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Abstract: We numerically studied the chaotic dynamics of a laser diode (LD) system with optical
injection, where a chaotic signal, which is generated by an LD with optical feedback, is applied to
the drive current of the master LD. To quantify the orbital instability of the slave LD, the Lyapunov
exponent was calculated as a function of the optical injection ratio between the master and slave
LDs and the optical feedback ratio of the applied signal. We found that the Lyapunov exponent
was increased and the orbital instability was enhanced by applying a chaotic signal when the
inherent system without the applied signal was in a “window”. Next, we investigated the orbital
instability of the slave LD in terms of statistical and dynamical quantities of the applied chaotic signal.
The maximal value of the Lyapunov exponent for a certain range of the injection ratio was calculated
and we showed that a chaotic pulsation is suitable for enhancing the orbital instability of the LD
system. We then investigated chaos synchronization between the LDs. It is concluded that the orbital
instability of an LD with optical injection can be enhanced by applying chaotic pulsation without
chaos synchronization.

Keywords: laser chaos; semiconductor laser; chaotic laser diode; optical injection

1. Introduction

Since the chaotic oscillation of a laser diode (LD) [1-7] has a high frequency and broad bandwidth,
its potential applications, such as physical random bit generation [8-11], reservoir computing [12-14],
decision-making [15], and chaotic communication [16-19], have been widely studied. In these
applications, more chaotic oscillation can contribute to increasing the performance, for example,
randomness in random bit generation, a high bit rate in security in chaotic communication. Various
methods of generating chaotic oscillation with a broad bandwidth and large chaotic property have been
studied, for example, using a master—slave LD system with frequency detuning [20,21], an external
feedback system with dual feedback [22], or an external feedback system with random feedback [23].

We previously proposed a method using a master—slave LD system with a random signal applied
to the drive current of the LDs [24]. In the optical injection system, which consists of master and
slave LDs, various dynamics of the slave LD appear. For a small optical injection ratio, the slave laser
oscillates stably, periodically or quasi-periodically. Then, the dynamics develop into a chaotic state with
increasing optical injection ratio, and periodic oscillation is observed between chaotic states, which is
called a “window”. In a window, the chaotic dynamics are concealed. We have shown numerically
that the chaotic dynamics are revealed by applying a pseudorandom signal to the drive current of
the master LD, and the chaotic property, that is, the orbital instability of the slave LD, is enhanced by
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increasing the standard deviation of the applied random signal. The orbital instability of a chaotic
system can be controlled by applying a statistical random signal to a deterministic chaotic system.

In this work, a deterministic chaotic signal is adopted as the applied signal. We numerically
investigate an optical injection system with unidirectional coupling from a master LD to a slave LD by
applying a signal, which is generated by the chaos source LD with external optical feedback, to the
drive current of the master LD. First, we compare the system with an applied chaotic signal and the
system with an applied random signal having the same mean and standard deviation as the chaotic
signal. It is shown that, in the window, the chaotic dynamics of the slave LD are revealed by the
applied chaotic signal as well as the applied pseudorandom signal. Moreover, the applied chaotic
signal more greatly enhances the orbital instability of the slave LD than the applied pseudorandom
signal. Next, to explore the factor causing the enhanced orbital instability of the slave LD, we estimate
the orbital instability of the slave LD in terms of statistical and dynamical quantities of the applied
chaotic signal. Then, we discuss the suitable conditions of the applied chaotic signal for enhancing the
orbital instability of the LD system, and the chaos synchronization between the applied signal and
LD system.

2. Chaotic Laser System and Lyapunov Exponent

We consider the optical injection system consisting of two laser diodes (LDs), that is, a master LD
(LD1) and a slave LD (LD2) in Figure 1a, which are driven by a DC source. The optical coupling from
LD2 to LD1 is restricted by an optical isolator (ISO) and the coupling ratio is controlled by a variable
attenuator (VA). An external signal is electronically applied to the drive current of LD1, which is
generated by an external applied signal source, and the amplification of the applied signal is controlled
by a variable electric attenuator and an amplifier. In the following sections, we consider three kinds of
applied signals, that is, a chaotic signal, a pseudorandom signal and a DC. The applied pseudorandom
signal, and applied DC are generated by a signal generator, and the chaotic signal is generated by
an external chaos source LD (LDO) with optical feedback whose ratio is controlled by VA (Figure 1b).
The chaotic signal is detected and converted into electric signal by a photo detector (PD). Since actual
electric circuits have a frequency response and a cutoff frequency, impacts of the frequency band of the
applied signal are needed to consider like Refs. [24,25]. In this work, we ignore the frequency response
of the electric circuit to focus on the impacts of chaotic signal. The dynamics of LD0, LD1 and LD2 are
described by the following rate equations [26,27]:
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where A(t), ¢(t), and n(t) are the amplitude, the phase of the laser field, and the carrier number
above the value for the solitary LD, respectively. The subscripts 1, 2, and 0 denote LD1, LD2, and LDO,
respectively. Gy is the differential optical gain, « is the linewidth enhancement factor, vy is the carrier
decay rate, and I' is the cavity decay rate. The angular frequency of the solitary LD is described as
w = 2mc/ A, where c is the velocity of light and A is the wavelength. The drive current of the system
without an applied signal is expressed as pJy,.

