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Abstract A scheme of equalizing the uneven pulse amplitude from a rational harmonic mode—-locked laser is
proposed and verified, in which an optical fiber active ring filter is employed. The active ring filter is a comb filter
with tunable free spectral range, which can select the mode—locked component and suppress other harmonics and
super—modes by carefully tuning the optical delay line in it. This process is able to effectively balance the pulse
amplitude. Theoretically, the simulation is performed to compare the waveform and radio frequency spectrum before
and after filtering. The results show that the active ring filter can effectively filter the expected frequency, and the
higher the @ is, the better the amplitude equalizationisis. In the experiment, the 7", 11", 14" mode-locked pulses
are verified respectively and mode-suppression ratio can be improved by more than 20 dB.
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L 1E I 1Y B G HE T 7 O OFARF , Herp SOA2 BEAE Sy AR Ze vk 3 ] 2% 148 SO 2O IR I 4R it 1 25 . TOF2 19
PSP T E T OFARF IO A, ,ODL2 I T35 I, PC3 A 19 I N 4R &5 o >4 RHMLL fa th K
M6 MR TE £8 Cir i35 11 1 3 A OFARF I, 75 SOA2 1 5 J5 5K £ OFARF TG B 180635 & Az AE 28 1 38 i 1
JH AR A, OE 2 B K A B 25 A # A, BT TOR2 1Y 38 B AE & Cir 1 B 25 4
LKA A, OGS RETE OFARF W EH , e & A K A, OB OC2 % i o 38 i 98185 ODL2 A8 s 4,
OFARF (1 FSR & A= 78 Ak , i B ASE A1 246 43 0 77 JFC Ui 08 0 10 oA T G At 3 I8 4 e A DB B, e 28 DN O C2 i o Wt 2 3
M A Bk ol . 7E OFARF o i OC2 IR A LU a:b , M\ Cir i O L ABOEII 3R P, W H OC2 B 45 i
P RVIE]

P, =bG,P, exp(=j2ufT,) (6)

X rf G, A SOA2 F) OC2 B3 35 R %L, T, IO SOA2F] OC2 B[R ZER o 4 567E OF ARF Hf I B 41 47 34
— R, N OC2 5 it 1y 65 % Py oly

0306003-3



¥ ¥
P, =abGG,P, exp(=j2mfn,,L,/c)exp(=i2mfT,) , (7)
K P G NI L8 OFARF — 8 J5 19 4 25 R ¥, n., & OFARF 194 247 55 3%, L, J OFARF [ B K . #5615
OFARFZfT N-1JB( N=1,2,3,...), Hilfi O oh R oy
P,=a""'bG" 'GP, exp[-j2nf (N - Dn L, /c|lexp(=j2mfT,) . (8)

S IEE TR BS IR S|
P,,=bG,P exp(=j2nfT,) + abGG,P, exp(=j2mfn,,L,/c)exp(=j2mfT,) + ... +

a"'bG 'GP, exp[—j21Tf(N— 1)ncrr2L2/c]exp(—j21TfT0) -
1- [aG exp(—jz"Tfnuusz/c)]N

. 9
1-aG exp(—jZ'lenmLz/c) ®)

bG(,P; exp(—jZ’n’jTO)

JIT A% OF AR f14 51 2R 1 )i A
1 - [aG exp(~j2mfn L./c)]
. 1 - aG exp(-j2mfn Ly lc)
M0 AT LA 1, H(f) 5 OFARFIEK L, OC2HFEA R a b AR, MW L, 5 a b WE, 55
[ 3 fr7x OFARF B4 i & , Horp, 6,=0.99 , T,=0.15 ps, 6=0.95, n,=1.5, ¢c=3%x10"m/s, N=700 ., A
3@ A NIER L,=63m B, a 43518 0.1.0.5.0.9 B 55 R i fhi 28 . o] LAE H, OFARF 9 45 3% 51 Sk Atk
JEE | a B 8 U8 I8 A PR 4, 5 mT DA o R R A LU AN [ B R & 28 ok 208 OFARF 19 Q . 181 3(b) i
RN a=09 B SR L, 40008 63.63.01.62.02 m A ATZE & . Al UL B L, 228, FSR M s i 7 11 & A28 4k .
AR E A Y BEBE S H, T IO RHMLL (8 047 08 00k, 8 s AR5 80 28 43 i 1 400 ) At 30 08 2 o 1 T 9
o 2475 ) i 32 X A4 1) Ik ol o

