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Improving of Stability of Optoelectronic Oscillator Based on
Self-phase-locked Technique
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Abstract: A method is proposed for improving the stability of an Optoelectronic Oscillator (OEQO) based
on self-phase-locked technique. The output frequency stability of the OEO is improved by controlling an
Optical Tunalble Delay Line (OTDL) according to the phase change of the OEO loop. The principle and
noise transfer model are analyzed theoretically and verified experimentally. The experimental results show
that the self-phase-locked OEO with a feedback control loop has a frequency drift within 0.9 ppm in
4 000 s, and its stability is greatly improved.

Key words: Optoelectronic oscillator; Self-phase-locked; Stability; Phase noise; Feedback control

OCIS Codes: 230.4910; 230.0230; 250.0250; 350.0350

0 35§

YL IR 7% #5% (Optoelectronic oscillator, OEO) J&—F 8 7= A = 4 i 4l B AR A e S iR 5 L A 26 &
TEIBAT TR 3K L HL 7 X0 A O A Tz B N B B IR EREE A OEO J2& f i R A7 < 3h ) 52
B R AE NSRBI, OEO 5 1% 5t i iz 357 45 A0 L5 K09 X3 7E T8 R B T O EF 15 ik e 7o 14 4 1
PRI SCFARBAE KA I RR M KRR T OEO R G811 & 50 A, (H L [R] B A7 76 25 — 26 n) {81 G £F 52 4b
FREREE R R 15 5K T EE R 7 A R AR AR R 22 3 2 OEO i th 3 3 iy 28 4k, AT 52 i OEO % th 1% 5
R P

R TSI — [a) i B S A AR T R Y AR AR R WE ST N B G R T R B 8 DR R S e 1) 12k A6
A0 PG EF O — A B T TR A PN ik G S0 IR AR AR A X G £ AR S L G A L 3 RT DUR B R S

E&WE . HE A RB¥HA Nos. 61675180, 61575171 % Bh
F—1EH SRR (1993 —) 5 W BF 58 A L = EWF5T U7 8] R 3 Y6 F 2. Email: laitianhao@zju.edu.cn
BIWAESE 481964 —), 5, SCEG W, AR}, T ZWFTE 7 0] 0 it O F 2% K BB A% R H R . Email: zhoujh@zju.edu.cn
YR B #A.2017-08-28; RABH2017-10-23
http : // www .photon .ac .cn

0123001-1



P/ R S 4

BEURR ) O T S MAOG LR AR R 3 SLBGET  fOGF S T A2 R BT IR B R R L B AR X S R — E W AT AT
ERHE I T 2R S8 B RLAS R 2% B A 4F 5 L BIUH R AN A B E S5 B R OEO W8 I A L 143 OEO ke e
PEAT T AR B 1) B e AR B2 — Rl B U5t o L B L BB S B OEO i Hh A1 38 X6 AR 5 25 Y 114 552 B B B2 R
X AR R L OEO B[ A SE 3R 2, 1T LK I BE 42 T OEO My fe e vEE 0 i A Bl e S48 — IR % TR g )
— AN A T A4 R T T T R B0 B R AR, SR OEO AR 37 0508 5 78 A2 2% 5 AN 00 5 JE 8 42 30 L 3t 2 B B
TS 2 5 7= A A TR A A 3RO X A O SRR R T OEO R G a e 2k 1 LR T OEO 3 2% i (14 A
(IR A R TT LK OEO By H A0 3 5 4886 2 2 U 0047 F e, R T AR 5K 1) s 5t [l B 28 i OEO 35 %
928 3R SR F2 T OEO i K AR e 1R X e B R BURBEBE 42 T OEO My R T . (H 2 #0752 AR5 5 IR AR
J5%,—ERE LRE T OEO MmT it 2015 45 0F 58 A R4 T —Fh o 28 5O b B2 09 5 36 T #2 7
OEO MK Wifa et XA I ik 4 F OEO A B 1 T ARSI % A7 225K, B n] DLE ) F 56405 7T 9 OEO
BRI X A SRR T ZEAE B AR5 S IR0 2% AT BEZS OEO 5 J6 51 AR DAL I