Equations (1)—(3) describe the dynamics of LD1. The external signal is applied to ensure that
the drive current of LD1 is above the threshold [1 + g - C(¢)](p — 1) Jn, where Ay is the amplitude of
LDO, g is the amplification coefficient, and C(t) = a - Ag(t)? represents the applied signal for LD1,
which is normalized by the parameter a. Equations (4)—(6) describe the dynamics of LD2, which has
the optical injection from LD1. The second terms on the right side of Equations (4) and (5) describe
the optical injection from LD1 to LD2. A;(f — Tinj) and ¢1 (t — Tij) are the amplitude and phase of
the laser field injected into LD2 from LD1, respectively. Equations (7)—(9) describe the dynamics of
LDO0, which has the optical feedback. The second terms on the right side of Equations (7) and (9)
describe the optical feedback for LD0. Ag(t — 1g,) and ¢o(t — Tg,) are the amplitude and phase of
the laser field fed back from the external cavity to LDO, respectively. Tiy; is the injection time from
LD1 to LD2, and Ty, is the round-trip time of the external cavity for LDO. The injection and feedback
coefficients are expressed as Kinj = (1- r%)rinj /70Tin and kg, = (1 — r%)rﬂ) /10Tin, respectively, where
rinj is the injection ratio of the output injected into LD2 to the output of LD1, ry, is the feedback ratio
of the output fed back from the external cavity to LDO, and T, is the round-trip time in the inner
cavity. In our simulation using the Runge—-Kutta method, where the step size is 1ps, the following
values are assigned to the parameters, which are taken from Ref. [26]: Gy = 2.142 x 10*[s7!], « = 5.0,
A = 635[nm], ¢ = 3.0 x 108[m/s], v = 0.909[ns~!], T = 0.357[ps~'], ro = 0.556, T, = 8.0[ps~!],
Njo1 = 1.708 x 108, 7, = 5.0[ns] and Tjj = 5.0[ns]. The initial values A(0) and 7(0) are the convergent
values of the solitary LD, and ¢(0) = 0 is utilized. Then, the pseudorandom signal is generated by the
Mersenne Twister random number generator [28] and Box—Muller transform [29].

Chaos source
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Figure 1. Schematic diagram of the optical injection LD system with an applied chaotic signal which
consists of (a) master-slave LD system and (b) applied signal source.
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In this study, the maximal Lyapunov exponent is estimated to quantify the orbital instability
of the chaotic LD. We describe how to estimate the maximal Lyapunov exponent by linear stability
analysis [30-32]. When we estimate the Lyapunov exponent of LD2, the small variations d 42 (), d42(t)
and 6,3 (t) of the dynamic variables of Equations (4)-(6) from the reference orbit, respectively written
as Ag(t), (ws(t) — w)t and ngp(t), are considered. Since LD2 is the optical injection system, d45(#),
d¢2(t), and 6,2 (t) for LD2 satisfy

déaa(t)

dt daa(t)

ddgn (t

7‘(@” = Jinj | Og2(t) |- (10)
dé,n(t) On2(t)

dt

Here, Jinj is the Jacobian matrix of order 3 x 3, and is given in the Appendix A. In this work, the time
delay terms, A (t — Tinj) and ¢1(f — Tinj), are dealt with as external parameters since these parameters
are not the dynamic variables of LD2 but those of LD1; in other words, the dynamics of LD2 is
approximated using only three variables of LD2. On the other hand, when we estimate the Lyapunov
exponent of LDO, since LDO is the optical feedback system, the small variations d4¢(t), dg0(t), dno(t),
Ap(t — 1) and ¢o(t — 1g,) of Equations (7)—(9) from the reference orbit, respectively written as Ao (t),
(wso(t) — w)t, ngo(t), Aso(t — ) and (wso(t — Tgy) — w) (t — Ty, ), are considered. Then, d40(t), dpo(t),
Ono(t), da0(t — Tay) and o (t — Tp1,) satisfy

dd40(t) dao(t

dédt(t) %O(t)

0 | =T Sno(t : (11)
dt

déo(t) dao(t — i)
dt 54;()(t — Tgp)

where Jg, is the Jacobian matrix of order 3 x 5, and is given in the Appendix A. These equations
are calculated numerically using the Runge-Kutta method, where the step size is 1 ps, and the
norm D; = \/Zt (51241.(1?) + ‘%i(t) + 55i(t)> (i=0,2 j=1,2,3,- ) is calculated by the method in
Refs. [33,34]. The subscript j indicates the time section [(j — 1)7, jT) and the term in the square root is
the summation in the range of [(j — 1)7,jT), where T indicates the injection time Tj,j for LD2 or the
feedback time g, for LDO. Since the norm between the chaotic orbit and the reference orbit is gradually
large and the local approximation can not be used, we initialize and replace the small variation J 4; (),
04i(jT) and 8, (jT) with 64;(jT)/ Dj, 64 (jT)/ D; and 6,,;(jT) / D;, respectively, at intervals of 7. The rate
of increase in the norm is considered and the Lyapunov exponent is represented by

L
ALsa = Z In ]+ (12)
D;

