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ABSTRACT

Optoelectronic oscillators (OEO) - the class of physical
systems characterized by the presence of a nonlinear el-
ement and feedback loop (FL). Feedback allows control-
ling the nonlinear element operation and makes it possible
to implement various OEO operating regimes - from sta-
tionary to chaotic. The presence of a FL time delay is fun-
damental. We present the results of OEO operation char-
acterization, when the nonlinear element is the collinear
acousto-optic (AO) filter. The AO filter provides the time
delay existence due to the acoustic wave propagation time
through the AO crystal. The fulfilled experiments have
shown that the collinear AO filter OEO gives the possi-
bility to adjust the time delay between input and output
optical pulses by changing the FL gain. It was also found
that changing the electrical signal phase shift in the FL
allows OEO multistable states observation, characterized
by a difference in the amplitude and frequency of the elec-
trical signal in the FL and, accordingly, the intensity and
structure of the light beam at the system optical output.
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1. INTRODUCTION

This paper represents the results of the acousto-optic (AO)
system with hybrid feedback the examination. The system

*Corresponding author: kostyleva.eil6@physics.msu.ru.
Copyright: ©2025 Kostyleva et al. This is an open-access ar-
ticle distributed under the terms of the Creative Commons At-
tribution 3.0 Unported License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the orig-
inal author and source are credited.

3077

is operating above the self-excitation threshold, we inves-
tigate the feedback loop (FL) parameters influence on its
time characteristics and operation frequency.

The examined system is based on the collinear AO
diffraction implemented with CaMoO,4 AO tunable filter
(AOTF) [1]. The hybrid FL connects the AOTF optical
output and its piezoelectric transducer [2—8].

The system may be attributed to the so-called opto-
electronic oscillators (OEO) [9] - the class of optoelec-
tronic systems that combine the nonlinear element with
FL that controls the operating parameters of this nonlinear
element. Here the role of a nonlinear element is assigned
to the collinear AOTF [7,8, 10, 11]. The FL is hybrid as
it implements the conversion of the part of AOTF output
optical signal into an electrical one and controls the pa-
rameters of the AO diffraction.

As the examined system operates above the self-
excitation threshold, it does not require an external RF
generator to arouse ultrasound in the AOTF, and can be
treated as AO generator, providing both optical and RF
output signals [12,13].

It is known that the behavior of AO systems that in-
clude FL is extremely diverse as well as other OEOs archi-
tectures. Various types of oscillations may be observed in
such systems, including harmonic, self-modulation, mul-
tistable and chaotic [4]. The multistable operation is char-
acterized by the existence of several stable states differing
in amplitude, frequency, and direction of diffracted light
waves propagation [3,6, 14].

It is shown that the FL gain variation allows to con-
trol the time delay between the optical seeding input op-
tical pulse and the system output optical pulse. It is also
shown that the FL time delay and phase shift variation al-
low one to manage the system operation frequency and,
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consequently, the output optical beam intensity and trans-
mission function.

2. EXAMINED SYSTEM DESCRIPTION

The scheme of the examined AO OEO is shown in
Fig.1. The collinear AOTF [1], placed between polarizers
(o, B,7), and providing 4 cm AQO interaction length, is the
main element. The FL operation is based on the AO het-
erodyning effect implemented with collinear AO diffrac-
tion optical radiation polarization peculiarities [15]. The
interference between diffracted and non-diffracted optical
beams after the output polarizer 5 makes it possible to ob-
tain the optical radiation amplitude modulation with the
frequency of ultrasound aroused in the AOTF for a cer-
tain mutual orientation of the input « and output 3 po-
larizers polarization planes [15] (a should be along Z or
Y CaMoOy crystallographic planes and angle between o
and (3 should be 45°).
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Figure 1. The examined AO OEO scheme.

The amplitude modulation is registered with the pho-
todetector (PD2) that forms the FL input signal. The RF
signal in the FL is amplified and phase shifted. Both am-
plifier gain and phase shifter operation are controlled by
bias voltage fed from arbitrary function generator (AFG).
The RF signal in FL is analyzed in time domain with a
digital oscilloscope and in frequency domain - by the RF
signal spectrum analyzer. The FL output feeds into the
AQTF piezoelectric transducer.

The AO OEO optical output is organized as follows.
The beam splitter is displaced at the AOTF output. It
splits the output optical radiation (containing orthogonally
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polarized incident and diffracted light) into two beams
- feedback beam and signal beam. The feedback beam
passes through g polarizer and goes to PD2. The signal
beam passes through ~ polarizer with polarization plane
orthogonal to «. This polarizer transmits only diffracted
optical radiation. The signal beam intensity is registered
by PD1 connected to the oscilloscope.

