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Fig. 2 Time series and ACF curve of chaotic laser from system. (a) Time series; (b) ACF curve
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Time series, ACF curves, and power spectra for chaotic laser output from system under different injection coefficient K.

(al)(a2) Time series; (b1)(b2) ACF curves; (c1)(c2) power spectra

18

16

14

Bandwidth /GHz

12

10
Fig. 10

0.2 0.3 0.4 0.5
K

2

F ek AR TG 98 BE K, 12 AL

Variation of bandwidth with K, for chaotic laser from

system

14}
N 12
Q
=
£ 10
]
5
Mm
gt
1.1 112 1I.3 1.I4 1.I5 1‘.6 1.7
Pm
Bl 11 ZR G5 IR FOE 0 SE b P, 948 fk
Fig. 11  Variation of bandwidth with P, for chaotic laser from

0314002-7

system



& 43 % 2 3H1/2023 4 2 B /KR

15F

13t

12

Bandwidth /GHz

0 0.05 0.10 0.15 0.20
K

s

FI12 RS0 IR MO R 98 R K22 1k
Fig. 12 Variation of bandwidth with K, for chaotic laser from

system

— — —
S Do L
T T T

Bandwidth /GHz
©

13 Rtk iR MO R SERE PR A2 1L
Fig. 13 Variation of bandwidth with P, for chaotic laser from

system

Bandwidth /GHz

-20 -10 0 10 20
Af/GHz
14 R Gk IR RO SR A2 1k
Fig. 14 Variation of bandwidth with Af for chaotic laser from

system

T A{EL B B S it 28 K0 K, (6 A 39 0 S s /N Jm 38 K, 6 B I
15 28 200 K UL oy 388 R g i /), 8 B A 2R 0K K, B
{EL B 38 KT U/ )N, 8 B Atz PR3 P, BT B9 8 2 D /]
Ja MR, B BEAI AR W A I N S 1 RS /) 3 R A
18 [N P g R 5 B e /N )i SF 2% 748 A 1 A B B
FE B B, DUTTTAS 2 T AT LA R0 S i R AR (E 5 Y
B AE S ROX AL 75 i i 2 B0E T B A R 20 IXC (8]

SIE I RRAEAE p S8 /N T 0.2, B3] TDS 45 8] 1 A %%
FIPDH] . 76 TDS 85 A Sl 0 S8 T BUE 5
TAR ST R G0 i IR OB B9 3 dB A PR Rl I 5 &R
BRI A RECE S BN ARG I T T . 45
FEW A T 2 800 L AT B B A5 2R B K, 1 38 i
ok N =R A N ] RN W O BB | NT(TE: i NI 4
i B4 iz R P, 38 S B K JE # T OF 2% | A e B
J2ft 22 00K 380 T 36 K, Al B B A2 B P RS
SRR K 2 5 BB /N AT T A RS ASTE Y 3
YIRS TR NI = 4 NP7 S S e o NS [ 73 R (O
2 TE TR A 2 8O0 X TR N 38 3 pE Ak 2 80 U,
F 4 f IR TR R TDS 8 A &Ml 17 9% B 5645 21
R, X AR R M LR 3 dB i v & KH AN
20 GHzo AR SCHWTF 58 N 25 45 50 1 18 70 06 7e 14
30 15 S5 U IR R U

2 £ x #

(1] 2378, BRARAR, Fak, & . BEF 20 A0 S0t IOt 45 0Lk 1 9 il

V1 Bt S 7 R ] SO S0t AR kg, 2017, 54(10):
111404.
LiZJ, Chen W G, Ji'Y, et al. Trace gas measurement method
based on dual wavelength modulation of distributed feedback
laser[J]. Laser & Optoelectronics Progress, 2017, 54(11):
111404.

2] E5, x4, ka&E, 5. AT REHOET Wi ke
7R IRIT] 62224, 2018, 38(3): 0328016.

Wang Y, Jin B Q, Zhang J G, et al. Distributed optical fiber
acoustic sensing based on chaotic laser interference[J]. Acta
Optica Sinica, 2018, 38(3): 0328016.

(8] BZME, %2, 24, & RIS Rl KN E
AR [T]. SeE 4R, 2020, 46(2): 146-151.

Li Y H, Yang L Z, LiJ, et al. Optical detection of the size and
position of foreign object with chaotic laser[J]. Optical
Technique, 2020, 46(2): 146-151.

