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OPTICAL FILTERING TECHNIQUES

The purpose of this study is to examine the pctential of
using optical information processing technology for adaptive
beamforming, The work reported here is a continuation of the work
desoribed in the report RADC-~-TR-85-80. One of the conclusions
H that we reached in the first part of the program is that adaptive

b broadband phased array processing 1s an area where analog,

accustooptic signal processing technology could be fruitfully
applied. Our work during the second phase of this program which

is reported here has been concentrated in this area,

A schematic diagram of a broadband phased array is shown in
Fig. 1. It consists of N antenna elements with each element
having n delayed taps in time, This allows both temporal and
spatial processing to be performed, a capabiltity that is
essential in the broadband case for two reasons, First, we
require multiple taps in the broadband case simply in order to do
beamforming, i.e. point the antenna in the direction where the
signal is coming from. In addition, the multiple taps allow us to
place nulls in the antenna pattern in any direction and any
frequency at which there is unwanted interference, The multiple
taps provide additional degrees of freedom that increase the
total number of jammers {(distributed in frequency and angle) that
can be cancelled to nN., Equally important, ¢the multiple taps
allow us to optimally cancel any jamming waveform within the
bandwidth of the signal. In an adaptive implementation of such an

array the optimum nN weights should be continuously calculated.
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h Figure 1. Broadband, adaptive phased array.
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This can be accomplished by forming the nN X nN covariance matrix
of all the signals at each tap and each antenna element,
and multiplying the inverse of the covariance matrix with the
steering vector to obtain the optimum weights, In the previous
report we have argued that at present there is no efficient
method for optically inverting matrices with suitable accuracy. A
digital implementation of such a matrix inversion would also be
very difficult because of the very large covariance matrices
involved in a broadband phased antenna array. We have thus
concentrated on the optical implementation of iterative
algorithms, In this case the optimum weights are estimated by
multiplying the output of the antenna with each delayed signal in
all the antenna elements, low pass filtering the result, and
subtracting it from the steering signal, Let s(t) denote the
output signal of the antenna and let si(t-jA) be the signal at
the ith antenna element and the jth tap. Then
s(t) = } } wy(3)sy(t-3 4), (1)
i
where wi(J) is the weight at the jth tap of the ith antenna
element, The welights are calculated as follows:
. t
wi($) = 8" () -6 [ s(tysg(er-garatr, (2)
t-T
where Si(J) is the steering vector and G is the feedback gain.
When equations (1) and (2) are simultaneously satisfied, 1i.e.
when steady state has been reached, the weights that are
calculated by Eq.(2) are approximately equal to the optimum

welghts, Moreover, 1f none of the eigenvalues of the noise
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covariance matrix are zero and the feedback gain is sufficiently

low then the iterative loop will converge to this optimunm

E solution.

The operation that needs to be performed to implement
‘é equation (1) is a multichannel one dimensional convolution (the
E summation over the index j) followed by a summation across the

different channels to produce the signal s(t), Equation (2) is

also a multichannel system that correlates s(t) with the signals
_E received in each antenna element and continuosly produces
estimates of all the weights. The weights are then subtracted
from the steering signal and fed back to equation (1) for
continuous iteration. This is shown in block diagram form in
Figure 2, with the symbol ® denoting correlation and*denoting
convolution, The operations required for the implementation of
the block diagram in figure 2 are very well matched with the
capabilities of optical signal processing systems. One
dimensional correlations and convolutions can be readily
implemented with acoustooptic devices, the only mature spatial
light modulators that are presently available, The multichannel
capability can be implemented by making use of the tbhird
dimension that is available in an optical system through multiple
transducer acoustooptic devices., Multichannel acoustooptic
devices have been developed relatively recently and they are not

as well understood and characterized as single channel devices .

However, devices with up to 32 channels and bandwidth in excess
of 100 MHz are commercially available and a larger number of

channels is within the capabilities of current technology. Thus, jﬁ%
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Figure 2. Signal processing requirements for a broadband
adaptive phased antenna array.
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we estimate that multichannel acoustooptic technology is now or
will be in the near future sufficliently well developed for this
application, A careful examination of the properties of
multichannel AQO devices ought to be undertaken however in order
to estimate the expected performance of a broadband acoustooptic

adaptive array processor that is implemented with them,

Having identified in principle the general approach for
building an adaptive, broadband phased array processor using
multichannel acoustooptic technology, we now turn to the choice
of specific architectures, There are two basic methods to perform
convolutions/correlations with acoustooptics: space or time
integration, There are also several possible variations of each
basic architecture. In making an appropriate choice for this
application we must first take into consideration the fact that
all the 1input signals to the correlators and the convolvers
need to be dynamic, This fact narrows the choise considerably.
Secondly, the correlator and convolver blocks need to be
compatible; the output of the convolvers becomes the input to the
correlators and vice versa, Space integrating systems produce the
output as a function of time whereas time integrating systems
produce it as a function of space., Thus space integrating systems
are relatively more staightforward to use because we can readily
address an acoustooptic device with the temporal signal that is
produced by them, The output of a time integrating processor is
typically detected as a function of space on a detector array.

The relatively slow read-out of the detector that converts the

detected signal to a temporal electronic signal makes the use of
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time integrating processors that utilize detector arrays
impractical, There 1s an alternative solution however which
involves the use of optically addressed spatial light modulators
which can act as time integrating detectors and simultaneously as
light modulators. This allows the same device to be used both as
an output device for one system and an input device for the
second, We have investigated the possibility of using nonlinear
optical crystals to accomplish this goal, The results of this

investigation, presented in the paper attached as Appendix A to

!
E
g
?

the report, are very encouraging and we have used this technique
in the implementation of adaptive filters as we will discuss

later.

Even with the restrictions mentioned above we are still left
with considerable flexibility. We can select a purely space
integrating approach where both the convolution and the
correlation are performed with space integrating processors or a
purely time integrating approach. Finally, hybrid approaches are
possible where time integration is used for one of the processors
and spatial integration for the other. Actually three of these
four possible combinations have potential merit and we have
explored them in some detail. The only possibility that does not
seem to be useful is a fully time integrating approach,

The purely space integrating approach involves the use of
counter propagating multichannel acoustooptic devices to perform
the convoluction whereas the correlations are performed with

copropagating acoustooptic devices, This system is described in

~1
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detail in the paper attached as Appendix B to this proposal, The
second approach we have considered is the use of time integrating
correlations combined with space integrating convolvers. This
approach has been previously investigated by Rhodes and Penn who
utilized optically addressed spatial light modulators (e.g. the
Hughes liquid crystal light valve) as the time integrating
detector for the correlator part of the system and also as a
spatial 1light modulator for the space integrating convolver
section., We have investigated the possibility of using
photorefractive crystals for the same purpose., The results of
this investigation are described 1in the paper attached as
Appendix C, The advantages of photorefractive crystals are very
high resolution, excellent optical quality and contollable
integration time. A disadvantage of the photorefractive crystals
that is shared by the optical spatial 1ight modulators i1s the
relatively long response time (a hundred milliseconds or more)
which translates to long adaptation time. The emergence of new
photorefractive materials, such as GalAs, with much faster
response time than the BSO crystal used in our experiments

promises to alleviate this problem,

The third and final possibility we explored is the use of a
time integrating convolver and a space integrating correlator. We
will consider a single channel version of this system that
performs only temporal adaptive filtering. This system can be

extended to spatial and temporal filtering through the use of

the third dimension and multichannel acoustooptic technology in a
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manner completely analogous to the systems described earlier. We
will desoribe the operation of the system for the active case
where we are looking for a known signal s(t) and jammers are
present. The optical system 1s shown in Figure 3., The input
signal x(t) is used to temporally modulate the laser diode in the
time integrating portion of the system and it is also applied as
the input to the acoustooptic device in the space integrating
portion of the system. The input to the acoustooptic device in
the time integrating part of the system 18 the signal s(t) minus
the output signal from the space integrating system amplified by
the gain G, The time integrating correlation forms as an optical
spatial modulation function on the nonlinear crystal., This signal
is then convolved with the input signal x(t) in the =space
integrating part of the system. The output of the system is the
signal e(x/v) that forms on the nonlinear crystal and it can be

written as

e(x/v) = _{.x(t)[S(t-x/V)-Gx'(t-x/v)]dt
xt(t) = -[ x(t-x/v)e(x/v)dx. (3)