3. SYSTEM TIME DELAY DEFINITION

By the delay time 7; we mean the time between the ap-
pearance of a laser pulse at the optical input of the system
and the registration of diffracted optical pulse by the PD1.
There is also another delay time characterized by the sig-
nal propagation time throughout the system 7y, includ-
ing the FL and the propagation time of the acoustic wave
along the entire length of the AOTF. Further, we will show
that the 74 delay time for high FL gain tends to the 7.

Figure 2 represents the diffracted pulse intensity on
time measurements obtained for FL gain y values varying
from 650 to 100 and optical seeding pulse with 1.3 ms
duration.
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Figure 2. System response for 1.3 ms optical seeding
pulse, observed for various FL gain ;» magnitudes.

The analysis of the dependencies represented in Fig.2
allows to determine AO OEO time characteristics and fol-
low the AO diffraction efficiency dependence on FL gain.

The obtained results show that the delay time 7, de-
pends on p strongly. For the gain variation from 100 to
700, the 74 decreases from 70 ps to 12 ps while the sys-
tem time delay 7, ~ 14 ms. The signal beam AO diffrac-
tion efficiency increases by 40%. The minimum 74 value
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is close to the acoustic wave propagation time along the
entire AO cell, which seems to be a natural result.

Thus, we have shown that tuning the FL. parameters
allows one to vary the time characteristics of the examined
system in a broad range.

Further we will show that FL phase shift variation,
implemented by changing the phase shifter bias voltage,
makes it possible to control the AO OEO operating fre-
quency f and, consequently, the output signal beam in-
tensity.

4. MULTISTABILITY OBSERVATION

Another feature of the examined system is the dependence
of its operation on the phase shift y introduced by the
phase shifter. The x magnitude is controlled by bias volt-
age fed from the AFG.

Figure 4 illustrates the dependence of the signal beam
intensity I registered by PD1 on the AFG signal magni-
tude. It can be seen that the intensity (PD1 signal) varia-
tion has a rather complex shape. The reason for this is the
dependence of the system operating frequency f on phase
shift x magnitude.
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achieved for the bias voltage of about 12 V. Thus, the bias
voltage variation may be limited by the range 0-12 V.

a — — T T
@,,] |
\ [ —— Phase shift interpolation

0,0 ‘ .

0,2 1 ‘ 4

0,4 1 | 4

Phase shift, y/n
D

-0,6 1 4

0,8 4

-1,0 . — T T T T g | —
0 2 4 6 8 10 12 14

(b)o,ss- ! ' ! ! ' i

0,50 Verktdhain = g
045 | has * -
0,40 | ]
035 ]

0,30 : ]

Detector signal, V

0,25 4 { u
0,20 4— 4

0,15 -

T T
10 -08 06  -04  -02 0,0 02
Phase shift, y/n

Time, s

Figure 3. PD1 signal variation in time for varying
phase shifter bias voltage.

To obtain the () dependence in explicit form, it
is necessary to measure the x dependence introduced by
the phase shifter on the bias voltage for the AO OEO op-
erating frequency (about 43.5 MHz). This dependence is
shown in Fig.4a. It shows that the bias voltage variation
from 0 to 15 V provides the x/m variation from 0.2 to -
0.9. It is interesting that the maximum absolute value is

Figure 4. The dependence of normalized phase shift
introduced by FL on bias voltage (a) and signal beam
intensity dependence on the normalized phase shift
magnitude (b).

Finally, the /() dependence (in the form of PD1 sig-
nal magnitude) is shown in Fig.4b. It can be divided into
three areas: 1 — signal growth between -0.95 and -0.75; 2
— a sharp leap and the second area where the signal beam
intensity does not change much (—0.75 < x /7 < 0.1); 3
— another leap follows and the third area is observed where
the intensity drops significantly (x /7 > 0.1).

The I variation is caused by the f tuning . Therefore,
the leaps in intensity correspond to the frequency ones,
and the slow intensity variation is caused by its smooth
change.
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The mechanism of f tuning with y variation was con-
sidered previously [16]. It is based on the phase balance
condition for the examined AO OEO, acting in conjunc-
tion with the amplitude balance condition - the frequency
dependence of the system transmission coefficient (the
feedback beam AO diffraction efficiency dependence on
the ultrasound frequency).

The broadest band of f tuning may achieve 200 kHz,
while the tuning band for the case shown in Fig. 4 is ap-
proximately 100 kHz.

5. CONCLUSION

We have examined the influence of FL parameters (intro-
duced phase shift, time delay,gain) on the collinear AOTF
OEO functioning.

The FL phase shift variation may cause a smooth
change in the operating frequency and the output radia-
tion intensity and the abrupt one. The operating frequency
variation magnitude may exceed 200 kHz.

It was discovered that the FL gain variation allows one
to control the AO OEO delay time. In the studied range of
gain magnitudes, the delay time varies by about 6 times.
It was found that the minimum delay time approximately
equals the time required for an acoustic wave to propagate
along the entire length of the AO cell.
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