We use the discrete optical outputs A;(t), ¢;(t) and n;(t) (i = 0,1,2), which are sampled
at intervals of 10 ps over 5 us. Here, to show the robustness of A;gp against initial conditions,
we investigate Ay gp plotted against length of time series for the calculation of A;gs . We consider the
LD used in the figure of Section 3.2, which has the parameters ri,; = 0.06 and rg, = 0.10 as a typical
example, and show the mean of A;g4 in Figure 2. The error bars represent the standard deviations.
The number of this population is a thousand and the initial value of A,(t) are given randomly in the
range of [0.9 x A(0),1.1 x A2(0)]. As the length increases, A;sa converges and the standard deviation
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sufficiently becomes small; for example, the standard deviation for 5 s is 0.025. In this work, we adopt
5 ps as the length of time series, and the results shown in the following figures are not means but
values which are obtained by a single calculation. Then, in the following numerical simulations, some
Arsa diverge when A, — 0 or Ag — 0 and are not shown in the following figures.

3.4
3.2

5
;3-0l{{}i{i{{;
2.8
2.6
0 1 2 3 4 5

Length of time series [us]

Figure 2. Mean of Lyapunov exponent plotted against length of time series for numerical simulation.
The error bars represent standard deviations.

3. Orbital Instability of Chaotic Laser Diode with Chaotic Applied Signal

3.1. Mean and Standard Deviation of Applied Signal

In this section, we investigate the orbital instability of LD2 by applying a chaotic signal to the
drive current of LD1. The chaotic signal is normalized to a value of [0, 1] using the parameter 4 in
Equation (3). The Lyapunov exponent Apsa is plotted against the optical injection ratio i, in Figure 3.
In Figure 3a, the black circles and red squares indicate A;gp of LD2 without any applied signal and
with an applied chaotic signal for ¢ = 5.0 and rg, = 0.05, respectively. The mean and standard
deviation of the applied chaotic signal are 0.113 and 0.080, respectively. The gray plots are the extrema
of the intensity of LD2 without any applied signal, which shows the bifurcation diagram. When LD2
has no applied signal, for small ri,;, LD2 oscillates stably or periodically and the corresponding Arsa
is nonpositive. With increasing riy, the intensity of LD2 has a large number of extrema and the
dynamics are chaotic, with positive A;gs. Then, a large window is observed between the chaotic
states around rinj ~ 0.10 and small windows are observed for some other Tinj, where LD2 oscillates
periodically and the corresponding A;ga is nonpositive. However, chaotic dynamics appear upon
applying a chaotic signal to the drive current of LD1, and A;gs > 0, as shown by the red squares in
Figure 3a. This phenomenon is similar to that observed when by applying a pseudorandom signal
in Ref. [24]. In addition, it seems that the red squares in Figure 3a shift slightly away from the black
circles in the negative direction of 7iy;.

Next, we consider the applications of a pseudorandom signal with a mean of 0.113 and standard
deviation of 0.080, which are the same values as those of the applied chaotic signal, and DC with
C(t) = 0.113. In Figure 3a, the blue diamonds and purple triangles indicate A;ga of LD2 with the
pseudorandom signal and with the applied DC, respectively. Since the mean of the drive current
increases by the applied signal for both plots, the chaotic dynamics of the injection system are enhanced
and the plots are shifted away from the black circles in the negative direction of 7. When the applied
signal is a DC but not a pseudorandom signal, windows are observed.
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In Figure 4, we confirm that the distribution of A; g4 is shifted away from the intrinsic distribution
in the negative direction of 7, by applying a signal to the drive current of LD1, which is a DC and
pseudorandom signal with a standard deviation of 0.10 in Figure 4a,b, respectively. The black circles,
red squares, blue diamonds, and purple triangles indicate g - C(t) = 0,0.10,0.50 and 1.00, respectively.
The gray plots show the bifurcation diagram for the intrinsic system without the applied signal.
With increasing applied signal, the shift of the plots increases. Thus, the orbital instability is sensitive
to the mean of the applied signal for the DC or pseudorandom signal.

However, the orbital instability is not always sensitive to the mean of the applied signal for
a chaotic signal. In Figure 3b, we show Ay g for the system with the chaotic applied signal of rg, = 0.20,
where the mean and standard deviation of the signal are 0.108 and 0.102, respectively. The black circles,
red squares, blue diamonds, and purple triangles indicate the injection system without any applied
signal, with the chaotic signal, with the pseudorandom signal with a mean of 0.108, and standard
deviation of 0.102, and with DC with a mean of 0.108, respectively. The plots for the system with
the applied pseudorandom signal and the applied DC are shifted away from the black circles in the
negative direction of rj,j. Since the mean of the applied signal is larger than that in Figure 3a, the shift
of the plots is larger. On the other hand, when the chaotic signal is applied, the plots are shifted
away from the black circles in the positive direction of rin;. Therefore, it is considered that the factor
contributing to the enhanced orbital instability is not the mean or standard deviation but another factor.
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(@) § ----- w/ applied chaotic signal
'E --------- w/ applied pseudorandom signal
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5 =
S,
N
A
—
-
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¥ 4 g Extrema of intensity of LD2
. : 2 18
0.00 0.05 0.10 0.15 0.20 M@
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Figure 3. Bifurcation diagram and Lyapunov exponent plotted against injection ratio when
(a) g, = 0.05 and (b) rg, = 0.20. The black circles, red squares, blue diamonds, and purple triangles
indicate the system without the applied signal, with the applied chaotic signal, with the pseudorandom
signal, and with applied DC, respectively. The gray plots are the local maximal values of the intensity
of LD2 without the applied signal.
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Figure 4. Bifurcation diagram and Lyapunov exponent plotted against injection ratio with (a) applied
DC and (b) applied pseudorandom signal. The black circles, red squares, blue diamonds, and purple
triangles indicate g - C(t) = 0,0.10,0.50 and 1.00, respectively. The gray plots are the local maximal
values of the intensity of LD2 without the applied signal.

