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Previous studies on acoustooptic hybrid bistable devices have been limited to the Bragg regime involving two
diffracted orders, and no comparisons have been made between experimental results and theoretical predic-
tions. In this paper, a model including both acoustooptic diffraction and a nonlinear feedback path is
investigated. The Klein-Cook parameter Q has been brought into the investigation in that theoretical
simulation results based on diffraction involving four diffracted orders are obtained. Experimental results
are then presented and compared to theoretical predictions.

1. Introduction

Bistable optical devices have received much atten-
tion in recent years because of their potential applica-
tions in optical signal processing.1 2 Nonlinearity and
feedback are required to achieve bistability. A com-
monly used configuration is an etalon,3 4 such as a
Fabry-Perot cavity containing a nonlinear medium
whose optical absorption is a function of the incident
optical intensity. Feedback is possible as part of the
incident intensity is transmitted or reflected to form
an output intensity. Such a device which employs a
nonlinear optical medium placed inside the cavity is an
all-optical type, whereas one in which an artificial non-
linearity is created by using an electrooptic or acous-
tooptic switch and electrical feedback from a photo-
detector is known as a hybrid type.5 -7 Although many
all-optical devices have nonlinearities with very fast
response times, they require high light intensities due
to the inherently weak nonlinear optical effects. Thus
they seem to be less well adapted to optical integration
than the hybrid types, in which a relatively low optical
input power is required to achieve bistability. Howev-
er, the response times of the hybrid types are limited
by the electronic circuitry. In this paper, the perfor-
mance of a hybrid bistable device using an acoustoop-
tic modulator is investigated.
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II. Hybrid Bistable Optical (HBO) System

The hybrid optical system under study basically
consists of an acoustooptic modulator (AOM), a photo-
detector (PD), an electrical summer, and a feedback
amplifier with gain 0o (which includes the photodetec-
tor conversion efficiency) as shown in Fig. 1. The
AOM is operated in the Bragg regime.8 The light
diffracted into the first order is detected by the photo-
detector, amplified, summed with a bias voltage Vb,
and fed back to the acoustic transducer to change the
amplitude of its drive signal Va, which in turn ampli-
tude modulates (AM) the intensities of the diffracted
light. Hence the feedback signal has a recursive influ-
ence on the diffracted light intensities.

It is well known that the relationship between the
first-order light intensity I, and the rf driving voltage
to the acoustooptic modulator is nonlinear. There-
fore, the system has nonlinear feedback. Part of the
signal processing in the system is through an electronic
feedback circuit, while the rest is through an acous-
tooptic interaction. Based on the structure of this
system, a mathematical model which includes both the
acoustooptic interaction and a nonlinear feedback
equation in terms of the parameters I0, Vb, Va, and I
can be constructed.

A plane wave theory9"10 is used to model the dynam-
ics of the acoustooptic interaction process. The the-
ory may be summarized in terms of the following set of
coupled-differential equations:

!! 1j 2 exp 2 - / + (2n - 1)]En-1)d 2 ( 2 LOB I

2j a (exP{2 QL t>B + (2n + 1)3En+l (1)

with the boundary conditions En = Einc&1 o at z < 0,
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Fig. 1. Basic HBO system

where 5nO is the Kronecker delta, and En is the complex
amplitude of the nth-order plane wave of light in the
direction 0n = 0j,, + 2 nk, where 'kinc is the incident
angle of the plane wave Einc, and OB is the Bragg angle.
The sign convention for the angle is counterclockwise
positive. The symbols in Eq. (1) are further defined as
follows: a is the peak phase delay through the medi-
um (proportional to the acoustic drive signal Va de-
fined in Fig. 1), given by a = CkSL/2, where C denotes
a strain-optic coefficient of the medium, k is the propa-
gation constant of the light in the medium, S is the
amplitude of the sound field, and L is the interaction
length (i.e., the width of the sound column). Q is the
Klein-Cook parameters which is given by Q = K2 L/k
with K denoting the propagation constant of the
sound. Finally, t = zIL is a normalized position in the
sound cell. At the exit of the sound column, = 1.
The physical interpretation of Eq. (1) is obvious. The
nth-order light En is generated from the scattering of
the lower order En-1 and that of the higher-order En+,.

