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Abstract: This paper introduces the fundamental principles and classifications of optical frequency combs, reviews
the generation mechanisms and representative architectures of electro-optic frequency combs (EOFCs), and systematically
summarizes implementation approaches and performance characteristics of EOFCs on emerging material platforms, in-
cluding thin-film lithium niobate (TFLN) and silicon nitride (SiN), covering schemes based on Mach-Zehnder modulators,
phase modulators and micro-resonator modulator. Methods for spectral extension of EOFCs are discussed, followed by an
overview of EOFC applications in spectroscopy, precision ranging, and optical communications. Finally, future develop-
ment directions are outlined, emphasizing that interdisciplinary integration and co-design can further reduce control com-
plexity, noise sensitivity, and thermal drift, while improving accuracy, environmental robustness, and frequency-
stabilization performance, thereby accelerating the practical deployment of EOFCs in precision ranging and coherent com-
munications.

Key words: electro - optic modulation; electro - optic frequency comb; spectral extension; spectroscopy; precision

ranging; optical communication; technology integration; co-design

WHREH: 2025-11-18; f&EBEH: 2026-01-18

BETIE: FERITEA QU5 0 % e L 15 H (CSTB2022TIAD-DEX0031)

SIRAEN: Bk, 20, FW, &5 el s R N TR 0], TH AR, 2026, 46(1)
33-54.

Citation: CHEN C X, LIS X, YAN M, et al. Electro-optic frequency combs: theory and applications[J]. Me-
trology & Measurement Technology, 2026, 46(1):33-54.




© 34 - BYRENE. EFHESETEREAR

20265 46 % % 1

TEAG 25 D Bk 2 Ul S IR 3 5 0 2
R Z (B AR TR, 2 R R e b B A e
RE e, FH], WA DUR SRR AR,
of B A KO O S 5 5 S e s O, LA
SEPGAEBCR I 2 BRI, % R R S
B MURE R RIGTEMAER S, e E R T
SEBRN o B E G RAR (R FR R )i
B, XA DL

DA AE I 38l _E X6 B — 8 271 45 Ik (1] ] o 14 D' ik
MFA, AR AR FEA Ry — 4
BERRE AR T ELAE LR 43 A A AR i 2 47
HH AR AR P 22 1] 7y A1 2% (i) g ™ A% 55 1 ik o 79 o 52 0
B, JOHR B ZR A5 A R bk vp S AR, R
2 BN PR I N A 55 A AN DG JE T 7 A A AR A 2
SEMR o PR SR AT A SRy 3 42 01 2 R 5 T AR R
BIAE R, SR A X2 A 3t B e — b iy P 1Y)
T B JEh ek & a4 B & E A A e,
TR 5 22 PR TTMR A HALL J LA HANSCH
T W 345 T 2005 453 DUR Py 2z 4207 AR hy A
B AR AAR R, DCRL A I 0 8 R T
W, HRT 2R TGS RIOGIE R
AENOT ORI SEAE T A AR B
RS A U

i AN TR R 37 5 0GR S 8 25 R AL TR
K, HRECEH R A T X FE S BB
PO B i (3 JR SEATUAR ) 0 ER 2 I ol 2 3 b
Hrp, BRROES E R R TR,
i HARGROVE L E % A\ F 1964 4F 1 U FE 2 o B
WL S, R BIEIHOE S 3B LT R
WOBA BT, maer AR T R kAR
R, HMEAYERRIL R, HAATERGESME L.
RFUE . W IREE R B R AF R PR, il 2y T 3L
LI AN Z N o B G R AR B &
J&, MRKFTTOLLF S50 0 2L L B8 B
KIRmR, HEA R R R 50
PR . BRI RCR UG T RGE I,
BERITHMAEN LM R, BRI
i ) T R A7 PR T g A BT 2 ik

Fil, 2y 1 HAE R BRI

TRUBE AR 3 A e PR i Ji i) — i BG4t
WA, i 3 S HOE A & TR T (Q) UK
LT A IO 9 T AT A5 Al e A B JR 808 T 5 A A ]
B A 1A A3 o ek R S OGP,
JEN RS AR . 1 4 SRR R, AT E
AR AE Y L AR 25 2 SRR IO 5 A1 Jr
Vi BRI SE BB RRE G IE >, Rl B0 e SR v
T EARIIAERREE, R FAERBDE a1
FESCHER, HH AN A7, Sl
REAARTRE T, HARE TS ZHOG RN

FEL AR AL 1 7 A SR By - 3 R K A AL
N, S GO I E S IK S PR R R (LiNDO,) A HLG
A RESE B R LEHOG R AR A B BE R, T2
AT A4 1] P 23 AT A RDIR LT o F G5 1) i S 43
A H P Oy ST, R B A )
R ADEIE AT RIEEA RO, B TS ok
o HLOCHA AL R AT AF A SEA IR . AR 1
AN T RS W P A v A ), ST AR A BT AL BL-T
BB AL AR TS 3 B s Y FE T ARG
M B (TFLN ) B4 B F G0 R AL 4 1 RE A8 A 25 I
9Kl B T R 58, 8 i U R
PR TSR am B P 2548, ) i — 2D P e AR L e
BRCRADGIE B SR, RO TN R A
TR BRI RETE . BT 1R T HL AR A Y K R K
% HAr, MZM(Mach-Zehnder Modulator) 5 B -
15 R JE 7%, DDMZM (Dual-Drive Mach-Zehnder
Modulator) >4 33K 2 & i - 85 182 /K 8 il #5 , DPMZM
(Dual-Parallel Mach-Zehnder Modulator) 5 X475
-4 =K ) 2% . PM (Phase Modulator) 2 AH {32
Hil#, MRM(Micro-Resonator Modulator) 4R 5
PEH LS, WCM (Whispering—Gallery Mode) A [B] 35 BE
2L, OSCAT(Optical Sampling by Cavity Tuning) A
3 I R T S B G R A

