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Article Info. Abstract

The operation of an optical neural network via feed-forward (FF) configuration is

Article history: R . . R . . LI
i experimentally simulated in the laboratory. The FF setup is tested using optical injection (OI),

Received and the behavior of follower laser diodes (FLDs) subjected to chaotic modulation is examined.
5 August 2024 The last two laser diodes (LDs) are exposed to different weights of chaotic modulated signals
Accepted through optical filtration and attenuation. Observations of the emissions from these two FLDs
2 September 2024 during FF operation are verified by frequency spectra calculated from time series data. Signal

broadening is assessed by measuring the full width at half maximum (FWHM), and chaotic
Publishing signal spikes are analyzed by counting the number of peaks associated with signal amplitudes
30 September 2025

for the FLDs. Additionally, LD control parameters, including the bias voltage of the influencer
laser diodes (ILD1, ILD2) and two additional FLDs, are examined. A maximum FWHM of
1.25 GHz for FLD2 is observed with a bias voltage of 3.6V and a modulated signal attenuation
of -12dB. To determine the synchronization state, the correlation between the ILDs and FLDs
is calculated. Results indicate fluctuations between negative and positive values, with the best
correlation value being 0.4. These results confirm anti-synchronized ILD-FLDs, which is
crucial for ensuring privacy in transmitting units within a chaotic optical communication
system simulating an optical neural network.
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1. Introduction

Optical injection is a technique for synchronizing optical phase and frequency through photon-
photon interactions when external light enters a laser cavity[1,2]. In this system, a "master” laser
provides external seed light to influence a "slave" laser. The master laser is coupled to the slave laser
via a circulator or isolator to prevent stray reflections back to the master laser. When the carrier
frequency (wavelength) of the master laser is close to that of the slave laser, the slave laser
synchronizes with the master laser, emitting a laser with a constant phase shift at the same frequency.
Additionally, the slave laser tracks any slow frequency drift of the master laser, maintaining a
relatively constant power output. Laser synchronization is crucial in various applications. In optical
communications, synchronized lasers serve as local oscillators (LOs) to reduce complexity and latency
in coherent receivers[3,4].

The rate equations of the master and slave lasers can be expressed as [5]:

Master laser

dEm(t

LD = 2 Gy [Ny — Nep) Em (£) (1)
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where:

E(t): is the amplitude of the electric field.

@(t): is the phase of the electric field.

GN: is the modal gain.

N(t): is the carrier density.

Nth: is the threshold carrier density.

a: is the linewidth enhancement factor.

T;n. IS the intracavity roundtrip time.

T, IS the carrier lifetime.

J: is injection current density.

Kinj: is the injection coefficient.

Einj: is the injected electric field and is equal to the output.

Em: electric field of the master laser diode.

.., O : is the angular frequency detuning between the angular frequencies of master and slave
laser diodes.

Because it can reduce distortion in all orders of magnitude and provide broadband distortion
reduction at high frequencies, feed-forward linearization is a useful technique for laser nonlinearity
compensation systems, irrespective of the nonlinear characteristics of the laser. But because feed-
forward entails canceling two signals that are almost equivalent in size and phase, it is also a delicate
and complex technique [6,7]. Because it requires two lasers with very comparable distortion qualities,
quasi-feed forward is challenging to execute. Predistortion often only significantly reduces distortion
in modulators [8,9]. Initially, based on the theory of artificial neural networks, they explain the
foundations of an optical matrix multiplier for linear operation in optical neural network development.
Then, the optical neural network produced by free-space and waveguide optical connections is
presented [10, 11].

The advantages of optical devices over electrical ones are leveraged by optical networks. For
example, data can be transported from a single point source to any number of recipients, whereas
doing the same with electronics would require a large volume of cables [13]. The human physiological
system's time-delay mechanisms are essential for controlling the production of white blood cells and
respiration rate. A neural network is an input-output system made up of many simple processing
elements that share common characteristics. Every processing element has a number of internal
variables known as "weights." Changing one element's weight will alter that element's behavior, which
will alter the behavior of the entire network[14]. An optical neural network (ONN), is made up of
several interconnected linear layers. In biological networks, individual neurons are triggered by
presynaptic currents from neighboring neurons as well as any external currents that may be present
[10]. ANNs emulate brain activity by simulating a collection of interconnected neurons, arranged in
layers. The simplest representation will have three layers: an input layer, an output layer, and a hidden
layer in between these two layers figure (1). The input layer accepts data from outside the ANN; the
hidden layer is where the computation happens; and the output layer is where we can get the results
from the neural network. The activation functions also play an important part in simulating
intelligence. Mathematically, without appropriate activation functions, the neuron model is a simple
linear model, which multiplies and accumulates input-weight products [16].
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Fig. 1. Feed-forward artificial neural network [16].