Taking the Fourier transform of the above equations and solving

for the transform of the of the output signal E(w), we obtain:
E(w) = X(w)S*(w)/(1+GIN(w)12) (%)

where IN(H)I2 is the power spectrum of the noise at the input and
we have neglected the effects of the finite windows of the
acoustooptic devices and the finite integration time of the

nonlinear crystal., This system is in many ways similar to the
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system described in appendix C with the important distinction

that now the primary filter is time integrating whereas the space
integrating system is in the feedback loop. This allows very long
codes s(t) to be correlated as it would be required in a spread

spectrum application.

The characteristics of the adaptive filters we have been
discussing are in general excellent in terms of achievable
bandwidth, number of antenna elements and number of taps per
element (i.e, total number of degrees of freedom), overall power
consumption and size, The adaptation speed is slow for the time
integrating approach with currently available nonlinear crystals
or optically addressed spatial light modulators, but it is very
fast in a space integrating implementation. The principal
remaining question is the maximum null depth that can be achieved
with these analog implementations, There are two main factors
that limit this performance criterion: the limited dynamic range
of the devices used and instabilities in the feedback loop caused
by phase distortions in the optical system. This issue is
addressed in appendix C, but we will briefly summarize our
findings here, In the space integrating approach the maximum null

depth that can be achieved in the absence of phase distortion is

essentially equal to the dynamic range of the detectors used in Q;?;l
the system, These detectors can have in excess of 80dB dynamic ;1¢ﬂ
range; hence if we are willing to use a sufficiently powerful kﬁii’
l11ght source to utilize fully the detector dynamic range, tren we Zﬁé}i

can in principle achieve very deep nulls, In our experiments
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however the phase errors in the feedback loop cause oscillations
to occur before the dynamic range limits are reached. These phase
errors occur for entirely different reasons in the different
approaches but they have precisely the same effect: If the
feedback gain is sufficiently increased we reach a condition of
positive feedback that can sustain oscillation at some
frequencies within the bandwidth, Thus the first priority in
building a system of this type with very high jammer suppression
is to find ways to have a flat phase response over the entire
bandwidth through choice of the architecture and clever design

rather than increasing the dynamic range of the devices used,
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APPENULIX A

A BIAS FREE YIME IBRTEGRATING OPTICAL CORRELATOR
DSING A PHOTOREFRACTIVE CRYSTAL

Demetri Psaltis, Jeffrey Yu, and John Rong
Department of Electrical Engineering
California Institute of Technology

Pasadena, California 91125

Abstract
An acousto-optic time integrating correlator is
demonstrated using a photorefractive crystal as the time

integrating detector.

I. Introduoction

Time 1ntegration1 has proven to be a powerful technique
in optical sigpnal processing and has been used in a wide
variety of architectures. A major drawback of time
integrating processors is the dbuildup of bias ip additon to
the signal. This occurs because the photogenerated charge
that is integrated on the detector is proportional to the
intensity of the optical signal which makes it necessary to
represent bipolar signals on a bias. The effective systen
dyoamic range at the output {is given by DR' = DR
(SBR/(1+SBR)) where DR is the dynamic range of the output
detector apd SBR is the 8ignal to bias ratio on the

2 In most cases of interest, the SBR 48 puch

detector.
smaller than unity and thus the added bias significantly

reduces the usable dynamic range of the system,




The most frequently used method for separating the
signal from the bias involves placing the signal on a spatial
ocarrier and then electronically filtering the output of the
integrator. This method of bias removal, bowever, does not
s0lve the dynamic range problem since the processing is done
after the detection of the signal. Also, an additional
constraint is placed on the resolution of the detector, since
the pixel separation must be less than one half of the period
of the carrier being recorded, which will result in a
significant peduction in the available space-bandwidth product
at the output,

In this paper, a new method for performing time
integrating correlation is described using a photorefractive
Bismuth Silicon Oxide (BSO) crystal as the time integrating
element. The correlation is formed oD a spatial carrier in
the crystal and read out with an auxillary beam. Since only
the signal recorded on a spatial carrier is stored in the
pbotorefractive crystal, the diffracted 1light ¢that 4is
detected contains the correlation information without the
bias, The bias does not reduce the dynamic range of the
output detector used for final readout, but rather the
diffraction efficiency of the BSO crystal, In addition, the
resolution of the BSO cryastal is very much higher than that
of a CCD detector, allowing the correlation of very bigh
space-bandwidth signals to be formed on a carrier, Finally,

since the result of the time integrating correlator is read-
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out optically, the output can be easily interfaced with
other optical systems, thus making new architectural designs
possible,

In section 11, the theory of optical recording in
photorefractive crystal is reviewed and extended to the use
of photorefractive crystals as time inptegrating elements,
The architecture and experipental results are described in
section 111I. Dynamic range, lipnearity, system limitations,

and other performance aspects are discussed in section IV,

IXI. Photorefractive Crystals as Time Integrating
Optical Detectors
When a photorefractive BSO crystal is illuminated by an
intensity grating, electrons are excited from traps into the
conduction band, These charges migrate due to diffusion and

drift from an externally applied electric field and then

recombine in dark regions, creating a spatially varying

internal space-charge field, This field modifies the index

of refraction in the crystal through the lipear electrooptic
effect and as aresult, a bolographic pbase grating 1is .git~
recorded ip tbhe crystal, Grating formation in ;;ﬂﬁ
photorefractive media has been extensively studied and fﬁ;ﬁi
lodeled"‘. We will show bhere that the photorefractive .
orystal acts as 8 time integrating element.

Let the intensity incident on the crystal be as follows:




a n &
i |

v
D 3

S LAY

(1)
0 otherwvise

I, + RelI (x,t)elkX} ror tr0

I(x,t) =
Assuming that self diffraction effects are negligible and
that the spatial variations of Il(x.t) are small compared to
the grating frequency k, then the intensity of the lignt that

is diffracted when the crystal is illuminated by a read-out

beam can be shown to be:5
| £ t I(x,t*) 12
Iy e(x,t) = [--1- e t/t } . D et'/T arr | 1,
x 0 I, | .

IR is the intensity of the readout beam and x1 is a conmplex
constant involving the material parameters of the crystal,
the grating frequency, and the applied electric field. < is
the complex time constant of the space charge field and 1is
given by3 T = Kzllo. K, i3 also a complex constant that
depends on the photorefractive material used and the
experimental conditions. Io is the average light intensity
incident on the crystal during exposure.

1fr Il(x.t) is expanded ipto its temporal Fourier
components,

-
Loty = Iy (xw) ei¥t’ qu,

then the output intensity for t))>tr can be written as follows:

I ¢ - I, (x,w) 12
I,,¢(x.t) 5| --2-- { g O ot¥t gy | 1,
| <1y “-=  (1/x +1iw) |
A-4

.....................................