AR ICA G RO 0 7 AR AL 5 M B 4 A
PRI T AR B RLF- 15 04 i DG A A 52 307 A
PERERS fL, BSOS . TR
L3847 S 40U 1o FH %, X H DI A A A 0
KRBT IEAT T SR, g AH U Y
FHIF AR %



RIS

A | FEERA
PM

s
| MZM

=%
b=

ZE A FIRZ)

MZM

EFBENE, EFHE5EFEREAR - 35 -
A
P SIEI
1 P™m
N
XETE
/1 PMm R
sl [ | R SR
FHREE [N
1 ZHNETH
A i i

XA
i

LI
il

RS A

(oo )

BT HDEHIER BRI A RE K4S

Figl Development venation of electro-optic frequency combs

1 EXFRAER

1.1 EBXRERREREE
111 RFMERLARE

FEA AR AE B 38k R IRy — R B[R] B Ry = B
SN QUG E RS RN RINE L i N O I L SR ST
JFEFIAR B EEARTR], ki 4 ok A rp, AR R
25 Sx Bl ) B R 7 A — e AL 25, BROM B 2%
TREEAIDE @0 TEHIMLAY R FE R AN 2 (2) AR

JEHR A AR I R AP 2 (b) B o FESER I,
JEHRT S — F2 5 5 (0] B B A TGS 4R, AHARIE 2
[0 R £, BIOCHRMEZ R, o MAEETIA
T HB ARSI IRLEM I XS N 7
R0 R 5 0 J0 A 285 0 % A1 2% A R ul r XF 07 A 488 ik
BN M ARG, £ TR AN

_ Pt
f‘veo - 21T ( 1 )

HIE, 28 n ZOUBUR RS A AT LASRIR

E@)

(a) FFIRRTR

(a) Time domain representation

rep
(b) HUHF IR
(b) Frequency domain representation

B2 SEAR  a A Fe
Fig.2 Time domain and frequency domain representations of

optical frequency comb

fo=fuw £ 0L, (2)

ECTR T CE = o e Y i S 2 b

B G A5 1F T it 24 X AR B B R . 2000
4F, RANKA J K& A GE i %+ Mot 2F iy JE 4



© 36 - EFRENE. EFHESETRRER

20265 46 % % 1

PERONE , DR BRI A8 OGS R 58 2= — M
WRE, T RN A 275 (-2f) SO B1E HoR &
JE ) RO A B 15 R SRR
HLo = frow £ 0y MR FEAT A0S AT 15 2f, =
2. £ 20fo0 HOGIEHE MR, SPDESS
BT (35 20 250 f, = £, + 20f, FASR, 72AEH
WAE T frow = 2f0 = fon = frwe [EBZIOME S, W]
PRBOF RS, o HTX—T7d:, R f,., M.,
RENS [F] B W B R IS H R, DT AE G 27 0%
55 S 2 T g Sy b XL ) A TR, S B R L
FE R 8] AR AH AL 38
112 ®RRER & R

CEID oy <85 e S g 1 e N = e 9
il i 3 T RO | AR IR RO S
W S80S R, JHE e R 1 L OIGAB0ONE Y DG A R 2%
BT A WO AR AR . H O SO R 3 R A
SEA b it o L 37 o AR AT S RIS . Ok
AL 5 A RHIT 5 56 n, BE L3 9 A A OC R AT R
INH

n, =n,+AE + BE* + --- (3)

Kb g WICAMINER A BT R, £S5
Y, AFIB R R PORHIT ST AR A S 255
FERRE N AL 4R 0 HURE S W AR 67 o LB RION, AT AR
R SR Z WA EEHNEIREAG RS,
e )37 s B] A 4 2 RAP RS

FEL 2800 B 4% e H D AU (357 e 2K B A% )
AR GO0 (ORI B OB AR ) o 24 4h
TN L 37 0 B A S I, L OGRION, DA s SR 3 80N
AT JR O (RGN ) Sy o MR R ARZ
PERIONE , 2R LG RION 38 5 8 Al 0 X BR i A4 A
B EAER D IR B = 0, dhIARMORMIT SR b FL
SR EERMEAR AL MR =SB AR RN, R HLG
RO A DA RAEAR B A AR R, BT A = 0,
PRI BT 5 56 5 o 0 B S 5 G E L, B FEOR
RO o R AR PR 2 55 T B AR kAL
N, i DATEAIR ST S B4 R0 FEOG AR B, 38 22
W SE R RN, HAHE S R R .

TEAS T S B, G AL 38 J7 0] 1T 43 fi
KA A B A a . — S PAT O, S —
AT BTGRP A4 05 DG AE A T

e i B B LR B T i) o ARAR AL R IR, A L
I BPEAT T AR AROCRI Y T 0 i, R R ET
o il B TP ST y Al DULAS [ 1 A S R A D
9 24 J5 1) 22 1) (9 5C A AL 1 B R R O AR R
N, H ey

x y z

; +—=1 (4)

X ngongy g IR R E = A B IE S )
o,y 20710 ERETHAR,
xR RN TS, A

x2+ y2+ z2+2yz+2xz+2x3;:1 (5)

K nyy ony, Mlong HHEGEHE A EITH
B nay ng Fllng, DGRV 51 BT R A S
i, AN R, IR B SO
MAFRRFES, MR AE T .