(10)

. P, .
H(f)= P =bG, eXP(‘ﬂ’”ﬂu)

0
g -4 £
S 2
g -8 g
o ]
12 A
-5 5 -5 5

Frequen(c)y /MHz Frequen?:y /MHz
B3 A OC2HI A REL o RAFER L, B OFARF B30 14K . (a) @ =0.1, 0.5 0.9; (b) L, =63, 63.01, 63.02 m
Fig.3 Frequency response of OFARF with various coupling coefficients in 0C2 and cavity lengths. (a) ¢=0.1, 0.5, 0.9;
(b) L, =63,63.01,63.02 m
F T (10)ZXT 181 (2) i 7 ok i it — 20 05 L, T A 2008 S A 45 3R . K4 BT R S 1 E OFARF 19— I8 % 7
XS fE 7 B A 3 4 dk, BB 2% Q (B 430y 12,119 (650 B, ik #h 28 48 OFARF U8 5 (9 5 08 F e % . &l 4(a) L (b)
N QESET 120 BAE G0, 7] LLE 285 OFARF WU AE 5, Ik oo i 22 12 48 PR 45 3 53 |, Ak o ) 0 {1 2
FANA IR AR, B 3% 7 B LLSR A 1 B D AT AR AR o Y Q {119 B, BT A5 BT LI A R 4(c) | (d) BT
N MR B 4 TP AT A SN AR L 7 B g3 i DAAD B 8 A AR 43 i AR B 2Bl . QR 650
I, BT AT [P 4(e) 1 BE 1215, B 351 4() 1% 6 B 73 125 19 30 1 bE 3 3 26.89 dB. 5 151 3 A Lo, e isf it B2 3 £y
ROR 3, & Wil i 4y it #RAEAS 2 BEAR R, HL Q (EB IR B 3 ] O BOR 153 2 19 PP P SR G

3 SCERZE AR KTie

H TSR T T R AT M S ROCR B LR 7 B AT TR U . SE5EH, SOA T (Thorlabs
Quantum Electronics, SOA-17415-11450.29.C01) i 1 A ML 24 370 mA , EDFA [ 4l1i5 HL i 24 180 mA , MZM i
WENH RN £, =1.5GHz, TOF1 AP LI A, =1552 nm, SOA2 #91H: AL M 375 mA, TOF2 #y 0 % K
A,=1555nm, RHMLL¥ K L, =132 m, Xf N AHSF AL 8] B £, ~ 1.510 MHz, fF 41575 PC1.PC2 &2 ODLI, 7E

0306003-4



DI S S
OC1 19 2093 H A FAF L BA S A, EEIAR £ =pf, KOGk, S5, OFARF B3R K L, = 63 m, X
) FSRZ)43.176 MHz, IR 25 4 2 dBm A9 ik #h 6 A Cir i 11 13 A 2] OFARF H 3 1 Ho & I 4F A, e N
OC2 1 10% 3 A5 B B K R A, IR 200 1 dBm 1Y 08 B2 249 47 09 ik ohole o 5256 v 1 7R 3 2% (Agilent
86100D Infiniium DCA-X) G IE YL (Yokogawa AQ6370C) LA K i 42 't HL 44l #% (u2t photonics XPDV2150R-VF-
FP)J5 i B3 A (A gilent NOOTOA EXA)XT JE I HiT I ok vh #E 47 20 B % He o

3 M@ gy -
<
g £ -70 7.9dB
-
o 0.5 E _80
N
3 s
g 90
3
Z 0 ‘ -97
0 1 2 0 13.25 26.5
Time /ns Frequency /GHz
~ 1.0r=
3 (b!ﬁ H
&
o) =
2 2
o 5
g 0.5 :
) o
L]
0 1 2 10y 13.25 26.5
Time /ns Frequency /GHz
~ 10 _,
=
s (cl H
3 g
- <
- z
3 2
: |
00 1 2 0 13.25 26.5
Time /ns Frequency /GHz

