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Optical chaos has attracted widespread attention owing to its complex dynamic behaviors. However, the time delay
signature (TDS) caused by the external cavity mode reduces the complexity of optical chaos. We propose and numerically
demonstrate the critical dispersion of chirped fiber Bragg grating (CFBG) for eliminating the TDS of laser chaos in this
work. The critical dispersion, as a function of relaxation frequency and bandwidth of the optical spectrum, is found through
extensive dynamics simulations. It is shown that the TDS can be eliminated when the dispersion of CFBG is above this
critical dispersion. In addition, the influence of dispersive feedback light and output light from a laser is investigated. These
results provide important quantitative guidance for designing chaotic semiconductor lasers without TDS.

Keywords: chaos, semiconductor laser, time delay signature, chirped fiber Bragg grating (CFBG)
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1. Introduction

Owing to the complex dynamic characteristics, the
chaotic laser has great potential applications in secure
communication, =4 key distribution,®19" random number

11-15 [16-18] A com-

generation, | I"and optical neural networks.
mon approach is to use an external cavity semiconductor
laser to generate optical chaos. However, the external cav-
ity mode introduced in the external cavity feedback causes the
time delay signature (TDS) in chaotic laser and reduces its
complexity. ']

Many methods have been proposed to solve this prob-
lem, including special external cavity feedback,?%2!! and ex-

ternal nonlinear devices.[*>3% In the special external cav-
20]

21]

ity feedback method, an ultrashort external cavity length!
or two roughly equal cavities are proposed to hide TDS.!
In the external nonlinear device method, the nonlinear re-
sponse of a nonlinear device is utilized to reduce the corre-
lation between the output light and the feedback light, such
as an additional laser,*?! phased-array feedback,!?*! phase-
modulated feedback,?*>>! random grating feedback,*! FBG
feedback?”-?8! and chirped FBG (CFBG) feedback.[?3%]

In previous study, we have found that dispersion is a
meaningful parameter, and a reasonable setting can achieve
the complete elimination of TDS.[*
nation of TDS is the nonlinear feedback caused by the disper-
sion of CFBG. Unlike the fixed external cavity feedback, the
dispersive feedback brings an increasing delay time which is

! The reason for the elimi-

related to the resonance frequency. Although the CFBG feed-
back scheme has proven to be able to eliminate the TDS, the
critical dispersion of CFBG is the key to generating a non-
periodic chaotic laser in practical application. It should be
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mentioned that previous work has paid attention to the mech-
anism of TDS elimination in which dispersive feedback light
forms CFBG induced irregular external-cavity mode. By com-
parison, this work focuses on the critical dispersion range of
CFBG which could eliminate the TDS of laser chaos.

In this work, the dispersion of CFBG and the internal pa-
rameters of a DFB laser are quantitatively analyzed. In addi-
tion, the relationship between these parameters and the critical
dispersion is studied. An empirical formula for the critical
dispersion of CFBG is obtained by using the modified Lang—
Kobayashi model. The TDS can be eliminated in a wide area
where the dispersion exceeds the critical dispersion value. Fur-
thermore, these results provide important quantitative guid-
ance for the design of chaotic semiconductor lasers.

2. Theoretical mode

The configuration of dispersion feedback of the DFB laser
is illustrated in Fig. 1. A CFBG is used to obtain the disper-
sion feedback light. The inset shows the group delay spec-
trum of CFBG and the optical spectrum. Numerical simula-
tions are conducted by using the well-known Lang—Kobayashi
equations.*!l By adding the dispersive feedback item, the

modified rate equations can be written as follows: >93]
dE _ 1+ia [g(N=No) 1],
dr 2 | 1+elEP B
t
K
+— / h(t—t"E(t' —1)dt’, (N
Tin
T
dN I N N—Np
W_ L N sl @)
gV ™ 1+¢lE|
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where E represents the slowly varying amplitude of the elec-
trical field, N being the carrier density, o being the linewidth
enhancement factor, g being the differential gain, Ny being
the transparency carrier density, € being the gain saturation
parameter, T, being the photon lifetime, 7, being the round-
trip time in the laser cavity, kr being the amplitude feedback
strength, ¢ being the elementary charge, V being the active
layer volume, Ty being the carrier lifetime, and 7 being the
round-trip time between the laser and the grating.