AR O CAE - A S R AR T ™ A2 B AR AL |
i P 285 B AR W A R, AT R O R A S 3 DR AR A2
PA IR R R R R ) — AR

Wk 3 s, EPM AR, R i & B4 i 4k D7 1 5
LG AR IR Y o Bl DR — B, ARG IR ek ™
AT AR B A5 7

3 ML S B

Fig.3 Schematic diagram of phase modulation

NSRRI REOEHE,, (1) R
E.(1) = Eyexp(iwgt) (6)
X B W ASDC B sR BERE, i AT
St REE, @, W ARG AR
AN SR V (1) N
V)=V, Cos(a)mt) (7)
Kb VRSN IR ERE, o, BINTHRY
I
2ok PM AL St OCE 5 £, (1) R



iR

ETRENE. EFHESEFHERKAKR - 37 -

E. (t)= Ei“(t)exp(id))

=FE (1) i ]n( T;Vo)exp(inwmt)

Krf: ¢ XA RS, J, R —2E 0L
FEIRRERL, VAR . AR R R A A O,
HAE o BEAL & BRI AE S, A& TREC B AR
A A . BT AR HT SRR G 3 S
., O R RS A E

s i 3] ) 2 T PM G5 A, (R I 2 5
PRI = B B — 5 Je f S I AR R R DR . A
SOCH sy i e AR ], 7 AR AR 22
Ap = An2wL/ACH LR ARIREE, A W AR
P ), NI A= AT P 4R 0, A B T AT L4
BEAR ARG 22, FEnlHh, M9 m/4 H an L =
A2, HACRAH S TH

5PMAHLL, 58 B i #5 (Intensity Modulator,
IM) 78 S i & A0 51 AT 053 22— % Rk I 2%
(WL 4), DASEIADGAE S35 5 ny i . S s
B4 i B 5 ) 5 A A Gl — B, Al A Y D A
J7 1) ) 5 g e AR AR SR Bl A o Ry
5N o

(8)

——
=]

©

B4 i i Je 2 R

Fig.4 Schematic diagram of intensity modulation

NS AE BN B " Ry b B 4 i RT3 ) 3R
RH
E., =E,cosx
E,=E,sina (9)
e E R ARTE o Ay il A S R B
RO | AN HIAEA 22 4

(n. - zw)zﬂ _ 21Tn):3rV (10)

e nos n A EIARTE | y AT, n,
o JETESATRITTHTR, OAOERE, VI
MR HL e

Hoo=a/4mf, Kafwas ks ERORE,

Ap =

E, 350
E, =FE, sina =F,cosasina
E,=E, cosa = E,sinacosa (11)

LR E, A

E*=E*+E,>+2E,E, cos(w+“+A¢)

2
_E02[1+cos(’rr+’rr/2+Ag0):| (12)
B 2
. ™ A
=E0251n2(z+7¢)
IM [9BSR TRy
E? o m wV
T—E02—51n(4+4vﬂ) (13)

K. VHRBE, V=V, + V, sin(wt), V,H LRk
BT, V, sin(ot) HERIRSIHEE

MV =V I, BERERNL, FV, B
R o 0 it o PR R AL, P S AN [ AR )
FEVAH

R EPTIR, RO SRR Y A B Tk S
UCHLERON , 380 2ok 18 ) 3% 2 U ' 3 5 3046 R) Bl 1Y)
WA G5 . TEAR IR, TEAERAIROL
g, H T bk e oA AR R S A AN DRI, A
B Wik b 2z [B) 2 FHOBR [ B BRI AL A AR 25, DA
TESUSIE UM S,

AL ZTT, FOGHI A 58 4 O % 22 I 6 )
5G5S Z R R et #, Bt, H
R Y43 R T AR AR AR S ] e e, B

fo=f, £nf. (14)
e f, AR, £, G SR,

EAE RN, AR L T BT s R
Bt RE £, I 5 R E PSR R . i, TRASK
L R % NCB AR Fabry-Perot 5 [R] B AF b 2 5 B30
7%, XEPOLIR SRR G AT IOR TR E
W, 7E RG0S M R 2 5 ol 38 ik ol
XTLCEE, JFd oG er R 4a bk m AR 1E T /-2 A
S BBk, BN T RUE 5T (29180
MHz)"™, ZZ5 R R fE5] AJELE R T8 561k
WA e LR G, ORI TR 5 80
R R A NS0 £, A S % e

FEF I, AR SCEE TS TR SR e R AR Y
FEA TR A AL SO AEAR HESS A T AR v, i



« 38 -

il

TRENE., EFITESEFHERER

20265 46 % % 1

PR (14) 58 HARR I A, AN £, VR
S H HEREIT b
1.2 BXMERMTERTERER

A HAF S5 3K 3 R JLIE OGRS &%, Bia]
FE BTG N 7 A 8T AT R0 o IR P AR
A ZE A 2 B 2 AL G B AR A A L RS
¥4 X MRM 9] il #5 4544
121 Bh-5 & R

FAASIM ™ A OB R R 5 W45 1 72 MZML
MZM & — 5k T k-1 PR USRI, 4554k
1% AR I S A T B R A 0 O IR R . X R
AT K BRwPR A, R OR T HL O I ) R AR T 4%
A SEICE R L, T RS TR R . &
Gt N R Y 4y SIS, WA RS
TR BT S o TEP AT I A 43 A |
T EAR AR, 38 I gt S E 37 AR IO 43 S A
AOLAE AL, JEAES om0 . FIURDGR T R,
MZM ¥ AL AR AT AL g i B AR Ak . MR E-F A7 i &
JEA A FAR R A LB AL, MZM A] 43 BA K 5 MZM
FIXLER 55 MZM ( Dual-Drive Mach-Zehnder Modulator,
DDMZM), 4nEl 5.

