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RESEARCH OF SYNCHRONIZATION OF PASSIVE
MODE-LOCKED LASER AND HIGHLY STABLE
OSCILLATOR

ABSTRACT

Passive mode-locked fiber laser has many advantages, such as high repetition rate, ultrashort
pulse duration and broad spectral range, making it an ideal laser source in high-speed photonics
communication and signal processing systems. However, the state parameters of passive
mode-locked fiber laser, such as pulse repetition rate and time jitter, is quite unstable under the
fluctuations of environmental factors, such as temperature, humidity, etc. In order to avoid the
influence of environmental factors, we should lock the mode-locked laser to an external reference
source whose performance is highly stable. On the other hand, since the passively mode-locked
fiber laser has low time jitter and low phase noise, in some application we need to lock the signal
source to it to improve signal quality. In all, the effective methods which can make passive
mode-locked fiber laser and RF oscillator lock to each other are required by microwave photonic
systems.

To find such methods, we should pay attention to the optoelectronic phase detection and lock
devices. After years of research, several types of optoelectronic phase detection methods, such as
Sagnac ring, Second harmony generation phase detection, RF mixer, etc, have been present. Some
types of optoelectronic lock systems have been developed based on these phase detection
methods. In real application, these optoelectronic lock systems are able to improve the stability of
controlled source, reducing its phase noise and realizing highly accuracy synchronization. This
design proposed a new phase detection and lock method, which is based on the physical theory of
phase detection and lock technology. Then we realized a new type of optoelectronic phase
detector based on this method. Finally, we used the phase detector to fulfill the lock between
passive mode-locked fiber laser and highly stable oscillator. The new phase detection and lock
method have several advantages: high phase detection sensitivity, low phase noise, high stability,
easy to integration, etc. It has good application potential in relative area.

Key words: Passive mode-locked fiber laser, Optic-electro lock system, Phase detector,

Synchronization, Phase noise



Y SUANGHALIAD TonG DNV MR BB 28 AT R R 3R 25 28 1 T BUE ST

= R OO 1
L1 BRI FETE B oo 1

1.2 BRI AT BOE B EE AR oo 1

1.3 BRI RTATIN oo 3

1.3.1 BUHIRAIFEA TR .oooooooeceee e 3

1.3.2 S AHBRAIFEATETE oo 4

14 ARSI ZR oo e 6
BB JEHBUE RGBT EABHIEIR oo 8
2.1 BT ARSI G LA AR TR s 8

2. 1.1 HEFEARLRME IR TATAT oo 8

2.1.2 T SHG BN I T SRR T oo 9

2.1.3 T AR G T RIS T oo 10

2.2 FET BT3RO LA B BIA o, 1

2.2.1 BT H AR AR 6 F S AHAR AU oo 11

2.2.2 T Sagnac FADGHEEAHER RS oo, 12

2.2.3 BT A BB T2 BB B B SR AR BRI oo, 15

2.3 HHBIUE RGEHIFHIIEE T oot 15

2.3.1 BT EFB S AN oo 16

2.3.2 AHAZIE P IR 572 oo 17

24 IRBE/INGE oo 18

B WEBEDEAROEEE S @R ERGVEIIBUE (oo 19
3.1 T H IR B HIUE B oo 19

3.2 BT A SRR AIBIUIE RGC oot 22

321 RGEEFITT I oo e 22

B.2.2 SEIBRLE oo e 25

3.3 BHE RBEIMEAL et 25

3.3.1 REEATIRAAE ISR T DHT oo 25

3.3.2 LM AR BT ARBLIE T FHIEEI oo 27

B33 MAEE E e 28

R = N =TT 29



VYFXAAY

ERES SHANGHALJIAO TONG UNIVERSITY 1 S BRI 2% R B A PR 3% 8 1Y BB e BRI A

FE SiEIRGIE SN BEE A F AR I BUE oo, 30
4.1 HT PZT WM ] AR B B R AT TETERR s 30

4.2 FEF IR AR HVIIE ZRGE oo 32
4.3 FETHB SRR IIBIE R2G0 oo 34
B TRTEIINGE oo e 35
BETLTE BB oo 37



- > A \ﬁ
Lo/ SHANGHAI JIAO TONG UNTVERSITY Wﬁ]@iﬁ?ﬁ%%ﬁﬁ%%%%%%E@E@iiﬁjﬁﬁﬁﬁ

E—8 i

1.1 BEMRER

WO R R A N R I P BB R PR R R S AUl ) A AL oy B et v
2 % DME I & T BRI M EB g AN SFOARI LR, 57 Rigsh. (LA rmi
SIEREE, #REEE AP RKR OGRS R RS BT R T T AR A T2 o T SRR 2 5 1Y
SR U DUR 220 PR PRI T R R 2 U RHA K 1999 R E A% Ahmed Zewalil
BRI R SR bk v 20 A AL 2 B i B 55 BB R P A ) 17 R L ST T 3RAS: 17 %4 2 A0 0 DR
222 2005 (1 DURPIBLA 380 7 1 R ERFAR J. L Hall FMEEE R T, W, Hansh
PARFAATLE G A PR R AR LR TTiR . A antl, B PREOG IR G 3 T HoAh 2
BHOHEL . BEEBOCA R DR H i 8ok, BE ke R R R D2 K TR T W
MU R, AT R h I8 s RS R i LA T e, IXAEAS SRIp P B ~F IE AR HE L,
TR K 38 T 48 2 1 s 2

BUDEAHOL 28 RE AR E 10 1B A BOLIk P P31, RIRZ LT HIEE 515 5 REL
BAGHIRZ O . BB BOL A FIVERE EEGEM B N R ERPERE,  BET ROyIX L
RGUMERERE BRI, WO R i b, Jai Bl B RS BRRRE T RO
BB ERMBOLT RS, SRDEAHOL SRR & E DGR BT LRy R 4
BABRIZHE S, ZaFE 178 R G0 i HAh S R G IR UE BEEOE A HOL 8 1)
Ko —Jii, BUBOLLHOLE MR REIC A R 2 F EOCE 7, uanda i Bk ok A A
WEFEAEAG . AR A L S A . TARIRES BBy ™ E A 7EIX
Bk mirh, AR AR E PR S A AL A B G A O AS R TN R . BARBIBD A0
B LS 5 I MO P AT LA B LB, R — IR IRSE, (H 2 PR A0 2% 10 T
KR RSP ANEE — 2 I AL, B BEORE O B A S AR SR TR
AP EIE R R, X IR T EE A TR Kk, it — DR m e
JCEFBOLR MRS, AR 2RO LA BUE ZAMNBSH .