(2)

(3)

...........
.......
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The above is recognized to be a low pass filter with cut-off
frequency 1/lc|, which is approximately equivalent to the

output of a sliding window integrator, with 4integration time

t. Thus,

| x t+r I (x,t°) |2
Iout(x‘t) - l —_.._J ________ dt’ ' IR (‘)

Hence, the ocoutput intensity can be treated as the square of
the normalized integration of the signal I3 An interesating
observation is that if Il(x.t) were independent of time, then
the output intensity depends only on the ratio of the

modulated intensity I1 to the DC intensity Io.

I111. Bxperimental Demonstration

A schematic diagram of the experimental system 18 sbown
in Pig 1. The input electrical signals are mixed with the
center frequency of the acousto-optic devices (AODs) and fed
into the AODs, The first AOD is illuminated by a collimated
wave and the upshifted diffracted order is imaged onto the
second AOD, then reimaged onto the photorefractive BSO
crystal, The second AOD ia oriented auch that the acoustic
signal is counterpropagating with respect to the image of the
scoustic signal from the first AOD. The undiffracted light
transmitted through the first AOD is incident at the Bragg
angle of the second AOD. The upshifted diffracted order of
the second AOD 1s also dmaged on to the BSO crystal. The

undiffracted light s spatially filtered defore reaching the
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BSO crystal. In this arrangement, the AODs are parallel to

each other , but the diffracted orders propagate at an angle
with respect to each other even though both diffracted beanms
are tempporally upshifted. This causes the signals from the
two AODs to interferometrically record the correlation
signal on the BSO crystal at a high spatial frequency. Let
the inputs to the AODs bde

v (t) = a(trelvot

v,(t) = b(trel¥ot,
where w°/2n is the center frequency of the AOD. The

intensity fncident on the photorefractive crystal is

I(x,t) = |la(t-x/v)el¥X + b(t+x/v)e17X)2
= la(t-2/v)12 +|b(tex/v)12 «

2 Re{a(t-x/v)b*(t+x/v)el?1X), (5)

where v is the acoustic velocity of the AOD and y = vo/v. We
will treat the case where la(t)]2 and Ib(t)|2 can both be
approximated as constants, as is the case for FM signals.
Then, the intensity pattern can be separated intc a DC tern
IO and a signal ters Il(x.t) modulating a spatial carrier
cos(2yx) 4in the form of Eq. 1. This intepnsity pattern
results in the formation of a hologram on the photorefractive
crystal as described in the previous section, The bologran
is readout with an asuxilary beam and is imaged onto a charge
coupled device (CCD) detector for read-out.

If the assumption that II(x.t) has spatial frequencies
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which are small compared to the carrier frequency 2y is valid 5
thez we can use Bq. 4 to obtainp an expression for the output

intensity detected by the CCD t?¥~£;

Lan s o an o o
-
£ &

| Ky |2 |rt*t a(t-x/v) b.(t+x/v)

|

Igue(x) & Ig l--=-] |} —----eoommeomommeee at | .

out R ’ ~rg
ol Dt 1al2 + |b)?2 | B

and by defining variable t; = t-x/v

lft“‘f‘X/ |2
Ioug(x) = Iy a(t)b°(t,+2x/v) dt, | (6) .
17tex/v I e
Bence the syastem produces the magnitude square of the ﬁ%ﬁjﬁ

correlation between the sjignals a(t) and b(t) integrated over
a finite interval <.

Flint glass acousto-optic cells driven at a center

frequency of 70MHz were used in the experiment. A symmetric

linear cbirp signal with bandwidth Af = SMhz was fed into

each cell to produce the autocorrelation peak, The Bragg ;:ﬁag

angle of the AODs was 0.2°, which corresponded to a grating _;¢:{

T
frequency equal to 35 lines per millipeter in the BSO e
crystal, jﬁ}g{

The BSO crystal used in the experiment was cut in the
<(110> direction and measured 15 x 15 x 2 mw. An external
electric field of 7 kV/ce was applied in the (001> direction ;lifﬁj
of the crystal which was alspo the direction of the grating
vector,

The correlatior was recorded on the crystal with anp

Argon laser at a wavelength of 514 nm with average intensity

A-7
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equal to lpH/cnz. The correlation was read-out with a Be-Ne
laser (A = 633 nm) with intensity 150 pH/cnz. Cylipdrical
lenses (not shown in Fig.l) were used to expand the output of
the AODs theredby i1lluminating the full aperture of the BSO
erystal and also to focus the diffracted light onto a one
dimensional CCD,

The output signal to bias ratio of a conventional time
integrating correlator is reduced when the levels of the two
signals are unequal apd/or if there is additive noise
present in the system. Both conditions were simulated
experimentally. Noise was simulated by adding a 70MHEHz signal
to the input of one of the AODs. The output of a standard
time integrating correlator (i,e, the correlation formed
directly on the CCD), for the noise free case and equal
applitude signals is shown in Fig 2. This condition provides
the maximum signal to bias ratio for the system. We can see
in Fig 2 that, there is still a strong bias term added to the
correlation peak. The correlation produced by temporally
iptegrating on the photorefractive crystal is sbhown in Fig.3.

In this case, all the bias due to temporal integration 1is

resoved, and any residual bias is due entirely to dark
current from the CCD. The outputs of the bias removal
correlator with input signal to poise ratios of 0dB and -10dB
are shown in Figs 4 and 5, respectively. Again, bias levels
which appear in the figures were entirely due to the

integration of dark ourrent in the output detector. Ibo

. -
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practice, the detector dark current can be minimized by

increasing the intensaity of the readout beax, therebdy
decreasing the required integration time of the output CCD

detector and/or cooling the detector,

I11. Performance

The experimpental results described in the previous
section show a dramatic qQqualitative improvement in the
correlation that is obtained when the photorefractive crystal
18 used instead of the CCD, In this section, we examine
certain characteristics of this pethod whicbh are useful for
quantitatively evaluating its performance, Specifically, we
examine the linearity, integration time, dynamic range, and

sensitivity of the correlator.

1) Lipearity

In a conventional time integrating correlator (coherent
or ipcobherent), the output correlation is baesically
proportional to the signals applied to the A0Ds.
Nonlinearities occur only when we exceed the linear dynamic
range of the devices used, i.e, if the diffraction efficiency
of the AOD exceeds several percent or the integrating
detector is driven to assturation, In the photorefractive time
iptegrating processor, the output intensity is a ponlipear,
monotonically increasing function of the input voltage. The

ponlinearity arises because of the aquare lav detection at
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the final read-out satage and the recording mechanise in the
photorefractive crystal. The nonlinear relationship is npow
studied analytically and experimental verification of the
theoretical results is presented,

Let vl(t) = g(t) be a fixed reference signal and valt) =
as(t) DbDe an input signal of varying amplitude (0<a¢l). Since
the correlation term contains spatisl frequencies which are
much lower than the grating frequency, near the correlation
peak (x=0) the intensity incident on the photorefractive

crystal 1is

I(x,t) = (1 + a2 + 2a cos kx) Is(t)l2.

Uaing EqQq. 1, the output intensity at the CCD 4is proportional to

The modulation depth of the intensity incident on the BSO

crystal 1s

and hence

1 2. = 4a2/(1+a2). (1)

out
Fig 6 18 a graph of the output intensity at the correlation
peak vs. the modulation depth incident on incident on the
crystal, The experimental result i1»s in excellent agreement

with the square law relstiopship predicted by Eq. 7.

