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(ABSTRACT)

Acousto-optic hybrid bistable devices have been studied previously. However, previous
studies are limited only to the first-Bragg regime involving two diffracted orders. No
actual comparison has been made between experimental results and theorctical pred-
ictions. A model including both acousto-optic diffraction and a nonlinear fecdback path
is studied in this thesis. Theoretical results based on diffraction involving two and four
diffracted orders have been obtained and compared. Experimental results confirm the
validity of the theoretical model. The principle of operation is discussed along with ex-
perimental results. The performance of the bistable system is then studied. In the in-
vestigation, the Klein-Cook parameter, Q, has been introduced into the study. Methods
to improve the performance of the system with a low Q acousto-optic device by adjust-
ing the effective feedback gain and the operation point are suggested. Finally, a tech-
nique to measure the effective feedback gain has been derived. Future topics are

suggested along with a modified and improved model.
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Chapter 1

Introduction

A hybrid bistable system is an exact analog of a pure optical intrinsic device [1]. The
study of the physical phenomenon of a hybrid bistable system then previews the char-
acteristic and behavior of a pure dispersive intrinsic bistable system if the intra-cavity

time delay effect is neglected.

Recently there has been an increasing interest in bistable optical devices. Since Gibbs
et al. [2] observed the first optical bistability in a sodium-filled Fabry-Perot resonator,
bistability has been observed in many other different materials 1, p.314]. Smith and
Turner [3, 4] also demonstrated optical bistability in a hybrid bistable device consisting
of a Fabry-Perot resonator with electrical feedback to an electro-optic phase modulator.
Later Garmire et al. [S] demonstrated optical bistability in cavityless devices without any
mirrors. The removal of optical cavity made the hybrid bistable device more flexible for
light sources with suitable stability characteristic over a broad wavelength range. Hybrid

optical devices with nonlinear feedback will exhibit hybrid optical bistability. Further
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simplification of the hybrid bistable devices makes it possible to operate at low optical
power and to be used inexpensively for fundamental studies on optical bistability. In
addition, the introduction of a hybrid bistable optical device provides an cxperimental

tool for comparison between theories and experimental results.

The possible potential applications of bistable optical devices include optical switching,
optical memory, all-optical logical devices, optical parallel information processing, triode
action, analog-to-digital operations, optical regenerative pulsations, monostable and
bistable multivibrators, and pulse shaping. Bistable devices can also be used as exper-
imental tools to study some of the properties of nonlinear dynamical systems such as
oscillation, instability, bifurcation and chaos. Moreover, optical bistable switching has
the advantages of a) freedom from electromagnetic interference, and b) high speed mul-
tiplexing and demultiplexing when they work with optical fiber transmission systems.
For switching speeds up to 10-12210-* sec, bistable optical devices have no competitors

among their electronic counterparts in terms of switching power [1].

Several models have been developed [6,7,8,9,10] based on the transmission of the me-
dium and the nonlinear feedback of the bistable system. Much attention has been put
in the modeling of the nonlinear feedback path. In this study, the performance of a
hybrid bistable system using an acousto-optic modulator with nonlinear feedback is in-
vestigated. In Chapter 2, diffraction in the first-Bragg regime involving two and four
diffracted orders are investigated in dctail. A theoretical model of the bistable system is
derived by employing the analysis of acousto-optic diffraction of a Bragg cell and a
nonlinear equation for the feedback path of the system. In Chapter 3, numerical anal-
ysis of the system has been carried out to simulate the physical phenomena. Bistability

is readily obtained from the simulation results. In Chapter 4, experiments have been
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carried out to verify the simulation results qualitatively. In Chapter 5, a comparison
between the theoretical and experimental results has also been made to justify the deri-
vation between the theory and experimental results. A measuring technique has been
developed to obtain the effective feedback gain of the system. In Chapter 6, we present
some topics of future interest with some preliminary simulation and experimental results.
These include diffraction in the second-Bragg regime, oscillation and subharmonic phe-
nomena. A modified model has also been derived to give a more precise description of

the system. Chapter 7 concludes the thesis.
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Chapter 2

Hybrid Bistable Optical (HBO) System

The hybrid bistable optical system under study basically consists of an acousto-optic
modulator (AOM), a photodetector (PD1) and an electrical summer with gain f as
shown in Figure 1 on page 20. The AOM contains an acoustic medium (dense glass)
and a electrical transducer which produces a traveling acoustic grating in the medium.
When the acousto-optic device is operating in the Bragg regime, an incident light of in-
tensity [, is diffracted into two orders of intensities [, and I,. The intensity of the first
order I, is then detected, amplified, summed with a bias voltage a, and fed back to the
acoustooptic device which in turn modulates the intensitics of the diffracted light. The
feedback signal then has a recursive influence to the diffracted light intensities until a
steady state occurs. As will be shown in the next section, the relationship between I,
and the driving voltage a is nonlinear. Therefore, the system possesses a nonlinear
feedback. The intensity of I, can be switched to a high or low value depending on the
threshold levels which are determined from the hysteretic characteristics of the system.

Figure 2 on page 21 shows a hysteretic curve with b and a denoting the upper and lower
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threshold points, respectively. Signal processing is possible since &, can be used as a
control parameter on switching and has the same effect as varying the incident light in-
tensity [6]. Figure 3 on page 22 illustrates the operations of switching based on the
variation of the bias voltage a, (Figure 3 on page 22b), where a_ and &, denote the

threshold bias voltages, respectively.

As illustrated in Figure 2 on page 21, a part of the signal processing in the system is
through electronic circuitry, while the rest are through an acoustooptic interaction.
Based on this simple structure of the system, a mathematical model can be constructed
by employing the multiple plane-wave scattering formalism of acoustooptic diffraction
[11, 12] and a nonlinear feedback equation of the system in terms of the parameters f,

dg, 1, and & [13].

2.1 System Modeling

A basic HOB system with two diffracting orders is shown in Figure 1 on page 20 for
simplicity. For higher order diffraction, more diffracted orders other than the two orders
of I, and I, have to be considered. However, the feedback intensity is still I, corre-
sponding to | E,|? for even orders of diffraction. For third order of diffraction, the
feedback light intensity will be I, corresponding to | E;|?. The functions and governing
equations of the system will be explained in the following subsections. Since the
diffracted light intensity is a nonlinear function of & and, the feedback is made through
the electrical closed loop, the system fulfills the requirement for bistability. Hence, a

nonlinear feedback system can be realized.
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2.1.1 Acousto-optic Effect

Acousto-optic effect (also known as the photoelastic effect) deals with the interaction
of sound and light. The effect changes the permittivity and hence the refractive index of
the material (glass in our case) due to a mechanical stress induced by acoustic waves.
The interaction of sound and light can be considered as a collision of two particles,
photon and phonon. Supposing 1?, and k are the propagation wave vectors of sound
and light, respectively. Figure 4 on page 23 shows the wave vector interaction diagram.
From the diagram, we can find immediately the so-called Bragg angle 6, (measured in-

side the medium) which is given by
a2 _
fg = sin < 2l ) , 2.1-1)

where 1 is the wavelength of the incident light in vacuum, n is the index of refraction
of the acoustic medium and 4, is the wavelength of sound. Figure 4 on page 23 shows
the interaction of the momenta of the plane waves of sound and light. If the width of
the sound column is decreased, the sound column will act less and less like a plane wave.
It becomes more appropriate to be considered as an angular spectrum of plane waves.
Under this circumstance, scattering into higher diffracted orders is expedient. Figure 5

on page 24 depicts the generation of higher diffracted orders, where E,

inc

is the angular
plane wave spectrum of light, S is the sound, 6, is the nominal incident angle of E,,,
0, is the Bragg angle, and n is the diffracted order. The interaction between sound and
light can be described by employing the multiple plane wave scattering formalism [14,