&4 QEAS IR 28 OF ARF M BE S5 19 7 B Bk o (1) (a )~ (c DIEIE 5 (a2)~(c2) BT o (al)(a2) Q=12; (b1)(b2) Q=119; (c1)(c2) Q=650
Fig4 (al)~(c1) Waveforms and (a2)~(c2) electrical spectra of OFARF balanced 7" order pulses with different Q values. (al)(a2) Q=12;
(b1)(b2) Q=119; (c1)(c2) Q=650

P RHMLLAS 2] 7 Br 88 ( p=7, f,=10.5 GHz)¥i th , Foo (i 1% DG ani&l 5 i s o e i 5(a) B
7, BERSE ok o e A P A 25 S . W[ S(b)THR B AR T B Ao e e, {EL BRI A 6 R B I8 4 e L R R
gy HUIL H D3RR 4.75 dB, 350 HL 3G 23 A A 23 B 30 98 (RBW) 2y 18 kHz , AT 98 (VBW) 2 330 Hz, 7E 41
5 75 Bl (SPAN) A 60 MHz 15 75 2] #L 3% 4n 18] 5(c) i , vl DL A BAGE B SR i h v E S A WA R
AR 370 R R A 6 S s HE RS G K e G H O B K R 15521 nm Sl R BT o B I Bk oh i A OFARF,
5 ODL2 X PC3 & , AT A5 6 Bk i B 0% H 3 DG ik i 6 TR o 1B 6(a) I U 18 B R, 5 181 S (a) A L ik e
W B2 Y 3 P A5 BB R i, % I ) R B [T 6(b) [+ LRI 7 B AR A A i, AR I A 1 A5 B BRARRI R S0
il tbas 2 20 dB LA b o FE 407 LIS (1A 6(c) ], AR 12 7 dB 45 B 8 % 2 A Y S, AR <R 32 ) A
F% -~ 10.5 GHz.

TR PR O RIAOR AT T 1B BRI R (p =11, £, = 16.5 GHz) Y iR 55 1 47 S5 56, 52 56 XF
FEZ R 7 8 s o B H: N RHMLL it A9 38 B [ P 7 (a) | SR 3 B BH I A9 S 1 S, B 3 [ 7 ()]
T Z MBS TER 7o) IS ge Ty b B B AR . YOS H&E BB ki m A B, &
OFARF JE S5, DN I&] 8(a)~(c) T & H 1 Hof ik oo i 2 340 A6 25 SR AR, 10 B DA A B9 000 232 0 o 13 31 R A 40 1, D' 1%
tH BEIE] BS A 16.5 GHz T Wi 34 o 14 B BRL Ik ol ( p =14, f, =21 GHz) 1 i B 35 5 %5 LE 41 9 (181 10 i

0306003-5



Dl R R
55 1T P 2 S 0 AR B P 9 (a) BT s L R A 0 K o R S S 3L, 7E L3 (18T 9 (b))t B 2 AR AR B O O 43
i, H AR A3 B i 5 BB Sy i A A0 ) F A JL dB . 4l LSBT 9 (o) [P O R R B H B A, Ol 1
BRI o 2800 OFARF 98 3 Jm B I8 W1 08 1 SF 45, T&] 10(b) 15 {1 B 38 30 20 40 09 4900 4 HE ik 21 7

16.5 dB. Gk 17 i i B &2 .