A plot of the output intensity as a fubnction of the

A-10
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applitude of the input signal ’'a’ is shown in Pig 7. The
nonlipear relationsbhip bdetween tbhe ipnput and output signals
is generally a disadvantage since the scaling of signals of
varying amplitudes will be nonlinear. This, bhowever, will
not cause a problem if the correlator is used only as a
signal detection device, since correlation peaks will still
be discernible and only the threshold level need be adjusted

accordingly to maximize the probability of detection.

1i) 1Integration Time

In a conventional time integrating correlator, the
integration time is limited by the dark current build-up on
the output detector, typically up to several hundred
pilliseconds, Whep the photorefractive crystal is used, the
integration time 1is determined by the rise time of the
internal space charge field which cap easily be made much
longer. The correlation cap be read-out at any rate that is
copvenient by ap auxillary detector array.

The integration time is approximately equal to [<x!,

where
|
lel =]--=-]| (8)

Hence, the integration time of the bias rexoval
correlator can be controlled by varying the writing
intepsity. This control is importent since the integration

time can be matched to the length of the reference signal

A-11
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theredy increasing the probadbility of detection of a weak
signal.

The time reponse of the correlation peak for different
values of average incidepnt intensity is sbhown in Fig. 8.
FPig. 9 4185 a plot of intensity vs the inverse of the
experimentally observed rise time. There is excellent
agreement between the experiment and equation 8.

The integration timpe, bhowever, has a finite range over
which it can be adjusted. The maximum integration time is
lizited by the thermal effects in the crystal., If the rate
at which carriers are generated thermally become comprable to
the rate at which they are photo-generated, then the
modulation depth of trap density will be reduced. As 8
result, the diffraction efficiency of the grating will
decrease, In practice, the pinimur integration time is
lipited by the maximunm light intensity that is available for
recording. The integration time can be reduced to 30ms, if
the incident intensity is made equal to 18nH/cn2. This power
level, however, is s8simply pot practical for most

applications,

111) Dynamic Range and Sensitivity

Since the output of the biss removal correlator is
presented without bias, the output dynamic range of the
systenm is essentially equal to the dypamic range of the
readout detector array. In order to characterize tbhe

performance of the systex we need to determine bow the input

A-12
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signal levels are mapped to this output dynamic range, Let
the dynamic range of the photorefractive crystal be defined

as DRBSO = 'nax"nin' where Boax i3 the maximum modulation

i3 the minimum modulation depth for

depth (m =1), and =

nax min

which a diffracted signal is detectadble above the output

scatter and noise level of the aystem.

Given two input signals vl(t) = a s(t) and vz(t) = s(t),

the modulation depth of the light incident on the crystal is

B = 2al(a2*1). Thus, the minimum detectable ipput signal is

given by

8pin = ®pin/2 = 1/DRygg
The useful range over which ‘a’ can vary 1is limited by DRBSO'

From a one can define an input dynamic range given by

min’

DRinput 1/anin ‘/mmin

The most important parameter in determining the system dynamic

range is the minimum detectable modulation depth Bpine

Experimentally, we measured the dynamic range to be equal to

23dB. This corresponds to a minimupr modulation depth of

0.142. We expect that through careful design this can be

substantially improved. Hovever, all the mechanisms that

deterpine B

mip 8re pot fully understood. It 1is believed that

besides detector noise and scattering from the crystal, the

modulation depth 48 limited by thermal effectas in the

material and shot noise arising from the internal currents,

Anotbher i{mportant aspect of the correlator system is its

sensitivity or tbhe minimum signal to noise ratio that is
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detectable. This parameter is also determined by the minimum
detectable modulation depth, Bpyp « Given a reference signal
vl(t)- 8 8(t) and an input signal contaminated by additive
Boise, v,(t)= b s(t) + n(t), the modulation depth of the
intensity ipcident on the crystal is

2ab [s(t) ]2

(a2402) I8(t) 12402 .
The reference level which maximizes m is given by

2 = b2+ 2/18(t)12)1/2,

corresponding to a modulation depth of

A (b2+0.2/18(t)12)1/2,

In practice, optimizing the reference level can easily bde

achieved by setting the power of the reference equal to the
total average power of the input signal.
Normalizing the signal and noise terms such that |s(t)]|?

- g 2

n =1 we obtain:

Thus, the minimum input SNR that produces a detectabdle
correlation peak at the output is

(S/N)gqpn = (b2/e,2)pqp ¥ mgyp?-

From the experimentally measured value of = the

min’
correlator should bave bhad a sensitivity of -17dB. BRowever,

experipental results showed a sensitivity of -14dB.

A-14
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IV, Concluasion

' The photorefractive time integrating prooessor that bas

been described bas several advantageous features: bias
repoval, increase in the output space bandwidth product, and
the ability to directly interface the result of the time
integrating processor with other optical systems. Bias free
correlation is desirable because it allows us to increase the
dynamic range and hence the sensitivity of time integrating
processors, In the implemsentation described in this paper,
however, the square law detection at the output reduces the
avalilable overall dynamic range, A definite improvement 1in
dynamic range can be obtained if the correlation that is
formed in the photorefractive crystal is interferometrically
detected on the output detector. Another limitation of the
system described bere is the long integration time (several
seconds). In some applications this long integration time is
desirable and could result in extremely good sensitivity
(detection of signals with very low SNR). However it is
certainly desirable to be able to decrease the integration
time to several milliseconds. This could be accomplished by
increasing the optical power of the writing beams, but this

is in general an impractical solution. Another limitation of

this technique is the relastively low diffraction efficiency
that can be obtaiped with BSO crystals (2-3%), which
reduces the overall light efficiency. Materials with higher

electrooptic coefficients, such as Barium Titapnate, can

A-15
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provide better eofficiencyy bowever, the time constant that is
obtained with this particular material is much longer than
BS0O. RNew photorefractive materials that are currently being
developed and show promise for a large improvement in optical
sepsitivity as well as bigher electrooptic coefficients may
provide a very substantial dimprovement in performance, and
specifically, reduce the total optical power that is

required,
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Figure 2. Output of a Standard Time Integrating
Correlator without Noise
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Figure 3. Output of the Bias Removal Correlator
without Noise
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Figure 4. Output of the Bias Removal Correlator
with a signal to noise ratio of O dB
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Figure 5. Output of the Bias Removal of Correlator
with a signal to noise ratio of -10 dB
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APPENDIX B

Adaptive Acoustooptic Processor

Demetri Psaltis and John Hong
Department of Electrical Engineering. California Institute of Technology
Pasadena, Calif. 91125

Abstract

Space-integrating, acoustooptic processors for adaptive., temporal filtering are
ezamined. The basic architecture is then extended to the space-time domair for applicaticn
in broadband phased array processing. An acoustooptic processor capatle of such 2-
dimensional, adaptive processing is described.

1.Iptroduction

A major portion of optimum filtering theory concerns itself with the efficiernt
separation of useful signals from additive noise. Fixed optimum filters, such as the
I Wiener filter, are applicable when the signal and noise statistics are stationary and knowrn

apriori; the lack of such apriori knowledge, however., motivates the implementation c¢f
adaptive filters which estimate the required signal and noise characteristics. The
implementation of such filtering techniques requires & processor which must be atle tc
compute various correlation functions of signal and noise and change its transfer functicn
accordingly.

The situation becomes considerably more complex when one is required to adaptively
filter signals in the space-time domain, as in the case of broadband array processing. The
number of broadband jammers that an adaptive processor can cancel without compromising ite
directional discrimination can be ufed as its performance measure. Electroric
implementations of such array processcors” have exhibited limited performance with respect
tc this meas.re. The transversal filters responsible for temporally filterinc the outpots
fror the array elements are of low order and hence, operation is usually limitec to
narrowband signals. due to hardware limitations.