3.2. Optical Feedback Ratio and Optical Injection Ratio

Here, to consider the effect of the applied chaotic signal, we show the orbital instability of the
system with the applied chaotic signal as a function of the optical feedback ratio rg, of LDO and the
optical injection ratio 7i; from LD1 to LD2. Figure 5 shows Apsa plotted against rq, and ripj. According
to the previous discussion, the mean of the applied signal may contribute to the orbital instability of
LD2. Thus, all the applied signals in this subsection are normalized by the parameter 2 in Equation (3),
and the mean of the applied signal is fixed as g - C(t) = 0.5 and 5.0, shown in Figure 5a,b, respectively.
When the amplitude of the applied chaotic signal is small, rg, makes a small contribution to Aygp for
small rin; (Figure 5a). With increasing rinj, when rg, is large, AL sa increases gradually. For larger rg,,
Arsa has a peak around riyj ~ 0.14. On the other hand, when the amplitude of the applied chaotic
signal is large, g, makes a larger contribution to A;ga (Figure 5b) than that in Figure 5a. The window
around 7inj ~ 0.10, which is observed in the inherent system without the applied signal, is not observed,
the peak around rin; ~ 0.05 is shifted in the positive direction of rinj and the peak around rjp; ~ 0.14
gradually becomes large.
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Figure 5¢ shows the maximal value of A;sa in the range of 0 < 7y < 0.20 and the corresponding

optical injection ratio ri’nj plotted against rg, for g - C(t) = 0.5. When rg, < 0.04, A;gp has the maximal
value at r{nj ~ 0.058. On the other hand, when rg, > 0.04, A} so depends on rg,, and 0.10 < ri’nj < 0.15,
where the window is observed in the inherent system without the applied signal. Similarly, we shows
the maximal value of A1 s in the range of 0 < rj,j < 0.20 and the corresponding optical injection ratio
{n]. plotted against rg, for g - C(t) = 5.0. When rg, < 0.03, A gp has the maximal value at r{nj ~ 0.037.
Then, the maximal value of A;gp depends on rg,. Since the maximal value of A gy gradually increases
and saturates with increasing ry,, it is controlled by rg, of the applied chaotic signal. In the next section,
we discuss some quantities of the applied signal to study the conditions of the applied signal that
cause large orbital instability of LD2.

r
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Figure 5. Lyapunov exponent of the system with the applied chaotic signal as a function of the feedback
ratio of LDO and the injection ratio from LD1 to LD2 when (a) g - C(f) = 0.5 and (b) g¢- C(¢) = 5.0,
and maximal value of Lyapunov exponent in the range of 0 < rj,j < 0.20 and corresponding optical

injection ratio ri’n]. as a function of g, when (c¢) ¢ - C(¢) = 0.5 and (d) ¢ - C(¢) = 5.0.
4. Orbital Instability against Statistical and Dynamical Quantities of Applied Signal

First, we study the applied chaotic signal, which is generated by LD0 with optical feedback.
Figure 6 shows the extrema of the intensity of LDO and the Lyapunov exponent A;sa plotted against
the optical feedback ratio rg,. Different symbols are used for different ranges of rg,, that is, purple
down-pointing triangles, blue up-pointing triangles, green diamonds, orange squares, and red circles
indicate A gp for 0 < rg, < 0.040, 0.040 < rg, < 0.080, 0.080 < rg, < 0.120, 0.120 < rg, < 0.160 and
0.160 < rg, < 0.200, respectively. In the range of 0 < rg, < 0.040, the fluctuation of the intensity is
small and Argy is small. With increasing rg,, Apga inceases for 0.040 < rg, < 0.120 and gradually
decreases for 0.120 < rg,.
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Figure 6. Bifurcation diagram and Lyapunov exponent of LD0. Purple down-pointing triangles, blue
up-pointing triangles, green diamonds, orange squares, and red circles indicate Ay g for 0 < rg, < 0.040,

0.040 < rg, < 0.080, 0.080 < rg, < 0.120,0.120 < rg, < 0.160 and 0.160 < rg, < 0.200, respectively. The
gray plots are the local maximal values of the intensity of LDO.

