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The requireme”ii~~ of advanced radar systems, secure communi—

cations networks, and signal—warfare concepts place seve’e strains on
the capabilities of presently available analog processing technologies.
These applications require real—time processing with large bandwidth
and dynamic range. The use of acousto— optic tecbnolo~~r as an answer
to these requirements appears very attractive. Three fundamental

r 

signal—processing schemes using the acousto—optic interaction have
been investigated: 1) real—time correlation and convolution,

a.. ii) Fourier and discrete Fourier transformation, and
n
iii) programmable

memory correlation. By combining previously known techniques with
newly discovered phenomena, major advances in analog signal processing
have been demonstrated. Time—bandwidth products in excess of 10,000

• ~ 
and linear dynamic ranges in excess of 50 dE have been achieved with
real—time processQrs.~ Using the recently discovered acousto—photore—
fractive effect,~~

1 storage of surface-acoustic--wave ( SAW ) signals in
lithium niobate (LiNbO~) has been demonstrated. During the informa—
tion storage time of up to several months, ‘live” signals can be
acousto—optically correlated with the stored signals. This storage
phenomenon can be used as the basis for a wide variety 01’ new signal—
processing architectures. A description of the experimental results
for the real—time process~~~ (correlators and Fourier transformers)
and the memory correlator a1e~given in sections II and III, respec-
tively.

II. Real—Time Signal Processing Using Acousto—Optic Interactions
A. Background

The processing of signals using acousto-optic interactions is
based on the diffraction of light by refractive index changes induced
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in a piezoelectric material by a surface acoustic wave. Conservat ion
of momentim~ and energy requires that the frequency of the light dif-fracted by the propagating surface acou~~ic wave be shifted by anamount equal to the acoustic frequency. ) The acousto—optic inter-
action is normally in the Bragg regime, where the incident light beam
ie incident at an angle , 0B’ to the SAW front . The sine of ia
given by

)~
~~~ 0B = 2nA ‘ ( i )

where A is the wavelength of light in free space , X is the acoustic
wavelength in the material, and n is the index of re!braction of the
material . The Bragg regime permits maximum interaction eff ic iency,
since constructive interference occurs only for the f irst  order dif-
fraction mode, all other modes being suppressed.

For Bragg interactior~ the power ratio of diffracted light, I~ ,
to incident light, 10 ~ ‘~ 

)

I
’ _____

sin 2 (l.14tvM F )  , (2 )

where M is a figure of merit relative to the value for water, £ is
the interaction length, and F is the acoustic power density. For
sufficiently small P , a linear relationship exists bet’~een I~ and F

The method for achieving convolution via the acousto—optic inte~—
action is Indicated in Fig. 1. The amplitude of the light beam that
has been diffracted by both
acoustic waves, A(t) cos w~t _ .

~~~~~ - _ -- —
,

and B(t) cos w t , Is propor— ~—-i ~~~~~~~~~~
tional to L 

~ br —
~ 

— -
~ 

— *Dt.12W11

EA (t )  B(t ) cos (w 0 — 2 wa )t
~ , ~

- -

( 3) —I. ~~~~ ~~~~~~~~~~~~~

where w is the light frequency . - Z i
This do~bly diffracted beam is ~~~~collinear with the undlffracted &~)cnc,, *G ~ j 1lW’,-. ’ N J
light of intensity I , and the
two beams are hetero~yned in a I