The tandwidth requirements and the paralle] nature of array processing make optical
implermentations attra t;ve. various optical implementations have been explored by
researchers ir the area“'”. In a recent paper ., we described twc optical adaptive filters
for use in the time dorain. These implementations are strictly one~dimensional, reguiring
only one dimensional devices, perritting an extension to the space-time gdomair through the
use of multi-charnel AOD's. In this paper. we briefly review the operation cf the
terporally adaptive acoustooptic filter. After this foundation has beer estatlishec. an
adaptive array processcor utilizing multi-channel AOD's in a space integrating architecture
will be described.

11, Adaptive Temporal Filters

To be adaptive., a processor that optimizes either the mean-square error or SNF criterion
must compute various correlation functicns of the input signal and noise and vary its
filter resporse characteristics accordingly. Specifically, we will consider situations
where the signal is broadband and the additive ncise consists of strong, narrowbané jamrmers
whose freguencies are unknown; the jammer freguencies must be estimated for effective ncise

rejection.

\ Showr. ir Fic.! is & system diagramr of the Passive Processor which was bBhowr to
adaptively perforr an approximate Wiener filtering operation”. The operation of the syster
car. be explairec heuristically in the following manner. Suppose that the input consists

soley of 8 single sinusoid, and consider the feedback signal, x(t)., with the loop openec a:
the sumring juncticn. The input sinusoid 16 farst convolved with a replica of 1tself.
delayed by e to produce another sinusoid of the same frequency. alsc delayed by o, at the
input of the correlator. This is then correlated with the input delayed by ¢ to produce a
sinuscid with the same phase as the input Binuscid appearing at the summing junction. the
delays. o, cancel out due to the cascsded correlation-convolution operaticns. The
possibility of statle cancellation is now apparent since the two signals., the input anc
feedback signale. which are subtracted at the junction., are identical in frequency an!
phase., Cancellation dnes not occur for a broadbtand input., because it correlates poorily wat!
delayed versions of itself., resulting in a negligible feedback signal., %(t). The fpassive
processor thus discrinminates against narrowband components of the input signal. whije
preserving the desired, broadband components of the input. making 1t suitatle for signal
estimation.
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Pig.1 Passive Processor Pig.2 Active Processor

For signal detection, where a known broadband signal is to be detected aridst an
additive tollection of narrowband jammers of unknown frequencies, a different gyster is
required. Shown in Fig. 2 is a system diagram of such a system, the Active Processor, aloncg
with a brief, mathematical description of its operation. a complete description can be
found in reference 4. As with the Passive Processor. the basic operation of this system can
be understood using heuristic arguments. Suppose that the input consists soley of a large
amplitude sinusoid of frequency f,., and the desired waveform, s(t), is a broadband signal.
With the loop opened at the summing junction, the output, e(t), will consist mostly of a
sinusoid of frequency f,; this signal is then correlated with the input to produce another
sinusoid of the same freqguency at the summing junction. When the loop is closed. the
output sinusoid resulting from the convolution of the input and the code waveform, s(t), is
180 out of phase with that which is produced by the feedback signal., and hence,
cancellation of the sinusoid takes place. Again, the feedback signal is negligible for
small amplitude broadband signals.

ikl

o
.

Both the Passive and Active systems require convolution and correlation as the basic
building blocks. 1In choosing the architecture to be used, we consider the following
important requirerents: 1l)wide bandwidth, 2)dynamically controllable convolver anc
correlator. 3)convolver - correlator compatibility, 4)large dynamic range. These
considerations lead us to choose a space-integrating acnustooptic architecture.

Pig.3 Space-Integrating Acoustooptic Convolver

Convolution can be performed with two AOD's 85 shown in Fig.3. The diffracted signal
fror the first AOD is imaged with unity magnification onto the second and, in the coherent
realizaticn showr, the diffracted components are spatially integrated onto a sirgle
detector whose output photocurrent is

T/2
1,(t) =/ 1)(ten)iy(t-t)dr, tex/v, TeW/2. (&)
-T/2

i;(t) and §,(t) are the complex amplitudes of the AOD input signals, v is the acoustic
velocity in the AOD, and W is the physical length of the AOD aperture. This integral can be
manipulated to yield the more familiar form:

teT/2
1,(t) « 1y(0) 4,02t -c)dx, )
t-T/2

which is recognized to be a finite window convolution, time-compressed by a factor of twc.
The seeringly troublesome compression is actually an advantage in this case as wi1ll be
apparent when we consider the correlator implementation.
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Correlation can be performed with the convolution confiquration just describted by tinme-
reversing the input to one of the AOD’'s. This. however. is not acceptatle for real-tinme
operation. Shown in Fig.4 is a space-integrating processor which provides the relative
motjon between the two input signals that is required for correlation by using a
demagnifying system between the two AOD's. The diffracted light from the first AOD ice
imaged with a 2:1 magnification onto the second AOD. and the diffracted light from both
AOD’s is spatially integrated onto a single detector. If the input to the second AOD it
time-compressed by a factor of two., i.e.. 1,(t) = js(2t), then the correlator yields

T/4 teT/2
Ia(t) = J 13(te2v)i (tenide = [ ig(x)igltenias, (3)
-T/4 t-T/2

as its output. The above is Been to be a finite window correlation of the two signals,
iglt) and ig(t). The advantage of obtaining the time compressed output from the convclver
is now clear. since it can be ugsed as the input to the correlator just described and thue
obtain a consistent, cascaded convolution-correlation operation.

én,nn"x'

Fig.4 Space-Integrating Acoustooptic Correlator

The optical implementations of the Passive and Active Processors are showr in Figs. §
and 6, respectively, and they differ only in their electrical interconnections. Fig. 5(€)
is the syster of Fig.1(2) with the optically implemented blocks of Figs. 3 and 4. In both
cases., the upper branch of the processor computes the correlation while the lower perforrs
the convolution. Since the convolver and correlator have a commorn input, the firet ACD 1is
shared. A more detailed description can be found ir the previcus publicaticn

s1gna’ outpet
correlation fror convolver

a{tre™o' [imput]

convolution !

Photoartector

foed bact W ADD)

Pig.3 Adaptive Optical Processor (Passive)
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Pig.¢ Adaptive Optical Processor (Active)

I11. Adaptive Acoustooptic Array Brocegssor

A general adaptive scheme is shown in Fig.? in which each channel corresponding to one
array element is filtered by a transversal filter with n controllatle tap weights;, if the
array has N antenna elements, then the array processor requires the adaptive control of nN
independent weights. Therefore, the computational load for broadband adaptive phased array
processing is much heavier than that for adaptive temporal filtering because here. the
array processor must adapt in two independent dimensions: space and time.
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Pig.7 General Adaptive Array Processing Schemse
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Optical processors are particularly attractive candidates for adaptive broadband array
signal processing because of their inherent, multidimensional processing capability.
Moreover. the broadband requirement can be met by the use of broadband multi-channel AOD's;
the large time-bandwidth products that are available translate to the possibility of
implementing very high order transversal filters. The acoustooptic processor which we now
describe is an extension of the active temporal processor described earlier, to the space-
time domain. Bere, we employ a combination of multi and single channel AOD's to perform
the required operations.

