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PC: polarization controller;
OC: optical coupler;

CIR: circulators;

EDFA: erbium-doped fiber amplifier;
VOA: variable optical attenuator;

PD: photodetector;

OSA: optical spectrum analyzer;

SA: spectrum analyzer;

OSC: oscilloscope;

PM: power meter
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Fig. 1 Experimental setup of generating chaos without time-delay signature using MMF feedback laser
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Fig. 2 Comparison of typical characteristics of chaotic signals fed back by different fibers when K=0.1. (a) Time series;

(b) autocorrelation; (¢) spectrum; (d) local spectrum
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Table 1 Internal parameters of laser
Parameter Symbol Value
Transparent carrier concentration /um™* N, 1.5x10°
Linewidth factor a 3.0
Nonlinear gain coefficient /pm® G, 1Xx10°°
Carrier concentration index /pm * N, 0.5X10°
Grating period /nm i 200
Linear material gain coefficient /pum” G, 3x10°°
Active section length /pm L 350
Active section width /pum w 2.5
Linear gain coefficient / m” G, 3X107%
Group index n 3.7
Interface reflection coefficient r 1x10°"
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0.130
*
(@ C%) -
Bl
0.065
Ad=0 o -
{\ 1
g O : : : :
g 20 40 60 80 100
£ 0.10
© 3 @
>
(3] %
8 > 4
Q
Ad=10 pm » o g 005l el e
| ; /\ L
= ° °
=] @ e o
= @ J
S o L Iy b”‘k‘:"w& -
[ . . . L . .
é 0 20 40 60 80 100 120
0.06
®
o ¢ o °
o 2
0.03 fo ol llel |
Ad=20um IS4 °
U Wkl | 1
C ) OO e
g bl il p\ LLo
of °®o %oo"woaih:.’o" Rud o —R— &

0 20 40 60 80 100 120 140
Output mode ID
mode field spot number of output modes

4 KN 1 km i D=50 pm f MMF Y 2T 05 i B% X 45537 16 BE 2 485 280 19 5%
Fig. 4 Effects of core offset of MMF with D=50 pm on mode field spot and number of modes when fiber length is 1 km

0606002-4



#5514 F 6H1/2024 £ 3 B/ E#N

C B A=, B3 0 A T o, SRRk . W 4(c) L (d) T
R B Ad K E] 10 pm, 7] LLE ), 6T b il 45 5
WL HIMBLP, LP, LP, S 2 mm. 4
Ad R 20 pm B W E 4Ce) (D iR, B EF i S A 8L
s E 2B 22 X R A AT G BE A A% L 4N 4
B ) S5 A S B . XCR IR MDA S MMF 1
7 R T G AT il 4 1 D S 1 K, T BE R 1Y
(G AN TR Y AR W W R
Iy R R 5 A (1] f 22 3R IS (0] 22 45 O, B Y B A

AL SR B R A I AE SR 33X BB B G b 0 o A B AR S 1 i
P, A 17 T4 b A0 ] T D B R R AE

M MMPF 05428 62.5 pm B, YR 06 G7E A R e 72
T AG MMF , £ 1% S i A =85 it Boxf B 19 5% 3% 43
AWE S frs . aTRLRBL, S E AL, BEE Ad 3
Jin,D=62.5 pm ) MMF 3% A& () B8 i 5 i i 2 O
G MR MR, B FWAERFZL,
TEH F R A% R . D=62.5 um B MMF 38 & 198 =X %k
£ F D=50 pum i MMF , HOEBERIE 8 8 #AL .

0.12
() ® o
0.09
- @
® @
0.06 |
Ad=0
@
0.03} H -
R | "
0 20 40 60 80 100 120 140
0.06 - (d)

Ad=10 gm 0.03}

(=)

jﬁ U' . r——

Mode coupling efficiency /arb. units

40 60 80 100 120 140 160
0.06
(@) Mo
]
Cd
Ad=20 pm 0031 °
® ] o °
P 9
o o ? (| 1 v
0 —°o°°o ‘bq“& () °m AP DR
0 25 50 75 100 125 150 175
Output mode ID

