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Abstract

In this research, we demonstrated the Modeling and simulation of Mach-Zehnder
modulator(MZM) with optoelectronic feedback(OEFB) to generate optical
instabilities output (periodic, quasi-periodic and chaos spatial signal). The
Integrodifferential equation is the basis of this model. Control of the instabilities
region of optical output from MZM been done optoelectronic feedback OEF delay
time. The results of the numerical solutions of the system of delay differential
equations (DDE) for the OEO system showed that there is very large diversity in
the oscillation systems, ranging from single oscillation, double-period oscillation,
multi-period oscillations, and chaotic oscillations respectively, as functions of the
photoelectric feedback delay times 1o when the linear gain coefficient is fixed at
the value of 3. The results of the numerical solutions also showed an increase in
the dimensions of the chaotic oscillations at the large values of the delay times 1o
of the optoelectronic feedback. Numerical simulation results of the bifurcation
diagram showed wide diversity of oscillation regimes, ranging fromsingle period,
period two, mixed-mode, quasi-periodic and chaotic oscillations, which are all
functions of delay time parameter 1p .

Keywords: Optoelectronic feedback, Optoelectronic oscillator, chaos control, and
Mach-Zehnder Modulator.
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1- Introduction:

Over the years, a variety of external optical intensity modulators for optical fiber
communication applications have been created. Among them, the Mach-Zehnder
modulator made of lithium niobate (LiNbO3) is still regarded as having the highest
performance. The high optical power handling capacity, wide optical bandwidth, zero or
tunable chirp, and low optical loss are the most notable benefits [1]. In the control
community, time delay systems are now more significant. Delays happen as a result of
processing delays that cause memory effects or finite signal propagation velocities, or,
more commonly, infinite-dimensional systems. Delay differential equations can be used to
model time delay systems, which frequently have significant nonlinear effects. The theme
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of the issue, "Nonlinear Dynamics of Delay Systems," is introduced in this overview article
[2,3]. Ikeda-Model the earliest model of the nonlinear system, that proposed ring cavity
laser and showed that The transmitted light from a ring cavity containing a uniformly
expanded two-level absorber exhibits a multiple-valued response to a continuous incident

light while the system is stationary [4].

The optoelectronic oscillator (OEQO), which is based on delay time nonlinearities, is one
of the most effective devices for producing optical chaotic signals. It works by returning
part of the electrical signal (which is detected from optical output after delayed time by
optical fiber acting as a delay line of the system) and feeding it back into modulation input
term of the electro-optical modulator. Such kind of systems exhibits various kinds of
instabilities, such as instability, periodic oscillation [5]. The Ikeda variable of this model is
the voltage of the renewing RF signal, which is indicated by Vosc(t), It rotates in a
clockwise motion and is the four components of the feedback loop. The nonlinear
electrical-to-optical (E/O) and optical-to-electrical (O/E) unit is the initial component. It
quantitatively illustrates the nonlinear relationship between the voltage of the RF drive
signal for the resonant EO comb generator and the output RF voltage of the photodetector.
The second is a fiber delay line, which shows how long an optical signal takes to arrive
after traveling through a fiber. The RF amplifier, which describes the RF gain of the
feedback RF signal, is the third component, then the signal is filtered by the linear

bandpass H BF before feeding into RF input port. The signal V,s(t) modulates the optical
insertion to MZM, which in turn detected (after flying back through fiber delay line) by
photodetector, mathematically represented as fy.(Vosc(t-T)), then become g. fNL(Vosc(t-T))
after amplified by g times by RF amplifier, then the RF signal voltage passes to the
bandpass filter and again as input RF modulating signal of MZM. The mentioned scenario

is called Ikeda-like OEO closed-loop model, which has four components in the feedback
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loop, is depicted in block diagram form in Figure (1) for the time domain model, such that

they satisfy the interrelated as:

M{x(6)} = BfyL(x(t — 7p)) (1)
fur[x(6)]
] fNL T |
x(t) Nonlinearity Delay fan[x(€ —T)]
Filter Gain
. M — B |

M{x(t)} = Bfu[x(t — 1p]
Fig. (1) block diagram of OEO-based Ikeda-like model [6]

2- Model and setup:

In this study, we have modeled MZM using a close loop optoelectronic feedback
(OEFB) circuit diagram as an OEO system, which was built as shown in Figure (2) from a
symmetric MZM modulator connected to a single mode fiber optic (SMF) of 4 km in
length to ensure a 20us delay time, and the other terminal of the fiber connection with a
fast response photodetector (PD) which interned connected to a bandpass filter(BPF). The
output signal from the BPF is amplified by an RF amplifier with gain (G), creating a signal
called V(t) that includes frequencies in the microwave band and is supplied into the RF-
input electrode of the MZM device. With applied voltage V(t), the transmission behavior
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of MZM is a nonlinear function, and the transfer function of the OEO is provided by the
integro-differential Eq. (1), [7]:

x(t) + TH% x(t) + %fttx(s)ds = Bcos?[ x(t —1p) + @] .. (2)
where x(t) = X9 and ¢ = ZY2S are dimensionless dynamical variable for and
2 VRRF 2 Vape

nyGSP;

phase constant of the system signal respectively. f = Is the linear gain coefficient,

VnRrF
with 1 which being MZM transmission coefficient, y is optical fiber transmission

coefficient, S is the photodetector sensitivity and P; is the input power of laser diode LD.

MZM

DC voltage

— Optical path BPF

Electrical path

Fig. (2) OEO model with Mach-Zehnder Modulator. The red lines show the optical
path and the blue lines show the electrical path. Where:LD: laser diode, FC: fiber convert,
MZM: Mach-Zehnder Modulator, FO: Fiber Optic, PD: Photo Detector, G: Gain, BPF:
Band Pass Filter, DC: Direct Current, V(t): Input voltage of BPF.

And its half-wave DC and RF voltages are V,pc and v gp respectively [8,9]. Ty = #
H

and 7, = ﬁ are response time constants for high f; and low f; cutoff frequencies

respectively. 7, is delay time arising from the optical fiber of length L. introducing new
time variable t’ in units of time delay 7, i.e. t' = t/tp, equation (2) can be rewritten as:

x(t") + e% x(t) + Sftzlx(s’)ds’ = Bcos?[ x(t' =1 +¢] ...(3)
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Where ¢ = z—H and § = Z—D are new dimensionless parameters. The last equation is
D L

dimensionless nonlinear delayed integro-differential equation which refers to slow-fast
oscillation dynamics. The last equation Eq. (3) can be solved numerically by delayed
differential equation DDE solver package in MATLAB program. For numerical solution
purposes, Table (1) contains the main parameter values utilized in the modeling and

numerical simulation of the system (3).

Table (1) the main parameters of OEO

Parameter Value Unit
Laser diode input power P; 5 Mw
MZM transmission coefficient 0.8

MZM splitting ratio (equal) 50% per arm

MZM DC half wave voltage V,pc 3.0 Volts
MZM RF half wave voltage V ks 3.0 Volts
Optical fiber length L 60-600 m
linear gain coefficient 3 3

Photodetector sensitivity S 1.05 V/Mw
Low pass filter LPF cutoff frequency f. | 22.5 Hz
High pass filter HPF cutoff frequency fy | 0.6 MHz
RF amplifier gain G 3.0

3- Results and discussion

To study the effect of the Time time-delay 1o on the behavior of a nonlinear system
through numerical simulation of the DDE solver program of Eq. (3), all variables havebeen
sert fixed as in Table (1), while the value of Time time-delay tp changed each time of DDE
solver running. Setting time delay 1p value to 0.3us and executing the solver MATLAB
code, get the Fig.(3a) where the time series of generated RF signals as sinusoidal damped
period-one oscillation, this have ensured by its FFT spectrum appear in Fig.(3b), which
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refer to single strong frequency, while Fig.(3c) portraits spiral inside loop trajectory plotted
by embedding delay technique as X(t) versus X (t- tp).
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Fig. (3) OEO generated signal to=0%B s (a) time series of generated signal ~ X(t), (b)

FFT frequency spectrum of X(t), (c) pi‘zﬁé@f’p ortrait of X(t).
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spiky signal that no longer stabilized to perfiod-ongoscillationf5ja(3:4B) isthe FFT
frequency spectrum of X(t) exhibiting high amplitude nfatefeguency component with
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Increasing the value of tpto 1.0 w&(@and enforcement the solver simulation we get the