RF ®<

E
CW 1aseT sy

s> bias

(@) FAIN) - & I 1 25

(a) Single-drive Mach-Zehnder modulator
RF1 @ - bias 1

E
CW laser ;,

A
Ri2@) -l L
(b) XUAKZ) - 05 7kt < o 2
(b) Dual-drive Mach-Zehnder modulator

5 PRI R UL A -5 K F G i 45 s B
Fig.5 Schematic diagrams of the two most common types of

Mach Zehnder electro-optic modulators

FGRZ) MZM S5 R fig 5 R, AR
F9 A3 38 3 6 o L MO TS B o B, O
SRR, BRI AR v R I e A R

gkt — ], SAKAMOTO T %5 A 7E 2007 442
T DDMZM, G i —2H BAG e 1R 25 0 [R) AH 1E
AR T IR AT IS, IS AR OGS Y
JEH AR T R B A5 . 2016 4F, YOKOTA N
AR I LR IR T — R T A S — S
iR UK S B DDMZM AOEHI R AR O s, B
TS B RN, TR 11 AR H
JEIEIHEE < 1 dB AHERDE GRS, E— R
TSI H SRR 0 A, R s R RE AR
ittt 7%,

TEMCIERY |, CULY HZE AAE 2023 #2173
TRCEAT Hy - 1 72 /R 98 il #5 (Dual-Parallel Mach-
Zehnder Modulator, DPMZM ) 1 JI1iE ok 7= 4= S 3H
AR [ SR {2 N @7 ;%1 =/ @
P RIRTIR SR, SC T A 13 4502k B4R
0.58 dB [ JEH ML . %454 SR V/F B 2 0 R A R
BE, ARSI AL N R, brikE MZM S50 78
e M RE SEATRE A AP 18 S — R T L

SR, AT RS A R T E R E S
R IR A, D R G A T
G Z3NREE . RSV FEIRER KT X
IR AR, LIN W2 ATE 2025 4E $ H 3 T 908 MZM
FURCPM (3 7 %6, 455 58 22 N4 5 DLt 37
ARACT Y, SCE T ALHE 33 ARk Ak H O Y
0. 550 8 dB A HLEHT ML . %W 5% A1 BAAE SL 5 v
HE— L E TOCEAE TR, K A eI S
8B 50 GHz W48 0% , FF7E 40 Gb/s TS5
MR HEAT 16 1532 18 2 A i ( Quadrature Amplitude
Modulation, QAM) . Ik H G il 4% 7= A= JEARAR 7
ESNNENY S

ZE FRRR, MBAIK S MZM . XUIK 5 MZM 3|
DPMZM D) K it — A B0 E MZM 2544, B Y60 R i

~) Bnc

[(owwer O Hw Hw
UCISENOINT

6 Gk iRt & AR eI 5 S P
Fig.6  Scheme of OFC generated by cascaded
]

electro-optic modulators™



iR

ETRENE. EFHESEFHERKAR - 39 -

IR AR A R g, A% BARITE T A
ARG BE L el AR R 4R, I A A A
il 7 AT i B R B o A o SRR | 32 PR
TS B ER B 450, m AR R R, &
AT Az B 1 e A PR B IR 5 T B A U
PERIRT, 2RI R AN R 9 i 8 1 ] 2
BOHALS , P R al R A B, AT 42
TR TE . R, 38 E A P B R R
KAHTIE A A, 3G Tl RE 18 X AN [R] B Uk 1) 45
Bt SE ORI FE A (A5 AR AR 0 4% T i Y
), SEME SR TR, PR S SR
T4 DN B2 ) Z2 01 2 S AN KT HE G 3R A 1Y
AR TE, WG ORISR ), R m
AE FL OGRS R R4S . AR, I Bk
5 A R EE s ok 3K S S B Ak B A Y
5 PR AR E M 0 T R R, 1K A S5 e Rk
L OGAUR AR 5 A8 i BT S5 D0k 5 Tl

1.2.2 3K T ok 564 Aa 4 if 41

S MZM S CHAT A S5 AE A0 Za i A= i T
AR T e, VS AR EARR, Stk
WEAZ RG G AR 2. BEAE R 581 FF-
ST K LT, A58 MZM 3% 7 ik 20 L0 A 5 il
I AF RS 2 R R o 58 T T 1 PO AR
P B e AL R R R T
R HDEHR AR A AR T 2 R, IR E A DG
T8 A RO S T IR AT N R R I T R
HiI &

7 7R T A B PM 254, sl S AN e
SERUOS GRG0 B R, A5 R T oo TR
{E BR8] 8 B IR TR SRR PR, e U R AR A
P, XEASEUC DAL 5 Faat N H o

~®

out
1

7 FUARA R AR s BT

Fig.7 Schematic diagram of single-phase modulator

E
CW laser sl

N T i — AP AT S S L T T R T A RE
WEFEE NP T 2ot 758, DU A X LB
4 8 5 TP L A S R 20K . 20194F, REN

T HAE AL T —Fh L F AR R (LNOD -5 11
U TE PM 3208 il #3521 FH #E490 2XO008E 18 45 74 Fi
T e i%it, fE5 ~40 CHz &F FaEl 17 3.5 ~
4.5 VIR, B EARRRBFEL N 1 dB. FEAE
G2 D P A 5 i 1 S 0 ) R 3 g ) (1R ik
3.1 W), RIS ST 40 Kb . A A
10 nm P HEOGHIIURIL, G T 155 2 BRI F 1)
52 7 5l ARG . % TAEER B LNOLSE S 7E K
JE . Gl GRS R R M.

