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Fig. 1. Experimental setup. LD, laser diode; WDM, wave
length division multiplexer; EDF, Er-doped fiber; OC, op-
tical coupler; OI, optical isolator; TBPF, tunable bandpass
filter; PF, passive fiber; OPgw/OPccw, clockwise/counter-

clockwise output.
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Fig. 2. Test results of the spectral filtering performance: (a) Spontaneous emission spectrum; (b) the central wavelength tunable

spectra with fixed bandwidth of 1.4 nm; (c¢) bandwidth tunable spectra with fixed central wavelength of 1556 nm; (d) comparison of
3 dB bandwidth and 10 dB bandwidth of bandwidth tunable spectra.
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Fig. 4. Impact of filtering bandwidth on (a) pulse durations, spectral bandwidths and (b) time-bandwidth products; spectra and
autocorrelation traces (inset) of (¢) CW and (d) CCW output pulses with different filtering bandwidth.

1520 1560 1600
K /nm
Bl 5 CW Hl CCW %t i 7T 838 Ot 1%

% it

ARSCHYEE T BT HFEIEXTFR NOLM 9 8 FHi&
BHDCLBIRBIEOGE, BOtEE Y 2.734 MHz,
PR B A 1 Pk ph RE SRR T 3 nd. A A A AT
TR I AR SEIR A ST T IR AT B RO g I P ke
AR AR AR SRR TE AN R Y

HUbHEK /nm
1535.3
1538.2
1542.2
1545.4
1548.4
1551.4
1554.4
1557.2
— 1560.2

' HuBE K /nm
1535.3
—1537.1
——1541.6
——1544.8
——1547.8
—1550.7
—1553.7
—1556.5

(e}
T
—
=
=

—20

5 /dBm

(a) CW; (b) CCW
Fig. 5. Output tunable spectra of CW and CCW: (a) CW; (b) CCW.

ik e ) e A Az i R AkON; L RIVE T, B
Jtas CW A1 CCW fi i ik il FWHMSs 22 51l 8K
39K 583.7 fs Fl 2.94 ps. B UEPHT SERI A, BB
PR K e v e R, BB A VE B S, 1 4
TR FH 2 iR OGS P i o S E0%
AR AT AAIR], [ s s vz - e L A
o Bk . 2 U8 s e AR, Wokds CW I
CCW #i H Jok Ay 725 48 4% B ik vf, FWHM 5

064206-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 6 (2019) 064206

440 fs. 3818 I 5 PR AR O BB LB T RHOE
i P OIS R SERIE, IEVERR T 30 nm.
IO ST K BE | 35 S A 1 2k
IR, PR AN [ A 2

&% 0k

(1]

2]
B3]

4]

[5]

(6]

(7l
(8]
(9]

Shi J K, JiRY, Li Y, Liu Y, Zhou W H 2017 Acta Phys.
Sin. 66 134203 (in Chinese) [f1fRHLl, L5 #h, FE58, XL, 4
4% 2017 PIEEAR 66 134203]

Zhu Z W, Liu Y, Zhang W C, Luo D P, Wang C, Zhou L,
Deng 7 J, Li W X 2018 IEEE Photo. Tech. Lett. 30 1139
Wang S S, Pan Y Z, Gao R X, Zhu X F, Su X H, QuS L
2013 Acta Phys. Sin. 62 024209 (in Chinese) [T35, 3 K2,
W, LAY, RRE, R 2013 YA 62 024200]
Khegai A, Melkumov M, Firstov S, Riumkin K, Gladush Y,
Alyshev S, Lobanov A, Khopin V, Afanasiev F, Nasibulin A,
Dianov E 2018 Opt. Express 26 23911

Zhu G W, Zhu X S, Wang F Q, Xu S, Li Y, Guo X L,
Balakrishnan K, Norwood R A, Peyghambarian N 2016 IEEE
Photo. Tech. Lett. 28 7

Boguslawski J, Sotor J, Sobon G, Kozinski R, Librant K,
Aksienionek M, Lipinska L, Abramski K M 2015 Photon. Res.
3119

Li J, Zhao Y F, Chen Q Y, Niu K D, Sun R Y, Zhang H N
2017 IEEE Photon. J. 9 1506707

Wang J T, Jiang Z K, Chen H, Li J R, Yin J D, Wang J Z,
He T C, Yan P G, Ruan S C 2018 Photon. Res. 6 535

Zhang D P, Hu M L, Xie C, Chai L, Wang Q Y 2011 Acta
Phys. Sin. 61 044206 (in Chinese) [5KKME, $IIA%, /=, 4

(10]

(1]
(12]

(13]
(14]

(15]
(16]

(17]
(18]

(19]
(20]

[21]
(22]

(23]

(24]

(25]

064206-6

B, EWFH 2011 PRLEH 61 044200]

Liu H, Gong M L, Cao S Y, Lin B K, Fang Z J 2015 Acta
Phys. Sin. 64 114210 (in Chinese) [XIXX, L2 HE #+3 #k
AL, EZE 2015 PEIAAR 64 114210]