Fig.(3-5a), which shows theoscillation of two different amplitudes referring to occurrence
of period doubling oscillation. Fig.(3-5b) is the FFT frequency spectrum that exhibits
different exponentially decayed amplitudes, where the main  Frequency and the first
harmonic have relatively high amplitudes compared to other components, also it could be
seen increasing high frequency components indicating emersion fast oscillation with
relatively low amplitudes. Fig.(3-5¢) portrays phase diagram that shows two overlapped
loops the phase trajectory of oscillation with initiation to splitting of some trajectories from
the original trajectories, as well as appearing small loops at over right side and lower left

side of the main trajectory loops, referring to initiation of fast oscillation with low

amplitudes.
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Increasing the value of 15 to 1.3us and running our DDE solver, we get the Fig.(3-

nal at tp =1.0us (a) time series (b) FFT frequency

6a) which shows time series of multi-period oscillation with emerging low amplitudes fast
oscillation in-between the slow high-amplitude spikes. Fig(3-6b) appears the FFT spectrum
of the oscillation, where the amplitudes of multi-periods appeared. Fig.(3-6¢) portrays
phase-diagram or the attractor of the oscillation where the multiple wide loops refer to
slow oscillations which overlapped with the small narrow loops of fast oscillation, forming

mixed-mode oscillation (MMO).
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Fig. (6) OEO generated signal at tD =1.3us (a) time series of multi-period
oscillations (b) FFT frequency spectrum of X(t), (c) phase attractor showing limit
cycle trajectory.

Setting the value of time delay tD to 1.7us and executing our DDE solver, we get the
Fig.(7a) which explains time series of generated signal X(t) as coexisting different heights
amplitudes or spikes, superimposed by low amplitudes fast spikes, forming complex
oscillation as quasi-periodic oscillation [10]. Fig.(7b) shows FFT spectrum of generated
signal containing different frequency components. Fig.(3-7¢c) demonstrates overlapped
attractor trajectories of different oscillation periods, containing slow wide loops with fast
cramped loops, these overlapped trajectories indicate to occurrence quasi-periodic
oscillation state of the system.
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Fig. (7) OEO generated signal at tD =1.7us (a) time series of quasi-chaotic
oscillation (b) FFT frequency spectrum of X(t), (c) phase attractor as multiple wide loops

overlapped with other tight loops trajectory.

Increasing the value of delay time tD to 2.5us and enforcing DDE solver program, we get
Fig.(8a) which depicts time series of generated signal X(t), as randomness fluctuation
amplitudes indicating to occurrence chaotic oscillation, this where verified by Fig.(8b)
which shows FFT frequency spectrum of broadened deferent frequency lines. Fig(8c)
portrays attractor diagram of dense overlapped trajectories of multiple randomness

oscillations, as chaotic attractor diagram.
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Fig. (8) OEO generated signal at tD =2.5us (a) time series of quasi-periodic
oscillation (b) FFT frequency spectrum of X(t), (c) phase attractor as multiple wide loops
overlapped with other tight loops trajectory.

The overall behavior of our OEO system represented by the bifurcation diagram in Fig.(9)
which depicts the maximum amplitudes of generated RF oscillation spikes versus control
parameter which in this case is the time delay tD of the OEFB; the figure demonstrates
different regions of oscillations ranged from single periodic, period doubling, mixed mode,
multi-period and chaotic oscillations, depending on the value of delay time tD of OEF.

Max. X(a.u)
O
O

Fig. (9) Bifurcation diagram of maximum values of generated signals X(t) by OEO
system as a function of delay time tp as a control parameter.
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4-Conclusion

Since the time-delay tp is a function of different OEO system parameters, hence it
could be considered as a control parameter for adjusting dynamical oscillation regimes.
The numerical simulation of our OEO model in Eg. (3), showed miscellaneous
transitions in dynamic oscillations, starting from period one, period doubling, mixed
mode, quasi-periodic and chaotic oscillation, these transitions take place by increasing
the value of time-delay tp. These dynamical transitions were verified by the bifurcation
diagram, which depicts the oscillation path of the OEO system into chaos.
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