., 
~~~~~~~~~~~~~~~~nonlinear mixer diode . The

resultant output voltage is
proport ional to the product of

• eq. (3) with cos (w t ) ,  and the Fig. 1. Waveform Convolution Using
• component at the acgustic fre— Acousto—Optic Bragg Inter—

quency (2w ) is: action

Ii
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v0~~
( t )  - A (t )  B(t)  COB (2w )

Eq. (14) gives the voltage due to a single light ray. The Interaction
region between transducers is fully Illuminated, and the lens shown in
Fig. 1 focuses the entire light beam onto the photo—diode. Recalling
that the two signals are physically passing each other, it can be
shown that the output voltage as a function of time is given by

v0(t )  = A ( t ) B ( t  - i)d t  , ( 5)

which is equivalent to the convolution of A(t) and B(t).~~~ Further,
the frequency of the output waveform Is twice that of the Input wave-
forms, and the output bandwidth is correspondingly twice the input
bandwidth.

One of the primary advantages of using the accusto—optic inter-
act ion to obtain convolution (or correlation) as described above is
that all nonlinear mixing occurs in the mixe r diode . Under these
conditions , the piezoelectric material Is nondispers ive , and the in-
teraction is approximately linear according to Eq. ( 2 ) .  It will also
be shown later that large dyn ami c ranges of signal amplitude are
fea sible.

The scheme described above uses a single SAW delay line to per-.
form real—time convolution of two i-f signals. Correlation is obtained
directly if the two signals are symmetric waveforms, since in this
case correlation and convolution are equivalent. Correlation of asym-
metric waveforms In this scheme may be obtained by time inverting one
of the i-f inputs. However, the time—inversion process involves addi-
tional electronic complexity and problems of the quality of operat ion—
al performance. As an alternative approach, a “two—crystal” corre—
lator has been designed that uses two separate acoustic delay lines,
one of bismuth germanium oxide (BGO) and the other of L1NbO3, placed
side by side, as shown in Fig. 2. The incident light passes through
the interaction regions of both lines. Since the acoustic wave
velocity in BGO is slower (by about half) than the velocity In L1NbO3,
an rf signal introduced into LiNbO3 overtakes an i-f signal that had
been just previously introduced in the BGO. Both the BGO and the
LiNbO3 signals are launched in the same direction, thereby obviating
time inverting one signal. If the LiNbO3 signal entirely passes the
BGO signal, the output at the photodetector corresponds to the corre-
lation of the two waveforms. The maximum pulsevidth that can be com-
pletely correlated is equal to one third of the interaction time (or
length) of the LiNbO3 delay line. It is important to note that the
two sign als being correlated acousto—optically are in the form of
surface acoustic waves in the LiNbO3 and BGO. To obtain maximum
correlation of two propagating signals, their wavelengths arid spatial
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• ~extent must be the same in 
~ ~~~~~~~~~both crystals. To accom— MIAS ANGU I

pu sh this , the Input sig— ~~~~‘~“ I ~ ~~~~~~~~~~~~~~Gr1MAMUM

~dj uBted to be pro;ort1onal ) ]
~ 

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

to the ratio of the two SAW — • 
‘. ~~~. unwu

velocities, and the input ‘~~‘~~ , 
‘

pulBe widths must be in— - ‘ 
*

versely proportional to — 
* 

• 

~~~~~~
this ratio. The correct D

pulsewi dth ratios may be ‘
obtained by an auxiliary
processing step using the ,,FIg. 2. Two—Crystal Waveform Corre-
same tvo—cry~t~.l acousto— lation by Using Acousto—Optic
optic setup. Interaction in Adjacent BGO
B. Experiment and LiNbO3 Delay Lines.A photograph of the
setup used for our experiments is shown in Fig. 3. The krypton (Kr )
laser at the far left has an output of 1400 my at 6147.1 nm . Following

• the laser are lenses arid a cylindrical mirror (at the far right) which
transforms the circular laser bean into a uniform intensity sheet beam
15—cm wide by 6O—~ n high at the position where the LiNbO3 or BOO SAW
delay lines are mounted. Following the SAW lines, a cylindrical lens
and paraboli c mirror are used to focus the light onto a PIN photodiode
having less than l—n s response time . The photodiode signal I s  then
amplified by wide—band amplifiers.

Fig. 14 shows a closeup of a LINbO3 and a BOO line placed side-
by—side In the “two—crystal” correlator configuration (the BGO is

1
Fig. 3. Experimental Setup for Fig. 14• LiNbO3 and BOO Delay

Real—Time Acousto—Optic Lines Used for Acousto-
Signal Processing. Optic Signal Proces-

sing.

I
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the darker crystal). The dImensions of each crystal were 15 x 1 x
1 cm. The LiNbO3 used was Y—cut , Z—propagating, and the EGO used was
001—cut , 110—propagating. In both crystals , the SAW propagation di-
rection was in the long dimension . To inBur e maximum acousto—optic
coupling, it was necessary to obtain ext remely good surface figure
arid polish on the crystals . The top surfaces of the crystals were
polished to a figure of about one wave ( x  0.55 urn) over the entire
15 x 1 cm area , with no visible defect marks under 100X magnification.
Both sides of the crystals upon which t~ e laser light impinges were
polished so as to have no more than 0.5 deviation from perpendicular-
ity with the top surface. Each of the two long edges were made as
chip—free as possible. Chip length was no more than 25 urn, and the
total length occupied by chips was less than 2% of the 15—cm length.
The impinging Kr laser light beam was perpendicular to and filled the
long dimension of the lines. The actual laser light intensity through
the region of SAW propagation was approximately 10 mW.