ARG T —Fh AL BUE AR T W OEO B H [ B A7 037 18 728 Ak e B2 5 42 71 BF 2% v Ol w94 4
R HER 5, NITXT OEO i 55038 1 AL R AT /32, DRUE S R i B B T UL R RS T80 R 45
BUE T 33X 7 3 0 AT ATk i vkl T A S 2 R D R B R AR T B BR T T OEO ket ok
fift DL R R OEO (K R PR FR 4t T 1 6.

1 #BRIERE

1.1 BEMHE OFO M REZKIZIT

HARGLEE OEO M RFEHERIME 1 iR, RS F L A4 OEO FF R K5 [ 3% P A3 40 A& 5 1) OEO
W 3 35 b ot £, D% £ 9 i #% ( Mach-Zehnder Modulator, MZM) . & )t £F. ¢ & #8 I £
(Photoelectric Detector, PD) 5 41 5 I 2% S 5055 RIS A31 2y 2 21 S8 25 0 ) 1. O 40 77 26 1) 3 2 ke 1
AF| MZM 478 8, 88 05 38 1 — BOG A S8 B 3% A PD F55045 B B 5 5, T 28 b 0 8 I8 2 At 1] 38 ol 2%
GBS B OEO M B&. R T 3K B E2 . OEO B B 35 R 19 H 19, £ MZM S o A — A6 RE & 45 40
20 % B, 26 A PD UG R . 5 OEO B g il i PD $A5U K 5 5 #EAT IR BT, 13 iR 2055 . T2 5
SR BIRCR  7E OEO B (1 PD FTIA — 4N 6] 8 4838 28 7 1 R SoAR Hs R A9 2 iR 2405 5 = il T
R AE IR 2 Y A8 3R o, B R 15 ] i MZML 1) S A% 336 oR B 23 B 2 A1 SR IR B 9 A8 Ak T A2 46, AT SZ i OEO 14 i

s R L 7R MZM I I O BN T — > AL, i MZM Uh 2 B IE S8 5.
Bias
control
module

Biasporty + Optical

coupler
O G770 J, o Mach-zeimder modutor
T 1 '

Fiber ( OTDL: Optical tunable delay line;

PD: Photodetector;

1
1 1
- J C%rétsfel i RF: Radio frequency;
Optical ! F 1 LO: Local oscillator;
I : RF port port 1 IF: Intermediate frequency
Electrical H Double- !
ectrica ! > - balanced '
1 : T mixer i
Output = Amplifier @O port '
e ] <
.
Power : Power q
divider Filter divider Amplifier

H1 ‘A4z OEO R4 4EH
Fig.1 Schematic of the self-phase-locked OEO

1.2 BHEAMHE OEO K TIERE

RSl BB A2 R OEO KRR E P dr iy FE B9 IR L B 2 U G 27 B A B M 5 53 X T B B0 i
5K OEO, Beh th A fo DA ME KRN L IR A S SER 8 o P a O g R &, g
BRI IR i o T o>y TR BB R SE AR R DA AR AP SRR O £ 4 S AR A AR A 4 iR A
R R A K AL, I AR R OEO BA7 K AUk s

WOE T S KOCEF I 2 AF7E— A B RO SE I, A X D B b i TER S R M 4 O A K JE & OEO

0123001-2



oK KA A BT A AR AL BIE B BT B IR 5 A AR E TR

) i L0 A AR e A T BN A A AR BTG AR BE I AR A B Ry AL L S B0 BR B S IR B 5O A, B, OEO
MR TR BUE Ry f s B R R

k
T + At

_ nAL

C

Q)

A

(2)