N T SEDBIELHO 8% 5 /MBS AR 2 R EBUE , Ot RSB EOR 1B R ek .
RGBSR, SCHRBUE RGAT UG Z21E5 5 525 F 5 IR SHA80E,
FEAF ENTRIIR SR R KR E IR A IRGECHBUE KRG EAS A RN, 29205
SESEFESHAUGLE S, WATLLREGES . EuBUE R4, ATLMERZEGES
5ZFESREMS, HZEEAMRRAAMESERE, BEmER S 7RG RIRRE R
[ I AR 1 ARG RIAR AR o XX TR Tl 7 B A MU 2 45 46 7 2 AH S LI oL
THRGMPERE, B0 KR AP,

1.2 WRNRT AR IR E T

BUBOEAHOE SR AR IR A KN, T LR R S 1 R P 2K
SO LT WO AR AR I AR — kb, BB BUBOE AHBO GRS 2 AR IS A7
FEZ Akt BB HOLSRIEDUT X N =28 EPE. B SiRE
B

WP HOCRRARAEWE IR H AR M A RS (IR, JFREM A K
F i HE R 7 1 B B 2T O 0 8% o BB BB 2T O 28 1 SR BLZ M BRI 9 44
T SO HDEAARR RN, M P S B AR A AE , T Ay DB 2 PO e fk
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TR T IS NG KR, A BIROCAEOL 8 TIE M BR m W E E R, (H2 938t
BB R A LUR LA 1. BB AR O 28 R 75 BAE R s NG TR 284, IF
RERELE A AN E SRR LT B R, bR e, SEEURAMK. 2. Pah8isiy
A PO IR % POt S ARG A S B e RIS )R, REABAR 25 5 (1) P2 AR K AD i)
Falkh . 3+ BANBUEDC O B RE NS R B AR AR S50, X PP s M R it I Bk vh R B R

MRIEHO G A PRI 3 2GR AR, B BOLEE T L ABIHE ., B,
BELSEMIS, AR [ DX R ekt ) R OB KA o A8 R B AR a3
ai AT IIRE S B G A SO A% B H e ki i O K AE 1550nm Ze Ay, mT LA R T
FHEEHE S RELM ARG P . RSB SLEL T, BB BOLE TPl R
PURp: LT RIS AR B . JE TR IR O s i . 3 T IRZR M Im AR ie % (NPR,
nonlinear polarization rotation) B AIEE T3 8 1 nl W AR SR AL RIS . 1 Th XS A 8
‘i F I T NRP B (1 4 3 B R0 6 4 S T R A RTIR AL (1) 4 Sh B SO e R0t 2 dk
IT RIS 4H

A. BT NRP B 14 sh B OE A0 s 88

£ NPR G I s BIBOC A O S FE A G i A 1-1 Fros.

@ Pump

d Doped Fiber
Output
Coupler
PD-ISO
- 000, OO0
PC PC

& 1-1 NPR 3 BBt A BOLR SR B B

TEIXFh &St , EOBIR MG e & S % (WDM, wavelength division
multiplexing) & N E1EHR S . IS M A G, B8 R4 RI, FFBEUR H
1550nm # K30 . WOLTE BRI PR IMERERS , Rk AH S ERE 548 (PD-1SO, polarization
dependent isolator) BELRUEBOGIENS A FL &R, XAEHOLIE BT PD-1SO 2 J5 & LRI o
M PD-1SO B &l iR H %% (PC, polarization controller) Ji, fmiRA 2 mIRAS
R R . JeLr SR Z AR S A 4 FZE A B RO TP A 2wl 20 2 |, 15X
PR 2R RO I IR iR R AR AE LR M el o X FhARZR M I e % 2 s BEAH DG IR, |l T e ik
W7 B 25K, 2 B a0, BRI ko o R R S e K Tl . @R
T H A PC REHDE Rkt b S R IRAS, (AR Rk b ) BB PD-1SO, RS
WL/ AR 8 i@ PD-1SO. IXFE, MEEIRIE I —k, Juliksia et —k, &t
ZUAEA G, PEAVBUBOCAROGEE AT DU AR e DIk 7 41 HE T NPR BRI 3
BB LT OGS 0 s S e ek LB R e ek A TE . BRoPE A . B R MELLE )
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Doped Fiber WDM
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=1V
Saturable
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Output

B 1-2 ZF AR s A Bk R SRR E

FEIXFhEER T, 1550nm K B0 P22, AT AT ISCAARE 6 ke AN [ 3508 4 (A IR i
ANFE, FERRA I W ES 2, Jaim/ N TR FE S A . ek I 25 e 4F
i AN e e N s S B P 2 e b 1 @ 10 AN K R LS N WS A NS b v AR K
WS, sk E R, Skt SN 2RI R, BB 8
HURT DA H R R S e ik ) o BT R AR SO Pl S BB RO B AR A
T E A frd elioh b isRa e - MR PR . BRSO KR 0 58 R Ege vE, — A 100fs
(1fs=10"s) Ll k.,

1.3 PR ARE Y

BRI BE U5 24205 5 (R MM 5 255 SR FFDUE . DURBR I FRID ML K 32
BRGNS 255 5 IARA AT LU B, R Ie 9Y 25 FR R o7 22 S0 R B 2 45 915 v Ui 1
SSRGS B, SUEFR R S2br AN AL ZE T R, DL IR R
RPN G R R R S

1.3.1 BiAHIA IR A i 2

BUHIA L B 25 S0 SRS, FRRUEI A AN S (S SRR, HALHEIT
K 1-3 Fizs.
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N SHANGHAL N0 TONG UNIVERSTTY e B B P R R S 05 0 TR B R 9
5557 /,
V()| 0, ()
_ v (£) _ v (f) - N
Ly b 5.0 R PE DL 25 iR %8 f, 0%
e

v, )]6,@)

&l 1-3 SIS E
fEE 1-3 1, SMSEL RS HE 552G SIMALZ, frl— S5 ARA 2 s el
MR, 1% T IE I PR BR PRI AR U 5 U e, IR A5 SR oot L. Tl
EPBUHIA B UE LR
WIS ARAL S I A AR o8 R A0 T 3 (1-1) (L-2)Fr, Herb 6, ZHIA6MLL.

_4do@) ]
w(t) = ot (1-1)
o(t) = j o(t)dt + 6, (1-2)

FERUHA R, RSN N2 5 5 MSHE 50 nA(1-3). 1-4)fs, Kt e,
NG GBI, 6, A, W, RIBE; 0, NZHESHIMPER, 0, 2R, Ve, &
i L

W (1) =V, cos(at + §,) (1-3)
Vg (t) =V, sin(agt + 6;) (1-4)
INEEVEARDS ERIPRAME 5 A2
Ao(t) =w; — @, (1-5)
FHE0(1-2) T A, B AHZE A
6,(t) = j Ao(t)dt + 6, (1-6)

WH @ =0, BAA()=0, HXA-2)H
6,(t) = j Aao(t)dt +6,=0 (1-7)

BRI, HPME S AR R, AR — M fIA AL 2 .
Wi e)=6,, HIRA-1)"%n

dé,(t)

Aw(t) = =0->w;,=w, (1-8)

B, HAME SR D REMMZER, W& IR .

H ERHES AT R, BB BUE R, S5 S 520 S IIRMSE, M Z2EE.
RSG5 AR o, KA, WAME S ZRFMALZEA BRI E M, A0 1R
HL S A 07 72 AL T AR AL, BE T 324245 5 AR AT AR 1k, BRI AME 5 ISR A A .

