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Abstract The effect of filtering on the suppression of time-delay signature in the output signal of the optical
feedback chaotic semiconductor laser is studied experimentally. Under the condition of the chaotic signal 100 MHz
and 500 MHz low pass filter, the peak values of the autocorrelation coefficient and the permutation entropy at the
feedback round trip time are used to quantitative extract the time-delay signature. The time-delay signatures with
various feedback strengths are measured at different bias currents. The results show that the filtering effect
suppresses the time-delay signature of the chaotic signal effectively. Under the condition of 1.5I, bias current and
—7.5 dB feedback strength, the autocorrelation function near the external cavity delay decreases from 0. 264 to
0.036, and the permutation entropy increases from 0. 985 to 0. 997. Meanwhile, the peak value of the
autocorrelation coefficient at the feedback round trip time is inversely proportional to the permutation entropy with
the feedback strength increasing. The results also show that the complexity and strength of chaotic laser first rise,
and then fall with the increase of feedback strength. The filtering effect induces the complexity of chaos to approach
the maximum under lower feedback strength, and the complexity remains unchanged with the feedback strength
increasing. Moreover, the filtering can also improve the intensity distribution and enhance the symmetry of
probability-density function, which leads to substantial increase in the rate of random number generators.
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Fig. 1 Numerical simulation results of chaotic laser at I=1.51,, and k=10 ns '.
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(a) Time traces; (b) power spectra (vertical dashed line indicates 80% frequency bandwidth)
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Fig. 2 Numerical results at I=1.51 and k=10 ns '.
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(a) ACF (vertical dashed line indicates z=286.7 ns); (b) permutation entropy as a function of delay time
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Fig. 7 Experimental results for time series, intensity distribution and skewness of the chaotic signal before and after
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(a) Statistical distribution before filtering;

(b)

Attenuation /dB
o (URBHT B G436 4528 5 (b) 500 MHz JE 5

statistical distribution after 500 MHz filtering;

(c) statistical distribution after 100 MHz filtering; (d) skewness of intensity distribution at various feedback

strength at 1.5, (solid curve represents Gaussian fitting, and dashed line represents the mean of value time series)

SR T AR S B R Y R R AR i O R A
Wil Js2 1t i B A AR AL AT 4T, 7R 1,51, 1 — 5.5 dB 5t
SRET B R AR 3 R 48 R R AR TR Y 0.0787
22100 MHz 383 K B 0.452, AT WL JE % % BE L
e T

6 4t 7

30 Ao S U0 U A A O B R e T AR B TR
O E 5 R B ZE RRAE, 2 BT T 100 MHz Al
500 MHzAS [a) I 08 i 2% 10 YR 0O 't i 4 46
B AR ET. 5 WL AL, W & T 1351,
151 17501 o o 210 o i B PR30 T Ao B 5 A1F Bl J2 15 5
FER AR, LIRSS IR, L U Uk, B ZE B A A
AR TT R 2 0,006, HEF 0 fie =5 T+ = 0,998, 75
Ah L UE U VR R AE SRR B — 21 dB~ —8 dB A, i 4l
Sk B 3E T 9 ACE I8 <<0.1, PE & {H >0.925,
B S5 1 i B B 3 O I ROR A 5 L TR R B
I AE BT A ACE I (5 PE W fH 1T L& & K
FR AR F HL ) W VR O ) R 55 . 8 U A R R LA
WO TR R O IR B S8 T A 00 R HEARE 38 O3 A 1Y
Bt BE DRAFAE O BRET , B SEE 435 i 19 49 4 B2 52 1 43 A1 XoF
PR i ok 38 35 5 ) T B R LA A 7= ok L AR F SR R
0 440 TR D Y S Wof A0 SRR AE R D 0 R 1 1 A BT AR T —
FHT 1 i 42

(1]

(2]

[3]

(4]

[5]

(6]

(7]

1008001-7

Z % x #

Soriano M C, Garcia-Ojalvo J, Mirasso C R, et al.
Complex photonics: dynamics and applications of
delay-coupled semiconductors lasers [J]. Reviews of
Modern Physics, 2013, 85(1): 421-470.

Sciamanna M, Shore K A. Physics and applications
of laser diode chaos[]J]. Nature Photonics, 2015, 9
(3): 151-162.

Sunada S, Harayama T, Davis P, Noise

delayed

application to

et al.

amplification by chaotic dynamics in a
feedback
nondeterministic random bit generation[J]. Chaos,
2012, 22(4): 047513.

Yan S L.
semiconductor laser using the twisted fiber [J].
Chinese Physics B, 2016, 25(9): 090504.

Argyris A, Syvridis D, Larger L., et al. Chaos-based

laser system and its

Period-control and chaos-anti-control of a

communications at high bit rates using commercial
fibre-optic links[J]. Nature, 2005, 438(7066): 343-
346.

Lin FY, LiuJ M. Chaotic radar using nonlinear laser
dynamics[J]. IEEE Journal of Quantum Electronics,
2004, 40(6): 815-820.

Wang Y C, Wang B J, Wang A B. Chaotic
correlation optical time domain reflectometer utilizing

laser diode[J]. IEEE Photonics Technology Letters,



G

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

2008, 20(19): 1636-1638.

Ma Z, Zhang M J, Liu Y, et al. Incoherent brillouin
optical time-domain reflectometry with random state
correlated brillouin spectrum [J]. IEEE Photonics
Journal, 2015, 7(4): 6100407.

Yan S L. Period-one characteristic in an
optoelectronic delayed feedback semiconductor laser
and its application in sensing [J]. Chinese Optics
Letters, 2015, 13(4): 040401.