11, 12]. The z-dependent angular spectrum of the n*-order scattered light E(z,0,) at z

is given by
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2 — z -
E,=—ja,_, f Sy E,_dz — ja,., J Sns1Eni1dz (2.1 - 2a)

For the zeroth-order light, we have

—_ - 2 _ 2 _
E,=E,, —ja_, J S*E_ dz —ja, J STE,dz, (2.1 — 2b)

where S%;, represents the phasor of the sound field. The term, a, ,is given by

kC

an=m- , (2.1-3)

where k is the propagation constant of light in the medium, C is the strain-optic coeffi-
cient of the medium, and ¢, = ¢, + 2n¢, is the direction of the n-th order light. The

phasors of the sound field from Figure 5 on page 24 can be written as
Sa_i(z,%) =S [2,x =2 tan[$in, + (2n 1) ] (2.1 - 4a)
Spi(zx)=S [z, x=12 tan[¢,,.+ (2n+ 1)¢3]] (2.1 —4b)

For small Bragg angles, i.e., ¢,~0 , the phasors of the sound field and a, can be ap-

proximated as

Sy 1(2x)=S [2,x =2 [Ppnc + (2n =1)dp]] (2.1 - 5a)
‘S;H(z,x)zs [z, x=2 [$n+ (2n+ 1)¢5]] (2.1 - 5b)
and
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AC
4

a, =

(2.1 = 5¢)

For bounded sound column, S}, and S, are reduced to the following forms [14]:

Swa=S exp{ —;j [——Q;"" +(2n —l)]Qé} (2.1 - 6a)
B

S— §‘ j ¢inc

ne1 =5 €Xpy 5 o5 +Q2n+1)|1Q¢5 , (2.1 — 6b)

where S is some complex constant and S° its conjugate, the Klein-Cook parameter,

Q =_K2ZL— , where L is the width of the sound column, and ¢ =z/L is the normalized
distance.

If eqns (2.1-5) and (2.1-6) are substituted back into (2.1-2), the following coupled dif-

ferential equation can be obtained

dE,
dz

= —jan_1Sp-1Eney = J8n1Smr1 Enit 2.1-7)

with initial conditions :

Ep ,n=0
En(—oo,¢n)={l " } (2.1 —8)
0 ,n#0

Substituting eqn (2.1-6) into (2.1-7) yields
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dz:n . A J ¢’inc =
o A LS exp{ ) Qﬁ[ —(—58— +(2n— l):l}E,,_1
) : 5 (2.1 -9)
— jay LS exp{ _12_ Qg’[ =4 (n+ 1)]}1?,,+I
o

Depending on the convention, two forms of the acoustic wave, i.e. the cosine and sine
forms, can be assumed. Suppose the sound frequency is equal to Q, the real sound field

is given by

S(x,z;t) = Re(S exp j(Qt — K, x) )
= Re{S cos(Qt — K, x) +/S sin(Qz — K, x))

The sound field in the cosine form is obtained if S = IS ] Hence, we have

S(x,z0) = | S| cos(@t - K, x) (2.1 = 10a)
Similarly, letting S= —jl S | will give the real sound field in the sine form, i.e.,

Stx,zi0) = | S| sin(@s - K, x) (2.1 — 108)

By using eqns (2.1-9) and (2.1-10a), we have the coupled differential equation for the sine

convention:
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df,, inc I3l
- L] S| exp{-z—ch[ Pie | (2n— )]}E,,+1
¢)lnc
+a,_,L|$]| eXP{ [ +(2n +1)]} -
! d’lnc
6‘:' d’lnc
+T<exp{ Qé[ + (2n +l)i'} n+l>

Similarly, combining eqns (2.1-9) and (2.1-10b) yields the cosine convention form :

(2.1-12)

9>

dEn A' d’lnc
. _ 5 (2.1 -13)
o J inc
) (exp{ > Qél: b5 + (2n +I)]} >
. kc|S|L . .
where ¢’ = — Since &’ is proportional to the amplitude of the sound |S| and

the |S| is proportional to the amplitude of the driving voltage a ; then a’ is propor-
tional to the driving voltage a. Equation (2.1-12) or (2.1-13) describes the sound-light

interaction depending on whether the sine or cosine convention is used.

2.1.2 The Feedback Loop

The intensity of the first order diffracted light, | E,|? , is detected by a photodiode PD1
which converts the optical signal to an electrical signal. The photodiode acts as a cur-
rent source which generates a current /, . If a resistor, R, , is placed after the photodiode

to provide a voltage drop V|, the feedback of the light intensity is then possible by

Hybrid Bistable Optical (HBO) System 10



means of transforming light energy into electrical energy with an electronic feedback
circuit. This is shown in Figure 1 on page 20. Mathematically, the current source is

given by
L=RI, ; L=|E*,

where I, is the intensity of the first order diffracted light. R is the responsitivity of the
photodiode. The voltage drop on the load R, is linearly proportional to /; and is given

by

V=L R, =R, RI, =R,R|E|*

The feedback signal, a , after the summer is
a=4&+pfRR|E]|*,

where ' is an adjustable feedback gain and «, is a D.C. bias voltage. If we let the

effective feedback gain of the system be §, then

2.1 — 14)

The nonlinear equation (2.1-14) makes optical bistability in the system possible.
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2.2 Governing equations of the Hybrid Optical Bistable

System

The general equations governing the system are given by (2.1-12) and (2.1-14) or (2.1-13)
and (2.1-14) depending on which waveform of the sound is chosen. For sound waves

of the cosine form, the governing equations of the system are described by :

dEn ' inc
dé =- -az—(exp{_Qé[ q; + (2)1 - 1)]} n-l)

. (2.2-1qa)
5 (expd Lo B i 204 1)
2 2 o
where
kC|S|L o
’=———-2—— and a =0+ B|E| (22-1b)
Similarly, the governing equations for the sine-form sound wave are given by:
dl_“f & —j ¢(
dg =— "‘7 ( exp{ ——21- Qg[ ¢"‘ +(2n - 1)]} ,_,)
' (2.2 - 1¢)
+ 2 (expd Lo Bre 4 sy
2 p 2 d’ n-H
where
A
., kC|S|L . a o=
@' =—>—— and a=0a+ Bl E| (2.2 - 14)
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A

Since the amplitude of the sound |§| is proportional to the driving voltage a , |S

can

be written as

where the constant, &, , is an electrical voltage to sound amplitude conversion factor.

Therefore, &’ is given as

o KCL
5 .
If the term '2 is normalized to one, then &’ = & . Hence, from now on &’ is re-

placed by « .