1.3.2 EAMEF A RA R B

SRV PSSR 1F, R BT, Bl — A IE SR R AR 4%
SRS e 2, HIEEAR R 1-4 B .
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B 1-4 SRR EA R E
K, Z3ESEBEEIEZ 2 (VCO, voltage controlled oscillator) 7824, ‘&%
59 52%E 5 NREAN(1-3). (1-4)Fr. R ZHE D, 5 D, AR AR AR,
#aens H ik 2 mi=CkIE L, Bl g,

i=b, +bv+byV? (1-9)

H & 1-4 %0, AERT A D IHE N v + v, » AT 2R D, TR A v, —v, » ARAT
19

il:b0+b1(VR +Vv)+bz(VR +Vv)2

. 2 (1-10)
I, :bo +b1(VR _Vv)"‘bz(VR _Vv)

SRS R
v, (£) =V, =V, o (i, — i) (1-11)
B 1-3). (1-HFAR(1-11)75

v, (t) oc 2b v, +4bv,V, oc 2bV,,, cos(a,t +6,)
+2b,VoVym SIN[(@, + i)t + 6, +6;] (1-12)
+2b2VVmVRm SIn[(a)\/ — Wy )t + d/ - gR]

FIERHA C MUEIRAEH, SEAHE St () S p o FR I, B

v, (t) = 20V, Vi, RSiN[Act + (8, —65)] (1-13)
X, Av=a, —a, - FIt, RYUER, SHENHH S —MIEASEESHZHESH
BR ZE M IES% A5 5

WHR 0y =, , WHAHHELTBE RS,
v, (t) =K, sin(g, —6;) =K,sing, (1-14)

A, K, =2b,RV,, Vy, » FRONEMHBIEMZRE (KD, 6,26, -6, , 2WAME5 ZEFIAHE
FrZg. WU BVEARS SR M2, WKl 1-5 Frx.
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A

Slope =K ,cos 0,

_ 0 7

B 1-5 SAHS SRR E
0, <30° i, A (1-14) ] LA LA
v, (t) =K, (8 —6) =K,6, (1-15)
UG SEARBE AT DL MR LR AR AR AR FE . 2 9, > 30° I, SEAHZ AARLR 281 . 7ESEPR LR,

¥ =& D, 5 D, AR R ERFE AN W RESE AR, Rl v, () 25— SmMir 54
B oy, XL RLIr R PA B I AR 2 PR R, DRI S 8% 3 W B AR IR ek
MEL ATy, BT R SRS ER Y, R RO PR ER JE A -

1.4 KXHWFEARNS

R E LR, BIgH T HBEE, KB+ E5 . sl
BOLLHOLE 5 e E IRGIRM EAUE J57%, 7T LME % BRI 7275 7% 5 01 7L B %
LA SO HUB ST BRGE IR RN T G R TU (A, MG R A B R AR P,
e RSOR T HDE BABUE RGUERE AL 1S B AE, RO R B BoR T B
TR, R THMEOCREMSE. AT, AHEBUHIM B, REHALR G A
AT DL RBUE R TG .

SEFXTVA BRI AT, ASCEEAM 1 LU A

s AT ERBAHEOR, &l 7 UM AR IER e S M IR
o, TIREMIR SR, eSS AL AR UM Ot B S A 88 A
FET T AR 0 F S MR TR A S MR, 5T Sagnac FRMEHL
4R A IO SR AR AR 2% 14O e A 28 00

B ETX BRSNS T S B G, RE T MR Y TR O T
PR GHL ARSI T T2 S AR AR 1 SR B 5 A A

W=, AAALMEFE AT RS SRR E MR LR, R R BUE RAPUE R
HEARIR . AN T AL S AORE S LU TR B3 SRR A SR 2R, TRl 7 — L
F AR AL e 75 0 & 5 TH SR
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FEARBUE RS , A SCRE T 2 UL T B B R G AL A B R T 1fs BLT,
S TR IR S T R AR e
L, AR TRAD ARSI T LR IR G S HE S S, IS
HEFBOL AN ZAZE TR BUE RS, 18- T RSB HOE S 4 5 5 IR
SETE.
W, ASCEES T TAEP — S ORAIAN L, FFERH T — LS55 DG R S AR BT 7 B
YRR A SRE— 50T 50 1 AN 1
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) X FXA ALY
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—F CEMEREPHIEEBEEAR

SEGR B I TAR R B, e BUE RGUEE RN Z 555 521G 5 10
frZs, Fl 52 BRI BIRRZGE S, B ERIER)R, KBS EES. 5B ARE
M2, SCHRBUERGE TS HESMZIEESZTURLES, EHPMBEARSBESH
ARSI TEANR o PR UERIE TORT S AR B RO, JT A RDE RS, RO HRBIUE RSt
ENRTIFMITE P

AR TR LR EAT (R0 LS AR 28 AN T IR S0 U SR KDL R BIUE RS REAT e, [
PR T — A TR T ORI RDE AR S . IXFH L A H AR S A g 2.
ST . TEARTIRG, MR T ARALE S 1N 5 & 7 v

2.1 ETHRFIRLM BN AR ERHIERA

WO I 7T, V2 IR G IR 5 B AR R It R PR . B2 )5,
SEIEIR T E R AR BGOSRV I N BT O . WO R A M & AT ST,
AT TS T e AR et R A T U TR . X R B R I S AT T
Z R AR MO SR, X AT AT LR SR T O AR i 4, AT 1 a] DA Bk b
(RISRAT . HIOLREAT M, A AT LLSEB BOLE 5 e BEss, MM+ M, i
s Sk, B SRR (SHG, second harmony generation) FUAIAR N () S A4 7E G 274
oz K A AR K 2 i,

2.1.1 YR 2 M N T A

M AL T ERNAMTEE — ORI S UG BN Dok, JE&i a2l 4 04
RIBHE A AL . FEIX A 2L i ) B, AT S R 2 AR 2R M RS IR H
o, WHUS T2 . W4, SHaARLR M RN I 7t CLZ0 2 LA B AR 2R M R
FIBFTE N BT T =0, IR m i B mr sty MgiFb. B Ab i e R i 2 Ak
LGB FCRNT] T WAL T RBDI [ERE DG AR B S 7 MR AR
6 AR LR PR AT PR N B T WK AR DL AR D622 AR A B R o iF 7
NG ZEA T AR B R 1 R BT

X AEREYE A2 G EN TR, TR AR

VxH :@
ot
oH
VXxE=u— 2-1
Ho ot (2-1)
VIB=0
VD=0
Hr Ak E D A LLRR N
D=gE+P (2-2)

PRANBIA(2-1) P30, IFM s E RS, 7
cH 0°E 0°P

VX =ew o 3)
XA (2-1) 5 =W PR e,
VX(VXE)Z—;{OVX% (2-4)
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) O°E o°P
VE = ﬂo‘%?"‘ﬂoy

R(2-5)FK M, A AR TR P XTI [ A S EAS R 0 B, Ao Aok 7 AR B K e it
B LR EHRR(Q-5)5 P MRIERIE . YNNG EIN R LRI EARGRE, P 55
JREA LU AL R R USRI LG5 B ARBRR, P 5 ASHERENIELHE
KR KPRV 2 FEARLR MRS T EAEEOE T A e 2 1) )5 o

HAT, AMICEX 2 M AE R ANA TEAT A FITEIT,  FE R I L8 5
FPOLE TR A . RESME . B, FIHEA LSS BRGNS KR % L%
WOGIRAE . MR HIEY, TR (RN L TR P AR B 5 7 A O R v VR IR
AU, 22, AT SEEUTBOEI R (e I R HE 6 TR PR AR S B0 S 4T 215
BANFE, RENS RO HUR EAEOE AR BN, JE Tl AR 50N (K B R AU
FAR R FAE L AT B E SR, B RIS A a7 s S50 A0 E