mode field spot

5
Fig. 5
B, BATHFIE T MMF KB 04 =X 23 B 72 1 Y
M, WA 6(a) ((b) Fizn, X MMF K & 8 0.1 m f,
BT A B A R LT SMF (& . KA
B A 10 m B, i 6(e) L (d) B, 4 A Z ]
IJLT JE AR BE Y 4 B, AE X RD 4y B AR RE X A s AR X
RN VE RS . K E 1 km, W
E6(e) (DI, £ A 5 358 40 0 35 B RS, ot
AP R AOE IR A IR RS . W AR N W —
{55 gk WA M FE K AN MMF J5 |, #5537 4 1
Te W] AR AR, an Al 6 A B TR o RN R GBS
R B A5 (8] 43 A 04 S B, i LR O BE ) 5 B 43 AT R AR
FEET AL RE AL BN, G 2R 1 K B I AN 5 i s X 8K
i, R 2 — B B A% i e G BETC W] W 25 R

number of output modes

FELF K JEN 1 km B D=62.5 pm [ MMF A9 25 85l B2 X5 455 3 56 BE R 55 380 850 i1 52 0
Effects of core offset of MMF with D=62.5 pm on mode field spot and number of modes when fiber length is 1 km

3.2 MMF 3t iR i {5 S B & FF4E B9 D )

FF 3.1 MM R 645837 16 52 i 43 A7, 3&
ITakE— 2 B R T MMF 3 i 11 3 {5 5 B 4E R A 1 #10
B, 517k SMF 5 MMF [ 5 i i B0 #% 1 i AL (E =
FRAE A 45 65 [ & (al) L (b1) . (c1) ] i3 [ (a2) |
(b2) . (c2) ] . B F [ El (a3) . (b3) (¢3) ]I [ A7 i £&
[El(ad).(bd) (cd)]. BLEF MMF £F 85 % 5 Ad=0,
K L=1 km, {58 & K=0.1. £ &, 3%
SMF () 45 W R 76 1€ 7(al) ((a2) . (a3) . (ad) i,
& 7 (a2) 47 b A 0 4 ] 0503 ot 74 9 5 A 1 R T R
HE PR G W2 R 0.2 GHz, X 5K 7(ad)
R 1Y A A 6 M2 7E 5 ns A By WAl — R TE B T AE
FRAE A7 A o W& 7(b2) | (c2) 4 B Jr 7 |, 45 3% J& JF
Bl C A FETE R 3R 3 5 TR B, an 11 7 (b4) L (cd) Jir

0606002-5



£ 51% £ 651/2024 4 3 A/hE#N

MMF with D=50 um MMF with D=62.5 um
3.6 2.56
@ ()
(e — 0
0.05 0.05
3.6 © 2.5 @
3
£
B
3
o
Ay
| E— b MR 0
0. 1.13  0.05
1.67 1.15 ®
oL — et —— v
-0.03 1.13 -0.03

Time /ns

6 4 Ad=0mF MMF K B2 x50 BB EE 1820 . (a) (b) L=0.1m;(c)(d) L=10m;(e)(f) L=1km
Fig. 6 Effect of MMF length on mode divergence degree when Ad=0. (a)(b) L==0.1 m; (c)({d) L= 10 m; (e)({) L=1 km

1.5
al a2) 40 33 al
@D 40l @ el @3 (@)
9t 1.0
—45
-80 I 05
-80 1
-120 0 0
15515 1552.0 15525 15530 O 10 20 30 40 50 10 12 14 16 @
-10 —_ 81. o
1 2 6 (b3 ;
(b1) _40 (b2) _70MWW\/M s 0 (03) g
£ g E &0
n _ [as)] 4
5 < < g §
o) g -80 = R05
3 3 2 2 )
£ -80 &£ 5 g
S0}
-1207 0& ) . %
15515 1552.0 15525 15530 O 10 20 30 40 50 10 12 14 16< 20
(cD) —40 {(c2) oy 6((c3) (04)
—45 . -100 5 3 7 4
N Ll
-80 2 LJ‘ [ “ M f
\ L‘ | bl
-120 0
1551.5 1552.0 15525 1563.0 O 10 20 30 40 50 10 12 14 16 20
Wavelength /nm Frequency /GHz Time /ns Lag time /ns
optical spectrum frequency spectrum time series autocorrelation

E7 K=0.10f SMF 5 MMF J 5% {3l 0% 2% 09 {5 S 45 4F o (al) ~(ad) SMF;(b1)~(b4) D=50 pm ) MMF;(c1)~(c4) D=
62.5 pum [ MMF
Fig. 7 Typical signal characteristics of chaotic lasers subject to SMF and MMF feedback when K=0.1. (al)-(a4) SMF; (b1)-(b4) MMF
with D=50 pm; (c1)~(c4) MMF with D=62.5 um