As both cases of equation (2.2-1) differ only by a j factor and a sign in the second term,
only the cosine form is discussed for simplicity from here on. It will have the same re-
sults for the sine convention. With the substitution of a’ by a after the normalization

of the system, the final general modeling equations are:

dEn a - inc =
LN & ( exp{ TJ Qé[ % +(2n— 1)}}5,,_,)

. (2.2 -2a)
_j& expd L Q¢ Pine. +Q@Qn+1)|E
J 2 2 ¢B n+1
with feedback equation
a=a,+8|E1* B =1, (22-26)

Subject to the initial conditions
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— E’nc yn=0
En(—oo,¢>n)={ } (2.2 - 2¢)
0 ,n#0

2.2.1 Fourth-Order Modeling

Suppose we have a plane wave incidence at ¢,,, = — ¢, and the system is limited to four
diffracted orders (i.e., -1 <n< +2) only. The mathematical model can be deduced from

equation (2.2-2) as:

dE_ 5
n=-1 ?‘= —;— [ exp(—jQ&)]E,
d_ A
n=0 = -;- [ exp(Q&)E_, + E, ]
(2.2 - 3a)
dE] A
n=1 7 —5 =75 [E +exp(Q)E,]
d A =
ne2 o D& Cep(~ig0)1E,
with the feedback equation
=3+ 8| E|? (22— 3b)

Equation (2.2-3) may not be analytically tractable, but numerical methods are generally
applicable. Q is the Klein-Cook parameter which specifies the performance of the
acousto-optic modulator. The larger the Q, the better the performance of the transducer

is in the Bragg regime. Numerical methods will be employed to analyze bistability.
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2.2.2 Second-Order Modeling

With incident angle ¢, = — ¢, and limiting the model to two diffracted orders, i.e., n
= 0 and I; the governing equations of the system for sound waves of the cosine form

are given by

dE, -
n=0 Y=—J—2-E,

> (2.2 - 4)
1 dE, 4 =
d=a,+B8|E|*, |E|*=1 (2.2 -5)

By solving equation (2.2-4) with initial conditions (2.2-2c), the exact solutions of the

diffracted light E, and E, are:

A

Ey = —jEp,sin(5-¢) (2.2 - 6a)
Eq = Eyy; cos( % &) (2.2 - 6b)

Hence, the intensities of the 1st and Oth diffracted order light are

L= E|* = I sin(5-¢) (2.2 - 7a)
Iy = Ine c0s’(5-8) , (2.2 7b)

(3]
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where I, = | E,.|* Note that the equations in the second-order modeling do not depend
on the parameter Q. By considering the existence of only two diffracted orders, we im-

plicitly assume that Q — oo.

2.3 Graphical Solutions for System Operation

The diffracted light intensity /; in the physical case can be written in terms of the applied

voltage « as [15]:

I, = k, sin®(k;3) (2.3 - 1a)
where k, and &, are constants. Since V) is linearly proportional to /;, then

V) = koI, = keky sin’(k&) (2.3 = 1b)

where &, is an optical to electrical conversion factor of the photodetector. In the case

of diffraction into two orders only, k,=1I,. and k, = —g- Then ¥, can be reduced to

A

Vi =Kl sin’(5-€) (23— 1c)

2

L
tensity 7, is taken at € = 1. Therefore,

where ¢ =-—. If the thickness L of the Bragg cell is normalized to one, the exiting in-

V) = keline sinz(%) . (2.3 - 1d)

It is noticed that equations (2.2-8a) and (2.3-1d) are related. Any plots of normalized

intensity /, vs. &, in this study should have the same meaning as the normalized voltage
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V, of the photodiode versus a, . For the purpose of simulations, I, is normalized to one.

All plots have normalized intensity versus &, In the experimental verifications, however,
it is the plots of ¥, versus &, that are displayed on the oscilloscope. In this case, the
analysis then has the term k,I,, normalized. Both cases of the normalization have the

same effective feedback gain. Now, the feedback equation (2.1-14) can be rearranged

as:

23-1)

~
Il
‘QIQ>
|
u|§>

with a slope % for the plot ¥, vs. a . The graphical solutions of the system can be

described by the simultaneous solutions of equations (2.3-1) and (2.3-2) in their steady

state.

2.3.1 Basic Modes of Operation

The three basic modes of operation [7], which can be illustrated by means of electrical
signal detection and measurement, are incident intensity tuning, acoustic AM bias
modulation and feedback gain tuning (see Figure 6 on page 25). Figure 6a shows that
the variation of a detected voltage ¥, can lead to a bistable hysteresis behavior if # and
@, are kept constant. The trace of the hysteretic loop starts at A. As the voltage V,

increases, one can get all the intermediate curves which in turn result in the intermediate
solutions from the interceptions of the intermediate curves with the characteristic line
given by the feedback equation (2.3-2). There will be a jump of the operation from A
to B. If ¥, is further increased, the jump will continue to move to point C or D. The
processes will be reversed when ¥, is decreased. It and I stand for the minimum and
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maximum value of ¥, . Figure 6(b) illustrates the operation of the system by changing
the amplitude modulation (AM) bias of the modulator or the carrier level. Bistable
hysteresis behaviors can be achieved when &, is operated within the limit [a7 , a5 ]

Suppose the system gain is fixed and a starting point P is corresponded to a, , the

p
hysteretic curve starts at P and moves to A, then to B as shown by the dots on the curve
of ¥, in (b). The characteristic line is tangent to curve ¥, at point B with &, = a3

Further increase of &, will lead to an upsurge of the operation point from B to C and
then the trace will move to Q corresponding to a new a, =&, . Similarly, the back trace
of the operation points will follow the path Q-C-D-A-P. With the adding of a driver in
the system, there will be a slight change in the operation. This will be discussed later in
Chapter four. Figure 6c exemplifies the graphical solutions of the operation points by
changing the feedback gain. The bistable operation range of f for the system is [
B* , B~ ]. The intermediate solutions of (c) will give the bistable hysteresis behavior of
the system in steady state. If § is decreased such that § < f* , the operation point then
upsurges to Q. For f > f- , the operating point then jumps back to its starting point
or its vicinity corresponding to the fixed a, . The forward and backward tracings of the
three basic modes of operation can lead to a bistable hysteretic loop. The characteristic
of the hysteresis behavior depends on the degree of nonlinearity of the system. The

stronger the nonlinearity, the larger the area of the hysteretic loop.