T

Ak R SRR AR RIR G n FRROCE T R, o ROt th TRER Y24, 1 1 h A LB PR
Z A% i )45 5 K B AR 82 s 22 A0 L KRR N

- n(LJrAL)/c_nL/c
A@—Zn( 17 1/f0) (3)
F 0D OAAK ) A 153
AG—2 knALt, 1)

T (et +nal)
KO RYL A ZE A0 5L BE AR bt AL AH G, T VR AT 2% Hh A i 11 i 79 Pl s DR /DN 55 A 1 i R S5 43
Uiy 2 [R]AH AV O 25 AG 1 1E 5% (B8 E AH G PRIk L YR AR #8% o B A S i 19 L RN AT LS Bt OEO 35 i Hh S 27
KB 178 A AR B H T 1 28 Ak R S B A6 AT AT R 2R 0 4 R L il AT AR IE B R R 0 R E L Gk B R TH
OEO faE Py B ik H X FARE 77 52 - %0 T OEO 7 B (18R 35 M 28 8 A7 223K, vl LAR F F 1T 3 19 OEO.
5 R L A3 T Sc ik b 2 R E 59 H B 45 B9 OEO, I U % OEON #-4 =X OEOMY B #E 4 =
OEQ"" 4,
1.3 B#EAHIE OFO WEE#ER

Bl 2 & A AALE OEO By M s #5580 G2 480 R 3 240 55 SOV #HR A48 L OEO FR5 Im %, Ho, OEO 7]
I A AE R — DRI G 4. th T OEO #1155 0 i M A 200 22 W BRIt R I 7 A 1 B R » R, 24
RYGWAIPBEAME S - 2 D e () Do () Fl D () 43 I Fom IR RS 51 AMIME 5 L OEO K51 A
LR R E N DN S i B R S e U W/ 3 S N A AN O L e | o O N D28 7 N B R R
B B[] i A 38 2% LIS/ T OEO 21 0 38 25, I K . OEO 34 % 0 I 2 28 40 110 38 B2 M SR UL i i 45
S [ MR A DL Bl R N

D(s) &= Do (s) « Hopo(s) (5)

K H oo () OEO BRE 1% 358 B KL R

K opo F (s)
H opo (s) = o i _— (6)
s+ KuKopo — KiKopo K F(s) — KopoF (s)e

A K SR IR AS 93 5 K opo 2 OEOXRES BHE 45 . K, 2 S5t 0] B A 1S 45 . F () J& OEOXR i 9 1% 126 R 41
OEO/VCO

B2 BMfgE OEO % 7 # A
Fig.2 Noise transfer model of the self-phase-locked OEO

2 LIRS

I LA RGHER A5 T4 S 0 18 B B9 B KT 858 OEO. 3250 R4 P, 0t 28 % 1550 nm
Sy A S 2O 22 L TRl 50 mW; MZM 555 10 GHz, 25 B FE Sl 5 V. 38 10 f 5 42 A B fff ke s T
VEFETEAS S5 H i R G B0 T — A 16 7 B BRI A Be o FiT T % 45 VR 00 05 i 018 10 ey 1355 5 0 A A 28 %

0123001-3



P/ R S 4

RE&S FSW67 Hil i ., H N2 % 5 5 94 R a2 & T 0.1 ppm. i T AR IEI 2 3 7 v A % A BEA B 42 . [F)
A {53 2 50 1 BB E 4T . OEO 3 BK B Y6 2F K BE K 29 4 50 m.