0606002-6



#5514 F 6H1/2024 £ 3 B/ E#N

N A DG 2 AR AN T A7 A B SRR AIE 0 TE B B A A
A LATH BR

T ETRATHIEGE T 21 35 A X i % ek X6F i S8 AR A 11 5%
M. MMF /9K B 43 5 6 B 0.1.1.10., 15 km, J2 15t 58
B A K=0.1, "] LA B, MK JEh 0.1 km i, B
LT AR O O B 0 HE OK, BA MIMF R 5 OG5 1Y
TR VG N E R E i 2 52 R R B, 5] 8 (a) i o
D=50 pm 1y MMF S5t (9 H A Gt & 7E Ad 2 9 pm
Wt T 28, 676 Ad 18 pm I [ B SRS LT .
D=62.5 pm 1 MMF Jz 15t /) BF % 55 1E W 78 Ad

0.35
@ — A - D=50 um
- O -D=625pm
0.28 — % — noise
2 o021}
=
0.14 |
&~y
A~ pn_-_aA-
e
0.07 L. .
0 5 10 15 20 25
Ad /um
0.35
© - A -D=50 um
- O+ -D=62.5pum
0.28 — ¥¢ —noise
& o021}
=
0.14 |
L L Eh
0.07 L5 e sl
0 5 10 15 20 25

12 pm B BETH ER o R EER N E 1.10.15 km B, D=
50 pm & D=62.5 um [ MMF J 5% i) s 4 43 A 75 Ak 1
T S M= K LLT A 8(b) (o) (d) fiim o 25 1
W UG AR KRB I B A AT e R A BTN
B N SIEREAIE o X o P T B A Y 2 RO £ B A (]
BN T B R 2R S0 B R X O RS A BT R =X
B B AL R] R, 0T IR B R SE R AE 9 B
9o MO ET B Ik B — 2 A9 S, A AR
[ €2 B2 LA B I S R AIF b s 20 D RS A 52 i )
A X 93 55

0.35
(b) - A - D=50pm
- O - D=625um
0.28 + — % — noise
& 021}
=
0.14

o -8-8-85 8 A5

0.07

0 5 10 15 20 25
Ad /um
0.35
(@ - A - D=50 ym
- O+ -D=62.5um
0.28 | — Y —noise
B o021t
&
0.14
e S S . 1 T
0.07 LB P E.’ﬁ '-§' -0- .g' Q‘T}
0 5 10 15 20 25

Ad /um

K8 £F b AH Xk % 1 X B 2B 4R AE AU 520 . (a) L=0.1 km;(b) L=1km;(c) L=10 km;(d) L=15km
Fig. 8 Influence of relative offset of fiber core on TDS. (a) L=0.1 km; (b) L=1 km; (¢) L=10 km; (d) L=15 km

FIOZH THEGLF K 0.1.1.10.15 km By &4
T, R 5 O [R] D6 £F S iR DA 4 B ZE R AR
S A E Ad R 0o T LUK B, AE A TR 60 R
JE R, SMF S 5% 1) i ZE 45 AF {B 18 K F MMF , H 3L A48
S e N JE R R At . B4, MMF % i
Aof ZE R AIE (1) i A B 5 SMIF A TR] : B 5 K 9 36 K, i
B RFAIE B 320 9 0 /)N 28 5 S W KT, 22 5 A RGO
E19(b)  (c)  (d) iR o 3 Ja& Bk 78 I 5 a5 22 i 4k 2
ot A 5, o E AR I SO e A ] o ] 0
RGN FEHCRET , A S5m0 3 K, ot
i B A3 st g 2 A R T R 5, I S A A (R R/ 5 T
TE T I S5 O AR E AR MRS, BE AT B ZE R A S
AP I IR 15 B . 76 SMF th S 7776 7T LS i A i
IR Y R, B it i R R o s R I 1 a2 T 3K

B AE R AR 4k 223 K. W EEEN R, ER-9(a) i,
W AP MMF J52 158 B0 B 2 45 AF B3 A7 A, RN RESE T 5
X EZRHF MMF K EAREK 0 MMF K &8
i 1 ke Bsf B AT 5E 4 9 5 o 2E AR AR