20224F, HUANG H J & A2 T —FhAE iR
PR PM, FIHZEEAE N, fOBTE R X
ZUWPER, WEHERFHRR, LT R W
IR T 292 ~ 345 BTSRRI T, (R I ERRL
PETNFE . A5 A O T IS IR 25 04 1) 4 98 5 (i RR
il SAARTIAE R b 4R R AR AR A AL T
AR AEERIGER PM U 8 s,

20224F, YU M J & A7 i AR IR B 7ot
FEWEHR T A EHOGRRER R g, i gk
R R0 1) 25 G 21 PM &5 B WA Bk A 7 A Y (AL 1]
9), SZEL T HEEMARN 30. 135 GHz. K TEH 532 fs
() 7R P BE AR o AR IR AH A PR I 25 K 7F 4. 4 ~
38.7 GHz £/ T 7492 ~ 2.6 VIHRARF I
JE, WERTH M LNPM, A5 50 2 G I8 il
ARG, RRGEWEIMEE SR, RERA R
JEUR A AR TR

FEBLEEAE [, DU Y T2 AT 2024 42 Hi —Fp
BT &GS PM, AT T AR R IR AT
WAL GG PM FC I AR s S it #1n
FOEI S K E4 M ZE 0. 12 em, SEIRE I L
e R G, ZITEIEH PMAE3. 5 ~ 50 GHz &4 F
T T 2~ 2.9 VY E AR P A T (48. 1 GHz B 2Ry
2.84 V), UM R T A 2.6 GHz, JF4%
PERSF 4520, 06 cm X 1.3 em, AR 7R3 4
IRBR 2 e FE A [RIERE, SEIBET gty 5 S
1.2.3 AR pE A )

FEAE PR AR 7 I b, PR RRRAE, R
U HL R BE S AU R TR T R, A T R R A AR
T MK R SR IR E . ok
X—ZH, WS DUFH MRM SEBLE PR IG5 . 6
FEMRM N ZIRAEIR , SER00E K B ok, ff



©40 - EFRENE. EFHESETFRRER

20265 46 % % 1

Output 7/

T

EO

Au SiN, Tyn,=2.219
: _— T,n =2223
LiNbO, ¢
SiO,
Tyn,=2.245
_ (a) AR VEHRIEI AL AL A= Ay For e _
(a) Schematic of non-resonant recirculating phase modulated frequency comb generation
201 PM 2T RM1loop! | -20r RM 2 loops
-30F + **R=035n -30F=R=0.69n , =30 **R=1.03n
& -40 & a0t . . E -0t RERRE
o o o
= -50F = -50F = -50F .
z z ' ! z
Z —60F Z -60 Z-60F
[ [ [
=701 J A . -70F - \ t =70 F ‘
_80 ,,.)\ol LA R— _g0 peetmines/ N ¥ VY YV et 80 i W Nt Sl
=200  -100 0 100 200 =200  -100 0 100 200 -200  -100 0 100 200
Frequency / GHz Frequency / GHz Frequency / GHz
(b) FE-T BT (o2 1 1 2528 dBm) (o) Z:T MR F AN AL £5(22.1 dBm) (d) ZEF XA EIA ML f1 45(17.7 dBm)
MR RO MAFH RO AR RO B

(b) Equivalent spectra generated by single
mode phase modulator (28 dBm RF power)

Fig.8 Schematic diagram of non-resonant recirculating phase modulator

AR T R U A ARV,

G AT R v

P10 /R T LAl A9 MRM 2544 . MRM 18 ¥ 1 36
T ST T S A3 1) B A . SIS A i 1
VERF XIS, RN SR s N T 3, S 3AH
DLV, A S BRAT T W7 A B  AT 3R

20194, RUEDA A % A7 SRR EE = Q 1A
WOM IR i o S T o AR AR AR s Ao
VA BACKS: £ i B0 2 T T U ik AR S, T B 254
HAMECEMTHEF(Q ~ 1.4 % 10%), fifF7EL
520 dBm BWLIE I 5 320 pW OGR4 T, BIT]
JRAE B 1.6 THz, 76 w6 #8180 45 14 Y Al

(d) Equivalent spectra generated by dual loop
recirculating phase modulators
(17.7 dBm RF power)

(c) Equivalent spectra generated by single loop
recirculating phase modulators
(22.1 dBm RF power)

8 ARIEIRGER AR LI i & B

[40]

20194, ZHANG M % AfEAL 58 PM LAl I
T 3 AT T L B S T A M S L s R S A R A
Ao AR EIR s EL B (AR FE A R QL (202
1.5x 10°), SEHL T35 98 ML 80 nm MOGHE,
I 900 245 2R [ b A 10. 453 GHz Mk, 5 L
W B B oy C U BER U R B, AHABIEIG D25/ N T
0.1dB, Hith{FME b it 40 dB™ . [FA, %
S 2% E ELAT RS A T PR, BRI A AR ) B
7 10 Hz % 100 MHz A A5 495 i .