[4] Xue C P, Jiang N, Lv Y X, et al. Security-enhanced chaos
communication with time-delay signature suppression and phase
encryption[J]. Optics Letters, 2016, 41(16): 3690-3693.

(5] PhVFNI, BLEdE, ELH . JFHH G AR08 09 A 4L

RAEIFE A T]. hEEOG, 2020, 47(10): 1001003,
Sun Y C, Mao X X, Wang A B. Phase chaos synchronization of
semiconductor laser with open-loop unidirectional coupling
configuration[J]. Chinese Journal of Lasers, 2020, 47(10):
1001003.

[6] Yan S L. Chaos shift orbit modulation for secret communication
[J]. Journal of Physics Conference Series, 2021, 2026(1):
012015.

[7] Shao W D, FuY D, Cheng M F, et al. Chaos synchronization
based on hybrid entropy sources and applications to secure
communication[J]. IEEE Photonics Technology Letters, 2021,
33(18): 1038-1041.

(8] BRZRUMN, #Rdh, B AT A], A5 Bl i A b T AR 0 e R
PR fF BT FE[T). 224, 2022, 51(4): 0406005,

Zhong D Z, Xu Z, Zhao K K, et al. Exploring of chaotic secure
communications  with  high-speed using optical reservoir
computers[J]. Acta Photonica Sinica, 2022, 51(4): 0406005.

[9] Verschaffelt G, Khoder M, van der Sande G. Random number
generator based on an integrated laser with on-chip optical
feedback[J]. Chaos, 2017, 27(11): 114310.

[10] Xu SR, Jia X H, Ma H L, et al. Random-injection-based two-
channel chaos with enhanced bandwidth and suppressed

0314002-8



& 43 % & 3H1/2023 4 2 B /KR

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

time-delay signature by mutually coupled lasers: proposal and
numerical analysis[J]. Chinese Physics B, 2021, 30(1): 014203.
Tseng C H, Funabashi R, Kanno K, et al. High-entropy chaos
generation using semiconductor lasers subject to intensity-
modulated optical injection for certified physical random number
generation[J]. Optics Letters, 2021, 46(14): 3384-3387.

AR, AN, R A5 L TR0 AR M S Ak B A TR A
TR IR 5 A B R[], W 224, 2021, 70(10): 104205,
WuJ C, Song Z, Xie Y F, et al. High-quality random number
sequences extracted from chaos post-processed by phased-array
semiconductor laser[J]. Acta Physica Sinica, 2021, 70(10):
104205.

Kawaguchi Y, Okuma T, Kanno K, et al. Entropy rate of chaos
in an optically injected semiconductor laser for physical random
number generation[J]. Optics Express, 2021, 29(2): 2442-2457.
sk Le, R, BRIY, 5F . AME RS OREOE A BEHLEOR I8
i A BT LT]. B2, 2010, 59(11): 7679-7685.

Zhang J B, Zhang J Z, Yang Y B, et al. Randomness analysis of
external cavity semiconductor laser as entropy source[J]. Acta
Physica Sinica, 2010, 59(11): 7679-7685.

FEYE, BB, EZA, AR TIR MO IR AR I e
BALEST]. Stz 50 2017, 15(3): 79-83, 94.

Sang L. X, Li P, Wang A B, et al. Generating high-speed
random bits in real time based on chaotic laser sources[J].
Optics &. Optoelectronic Technology, 2017, 15(3): 79-83, 94.
Wang Y C, Zhang G W, Wang A B. Enhancement of chaotic
carrier bandwidth in laser diode transmitter utilizing external light
injection[J]. Optics Communications, 2007, 277(1): 156-160.
PIARAR . TR L 2 A K 2 SCRH A LA S 5t 1 8 45 RO £ IR i
BEARLI]. A EOE 2019, 46(8): 0808003.

Yan S L. Enhancing chaotic frequency of coupled lasers based on
phase conjugation and cross-phase conjugation feedback[J].
Chinese Journal of Lasers, 2019, 46(8): 0808003.

Xiang S'Y, Pan W, Zhang L. Y, et al. Phase-modulated dual-
path feedback for time delay signature suppression from intensity
and phase chaos in  semiconductor laser[J].
Communications, 2014, 324: 38-46.

Cui S'Y, Zhang J Z. Chaotic secure communication based on

Optics

single feedback phase modulation and channel transmission[J].
IEEE Photonics Journal, 2019, 11(5): 7905208.