PE— 9T T AT K XHE A 5 I 28 45 AE 1 52
Ml o 4N &l 10 fr s, 76 [ RO T Bl G4 K
B 3G, SMF BB R A5 55 0 B ZE R AE i 3 A R Rf4E
FE 1 MMF J2 45 1R Tl 45 5 (%) B SiE 45 A1F {8 3% 7 ks T
PR o BEA B SE R AF 1 B s 0 11 SR 3 i K 1) 34
K 3Z e /N . N, 75 Ko 0.05.0.10 B 4510 F , 24
MMF K B 43 51 2 3 km F1 1 km B, 5 Jili isf 72 43 11 715 59
HER, WA 10(a) ((b) fron o 7E K 4k 223 K 2 0.25 Fl
0.39 B2, 24 MMF o8 1 km B, B ZE 430 AF AR TR
i 2T B KOF ] 10(e) L (d) TR o

0606002-7



#5514 £ 6H1/2024 £ 3 B/ E#N

@ - O0—- SMF (b) — O— SMF
— A~ MMF with D=50 pm — A~ MMF with D=50 pm
— O— MMF with D=62.5 um ~ O- MMF with D=62.5 um
0.6} o_q — Y= noise 0.6 Q — ¥r— noise
wn \ o wn
A 00000%00 | % 1Y 0000000
= o od o = Q do-oo 0000 14
o
03t '\ o090 03}t
o
all
2+ BN GAGIR RAND A oaf fog o aaan s 5BEGABE
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
K, /arb. units K, /arb. units
0.9 0.9
© - O— SMF (d — O— SMF
— A— MMF with D=50 um — A— MMF with D=50 pm
- O— MMF with D=62.5 um — O— MMF with D=62.5 um
0.6 o — fr— noise 0.6 00 — ¥r— noise
Q X o o0
@ 0000 R o
= \ 0000000000 a \ o0000°
o 000 _ .0
0o
0.3F 03F
HOBLBHOSEBHVE L0088 BOLBBABBEBREEEEERE
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
K, /arb. units K, /arb. units

B9 JEEr R X i SRR AE (2 . (a) L=0.1 km; (b) L=1km;(c) L=10 km;(d) L=15 km
Fig. 9 Influence of fiber feedback strength on TDS. (a) L=0.1 km; (b) L=1 km; (¢) L=10 km; (d) L=15 km

0ol @ — O— SMF 0ol ® — O— SMF
’ — A— MMF with D=50 um ’ ~ A— MMF with D=50 pm
— O— MMF with D=62.5 um — O— MMF with D=62.5 pm
— f¢— noise — ¥r— noise
06} o - o 0.6}
o 0v0 0 0 %%00P°%0c00 |
a a
= =
0090y 0-g%000 o000
0.3} 03
* 00-0-8- 44 -0 d-GbB-h Bt B B B fy B BB B BB tsotinds
7 3 6 9 12 15 7 3 6 9 12 15
Length /km Length /km
0ol © — O—SMF 09l @ — O— SMF
’ — A— MMF with D=50 um ’ — A— MMF with D=50 ym
= O-= MMF with D=62.5 pm = O= MMF with D=62.5 um
— ¥¢— noise — ¥¢— noise
06} 06
a ~ a 0%0%©0 20000990000
= 0000004300000 00 | F
03} 03f
£ i -0 00 B2 D0 Br-B-B-2egleii= £t B - B D1 B3 Breiepeie e
7 3 6 9 12 15 7 3 6 9 12 15
Length /km Length /km

E 10 LK X i TSR Y 520 . (a) K,=0.05;(b) K,=0.10;(c) K=0.25;(d) K=0.39
Fig. 10 Influence of fiber length on TDS. (a) K~=0.05; (b) K~=0.10; (¢) K=0.25; (d) K=0.39

0606002-8



4

R

2t W

PE i T ZROCLF RSO AR 7 Az DO SE R AL TR D

B 2, E SE I b 3R AT TR FE 4R AR Y BR A TR T O .
PR T T D=50 um Ml D=62.5 pm A Z 6L 1Y £F
i ELAR RE X B8 2 S G £ 4K B8 X Y AR 37 ) R )
P20 T SR LT K R i i B X e Ak
FRAF A LA . Fe 2R T ZBOGLT IR S 5
Af SRR AR A S B S A R RS T Ad=0 DL K
L>=1km S BR58 B K==0.1 W, 7] 77 A4 JC I 3E R AE 7Y 1R
Tifs 5 o WFIT 45 N JC IR SRR AE A TR T A 5 70 2% 3l
W VEA S R Y ERBE LB A T TR I A 40 i
MR T 2%