Interdigitated finger transducers were used to convert the i-f
signals into SAW’s. To achieve a large interaction bandwidth, a
series of four transducers was used for this conversion. The center
frequencies of these transducers in LiNbO 3 were 250, 355, 1475, and
612 NEz. The center frequencies in BGO were lower by a factor equal
to the ratio of the respective SAW velocities in LINbO3 and BOO
(-2.075). The transducers were tilted slightly with respect to each
other according to a scheme by Tsai.(~~

) In this manner, the Bragg
condition was satisfied simultaneously for all four center frequen-
cies, thereby permitting a large instantaneous bandwi dth. In addi-
t ion , the transducers were translated with respect to each other in
the direction of wave propagation to provide proper phase matching at
the crossover frequencies.

Each device was operated initially as a convolver. For EGO and
LiNbO3, input bandwidths of 1140 and 250 MHz, respectively , were ob-
tained. For both devices, the full design bandwidth was not achieved ,
because of very high Insertion losses for the highest frequency trans-
ducer in each device and because of the response roll—off of the
photodetector and amplifiers above 800 MHz. Interaction lengths of
65 and 140 ~is , respectively, were obtained for the BOO and LiNbO3.
These lengths corresponded exactly to the physical interaction lengths
available in each device. The time—bandwidth product of these
devices used as convolvers , obtained by multiplying the bandwidth with
the interaction time, was 9100 for the EGO device and 10,000 for the
LiNbO 3 device.

The acousto—optic correlator shown in Fig. 14 has been used sue—
cessf ully to correlate several wavef orms of inter est in radar appli-
cations. Fig. 5A shows the output obtained by correlating two mono—
frequency square-wave pulses for a low-frequency correlator (LINbO 3



‘BER G, LEE & UDELSON

—

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

o e_ , . ~~~~. _~

~~~~ 
i~~~~ ~~~~~~~

:. ~~~~~ ~~~~~ ~~~~~ 

•,w
.

~~~~. .~

• Fig. 5. Real—Time Correlation Fig. 6. Correlat ion Output ver-
Output Obtained with Sus Input Power , Demon-
Two Rectangular Waveforms strating Linear Dynamic
(a) and (e) and with Range of Acousto—Optic
Seven—Bit Barker Code Correlator.
C d) and (f).

at 10 MHz and BOO at -5 1*1Hz), and Fig. 5E shows the corresponding
result for the high-frequency correlator. The output pulsewidth is
about four times longer than the short (L1NbO 3) input pulse, as ex—
pected. Fig. SD and 5F show the results, in the low— and high—fre—
quenc~ devices respectively, of correlating the seven—bit Barker

• code(~’) shown in Fig. 5C. There is a strong central peak with three
sidelobes on either side, as expected. The peak—to—sidelobe ratio
appears to be just slightly greater than the theoretically expected

• 2.7:1 ratio.
The results of measurements of the dynamic range of both the low-

and high—frequency acousto-optic correlators are shown In Fig. 6.
Because of much lower transducer insertion loss at low frequencies,
the low—frequency correlator exhibited a greater dynami c range. Ex-
trapolating to a reference 1-MH z bandwidth , a dynamic range of about
814 dB is obtained. The output is linear over this entire range for
variations of either the EGO or the LiNbO3 input.
C. Applications

i) Sign al—to—Noise Ratio Enhancement
One of the major functions of an acousto— optic correlator in

radar applications would be to extract signals submerged in noise. It
can be shown(6) that the most effective means of extracting a signal
from noise is by using a matched filter. A correlator is by defini-
tion an adaptive matched filter, i.e., its response is the equivalent
to a matched-filter response for any waveform corresponding to the

• reference waveform. The time-ban dwidth product of the filter is a

1

LI 
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direct measure of the signal-to—noise (S/N) enhancement. Hence, the
relatively large time-bandwidth product, as well as the range of the
instantaneous bandwidth , of the real—time acousto—optic processors
described above make them very attractive candidates for advanced
radar processing. Examples of the ability of the acousto—optic con—c—
lator to extract signals buried in noise are shown in Figs. 7 to 10.
In Fig. 7 the output of the correlator is shown both for a noise—free
and a noisy (S/N = —10 dE) monotone input signal. Figure 8 is a
quantitative plot of output S/N versus input S/N for monotone inputs.