If now, the first-order diffracted light is detected by
the photodetector and the resulting electrical signal
amplified and summed with the external bias, and fed
back to the acoustooptic modulator, as shown in Fig. 1,
we have a system with nonlinear feedback. From Fig.
1, the acoustic drive signal Va may be expressed as

V = Vb + i30IEI2 . (2)

Next, substituting Va = ya, where y is a constant of
proportionality relating the acoustic peak phase delay
to an equivalent electric signal, we may rewrite Eq. (2)
as

a = a0 + #IE1I2, (3)

where a is the peak phase delay scattering the light as
defined before, ao (= Vb/y) and /3 (=#o/y) are parame-

ters proportional to the bias voltage Vb and the gain of
the amplifier flb described earlier, respectively.

The steady state behavior of the system is given by
the simultaneous solution of Eqs. (1) and (3). Note,
however, that Eq. (1) is an infinite set of coupled
differential equations. We shall restrict ourselves to
the case of four diffraction orders by choosing the
nearest neighboring orders around E0 and E1; hence,
i.e.,-1 < n < 2. Thus for a plane wave incident at Zinc

=-f, Eq. (1) becomes
n=-1: dEl = la [exp(-jQ)AE0,

n = 0: d= 2 [exp(jQ()El + E1 ],
d~ 2 (4)

n1:dl = i 2 [Eo + exp(jQ)Ej,

n = 2: d= 2 a [exp(jQ{)]E 1 .
d~ 2

We study the behavior of the system based on Eqs. (3)
and (4). Note that as Q a, i.e., in the pure Bragg
regime, Eq. (4) becomes

n :dE0 _ 
d = 2 

n :dE, 1 0
d= 2

and the solutions

E = En, cos(at/2),

E = E1ne(-j) sin(at/2)

(5)

(6)

are the well-known expressions for the scattered light
in Bragg diffraction. Therefore, the nonlinearity in-
volving two diffracted orders is a sine squared func-
tion.

Ill. Simulations

In the simulations the effective a is treated as con-
stant, i.e., the sound pressure remains constant during
interaction with light. This is true if and only if the
acoustooptic interaction time, given as the ratio of the
laser beamwidth and the bulk speed of sound in the
acoustooptic modulator, is much smaller compared to
the delays incorporated by the finite response time of
the photodetector, the rf modulator drive, and the
feedback amplifier or any other delay that may be
installed (e.g., a coaxial cable) in the feedback path.
Now, for fixed values of ao and fl, the output E1 will
undergo a series of iterations at every instant a is
updated through the feedback action. A discrete time
method is employed to analyze the continuous time
system. Let El(m) be the intermediate solution of
Eqs. (3) and (4) after m iterations, starting from initial
conditions Eo(O) = 1 and E1(O) = E2 (0) = E- 1 (0) = 0.
Since we are investigating the steady state behavior of
the system, an equilibrium state must be imposed after
some iterations. The following criterion is used to
determine the equilibrium state:

IE,(m + 1) - E,(m)l <e, (7)
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Fig. 2. Hysteresis curve (intensity vs bias, ao):
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Fig. 3. Hystereses for first-order diffracted light with different
feedback gains 13 (Q = 20).

where e is the error tolerance placed on the difference
between the two consecutive iterations m and m + 1.
If IEi(m) I does not converge, we set a maximum limit of
m, mmax = 200. In this way a set of E1(m) in the steady
state can be obtained for different values of a0. Note
that it is sufficient for a discrete time dynamic system
to be unstable if its corresponding continuous-time
dynamical system is unstable. However, an unstable
discrete-time system does not necessarily imply an
unstable continuous time system. 1 1 1 2

In our simulations, the range of ao is from 0 to 0.6
with an increment of bao. The value of bao also deter-
mines the accuracy of the results. In all our simula-
tions we take = 10-5 and ao = 0.05 and employ a
fifth-order Runge-Kutta numerical method to find the
solution of the coupled difference equations.13 Fig-
ures 2(a) and (b) show the zeroth- and first-order dif-
fracted light intensities, Io and I, respectively, as

0.0 0.1 0.2 0.3 -. 0.5 0.6

Legend: - q = °, 2nd order
-- Q = 10. 4th order

--- q = 20. 4th order

Fig. 4. Hystereses for first-order light as a function of Q ( = 2.4).

functions of bias ao. Figure 2(a) illustrates comple-
mentary bistable switching,14 and Fig. 2(c) shows the
sum of the two intensities Io and I,, and we observe that
it also exhibits hysteretic behavior. Note that most of
the energies are switched between the zeroth and first
orders. Figure 3 shows the hysteresis curves for the
first-order light by changing a with a fixed Q = 20. No
hysteresis is observed when / = 2, and the upper limit
of A is around 3.5. Beyond that value, the system
becomes unstable. Note that the hysteresis curve
moves to a lower bias region as the feedback gain
increases. This feature may be important for some
tuning purposes. Note also that the system shows a
widening of the hysteresis loop more significant to the
left with an increasing feedback gain. Finally, in the
last simulation, Fig. 4 shows the performance of the
system by changing Q with a fixed = 2.4. It is
observed that an increase of Q will heighten and widen
the hysteresis loop. Note that the case of Q 
corresponds to an ideal Bragg diffraction where only
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Fig. 6. Traces showing the bias voltage waveform (upper) and
feedback signal waveform (lower) at nodes C and D, respectively, in

Fig. 5.