2.3.2 Mixed Modes of Operation

In our actual experimental setup, we employ a VCO driver to excite the AO modulator.
The system is shown in Figure 7 on page 26. It can be seen that @, can be replaced

by &, + &, , where &, is the carrier level of the driver and &, represents the amplitude of
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an AM modulating signal. A mixed operation of (a) and (b) in Figure 6 on page 25 with
a fixed B fell in the range of operation that will cause a shift of the bistable hysteretic
loop. It can be understood that operation (a) generates the hysteresis (by varying a, )
and the hysteresis can be shifted by operation (b) which can be achieved by changing the
carrier level a, of the driver. If operations (a) and (c) are combined, a larger loop of
hysteresis behavior can be obtained. With the capability of mixed modes of operation
just discussed, the system becomes more flexible and controllable by varying the system

parameters 8, &, and d, .
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A basic hybrid bistable optical (HBO) system: The HBO is operated in the first Bragg re-
gime.
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Figure 4. DifTraction due to interaction of momenta of light and sound.
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Chapter 3

Simulation on optical bistability

A deterministic system which has given initial conditions and describing equations might
be unpredictable in general [16]. Unlike linear systems which can be signified by their
eigenvalues and eigenfunctions to obtain their closed-form solutions, it is always diffi-
cult to obtain a closed-form solution of the nonlinear system. In many cases, nonlinear
systems may not have solutions. The hybrid optical bistable system under investigation
is a nonlinear and deterministic system. Exact solutions for higher order diffraction are
difficult to obtain. Numerical simulations then play a crucial role in investigating and
analyzing the physical phenomena of the system. Simulations on the system can be
possible only if a clear classification of the dynamical system has been made. Two dy-
namical systems, autonomous and nonautonomous systems, had been investigated [17,

18]. In this study, only the autonomous dynamical system is discussed in detail.

The simulations on the physical phenomena of the bistable system are done mainly on

the second- and fourth-order diffraction by varying the system parameters f and Q. A
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simulation in the second-Bragg regime involving three diffraction orders is in Chap. 6.
An algorithm based on the modeling equations (2.2-2) and the dynamics of the system
has been developed for simulation purposes. Results on bistable hysteresis behavior, the
relation between hysteresis behavior and feedback gain, and the effect on the perform-
ance of the system by changing the Q-factor have been obtained. Several conclusions

can be drawn from the simulation results.

3.1 The System Dynamics

Suppose the response time for the acousto-optic interaction is small compared to the
total response time of the feedback path and the delay time introduced by the coaxial
cables and the sound to travel the distance between the electric transducer to the
acousto-optic interaction region. The response of the overall system can then reach its
steady state or equilibrium state if the steady state exists before the photodiode can re-
spond to the diffracted light and feed the detected signal back to the transducer. For the
bias voltage, it is treated as a constant due to the system delay. These assumptions
might be good if the response of the acousto-optic interaction is small. The interaction
time is given by the ratio of the laser beam width to the speed of the sound in the
transducer [13]. Then, the acoustooptic diffraction can be described by an nth-order

autonomonous dynamical system with the following state equation [16]:

-

E =fE) (3.1—=1)

with initial condition E, , = E,,, where E =-‘;,—§- and E indicates a vector field. In

an autonomous system, there is no dependence on time taken by the vector ficld and the

Simulation on optical bistability 28



initial time ¢, is taken as £, =0 . Thus, for diffraction limited to two orders, the state

equation in matrix form is given by

E, 0 —j&7 rg
= = .4 _ (3.1-2)
Ed 5% o E,

with initial trajectory E, = E,. . Similarly, the mattix form of the state equation for

o|=>

the fourth-order is

[ . h A ¥ b
E_, 0 —j % exp( —jQ¢) 0 0 E_,
= A A —
Eqo| |5 exp(Qd) 0 ~i5 0 Ey
L= A A 3 (3.1-13)
E, 0 ~i5 0 —~j5-exp(id) || E,
. A
| Es 0 0 —j 5 exp( —jQ?) 0 E,

With initial conditions

—_ Ex‘nc yn=0
E, (&)= yn=[-1,2]
0 ,n#0

The above dynamical model is nonlinear since & is nonlinear and given by
&=6&,+ B|E|* . In order to find out the steady-state solutions of the state equation
(3.1-1) such that the simulations on the physical bistable system can be possible and
observable [16], an asymptotic behavior as t = co of the transient response of the
acoustic transducer is investigated for simulation purposes. A discrete-time dynamical
method is then employed to analyze the continuous-time dynamical autonomous system.

The state equation in the discrete case is described by
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E(m+1)=fEm)], m=0,1,2,..,200 (3.1 —4)
with initial conditions

0 ,n#0

E(m=0)= { } , n=diffracted order.

1 ,n=0
E(m) is the intermediate solution of (3.1-1) starting from its initial condition, where m
is the number of sampling. There can be different limited sets for E, in the equilibrium
state of a nonlinear system which is determined by the initial condition [16]. If the

equilibrium state does not exist but the transient of | E,(m)|? is bounded at some m, i.e.,
| E\(m+ 1) — E\(m)| <10,

then the iteration can approximate a steady state operation as to/ = 0 , where tol is the
error tolerance placed on the different between the two consecutive states of m and
m+ 1. Also, E(m+ 1) can be approximated by E,(m) . Hence, a limit set of E,(m)

in the steady state can be obtained. The value of E,(m) of the fourth-order diffraction
in the steady state is more complicated since it requires numerical method in solving

complex differential equations.

Note that it is sufficient for a difference equation to be unstable if the corresponding
differential equation is unstable. However, an unstable difference equation does not

necessarily imply an unstable differential equation [19, 16].
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3.2 Software Implementation

There are several assumptions made in the algorithm of the simulation. The initial
conditions of E(m) require that E(0)=E, , which is normalized to one, and
E..(m=0) be set to zero, where n denotes the n* order diffracted light and m is the
number of iterations. The bias voltage &, starts from zero to some arbitrary value
which is chosen based on the simulation result of a first try. Since an autonomous dy-
namic system has been assumed, there is no time delay in the feedback loop. By em-
ploying the exact solutions of the sccond-order diffraction, the above assumptions are
sufficient for the simulation. However, for the differential coupled equations of the
second or higher orders, further assumptions have to be made. First, there must exist a
steady state or a limited set of solutions for the nonlinear feedback system. Second,
there is a maximum limit on the sampling data if E,(m) does not converge. The maxi-
mum limit of m is m,, =200 in the algorithm. With reference to Figure 1 on page 20
and the above assumptions, an algorithm has been developed to simulate the physical

performance of the bistable system.

Figure 8 illustrates the algorithm of the simulations for the bistable system. The pro-
gram starts with an arbitrary upper limit of &, and an arbitrary chosen feedback gain
B. A tolerance error is then placed on the difference between E(m+ 1) and E(m)
states. After assigning the initial values of E,(0), the external parameter, i.e., the bias )
voltage &, , is then increased from zero with a small step size Aa,. The value of Ax, de-
termines the accuracy of the results obtained. Before the iteration starts, the initial value
of E, is stored for future reference. The program then searches for a steady-state value

corresponding to an &, with the nonlinear feedback gain § being kept constant. A

Simulation on optical bistability 31



S*-order Runge-Kutta numerical method is employed to find the solutions of the cou-
pled differential equations [19]. The program computes all the intensities of E, and
checks the imposed tolerance limit. If the error is less than the tolerance, the program
selects the values of &, and | E;|* and computes the total sum of [f,,l2 Otherwise,
it will reassign E, and repeat all the procedures as shown in Figure 8 on page 38. The
total sum of all the intensities of E, should be equal to one due to the conservation of
energy when the system is normalized. The program then will move to next the &, and
try to find the corresponding value of E, by repeating all the procedures until &, re-
aches its upper limit. Similarly, a backward trace of &, can be obtained by reversing
the lower and upper limits of &, and repeating the same algorithm. A flag has been

imposed in the algorithm to terminate the execution while the backward trace is done.