2.1.2 BT SHG RN HDGT S AH A% &N

SHG MPLZFEHOLH N —2 Z AR Bl L2 5, B T A=A AR %
BG4 R 5 NS ERARN A 2C, Ak AR . 4 Ak =0 B,
NAAALUCECPIRAS,  BERS RS AR IR 24 Ak BRI, ARG AREIRES, BB A=A £
Bie RA MR E WMIRES PGSBS, A SEBABAIUTES, =B . s
FEVE PR FE1 R S SRR L Bk s U B S SHG 47 g BL A ) UL, S dpsfe, 3 T iR A 2457
(191 FE S AR B AR B AR T 46 120 P

KIS A LRIEE RS, teFEm Aot m. A2 FPm sy AMI1T
Sl B, HAEGE SHOERIIRE T, Mo T AN BE A e g 1 g g (5] \
2 5 A S S AR WS, $& iU i R RS2, R AR S0 % 51 N AR A 8
SE ML DAY B At ok 7 Hp st 75 5 SR AR T m S o AR B 52 IO S 7E T B8 RGN RE T RS
W A R AP ML A B, HRGZRRERe S Tee . 4R8N
A, AR RS SEIL Iy O TR B 8 F R PRI 2%  (PD, photo detector) K5
SISO HEAE S, SRS SR B S AR RS ISCR G 15 5 AR AL RS AT B R . X
Pl AT BB A2 B S AH 28T P2 5 PD e 75 (BRI S8 T 38 It Bt s KRG A AL B e
77 sk a5, AUV B SHG 08L& A4 B 6 7 S A 28 SR S ISR i A5 5 TR PRI AR
A% H AT RN, X PR T SHG 2N I E RS R B I 2-1 o

(2-5)
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L
SMF W U
“"EDFA by
‘ . Output
ic vibrations from

the link

e ML awp
From \ Wy Pulse Thermal expansions
mode-locked )YaXis /X' pgg
laser g e 0E:ollim_atoAr ~ DCF
| \\>axis «5—Motorized stage j‘;\\feedback
Split to \|Pulse 2 Slow feedback N
multiple At ;j W\
s puse! — N Y\
DBS PPKTP

Single-crystal balanced cross-correlator

B 2-1 ET SHG MMHHAIE R4, SM: SRS QWP: M4 —i#H; PBS:
k5 A ; DBS: XURSHE#S: DM: 43068 PPKTP: fEidfk; DCF. &ERMEN
4; EDFA: JGEBKEE: FRM: RS

TERELE R, BETTHER DRI T SHG BN ML T EMEE, & X B8
L BB AR IIES (PD, photo detector) #Jpf. fEXAMH#T, ZEESNZHES
SRty BT E AT B, P AOG S BRI R AR AR AR, ORI RO R ARG A A, TR
A O P R RS A 7 AN 2 A ALVCEC 75 1), RIS P2 AR 540615 5, R PD AR IIAS
FEINE, P RE LA 445128 (P, proportion integral) F 9 HL R fe/lN, 4P HY
[ B 28 A S AR, R ARAL A WA, PRSI R R, &0t PD A ZE] PI
R E K.

TERE 2-1 IAIALEE R, SNOLE 5B Wik 2 R 88 5 1 7 AR, Pulse 1 &
SM RS RVE NS A5 S G T- S 8% . Pulse 2 FE NG AL HILL, #E AR SAE L 56 ek
BRIy G, 1ENZEE ST S8 . M5 SR AL b RO 75 3 E
FADL RS B 5 7 S AH 2% 5t 2 A0 WU HH AR 7 1) i B 2 388 3ot 97 s 45t 1 = o 1) s o o e
(PZT, piezoelectric ceramic transducer) -, @i oA Y47 K FE MO A fREF A 0. Xk
JEFET SHG RN T4 38 RO AR 40 R G A Bt e 7 RN R

T SHG BN T S AHBHE F T 655 5 IR LA D o 2% S AH 28 R I a2 Do B i B,
RGEHEHMIEEFEK, ZESMBNE S 2 RAMH TR, ez, bz
RAMIEBRNER, LR .

2.1.3 JET AN G S AH 78 A B

Je 2= AR LR M RIS R (R RIAT RIS 2 i T SRR AN [ (PO B SN — 2 B R A R B2
Jes BR T NI PRI ) e A S e AR B AR 2 RIS . TR AR 2R M e
i PR TR B L R AR LR PE R A, R A3 AR el 2 Hh 1) = AR R IR IS /N . TR0
S PR (R T S AR 5 ' FUBUE 2R R ) SR BEAE [ P 2-2 ot
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FRALE

NFE SHunGIAl A0 ToNG VNS MR BB 28 AR R 3R 25 28 1 T U ST

| At
: At M -
a § M = M
| | I\ A\ 1AL e A
v | LI_, ’| \f L -~ L/
Mode-locked| | | » ||| _//// K BPF PD
laser \ N
— |} / \ " [ :"“. \ vp'. !
From |l [T LA -
link output | | ] BPF PD

Balanced optical cross-correlator

B 2-2 T ASBEERDCES E RS REIER". BPF: H#HEMEES; NL: FHSEk

TEIRIEE A, B HES R T AN M M. ST, G5/
AT 0 LA [F) AR BB gs P24, B I0A S 5 20 PR S 330 N B AT & A
o, Hoh—ERAESE N RARAT N T AR W AS  OnT DL $2 61 45 10 K BE Sk 3 il FH AL m A2
HAES R ek AR AL AR, BRibz b, PSR A X . ER AR,
FEAE TN AR 2 P E S, WdawmEsds s, S5 ESS52EETEL. M
G 544 PD J5, PD WS 5% G 52 E SR REEA K, Faid Pl
SRR Z ARt AR P Iz E AR (— 0N PZT) b S EBIRLHOGES 12 I BRI
HAR AL T8 RS IS, PR 42 I S AH 28 R P A I B, (15 BT RIE RN 0. 9255
BB A3 N 24 BRSO G 8 R BRI, P 38 0t Bk vk i) S R AR AR, DRI U e
P Z RO A IR R AR, 2RO B i S 5 1 R R R
MR, HE| 5 SE RO S S E R AR

FET RIS AR e EAHAR G H TOLE 5 5UE 5 2 MM 8iE, Hae AR KR
HAF S HATHUE . ZEMARML SRR T 2d4851, KEmfaettam. b, 1Z5HM
PR H TP, BROEMR TIEE R SN . HIZ SR A LT, RS
iR, MECLERAL. R, JEZR M SR RE RN RS 2 A B R K, i RS 1riE
135552 B BR A

2.2 ETHRUREFERHEE SHEBIERAR

BEEWOLRS . TR G R E B R R B A B S SO AR R
B, WL T T E MR AR S FE AR AR S0 R 72 %R
HZEHARNH S RAF, FAEERGEM TR KHFE. PTTIREmE LAt
WS S AT, PR SO, FEIRFE RN, T MO T SR S B A
GIECI ik T

2.2.1 FET S AR ANAS 6 HE S AR AR A B

XA ST A A 58, REENTEEELE SHEENEES, REMHHE
BT S XM iEd, HFREE RS RTZ0n L PD, Bttt 7 —Ff
FET SR AT S 0 e S B . TR H AR B T DA R AR B Bt R rh®, A
K 2-3 AR .
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YRXILE

7/ SINGIAL WO TONG UNVERsTY MR BB 28 AR R 3R 25 28 1 T U ST

Monitoring

Analyzer

BPD
I— Oscilloscope

08

S o4
g, 0.0
S 04
Pl * o

Servo -10 05 00 05 1.0

Delay (ps)
«

Electronic
Locking

Electronic locking(<300 Hz)

B 2-3 ETHHUBRBR KR M ES B T BOCR B E RS, PS: B HWP: %
A LD: BoL—RE

TEJRER P, A TTHERS 7 &2 T AR AAE O i S AH A . (RS, 5G5S
sz E%Q%UJ\_L PD Jai# W E S, WE MM o8iE. MRS R, &
G5 52 ESHNBNRIEZ T . 4P BB A BOLE A T BUE IR, TR
W E—ANEREG Y, KBTS S MMM Z; AP NS BB A BOL 8 A BlE
B, VRS — MR E S, R RS EE S 52 E S M ZEE.

