicon. The limiting resolution of these tubes is stated by
their manufacturers to be respectively, “in excess of 1200
televiston lines,” and “in excess of 2000 television lines.” It
is intended that the correlator performance will be checked
uxing each of these tubes in turn.

The vidicon illumination in the region of the correlation
peak on the line image must be large enough to satisfy the
basie signal-to-noise limitation that arises from quantum
fluctuations in the illuminating light. TUsing the signal-to-
noise ratio expressions of Ref. 2 caleulations indicates that
the vidicon illumination should exceed 0.001 ft-candles in
order to satisfy this imitation at a scanout frame rate corre-
sponding to the maximum record cylinder rotation rate.
"This corresponds to a minimum vidicon exposure time of ap-
proximately 0.15 sec. The image illumination range is de-
signed to be approximately 0.01-1.0 ft-candles. This il-
lumination is less than that typically used in vidicon opera-
tions; however, less illumination is required because of
operation at slower than normal scan rates.?

The light modulator bandwidth must be wide enough to
pass the frequency components of the echo signal when the
reference signal is transmitted with maximum bandwidth.
This occurs when the reference signal is read out at maximum
cylinder rotation rate. A commercially available light valve,
having a frequency response from d.c. to more than 8 ke, is
used for the light modulator. This light valve is a Westrex
Model RA-1270, a type used for recording sound on film in
the motion picture industry.

The signal stored on the reference record can be any one of
a variety of types such as FM, noise, pseudonoise, or codes
cspecially selected for their propagation properties. Previous
experiments were conducted with pseudonoise signals be-
cause of their simple correlation functions.

The reference signal recording is done on Cronaflex CFM4
film. This film is a high-contrast contact film with a matte
surface. Use of film with a matte surface causes the light trans-
mitted through the film along an illuminated line to act as a sec-
ondary line source.  This permits use of small diameter optical
components for imaging the line on the vidicon tube. Film of
this type must be illuminated and viewed at low angles of in¢i-
dence because it approximates a Lambert-type light scattering
surface. To insure uniform illumination along the line image,
the maximum angles of record illumination and viewing are
designed to be less than 6°.

The optical components need not be of especially high
quality since the correlator is a noncoherent optical-type
correlator. The optical components consist of one simple lens
used to enlarge the beam of illumination leaving the light

Fig. 4 Optical correlator with light-tight covers removed.
Reference record cylinder (left), vidicon electronics (cen-
ter), single beam generating unit (right).
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valve, an inexpensive cylinder lens used to concentrate the
record illumination along a sharply defined line, and an [:2,
105-mm lens used to image the secondary line zources onto the
vidicon tube. For the last mentioned lens, a Komura teje-
photo lens was sclected because it has & wide range ol apertwre
control which is desirable for good control of the vidicon
illumination.

The evlinder rotation rate stability requirement is deter-
mined by the time-bandwidth produet of the signal that is
stored. A variation of the cylinder rolation rate between
time of signal transmission and time of c¢cho signal reception
tends to shrink or streteh the veference signal with respect to
the transmitted signal.  Nince this is similar 1o a Doppler
effect, the rotation rate stability requirement can be calcu-
lated using theoretical relationships between correlation fune-
tion amplitude and target Doppler velocity.t Such caleula-
tions indicate that, with rveference signal time-bandwidth
procuets of 1000, the eylinder rotation rate should not vary
more than 0.059, between time of signal transmission and
signal reception in order to restriet the loss ol correlation
function amplitude to less than 0.6 db. This regulation re-
quirement is in the order of the absolute regulation values
found in many mechanical drives used in commereially avail-
able recording systems and poses no special problem.

Pictorial Description

Figure 4 shows the new corvelator with the light-tight
covers removed.  The reference eylinder can be scen on the
left side of the picture and part of the vidicon electronies can
be seen in the center. The length of the housing is 3% ft.
The two protruding parts on the lelt side of the pictare are
signal readout and timing optical assemblies. The protruding
part on the right side of the picture ix a light beam generating
and modulating unit. Five additional such units can be at-
tached against the five unoceupied flat sides of the housing,
thus providing (or six-channel operation. The main housing
ix angularly =haped so that three additional such units can he
mounted around the single veference record eylinder, thus in-
creasing the channel capacity to 24 channels.