(a)r y WM.VV Avfw I\ﬁv.w.v. r.vl\'ﬂv.
50 ps 200 ps -

~ A A NN
SN NS N\

|
[\S]
(=]

-50 016 521 15526

Wavelength /nm

| Power /dBm
&
(=)

Power /dBm

~100; 13.25 26.5 0 0 30

Frequency /GHz Frequency /MHz
B 5 7 By s ik o (4 9 B H JI(JEI - (a) WL, (b) EETEI, (c) T H (ﬁ:[z]j‘] )

Fig.5 Waveform, electrical and optical spectra of 7" order pulse. (a) Waveform; (b) electrical spectrum; (c¢) zoom—in electrical spectrum

—
12
o

(the inset is optical spectrum)

|
Do
(=
~
o
~
=3

0/ (®)

@) A

50 ps 200 ps
. - WaWa
A,{ A NSV
-100

é
E -30]
B
o
[

-60!
16542 1554.7 15552
Wavelength /nm

I
(o)l
(=)

Power /dBm

\ Power /dBm
&
S

0 13.25 26.50
Frequency /GHz

K6 2 OFARF & bk if AR BL B BETE i O6i o (a) WETE; (b) Wi (o) 41T HL 1% (I P A Dl i)

Fig.6 Waveform, electrical and optical spectra after OFARF. (a) Waveform; (b) electrical spectrum;

0
Frequency /MHz

(c) zoom—in electrical spectrum (the inset is optical spectrum)

-30
@ o ﬂwwmﬁwmﬂwww

Vv

50 ps
A a SN A
7 \VA'AVAAAVA
13.25 26.5 0
Frequency /GHz Frequency /MHz

F7 1B B Ik 4 B8 3k D6 () PIB: (b) ML (o) 4179 1L (R IR D OLE)

Fig.7 Waveform, electrical and optical spectra of 11" order pulse. (a) Waveform; (b) electrical spectrum;

-60
1551.6 1552.1 1552.6
Wavelength /nm

ower /dBm
U'l
(=)
Power /dBm
&
S

P
£
o
I=y=1

o
e

(¢) zoom—in electrical spectrum (the inset is optical spectrum)

0

|
wW
[=]

()

@ 2
50 ps <
05 15518 15,

200 ps
AAaANAAA
VNV WV AV B 100 o yelensth /
~1005 13.25 %5 2% 0 30

Frequehcy /GHz Frequency /MHz
8 2 OFARF J& Ik vhAH L (9 8 (S O61E . (a) I (b) HLTE: (c) 20719 HL 3 (I 11 203

Fig.8 Waveform, electrical and optical spectra after OFARF. (a) Waveform; (b) electrical spectrum;

>
N

Power /dBm
&
S
Power /dBm
&
(=]

(c) zoom—in electrical spectrum (the inset is optical spectrum)

0

|
o
(=]

=

) L(©

(@

)
(]
=3

?\

it

\/ \lf\\N\/'V'\ J‘\ f\v Wavelength /um
V -100
0 13.25 0 30
Frequency /GHz Frequency /MHz

B9 14 B SR IR 4 BB 3k Do (a) PIB: (b) HLIE: (o) 4175 1L (R IR OLIE)

Fig.9 Waveform, electrical and optical spectra of 14" order pulse. (a) Waveform; (b) electrical spectrum;

Do
(=3
(=)

50 ps

[Power /dBm

1?)%1.6 1552.1 1552

e

Power /dBm
&
(=)
Powe}* /dBm
[=2]
(=)

|
©
P=]

Do
o L
o)

|

)
=]

(¢c) zoom—in electrical spectrum (the inset is optical spectrum)
H T S 56 v B s B A A 98 A A 20 GHz, TV vHE R DN o 24 0 T S o B B Ik b A DK 98 o (B DR B
&, T OFARFATS o — A BRIk, A A AU BR AT o 7045t 14 ) I A 0] 7 345 B 4 A e B e 0L TR I S 3

0306003-6



¥
HE

E
=

g

@ T ity
200 pé T T AT

Power /dBm
b
=)

-60
165542  1554.7 15562
Wavelength /nm

Power /dBm
&
(=)

| Power /dBm
&
(=)

—_
[=3
(=]