FEMCIERE -, 20224F, HU'Y W 48 A LT s
PR LT A A T R A IR B O AR R 2544
AT IR T S PR A AR B R T R, S

B e A 1 2L

i
itk AN, ARG ERCE B EMEZ 260 mV, BT 30% A ZE 3 BT 5 75 $0 350 R0 132 nm (19615

AR TG AR IR A OE IR 25

e, 7E30. 925 GHz B E R T 345 533 55hiik .



RIS

ETHENE. EFHESETFEBEA - 41 -

Radio-frequency

Phase-shifter ~ amplifier
H al ge 1 F. B
- iy ] ’
e —— | " Pre-amplifier

Tunable | DFB laser chip

continuous
wave laser

# Variable attentuator

50Q
termination g

Amplitude modulator

Recycling phase modulator

To measurement
(@) 2B R PR AT S e A AR AR i B

(a) Cascaded amplitude and recirculating phase modulations for frequency comb generation

0
3 Ml Ll
: -20 I 'm e J‘I,', v V'.‘fll v‘.IJU.'I'AI.'n|:\i’.|L’.,.|.'.lJI¢‘} k”.”) (W.l-',‘l'.l)\l, I.,'[I"J .'/!.I,|l|r|4l" "-'1" ‘\ ' "' '|~' ‘ J
2 -40 fl‘A’. ' U’
S I W
-60 . ) . 10.075 GH%
1554 1556 1558 1560

Wavelength / nm

2 0
~ 20
[}
Z -40
=
—60 1 1 L L L l—30‘1315 G Zl
1550 1552 1554 1556 1558 1560 1562 1564

Wavelength / nm

(b) BOGHRFRILE 10.075 30.135 GHz T HEE0 T Hdan LG b a3 %

(b) Output spectra and temporal waveforms of electro-optic frequency comb driven by microwaves at 10.075 GHz and 30.135 GHz

B9 T LR AR ) B R BP I b A p R GE R TR IR

Fig.9 Schematic of an integrated femtosecond pulse generation system based on thin-film lithium niobate™*'!

I:@w

E
CW aSer —

TR e i ) g T

v

& 10

Fig.10  Schematic diagram of micro-resonator modulator

Wi 5 4 R ) 1 RE RO RRSR BT, R A
A RAE K M R4 . AR R MOGIE 48 AL
by T B T e R, AT N B R A
il #% S 2 10 GHz 552 0 3 1) K2 B0 fik i o) 26 B
LR o BB A SE B 5 S/ C/ L/ U BE . &
148 F5 i 4k 1) a7 FELOGAI R A . X e oY R
B RVRE BT 5 FE 4R T OB R OGS S
Jik eI e 1 05 LB RIS 1

2 RLMEBRAERY R

R G AT AR AR IR T %o 22 2 PO G i A oz 981
JUE R A T . 46 hy DL ZE R pRBDR E , 1R
5 2y 0 A 52 98 ) TR B2 -5 8 45 5 3 [ R A

PRI 0 4y s 9 38 8 A4S o T A B A L
A5 B R SO A 1 45 1N FH 75 L G A L A A% A0 A
s RS R, DASCRE A S5 B s ot

o BE T BRI AR s Y OB AR AR H T
ML) B SC BT I Sk o, i B R EAR
BCA FE TSI AR R L R N FH I L ) G A
5T 7]
2.1 EOMNBELIE(fF2fES*)

LT AN E SR SC L2 A S % (AL, i
I 124 AR BB ARG A I 2 O 0 2 U0 B 4% I R R
Soo PEES BRI 5 5 10 SR ELAT 246 X6 A4 e S 1 o2
R, SRt it 508G % 615 27 45 I $2 AL 5L b
R, IR AN S ) P

L AT R AL IS BT, UK B v
il R B | R IR 1 44 R I R T D R o A 2k
PR R G R TF B, P A ekl 58 LA
SRR w ok Y RSB f2f A B E OIS T
K, WA By AR AL IR A = B AR R M G R
A, ARENRLTEA Y R B, . SR,
FL O AT SR ARG 7 A 1) ok v EL AT IR (B ) R 5



42 - BFRENE. BFHESET

fRREAR

20265 46 % % 1

Wk GEAEVE, 5 EHEE ARG A BT, Lk b g
TN LU RO R SR B AR A RO0E , AN AUHE
DL B R 65 e 9, W JC ik 4R 15 i 9 Jm Ot
AR TR e Ah, ARDZME RS s TE AR U ) SRR, JF
BEAR Ll Bt — P, BRI 17 R L B
SRy, K, 7ES AR AT, A
Ak eV Jre T AT HEAT K i R 4 B T (B R,
A X R (S e 7 ) LA T 147 B

AT LT A B BROGE e 8 1Y U5 vk 20
BB, B, GBS oK S AR
Xof HL DI AI A A 7 A ) J S0 K e AT I O A L, AR
i B D 2 KA K S A e W R kb BEJS
EROER i) QUINE WA= | 54 & 515 e L (= | 22
Y6 £F (Highly Nonlinear Optical Fiber, HNLF) | %
T RS £ (Photonic Crystal Fiber, PCF), i 7R
BT R AR (SiN,) . AR (AIN) 45k 5
PR, A8 Bl = B R R RN SE OGS R TE . X R
Je v 5 AT LIS BIE T Aok ey v, (HAZ R
THOGH R A & Ik e, MERE R
SR AR