Next, we study the orbital instability of LD2 with the applied chaotic signal for statistical and
dynamical quantities of the applied chaotic signal to show the characteristics of the applied chaotic
signal that can control the orbital instability of LD2. The maximal values of A;gs4 of LD2 in the
range of 0 < ripj < 0.20 for certain rg, of LDO are calculated and plotted against the standard
deviation, skewness, kurtosis, Lyapunov exponent, bandwidth, and mode of the histogram of LDO
in Figure 7. The symbols correspond to those in Figure 6. In the range where the orbital instability
of the applied signal is small (0 < rg, < 0.040), the maximal value of A;gp does not vary with rg,
(purple down-pointing triangles in Figure 7). We then consider the range of 0.040 < rg, < 0.200
where the orbital instability of the applied chaotic signal is sufficiently large. The correlation between
the maximal value of A;sa and the standard deviation of the applied signal is low in Figure 7a. On
the other hand, in Figure 7b—d, the maximal value of A1 gx is nonlinear with the skewness, kurtosis,
and Lyapunov exponent of the applied signal in the range of 0.040 < rg, < 0.200, respectively. The plots
for 0.040 < rg, < 0.160 and 0.160 < rg, < 0.200 have different gradients: thus, it is difficult to identify
Arsa from the statistical quantities. However, in Figure 7e—f, the maximal value of A;gy is linear to
the bandwidth and mode of the histogram of the applied signal in the range of 0.040 < rg, < 0.200.
Therefore, we can identify A;ga from these quantities. Since the large bandwidth and small mode of
the histogram of the applied signal contribute to the large Lyapunov exponent, the orbital instability
of LD2 can be enhanced by applying a chaotic pulsation having a broad bandwidth.
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Figure 7. Maximal value of Lyapunov exponent in the range of 0 < riyj < 0.20 plotted against
(a) standard deviation, (b) skewness, (c) kurtosis, (d) Lyapunov exponent, (e) bandwidth, and (f) mode
of histogram of LDO.

Next, we discuss the shift of the maximal value of A;sa upon applying the chaotic signal in
Figure 5. We consider the optical injection ratio ri’njo, which is r{nj for the inherent system without
the applied signal, and introduce the difference Ar = r{nj - ”i/njO' Figure 8 shows Ar plotted against
statistical and dynamical quantities of the applied chaotic signal, that is, the standard deviation,
skewness, kurtosis, Lyapunov exponent, bandwidth, and mode of the histogram of LDO as in Figure 7.
In the range where the orbital instability of the applied signal is small (0 < rg, < 0.040), Ar is small for
most plots. However, in the range of 0 < rg, < 0.010, the orbital instability of LD2 is reduced since LDO
oscillates periodically or quasi-periodically. Since an additional optical injection is needed to obtain
similar orbital instability, Ar becomes large. In the range of 0.040 < rg, < 0.160, the orbital instability
of LD2 is enhanced in the range of 0.09 S 7inj < 0.13, where a window can be observed in the inherent
system, and the plots are concentrated around Ar ~ 0.07.

The correlation between Ar and the standard deviation, skewness and kurtosis of the applied
signal is low in Figure 8a—c, respectively. In Figure 8e,f, Ar is nonlinear to the bandwidth and mode
of the histogram of the applied signal in the range of 0.040 < rg, < 0.200, respectively. The plots for
0.040 < rg, <0.160 and 0.160 < rg, < 0.200 have different gradients. On the other hand, Ar seems to
depend on the Lyapunov exponent of the applied signal in the range of 0.040 < rg, < 0.200 (Figure 8d).
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Figure 8. Optical injection ratio where the Lyapunov exponent is maximum in the range of
0 < rinj < 0.20 plotted against (a) standard deviation, (b) skewness, (c) kurtosis, (d) Lyapunov exponent,
(e) bandwidth, and (f) mode of histogram of LDO.

Finally, we discuss the chaos synchronization between LDs. For example, we assume the
application of the present system to chaotic secure communication that is a digital scheme by using
a difference of the orbital instability of chaotic LD [18]. The scheme is hardware-dependent, where the
key to communication is based on the parameter of the LD system. LD1 and LD2 act as the transmitter
and receiver LDs, respectively. Then, LDO is the driver used to control the dynamics of LD1 and the
message is modulated by LDO and applied to LD1. The orbital instability of LD2 is controlled by
LDO0 through LD1 and corresponds to the digit. The proper receiver quantifies from only the optical
intensity of LD2 at a certain interval, for example, using the method in Ref. [32], and compares the
quantified orbital instability with the predetermined threshold to decide the digit. Since the dynamics
of LD2 are decided by the parameters of three LDs, it is difficult for eavesdroppers to decode the digit
with only the transmitting signal. However, if LD2 synchronizes with the other LDs, the eavesdropper
can estimate the digit from the transmitting signal. Thus, we investigate the chaos synchronization
between LD2 and the other LDs. In Figure 9, we calculate the correlation coefficient between the LDs
plotted against rg, and rij to quantify the chaos synchronization. Figure 9a,b show the correlation
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coefficients between LDO and LD2 and between LD1 and LD2, respectively. The correlation coefficient
is expressed as

((Ii(t) = (L)) (I (t + At) = (D)) (13)