50 ps
13.25 265 %0 0 30

Frequency /GHz Frequency /MHz

K110 £ OFARF JG Dk vh AR B i 2 HL3E D61 o (a) B (b) HLIE; (c) 40719 L3 (O 1 D D63
Fig.10 Waveform, electrical and optical spectra after OFARF. (a) Waveform; (b) electrical spectrum; (c) zoom—in electrical spectrum
(the inset is optical spectrum)
S5 RE 6.8, 10 H1 iy St ik 18113 B T I3 M R R B A pf, 09— RAUEE . R T R A AT S R R R
S TAT D AR K e B A S X N G R K o R A R AR A R AR AR . A, N AR TE L E L IR
OFARF 7 — & F2 B I 2552 ) SOA Ui VK &2 B (8] =g B A, 52 i) T AR B3R i+ 9, m DA s AR e M 4R 4R
B SOA k4 OFARF IHBRIZBREI™ . PRt , S50 BT 7R Jy 58 AT A 01 vy 5 S A0 32 J /N K 5 1) 2% 8 8 A AT 5
TG Ik e B2 118 287 4685 700 A I 7 A1 o
Bk LIRS AT DUE H, 2 h OFARF JE P 5 , 7 B (11 B . 14 B B ik op /%) o 4 X945 BF S s, A9 3
B I BSO8R ) B R R G A A AR A AR Y 3 U8 A ) R A AR 0 A L g s T
ik20dB LI b, SETIR T A RARAT . BIe 5L A R R e R EA RIF A1 25— 2P R
OFARF I s P A0 FE , B /55 Q {80, 7T A5 T I HLAEL f7%) g 5 347 £ 20 2 o

4 45 B

PE T —Fho6 RHMLL %y 0 ok a2 47 e B85 22 4 (%) 8 75 28, 38 2ok 4 3t — > OF AR X 8RS fik wfr a2 4 7 0 08 i
A A Bk vb g o RHMLL 5 B TR D R A, B A 24948 bk o 52 180 7 A 9% KA A, 59 OFARF o,
W ZUE P A R OGS I PR e 40 B Y AR 40 3 ok T LAt D A e M R A R A ] SOA2 IO -G A
YERT A5 BN A, 1 IR B 24 48 1 JDk e o B8 20 A RS2 6 245 SR 4 SR W% 7 S8 AT AT, EL &5 R ) B, 7R S5 vh i
I SEEL T 14 B AR K e %) I RE A, AR G R R Rk 20 dB DL 3 B ST 0 3R M RE N AR 1 1 34 77
%5 B RHMLL i i ik o Pk B AT 5 UM 19 2 S, BB AT &% 2l RHMLL 1 5 F Ak .

& Z XM

1 Peng G H, Kang J J, Lin Y C, et al.. Chirp—compensated multichannel hybrid DWDM/TDM pulsed carrier from optically injection—mode—
locked weak-resonant—cavity laser diode fiber ring[J]. IEEE J Quantum Electron, 2011, 47(2): 182-189.

27iY ], Jiang T, Ma C, et al.. A dual-wavelength rational harmonic mode-locked fiber ring laser with different repetition frequencies[J].
IEEE Photon J, 2015, 7(2): 1501309.

3 Yoo S J B. Optical packet and burst switching technologies for the future photonic internet[J]. J Lightw Technol, 2006, 24(12): 4468-4492.

4 Shirane M, Hashimoto Y, Yamada H, et al.. A compact optical sampling measurement system using mode—-locked laser—diode modules
[J]. IEEE Photon Technol Lett, 2000, 12(11): 1537-1539.

5 Wang W R, Yu J L, Han B C, et al.. Tunable microwave frequency multiplication by injection locking of DFB laser with a weakly phase
modulated signal[J]. IEEE Photon J, 2014, 6(2): 5500308.

6 Jiang Y, Bai G F, Hu L, ez al.. Subharmonic generation in a bandwidth clamped actively mode—locked fiber laser[J]. IEEE Photon Technol
Lett, 2013, 25(23): 2331-2334.

7 Onodera N, Lowery A J, Zhai L, et al.. Frequency multiplication in actively mode=locked semiconductor lasers[J]. Appl Phys Lett, 1993,
62(12): 1329-1331.

8 Yoshida E, Nakazawa M. 80~200 GHz erbium doped fibre laser using a rational harmonic mode—locking technique[J]. Electron Lett,
1996, 32(15): 1370-1372.