I B 5 B . LS a8 7 95 4 ) 1 10 om0
SEER L AR R e W T RO R L 1E OEO A His 1T, 5-,!"\‘ — — Free running OEO
o T 3 G 5 T B0 A 2 0 R R 0 K R Ny
BRI R OEO A BT 30 ARFRIFGIE 5 s S
SR PO R S5 2% 20 B 19 0 6 2 g 1) T
1K OEO i 4, — 6T 5 4 000 Y.ig 5 58 H ! N
25 A S I L R G TR AR AR R AR = 0 T
F SRR B 414 e 2 b JR U T R g s . . .
Bk B FE LI 0 7 2590 3 OEO (19 i 49 %6 1] 3 ‘ 1000 2900, 00 4000

BRI K ONKE 3 Al ULE M. A sty
OEO Ry F (LR Fr 28 1E 4 000 s WFE] PN % 4 T B
RS A EE OB ZI Y D B B K 2945 22 ppm s, 1

B3 BAALSE Ml BiEAT OEO B3 5 ROE &
Fig.3 Frequency stability of the self-phase-locked OEO and
the free running OEO

A BB A A EE OEO R (SR FT7R) 7E 4 000 s ] P9 A X A MR A8 (L 7E 0.9 ppm Z M. 5
A5 R R A BBt B AL BUE OEO AR E MR [ daz 7 19 OEO A BORME . R % J7 R %)
OEO #4712 E Pl e« AT A7 7R /N B 0 A PR RS B G 33k i o T B A5 [0 s =2 O 88 1 1) A A A 5 BI0HY L 3K 48 48 1
32 BE B LB AR /N AN 2% OEO B4 RS R 1 di AU TR 4032 el 1 SR i P S 0 58 A A0SR 85 11 B0 0 3

0GR PF AT IR R PR L T — 2 B e AR G AR AR E

A TS A T 45 56 Hp I B 9 348
245 R 4 PR el BT L Bl 2 R R A RS L A
HIZ1T OEO B SCAR I 22 3 DL 26 1 3 1 . i 1 46 7
BiE OEO WA )T 227E 100 s 2N 5 A BT H
OEO ML HAE 100 s Z J5 & #i A8 /N I 4 ) — B
SEAE L X Uk I 280t — BERH RS L [ AR Bl OEO Y
RIS K A W R R AR S A R T K
FEFH AR Tr 22 il 2k rp & B, [ M Bl OEO 1
1 SRFEIT )AL R e M 2 T R B ik R 20
] A FE R 2 )RR A B A SRR e RS Y
FEIR BEVEY vk RGBT LA — R R Y B

T W% X OEO AR A7 M 75 1 5% 11 , %
FAARREAS 43 50 T A ARG B2 OEO A A fr g 17
OEO By AHALME S, By 55 1Y 25 5 43 an il 5 v
0,52 2 FUR 0 5 R BT 7 N R AT L L P44
7 I 75 £ AE KT 200 Hz SiRAD BB S A B4
IM7E 100~200 Hz il &k » o F 52 451 3% A3 0 2% it A
o7 W 7 I ) R ) T R R R 1 5 L
45 RAFTE R K % 25 R BE ML L 52 56 v 22 vk il
ZER WOR T R 2 5T 10 dB.

TESEE S TRE OEO [ 88858 17 LA )2 B
Fpi X B AR T 38 G EF VR N i ik 2% 1
A1 1O A SR R FH B K ) Ot 2 % R AIG MR R Y 2 A
OEO KR {7 M 7 4 75 21 ke 3 {HL X R S AR SC A BiF 5

10-3
—=— Self-phase-locked OEO
—e— Free running OEO P e
s
8 10 7
g -
B -
g -
=1
= 10 =
o A .
v
108
10° 10! 10? 10°

Sampling time/s

B4 gAML EAEHEAT OEO B30 7 £t &
Fig.4  Allan deviation of the self-phase-locked OEQO and the
free running OEO

-20
—— Self-phase-locked OEO
Free running OEO
-40
g —-60r
3
2
s -80r
=
2
= -100f “?,!h",‘;'ﬁ.l
~ 3
~120} N‘M
-140 : . —
102 10° 10 10° 10°
Frequency offset/Hz

B5  EAfLHE E hiEfr OEO W48 7~
Fig.5 Phase noise spectra of the self-phase-locked OEO and
the free running OEO

0123001-4



oK KA A BT A AR AL BIE B BT B IR 5 A AR E TR

3 &g

ASCH T — R BT B ARALEUE BOREE T OEO FUEPER ik, 2 B 13X Fh 5 v 1Y Jit 2RI IR P R A, 152
T BB S I3 A T S I R G I A R R R X AN kT LUK IREE R TE OEO myga g v JF A
e S g A AT R R A ] AN A B ANER 2 2 PR, R — R A AT AT B v i T AT Y OEO.