7

pin = max

A = (1)) (Bt + A0 — (1))

where [; and I, indicate the optical outputs of LDi (i = 0,1) and LD2, respectively, and (-) indicates the
ensemble average. The roundtrip time of the external cavity 1y, and the trip time of the injection light
from LD1 to LD2 Tinj, have the same value, and the correlation coefficient is calculated in the range
—101g, < At < 107, Figure 9¢,d show the maximal value of pgp and pj in the range of 0 < rinj < 0.20
and the corresponding optical injection ratio rﬂlj plotted against rg,. In Figure 9a,c, the correlation
coefficient pgy between LDO0 and LD2 is small in the entire range and the maximum is 0.11, showing
that LD2 does not synchronize with LDO. On the other hand, as shown in Figure 9b,d, the correlation
coefficient p1p between LD1 and LD2 is larger than that in Figure 9a. For all rg,, the correlation
coefficient is small in the range of riy; < 0.05. With increasing rinj, the correlation coefficient becomes
larger since the orbital instability of LD2 is enhanced (rinj ~ 0.05). With further increase of Tinj,
the correlation coefficient becomes small again in the range of rinj = 0.10, where a window can be
observed in the inherent system. Since the maximal correlation coefficient between LD1 and LD2 is
0.40, chaos synchronization between LD1 and LD2 is not achieved. Therefore, it is concluded that the
orbital instability of LD2 can be controlled by varying the parameters of LDO, which generates the
applied chaotic signal, without chaos synchronization between the LDs.
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Figure 9. Correlation coefficient as a function of the feedback ratio of LD0 and the injection ratio from
LD1 to LD2: (a) between LD0 and LD2 and (b) between LD1 and LD2, and maximal value of correlation
coefficient in the range of 0 < riy; < 0.20 and corresponding optical injection ratio ri’;l]- as a function of
7 (¢) between LD0 and LD2 and (d) between LD1 and LD2.
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5. Conclusions

We numerically studied the orbital instability of a chaotic laser diode (LD) system with optical
injection, which consists of the master LD (LD1) and slave LD (LD2). The drive current of LD1 is
modulated by the chaotic applied signal, which is generated by LDO with optical feedback. First,
we showed that chaotic behavior in the window is actualized by applying the chaotic signal as well as
a pseudorandom signal. The optical injection ratio required to oscillate LD2 chaotically is decreased by
applying the pseudorandom signal or DC but increased by applying the chaotic signal.

Next, we investigated the maximal value of the Lyapunov exponent of LD2 in the range of
0 < rinj < 0.20 as a function of the optical feedback ratio of LD0 and the optical injection ratio from
LD1 to LD2. When the amplitude of the applied chaotic signal is sufficiently large and the inherent
system without the applied chaotic signal is in the window, the Lyapunov exponent of LD2 can be
controlled by varying the optical feedback ratio of LDO.

Then, we discussed the effect of statistical and dynamical quantities of the applied chaotic
signal on the orbital instability of LD2. The bandwidth and mode of the histogram of the applied
chaotic signal are linear to the maximal value of the Lyapunov exponent of LD2. It was shown that
the orbital instability of LD2 can be enhanced efficiently by applying a chaotic pulsation having
a broad bandwidth.

Finally, we investigate the chaos synchronization between LDs. The LDs do not synchronize with
each other. It was shown that the orbital instability of the chaotic LD can be controlled without chaos
synchronization. Since it is difficult to estimate the dynamics of LDO from the optical intensity of LD1,
the characteristics is useful to the application of chaotic LD like a secure communication.
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Appendix A. Jacobian Matrix

The Jacobian matrix on the right side of Equation (10) is defined as

Ofaz 9faz 9faz

0A, o ony

Jo = dfpr  9dfpx  Ifyo
e 0A, o ony !

af n2 af n2 af n2

0A, o ony

(A)

where f42, fg2, and f;» indicate the function for the right side of Equations (4)-(5), respectively. Then,
the matrix used in our work described by

1 1
5 Gnma(t) —KinjA1(f = Tinj)Sinj (1) 5GNA2(t)
Jini = A1t — Tinj) A(t— Tinj) 1 . A2
& Kinj O Sinj (t) T Cinj(t) 54GN (A2)

—2[[" + Gnna(t)] Aa(t) 0 —y — GNA3(t)
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Here, Siyj(t) = sin[wTinj + ¢2(t) — ¢1(t — Tinj)] and Cinj(t) = cos[wTinj + P2(t) — P1(t — Tinj)]. Similarly,
since the matrix on the right side of Equation (11) is defined as

dfao  9fao 9fao 9fao 9fao
04y d¢o ony dAgp,  IPg
_ | 9fp0 9fgo 9fpo Ifpo  Ifpo
Joo = dAy oy omg dAp Opp |’ (A3)
aan afn() aan aan aan
dAp d¢o ong  dAp,  IPg

where fao, fpo and fyo indicate the function for the right side of Equations (7)—(9), respectively,
the matrix used in our work described by

Jo =

%GNTlo(t) *beAo(f — be)Sfb(t) %GNA()(I‘) beCfb(t) beAo(f — be)Sfb(t)
Kfp 71402%;;%) w(t) K 71401((:0@;%)0%(0 %“GN - Ath) S (t)  ® 71401(&:0@;%)6%(0 (Ad)
—2[T + Gnmo(t)] Ao(t) 0 —7 — GNAG(H) 0 0

Here, Sy, (t) = sin[wtg, + ¢o(t) — ¢po(t — )] and Cg, (£) = cos[w Ty, + Po(t) — ot — Tw)]-