The output of a general. space-time filter. with a finite accumulation time can be
expressed as

N o
yer = 3} J x (v hg(t-t) @r. (4
i=1 -T/2

where xi(t) is the signal from the ith antenna element, and hi(t) is the filtering function
in each'channel. A similar expression is obtained for the optically implemented space-tirne
filter using two multi-channel AOD’'s shown in Fig.8. The output of this filter is

N T/2
yit)y =} ams xi(t-v)hg(t+x) dr, (5
f=1 -T/2

and we see that the only difference from the general filter (Eg.4) is ir the tine
compression of the output. It can be shown that the optimum choice for hij(t) in EqQ.(5)
satisfies the syster of integral egquations:

LA ¥

2 / h‘(t‘!')vil(t-x’) dr’ = Ap (t-1), (6)
) -7/ J J

jer 7T

where 6;(t) is the desired signal vector and ’ij(t’ is the covariance matrix of the input
noise given by

vg3¢0) = E [nj(t)nj(t-u)). N

ngte) is the noise vector appearing at the array elements.

Pig.8 Acoustooptic Space-Time Pilter

For adaptivity. we need to calculate and continuously update the filter function h;(t)
to drive the output to the optimum result. As with the previously described Active
Processor. the output must be correlated with the input to produce the appropriate filter
function. Since the array processor has n inputs and one output, this requires that we
correlate n signals with a common one. This can be achieved with the arrangement shown irn
Fig.9 which shows the use of a multi-channel AOD driven by the n antenna element outputs.
in conjunctior with 8 single channel AOD which is driven by the array output signal.
Specifically. the output of the ith element of the linear detector array of the correlator
is given by

T/2
t () = (arm / yetexixj(te2nide. »
-T/2

For proper correlation to appear at each output, the signal driving the single channel AOD
must be time-compressed by a factor of two. This is indeed the case for the syster
described. and thus. the ACD implemented space-time filter and the n-channel correlatc:
with a single reference are compatible.

Shown in Fig.10 is the array processor syster diagrar that shows the interconnectsons
that are required. it is 8 direct extension of the Active Processor to 2-dimensions. The
output fror each antenna element s correlated with the procgssor output to produce the
filter function for that element. The gteering vector, $;(-t). determines the lock
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b direction of the array and also is the temporal reference signal used for the detection of
4 the desired signal, s(t). It can be derived by feeding a tapped delay line with g(t); the
output from the ith tap corresponds to s;(t) and the tap spacing is adjusted to obtain the
proper look direction:

) s(t) = g(t-18) = s(t-i(d/c)coss), (9)

wvhere @ is the desired look angle from boresight, @ is the array element spacing. and c is
the speed of light.

N ]
'h'.‘

“steering vettor’

'

processor output

Fig.10 Broadband Adaptive Array Processor

Fig.11 shows the optically implemented adaptive array processor with the AOD-implementec
space-time filter in the upper branch and the n-channel correlator in the lower one. By
combining Egs.(7) and (8)., the eqguation that determines the filter function. h,(t) 15 seer
to be

N
/
hy(t)esi(-t)-(G/TH} JJ X{(te2p)x (t-tep)h, (tex+p)dpds, (10
je1 -T2 J )
where G is the feedback gain. Under conditions of low input SNR and large feedback gaxn‘.
EG.(10) can be transformed to the frequency domain to yield

N
2 .
(
G/an?) } By te) J
=3

N; (o) IN_ (w)sinc? [(w-u, )T/ (2n)1de; ¥ S(e). (an

J
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Por comparison. consider the Fourier Transform of Eq.6; when the accumulation time ig
infinite, the optimum filter equation is given by

N
1} Tij( B te) = 25 (e, (12)
3=1

[g4(e) = F.T. (vgq0er ),

where [ j(o) is the spectra) density matrix. Identifying the integral in Eq.11 as the
smootheé estimate of the spectral dengity matrix of the input noise vector, Eq. 11 isg
approximately eguivalent to EqQ.12. The effect of the finite time integration window is
seen in the smoothing of the noise spectrum.

F AR outrut R
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Pig.11 Adaptive Acoustooptic Phased Array Processor
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APPENDIX C

Acoustooptic Adaptive Signal Processing

John Bong and Demetri Psaltis
California Institute of Technology, Department of Electrical Engineering
Pasadena, California 91125

abatract

Acoustooptic methods for adaptive filtering of temporal signals are discussec. Two
specific architectures are presented: one utilizing space-integration alone and the cthe:
combining both time and space integrating technigues. Performance issues regarding the
space-integrating system are discussed in detail, and a description and experimertal
results for the space-time integrating filter are presented.

Backaround

Optimal filtering in unknown or time-varying signal environments requires the use of
systems which can compute the necessary noise characteristics and acdapt to yielc
approximately optimum performance. 1In this paper, the case of broadband signals received
ir the presence of strong, additive, narrowband jammers whose spectra are unkrcwr is
considered. This situation is illustrated in Fig.1, showing the useful broadtand sigre.
overwhelmed by a strong jammer. If the spectral density ff the jammer were krowr apriori,
then the wiener filter whose transfer function is given by

Ss(u)
Hlw) = B (1)
Ss(u) + Splw)

would be usec to yield the optimum performance in the least mean square error sense (Sg(u)
ané S (w) are the spectral densities of the signal ard uncorrelated jamrer noige,
respectively). In the case of interest, the noise spectrur is unknown and must therefcre
be computec and the system response adjusted accordingly to approximate the Wiener filter

sigra’
A (1) <+ vt
optim,m fileer ec(tYen’t? -
out () o
< “1 X
/ ]
sonrer s1gnab/ - jammer |
Fig.1 Optimum Filtering Fig.2 Passive Processor

Several optically implemented adaptive systems have previously beern proposeé""" A
btlock diagrar of the adaptive system discussed in this papgr is shown in Fig.2. The syster
has beer descrited ir detail in a previous publication®, and its operation is briefly
reviewed here. The twc major components of the system are the convolutior and ccrrelation
tiocks tindicated by * and ., respectively, in Fig.2). The ouvtputs of the convolver and
correlator blocks are related to their inputs by

ult) = [ 0 s (t-1) 8y(t) At ,
(21
wit) = [ 2 syftex) gg(x) dr.

respectively, where 6, (t) denote the inputs to the blocks. The processcr discrimirates
between narrowband signals which correlate well with delayed versions of therseives anc
brosdband signals which correlate poorly. Thus, with the loop open at the sLFR1Ing hode.
the feedback signal x(t) for an input consisting entirely of a broadband signal 1s
negligibly small because such an input correlates poorly with delayed portions of itself
This is contrasted to the case where the input is a s1nusocid, in which case the convelitacon
of the input with itself delayed. followed by a correlation with the input delayed by the
same amount yields a sinusoid of the same frequency and phase as the input. Wwher the lco;
is closed. broadtand components of the input feed through unaffected while suppression cf
correlated portions takes effect. ;he following approximate input-output relaticnshi} car
be derived for the filter an Fiqg.2°.

-

2(t) ¥ x(t) - 6//.2 2ttin"(e-0)nlt+a-t-0) dadr. (RN

c-1

-




vhere z(t) is the output., n(t) is the input jammer noise, and x(t) = §(t) + n(t) is the
total input. A simple interpretation is found by the Fourier transformation of the above
equation, resulting in the following ‘transfer’' function:

'
‘

‘:
e
S

2(e) 1

(4)
X(e) ~ 1 +6G IN0I?

wvhere 2(e)., X(w), and N(ew) are the Fourier transforms of z(t), x{(t), and n(t),
respectively. If the jammer spectrum is sharply peaked at certain frequencies, the
processor serves to suppress these components by an inverse filtering operation.