It has been shown that the memristive neuron and neural network models can generate complex
chaotic behaviors. For example, for the first time, chaotic spiking spiking and bursting firings are
observed in memristive HR neurons [16,17]. The phenomena of chaos and synchronization is obtained
in memristive bi-neuron networks [18,19,20,21]. Various complex chaotic phenomena including
hyperchaos [22,23], hidden attractors [24,25,26], coexisting attractors [27,28], and multiscroll
attractors [29,30] are discovered in various memristive neurons and neural networks. Also, the
complicated dynamics of multistability [31,32], and extreme multistability [33,34], have been reported.
Besides, the memristive neuron and neural network models owning complex dynamics can be better
applied in artificial intelligence fields, especially secure communication [36]. Our work aims at first to
verify the practical simulation of the optical artificial neuron algorithm and the use of the concept of
chaos by optical pumping method through it and then to study the control of chaos by optical
attenuation of the effective laser power and its effect on the chaos of the follower laser.

2. Experimental setup

Figure 2 illustrates our optical neural network setup, consisting of two neural ILD lasers (inputs)
injecting two neural FLD lasers (hidden). In our setup, a continuous-wave (CW) laser diode,
designated as the influencer laser diode (ILD) with the commercial code HFCT5205 uses a multi-
quantum well laser, operates at a wavelength of 1310 nm with a maximum power output of 0.1 mW.
The ILD directs its output toward a variable optical fiber attenuator (OFA) and then to a fiber optical
circulator (OC), with the reflected port being blocked. The transmission port is connected to a uniform
fiber Bragg grating (UFBG1), commercially coded as SMF-28E, with a Bragg wavelength
AB=1310.36 nm and a reflectivity of 84%. After passing through UFBGL1, the signal goes through a
1x2 optical fiber splitter (OFS), dividing the emitted light into two parts with a measured splitting ratio
of 10:90%. The 10% branch is detected by a photodetector (PD) integrated into the same HFCT5205
device. The remaining laser branch is routed through an optical isolator (Ol) to block any back
reflections. The filtered signal is then split into two by a 50% optical splitter. One part is injected into
the follower laser diode (FLD) in the first branch, while the other part is directed to inject the FLD in
the second branch. The same procedure is followed in the second branch, with a modification in the
UFBG to 1B=1310.23. Finally, a coupler is used to sum the two signals.

Fig.2. Experimental simulation setup of optical neural networks Drawn using Origin 2020.
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3. Results and Discussions

Based on the setup, shown in Figure (2), the FLD is subjected to optical feed-forward injection from
the ILD. According to this setup, ILD-MLD system dynamics are investigated for selected parameters
which include: modulation optical strength.

Such a technique is designed to simulate the dynamics of an optical neural network. For all
following FFTs, dynamics considered in calculations are highlighted in yellow color. For these ranges,
the signal-to-noise ratio is considered high enough to track the true laser signal, i.e., the noise spectrum
is excluded from calculations.

3.1. Effect of OAF1

Results for observed results; time series, FFTs, FWMH, number of peaks, attractors, and correlation
coefficient, are all given in Figures 3, 4, 5, 6, and 7, respectively. Figure, part (A) represents the
signals observed from the influencer laser, while (B) represent those identical signals, observed in the
same individual run, for the follower laser. The variable parameter is laser bias voltage, which changed
from -20dB to -45dB, with a measured threshold current of 13.65 mA, and a measured optical power
of -12 dB, after OFA is -20 dB.

Time series given in part (A) time series are all it is considered unclear, although the changes in
capacity over time are weak, and therefore it is not possible to judge whether it indicates chaotic
behavior or not based on it alone. The degree of choice fluctuates from optical power value to another,
i.e., the perturbation period time duration is changed. Especially at the value of -35dB, which gives a
large change in the amplitude of the signal over time, as is clear. Differences in signal amplitude can
be attributed to the effect of light reflection from OC and UFBG to influencer laser. The behavior in
part (B) indicates a clear behavior of the amplitude changes of the dependent laser wave and clearly
with the effective laser power, which predicts the presence of chaotic behavior, as will be observed
later when analyzing the Fourier wave.
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Fig. 3. Time series at various optical power attenuatorl (A) ILD1 influencer signal, (B) FLD
follower signal.