U I I I I I I ~ 
-.

—

* —

~I•iIi~ c~~~~~~~ ‘,
•

~~~~~~C L . IC IC KIPUT SSOKAL -TO-NOIH RATI O . U

Fig. 7. Convolution Output with Fig. 8. Signal—to—Noise En-
Noisefree Input (B and hancement as Obtained
A) and with Noise- with a Digital Comput—
Degraded Input (D and C). er, Compared with

Acousto—Optic Experi-
mental Results.

The computer-generated result is based on an equivalent time—bandwidth
product of 30,000, whereas the particular acousto—optic device had a
t ime—bandwidth product of 7,500. Fig. 9 illustrates qualitatively
the S/N enh ancement for 100—NEz bandwidth, 20—ps wide, linear FM
chirps . Fig. 10 illustrates quantitatively the enhaneement for these
broadband signals. In all cases , a S/N enhancement on the order of
30 dB is possible.

2) Fourier Transformation
The ability to perform real—time Fourier analysis of rf signals

is Important in both communication and signal-warfare systems. Fou-
rier transforms have been performed acousto—optically using the
“chirp transform” method( 7) , and a signal—processing architecture for
performing discrete Fourier transforms acousto-optically has been
devised.

I
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Fig. 9. Signal—to—NoIse En— Fig. 10. Output Signal—to-Noi se
hancement with 100—Mh z versus Input Signal—
Bandwidth Li near FM to— Noise  for 100—MHz
Chirp Si gnals.  Bandwidth Signals.

a. Real-Time Chirp Transform
The Fourier Transform of a function ~x ( t )  is defined as

X ( f )  = J e~~
2
~~

’t x (t ) dt  . ( 6)
-~~~

If the substitution —2ft = ( f  — t)2 — f 2 — t 2 is made in eq. ( 6)  and
the terms rearranged , the foflowing is obtained:

x(r) ~~~~
i1T f 2 

[e at x(t))~ e 
—t) idt , ( 7 )

where the f irst  bracketed term in the Integral is i dentified as a pre—
multiplication of the function x(t) by a chirp. This premu]tiplied
term is then correlated with a chirp. Finally , the correlation result
is postmultiplied by a chirp. This entire sequence is referred to as
the “chirp transform” implementation of the Fourier transform.

The acousto—optic devices described In section IIB were used to
perform the correlation portion of thi s t ransform , and the required
chirps were obtained from an impulse—excited , reflective—array—
compressor SAW delay line. The results of this implementation are
summarized in FIgs. 11 to 114. The measured bandwidth of the trans-
former was about 80 MHz, as Illustrated in Fig. 11 where the trans-
formed output of a pulse containing three discrete frequencies is

1;
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Fig. 11. Fourier Transform Fig. 12. Dynamic Range of the

(lower trace) of Gated Acousto—Optic Fourier
Signal (top t race)  Con— Transform Output .
tam ing Discrete Fre-
quencies 18, 514, and
90 MHz.

shown. The dynamic range for the cw—gated sign al exceeds 50 dE and is
shown in Fig. 12. The structure of the sidelobes is strongly depen-
dent on the spatial distribution of the light intensity of the Inci-
dent laser beam. If a uniform intensity distribution is used , then a
(sin x f x  sidelobe pattern results (FIg. 13). When illuminated with
a Gaus:;i sn profile , the sidelobes were suppressed to about 27 dB below
the main peak, as Is shown in Fig. 114. The sLielobe amplitude is com-
pared with a second , nearby,  signal which is 25 dB down from the main
signal.

These results are generally in accord with the best reported
results obtained by using a pure SAW f i l ter  approach to achieve chirp
transformation. ( 6 )  The advantages of the acousto-optic appre’ach,
however , are twofold: i)  the ease in applying weighting functions for
sidelobe suppression , and i i)  the capability of arbitrarily varying
the chirp rate , which aids in locating signals.

b. Discrete Fourier Transform
An alternative to the chirp—transform architecture has been pro-

posed which is especially useful when performing the discrete Fourier
transform ( DFT) . The DFT Is defined as

I
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Fig. 13. Sidelobe pattern (5~~~ ~) Fig. 114. Suppressed Sidelobe
of the Acousto—Optic Pattern of the
Fourier Transform Obtained Acousto—Optic Fou—
Using a Uniform—Intens i ty  r ier  Transform Oh—
Laser—Beam Profile. t a m ed Using a Gauss-

ian Intensi ty , Laser
Bean Prof i l e ;  Pattern
C~.’mpared with Higher
Frequency signal
(arrow ) at -~ 5 dB.

Xk 
= X e 2