3.3 Simulation Results

The purpose for the simulation is to investigate the bchavior and characteristic of
bistability of the system by changing the system parameters &,, 8 and Q. In conncction
with the ideas described in sections 3.1 and 3.2, the physical behavior and performance
of the bistable system can be demonstrated {from the simulated results based on the plots
of the intensity of the diffracted electric field E, vs. the bias voltage &, by changing the
system parameters f§ and Q. Only the steady state response of the system is investigated.

Oscillation can also be simulated and will be described in Chap. 6.
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3.3.1 Simulations on Two-order diffraction system

The simulation is done based on equations (2.2-3) and (2.2-5). Figure 9 on page 39
shows the plot of intensities I, and I, versus &, for the normalized system without
feedback. In this case =0 and a =&, . The normalized maximum value of the in-
tensity is unity. a, is increased up to a value of 3.2. It is obscrved that order 1 is a
('sin)*-like curve with its maximum occuring at = . The plot shows two orders, 0 and 1.

The sum of the intensities of I, and /; is unity which confirms the conservation of en-

ergy.

Figure 10 on page 40 illustrates the variation of bistable hysteretic loops by changing
the effective feedback gain f of the system. It is noted that bistable hystereses can be
created by the suggested model. Different type of lines have been used to show the
corresponding hystereses for different . The symbol Ax, stands for the step size of the
increment for &, The error tolerance, tol, is bounded by |[,(m + 1) — I,(m)| which has
the limit of | [y(m + 1) — I,(m)| < tol . The symbol Q is the Klein-Cook paramcter. Beta
stands for . The solid line with = 2.0 has the forward and backward traces being al-
most overlapped. An increase of effective gain § will widen and heighten the hysteretic
loop. Consider, for instance, the case of the hysteretic loop with = 2.4; the threshold
of a, is around 0.4. A further increase of &, upsurges the intensity to a value close to
0.9. The curve will remain in its high state for increasing &, . If &, is now decreased, the
curve does not follow its original path but go beyond the upper threshold to some value
of &, (lower threshold). The curve then jumps down to a low value and follows the or-
iginal path for the values of &, less than the lower threshold. From Figure 10 on page

40, it is recognized that the hysteretic loops can be widened by increasing the value of
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the effective feedback gain f of the system. This characteristic confirms the experimental

works done by J. Chrostowski [20] and H. Jerominek [21].

Figure 11 and Figure 12 show the hysteresis behavior of order 1 and order 0, respec-
tively. Figure 13 on page 43 demonstrates the conservation of energy by summing or-
ders 1 and 0. Assuming no loss, the sum is a straight line with a value equal to one

which agrees with the conservation of energy.

It should be remarked that the second-order diffraction in the first Bragg regime does
not depend on Q, the Klein-Cook parameter. Thercfore, no comparison on bistable
hystereses can be made by the changing Q of the system. The second-order modeling
is an ideal case for the system. In practice, diffraction into higher orders exists. A

fourth-order modeling will then give results much closer to physical reality.

3.3.2 Simulations on Four-Order Diffraction System

The simulations are done based on equation (2.2-2). The performance of the system can
be characterized by f and Q. The SPLINE algorithm has been employed to produce
smooth simulated results. Figure 14 on page 44 shows the performance of the system
by plotting order 0 and 1 versus a,. The dash line illustrates the sum of the intensities
I, and I, . A&, is chosen to be .05 and Q=20 with tolerance =0.00001 and §= 0 implies
a=qa, . It is indicated that tile curve for I, has the form proportional to ( sin)? . How-
ever, there is a shift in the maximum of the curve to some value around 3.0. Note also
that the sum of orders 1 and 0 is no longer a constant straight line but deviates from

unity by some value at a,=3.0.
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Figure 15 on page 45 depicts the performance of the system by changing f with a fixed
Q=20. This figure can be compared directly with Figure 10 on page 40 where two-
diflracted orders have been employed. Note that the area of the hysteretic loop is rela-
tively smaller in the four-order system, especially for larger values of §. Again the solid
line with f=2.0 shows no hysteresis. However, hysteresis can be observed when
f > 2.2 . Further increase of § will widen the hysteretic loop. The system is normalized.
The upper limit of f is around 3.5. Beyond that value, the system exhibits oscillatory

behavior. Oscillatory behavior becomes significant when f exceeds .

Figure 16 on page 46 illustrates the performance of the system by changing Q with a
fixed f=2.4. It is observed that an increase of Q will heighten and widen the hysteretic
loop. Note also that there is no further significant change of the hysteretic loop for high
values of Q. This has been observed from the two hysteretic loops with Q=20 and
Q=350. Figure 17 on page 47 and Figure 18 on page 48 show the hysteresis behaviors
of I, and [, at § = 2.6 and Q= 20, respectively. Figure 19 on page 49 shows the sum of

the two intensities and we observed that it also results in a small hysteretic loop.

3.3.3 Comparison between Simulations on 2nd and 4th order modeling

Both the second- and fourth-order modeling have nonlinearity very close to ( sin)?. They
all show that the area of the hysteretic loop increases with increasing . The way the
hysteretic loop changes is in the form of widening and heightening the area of the loop.
However, the widening of the hysteretic loop is much more significant. Although the
second-order modeling equations do not depend on Q, the hysteretic loop of the

second-order system is the upper bound of all the hysteretic loops of the 4th order’s for

Simulation on optical bistability 35



different Q with a fixed f. Theoretically, the hysteretic loop of the 4th order modeling
with Q = co will match the hysteretic loop of the second-order system for a fixed value
of B. This is illustrated in Figure 20 on page 50. Comparison can be made by over-

lapping Figure 20 and Figure 16.

3.3.4 Comparison between Sine and Cosine Conventions

Since two forms of the sound wave have been used in the literature [14], comparisons
are made with the sine-form and cosine-form sound waves. Figure 21 on page 51 shows
that both forms have the same results in simulation for the 2nd-order diffraction.
Figure 22 on page 52 also demonstrates the agreement between the two conventions Qfor
the 4th-order diffraction. These two figures declare that all the simulations done are
good for both the sine and cosine sound waves propagating in the medium of the AOM.
It is noticed that the upper tail of the hysteretic loops is declining from the maximum
intensity while &, is increasing. This can be explained by the gain tuning operation in

section 2.3 of Chapter 2.

3.3.5 Expectation on the Simulation Results

Several expectations can be drawn from the simulation results:

1. The theoretical model has a steady state which implies that the physical system may

have steady state.

2. With an nonlinear feedback, bistable hysteresis phenomena can be observed.
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3. The performance of the system of I, vs. a, without feedback is a ( sin)>-like

waveform.

4. Systems with nonlinear feedback will show a widening of the hysteretic loop (more

significantly) with increasing f.

5. The further increase of &, has no effect on the performance of the hysteresis, it only

elongates the display curve. This can be shown in Figure 21 on page S1.

6. Both the gain § and /; should have the same sign (i.e., a positive feedback); other-

wise bistability cannot be observed.

7. The sum of orders 1 and O for second- and fourth-order diffraction should be unit

and close to unity, respectively.