Doppler Considerations

The effect of Doppler is to stretch or shrink the echo signal
with respect to the rveference signal.  The Doppler effect
shows up in the correlator as a movement of the instantancous
correlation peak along the correlation {unction line. This
motion is seen casily by eye when viewing the light transmitted
through the rotating reference record under conditions where
the correlator input signal is derived from a tape recorder
plaving the transmitted signal back at a speed a little faster
or slower than the recording speed. The motion of the corve-
lation point smears the exposure along the line imaged on the
vidicon tube. This causes a reduction in peak exposure and,
hence, a reduction in peak clectrical output signal associated
with the correlation [unction maximun.

The exposure function appearing on the vidicon tube [ace
i be written as

Riy.) = K

pY

oyt

"8t = py)S(t — et 3)

where three other terms consisting of a d.e. bias term and two
self-noise terms have been neglected. A Doppler shilt in the
received signal caused by a relative motion between target
and receiver ean be introduced in expression (3) by letting the
delay parameter « be a function of time, In particular, «(t)
can be represented by

alt) = ap = 2t'/c (€9

where v s target veloeity, ¢ signal propagation veloeity, and ¢/
the time measured from the start of the integration period.
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Then

py + 1

Rly, ald)] = K f
=

/ 2vt!
St — p//)S(é — oy F %)dt (3)

As ¢/ inereases from the initial matching time, the received and
reference signals gradually get out of match. This effect can
be compensated by making py vary with time =o that it is
always cqual 16 ay & 20t /¢), in which case

oy e 2T e T A’
Rly, al®)] = ixf o S(t — ¥ - ) X

an

¢

2ut’
t— o F — Jdt (6)
(4

}S

There are two ways of bringing this about: either p must vary
with ¢/, or y must vary with ¢. The case requiring y to vary
appears to be the easicr of the two to implement in a multi-
channel correlator.

The variation of the observation point 4 with time can he
accomplished in practice by introducing image motion com-
pensation in the optical path between velerence record and
vidicon tube.  For exact compensation, it is necessary for
light leaving the moving instantaneous correlation point to be
imaged at a fixed point on the vidicon tube face. This permits
the exposure at the fixed point on the vidicon to grow to the
maximum value that would be obtained with a stationary
target and veceiver, The image motion compensation has the
effect of stretching or shrinking the reference record.  This
can be scen by referring to Fig. 5, which shows the integration
paths along the reference record for zero Doppler and for
positive and negative Doppler compensation.  The reference
record must be extended by 207 /¢p units in both the positive
and negative y directions in order to insure that the com-
pensated integration paths lie on the reference record for all
possible locations of initial correlation points.

The required image motion could be imparted by placing a
moving mirror in the optical path between the record and
vidicon tube.  This mirror would move during the integration
time and would be reset at the end of cach integration period.
The amount of image motion compensation required is

Ay = 29GvT /¢ (7)

For a record slope ¢ = 1, a record translational velocity
G = 21ps, arecord duration 7 = 0.5 sec, a target veloceity of 30
knots, and a line image magnification factor of 0.2, the motion
of the line image required to stop the movement of the in-
stantancous correlation point would be 0.048 in.

Multiple Doppler compensation could be obtained by
placing a group of mirrors, each moving at a different rate, in
the optical path. In this way multiple Doppler bins (image
motion compensated lines) could be simultancously formed on
the vidicon tube and scanned out as previously described
The present model of the correlator does not have the Dopp-
ler compensating feature; however, it has been designed to
allow casy access to the optical path between record and
vidicon so that Doppler compensation experiments can be
conducted at a future time.