R 2-3 ARG, WshBBOC L% Laserl fisH NS %55, Laser2 H N
PGS, I EATIE IR AT ANEO G2 Bk (R 2R A 22 300HZ DAY . AN
AR A BUERS, BAZA — MRS, b PO E B e PZT b, KA
Laser2 [AEHRIEK, HEMECE Laser2 %t ik B BTG /N, B 2179 A ik v F 26 40 6 37 A 45
TR L A 5 T S TR A 1 T AN 1 B BB A O A% TR Bl e RS S

FET AR S B A ARG TS S 5 HAS S 80 LG S 2 M P8iE .. %%
AEAS A m e SR T B, S RAAIR . 1S s R a5 52 S TR A s 1) B R, TGV
MFEES . i R . AL, XA TR @S KA. AT, PD #ARE
7. PD LIRS G S, FERG R,

2.2.2 5T Sagnac PG HL S A A S N

N T G A A PR E AT T R MRS, B ET AT AR T — 2 5 P b A
B, Xz, 3T Sagnac FRRDGHSEAN S B T A% e EPIIL, sagnac R — FRERAR S
W AT Y, AR 2-4 Fiis.
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AN S5 Fa R 4R o 1 HLBIUE BORBIE 7L

& 2-4 Sagnac IR LR
H& 2-4 A] L, Sagnac A EH—> 2X2 RS A2y, WG SR A L N p

Sagnac PR RDLSREN E, , B DGR AN E M E, , WA
HE TS
E, i 1-p \/; 0

HED e
Ezl iyl-p \/,; Eé
T Sagnac M FEHL M 2R R an B 2-5 FTaR

s HANE]

&

Microwave signals

sin’ (A®/2)
frequency = N X Fr ,
. . cos’ (AD/2) )
{\:f\] ____________ " 0 AD

Phase
modulator

) cos? (AD/2)

> -

Fiber Sagnac-loo Balanced
=1 _g__ P detector o = 7
Be :' Qwp '; 2 e
Optical pulse trains |DDD|

repetition rate = Fr

FR R, T/2 bias Slnz(Aq)/z)
\_ ey =)

L_Optical phase detector

/& 2-5 #TF Sagnac LR LEARREW. QWP: W2 —8H: FR: LR

TEZLERIT, WA BBOE MO S5 H S BAE NS HE S, S T8RN
Sagnac ¥, ik VR I HLAE B 1 R4 B E Sagnac BRI a2 AR (T i BN 2%
=8 b, FRIHRIRE 2-4 sP bR, 0P 2-5 H ' H M B G S MR SR B AT H
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5 w g b
@) XA
RIS SHANGHALJIAO TONG UNIVERSITY B BN BSOS AR 8 PR 28 1) HLB E BRI T
SHAf5%5 E, 7N Sagnac /)5, E,. E,fF Sagnac 358 — & oK. ARYE G Eh B

ORI B R EE, LS AE SRR AL
E.(t)=AD cos(Na,t +¢,) (2-8)

Bt Ak ] DO AUA A AR N @, ~ 200, . 3w, e ORI Y VA E SRRy a
BS G SRASIALRE] 88 )5, RS R

E() = Ado (MY cos(Nat+,)

L (2-9)
+A22Jn (m)[cos(Na, +nay, )t + @, + (-1)" cos(Nw, —nw,, )t]

N=1n=1
Horr, m RS RE o, HZEE TR, J,(m) An B ZE/REE. 4m =11, X Ne,
X B S AT A I, R ) e AR 5o O BT R 4 T R AN L AT K
FIBHI IR @, WA 2-6 s,

I
) 4

& 2-6 HHE5 T A i 8% 40 tH AR
H(2-9)ME 2-6 AIAl, USE(E 5 RIS Ne, I, WL s, A6
il g8 g o2 — MRS S, BRI NNZEESS5SEE S N KIEEIRZE. )R
P Sagnac FRHIfEH R, LT Sagnac M H

E, = E, cos’ (ﬂ)
Aib (2-10)
E, =E,sin (T)
Hr A® iy Sagnac 371 E, 5 E, g IG5 S HIAHAL %2 Z )5, Sagnac IS HIHEE 5 E 5
E, 7 B P 4 PD MIRE S, HElIrssEME. UZBESSE5SHEE ST N KK
WA T8 e RAS KT, B T7E Sagnac BRI T % A, Btk AD :% , JLIS T4 PD 1Y
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@) X ALY

I SNt IAD ToNG UNeaSITy WA B B8 R AR R B B H AT
N 0. YRZIBEESESSHEESTH N UOBEARBUER, PE AN ZA & — MEER
HAH, P45 PD 2F — /N IEHC S A Z B HUE, 2 ki 0 s st LR 2G5 S
BRI E B, WNMHZEE 552 % E SERBUCE.

F T Sagnac DL EAAHEEH TOUE S 5 HE S ZHMBUE . MR 1
Sk, BROHR T R ORI o AN, T AL S I AR S AR R
B, IZEAHEE T AR AE — 2090 . WS S FD RS o 1% S AH A I R R AL A X
Bk, RGMIHE. 4P ARG, HAEUERUL.

2.2.3 FTHERABO T A F R R i S AH 28 S N

T RO HL S A A R A A AT . AR SR PD gl AR PD it
ML RSSO S i s, 47 Rl HL VRIS 1 S G B 5 SR, (RIS A ' H B AR P R s 2
Bk, FRATK H O m) T RUOE O T ae R, SR T R T AR RO HUIR AR AR AL
A . XROG R AH IS S ] 2-7 FiR .

Microwave signals V1=GRpp(1-MsinA@)Po/2
frequency = NxFR

( AV
Optical pulse trains
repetition rate = FrR @
Phase Detector W
>

V,o=GRpp(1+MSIinAQ)Py/2

B 2-7 ZETEBOCHIESA KB Rt R EHESRHIZH . O-E Mixer: £EULHRIEHA . BPD:
P 't PRI AR

RS BT, BETTRER 2 T SO RIS KD AR S . fEZai T, B
ENBBOLLFROCE I DL E SENSEE S, P e SN 2EES, Wt
155 70 AIHE AR O R TR S DA NG IE 5 A BB b, 34T RIS SR SO LR
B OGS, (55 IREWE 2-7 Pros. WEOGE 5@ PD 5, ftk—
HWE MM ZER I EE . H2EESESHE TR N KRR TR, i
P PD BRI VE . BRIEE TS SHE TN N JGERARBUER, P AR ZA
e MEEREE, T4 PD A — N IEHL S E AL ZE R, 1% B IE U R
PR ARE S IR R b, TR 21205 5 5255 5 T BUE .