8. The system will have a better performance on bistable operation with larger values

of Klein-Cook parameter Q for higher order diffraction.
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Figure 11. Conservation of energy for 2nd order diffraction (order 1): Plot of intensity /; vs. ay for
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Figure 19. Conservation of energy for 4th order diffraction (sum of order 1 and 0): Plot of sum of
I, and I, vs. &, . B= 2.6, Adq = .05 , tol =.00001, Q = 20.
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Aaqy = .05, tol =.00001.

Simulation on optical bistability

s2



Chapter 4

Experimental Verifications

An experimental setup has been arranged to verify the simulation results. Two feedback
circuits with different photodiodes were built and bistability was observed. The per-
formances on intensity and gain tuning were displayed. There was a shift of the bistable
hysteretic loop due to the operation of mixed modes. A measurement technique has
been derived to measure the effective feedback gain. The display of the sum of the in-
tensities of the two diffracted orders were obtained. Oscillatory and subharmonic be-

haviors will be described briefly in Chap. 6.

4.1 The Experimental Setup

The following equipment comprise the experimental configuration: an acousto-optic

light modulator (ADM-40) or simply an AOM; two types of high speed photodiodes
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(PD) with response times (15~25ns) and (=.7u sec); a sawtooth function generator (FCN
GEN); a He-Ne 15mW class 111 Laser source; a variable DC power supply and a feed-
back electronic circuit. Other measurement instruments include two wideband Tektronix
oscilloscopes (BW > 40M Hz) and a multimeter. A schematic diagram of the exper-
imental arrangement is shown in Figure 23 on page 68. Nodes A, B and C are con-
nection joints where measurements are made. Figure 24 on page 69 illustrates the

experimental setup.

4.2 The Feedback Circuit

The feedback circuit in Figure 23 can be implemented by an electronic circuit. In this
study, two feedback circuits with different photodiodes have been built. The delay time
from the transducer to the acousto-optic interaction region is minimized by choosing a
minimal distance between the transducer and the region of acousto-optic interaction.
The circuit with a photodiode having a faster response time (15225ns typical) shows
only a steady bistable performance of the system, while the other feedback circuit hav-
ing a photodiode with a slower response time (~.7u sec typical ) also shows a steady
bistable hysteretic loop and oscillatory behavior. From here on, the notation FBCRT1
will represent the feedback circuit having a photodiode with a faster response time, and
the notation FBCRT2 will represent the feedback circuit with a photodiode having a
slower response time. Note that a slower response time means a longer delay and a faster

response time means a shorter delay.
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A schematic diagram of FBCRT]I is shown in Figure 25 on page 70. FBCRTI contains
an inverter, a voltage follower, a scaling adder and a photodiode detector circuit. The
voltage, V,, detected by the photodetector at node B has a negative value. It is noticed
that the gain of the scaling adder is also negative, i.e., 180° out of phase. Therefore, an
inverter is required to shift the sawtooth signal by 180° to compensate for the phase shift
introduced by the adder. A correct output can be observed on the oscilloscope using the
INVERT mode. The purpose of the voltage follower is to buffer the signal from the load,
providing a high input impedance and a low output impedance between the photodiode
and the scaling adder circuits. A resistor R;y provides a return path for the AC current
introduced by the sawtooth signal. Also, the DC offset of the Op amps 1 and 2 have
been improved by placing an additional resistor between the noninverting input and
ground as shown in Figure 25 on page 70. The intensity tuning can be achieved by

changing the resistance of R;. The gain tuning can be obtained by adjusting R,.

The feedback circuit FBCRT2 with slower photodiode is shown in Figure 26 on page
71. The bistable system with this feedback circuit can generate bifurcation inside the
hysteretic loop (see Chap. 6). Also, oscillatory behaviors can be observed by using this
feedback circuit. The photodiode of the FBCRT2 has a built-in amplifier. The voltage
¥V, has a positive voltage. A noninverting amplifier amplifies ¥, . An inverting amplifier
is required to invert the output signal of the adder in order to obtain a correct display.
The intensity tuning is achieved by adjusting R, or R, and the gain tuning can be realized

by adjusting R,.

Both circuits may introduce nonlinearity to the hybrid system in addition to the nonlin-
earity of the feedback light intensity. The gain-bandwidth (GBW) of the Op amp deter-

mines the bandwidth (BW) of the system in this study. The circuit is designed to have
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a maximum gain of 10. Therefore, the BW of the feedback circuit does not exceed 100K

Hz since Op Amp 741 is used in this study.

4.3 The Operation of the System

A nearly normal incident light beam to the sound ficld of the AOM was diffracted into
two orders, /, and I, with diffraction angle proportional to the acoustic frequency. This
is shown in Figure 27 on page 72. The acoustic frequency at 40 MHz was generated
by the VCO RF driver. Diflraction into higher orders was barely observable in this case.
Fourth-order diffraction model yields results similar to second-order diffraction model
because the other two orders of the fourth-order diffraction were ignored or unobserva-
ble. Besides, both the second- and fourth-order diffraction had outputs of diffracted

orders proportional to ( sin)?.

With reference to Figure 23 on page 68, the two diffracted orders were split into two
paths. One path leads to the photodiode PD1 of the feedback circuit and the other leads
to the photodiode PD2. PDI is used to detect the diffracted order [}, while PD2 is used
to detect the zeroth order I, . The circuit of PD2 is completely isolated from the feedback
circuit. The diffracted order [; is then detected by a PIN photodiode operated in the
photoconductive mode. The photodiode generates an electrical current that is propor-
tional to the intensity of the light [, striking its glass window. The electrical signal is
fedback to the VCO driver. Before the feedback signal is sent to the driver (the input
impedance of the driver is 50 Q), the feedback voltage is monitored with a connection

of a 50-Q terminator at the output of the feedback circuit . The input voltage to the
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driver should not exceed 2V or the input current should not exceed 40 mA [185, 22]. The
fecdback signal to the driver is amplitude modulated with a modulation index n,. The
input RF signal to the AOM (model ADM-40) from the VCO driver produces sound
waves with constant RF frequency of 40M Hz. The incident laser beam is intensity
modulated and diffracted into various orders. The angle of the diffracted orders, i.e., the
Bragg angle, is proportional to the optical wavelength and inversely proportional to the
acoustic wavelength. The light beam is upshifted with the light and sound propagating
in the directions as shown in Figure 4 on page 23. These processes occur recursively
until a steady state. To display the hysteresis behavior of the system, a sawtooth signal
is injected into the scaling adder at node c of the feedback circuit to simulate the effect
of an actual DC bistable operation. Simultaneously, the bistable hysteresis behavior is
displayed by using the x-y mode operation of the oscilloscope. The x-channel is the
voltage ¥, corresponding to the detected intensity /; by PD1 while the y-channel is the
voltage ¥, corresponding to the zeorth order detected by PD2. The x- and y-channels
are triggered by &, . (For practical applications of the bistable device, the function gen-
erator can be removed in order to obtain bistable switching by monitoring the input in-
tensity. However, the introduction of &, makes the system more flexible and controllable
to operate as shown in Figure 3 on page 22). Note that photodiode PD2 is used to
detect the diffracted order I, . Since PD?2 is isolated from the system, only variations in
the acousto-optic interaction region of the AOM causes variations in the detected signal.
Moreover, the control of the acousto-optic interaction is determined by the feedback
circuit parameters 8, R, and &, . This suggestcd potential applications in remote sensing

since PD2 is completely isolated from the system.