Concept for Simultaneously Processing
Preformed Multibeam Signals from Arrays

An example will be given here showing how the correlator
could be used to simultaneously process the multiple pre-
formed beam outputs of a sonar array. The reason for
processing the array multiple outputs is to obtain target
azimuth information. The active signal processing is con-
sidered to begin at the n-channel output of a sonar receiving
array beam-forming eircuit. The signals at the output of the
beamformer are considered to be broadband signals, each of
which represents an acoustic signal received in a. narrow
azimuthal inerement associated with one of the n simul-
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Fig. 5 Doppler compensated lines of integration along record.

taneously operating preformed beams of the array. Figure 6
is & block diagram of the receiving portion of a sonar system
showing where the optical signal processing and signal presen-
tation equipment would fit into the system. The multichannel
correlation functions would be displayed in plan position in-
dicator (P.P.1.) scan form after being scanned out by the
vidicon electron beam. A P.P.I-type presentation is indi-
cated in Fig. 7. In this example the correlator is a 24~channel
model made up of four basic units each containing six heam-
generating units. The vidicon outputs after passing through a
threshold circuit would be displayed as intensity modulation
on a storage tube or conventional cathode ray tube. The ra-
dial sweep time of the display tube would be made equal to the
time required for the vidicon beam to make one longitudinal
sweep along a correlation function line. The azimuthal sweep
of the display tube would operate at two different rates during
the course of one 360° scan. The high rate azimuthal scan
would start when the vidicon electron beam begins to scan the
first line in the first group of six lines formed by the first six-
channel unit. When these six lines have been scanned, the
second basie-unit vidicon beam starts to scan the first line in
its group of six. This process would continue until all 24
correlation-function lines in the first beam split pathshave been
scanned out and their information content has been displayed
on the upper half of the display tube. At the end of this time
interval, which might be 59, of the signal duration, the azi-
muthal scan rate of the display tube would be reduced to zero.
After a rest period interval 59 shorter than the signal duration,
the first basic-unit vidicon beam will have reached the first line
in the second beam split group of six lines. At this time the
azimuthal scan rate of the display tube would return to the
former high rate and the information content of the second
group of 24 lines would be displayed on the lower half of the
display tube. The finite writing rate of display tubes makes
it desirable to progressively increase the physical angular
separation of the four basic units around the reference cylin-
der. This has the effect of equally spacing the times at which
the 24 lines are successively scanned out by the four vidicon
tubes. As a consequence, lines of constant range would take
the form of spirals such as those shown in Fig. 7.

Results of Limited Testing at Sea

Sea tests of the new correlator were conducted at the U.S.
Navy Underwater Sound Laboratory’s Research Detachment
(Trident facility) in Bermuda in April 1965. The experi-

mental study had to be limited to an investigation of signal
processing of mnarrow-band sonar signals because of the
characteristics of available sonar equipment. In these tests
the stored reference signal of the correlator was used to ampli-
tude-modulate a carrier. The received signal was detected
by a full-wave square law detector prior to being correlated
with the stored reference signal. Successful signal processing
tests were conducted on sound signals propagated one way
from a bottomed projector to bottomed hydrophones located
at distances of 4 mile and 6 miles from the projector. The
observed processing gains agreed with the theoretically pre-
dicted processing gains to within 3 db. Tests made over the
6-mile path showed good correlation detection for both the
direct and surface-reflected propagation paths.

The tests were conducted using a single input channel.
The multichannel capability of the system was in effect
demonstrated by optically adjusting the position of the line
images so that they were located at several different positions
on the vidicon tube face during the time of the testing.

Potential Applications

The “Barber Pole” optical correlation detector has a
number of general features which make it attractive for a
variety of applications involving sonar signal processing.
These features are as follows.

1) The signal format can be changed readily with only
minor changes in the processing electronics.

2) The types of signals which can he stored as a reference
signal are conventional AM pulse, FM, wideband noise,
narrowband noise, and other signals of arbitrary waveform.i

3) The correlator can be used with both base band and
carrier modulated systems.

4) The parallel optical processing of signals in time has a
rate advantage over serial processing of signals such as is
carried out in systems using digital computers. The process-
ing rate of the experimental single channel correlator is higher
than that of a modern digital computer.

5) The optical correlator has fewer active components than
has an electronic digital correlator. It is comparable in size

1 It is also possible to make a reference record, which stores a
multitude of filter impulse responses. Since the optical correlator
performs a convolution operation between the input signal and
the stored reference signal, the video output signal in this case
represents a spectral analysis of the input signal. This feature
has potential applications in passive sonar signal analysis.
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now to an electronic correlator and can be made more com-
pact in the future by using electrolumineseent light modula-
tors in place of the present light modulators, each of which
contains a light valve, lamp, and optical train.