CARLSON D R % A $2 i) 1 2 T i i S8 9 5 W
FRTEMISHETT RY, PR T RO AR
Bk v e fE A BRFIRE A2 R A SR AR SOR A R,
SEI T PIRARN 5 IM &5 & A HCME:, FF10 GHz H
SRR Bk R 45 229 600 fs, Bl 51 A5 Y6 E
SRR VG IE 1) oG 200 3 A L -3 % 5 (Fabry-Pérot
T K U 5 v DG A e e b g LA S AR
MR, WEEIRTE AR T BN Rk 22

cavity) ,

10 or 20 GHz

) Pre-amp Waveshaper

HNLF #F— 2 K46 % 100 fs, {520 dE 2 vk e
B, SRJETEA SiyN, i AR B 55 750 ~ 2 750 nm [
S, BT SIS SRR A TR T, RATE
PPLN @& 58 it f-2f H 2% . CARLSON D R 4§ A
RS T BT H ORI i) 0 B A AR i e 5 -
2AS%, IR T e I P R Lt e
FHES A A 850

SEKHAR P %5 At —Fh 3 T 42 O 627 4 1%
) FL AT R AR (18 3T 2T AR E SR R T %,
JH ARG BB e i I ER A3 DG AT
M, ST 2N RS B, B
o T BN EREEE N, DL 1150 B XAk o
e . S EEFCRA IR RS, I 20
GHz F1 10 GHz HL BT R AR K vp 43 51 Fe 45 22 57 £ Al
50 fs, WEADPRETE BT 9. FIH RS ) i
HI kb, 5% A BATE 22 B2 1088 89 19 i JE 4R
PESCEF A PE A T 35 1 150 ~ 1 700 nm 197 3 %
Srilk, RRARA YR 20 pW, 1E AT RO
WA TR, 7E SiN, U5 b s D 4R A5 T 5 A A s
FEE, Hf2f HS %M TG4, SEKHAR P
S5 NI AIF 52 B SR R IR SO T A o S5 G 2 0L FH 4 At
TEREME . mrERER B LR RIS B R AR
A
2.2 WM KiREE

P S AR 3R A 1 i o O K A2 B A% 0 L 1A
il 2 4 RE G 328 BH 7 AR SRR, AL FaT AT
SN BE, AR R B TP LUK R 2L D B,
i Bh AR e MR L e SO ORI SR HE AR . i Dk

All-fiber temporal compressor + SCG

B ’;349—@@%3—-
REOCG ¥ ND HN]:F PM 1550

SV <~

-30 ‘.‘|||||4_
4011 5490 155
50

-60
=70
-80

1500 1520 1540 1560 1580
Wavelength / nm

o

Power / dB

EDFA

PUIT SR AT Al 2 P Pk o T A4 B 3 % e 52 6 2 )

Fig.11  Experimental setup for nonlinear temporal compression and supercontinuum generation of the resonant electro-optic

frequency comb"™”



RIS

EFHENE. BEFHRSETFEEEA - 43 -

KA J5 A i DG A A i RABURE 70 1 U
SR AR AR BE e R 3a£;timmﬁ%
ST BE T R

TEPLLAMB B S, BT B AR L M R
PR 22051 77 A ( Difference-Frequency Generation, DFG)
A28 9%3% (Optical Parametric Oscillation, OPO)
JEPIREW TSR . DFG A B O A
[R5 A e e A 2 B AR et ik, i at Ik
R AL T A I R @1 = @y = D (FETTT,
@ HRBOCIR @y, WEHOCIE, 04, H
B SO W 2E O . A Hoh — RO B R
Bit, 53— WO ESL AL RO, W — Akt
SEMOCR AR, IALE L0 A B il — 4
5 IR DGR 1] BE — BRI R A, S BDGIE R
YAN M A A FHHOG I HI7E 1530 ~ 1620 nm i B
FE AL ZDA e, IR S 1063, 8 nm i
S AL A MgO: PPLN S A i1 2243,
UL 12 (a) o 38 5 vFE AH A2 DT C R 4%, 72 3 150 ~
3 500 nm BT ARATF PN 8 AT PR th 20506

Signal

B, 7F300 MHz 58 MR T A4 1200 5%k, W
K 12(b), HAFHIIRE 500 pW. Fl X —J6IH,
WHLT Wb CIESTAEPLIN 8K 1
22 AR BRI SO I B, R IR AR PR A
BEE T A

ik i1 N 22 45 (Intra-pulse DFG ) F] ] [7] — 8 %5 ik
PR AS AR By SR 25, TE T AR TG UR
WERA T ARG KBS MR EMN . KOWLIGY
A S S H T H G I il 5 77 A2 10 GHz 3T £1 /MR
Fiv, A A RE B S S AR LR i R T A ik b
FE4i, fMEINT 15 s B bk, Bfi)5 75 PPLN 5
B i) R AL AL A% (OP-GaP) Il S s 30 1 kol iy

ZH, A3 1~4.8 pm 57~ 11 pm B 4L
VAR TE TR G OBY R ST 90/ G

OPO J2& — b I e 2 i iR 1P 1 58— B AR 2 bk
RO POCHR T A, HAZD U .
FEME A IR IE N B AR SR

SpUE

i O B AR SRR, ST
O o R B AR,

TR 10 0 15 5 e s D 5

(a) SLERAEHE

(a) Experimental setup

Idler comb

Intensity / dB
[\ w S
(e S fe

S

(=

Signal comb

ri

89.4 89.6 89.8
Frequency / THz
(b) 7E6 GHz 7 ¥ 71 N MR IR SICR B) 5155 (I &) Skt
(b) Optical spectra of the idler (gray) and signal (blue) combs measured with
a Fourier transform spectrometer at a resolution of 6 GHz