In Fourier space, the last observations are given in figure (4), which shows variation in lasing mode
frequency and amplitude. This means that their variable response from the follower laser to the same
modulation frequency value came from a variable laser power. Due to optical chaotic modulation,
there exists a possibility to synchronize the follower laser from the influencer laser. Appeared a
narrow spectral in section (A) at MHz frequency and a broad spectral (B) at GHz. Narrow linewidth
lasers are essential for applications such as coherent optical communication systems and microwave
photonics. Typically, their linewidth is decreased by either extending the photon lifetime using an
external cavity or by stabilizing the laser with advanced electronics to a stable reference. Through
Optical Injection Locking (OIL), cost-effective lasers with relatively broad line widths can be
transformed into high-performance, narrow linewidth lasers [37].
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Fig. 4. The results of the FFT for thgug}m’fect of the ILD1
dynamics. (A) ILD1, (B) FLD.

As shown in Figure (5), the FWHM changes with the optical power of ILD1. The change (A, B) is
described by is a polynomial function. This change is described by Piecewise PWL3 functions, often
used to approximate nonlinear functions, especially those with sharp corners or discontinuities, and by
rational functions, which are expressed as the quotient of two polynomials and a polynomial function
is a function that involves only non-negative integer powers or only positive integer exponents of a
variable in an equation like the quadratic equation, or cubic equation, which are functions consisting of
many algebraic terms including constants, variables of different degrees, coefficients, and positive
exponents. The degree of the polynomial function is the highest exponent of the variable. The best
value obtained is 0.8 GHz at -20dB (B), this is important because increasing the FWHM value of the
offer contributes greatly to the communication and the modulation of the signal. The gain bandwidth is

defined as the full width at half maximum (FWHM) of the gain spectrum (Av, = AW*") [38].
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Fig. 5. Relations for measured FWHM for power laser ILD1 :(a) ILD1 (A) and (B) FLD.

Figure (6) shows the phase space of ILD1 and FLD laser attractors. An attractor is called strange if
it has a fractal structure. This is often the case when the dynamics on it are chaotic, exhibiting sensitive
dependence on initial conditions. It is a form of non-linear attractor, meaning that it does not follow
the traditional laws of linear motion, the laser beam tends to return to the same region of space. it
noted central region (A) is empty indicating a weak chaos of influencer signal, unlike (B) attractor.
The transmitter signal is amplified since the receiver laser's optical power is marginally greater than
the transmitter's. The lowering of the receiver laser's carrier density and optical injection-induced
reduction of the laser's gain are characteristic features of the difference. As a result, perfect and
generalized synchronization have entirely distinct physical origins [39].
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Fig. 6. The resumlwt‘s of the phase spacg?or the effect ofthe Opticai """" po
system dynamics. (A) ILD1, (B) FLD.

The correlation coefficient between both lasers is calculated and shown in Figure (7). Resulted
relation is satisfied fitting by the Exponential function. According to the correlation coefficient of
influencerl-follower, the correlation coefficient is positive and negative values for all ranges, which
indicates the direct relationship of effect, in which the relationship is proportional universal. It is
challenging to see perfect chaotic synchronization since the transmitter and receiver lasers' device
settings need to match. As a result, not many experimental findings have been shared. Using
comparable systems of semiconductor lasers with optical feedback, Liu et al [39, 26] reported
experimental full chaotic synchronization. Complete chaos synchronization utilizing electro-optic
hybrid chaos systems with semiconductor lasers was also experimentally reported by Tang et al. [41].
They demonstrated the existence of full chaotic synchronization in actual lasers by observing the time
delay. The frequency detuning between the two lasers was crucial to their tests and was almost
nonexistent.
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Fig. 7. Measured correlation coefficient against ILD optical power.

3.2. Effect of OAF2

Results for observed results; time series, FFTs, FWMH, attractors, and correlation coefficient, are
all given in figures 8, 9, 10, 11, and 12, respectively. Figure (8), part (A) represents the signals
observed from the influencer laser, while (B) represents the follower signal of laser signals. The
variable parameter is laser bias voltage, which changed from -20dB to -45dB, with a measured
threshold current of 13.65 mA, and a measured optical power of -12 dB, after OFA is -20 dB. Time
series given in part (A) time series the perturbation period time duration is changed from the value to
the next. Especially at the value of -30dB, which gives a large change in the amplitude of the signal
over time, as is clear. The amplitude changes of the follower laser signal shown in (B) are observed,
indicating the presence of a good chaotic signal due to the effect of the optical injection by lasers
ILD2. Thus, the optical injection has shown us new dynamics in the laser, as a result of several
processes occurring in the laser cavity laser.
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Fig. 8. Time series at various influencer ILD2 optical power (A) ILD2 influencer signal, (B)
FLD follower signal.