Some potential applications of the optical correlator in
ocean systems arve as follows.

1) Signal processor for sonobuoys: Use of correlation
techniques in sonobuoy systems permits reduced average
projected power while retaining high target range resolution
funder conditions of fixed projected signal cnergy). The
optical correlator is potentially capable of fulfilling the need
for a simple and compact correlation detector of the type re-
quired for the processing of such signals in sonobuoys.

2) Underwater communication using waveform  delay
coding: Consider two optical correlators located at two
stations of a communication link. Both cylinders rotate at
the same rate and have the same stored reference signal. The
signal can be read out photoelectrically at an arbitrary height
on the transmitting eylinder, projected as a sound signal, and
reconverted to an optical signal at the receiving correlator.
The reception of the signal would result in a spike appearing
in the video output of the receiving correlator. The polarity
of the spike can be controlled by the polarity of the trans-
mitted signal.  Information c¢an be transmitted by a com-
bination of pulse position coding and pulse polarity coding.
Synchronization of the two cylinders is not required since the
information is sent in terms of pulse position and polarity and
is not governed by the absolute time of signal correlatios.

3) Sonar identification, friend or foe (IFF): This applica~
fion is & variation on the underwater communication applica-
fion. Special reference codes would be used for identifying
friendly underwater vehicles.

4) Seismie signal processor for geophysical exploration of the
ocean bottom: Correlation techniques are presently finding
use in geophysical exploration.® The advantages of thesc
techniques stem from the fact that the detectability of a re-
flected signal is governed by the total energy in the sjgnal.
The use of correlation detectors permits the replacement of
high-power short pulse signals such as caused by explosions
with low-power long duration acoustic signals. Geophysical
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system applications of the optical correlator are promising
beeause its multichannel capability would be useful in handling
multiple signals derived from airays of geophones.

The optical correlator has potential applications as a re-
scarch toel for cxperimentally investigating corrclation
aspeets of sound propagation. Typical of the types of in-
vestigations in which it would be useful are the following.

1) Investigation of sonar targel classification by correla-
tion of reflected signals with the stored rveference: A random
noise sonar signal if reflected from a target will have 1ts fre-
quency components modified by the target shape. A long-
duration signal of this type is not conveniently displayed on
an oscilloscope and, if it iz recorded by some means, it is
difficult to interpret the information in the long spread out
record. However, if the echo signal is cross-correlated with
the reference signal, the resulting cross-correlation funetion is
relatively short in duration and its shape is influenced by the
spectral content of the reflected signal. An investigation of
the target elassification information contained in the shape of
the cross-correlation function would appear to be worthwhile.
The optieal correlator would be a convenient experimental
tool in such an investigation because the transmitted signal
bandwidth and range resolution can be readily changed by
varying the eylinder rotation rate.

2) Investigation of the effects of velocity dispersive sound
propagation paths on correlation detection: The sea water
medium by itself has negligible velocity dispersion in the
range of sonar frequencies. However, when it iz bounded,
waveguide-like effects oceur and the sound fields that propa-
gate well (those that are compatible with the boundary con-
ditions) tend to be velocity dispersive. It is of interest 1o in-
vestigate how correlation functions, appearing in the video
output due to signals propagated via velocity dispersive
paths, interfere with correlation functions occurring due to
signals propagated over direct nondispersive propagation
paths.  Such information is of interest in determining the
permissible interpulse spacing that can be used i correlation-
type underwater communication systems.

DADIAL LINES ALONG WHICH THRESHOLD CROSSINGS INDICATOR PULSIS

ARE DISPLAY (RADIAL LT IRECTIONS CORRESPOND TO DIRECTIONS
OF PREFORMED ACOUSTIC BEAMS)

SJIPLE REPLECTIONS)

FIRST 6 LANES OF FIRST
G-CHANNEL UNCT

SECOND ¢ L]

CONSTANT RANGE LINES G-CHANNE T,

A AND AT AR
IN COMPLEMEN

TARGET APPEARING
ALS

Fig. 7 P.P.L.-type presenlation of multichannel optical

correlator output. Maximum range on upper radial

sweep coincides with minimum range on that lower radial

sweep that is the extension of the upper (Doppler indica-
tion not shown).
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The optical correlator would be a useful research tool in
such studies.