[1]

(2]

(3]

[4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

2 % x #t
Syvridis D, Chaos-based
communications at high bit rates using commercial fibre-optic links
[J]. Nature, 2005, 438(7066): 343-346.
Mirasso C R, Colet P, Garcia-Fernandez P. Synchronization of

Argyris A, Larger L, et al

chaotic ~ semiconductor  lasers:  application to  encoded
communications[J]. IEEE Photonics Technology Letters, 1996, 8
(2): 299-301.

Uchida A, Amano K, Inoue M, et al. Fast physical random bit
generation with chaotic semiconductor lasers[J]. Nature Photonics,
2008, 2(12): 728-732.

BT VLT, R, AT AR UM I 4 R O R 2B IR
R[] 224k, 2023, 43(1): 0114002.

Zhao A K, Jiang N, Wang C, et al. Chaotic laser synchronization
optimization based on generating countermeasure network[J]. Acta
Optica Sinica, 2023, 43(1): 0114002.

Lin F Y, LiuJ M. Chaotic radar using nonlinear laser dynamics[J].
IEEE Journal of Quantum Electronics, 2004, 40(6): 815-820.
El-Taher A, Kotlicki O, Harper P, et al. Secure key distribution
over a 500 km long link using a Raman ultra-long fiber laser[J].
Laser &. Photonics Reviews, 2014, 8(3): 436-442.

FEDARL, sk, Lo, 4 JLIR M R ok gl 43 A U1 RoA% S 52
SPAHOCARIR LR TEI]. 2224, 2022, 42(23): 2314003,
Du Y C, Zhang R, Wang L. S, et al. Chaos synchronization of
distributed Bragg reflection semiconductor lasers driven by
common noise[J]. Acta Optica Sinica, 2022, 42(23): 2314003.
BB, mie, A, AF BT XS FRAR AS G s T vl ) 20 1 v
W Ay K1) EEOE, 2022, 49(4): 0406001,

Wu C R, Gao H, Wang L. S, et al. High-speed secure key
chaos

49(4):

distribution  based on symmetric phase-shift-keying

synchronization[J]. Chinese Journal of Lasers, 2022,
0406001.

Zhao Q C, Wang Y C, Wang A B. Eavesdropping in chaotic
optical communication using the feedback length of an external-
cavity laser as a key[J]. Applied Optics, 2009, 48(18): 3515-3520.
Zhou C S, Lai C H. Extracting messages masked by chaotic
signals of time-delay systems[J]. Physical Review E, 1999, 60(1):
320-323.

dkak s, sk, BB, F . SMEE SR BOE R BEHLEOR IR 1
JEER A HTLI]. B4R, 2010, 59(11): 7679-7685.

Zhang ] 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.

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

44, SRR O 5B T RUWORE IO A% XUREIE Il 7 AR T

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

0606002-9

#5514 F 6H1/2024 £ 3 B/ E#N

HOL 5L P2 #E R, 2022, 59(5): 0514003.
Guo G M, Guo Y Q. Two-mode chaos generation in quantum dot
micropillar lasers subject to optical feedback[J].
Optoelectronics Progress, 2022, 59(5): 0514003.
SRIEN , K22, w LN, A5 S S 05t AL R £ A L I S
Dt T A8 IR S AR AN 5 0 A [T). P O, 2017, 44(5):
0501010.

Zhang X X, Wu T A, Chang K G, et al. Time-delay characteristic
and bandwidth analysis of chaotic output from

Laser &

single-ended
feedback and mutually coupled vertical-cavity surface-emitting
lasers[J]. Chinese Journal of Lasers, 2017, 44(5): 0501010.

Lee M W, Rees P, Shore K A, et al. Dynamical characterisation
of laser diode subject to double optical feedback for chaotic optical
communications[J]. TEE Proceedings-Optoelectronics, 2005, 152
(2): 97-102.

Rontani D, Locquet A, Sciamanna M, et 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.

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

Li S S, Liu Q, Chan S C. Distributed feedbacks for time-delay
signature suppression of chaos generated from a semiconductor
laser[J]. IEEE Photonics Journal, 2012, 4(5): 1930-1935.