Fourier space is considered one of the important analyses to examine the chaos of the signal, the last
observations are given in Figure (9), which shows variation in lasing mode frequency and amplitude.
This means that their variable response from the follower laser to the same modulation frequency
value came from a variable optical power influencer. The presence of a transverse spectrum at certain
values, which supports the chaotic behavior of the laser, can be attributed to several reasons, including
reflections within the optical fiber and through the BRAC resolver, which play an important role in the
reflected signal and the appearance of chaotic behavior in the signal, while a broad spectral (B) at GHz
is due to chaos in the signal from optical injection.

The mechanisms underlying sudden chaotic transitions are homoclinic and heteroclinic tangency
bifurcations. Nevertheless, the changes described here are sudden compared to situations where an
attractor changes continuously with parameters during the bifurcation (as is the case, for example, for a
periodic orbit disappearing in a Hopf bifurcation) [42].

A = —
T it o cass

dynamics. (A) ILD2, (B) FLD.

As shown in Figure (10), the FWHM changes with a optical power of ILD2. The change (A,B) is
described by the polynomial function. The best value obtained is 1.6 GHz at -35dB (B), This value is
excellent because the work is limited to a frequency range of 2GHz by the oscilloscope. Besides the
broad spectral peaks of the external cavity mode and its higher harmonics, at some voltage, the laser
was operating in a weak chaotic state close to a quasiperiodic oscillation. The broad peaks are very
good for coded messages in chaotic signals. The interaction of the injection light with the chaotic laser
field through beating results in a high-frequency oscillation, which is the physical process of
bandwidth improvement by optical injection.

Higher-bandwidth chaos can be produced by a chaotic laser with dual-optical injection because it
can accomplish more frequency detuning within the interaction range than a single-optical injection
[43].
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Fig. 10. Relations for measured FWHM for influencer laser optical power: (A) ILD2 and (B)
FLD.

Figure (11) shows the phase space of ILD2, FLD laser attractors. An attractor is called strange if
it has a fractal structure. This is often the case when the dynamics on it are chaotic, exhibiting sensitive
dependence on initial conditions. It is a form of non-linear attractor, meaning that it does not follow
the traditional laws of linear motion, the laser beam tends to return to the same region of space. It is
easy to understand that optical injection reduces the threshold carrier in the FLD since the externally
injected light provides a sufficient amount of photons to reach the threshold of the laser, both
stimulated and spontaneous emission contribute to making the system into a state of chaos. The
attractor diagram corresponds to FFts in Figure (9).
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Fig. 11. The results of the phése space for the effect of the ILD optical
system dynamics. (A) ILD2, (B) FLD.

Synchronization of chaotic systems has been given much attention due to its potential in secure
communication systems. The underlying concept is that the transmitted message should be encoded
within the noiselike output of a chaotic transmitter. Hence synchronization, and its dependence on
various experimental parameters, are of paramount importance. The most common method of
characterizing the quality of synchronization of two lasers is to plot a synchronization diagram: at each
point in time the intensity of one laser is plotted as a function of the intensity of the other. If the two
lasers are perfectly synchronized, the synchronization plot will be a straight line with a positive
gradient. Less than perfect synchronization leads to a broadening of the plot [44]. The correlation
coefficient between both lasers is calculated and shown in Figure (12). Resulted relation is satisfied
fitting by polynomial function (A) ILD-FLD1, and the polynomial function ILD-FLD2. According to
the correlation coefficient positive and negative values as voltage of ILD2 change. The best value it
has been reached is 0.26 at -40dB (A).
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Fig. 12. Measured correlation coefficient against 1LD2 optical power: (A) ILD2-FLD.

4. Conclusions

A simple chaotic circuit has been introduced and investigated through experimental
implementation. Active mediums can interact chaotically with applied modulation, and the resulting
dynamics are subject to this interaction. discussed and its application to secure communications has
also been presented in synchronization of chaotic oscillations in semiconductor lasers with optical
injection. The expected evolution for the last two initial conditions is that variation fluctuates from
strange to limited circle-shaped attractors. Such a system satisfies FF dynamics in the Ol version.
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