The development work described here is still in the carly
stages. The eventual goal is to develop a compact simple
sonar signal processing component that will be universal
enough to find wide applications I marine systems of the
future.
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Dynamic Testing of the 80-Knot Hydrofoil Craft FRESH-1

J. D. Burrovugus*
The Boeing Company, Seatile, Wash.

The FRESI-1 is a hydrofoil test crafit designed 1o do high-speed hydrofoil vesearch. It is
thoroughly instrumented to sense and record craft motions, crew responses, engine perfor-
mance, and foil force characteristics.  Prior to a flight test, test maneuvers are performed on a
This allows the test Lime
All Lest
In addition, certain critical chan-
nels of information arc telemetered 10 a ground stalion where this data is displayed in the
form of oscillographs and X-Y plots that can be interpreted readily by engineering specialists.
A real time data reduction system allows the lift characteristics of a test foil to be presented
instantancously, as data describing the foil characteristics are obtained from testing.

six-degree-of-freedom analog computer simulation of FRESH-1.
to be planned efliciently and provides predictions of the crafl response for each test.
data arve recorded on an onboard magnelic tape recorder.

This
system allows plots such as foil lift coeflicient vs angle of attack al econstant speed, foil depth,
and flap angle to be displayed. Three methods of measuring the dynamie performance of
hydrofoil craft have been evalualed in tests on FRESH-1: step response, frequency response
by sinusoidal excitation, and frequency response by statistical correlation techniques. A
comparison of the results of Lhese methods is discussed.

Introduction

HE FRESH-1 is a hydrofoil research eralt designed and

built by The Boeing Company for the U. 8. Navy Burcau
of Ships under Contract NObs-4472. Tt provides a high-
speed test facility for large-scale hydrofoil systems. The
FRESH-1 not only measures foil hydrodynamie data, but also
provides basic design information concerning the control
system and operating procedures required by the test foils.
An important part of the FRESH-I test facility 15 an analog
computer simulation of the eraft, the test foils, and the control
system.  The simulation provides a means of predicting test
eraft responses and analyzing craft behavior. The purposce
of this paper is to describe the FRESH-U facility and its
application to hydrofoil rescarch and design.

Test Facilities
Craft

The FRESH-1 craft is shown in Fig. 1 during test opera-
tions on Puget Sound.  The foils and struts are attached to
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lateral beams between the twin huils,  These beams may be
positioned at several different longitudinal attachment points
providing a great deal of freedom in the choice of the foil
locations,  Figure 1 shows the foils arranged in a conven-
tional configuration with two foils forward and one aft. The
FRESH-1 also has been operated in a “canard” configuration
with one foil forward and two [oilx aft. Since the eraft is
powered by a turbofan jet, the propulsion system does not
disturb the water flow around the test foils.  ISlectrical and
hydraulic power ave furnished by a turbine-driven auxiliary
power unit and by the main engine, respectively.  Auxiliary
power systems have been designed with sufficient capacity to
accommodate a wide range of future hydrofoil systems.  The
onboard FRIISH-1 data system records 84 continuous chan-
nels of information as well as 20 samples/sec of 82 other
channels and 1 sample/sce of 176 pressure channels. With
this large data recording capacity, a very complete record
of the performance of all eraft systems is maintained during
all test operations.  Foil performance is measured by a force
balance located between the strut and the lateral beams pro-
viding a measure of the foil-strut assembly’s lift, drag, and
side forces.  Pressure measurements also are made at critical
points on the foil and strut.  For a more complete description
of the FRIGSH-1 craft, see Refs. 1-3.

Mobile Ground Station

The FRESH-1 has a erew of three and can carry one addi-
tional obscrver-passenger. A telemetry link between
TRESH-1 and a mobile ground station allows test data to be