References

1. Mork, J.; Tromborg B.; Mark, J. Chaos in semiconductor lasers with optical feedback: Theory and experiment.
IEEE ]. Quantum Electron. 1992, 28, 93-108. [CrossRef]

2. Simpson, T.B; Liu, ].M.; Gavrielides, A.; Kovanis, V.; Alsing, P. M. Period-doubling cascades and chaos in
a semiconductor laser with optical injection. Phys. Rev. A 1995, 89, 4181-4185. [CrossRef]

3. Jones, R].; Rees, P; Spencer, P.S.; Shore, K.A. Chaos and synchronization of self-pulsating laser diodes. J. Opt.
Soc. Am. B 2001, 18, 166-172. [CrossRef]

4. Lin,F,; Liu, J.-M. Nonlinear dynamics of a semiconductor laser with delayed negative optoelectronic feedback.
IEEE ]. Quantum Electron. 2003, 39, 562-568. [CrossRef]

5. Weicker, L.; Erneux, T.; Wolfersberger, D.; Sciamanna, M. Laser diode nonlinear dynamics from a filtered
phase-conjugate optical feedback. Phys. Rev. E 2015, 92, 022906. [CrossRef]

6.  Ohtsubo, J. Semiconductor Lasers; Stability, Instability and Chaos, 3rd ed.; Springer: Berlin/Heidelberg,
Gearmany, 2013.

7. Ohtsubo, J. Chaos synchronization and chaotic signal masking in semiconductor lasers with optical feedback.
IEEE ]. Quantum Electron. 2002, 38, 1141-1154. [CrossRef]

8. Yoshimura, K.; Muramatsu, J.; Davis, P.; Harayama, T., Okumura, H.; Morikatsu, S.; Aida, H;
Uchida, A. Secure key distribution using correlated randomness in lasers driven by common random
light. Phys. Rev. Lett. 2012, 108, 070602. [CrossRef]

9.  Uchida, A.; Amano, K.; Inoue, M.; Hirano, K.; Naito, S.; Someya, H.; Oowada, I.; Kurashige, T.; Shiki, M.;
Yoshimori, S.; et al. Fast physical random bit generation with chaotic semiconductor lasers. Nat. Photonics
2008, 2, 728-732. [CrossRef]

10. Virte, M.; Mercier, E.; Thienpont, H.; Panajotov, K.; Sciamanna, M. Physical random bit generation from
chaotic solitary laser diode. Opt. Express 2014, 22, 17271-17280. [CrossRef]

11. Obaid, HM.; Islam, M.K.; Ullah, M.O. Simulation experiments to generate broadband chaos using
dual-wavelength optically injected Fabry-Perot laser. J. Mod. Opt. 2016, 63, 1500-1505. [CrossRef]

12.  Appeltant, L.; Soriano, M.C.; Van der Sande, G.; Danckaert, J.; Massar, S.; Dambre, J.; Schrauwen,
B.; Mirasso, C.R.; Fischer, I. Information processing using a single dynamical node as complex system.
Nat. Commun. 2011, 2, 1-6. [CrossRef]

13.  Paquot, Y.; Duport, F.; Smerieri, A.; Dambre, ].; Schrauwen, B.; Haelterman, M.; Massar, S. Optoelectronic

reservoir computing. Sci. Rep. 2012, 2, 1-6. [CrossRef]


http://dx.doi.org/10.1109/3.119502
http://dx.doi.org/10.1103/PhysRevA.51.4181
http://dx.doi.org/10.1364/JOSAB.18.000166
http://dx.doi.org/10.1109/JQE.2003.809338
http://dx.doi.org/10.1103/PhysRevE.92.022906
http://dx.doi.org/10.1109/JQE.2002.801883
http://dx.doi.org/10.1103/PhysRevLett.108.070602
http://dx.doi.org/10.1038/nphoton.2008.227
http://dx.doi.org/10.1364/OE.22.017271
http://dx.doi.org/10.1080/09500340.2016.1157218
http://dx.doi.org/10.1038/ncomms1476
http://dx.doi.org/10.1038/srep00287

Photonics 2020, 7, 25 15 of 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

Kanno, K.; Uchida, A. Consistency and complexity in coupled semiconductor lasers with time-delayed
optical feedback. Phys. Rev. E 2012, 86, 066202. [CrossRef]

Naruse, M.; Terashima, Y.; Uchida, A.; Kim, S.-J. Ultrafast photonic reinforcement learning based on laser
chaos. Sci. Rep. 2017, 7, 8772. [CrossRef]

Mirasso, C.R.; Mulet, J.; Masoller, C. Chaos shift-keying encryption in chaotic external-cavity semiconductor
lasers using a single-receiver scheme. IEEE . Technol. Lett. 2002, 14, 456-458. [CrossRef]

Liu, J.; Chen, H.; Tang, S. Synchronized chaotic optical communications at high bit rates. IEEE |. Quantum
Electron. 2002, 38, 1184-1196.