I B RRROE T A T RO S S SR A S SR B A, SEELSOAS LA
ST RN, T AR RO R RS I AR Sl s s, PRIZO' s H S AR 2
TR TE TN A o 1Z AR AR Ik R2 PD AR 5 80 AL TR AR ) i L B
AIBC 2 I N, 5 2 1A 557 R A 28 S e e P X M 7 K B R A1

2.3 SRR IE RS RIMRMIR RS

% 15 7 £ 40 1T



(@) Y ERELY
2t s o tons v B BB R R 8 1 T B B R T

FAE e P L B SR A I BB AR, e BIE . S S e ST, e
BB R IOTERE M EER BRI R . W7EE(S RLT, MMM A S5EE SEMRLL T
BE, SECRDFREI; ERBER RGN, A5 R [R5 I Bl AR i e A AT 4
RS e P A A 20 L o e 220,

I R A — B 1] PR S R (R S R (R R RO R R, A K B 2 3 M 100
SERE. KRR M T RGP RIFEL. FERERE MAR I A i S 10 S0 2% R A
512 A AR A [ 5 AT R, — T DB — R AR A B o A AT R R
FERAR RGP OB e | BokiR B L) SR MR R R B A AR R,
TR T BN AW B, ELUR 105 39R8 R hoth ZR 5 (1 o B o 55 2%, R e A A 4
15 SV S S AR B LA AL, 2 B A SR S P 1O F A A

2.3.1 W{A)EBh 5 A g

FEAR M S OB AE T, B30t AR 7 e 7 R i P 7 v 24, BN B T AR 3 X
BN, FARRE SR A S O N R v T R, Mo AR, HSZBR L,
THAOLME 7S HOAEAE, (A5 S (AR I B R WG 26 T PR 98 (R0, X 6305 10
RN 5 ST 25 8 3 S e 17 AR M 7 B R o REL R P 3 L(F ) A8 SO | b 5
TR S (F) SINBIR £ ALMDh RIS S (f) 22, Wk 2-8 Fik.

&

s, (f) L(f-£.)

¥

N

f f

C

& 2-8 MALRE L X
P 2-8 RT %, AR M 5 1 B e SN
L(f — f,)=10log[S,(f)/S,(f.)] (2-11)
AN dBe. B TR RIS | — f, ACFIARAI MR S RS, At T DU HAE S IR S T AR AL
N P R, A ARKRIE N 1kHz 2 10MHz, AR AL dBe. 4RTM, X Ah 77 2075 H 1)
FEASE M P AN LW, 0 PR AME 5 U5 HE S 5 03 B 00 95 A A 7 32 22 KT LU 1 2 (1) A o Mg s
Bl Rk, 7ESCBREE A A A A 7 I 7S Ak R 3 7 AR T (1) 3y, DAk i & 45 5D
SIS, BEALNED . 55 IR AR a5 5 10 S FE 3 B 3 2 1] R B )
ZEo Wz (A 25 HAG AL A 4F A, RISE AT LR 5 R I T B sl ok fliid . i S
5 A A I RS (1R Bl 2 AT 2k R 3
HAT FAOL RS IR 5245 5 AT LR IR

v(t) = Asin(27 .t + 0(t)) = Asin(2z £, (t + %)) (2-12)
7[ Cc

NHIESEZIDA]
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w”., 7 SHANGHAI JIAO TONG UNIVERSITY %&ﬁ]%ﬁ*ﬁ?ﬁ%%ﬁﬂ]%i%%iﬁ%‘%gE‘]E%ﬂiﬁ*ﬁ*ﬁﬁﬁ
o)
= — 2'13
J 2x f, ( )
ER(2-12)F, B TAHAMES o(t) miz/MNT 7 /16, FItH
v(t) = Asin(27 f t) + AO(t) cos(27x f t) (2-14)
IR B T LR
2 2
S.(1) =2 [0(F = £)+3(F + )1+ 2L I8,(F = 1) +8,(F + )] (2-15)
Soofr, s, (F) RARGIERR o) RS, T dAR R R S, 6
L(f - f,)=100g[S, (1) / S,(f,)]=10log[S, (f — )] (2-16)
52 WA
L(f)
S,(f)=10 (2-17)

FRAR WA BL/R e B, X T AR S O(t) A
= % L)
D[H(D]::stg(f)df:2j10 0 df (2-18)
Rl XF O(t) B77 Z AR S, B4R 30 1 e £33 TR :

L(f)

s = JDIOO] == [2]10 ° of 2-19)
7 0

27 f

c c

KRS T IR Rl EL 3 S AL S 2 R R A T R(2-19) 2 )5, ddAiE 4
A HAE 5 Y S S O 2 5, RT DL A e A B, R RO I R, A
T E R RS, R DUE AN EDW AIRHAE S 0 A S R AR e EE A Y E . A
—EER I, AR RO E BN A1 R 8, XN, IR A SOy

1 Tkﬂ
s o, = = [2[ 10 20 df (2-20)
RMS | f;tof 272_ fc :

2.3.2 FHAL I I B vk

AR M 0 A 22 P B 7 9%, SRR VR Z TR BR 5 A AR TR o A 3 FH AR A7 g 7
BIITVER, BEEAEENE RGNS A AR I & RGNSV . & AR
Mg P B 7 A BT A W A i . S I ) 22 0k ), o B g e
st R —Fh k. B 2 BRI R, AE S IR HE S BTSRRI AR TR
A OB FE By, 3K ()R X5 N A PR R S Al R A e R IR, AR A3 b
PORBRERIFAS 5 A R A oK, SR 5 18 e e it e 45 31 vy AR A e P il b i b B
e EFE, Wi 2-9 frs.
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RS SHANGHALJIAO TONG UNIVERSITY WA BRI S5 R AR E Ik o 1) L BUE BORBIE T

AN
P 73 HrAX - _“"T-"

C— J /\\ .

N
i
B 2-9 B Ar A E MR R
PV 73T AX B DN S D BRI T
(L R A5 5 P AR S HRASE AT REERUE A hodiis, 5
AR 32T 7 BT A5 e ) o
(2) EFE—DEERIERVEE , A7 A O A 6 A5 11 BE 8 i o A oR
ik
(3) E/NIRE AR AR, AR 2 e R B, H R
e PP R AR, SRR R GG ANIR M S By, DRSS R -
(4 B TS, R ZR Tl A B 2 P A T, S LA 5
A
(5) % H LA e (KT R AN BB DR, IR (2-16) TH S ARG e A 1, R4 =X
(2-19) T 5 H A7 MR )5l
PR AT A ERE R AL R A R, BRI 5 AT, DU 2 e 0 2 #rX
AT I A AR A, A A (R 7S ) — R R D AL HBIUE RS, 25 1R
T ORAEE T ORISR AR AL R R T AR R A AT AT A BRI
PRI AR IR R

2.4 KEINGE

Ot A B BOR RO AR 82 L - BIUE RGN . AR pInad 73 TARE4
AR R F R A TSRS RO LA 25 5 55 T Sagnac PR DG RS o 730,
FATE R T IX SR, A E TN, JEobr TENIRILE S . R, 341
R T A R A A, FR T IR A AR LS