Fig. 5. Schematic diagram of the experimental setup.
I.

two diffracted orders are involved.10 In the next sec-
tion, we show some experimental results, which will
confirm some of the observations made in this section.

I,

IV. Experimental Results

A schematic diagram of the experimental setup is
shown in Fig. 5. An AOM-40 acoustooptic modula-
tor15 operates in the Bragg regime with Q = 20. The
center frequency of this modulator is at 40 MHz. For
simplicity, only two diffracted orders are shown in the
drawing. Diffraction into higher orders, however, is
observable. The two diffracted orders are split into
two separate paths. One path leads to photodetector
PD1 of the feedback circuit and the other to photode-
tector PD2. The feedback circuit includes a scaling
adder and a photodiode detector circuit. To display
the hysteretic behavior of the system, a triangular
waveform is injected into the scaling adder at node C
(corresponding to Vb = yao in Fig. 1) of the feedback
circuit. The upper trace in Fig. 6 shows the triangular
waveform, while the lower trace is the nonlinear feed-
back signal at node D. Note that in the feedback
signal there are two sudden jumps corresponding to
the two thresholds of the hysteresis loop for every cycle
of occurrence.

Figures 7(a)-(c) show the hysteresis curves (intensi-
ty vs bias voltage Vb) as a function of increasing /O.
The upper and lower curves for each figure correspond
to the zeroth orders and first orders, respectively.
These experimental results confirm the theoretical
prediction qualitatively. Specifically, the curves
move to a lower bias voltage region, and the areas of the
width of the loops widen as the feedback gain in-
creases. Figure 8 shows a comparison of the experi-
mental and simulation results. Note that the widths
of both loops are approximately the same, and qualita-
tive agreement with theory is satisfactory; but there

a

I.

I,

I.

I,

b

c

Vb

Fig. 7. Oscilloscope traces showing hysteresis curves as a function
of increasing values of feedback gain go (Q = 20).

exist some quantitative differences. Possible reasons
for the discrepancies are: (1) the nonlinearity of the
electronic circuitry which may occur when feedback is
employed; (2) the finite bandwidth of the electronic
circuit (since the feedback circuit employs 741 opera-
tional amplifiers and is designed to have a maximum
gain of 10, the bandwidth of this circuit, therefore, does
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Fig. 8. Comparison between experimental and simulation results.
The measured 13 is 2.52 and Q = 20.

not exceed 100 kHz); (3) the finite response time for
the acoustooptic interaction which is neglected in the
computer simulations; and (4) the numerical conver-
gence criterion [see Eq. (7)] used in the simulation to
determine the equilibrium state.

V. Concluding Remarks

The performance of a hybrid bistable system based
on acoustooptic Bragg diffraction has been studied.
Simulations show that the performance of the system
is better with a larger feedback gain, which increases
the width of the hysteresis curve. Also, results indi-
cate that the hysteresis moves to a lower bias region for
a larger feedback gain. These observations are con-
firmed by experimental results. We have also com-
pared the simulation and experimental results for a
particular value of the feedback gain ( = 2.52). Qual-
itative agreement between the two results is satisfac-
tory. The performance of the device as a function of
the Klein-Cook parameter Q has also been investigat-
ed. Simulations show improved performance with a
larger value of Q.

As a final note, it may be mentioned that in this
paper we have considered diffraction in the first-Bragg
regime, i.e., linc = -B. The possibility of achieving
bistability by operating the acoustooptic modulator in
the higher Bragg regime (i.e., qinc = -mOB, where m is
an integer greater than unity) also exists. In the latter
case, the diffracted order fed back to the acoustooptic
modulator is Im instead of I,. Preliminary simulation
results for the second Bragg regime (m = 2) indicate
that hysteresis can be obtained for a much higher value
of A compared with that of the first Bragg regime. We
plan to investigate this further in the future.
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