Ebisawa, S.; Komatsu, S. Message encoding and decoding using an asynchronous chaotic laser diode
transmitter-receiver array. Appl. Opt. 2007, 46, 4386—4396. [CrossRef]

Ebisawa, S.; Komatsu, S. Chaotic communication using asynchronous laser diode transmitter /receiver array
with optical feedback. Jpn. J. Appl. Phys. 2007, 46, 5512-5518. [CrossRef]

Hirano, K.; Yamazaki, T.; Morikatsu, S.; Okumura, H.; Aida, H.; Uchida, A.; Yoshimori, S.; Yoshimura, K.;
Harayama, T.; Davis, P. Fast random bit generation with bandwidth-enhanced chaos in semiconductor lasers.
Opt. Express 2010, 18, 5512-5524. [CrossRef]

Takiguchi, Y.; Ohyagi, K.; Ohtsubo, ]J. Bandwidth-enhanced chaos synchronization in strongly
injection-locked semiconductor lasers with optical feedback. Opt. Lett. 2003, 28, 319-321. [CrossRef]

Guo, X.X,; Xiang, S.Y.; Zhang, Y.H.; Wen, A.J.; Hao, Y. Information-theory-based complexity quantifier for
chaotic semiconductor laser with double time delays. IEEE Quantum Electron. 2018, 54, 2000308. [CrossRef]
Xu, Y; Zhang, L.; Lu, P; Mihailov, S.; Chen, L.; Bao, X. Time-delay signature concealed broadband
gain-coupled chaotic laser with fiber random grating induced distributed feedback. Opt. Laser Technol. 2019,
109, 654—-658. [CrossRef]

Ebisawa, S.; Maeda, J.; Komatsu, S. Chaotic oscillation of laser diode with pseudorandom signal. Optik 2019,
188, 233-243. [CrossRef]

Li X.-Z.; Chan, S.-C. Detection dependencies of statistical properties for semiconductor laser chaos. IEEE ].
Sel. Top. Quantum Electron. 2019, 25, 1501209. [CrossRef]

Van Tartwijk, G.H.M.; Levine, A.M.; Lenstra, D. Sisyphus effect in semiconductor lasers with optical feedback.
IEEE J. Sel. Top. Quantum Electron. 1995, 1, 466—472. [CrossRef]

Ahlers, V.; Parlitz, U.; Lauterborn, W. Hyperchaotic dynamics and synchronization of external-cavity
semiconductor lasers. Phys. Rev. E 1998, 58, 7208-7213. [CrossRef]

Matsumoto, M.; Nishimura, T. Mersenne Twister: A 62three-dimensionally equidistributed uniform
pseudorandom number generator. ACM Trans. Model. Comput. Simul. 1998, 8, 3-30. [CrossRef]

Box, G.E.P.; Muller, M.E. A note on the generation of random normal deviates. Ann. Math. Stat. 1958,
29, 610-611. [CrossRef]

Pyragas, K. Conditional Lyapunov exponents from time series. Phys. Rev. E 1997, 56, 5183-5188. [CrossRef]
Jingling, T.; Soriano, M.C.; Fischer, I. Determining the sub-Lyapunov exponent of delay systems from time
series. Phys. Rev. E 2015, 91, 062908. [CrossRef]

Ebisawa, S.; Maeda, J.; Komatsu, S. Quantification of orbital instability of chaotic laser diode. Optik 2018,
172,908-916. [CrossRef]

Pyragas, K. Synchronization of coupled time-delay systems: Analytical estimations. Phys. Rev. E 1998,
58, 3067-3071. [CrossRef]

Kanno, K.; Uchida, A. Finite-time Lyapunov exponents in time-delayed nonlinear dynamical systems.
Phys. Rev. E 2014, 89, 032918. [CrossRef]

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1103/PhysRevE.86.066202
http://dx.doi.org/10.1038/s41598-017-08585-8
http://dx.doi.org/10.1109/68.992576
http://dx.doi.org/10.1364/AO.46.004386
http://dx.doi.org/10.1143/JJAP.46.5512
http://dx.doi.org/10.1364/OE.18.005512
http://dx.doi.org/10.1364/OL.28.000319
http://dx.doi.org/10.1109/JQE.2018.2792465
http://dx.doi.org/10.1016/j.optlastec.2018.08.057
http://dx.doi.org/10.1016/j.ijleo.2019.05.066
http://dx.doi.org/10.1109/JSTQE.2019.2914420
http://dx.doi.org/10.1109/2944.401230
http://dx.doi.org/10.1103/PhysRevE.58.7208
http://dx.doi.org/10.1145/272991.272995
http://dx.doi.org/10.1214/aoms/1177706645
http://dx.doi.org/10.1103/PhysRevE.56.5183
http://dx.doi.org/10.1103/PhysRevE.91.062908
http://dx.doi.org/10.1016/j.ijleo.2018.07.134
http://dx.doi.org/10.1103/PhysRevE.58.3067
http://dx.doi.org/10.1103/PhysRevE.89.032918
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Chaotic Laser System and Lyapunov Exponent
	Orbital Instability of Chaotic Laser Diode with Chaotic Applied Signal
	Mean and Standard Deviation of Applied Signal
	Optical Feedback Ratio and Optical Injection Ratio

	Orbital Instability against Statistical and Dynamical Quantities of Applied Signal
	Conclusions
	Jacobian Matrix
	References