BT EOCHRYUE RGERER — D EERR R ML, B[R R B AR AR E R
REESRPR . MALME A — B AR 1 RAE . N T BRI AR RS, A RIRZRIER
RO RS, V22 I NATIASE P 2507 MRS TR B R ACRAH LR 75 o A B 3 I A 07 75 PR T B
NAHET T AIAE S 5 207 IR R B Eh Z AR &, R4 T ea el B 5y ) — R Dl AH
S W 7 PR T 1 —— B T A B

/

(=
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ETES/ SHANGHAI JIAO TONG UNIVERSITY B BN BSOS AR 8 PR 28 1) HLB E BRI T

FIE HEPUEAARCRS SRERZIRNDIE

TENRKZHOELE . 185 WERGIRHBHE, R 40X L8 R 58 1A E VE AT A S 1k i
FEHRERMEM, HPRREERE T REMIER . HBUHRN IR G SR A8 E 7T LA 2
FERZHM MR, HE SRR ARGH, WHATEAERERL . KESEFXHEL. 20
WSS, BN A 5 AN A TP, X R G RITEREGE R . A6 A4
PRSI NS G 5 IO BUE R G RENS A ROR %R/t T, I EONIE
S IN LT MIEL T

FEREEWT T, J. Kim S8 AAE R T ARG FOCRBUE RS, BEBUE RGEH 2%
15515 52455 5 ) AR 7 75 AR 81 T 100as LA R 7648 A sh Bl 4P O 28 1 ik
55 LG RGEH, Franz X. Kartner ¥ AIBAE 2L T SHG OB 1A &%, RO (5 5
[FJ PR R R P PR B T Afs 01, KOKHR I 7 20845 RS EL: . Y. Zhao %5 A\ A FH %
T+ Sagnac PRI LA AR ROE RUR V7 S BUE B T S BEOE RO S L BT — A 9Ea
IERH B IE RS K. Jung &1 T — Rl Sl R R VRI0 722 7 1%, %3RSV 7E 10GHz
TReE AT R RGO (455, IR E T 36T Sagnac #1420

FEATE T, AT HIE T 3 TSR AR 0 v AR & DLROHT R H S A 25 X sl
BBOLAHOLS 5 i E R IRBUE RGREAT T, @ xftl, B S AR S Rk RE
EAHMSA . Hehh, BATEIHT 7 RIEEEA . 77 PD B . RGNS . S REEE R R
XS HAF 5 5 ARG T A A RLE A AN, RS 73 5 R 3 38 Ol e S A 45 A 8t
SERGHAT T, (HEFZBUE R G RITEREE AR E -

3.1 ETHISIURSNERIHIE RS

BTSRRI AS G A B AR T B, 5 TS AEWE S BIEDL Aot B B
FEIRGIRMBUE RS, FATE G 7206 M S0l 7 BUE R#48, B THADuE
SRR BUE RGIRIESH, LRI I X FA R 4E 28 Gt R A s 1 SR A 7 B0k i % A
HIPERE . TSP PR A K BUE RGUER WA 3-1 For.
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FRALE

KL SHANGIALIAD TONG UNIVERSTY W SO B B R 15 B T SR
MLL
r——— - — — — — — |
. I VCO (NU)=
S \\ |
// \\
\/ o |
I

I

I

I

|

I ‘ ==

| e fAe ]
| \

I

I

I

:D: : PD BPF MIXER LPF
L S —Ae & e
PD BPF SA

B 3-1 ETHBURMB K PEAT BB ERRERGEIE RS, OSC: HFRK
2% SA: PRSI
FEE] 3-1 , BB EF OGS i th 2o i il B AR e K R AE R E NS S
B HRSEE (Mixer) 1, VCO it {F 324245 S A E] Mixer H. Mixer fith P>
G5 ARALR (G S, JFRBE] VCO HEhl Ik b, sSEBPIAME S IBIUE . s Sl m
MESHIBIE, PRSI ZIEBEESES. SHESULMAIRERS TR A
BUE R 2% 5T 52455 S IBIY W 3-2 fis, 8N ah BB L0 E 2% 1 550
fth, SRZON VCO IS, N 250MHz.

08

Voltage/V

_0‘8 1 1 1 1 1 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 10

Time/ns

B 3-2 Z2EES5ZEFSHBTEE
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@) X FXALE
ETES/ SHANGHAI JIAO TONG UNIVERSITY B S BRI 2% FH B A PR 3% 8 1 BB e BRI A
BUEfE, WME Tl R s ko DhRE nT DASEEL B AR Mk, BRBA PR IARAI A T A
Kk, WME TR T8 RS
BUERTE, VCO fhi g 5 ik w &l 3-3 s .

0 0

204 1 -20 ¢
g -0 S a0}
12 bt
o o
E 60 | 1 E -60 ¢ T

-100 . -100 .
249995 250 250.005 249995 250 250.005
Frequency/MHz Frequency/MHz

& 3-3 ginl VCO M5 St ® (&) 58 FrimitE B)

AR K 3-3 7L, FERBUER, VCO M4 5 5 1R B 0R 1 A2 4 S — MR ER S
T, X AN BT ISR S VCO B S 5 TPt . AR, VCO B B AT 3 75 £ 100kHz
S N AES, ANRERREAE R — A, XA SR BRI VCO hazizoctt L mIER
SURE R BUEZ )G, VCO [ A5 5 IR il B R A, FL R v AR 38 1) 6 Bkt
YERT, VCO [ pfii e it ol #a 72 76 250MHz, SEEABIE J5 VCO i iS5 5 iz fa & 1 5 40
K — PR IR

NT BT E RGN VCO 5 S tERE M ekss, FRATE A T AT 24 O E 140
WA E R VAN E T VCO 5 S EBUE AT MM A, 45 Rl 3-4 Fis.

% -80 % -110
/m /m
e 3 120
o} oo
= -100 | =
% 110 } g 130t
-120 + ;140 | i
& &
g -130 ¢} g
& & -150 i
E -140 E
& -150 F z & -160 '4 '6
@ 10 10 @ 10 10
Frequency/Hz Frequency/Hz

& 3-4 BUERT VCO fath 5 SHIARAIMRE (B) BE8UE/5HIMHAIMRE CB)
25, BUERT VCO i 5 5 1 7RI (8] 43y 550fs, B 1kHz 3| 10MHz
AR 77 RIS TRV EE S T SR P X — B . BUE Ja a5 5 A9 22 75 AR 8] £ Bl A
37 34.1fs, W BUE G VCO %t 45 5 HIAHALIRE 5 B 2 A
FERUE RS, M AR 205 5 AR S Rk T 25 (F 5 52 E 52
IR OL R, R AT EBUE RABUE XCR i€ A E Z 6 R . BRI B T &, 22
REURAS M ARRLR 205 5 R IR R B BN %N 0s, DONBEIN 225455 5 524215 5 AL
ZEr— B, SEhr b, TGRS I R TR IR, R
PIAME S AL Z A AT RETE 4 R4 — 20, BbAh, BUMHPRER h GRS e A L R A i
RABERRMSEIRN GINFT IR, SRS R, MALRZE(S 5 I J7 IR TR EL A
7 Oso IS A 73 A A DB A5 B AR 4% 2245 5 AR AL I 75 0 ] 3-5 BT
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RESEARCH OF SYNCHRONIZATION OF PASSIVE
MODE-LOCKED LASER AND HIGHLY STABLE
OSCILLATOR