Zhao A K, Jiang N, Liu S Q, et al. Wideband complex-
enhanced chaos generation using a semiconductor laser subject to
delay-interfered  self-phase-modulated  feedback[J].
Express, 2019, 27(9): 12336-12348.

BH W E, EVERE, A5 R SERBOE a  hR DE O Y 2 B
FEE A SE0]. PR, 2018, 67(14): 140501,

LiZ, Feng Y L, Wang X Q, et al. Time delay characteristics
and bandwidth of chaotic laser from semiconductor laser[J]. Acta

Optics

[22]

[23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

Physica Sinica, 2018, 67(14): 140501.

KT, I EFY, EBEHE, A RS O A% IR Bl T S
IR SELT]. L4, 2020, 69(9): 090501.

Zhang Y N, Feng Y L., Wang X Q, et al. Time delay signature
and bandwidth of chaotic laser output from semiconductor laser
[J]. Acta Physica Sinica, 2020, 69(9): 090501.

Lang R, Kobayashi K. External optical feedback effects on
semiconductor injection laser properties[J]. TEEE Journal of
Quantum Electronics, 1980, 16(3): 347-355.

FOZR R ALSR  BOEIT, AR HRLUE R 5ok SR OB AR R
AR SE I 5 AE A9V TG AR 5 [0, 67254, 2016, 45(10): 1014003,
Lu D, Zhong Z Q, Xia G Q, et al. Chaotic signal generation
with low time-delay signature based on a semiconductor laser
subject to double filtered optical feedback[J]. Acta Photonica
Sinica, 2016, 45(10): 1014003.

R, ARk, kT, AF R R TG i A S LR T A
FEHFAT BB R B 52 [T, 7t 22 4, 2016, 22(3): 289-297.
Gao F, LiN Q, Zhang L Y, et al. Study to suppress time delay
signature of chaotic carrier utilizing chaotic optical injection[J].
Journal of Quantum Optics, 2016, 22(3): 289-297.

Mikami T, Kanno K, Aoyama K, et al. Estimation of entropy
rate in a fast physical random-bit generator using a chaotic
semiconductor laser with intrinsic noise[J]. Physical Review E,
2012, 85(1): 016211.

AT, ARICTR, W E, OGRS O S D
MR DL RFPELT]. S22 4, 2020, 40(12): 1214001,

Zhang Y N, Xu A’ S, Feng Y L, et al. Chaos characteristics of
the output from a semiconductor laser subject to optoelectronic
feedback[J]. Acta Optica Sinica, 2020, 40(12): 1214001.

WA, WG, &R, AR AL TEA K SRR O A R
AT SE IR IG5 S [T]. AR, 2016, 65(20): 204203.

Yan J, Pan W, Li N Q, et al. Two broadband chaotic signals
generated simultaneously by semiconductor ring laser with
parallel chaotic injection[J]. Acta Physica Sinica, 2016, 65(20):
204203.

ok, BRI, ERH, F o] P A m SE IR 0 Ay A E R
WO A 0 B KOS SRR D] HOt 5ot h T A kR,
2017, 54(11): 111401.

Wang Y S, Zhao T, Wang A B, et al. Design and dynamic
characteristics of an external-cavity semiconductor laser
generating wide bandwidth chaos[J]. Laser &. Optoelectronics
Progress, 2017, 54(11): 111401.

EmA, B, Bl & OLTE AR R R AREOL A R T
AR GIHLIH FE[T). PB4, 2007, 56(8): 4372-4377.
Wang Y C, Zhang G W, Wang A B, et al. Bandwidth
enhancement of semiconductor laser as a chaotic transmitter by
external light injection[J]. Acta Physica Sinica, 2007, 56(8):
4372-4377.