With reference to Figure 6(c), the bistable region occurs at [§-, f*]. For f to the left of

B-, the detected voltage ¥, by PD1 drops to zero or in the vicinity of the initial starting
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value of V,. For f§ to the right of f*, the detected voltage ¥V, jumps to a high level at
C. To operate in the bistable region, the system parameters must be adjusted until op-
eration of the system falls into the bistable region. A careful adjustment of the feedback
gain by decreasing the value of R, will display the bistable hysteretic loop in the region

between the maximum and minimum values of V.

Detected voltages of orders 1 and 0 vs. &, (Tektronix oscilloscope, model 453) are shown
on Figure 28 on page 73 A sawtooth signal triggers both displays simultaneously. From
here on, all the hysteretic loops shown on the top corresponds to the zeroth order
diffracted light, and all the ‘hysteretic loop on the bottom corresponds to the first order
diffracted light. Figure 29(a) displays two type of driving signals to the VCO driver.
Measurements were made at node D. The triangular waveform is the bias voltage
without feedback. The bottom trace in Figure 29(a) is the nonlinear feedback signal a.
For the driving signal with an nonlinear feedback, there are two sudden jumps corre-
sponding to the two thresholds of the hysteretic loop for every cycle of occurrence. The
first jump from low to high corresponds to the upper threshold and the second jump
from high to to low corresponds to the lower threshold of the bistable hysteretic loop.
Basically, the nonlinear feedback introduces two switching actions with a delay or
“memory” which produces the bistable hysteretic loop. (Figure 29(b) shows the
hysteresis measured at node D. It illustrates that once bistable hysteresis occurs, the

whole system possesses bistable hysteresis behavior.)

The feedback path can be removed from the system by opening switch S, (see
Figure 25 on page 70 and Figure 26 on page 71). The graph of ¥, vs. a, shows a sin?
characteristic curve for the system without feedback (see Figure 30(a)). Also, the oper-

ation point of the system can be adjusted by changing the carrier level of the VCO
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driver. Figure 30(b) displays the other part of the sin? -like waveform when the carrier
level is increased. Figure 31(a) displays I, vs. &, for a system with an arbitrary initial
feedback gain when the feedback is cut off, whereas Figure 31(b) illustrates the occur-

rence of the corresponding bistable hysteretic loop when the feedback path is turn on.

4.4 Experimental Results

Several qualitative experimental results were obtained based on the simulation results.
They are oscillation, the shifting of the hysteretic loop, and the subharmonic relation
between the oscillation frequency and the frequency of the biasing voltage &, Some
preliminary descriptions of these interesting phenomena are given in Chap. 6. This study
is mainly focused on the bistable hysteretic characteristic of the second- and fourth-order
diffraction by using the intensity tuning and feedback gain tuning. The results on the
conservation of energy is verified. Some photos were taken to show the shifting of the

hysteresis and the oscillation region.

The experimental results obtained in section 4.4.1 to section 4.4.5 employed the fecdback
circuit FBCRT1 shown in Figure 25 on page 70, while the experimental results obtained

in section 4.4.6 employed the circuit FBCRT2 shown in Figure 26 on page 71.
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4.4.1 The Feedback Gain Tuning

Pictures were taken to show the trend of the hysteretic loop by adjusting the value of the
potentialmeter R, . Figure 32 on page 77 displays the two diffracted orders 1 and 0 on
the oscilloscope for a fixed feedback gain f. The hysteretic loop on the top displays the
Vo vs. @y . V, stands for the detected voltage by PD2. The red spot on all the pictures
is used as a reference whenever there is a comparison made between the figures. The

horizontal display is 2ms/div. The vertical display is 50 mv/div.

The area of the hysteretic loop increases with an increase of f, i.e., a decrease of R, (see
Figure 33 on page 78 to Figure 34 on page 79). By comparing Figure 32, Figure 33(a)
and Figure 34(a), it is found that the upper thresholds of the hysteretic loop move
slightly to the right and the lower thresholds of the hystereses widen (more significant)
to the left. Figure 33(b) and Figure 34(b) give the time displays of V; and V,, corre-
sponding to the hysteretic loops on the top and bottom, respectively. Further increase
of the value of f drove the system outside the bistable region and no hysteretic loop
could be observed (see Figure 35 on page 80). To recover the bistable hysteretic loop
in Figure 35, the operation point could be rc-adjusted by changing the carrier level of
the VCO driver or the range of &, could be increased (Figure 36 on page 81 shows the
recovery of the bistable hysteresis when the range of a, is increased). Further increase
of B drives the bistable system into a cut off region which is caused by electronic satu-

ration (see Figure 37 on page 82).
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4.4.2 Intensity Tuning

Intensity tuning can initiated bistable hysteresis. Since the detcected voltage V| is pro-
portional to the light intensity of I,, the effect on bistable hysteresis can then be simu-
lated by adjusting the resistance, R, . A set of photographs have been taken to illustrate
this effect of intensity tuning by displaying ¥, vs. a, for various values of R, . By fixing
the feedback gain, Figure 38 on page 83 to Figure 39 on page 84 displays a series of the
hysteretic loops which illustrates the effect on the hysteretic loops when increasing the
resistance, R,. It is noticed that in addition to the widening of the area of the hysteretic
loop, there is a heightening of the hysteretic loop in the first diffracted order corre-
sponding to increasing values of R,. There is no change in the maximum value of the
detected voltage ¥, corresponding to the zeroth order diffraction. Remember that the
hysteretic loop at the bottom was the first diffracted order. Further increase in the re-
sistance of R, drove the system outside the bistable region. However, bistable hysteresis
can be recovered either by re-adjusting the operation point or by increasing the range

of a, as shown in Figure 40 on page 85.

4.4.3 Conservation of Energy

It was expected from the simulation results that the sum of the intensities of orders 1
and O for two-order diffraction was a constant, or unity if normalized. For the four-
order diffraction case, the sum of orders 1 and 0 would give a small hysteretic loop. In
practice, the four-order modeling is closer to reality. Because a part of the energy is
distributed to other higher orders other than orders 1 and 0, the sum of orders 1 and 0

then yields a slightly bent horizontal line. Figure 41 on page 86 illustrates the sum of
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orders 1 and zero. The experimental result was found to be closer to the fourth-order
model. The sum of orders 1 and 0 is shown in Figure 41(b). A small hysteretic loop is

observed.

4.4.4 Shift of Hysteretic loop

Changing the carrier level of the VCO RF driver shifts the operation point of the system
and results in a shift of the hysteretic loop (see Figure 42 to Figure 44). Note that the
hysteretic loop is right-shifted. This operation provides a more flexible performance of

the system.

4.5 The Measurement of Effective Feedback Gain

Perhaps one of the most important aspects of this chapter is the measurement of the
effective gain of the physical system and comparison of the experimental and theoretical
results. A technique for measuring the effective feedback gain f,, is developed. The
measurement technique is relatively straightforward, with some difficulties in handling

the nonlinearity of the feedback signal and choosing the references for the display curves.