S & Lk
[1] YAO X S, MALEKI L. Optoelectronic oscillator for photonic systems[J]. IEEE Journal of Quantum Electronics,

1996, 32(7): 1141-1149.

[2] YAO X S, MALEKI L, ELIYAHU D. Progress in the opto-electronic oscillator-a ten year anniversary review [ C].

Microwave Symposium Digest, 2004 IEEE MTT-S International. IEEE, 2004, 1. 287-290.

[3] ELIYAHU D, SARIRI K, KAMRAN A, et al. Improving short and long term frequency stability of the opto-electronic

oscillator[ C]. Frequency Control Symposium and PDA Exhibition, 2002. IEEE International. IEEE, 2002: 580-583.
[4] KABA M, LI H W, DARYOUSH A S, et al. Improving thermal stability of opto-electronic oscillators[J]. IEEE

Microwave Magazine , 2006, 7(4) . 38-47.

[5] JIAS, YU]J, WANG J, et al. A novel optoelectronic oscillator based on wavelength multiplexing[J]. IEEE Photonics

Technology Letters, 2015, 27(2) . 213-216.

[6] ZHANG Y, HOU D, ZHAO J. Long-term frequency stabilization of an optoelectronic oscillator using phase-locked loop

[J]. Journal of Lightwave Technology, 2014, 32(13) . 2408-2414.

[7] HONG]J, LIU A, WANG X, et al. New kind of injection-locked oscillator and its corresponding long-term stability

control[ J]. Applied optics, 2015, 54(27) . 8187-8191.

[8] ZHOU Z, YANG C, CAO Z, et al. An Ultra-Low Phase Noise and Highly Stable Optoelectronic Oscillator Utilizing IL-

PLL[J]. IEEE Photonics Technology Letters, 2016, 28(4): 516-519.

[9] ZHENG J, JIN T, CHI H, et al. Improving the performance of the injection-locked optoelectronic oscillator by using an

extra feedback looplJ]. Optical Engineering » 2017, 56(1): 016108-016108.

[10] REN Feng-xin, JIN Tao, CHI Hao, et al. Long-term Stability Improvement in an Optoelectronic Oscillator Based on a
Feedback Control Loop[]]. Acta Photonica Sinica ., 2015, 44(10); 1023003.
1R, 4 0 T, B T S B A o A B 4R EOL IR A I R e M O s [T ], D T AR, 2015,44(10) 1 1023003,

[11] XU K, WU Z, ZHENG ], et al. Long-term stability improvement of tunable optoelectronic oscillator using dynamic
feedback compensation[ J . Optics express, 2015, 23(10): 12935-12941.

[12] BUID T, JOURNET B. Improving the operation of optoelectronic oscillator by stabilizing the electrooptic modulator
[CJ. Advanced Technologies for Communications (ATC), 2011 International Conference on. IEEE, 2011: 148-151.

[13] YAO X S, MALEKI L. Multiloop optoelectronic oscillator[ J]. IEEE Journal of Quantum Electronics, 2000, 36(1):
79-84.

[14] YAO X S, MALEKI L. Coupled opto-electronic oscillator; U.S. Patent 5, 929, 430[P]. 1999-7-27.

[15] JIANG Y, YU J, WANG Y, et al. An optical domain combined dual-loop optoelectronic oscillator[J]. IEEE Photonics
Technology Letters, 2007, 19(11) . 807-809.

Foundation item: The National Natural Science Foundation of China (Nos. 61675180, 61575171)

0123001-5