Chaotic Characteristics of Semiconductor Lasers with Dual-Path Chaotic
Optical Injection and Phase-Modulated Optical Feedback

Pang Shuang, Feng Yuling, Yu Ping
Department of Physics, Changchun University of Science and Technology, Changchun 130022, Jilin, China

Abstract

Objective

As class-B lasers, distributed feedback semiconductor lasers (DFB-SLs) can output chaotic laser under

external disturbances, such as external optical injection and optoelectronic feedback, and the bandwidth is up to GHz.
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Therefore, DFB-SLs are widely applied in many fields, such as secure communication and physical entropy sources for

generating random physical numbers. However, the chaotic laser output from DFB-SLs has weak periodicity and time-
delay signature (TDS) due to optical feedback and optical injection. This would reduce the quality of the random numbers
generated with chaotic laser sources and restrict the applications of chaotic laser. In addition, the bandwidth (BW) of the
chaotic laser determines the transmission rate of secure communication. For the above reasons, the TDS and BW are two
important parameters that affect chaotic laser's applications and are often used to characterize the chaotic characteristics of
chaotic laser. This paper presents a semiconductor laser system with external unidirectional dual-path optical injection and
phase-modulated optical feedback (SL-EUDOI-PMOF) and investigates its effectiveness in suppressing the TDS and
broadening the BW of chaotic laser. The results of this paper are significant for achieving information confidentiality and

high-speed transmission in chaotic laser-based secure communication.

Methods This paper presents a scheme of semiconductor lasers. Specifically, a DFB-SL with an external-cavity optical
feedback 1s used as the master laser, while a DFB-SL with the PMOF is taken as the slave laser. Subsequently, the
chaotic laser output from the master laser is injected into the slave laser through two paths. The SL-EUDOI-PMOF is
thereby obtained. Then, the influences of parameters, including the external optical injection coefficients and the feedback
coefficients, on the TDS of the chaotic laser output from the SL-EUDOI-PMOF are numerically investigated. The time-
delay eigenvalue g is defined as the maximum value of the time-delay eigenpeaks in the autocorrelation function curve of
the chaotic laser. When 8<C0. 2, the TDS is suppressed. Furthermore, the BW of the chaotic laser is examined under the

parameters enabling effective suppression of the TDS.

Results and Discussions Regarding the SL-EUDOI-PMOF proposed in this paper, the external optical feedback cavity
for the slave laser contains a phase modulator driven by pseudo-random signals, and this would conceal the time-delay
eigenpeaks and the TDS generated by the time-delay information of the injected laser and the feedback laser. Thus, the
TDS is effectively suppressed. The numerical results show that the TDS of the chaotic laser output from the system is
effectively suppressed by optimizing parameter values in the selected parameter value ranges, namely, the time-delay
eigenvalue g is smaller than 0. 2 [Fig. 2(b) and Figs. 3-7]. Besides, the minimum value of 8 is close to 0. 06 (Fig. 4 and
Figs. 6-7). In the proposed SL-EUDOI-PMOF, an external optical feedback cavity is equipped for the master laser, and
chaotic laser can thus be output and further injected into the slave laser through two paths. The interference between the
injected chaotic laser in the two paths enlarges the intensity of the laser injected into the slave laser, ultimately broadening
the BW of the chaotic laser output from the slave laser. The numerical results reveal that the BW is effectively widened
under the parameters enabling effective suppression of the TDS, and the maximum value of the 3-dB BW of the chaotic
laser obtained is about 20 GHz [Fig. 9(c2) and Fig. 10].

Conclusions This paper proposes the SL-EUDOI-PMOF system for suppressing the TDS and broadening the BW of
chaotic laser. For this purpose, the influences of the system’s parameters on the TDS are numerically investigated , and the
results are physically analyzed. The results show that in the selected parameter value ranges, the time-delay eigenvalue £
decreases first and then increases as the feedback coefficient K, or the pumping factor of the master laser increases. The
value of B decreases as the feedback coefficient K, or the two injection coefficients increase. Moreover, the value of 2
increases first and then decreases with an increasing frequency detuning, and it decreases first, then varies in a gentle
manner, and rises slightly higher afterwards with the increase in the pumping factor of the slave laser. The optimal
parameter value ranges for suppressing the TDS effectively are obtained accordingly. Then, the BW is investigated under
the parameters enabling effective suppression of the TDS, and the result is physically analyzed. The analysis results show
that the value of the BW increases rapidly first and then decreases slowly as the feedback coefficient K,, or the pumping
factor of the slave laser increases. It increases with an increasing injection coefficient K, or an increasing feedback
coefficient K,. The value of the BW increases first and then varies gently as the pumping factor of the master laser rises,
and it increases gradually first and then decreases rapidly with an increasing {requency detuning. The maximum value of
the 3-dB BW of the chaotic laser obtained is about 20 GHz.

Key words lasers; distributed feedback semiconductor laser; chaotic laser; phase-modulated optical feedback; time-delay

signature; bandwidth
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