9 Wu C M, Dutta N K. High—repetition—rate optical pulse generation using a rational harmonic mode—locked fiber laser[J]. IEEE J Quantum
Electron, 2000, 36(2): 145-150.

10 Gupta K K, Onodera N, Hyodo M. Technique to generate equal amplitude, higher—order optical pulses in rational harmonically mode

locked fibre ring lasers[J]. Electron Lett, 2001, 37(15): 948-950.

0306003-7



Dl R R
11 Lee C G, Kim Y J, Choi H K, et al.. Pulse—amplitude equalization in a rational harmonic mode-locked semiconductor ring laser using
optical feedback[J]. Opt Commun, 2002, 209(4): 417-425.
12 Jeon M Y, Lee H K, Ahn J T, et al.. External fibre laser based pulse amplitude equalisation scheme for rational harmonic mode locking
in a ring—type fibre laser[J]. Electron Lett, 1998, 34(2): 182-184.
13 Feng X, Liu Y, Fu S, et al.. Switchable dual-wavelength ytterbium—doped fiber laser based on a few—mode fiber grating[J]. IEEE Photon
Technol Lett, 2004, 16(3): 762-776.

14 Gee S, Quinlan F, Ozharar S, et al.. Simultaneous optical comb frequency stabilization and super—mode noise suppression of harmonically
mode-locked semiconductor ring laser using an intracavity etalon[J]. IEEE Photon Technol Lett, 2005, 17(1): 199-201.

15 Yoshida M, Kasai K, Nakazawa M. Mode—hop—{ree, optical frequency tunable 40~GHz mode—locked fiber laser[J]. IEEE J Quantum
Electron, 2007, 43(7-8): 704-708.

16 Kang J J, Lin Y C, Lee C K, et al.. Peak equalization of rational-harmonic—mode—locking fiberized semiconductor laser pulse via optical
injection induced gain modulation[J]. Opt Express, 2009, 43(2): 850-859.

17 Papakyriakopoulos T, Vlachos K, Hatziefremidis A, et al.. 20~GHz broadly tunable and stable mode-locked semiconductor amplifier
fiber ring laser[J]. Opt Lett, 1999, 24(17): 1209-1211.

18 Das P K, Kaechele W, Theimer J P, et al.. Rational harmonic mode-locking fiber laser[C]. SPIE, 1997, 3075: 21-32.

19 Pan Honggang, Yu Jinlong, Wang Wenrui, et al.. Generation of dark pulse based on semiconductor optical amplifier[J]. Acta Optica Sinica,
2014, 34(2): 0214006.
WHENI, T8 e, T SCH, & . T2 RO HOR A8 B I ko i 7= 25 [J]. 22431, 2014, 34(2): 0214006.

20 Pan Honggang, Yu Jinlong, Wang Wenrui, et al.. Pulse width tunable dark pulse laser based on semiconductor optical amplifier[]J].
ActaOpticaSinica, 2015, 35(5): 0514003.
WEUEW, T8 e, TS0, & T2 ARG HOR 5 00 ik v vl I8 |G B SO ER [T]. Ye2F 2= i, 2015, 35(5): 0514003.

21 Pan Honggang, Zhang Ailing, Song Dianyou, et al.. Laser of double—pulse based on semiconductor optical amplifier[J]. Chinese J Lasers,
2015, 42(6): 0602012.
WEHENI, Tk 2 By, KRB, &5 . 321 2 AOGHOR A8 i BUTK OB #s [J]. T EE O, 2015, 42(6): 0602012.

22 Li Hongxia, Jiang Yang, Bai Guangfu, et al.. Single mode optoelectronic oscillator assisted by active ring resonance cavity filtering[J].
Acta Physica Sinica, 2015, 64(4): 044202.
A M, HOEE, & A IRIAE R R G Bh U 0 PR s R AR ()] B AR, 2015, 64(4): 044202.

23 Reschner D W, Gehrig E, Hess O. Pulse amplification and spatio—spectral hole=burning in inhomogeneously broadened quantum-dot
semiconductor optical amplifiers[J]. IEEE J Quantum Electron, 2009, 45(1): 21-33.

EEHRE: R4

0306003-8