Table 1. Simulation parameters.>’]

Parameters Symbol Value
Transparency carrier density No 1x10® um=3
Differential gain g 0.5625x 1073 um3.ns~!
Gain saturation parameter € 1% 107 um?
Carrier lifetime ™ 2.2 ns
Photon lifetime T 1.17 ps
Round-trip time in laser cavity Tin 7.3 ps
Linewidth enhancement factor o 6.0
Active layer volume 14 100 um?
Elementary charge q 1.602 x 10719 C
Round-trip time in external cavity T 5ns
Feedback strength ke 0.1
Bias current 1 1.55 (I, = 15.35 mA)
Effective index Neff 1.46
Average index change (on) 5x 1074
Fringe visibility p 1
Segment of grating M 200
Length of grating L 10 cm
Speed of light in vacuum c 3 x 108 m/s
Integral time T 20.48 ns

by ‘ “1
" DODDD

CFBG

DFB-LD

Fig. 1. Schematic diagram of the DFB laser subjected to dispersive feed-
back from CFBG.

The CFBG feedback is described by the second term on
the right-hand side of Eq. (1). The term varies with response
function A(t) of the CFBG convoluted with delayed laser field
E(r — 7). T denotes the integral length and its length should
be larger than the response time of grating. Since there is no
analytical solution for the response function of CFBG, the dis-
persive feedback term can be computed by taking the inverse
Fourier transform of H(®) - FT{E(t — t)} according to the
convolution theorem. Here, FT{ } is the Fourier transform.
The reflection spectrum H(®) can be calculated by using
the piecewise-uniform approach.?>-32! It should be noted that
the grating dispersion can be calculated from 100(dA/dz) !,
with dA/dz (nm/cm) representing the chirp factor of CFBG.
The values of the parameters used in our simulation are sum-
marized in Table 1.

To quantify the TDS, the auto-correlation function (ACF)
is expressed as

(1t +A0) = (T (1 +80))) - (1) = (1))
W(mm)—<1<z+m>>>2>-<<I(r>—<1<r>>>2>
(3)

A(Ar) =

9

where I(t) represents the intensity time series, I(¢ + Ar) is the
time shift As with respect to I(¢), and (-) denotes average.
In the simulation, TDS is evaluated the height of ACF peak
around the feedback delay time corresponds to the external
cavity.

3. Results and discussion

The CFBG feedback method could eliminate TDS be-
cause of the nonlinear feedback from the feedback light. Both
the DFB laser and the CFBG are two nonlinear sources in
the CFBG feedback system. Therefore, we focus on the re-
lationship between the group delay caused by the dispersion
of CFBG and the laser. For the CFBG feedback light, the ac-
cumulated group delay of the feedback light can be calculated
by using the dispersion and the bandwidth of the optical spec-
trum. The dispersion is determined by the chirp factor of the
CFBG, and the bandwidth is affected by the bias current of
the laser, the feedback strength, and the differential gain coef-

ficient.
0'4_ +fRO:20 GHZ %1‘0 . A
+fRO =2.8 GHz é 0.5 +
—8— fro=>5.0 GHz E 0
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Fig. 2. Results of TDS as a function of CFBG dispersion obtained at fro
values of 2.0 GHz (circle), 2.8 GHz (triangle), and 5 GHz (square). Insets
show the ACF curve of chaotic signal corresponding to points A, B, and
C.I=1.5I, xk =0.1, and o denotes the background noise of ACF curve.
Figure 2 shows the curves of TDS as a function of CFBG
dispersion at relaxation oscillation frequency of 2.0 GHz (cir-
cle), 2.8 GHz (triangle), and 5 GHz (square), respectively. The
TDS value is extracted from the ACF traces near the feed-
back delay (T — 0.5, 7+ 0.5). The insets show the autocorre-
lation function (ACF) traces of the chaotic signal correspond-
ing to points A, B, and C. It means that TDS can be elimi-
nated at a feedback delay (5 ns). As the dispersion value in-
creases, TDS gradually reduces until it is submerged in the
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background noise floor of the ACF curve. In addition, the re-
sults of the three values of relaxation oscillation frequency,
i.e., fro = 2.0 GHz, 2.8 GHz and 5.0 GHz, show similar evo-
lution tendencies. Interestingly, the smaller critical dispersion
can be obtained at a larger value of fro.