Uchida A, Amano K, Inoue M, et al. Fast physical
random bit generation with chaotic semiconductor
lasers[]]. Nature Photonics, 2008, 2(12): 728-732.
Zhang L M, Pan B W, Chen G C, et al. 640-Gbit/s
fast physical random number generation using a
broadband chaotic semiconductor laser [J]. Scientific
Reports, 2017, 8: 45900.

Wang A B, Wang L S, Li P, et a/. Minimal-post-
processing 320-Gbps true random bit generation using
physical white chaos[J]. Optics Express, 2017, 25
(4): 3153-3164.

Biinner M, Popp M, Meyer T, et al. Tool to recover
scalar time-delay systems from experimental time
series[J|. Physical Review E, Statistical Physics,
Plasmas, Fluids, and Related
Topics, 1996, 54(4): R3082-R3085.
Fowler A C, Kember G. Delay recognition in chaotic
time series [ J|. Physics Letters A, 1993, 175(6):
402-408.

Biinner M J, Meyer T, Kittel A, et al. Recovery of

Interdisciplinary

the time-evolution equation of time-delay systems
from time series[J]. Physical Review E, Statistical
Physics, Fluids, and Related
Interdisciplinary Topics, 1997, 56(5): 5083-5089.

Plasmas,

Hegger R, Biinner M J, Kantz H, et al. ldentifying
and modeling delay feedback systems [J]. Physical
Review Letters, 1998, 81(3): 558-561.

Ortin S, Gutiérrez ] M, Pesquera L, et al. Nonlinear
dynamics extraction for time-delay systems using
modular neural networks synchronization and
prediction[J]. Physica A, 2005, 351: 133-141.
Rontani D, Locquet A, Sciamanna M, et al. Time-
delay identification in a chaotic semiconductor laser
with optical feedback: a dynamical point of view[]J].
IEEE Journal of Quantum Electronics, 2009, 45(7):
879-891.

Wu] G, Xia G Q, Wu Z M. Suppression of time
delay signatures of chaotic output in a semiconductor
laser with double optical feedback []].
Express, 2009, 17(22): 20124-20133.

Guo Y Q, Peng CS, Ji Y L, et al. Photon statistics

and bunching of a chaotic semiconductor laser [J].

Optics

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

1008001-8

Optics Express, 2018, 26(5): 5991-6000.

Bandt C, Pompe B. Permutation entropy: a natural
complexity measure for time series [J]. Physical
Review Letters, 2002, 88(17): 174102.

M C,

Permutation-information-theory approach to unveil

Zunino L, Soriano Fischer 1, et al.
delay dynamics from time-series analysis[J]. Physical

Review E, Statistical, Nonlinear, and Soft Matter
Physics, 2010, 82(4): 046212.

Zhou C, Lai C H. Extracting messages masked by
chaotic signals of time-delay systems [J]. Physical
Review E, Statistical Physics, Plasmas, Fluids, and
Related Interdisciplinary Topics, 1999, 60(1): 320-
323.

Rontani D, Locquet A, Sciamanna M, ez al. Loss of
time-delay signature in the chaotic output of a
semiconductor laser with optical feedback[J]. Optics
Letters, 2007, 32(20): 2960-2962.

Wul] G, WuZM, Xia G Q, et al. Evolution of time
delay signature of chaos generated in a mutually
system [ J].
Optics Express, 2012, 20(2): 1741-1753.

Wang D M, Wang L. S, Zhao T, et al. Time delay
signature elimination of chaos in a semiconductor
laser by dispersive feedback from a chirped FBG[]J].
Optics Express, 2017, 25(10): 10911-10924.

Xiang S Y, Pan W, Zhang L Y, Phase-

modulated dual-path feedback for time delay signature

delay-coupled semiconductor lasers

et al.

suppression from intensity and phase chaos in

semiconductor laser [J]. Optics Communications,
2014, 324: 38-46.

Wu T A, Sun WY, Zhang X X, et al. Concealment
of time delay signature of chaotic output in a slave
semiconductor laser with chaos laser injection [J].
Optics Communications, 2016, 381: 174-179.
Zhang X X, Wu T A, Chang K G, et al. Time-delay
characteristic and bandwidth analysis of chaotic
output from single-ended feedback and mutually
coupled vertical-cavity surface-emitting lasers [J].
Chinese Journal of Lasers, 2017, 44(5): 0501010.
TR, RKR%Z, WK, 5. B R AL G IE
Ji THT % G 08 O 2% R T B 0 B A R AT D A BE S A
(], FEEOE, 2017, 44(¢5): 0501010.

Wu Y, Wang Y C, Li P, et al. Can fixed time delay
signature be concealed in chaotic semiconductor laser
with optical feedback?[J]. IEEE Journal of Quantum
Electronics, 2012, 48(11): 1371-1379.

Wang A B, Yang Y B, Wang B J, et al. Generation
of wideband
signature by delayed self-interference [J].

Express, 2013, 21(7): 8701-8710.

chaos with suppressed time-delay

Optics



th i

#

G

[32]

[33]

Li N Q, Kim B, Locquet A, et al. Statistics of the
optical intensity of a chaotic external-cavity DFB laser
[J]. Optics Letters, 2014, 39(20): 5949-5952.

Lan D D, Guo X M, Peng C S, et al. Photon
number distribution and second-order degree of

coherence of a chaotic laser: analysis and

1008001-9

experimental investigation [J]. Acta Physica Sinica,
2017, 66(12): 120502.

M, R, ZHEA, &R TR
A K Z AT R A 50 E(T] . WEEAE i, 2017
66(12): 120502.