Space Integrating (S1) Qptical Processor
A. Description

An acoustooptic convolver can be implemented using the SI architecture shown ir Fig.3.
The specific set up shown in Fig.3 is a coherent version of a geometry which can just as
eagily be implemented using incoherent techniques. The light diffracted from AOD1 is
imaged ontoc AOD2, resulting in two counter-propagating signals at the exit plane of AOD2.
These field amplitudes are then spatially integrated by lens L3, and the integrated signal
is detected by the photodetector to yield the photocurrent, with a component proportional
to:

T/4
() = 2/ J

Ln/a ig(tev) iz(t-t) drt, T=W/v, t=x/v, (s)

where v is the acoustic velocity in the AODs, and W is the aperture of the AOC. A change
of the integration variable leads to a more familiar form given by

v .

t+T/2
t-T/2

I e

Ity = /75 J ijfe) i,(2t-v) dr, (6)

T "

which i6 recognized to be a finite window convolution, time-compressed by a factor of twc
The complication of this time compressed output becomes an advantage when considerinc the
implementation of the correlator.

ADY

~hesodeteltor

i(t)e' 0

Fig.3 Space Intey:iting Convolver
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Fig.4 Space Integrating Correlato:

Correlation can be performed by the set up shown in Fig.3 if one of the input sicnals
is time-reversed. Since this is incompatible with real-time operation., a different
georetry, one that is compatibtle with the time-compressed output of the conveclve:, as
exarired. Correlatior requires that the input signals slide past each other withcut
coordirate irversion. Thits is achieved by the implementation showr in Fig.4 ir wrich the
diffracted light from the fairst AOD is imaged with a 2:1 demaarifacation cntoe the ..ceone
AOD. At the exit plane of the second AOD. the two acoustic signals are co-propacat; wit!
different velocities because of the demagnification. These £ignals are then spa!. i)
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4 integrated onto a single detector. I1f the input signal to the second AOD is time :.:J‘._-j\-}
compressed by a factor of two, i.e., {,(t) = i,(2t), then the correlator output is hn:«;x:
r:frjx
T/4 e teT/2 . IR
Ip0t) =2/ L A3t i (eenidr « (/TS o dy(e)igitecidr. N r
;“._'. -.5‘-.-;_'
The above is the desired finite window correlation of the two signals. f,(t) and i (t). teeTara
Since the output of the convolver in Fig.3 is indeed time-compressed by a factor of “two, R
it can be used to drive the second AOD of the correlator., resulting in the cascaded EASUINY
correlation-convolution operation that is required in the passive processor. Nt
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feedback to AOD3
Fig.$ Space Integrating Adaptive Optical Processor Fig.6 Freq.Response to One Jamwer

Shown in Fig.5 is the complete processor. §Since the correlator and convolver have one
common input. one AOD can be shared by the two blocks, resulting in a system requiring only
3 devices. The input-output equation describing the processor ir Fig.$ is given by

/4
2(t) = x(t) - (JG/TZ)III/‘ X.(Q'ZV)K(t*t*V)Z(t—(*v)dfdv. (8)

where x{(t) is the input to the system and z(t) the output. For x{(t) = g(t) + n(t), where
n(t) is the narrowband jammer and s(t) the broadband signal, the above equation car be
Fourjer transformed to yield

2(w) 1

X(w) 1+ (6/02) J_2 IN(a)I?Binc?[(w-a)T/4n)da

The above ‘transfer’ function has the form of the inverse filter described earlier. except
that the noise spectrum is smoothed by 8 sinc function due to the finite time windows cf
the AODs.

B. Pexformance

The optical system described thus far was implemented for preliminary study. Jarre:
suppression was successfully observed. however, the maximum, statle null depth obtained was
limited to 7dB. It is important to theoretically characterize the performance limits cf
the processor in te~ms of system parameters such as the AOD aperture s1ze and detectc:
noise before we attempt to systematically improve the performance level. Thiee important
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issues are discussed: 1) the resolution with which the processor discriminates against
jammers, 2) null depth limitations due to detector noise, and 3) transients in the systen
response due to the delays inherent in the system.

The resolution of the system is characterized entirely by the size of the AOD
apertures for they determine the length of the signal sample at any one time. Wher the
input consists of asingle sinusoid at frequency w, and amplitude A, the exact form for the
Fourier transform of the output can be determined f&om Eq.8 to be

X(w)
I(e) = 2 , (10)
1 + GA? sinc?((e-wg)T/4n)

vhere 2(e) and X(w) are the Fouri;r transforms of the output and input signale,
respectively. A plot of Z(e) for GA® = 8 ,T = 10 psecs.., and wy/2n = 10 MHz is showr in
Fig. 6. The sidelobe structure is entirely due to the finite apertures of the AODs. The
sidelobes can be reduced at the cost of widening the null at the jammer frequercy ty
introducing apodization functions through the appropriate illumination ¢f the AODs. ThLe
issue of apodization will be examined more closely later in the discussion of transients
and stability.

While the finite apertures deterrire
the resolution of the processor, the
maximum nulling depth is governed Gty

2(t) ©Other mechanisms. In order to better
understand this limitation, the
deterioration in the cancellation of ore
jammer., n(t) = Aexp(jegt). due to the
system noise contributed by the detectors
and amplifiers is now studied. The
system model depicting the noise sources
is shown in Fig.7, where ny (t) is the
noise from the feedback amplifier while
n,(t) and nj3(t) correspond to those
ar;sxng from the photodetectors in the

Fig.7 System Noise Model convolver and correlator, respect:ve._

The 9oxse processes are aisunec to Lte

independent, stationary. complex gaussian processes”, each with variance ¢ Since thre
input is a single frequency jammer, the convolver and correlator behave as narrow-bandgpass
filters centered at that frequency. If the space bandwidth products of the convelve: arc
correlator are larger than the feedback gain, the contribution of the ncise scurces
nyft),ny(t), filtered by the convolver and correlator is negligible compared to ny(t) whach
is added directly onto the feedback signal X(t). The portions of noise which are fed back
are suppressed by the correlator and convolver and can be neglected to first order. Thus.
only the noise due to n4(t) appears directly at the output. We expect that the performarce
lirit set by the system noise would not be reached unless the jammer amplitude 1s
suppressed to ¢, the noise level. 1In our experiments, however, the jammer in the output
signal was clearly stronger than the system noise, showing that the noise performance lirat
was not xe:ched.

x.t)

1._H

DO O?O QOO

1.t
«(t)e "0
Fig.8 AO Delays Fig.9 Delay Modified Convolver and Correlato:

Amore severe limitation canarise from the time delays that exist in the AODs. Showr
in Fig.8 i{s an AOD with the spatial coordinate, x, centered on the AOD. If an electrica.
signal s(t) is yused to drive the AOD, then the amplitude of the acoustic wave in the ACDP 5
proportional to s(t-x/v-T/2), where T is the total aperture time. This effective..
introduces time delays to appear in the feedback path which can cause instabilities in the
processor. To minimize the delays. the AODs in the convclver and correlator car be shifte.
ir space as described in Fig.9 to result in the following convelver and correlatcr in; .t
cutput equations, including the delays:

/4
convolver: uit) = (4/T) I: sl(t-7/1~v)iz(t-‘) dr, (11
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correlator: w(t) = (4/T) {;, ig(t-T/3+2p)i (tep) dp.