~~~~
’N ~ (8)

If the substitution

uk = {(k + n)2 - (k - ~)2) (~ )

is made into eq. (8 ) ,  the following results:
• —Iv (k+n)2 in (k—n)2

Xk 
= 

~ 
X e 2N e 2N 

— 

(10)

The exponential factors in eq. (10) can be interpreted as two (chirp)
waves propagating in opposite directions relative to the function to
be transformed. This tran~ forun architecture iS referred to as the
triple—product convolver (9) and can easily be realized using acousto—
optic techniques. This architecture Is illustrated in Fig. 15. The
large sheet beam used in the previous implementations of the acousto—
optic convolver is now replaced by a series of very narrow laser beams

I
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where the amplitude of each
laser beam is modulated (e.g.,
by an electro—optic crystal ) ~~~
in accord with the input N~J.flPO~T

digital dat a stream which is i~s~~—i —_-~ C~ *INEI

to be transformed. This . .

structure is being construc— . . . .
ted at the Harry Diamond . . . .
Laboratories. . . . I

III. Acousto— Optic Memory
Correlator

A. Acousto—Photorefractive
Effect
A new photorefractive

effect has been discovered Fig. 15. Architecture for an Acousto-

whereby an index—of—refrac— Optic Triple—Product Con—

tion change (6n ) In LlNb03 volve r.
results from the interaction of high—int ensity , short—duration laser
pulses with propagating surface acoustic waves. This acousto—photo-
refractive effect can be used to implement an acousto—optic memory
correlatcr . This effect is phenonenologically simi lar t9 a nonlinear
“two—photon ” photorefractive effect reported previously , 1s 10)  but is
not a simple extension of that e f fec t .  In the present. experiment , an
SAW pattern was stored as on. The On was found to be proportional to
the rf amplitude , and increased sublinearl.y (0 .7  power ) with the num-
ber of laser pulses and as the 1. 3 power of the incident laser ener~~
density . The decay time varied from a few hours , when only green
illumination (530 rim) was used , to several weeks, when combined green
and infrared (IB ) illuminat ion (1060 urn) were used. The On can be
erased by exposure to ultraviolet radiation or by annealing at 250 C.

An acousto— optic memory correlacor has been constructed wherein
both the stored On and the On produced by a “live” propagating acous-
tic wave simultaneously modulate a l ow—power cv laser bean. The

• resultant detected signal is proport i onal to the correlation integral.
The memory correlator operated at a center frequency of 10 MHz w i th  a
1—Mhz bandwi dth. A large variety of complex s ignals , such as ch irps
and Barker codes , was stored and subsequently correlated . The st ored

signal strength was about 30 dB below that of the original live
signal , and successful correlation with a l ive signal was achieved
several weeks after storage.

A sketch of the setup used for our experiments is shown in Fig.
16. During the writing (storage ) phase , illustrated at the left of
the figure, a neodymium: yt t r ium aluminum garnet (Nd:YAG ) laser was
used in which the output was a single—mode (TF~00

) Gaussian pulse
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having a l.~—n s u.lsewi dt h
and sz: energy of J~~) rn.~,/ (~~~‘~~ “J -J a~it~~ .. ,_ -
pulse.  The 1060—nm lB out -
put was converted to green — .