Liu Z W, Ziegler Z M, Wright L. G, Wise F W 2017 Optica 4
649

Sidorenko P, Fu W, Wright L. G, Olivier M, Wise F W 2018
Opt. Lett. 43 2672

Doran N J, Wood D 1988 Opt. Lett. 13 56

Zhao L M, Bartnik A C, Tai Q Q, Wise F W 2013 Opt. Lett.
38 1942

Szczepanek J, Kardas T M, Michalska M, Radzewicz C,
Stepanenko Y 2015 Opt. Lett. 40 3500

Fermann M E, Haberl F, Hofer M, Hochreiter H 1990 Opt.
Lett. 15 752

Krzempek K, Sotor J, Abramski K 2016 Opt. Lett. 41 4995
Yu Y, Teng H, Wang H B, Wang L N, Zhu J F, Fang S B,
Chang G Q, Wang J L, Wei Z Y 2018 Opt. Express 26 10428
Seong N H, Kim D Y 2002 /EEE Photo. Tech. Lett. 14 459
Hao Q, Chen F H, Yang K W, Zhu X Y, Zhang Q S, Zeng H
P 2016 IEEE Photo. Tech. Lett. 28 87

ShiJ K, LiY, Gao SY, Pan Y L, Wang G M, Ji R Y, Zhou
W H 2018 Chin. Opt. Lett. 16 121404

Jiang T X, Cui Y F, Lu P, Li C, Wang A M, Zhang Z G 2016
IEEE Photo. Tech. Lett. 28 1786

Hinsel W, Hoogland H, Giunta M, Schmid S, Steinmetz T,
Doubek R, Mayer P, Dobner S, Cleff C, Fischer M,
Holzwarth R 2017 Appl. Phys. B 123 40

Liu W, Shi H S, Cui J H, Xie C, Song Y J, Wang C Y, Hu M
L 2018 Opt. Lett. 43 2848

Dianov E M, Karasik A Y, Mamyshev P V, Prokhorov A M,
Serkin V' N, Stelmakh M F, Fomichev A A 1985 JETP Lett.
41 294


http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.7498/aps.66.134203
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.1109/LPT.2018.2836178
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.7498/aps.62.024209
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1364/OE.26.023911
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1109/LPT.2015.2478836
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1364/PRJ.3.000119
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1109/JPHOT.2017.2766120
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.1364/PRJ.6.000535
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.60.044206
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.7498/aps.64.114210
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OPTICA.4.000649
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.43.002672
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.13.000056
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.38.001942
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.40.003500
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.15.000752
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OL.41.004995
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1364/OE.26.010428
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/68.992577
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.1109/LPT.2015.2487049
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.3788/COL201816.121404
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1109/LPT.2016.2572167
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1007/s00340-016-6598-2
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://dx.doi.org/10.1364/OL.43.002848
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 68, No. 6 (2019) 064206

Influence of spectral filtering on mode-locking operation of
figure-eight Er-doped fiber laser”

Shi Jun-Kai?  Wang Guo-Ming? Li Yao! Gao Shu-Yuan? Liu Li-Tuo"
Zhou Wei-Hub?f

1) (Laboratory of Laser Measurement Technology, Academy of Opto-FElectronics, Chinese Academy of Sciences, Beijing 100094, China)

2) (University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 5 December 2018; revised manuscript received 21 January 2019 )

Abstract

Over the last decades, passive mode-locked fiber laser has received considerable attention because of
ultrashort pulse, compactness, and low cost. As a saturable absorber, nonlinear optical loop mirror (NOLM) has
shown the advantages of high damage threshold, possibility of all-PM fiber implementation, short response time
and therefore potentially low intrinsic noise. Spectral filtering plays an important role in NOLM mode locked
fiber laser, but the influence of filtering parameters on mode locking operation is rarely reported. In this paper,
the influence of filtering bandwidth on mode locking operation and on output pulse characteristics are
experimentally investigated. A 2 x 2 optical coupler with a splitting ratio of 10 : 90 is introduced at one end of
fiber loop to form a loss-imbalanced NOLM, and extracts 90% of intracavity pulse energy as outputs. With this
architecture, an all polarization-maintaining figure-8 Er-doped fiber ultrafast laser is achieved. A home-made
bandwidth and wavelength tunable bandpass filter is utilized in the cavity, and the filtering bandwidth is
defined by 10 dB bandwidth. The clockwise and counter-clockwise mode locked output power are 8.4 mW and
8.6 mW, respectively, with a repetition rate of 2.734 MHz. With a spectral bandwidth of 2.1 nm, the intracavity
pulse is shaped by spectral filtering and soliton effect. The 3 dB bandwidth of the clockwise and counter-
clockwise mode locked output pulse are 10.1 nm and 1.8 nm, and the values of corresponding full width at half
maximum (FWHM) of the direct outputs are 583.7 fs and 2.94 ps, respectively. As the filtering bandwidth
increases, the role of filter in spectral shaping weakens, and the parameters of two output pulses become close.
When spectral bandwidth is larger than 7.3 nm, the intracavity pulse is shaped by gain spectrum and soliton
effect. Both of the clockwise and counter-clockwise output pulses become the transform-limited pulses with
almost the same FWHMs of 440 fs. Besides, the wavelength of the figure-8 fiber laser can be adjusted in a range
larger than 30 nm by modulating the wavelength of the filter. The tunable mode-locked fiber laser has great

potential applications in various application fields.

Keywords: figure-eight mode locked laser, loss-imbalance, nonlinear optical loop mirror, spectral filtering
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