4
The resulting modified system is described by the following equatjon:

4
IT/

o x®(t-T/2¢2p)x(t-T/2+t+p)z(t-c+p)drdp. (12)

- - 2 0
z(t) = x(t) - 16(G/T*) [T/‘

For a single jammer input. x(t) = Aexp(jwgt), the above can be transformed to give the
following, exact frequency domain result:

x(ﬂo)
2(w) = . (13)
1 + GA? Binc?((e-wy)T/8nlexpl-3(w-wy)T/4]

The phase factor present in the denominator is due to the delays. The consec °nce of this
phase factor is that the denominator is no longer positive for arbitrarily lgrge values of
G. 1In fact, the denominator vanishes for (e-w,y)T/4 = n with G« G, = n*/4A* , indicating
instability for gain values larger than G, which corresponds to an amplitude suppression of
only 104B. This value of maximum suppression is verified by computer gimulations of the
processor response to a step input. Fig.10 shows the envelope of the response of the
processor to a unit step jammer input, for G=1, and G=2.5, which is near the critica:
value, G.. The initial constant portion of the response is due to the delays in the
convolver and correlator. Indeed, the second plot shows an oscillatory behavior, indicating
marginal stability.
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Fig.11 Step Response with Exponential Apodization

The low critical gain stems from the rather large sidelobes of the ginc? functacr
coupled with the phase factor due to the delays. At the cost of loss in resolution, the
sidelobes can be reduced by apodizing the AOD windows, resulting in systers which car
tolerate higher feedback gains while remaining stable. As a simple example. the effect of
an exponentia) tapering function was evaluated by computer simulations. Showr ir Fic.11 1s
the step response obtained with exponentjal spodization. Convergence is stil) rap:id. and
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F the suppression is improved to 20dB. Other tapering functions may yield stable nulling
- performance to match that predicted by the syster noige considerations as discussed earlier
: but at the cost of loss in resolution.

i Bpace-Time Integrating Optical Processor
In the SI system, the desired correlation function is formed by a SI correlator and
A read out with a SI convolver. Alternative approaches where integration in both tine ard
) space are used have been described by Rhodes and Penn®. In such systems, the correlatiorn

integral is computed by a time-integrating spatial light modulator (SLM) and read out with
a space-integrating convolver. We now consider an implementation using the photorefractive
crystal BSO as éhe time-integrating SLM. The advantages of this implementation over the
previous ones-'° which used the Hughes liquid crystal light valve and a phosphor screer.,
respectively as the time-integrating SLMs are: 1)the system response speed is easily
controllable since the response time of the photorefractive effect depends on the exposire
level. 2)a coherent implementation is possible. 3)higher resclution is exhitited Lty the
photorefractive devices. 3)since the crystal does not respond to DC or bias levels, the
implementation will not suffer from bias build-up problems common among time-integrating
systems. 4)the photorefractive devices are simpler since they require only the crystal and
a voltage source to supply the external field which is required for some crystals.

The photorefractive effect can be understood in the following way. Two writinc beacs
of light which are spatially modulated with information intersect in the crystal to forr an
intensity grating pattern. Because of the spatially varying intensity pattern, the charcge
carriers ir the crystal redistribute themselves into a space-charge grating. The electric
field associated with this charge grating accordingly modulates the refractive index of the
crystal through the electrooptic effect, allowing the read-out of the written informaticn
ty a third bear. A property characteristic of this effect is that the response tire is
inversely proportional to the average writing bearm intensity impinging on the crystal.
This property translates to the controllability of the system response time in the present
application, an added flexibility. 1In our experiments. the time constant was on the order
of a few seconds because of the relatively low writing intensities used.

Showr ir Fig.12 is & time integrating correlator that exploits the time resgpornse
characteristice just described. AOD1 and AOD2 serve to spatially mcdulate the writinc
Arcor laser bears with twc counter-propagating signals s;(t-x/v) and s,(t+x/v); an iragirg
lers pair is used tc image the AODs onto the BSC crystal. The index grating formed withir
the crystal is modulated by the correlation of the two signals. The diffractec reacd-out
wave contairs only the modulation of the index grating and is thus bias-free. It car te
shown that the arplitude of the diffracted light is:

t (tl—t)/t

Eqige ) ~ [ e By (ty-2x/v-T/2)6; (£ +42x/v-T/2) dt,, (14
t-2x/v-T/2 .
- J B, (t3)B,(ty+4x/v) dt,,

t-2x/v-T/2-x

t = timre constant of BSO.

3 which 1s the cross-correlation function of £,(t) and s,(t) with the spatial coordirate. x.
; teinc the shift variatle. This correlation can be detected by imaging the crystal ontc a
CCC detectcr array for serial read-out.

Argon (A=488mm)

He-Ne _ -- - Wraite
Read-ou? ~ & = - —?X Bear
Bear (3«633mm) Wi

CC detector

arrav ‘T

) Fig.12 BSO Correlato:




The incorportation of the correlator just described into the adaptive syster of Fig.2
is rather simple and requires the addition of only 1 AODwith a 4:1 telescope to compensate
for the 2:1 demagnification used in writing the correlation onto the BSO. The systenm is
shown schematically in Fig.13. The output and input ( z(t) and x(t), respectively )
constitute the inputs to the correlator. AOD3 is aleo driven by the input signal and
diffracts a portion of the Be-Ne read beam to pass through the BSO unmodulated. The DC
from AOD3. however, is Bragg matched to the index grating in the crystal and reads out the
correlation function. 1f all of the AODs are driven at the same frequency., then the bear
diffracted by the BSO crystal and that diffracted by AOD3 are collinear and interfere
temporally at e,, the Doppler freqguency introduced by AOD3. The two diffracted waves are
Pourier transformed by lens LS, and the resulting intensity is detected by the
photodetector. The output current is the convolution of the input, x(t), and the
correlation formed inside the crystal, and it becomes the feedback signal, X(t), which ic
then subtracted from the input to produce the output signal. The resulting input-output
egn. is

t
~ 8
zit) & x(t) - G [,';;sft_‘x‘(t'-zn-'r/z)x(c—u—'r/z)z(thu»'r/z)dt'du. (15)

which is similar tc the SI system except for the presence of both space and time integrale.

One underlying assumnptior behinc
Eq.14 and herce 15 also. is that the
crystal is thin enough to put the reac
out process irtc¢ the Raman-Nath regire.
This is not the case, hcwever, and the
coupling betweer the writing bears must
be taker into account. Coupled wave
theory predicts that the phase of the
index grating will be a function of the
ratic of the twc write bear intensities;
this was found to be the case
experimrentally. This introduces a
complicatior in the present systen
because, as soor as the processcr becgirs
to suppress an inconing jammer, the
output, 2(t), begins to decrease ir
arplitude, causing the ratio of the
. it ek intensities of the twc write beams which
x{(t)e ererge frcrm AOD! and AOL2 tc dinirnish
This translates to a phase change ir the
feedback signal, pecssibly causincg
instability to appear. This car be
remedied. however, by placing an AGC

Fig.13 Space-Time Integrating Processor (automatic gain control) amplifier at the
input to AOC2. As adaptaticn proceeds

ancd z(t) begins to decrease, the AGC tracks the drop in amplitude to keep the input
of ACT2 at a fixed value. The syster just described has beer set up ir the laboratcry fcr
prelirinary study. Shown in Fig.14 is a result showing the spectrun of the input signal, a
jarmrer at 70 MHEz, and that of the processor output. The observed suppressicn was aboot 1%
dR. Better suppression can be expected as better AGC ampiifiers are vLsed

Ficg.14 Suppression of Jammer (70 MHz) with BSO Processor
a) input spectrum b) output spectrum
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conclusion

Two optical implementations of adaptive signal processors were described. The space-
integrating processor was shown to exhibit very fast response times but also stability
problems which could be corrected to a large extent by apodization techniques. The use of
such a processor would be appropriate in situvations where the jammer noise is varying
rapidly in time, such as in the case of blinking jammers or frequency hopped jammers. The
space-time integrating system was implemented with a photorefractive BSO SLM to form the
necessary correlation function in conjunction with a SI convolver for adaptive filtration.
Although considerably slower that its SI counterpart, it has the flexibility of a
controllable response time. Future research in photorefractive materials may yield faster
crystals.
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