(530 m i )  by using either a ~~~~. - ..

verted into a sheet beam .
. )

about 1 cm wide and ~5O ~im 
~~~

- /t h i c k .  This sheet bt nn was • /

then focused along the top
edge of the side of the
LiNbC~ crystal , so t h a t  it
l’ tssed through the r t ’gi .~n Fig.  lo. Acoust o— • . . . ~~~e at or ir:
of SAW propagat ion . S ir : ce  Foth  W r i t i n g  (lert ) ~~~ :~ :~ ( r ight )
r~~rny pulses were ofter. used ?~o~ es .
for  :~tori r~..~ a ~gn:~ , t h e
I ~ mching of the SL’ O U S t  ic waves ~~~ b-ynchror~ ~e~: • w r i t  iTI ~

YAC ~ la~~ r ru se t~ w i t  hi:~ ~ us of unccrt  a ~~ ~ ~ ~ ~y~:ohro::I za—
t ic’i: was done to assure that the acoustIc ~uve ~~~ . : ~ same pos i—

ion during  each laser pulse. The light l’t’~~ :.~ :.~ r ~~r ~oth  wr i t ing
ard reu.iir:~ were incLirut along the x—axis , e iL ~r to the
direct ion (opt i cal c—axis) of acoust ic  pi ’~ ~~~~~~~~

The r e a di n g  iThn~ e , I l u st r at e d  at the  ~~~~~~~~~ 
. I~/ . ~t , was

accomplished w i t h  a IC-mW cv He— N e laser.  ~~~~~ ~:.~~~x — o f — r e f r a c —
t ien  pat tern stored by the aco sto—photoref’-*o :v. ~~~~~~~~~~~~~ was only a
sr .al I ac ~ ‘:Tc’nent ri ~il ug on top of a UL ’h 1 a . . 

~ ) do index

• change , the ac s ignal  could not he r ’a ~~ure. :  ~~ t~ ~~~~~~-.r’.s used c o n v e n —
• t ional ly for observing On.  Two r:t!thOds ~~ t~~~~c •~ r -~ ~~~ observing these

changes.  The presence of an ac index—of—rr~~ a - - 
~ . pattern could be

verifled qualitatively by observing the dI~~ 
• i - u :  of li ght t rans-

mitted through this newly formed d i f f r r t ~~ ion -~~ ~ng.  Quanti tat ive
information wets o bt a in e d  by propagating ~ l :v e  . :~~:~ t i c  wave In the
crystal during Illumination with the 1c~~- .~~y cv reading laser .
1~’oth the stored and live si gnal s moduTh~. i :  ~e l ight beam via the

• Bragg acousto—optic i nt e ra ct i o n . The .i. - ..~ i . ~Int .ed  l i gh t  was f o-
cused onto a “ square—law ” detector  ~1 ic .~t . e ~.~~put of which is pro—
u~c rt i o n a l  to the  co r re l a t ion  of t h e  t~~c ~ ‘ou ~ si gnai s. (

~~
)

In the expe r i r ent s described here , •
~~~~~ •~~

• • was obtained in p lates
of  Y— cut ~ -propa gat . i r .g  s i n g l e — c r y s ta l  I Y~ ~~ which had been fabricated
into SAW delay lines by the deposit i. ’ ~ .~erdig1tated—finger trans-
ducers at each end, The spacing be~~ • r t : ~~ 1ucers was 7 cm , corre—

p ~ponding to a delay of about i’O x i s .  The .~~t Ic aperture of the
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transducers was 1.5 cm , and their center frequency was 10 MHz with a
1-Mhz bandwidth.

The variation of correlation output power ( .6n 2)(2) was measured
as a function of number of laser pulses (N), incident laser energy
density (J ) ,  and rf Input power during storage (I’), These results
have been summarized into the graph presented as Fig. 17. The axes
are the number of laser pulses (N) and laser energy density (J/cm 2)
per pulse, with lines of constant Insertion loss plotted in the fig-
ure. Insertion loss is defined here with respect to the known output
obtained from the “live” convolution of two 10—mW signals in an
acousto—optic convolver. It should be observed from Fig. 17 that for
a single laser storage pulse of lO3 xnj/crn2, which Is still below the
damage threshold for L1Nb03, the insertion loss Is -30 dB. Fig. 18