Li S S, Chan S C. Chaotic time-delay signature suppression in a
semiconductor laser with frequency-detuned grating feedback[J].
IEEE Journal of Selected Topics in Quantum Electronics, 2015,
21(6): 541-552.

Zhong Z Q, Wu Z M, Wu J G, et al. Time-delay signature
suppression of polarization-resolved chaos outputs from two
mutually coupled VCSELs[J]. IEEE Photonics Journal, 2013, 5
(2): 15004009.

Hong Y H, Spencer P S, Shore K A. Wideband chaos with time-
delay concealment in vertical-cavity surface-emitting lasers with
optical feedback and injection[J]. IEEE Journal of Quantum
Electronics, 2014, 50(4): 236-242.

Yang I, Pan W, Yan L S, et al. Loss of time-delay signature in a
ring of three unidirectionally coupled semiconductor lasers[J].
Chinese Optics Letters, 2015, 13(4): 41403-41407.

Li N Q, Pan W, Locquet A, et al. Time-delay concealment and
complexity enhancement of an external-cavity laser through optical
injection[J]. Optics Letters, 2015, 40(19): 4416-4419.

Zhong Z Q, Wu Z M, Xia G Q. Experimental investigation on the
time-delay signature of chaotic output from a 1550 nm VCSEL
subject to FBG feedback[J]. Photonics Research, 2016, 5(1): 6-10.
Jiang N, Wang C, Xue C P, et al. Generation of flat wideband
chaos with suppressed time delay signature by using optical time
lens[J]. Optics Express, 2017, 25(13): 14359-14367.

Li S S, Li X Z,
suppression with bandwidth broadening by fiber propagation[J].
Optics Letters, 2018, 43(19): 4751-4754.

WuY A, Wang B J, Zhang J Z, et al. Suppression of time delay

Chan S C. Chaotic time-delay signature

signature in chaotic semiconductor lasers with filtered optical
feedback[J]. Mathematical Problems in Engineering, 2013, 2013:
1-7.

Wang Y C, Wang A B, Zhao T. Generation of the non-periodic
and delay-signature-free chaotic light[J]. IEICE Proceeding Series,
2014, 1: 126-129.

Wang A B, Yang Y B, Wang B J, et al. Generation of wideband
chaos with suppressed time-delay signature by delayed self-
interference[J]. Optics Express, 2013, 21(7): 8701-8710.

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.

Zhang K, Zhang J, Gao G J, et al. Physical layer security based on
chaotic spatial symbol transforming in fiber-optic systems[J]. IEEE



#5514 £ 6H1/2024 £ 3 B/ E#N

Photonics Journal, 2018, 10(3): 7202410. [33] Rontani D, Locquet A, Sciamanna M, et al. Time-delay
[32] i EAR, Spbet, 228, A PR O IR DI AF 5 I A R AT A0 identification in a chaotic semiconductor laser with optical

5B PL g8 3 R v B R A AT 5T (O] b B OOG 2018, 45(10): feedback: a dynamical point of view[J]. IEEE Journal of Quantum

1008001. Electronics, 2009, 45(7): 879-1891.

JiY L, Guo X M, LiP, etal. Suppression of time-delay signature [34]  VPIphotonics. VPIcomponentMaker photonic circuits user’s

and enhancement of stochastic statistical properties of chaotic laser manual[EB/OL]J. [2023-02-03]. https: J/WWwW. vpiphotonics. com/

by filtering[J]. Chinese Journal of Lasers, 2018, 45(10): 1008001. Tools/PhotonicCircuits.

Time-Delay Signature Elimination of Chaos in Semiconductor Lasers with
Multimode Fiber Feedback

Lin Yuxue', Gao Hui', Wang Longsheng"*, Li Tenglong’, Zhao Tong', Chang Pengfa’,
Wang Anbang'”’, Wang Yuncai’

'Key Laboratory of Advanced Transducers and Intelligent Control System, Ministry of Education and Shanxi Province,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
*State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of
Sciences, Changchun 130033, Jilin, China;
‘Guangdong Provincial Key Laboratory of Information Photonics Technology, Guangdong University of Technology,
Guangzhou 510006, Guangdong, China;
‘Institute of Applied Electronics, China Academy of Engineering Physics, Mianyang 621900, Sichuan, China