Figure 3 shows the effects of the fro and dispersion on
the TDS. The colors denote the height of the side peak at the
feedback delay time in the ACF curve, and the deeper color
represents a lower TDS value. The TDS elimination region
is obtained in the dark purple area with obvious boundaries.
This boundary can be approximately fitted with a curve which
is denoted by a white dashed line. With the increase of fro,
the critical dispersion of eliminating the TDS decreases gradu-
ally. When the fro increases from 2 GHz to 6 GHz, the critical
dispersion decreases from 5000 ps/nm to 1100 ps/nm, and the
critical dispersion decreases by 78%.

According to the fitting curve, the relationship between
critical dispersion (f8.) and fro can be expressed as

Be X fro = k(const.), (4)

where k(const.) is a constant and the fitted value is 10. Since
the CFBG introduces the nonlinear effect from the optical do-
main, the relationship between the spectrum of chaotic light
and the k(const.) is investigated in the following.

Figure 4 displays the spectra with different fro values
(2 GHz, 3 GHz, 4 GHz, 5 GHz, 5.5 GHz, and 6 GHz) at sev-
eral critical dispersion points in Fig. 3. The red curves in the
optical spectrum of chaotic laser denote their mean fit. It is
obvious that the linewidth (—3 dB) of the optical spectrum is
roughly 0.1 nm which is exactly equal to the inverse of the
k(const.). Therefore, the empirical formula for the critical dis-
persion can be given as follows:

where A_3 gg denotes the linewidth of the optical spectrum at
—3dB.

30 of ACF
ground noise

= TDS < 30 of noise 0
E 0.048.|
>y 0.096
2 0144
. 10/ fro 0.192
° 0.240
4 0.288
g 0.336
8 0.384
A 0.432
: 0.480
el

L ~] I <]
2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0

fro (GHz)

Fig. 3. Effects of parameters (fro and dispersion) on TDS, with white
dash line denoting critical dispersion of CFBG for eliminating TDS,
1= 1‘51111, and Kr = 0.1.

To show the nonlinear effect caused by dispersion more
clearly, the correlation between the output light and the dis-
persive feedback light is shown in Fig. 5. Colors represent the
values of the correlation peaks in the cross-correlation curve,
and the degree of correlation decreases as the color deepens.
Note that the white dash line delineates the critical dispersion
range in Fig. 3. The negative dispersive feedback compresses
the pulse width in the time domain thus decreasing the value
of correlation between the feedback light and the output light.
Furthermore, the cross-correlation value gradually decreases
as the relaxation oscillation increases. Besides, the correlation
value of the feedback and output light ranges from 0.147 to
0.058 along the critical dispersion curve. That means that the
critical dispersion value for eliminating TDS is determined by

1
p. = froA_3 a8’ (5) " the combined result of both DFB laser and CFBG.
20 20 20
fro=2 GHz fro=3 GHz fro=4 GHz
. (a’) ﬁi{i 5000 ps/nx . (b) [{{i 3500 ps/nm . + (C) ﬁl:O: 2875 ps/nm
g g g L
[an) or m or m 0
z z z
s.‘ s-‘ = _90F
S oot £ —20f 5
: : :
_40 -
—40F —40
1 1 1 1 1 _60 1 1 1
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Fig. 4. Numerical results of optical spectra at fro values of (a) 2 GHz, (b) 3 GHz, (c) 4 GHz, (d) 5 GHz, (e) 5.5 GHz, and (f) 6 GHz.
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Fig. 5. Effects of parameters (fro, dispersion) on cross-correlation co-
efficient of the output light and dispersive feedback light from CFBG.
1= l.SIlh and ke =0.1.
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Fig. 6. (a) Effects of parameters (fro, dispersion) on TDS and (b) effects
of fro on line width of optical spectrum, with dashed line denoting crit-
ical dispersion of CFBG for eliminating TDS and insets showing optical
spectrum of output light at / = 1.5/ and x¢ = 0.12.

Furthermore, the results of . with feedback strength of
0.12 are exhibited in Fig. 6, including the effect of fro and dis-
persion on TDS (Fig. 6(a)) and the effect of fro on line width
of the optical spectrum (Fig. 6(b)). The inset shows the optical
spectrum at fro of 3.5 GHz. It is obvious that the boundary
of critical dispersion can be approximately fitted by the dash
line (8. = 9.4/ fro), where the k(const.) is equal to the inverse
of the linewidth. Unlike Fig. 3, the dash line shifts downward
and there is a significant decrease with k(const.). The reason
is that the optical spectrum has broadened as k¢ increases from
0.1 to 0.12. The increase of group delay caused by CFBG
and optical spectrum will reduce the correlation between the

feedback light and the output light. As a result, the system re-
quires a lower dispersion to eliminate TDS and k(const.) will
decrease significantly.