ioao~-

\ \ \ U~~MORY CO~~RtLATI ON
\ P OWE ll OUTPUT ‘~ — r  i I I I

~~H.AT IVE TO * 10 .0W

~~~~~~~ 

~ 

__________

\ - U UO OT Mt~~OR0 W0~0~~0
0010’l * Ill I~~ 0” U0~~ M . SO ~~~~~~~

~J 0 -. ~~~~~~~~~~~~

1 ~~~~~~~~~~~~ J - - I
I IS 1W lOW 0 0000 0000 0000 5000 00 GO0 00000 00 .000

L*SE* ENERGY ( f l .  mllc.n’IPULSE SToRA GE TINE . MINUISI

Fig. 17. Curves of Constant Out— Fig. 18. Relative Correlator
• put Power from Memory Correlator Output Power versus Storage

as Function of Number of Laser Time for Two Cases , Green Writ—
Pulses and of Laser Energy Density. ing Beam Alone and Combined

Green and lB Writing Beam.

shows a plot of the decay of On at room t emperature as a function of
time after storage for two cases: ( 1) green illuminat i on only and
(2 )  green with IR. The two cases show different time constants , the
time constants for the second case being several orders of magnitude

1
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larger than those for the f i rs t .  We believe that the relatively flat
regime obtained with the second case is probably the lon~ —terni natural
decay time for charge In a relatively pure dielectric,L~’)

The physical basis of the acousto—photorefractive effect appears
to be the movement of charge which results in a change in the local
index of refraction via the electro—optic effect. Because of the mag-
nitude of the effect, we speculate that the electric field accompany—
ing the acoustic wave in the pIezoelectric materials , rather than den-
sity changes alone, may be responsible for this movement of charge.
B. Applications

The acousto—photorefractive effect may be used to construct an
acousto—optic memory correlator that is generically simi lar to an

• acousto—electric memory correlator reported previousiy .(12) success—
ful correlation of live signals consisting of relatively complex wave-

• forms has been accomplished with  waveforms that were stored for as
lbng as several weeks. These da ta are summarized in Figs .  19 and 20.

A UU~SlAR 0100010 ~~~~INA I NI ~t ’ I (

4 ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
INPUI SIGNAl. OUI P LJ I 2 W I l ~~ S Al 0 5 0  50001061

• 1  I IJ* ORM 0l A~~~~ NW

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

~~~~~~~~~~~~~~~~~~~~~~~~ l W t I S S * , I I H S l ( ’ M A t . I  0~~~W I I 5 S A ~~1 ( ~~ - 14At ,I

Fig. 19. Output Waveforms of Fig. 20. Changes w i t h  Time of
Memory Correlator and Comparison Output Waveforms of Memory C cr r e—
with Computer Simulation for Lin— lator for Seven—Bit.  Barker Code.
ear FM Chirp by Using Both Gausr ~-
inn and Uni fo rm Read ing  i~cans .

Fig. 19 i l lus t ra tes  the output obtained by c o r r e l a t i n g  a l ive 10 MHz ,
10—p s wide rectangular pulse having a l inear FM chi rp  of about 1 MHz
against  a similar previously stored signal . In Fig. l9A , the reading

• 
- beam used had a Gaussian i n t ensi t y  d i s t r ibu t ion across the length of

the stored image ; Fig.  19B pictures  were obtained for a u n i f o r m  beam
intens i ty . Comparison of the expanded output pulses wi th  the computer
simulations (shown at the right of Fig. 19) for both types of beam
distr ibution demonstrates good agreement for both the nu l l—to—nul l

• spacings and the peak—t o—si delobe ratio ( B ) .
Fig. 20 indicates the observed changes of the output of the

• seven—bit Barker code correlat i on as a func t ion  of time . The r i o w
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degradation of the stored pattern manifested itself in a distortion of
the sidelobes ; however , the main correlation peak remained relatively
unchanged.

IV. Conclusions
Two new types of acousto—optic sign al processors have been demon-

strated. The first Is a real—time correlator having a large t ime—
bandwidth product (3,000). This device has been used to perform Fou-
rier transformation (>50 dB dynami c range), as well as signal—to—noise
enhancement (>30 dB). The second type of processor 15 a memory corre—
lator in which signals may be stored for long periods of time, and in
which live signals may subsequently be correlated with the stored sig-
nals. The feasibility of storing and correlating with complex , phase—
coded waveforms for up to two months has been demonstrated. Both of
these signal processors should find many applications in radar, coin—
munications, and signal—warfare systems.
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