Suppose the amplitude of the carrier voltage of the VCO driver is &, and the carrier fre-
quency is w,; then the amplitude modulated feedback voltage, a(f), measured at node A

is obtained by (see Figure 45 on page 90):

a(r) = {&, + my[ag(r) + BV, ]} cos wt (4.5-1)
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where m, is the modulation index and a,(f) is the sawtooth waveform. The voltage de-
tected by the photodetector, V), can be measured at node B. S, and S, are the switches
used to isolate the feedback path and the sawtooth supply from the system, respectively
(see Figure 45 on page 90). If we define the amplitude of a(r) to be &, then a is given

by:
&= &, + molBo(r) + BV] @.5-2)

Recall from section 2.3 that the maximum of the sin*-like curve occurs at = for the sys-
tem without feedback, ie., §=0. Since the system is normalized, we choose the refer-
ences for V| .. and &, . to be 1 and = respectively for the system without feedback,
where &, is the amplitude of &(), and &, my is the maximum value of &, Suppose the
ON and OFF switching states of S, and S, are denoted by | and 0, respectively; the
symbol &Sl' s, then means a measurement of « at node A with the subscript S, and S,
showing the present states (ON or OFF, i.e., 1 or 0) of the switches S, and S,, respec-

tively. Hence, a maximum value of & is measured at node A as:
A A A
amaxlo, 1 = %+ My%o, max (4.5-13)

Also, the measurement of &, can be obtained at node A if &,(¢) is removed (i.e., S, is off)

with § = 0 (i.e., S, is off), then

o0 = & (4.5-4)
Subtracting (4.5-4) from (4.5-3) yields:

Mo8o max = &maxl0,1 — %00 - @.5-5)
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Before replacing a,(¢) by an arbitrary DC input, &, .. is measured. A new DC bias volt-
age g, pc € [0, &y, ma] 1 then chosen aribitary. The new &, chosen in this measurement
is &g pe —;‘— Gy, max [OT cOnvenience. With S, open, the value of a corresponding to the new

do, pc is measured and is given by:

0o, 1 = & + My, pe (4.5-06)

Another value of a corresponding to the same &, ,¢ is obtained when S, is turned on, i.e.,
A A} A) »
%y, 1 =ac+ my(xg, pc+ BV'y) 4.5-17)

where V7, is a new measured value of ¥, corresponding to the new &, ,.. Subtracting

(4.5-6) from (4.5-7) yields the actual feedback gain:

%, 1 = do,
moV"y
&)y — dg (4.5-8)

L)
V'

B=

The normalized effective gain is then given by:

A A
(2,4 — g )

:
o= — T (45~ 9a)

Vl. max

where V) .. is the measurement value of ¥, corresponding t0 &mel o1 (OF &g me)- Substi-

tuting (4.5-5) into (4.5-9a) yields:

A A
(al,l_ao,l) n Vl,max

A A
(“maxlo,l — Q, 1A

Boy= (4.5 9b)
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Two aspects need to be considered before performing measurements. First, the sin?-like
curve must be adjusted by changing the carrier level to obtain a display with maximum
and minimum of the sin?-like curve for the system without nonlinear feedback (S, is off).
Second, the hysteretic loop should be observable when S, is on. Note that if the
hysteretic loop falls into the negative region, elongation of the display by increasing &,

in the negative direction is required.

To measure the effective feedback gain of the system, we obtained a display of ¥, vs. «,
for the system without the feedback (after some adjustment of the carrier level &, and
a,.) Figure 46(a) displays the curve of V,vs. &, for the system without the feedback (S,
is off). Now, a fixed value of f is selected arbitrarily by adjusting R, ; then a display of
a hysteretic loop is obtained when S, is turn on. This is shown in Figure 46(b). By
following the above procedures, an experimental result was obtained as shown in
Table 1 on page 66.

The effective feedback gain was then calculated from the experimental data by using
(4.5-9b):

(19— 12.5) x .44 x 7
Bor= 9x.4 ~2.5

A preliminary scaling measurement was done in Figure 46(b). The values on the vertical
axis were normalized with a maximum value equal to unity. The values on the hori-
zontal axis were normalized with a maximum value equal to z. Therefore, a plot of the
experimental result was obtained. A comparison of the experimental and simulation re-
sults have been made in section 5.2 by using the effective gain calculation presented in

this section. This is shown in Figure 51 on page 103.
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Table 1. Experimental data for § measurement.

Set Reference

Experimental Verifications

&c= &0.0 &mulo,l Vl.mu &o. max ’no&o.mu = &mu 0,1 &0,0
7.5V 16.5V 44y 63V 9V

S, OFF, 3,=.3V

&0,1 Vl

125V MYV

S, ON, 8,=3V

&I.l V’l

19V 4V

66



4.6 Experimental results by using FBCRT?2

The experiment for gain tuning was reproduced by using the feedback FBCRT2. Several
results were obtained. More noticeably, an oscillatory behavior was observed. This is
shown in Chap.6. Figure 47 on page 92 shows the display of ¥, vs. a,. Note that the
figure shows a bistable hysteretic loop with transient in the upper threshold. Figure 48
on page 93 displays the hystereses for the two-diffracted orders and the sum of the two
orders. Again, the upper hysteretic loop corresponds to the zeroth order and the lower
hysteretic loop corresponds to the first order. The sum of those orders gives a slightly-
bended straight line with two small spikes opposite to each other. The bending is due
to the loss of energy to higher diffracted orders. The spikes are due to the switching

actions of the two hysteretic loops.
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Figure 23. A schematic diagram of the experimental setup: Assume two-order diffraction.
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Figure 24. Photos of the experimental setup:

dirver.
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Figure 26. The feedback circuit FBCRT2: The feedback circuit having photodiode with slower re-
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Figure 27. A display of the diffracted orders 1 and 0: Order 1 (left); order O (right).
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Figure 28. A display of the detected voltages of orders 1 and 0: Order 1 (bottom) and order 0 (top);
triggered by the sawtooth bias signal.
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Figure 29.

@

b)

The initial conditions of the system: a) The input driving signal of the VCO driver; b) The
hysteretic behavior of the feedback signal.
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Figure 30. Display of ¥, versus a, for system without feedback: Changing the operation point by
adjusting the carrier level.
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Figure 31. Display of I, versus &, for system with an arbitrary initial value of feedback
gain: a) The system without feedback; b) The system with feedback.
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Figure 32. Photo displays the detected voltage ¥ and V,VS. &0 for a fixed f.
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Figure 33. Photos illustrate the widening of hysteretic loop by increasing f: a) A widening of
hysteretic loop, b) The time display of the ¥, corresponding to the hysteretic loop.
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(a)

(b

Figure 34. Further widening of hysteretic loop for further increase of [: a) The hysteretic loop, b)
The time display of the hysteretic loop.
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Figure 35. Photo demonstrates the result when § exceeds the bistable region: ¥, is in the high
level. ¥, is in the low level, accordingly.
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Figure 36. Photo exemplifies the recovery of the hysteretic loop: The range of &, is increased.
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