Abstract

Objective Chaos laser has important applications in the fields of secure communication, key distribution, physical random number
generation, and radar. In these applications, the key is a chaotic source, a common choice for which is a semiconductor laser with
optical feedback because it is characterized by simple structure, easy integration, and complex dynamics. However, external-cavity
resonance between the laser facet and the reflector in the conventional optical feedback structure gives the chaotic signal an obvious
time-delay signature (TDS). This feature leaks the key parameter of the external-cavity length of the chaotic light source, which
makes the system at a risk of being reconstructed and reduces the security of chaotic secure communication and key distribution. In
addition, a TDS also introduces a weak periodicity to the chaotic signal, which limits the randomness of physical random numbers and
the anti-jamming performance and resolution of radar. Therefore, the suppression of the TDS is an important prerequisite for the best
use of chaos laser. The main methods of suppressing the TDS are increasing the complexity of the feedback cavity, introducing
nonlinear feedback, and post-processing the chaotic signal. In this study, a TDS-free chaos laser generation scheme using inter-modal
dispersion of a multimode fiber (MMF ) is proposed. This work provides a basis for the application of TDS-free chaos laser in the fields

of secure communication, key distribution, physical random number generation, and radar detection.

Methods The light output from a semiconductor laser is divided into two paths by an optical coupler. One path is fed back to the
laser via the MMF to perturb itself to generate chaos, and the other one is for detection. We utilize a variable optical attenuator and a
polarization controller to adjust the strength and polarization state of the feedback light. The feedback strength is defined as the power
ratio of the feedback light to the static output of the laser. An erbium-doped fiber amplifier is used to amplify the signal’s optical power
in the feedback and detection paths. When the bias current and operation temperature are set to 15 mA and 25 °C, respectively, the
static wavelength of the laser is stabilized at 1550.1 nm. Numerically, we employ the VPIphotonics design platform to construct the
simulation system mentioned above. In the simulation, the bias current of laser is set to 20 mA, giving rise to a central wavelength of
1552.52 nm. Two typical MMFs with core diameters of 50 um and 62.5 pm are used to analyze the effects of the core diameter (D),
relative offset, and length of the MMF on the chaotic optical mode field. In addition, the evolution of the TDS as a function of the
relative offset, feedback strength, and length of the MMF is explored. Note that, to quantitatively characterize the magnitude of the

TDS, the autocorrelation function is used.

Results and Discussions First, a TDS-free chaotic signal is obtained experimentally using an MMF with a length of 4.4 km and a
core diameter of 62.5 um while the optical feedback strength is fixed at 0.1 (Fig. 2). Next, we theoretically study the influences of the
core diameter (Fig. 3) and relative offset (Figs. 4 and 5) of the MMF on the number of modes and the distribution of chaotic optical

mode fields. As the core diameter and relative offset increase, the number of modes gradually increases and the mode field
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distributions become more complex. The effect of fiber length on mode separation is also investigated (Fig. 6). Note that the degree of
mode separation (that is, the inter-modal dispersion) becomes larger as the fiber length increases. By comparing the typical chaotic
characteristics of a laser subject to single-mode fiber and MMF feedback under the same parameter conditions, we find that the
approach with MMF feedback can afford the elimination of the TDS, whereas that with single-mode fiber feedback cannot (Fig. 7).
Furthermore, the effects of relative offset (Fig. 8), fiber length (Fig. 9), and feedback strength (Fig. 10) on the TDS are given. When
the relative offset is 0 and the feedback strength is 0.1, the critical fiber length required to eliminate the TDS can be as short as 1 km.

Conclusions In this study, we propose a scheme for TDS-free chaos laser generation using a semiconductor laser with MMF
feedback. Chaos laser without the TDS is obtained experimentally. Theoretically, the effects of the core diameter, relative offset, and
fiber length of MMFs with D=50 pm and D=62.5 pm on the chaotic optical mode field are analyzed. Furthermore, we explore the
TDS evolution as a function of the relative offset, fiber length, and feedback strength. Finally, the parameter conditions required to
suppress the TDS of chaotic signals are ascertained: When the relative offset is 0, the fiber length is greater than or equal to 1 km, and
the feedback strength is greater than or equal to 0.1, chaotic signals without a TDS can be generated. This study underlies secure
communication, key distribution, physical random number generation, and radar detection using TDS-{ree laser chaos.

Key words fiber optics; semiconductor lasers; chaos laser; time-delay signature; multimode fiber
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