The development of laser has made people discover many new physical phenomena and laws,
and the dream of exploring the unknown field gradually become reality. Plenty of phenomena
which are undetectable for conventional measurement methods, such as the motion of electrons in
the molecule and the breaking and formation of chemical bond, can be now observed by using
femtosecond laser technology. The mode-locked fiber laser can stably output ultrafast laser pulses,
therefore it becomes the core component of many optical signal processing and optical
communication systems. The performance of the mode-locked fiber laser has become the primary
limiting factors of these systems. However, the performance of the mode-locked fiber laser still
need to be improved in many places, since the pulse output frequency stability is largely affected
by the environmental, the phase noise is not small enough, the repetition frequency is not high
enough, and the spectrum width are not wide enough. The influence of frequency stability and
phase noise on the mode-locked fiber laser is particularly prominent, as it restricts the application
range of the mode-locked fiber laser. Although the phase noise of mode-locked fiber laser output
signal can be lower than 10 femtoseconds, which is superior to the general electric frequency
source, it still too high compared with the sub-femtoseconds jitter of solid state laser. In addition,
the frequency of the output signal of the mode-locked fiber laser is relatively large affected by
temperature, humidity, air flow and other environmental factors, which also limit its area of
application.

In order to overcome these disadvantages, the optoelectronic phase detection and lock
technology is gradually developed. Similar to the electric phase-locked loop, the optoelectronic
lock system can lock the frequency of the control signal to the frequency of the reference signal. It
can make their frequency be same and their phase have a stable difference. The input of the
optoelectronic lock system can be either optical or electric signal. By using the optoelectronic
lock system, we can generate a set of coherent signals with equally frequency and low phase noise,
therefore the frequency stability of the system is improved and the phase noise of the system is
reduced. Phase noise is an important parameter to define the stability of a frequency source, and it
is the main limiting factor for the performance of many systems, such as communication system,
signal processing system, analog digital conversion system etc. For example, in communication
system, the phase noise in the system will cause the signal to noise ratio decreased, resulting in
the increase of bit error rate; in the analog to digital conversion system, effective bits and phase
noise are inseparable, and when phase noise becomes lower, the effective bit will become higher.
In the actual measurement, the phase noise is often converted to RMS jitter.

As the most important part of communication, computing and measuring system, the
oscillator plays a vital role in the stability and reliability of these systems. Therefore, the stability
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of oscillator itself should be as high as possible. In most applications, the conventional electric
phase-locked loop can make the stability of the satisfy the oscillator acceptable, but in some large
systems, such as active phased array antenna, the large hadron collider, and space explorer, the
signal source frequencies of different signal sources should be kept as the same as possible. If we
use the traditional electric phase-locked loop to lock the signal sources, the performance of the
phase-locked loop will be vulnerable to the interference of external electromagnetic environment.
Compared with the output of the electric phase-locked loop, the output pulse of the passive
mode-locked laser has strong anti-interference ability and self-stability, so it is an ideal reference
signal in such systems. In this paper, the locking technique of the passive mode locked laser with
high stability oscillator is studied in order to achieve the above objectives.

In some systems, the passive mode locked laser needs to be locked with a high stability
oscillator as a reference signal to meet the specific application requirements. For instance, in the
optical analog to digital conversion system, the output signal frequency of passive mode-locked
laser should be maintained at the high steady state for a long time. However, the mode-locked
laser output signal frequency is determined by the fiber in the laser resonant cavity, whose length
is affected by humidity, temperature and other environmental factors, and therefore the laser’s
frequency cannot guarantee to be stable for a long time. This case requires lock the passive lock
mode laser to high stability oscillation source, such as atomic clocks, OCXO, in order to reduce
the influence of environmental change. In other applications, such as in the laser radar, the
frequency of the output signal of the passive mode-locked laser should be precisely determined.
However, once the length of the resonant cavity of the passive mode-locked laser is determined, it
is difficult to change so that the output frequency is hard to control and change. In order to satisfy
the requirement of the variability of the signal frequency, the length of the optical fiber in the
resonant cavity should be changeable. To do so we can add a PZT in the cavity and lock the
passive mode-locked fiber laser to a high stable oscillator. In this paper such technology is
studied.

After decades of development, the electric phase-locked loop has formed a complete theory
and rich practical results. To study the optoelectronic phase detection and lock technology, one
can be enlightened by electrical phase-locked loop and electrical phase detector. In fact, in recent
years, the optoelectronic phase detection and lock technology has gradually become a new focus
in the field of optical research, and several types of optoelectronic phase detector and
optoelectronic lock systems are reported. After a comprehensive analysis of these optoelectronic
phase detection and lock technology and optoelectronic lock systems, we find that these lock
systems are born out of electric phase-locked loop, with only some devices and units, such as
optoelectronic feedback and control units, phase detector, etc., are newly proposed in order to fit
the optical signal. Therefore, it is seen that the research on the new type of optoelectronic phase
detectors is the key work of the study of optoelectronic lock system.

The existing optoelectronic phase detectors have their own advantages and disadvantages.
The optoelectronic phase detector based on SHG effect is suitable for optical signal phase
detection, which has the advantages of simple principle, low noise, and disadvantages of low
stability, complex structure and difficult to integrate. The optoelectronic phase detector based on
the sum frequency crystal is suitable for the lock between optical signals, and it can lock the light
signals of different wavelengths. The optoelectronic phase detector has the advantages of low
noise, and it can effectively eliminate the noise caused by the unbalance of the detection unit. Its
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disadvantage is that it is difficult to integrate, and the performance is greatly influenced by the
environment. The optoelectronic phase detector based on the radio frequency mixer is suitable for
the lock between the optical signal and the electric signal. Its advantages are its principle is simple
and its cost is low, and its disadvantage are that it is limited by the bandwidth of the mixer, which
cannot be applied in the system of high frequency and high bandwidth, and the noise of the
system is large. The optoelectronic phase detector based on Sagnac ring is suitable for the lock
between the optical signal and the electric signal. The optoelectronic phase detector can be used in
the synchronization system of some wide band and high frequency signals. Its disadvantage is that
the structure is relatively complex so it is difficult to integrate.

Based on the investigation of several kinds of optical phase detector, we put forward a new
type of optoelectronic phase detector, which is based on the integrated microwave photonic
devices. The optoelectronic phase detector is suitable for the lock between passive mode-locked
laser and highly stable oscillator. It is simple in principle, which only need an integrated
optoelectronic mixer, a balanced PD and a RF low-pass filter. It is also relatively low cost and is
easy to integrate. The operating frequency and the bandwidth of the integrated optoelectronic
mixer are high, so the optoelectronic phase detector is suitable for high frequency and wide band
wide applications. The disadvantage is that the balanced PD thermal noise and the noise caused by
the bias voltage of the integrated optoelectronic mixer will decrease the stability of the detector,
but the appropriate optimization measures can be taken to reduce these noises.

In order to optimize the performance of novel optoelectronic phase detector, we studied the
the lock between passive mode-locked laser and highly stable oscillator and realized two lock
systems based on the RF mixer based phase detector and the novel optoelectronic phase detector
respectively. By comparison, the novel optoelectronic phase detector is significantly better than
others. In addition, we also analyze the influence of the power supply noise, PD noise, test system
noise, and we optimize the the novel optoelectronic phase detector based locking system
according to the analysis results, which makes the system become more stable.