Furthermore, the above formula is verified by changing
the bias current of the DFB laser, and the results are shown
in Fig. 7. Figure 7(a) shows the effect of fro and disper-
sion on TDS. Figure 7(b) displays the effect of fro on the
linewidth (—3 dB) of chaotic light. The insets show two op-
tical spectra under the fro of 2.5 GHz and 5.5 GHz, respec-
tively. When the fro value is over 3.5 GHz, the critical dis-
persion can be approximately fitted as the white dashed line
(B. = 6.9/ fro) which matches well with the inverse of the
linewidth. For the fro value below 3.5 GHz, the linewidth
gradually increases with fro increasing. The critical disper-
sion can be correspondingly fitted with the curve related to
the empirical formula (5) which is shown by the yellow dot-
ted line in Fig. 7(a). As a result, the empirical formula of
critical dispersion is proved. In addition, the bandwidth of
spectrum in Fig. 7(b) is stable at about 0.144 nm when the fro
over 3.5 GHz which means that the group delay induced by the
CFBG will be stable. Therefore, 3. follows different formulas
before and after fro of 3.5 GHz.

30 of ACF
ground noise

0

0.048
0.096
0.144
0.192
0.240
0.288
0.336
0.384
0.432
0.480
| TDS

Dispersion (ps/nm)

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Jro (GHz)

0.15 (b)

0.14f
0.13f

Optical spectrum
—Mean fit

Optical spectrum

0.12f
0.11}

Linewidth@—3 dB (nm)

0.10f
- 1549.6 . VISSU,‘U nll:s(] 4 .
0.00E ., 4 oy, e Y A
2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0 6.5
fro (GHz)

Fig. 7. (a) Effects of parameters (fro, dispersion) on TDS and (b) effects
of fro on line width of optical spectrum, with dashed line denoting criti-
cal dispersion of CFBG for eliminating TDS, and insets showing optical
spectrum of output light, at k; = 0.1, and g = 0.5625 x 10~ um3-ns~!.

It is worth noticing that the fro of a solitary laser (with-
out external feedback) can be obtained according to Ref. [33].
Therefore, fro is adjusted in the simulation with bias current
and differential gain. Figure 8 shows the effect of bias cur-
rent and differential gain on fro. The bias current varies from
1.5y to 6ly, and the differential gain varies from 0.0005 to
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0.0045. In addition, it is considered that the feedback light
slightly increases the relaxation oscillation frequency of the
laser. In order to obtain a more accurate fro, the fro in the
simulation is obtained from Trp in the ACF curve (fro =
1/tro) as shown in the inset of Fig. 8.

8

-
=]
T

(a)

mro =1/ fro

-
I
°
o

=)
I

T
ACF (arb. units)

|
o
o

P B B |
-1.0 -0.5 0 0.5

Lag time (ns)

1.C

fro (GHz)
[

T
ACF (arb. units)

-
I

o

=)
I

|
©
o

1 1 1
—1.0 —-0.5 0 0.5 1.0
Lag time (ns)

fro (GHz)
[

| | | | | | | | |
2O 0.001 0.002 0.003 0.004

Differential gain g (um®ns™1!)

0.005

Fig. 8. Effect of (a) bias current and (b) differential gain on fro, with
each of insets showing ACF curve of the chaotic laser output.

4. Conclusion

We conduct extensive simulations to investigate the TDS
of a DFB laser with CFBG dispersive feedback, from which
a critical dispersion for eliminating TDS can be determined.
The nonlinearity in this system is obtained by the laser and the
CFBG. For the dispersive feedback light, the external cavity
mode will be destroyed while the value of group delay caused
by dispersion from CFBG is greater than that of 7rp. At the
same time, the output light shows that the TDS disappears.
The results show that there is a clear demarcation line in the
range where the TDS is eliminated and an empirical formula
is obtained. Furthermore, through the analysis of the correla-
tion between the feedback light and the output light, it is found
that the elimination of TDS is the result of the joint action of
both CFBG and DFB. This study provides a parameter setting
basis for a semiconductor laser subjected to CFBG feedback
to generate a TDS-free chaotic laser.
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