,

192.0 192.2 192.4

K12 R ZLAMF SR A 77 A 2 e M HC A 35

Fig.12  Generation setup and output spectra of a mid-infrared flat-topped optical frequency comb®™"



c 44 - ETRENE. EFHESETRRER

20265 46 % % 1

B R O AR S R T R, DT o v 2R
A PR R AT RO, BLrTE Y A S 8
o T G R S B T S R o R A R
R DFG, OPO i i i ik 20 7] 4845 = th 24>
PSR SR IFE . ROY A S5 AFI 94
KARREDE T A LB T M4 U OPO™, 1%y
LR AR A A, W R S K S
T 1.5 ~3.3 pm (05 506/ RSO, S
T4 620 nm (AT WLJEHIRR, EHIRESR S L
EaEnl WOt b e Sh i Br . HEINIGER A T4 AN
36 2o A WK A ) b O A R A A T i 22 OPO, SE R
T LRI R b a s e f et . HAE2.19 ~
4. 00 wm 5514 Ik BRI 450 wW TR KF,
BAR G2 A T S W BT o %5 A AR
PRGN T i RAUE 0 B BRI, R T
FLAERE 5 53115 B 1 v (%) R T

ARk, BE T OB AR 1 b 2% % 7 A He
ARAWEAS T B EPEE . MARTIN-MATEOS P % A2
SIS FC i SR RSN - Yo (RGN

Slave lasers

RF generator Dual-comb

generator

Master Phase

BROERAL A G Z — OGN, R D2
Gh2EJRBE, ST 20N KR %% {5 S B A2 R AR
(LI 13)1 3% I G 2 1 AN B 2 AR 7
SRR T, 7E 260 ~ 340 GHz 548 F 778 9 & i
WKL 155, shA&EEA%] 55 dB, &N
FHT 8 R 2% 06 1S R & 48 . KRAUSE B L5 A
WFE T 2 T 34 e 8 5 ' A TR L 1) K 24 000 % A
AT, I R MR P R R AT R R A BT
i OGP A AT, SRR B A
PEAT AN ZEIR A, S2PL T 10 ~ 40 GHz 3 [ (19451 2%
W, SCEFRM] . 7E40 GHz i R, 1 MHz fi
FE MM AH 7 e 5 AU AT ~108. 7 dBe/Hz, JEIL T 519
M P 4%k . ABDOLLAHI S %5 A48 —Fh3E T 20k
IS G DI R LT 5 NN 3 =E 5 N i oy 28
B AZ PR BOCER T, A HEETE G LA
BN, IR R e 2 T R A AR ] B
ARSI T e 1. 3 THz A4 1] BE A9 A0 2%
AT L, SEM T ARGl e i A
TEEE IR, 2% E St 1R .

FET  |Acquisition

laser modulators Detector
Optical
circulators =

5 -30 = =30

£-40 > 600 S -40

250 g 250

Z —60 2300 Z -60

2-70 2 4 2-70

=) %2} =)

— -80 g5 0 = -80
240 300 360 o 240 300 360 46 50 54
Frequency / GHz & Frequency / GHz Frequency / kHz

B3 BT HOLUUR Y KR 4% B 2 G it B A=)

Fig.13  Schematic of the electro-optic dual-comb THz imaging system

23 ESNRIRESN

LHMCTE L & KRR B2 | RS % e A
TR AR U OGS B . T SE AR I A
SR B E B DL SR R T TR AR, 1
2 W TR 2L AP I Be B A b B L e o Y ) B
FHME, SR, ZIRTARMEE . St rRgmiik
AR SCR FN R, EHEmEEME . &

[55]

FHT PR SEAIMD R 2 % — T E E PR

HAr, S N EE A EERR SE
JEE AT 2L AP OB AR OGRS T B
U™ A i B, R DG 2 20 B e 2 AN I B
ZITE RO AE T M BA AR Lt R B e
BT, JFE AR O A AR AL VR R R, R o e A
T B BRI, RS AN IR



RIS

EFHENE. BEFHRSETFEEEA - 45 -

LHNE BB 6

1 EARBFSE R, KASHIWAGI K 25 A F| ] PPLN
USRI = AR R R PO UOEIE , K 1550 nm HDOG
WY 387. 5 nm AN BE, K15 T 10 GHz
[i1] B (R e ORI, B0 E T OB BIUR AR A Ry 25 4
WA IR B AT AT PESY . LUDWIG M %8 A4k T 9 K
PERR AR I T A MEMI AL DL EC T, 1 18 GHz & 4
FN ST B 55 % 387 nm W AMERA, IR

—_
(=]
1

I 1T SOPHIE Y HE A A AL HE S5, JB/R T HAER
SCRLIN A S BRI o R T PR R P I Y 5 b
RICH AR RGO i 14 fros, Hd,
K 14(d) 07 Bl ot A I 58, rp Il Bl 14 7
ARG Bk i RE T SRR AOETE, T O Kot
P BLAE SR . SOk 58-59 TR 3L T i S i i 5 Ik
2L e A AR T 0 45 5 A 5 A AR R F 5 P A
(-

(a) ZKOL THRBRER B ) T LR 25 14
(a) Geometry of a nanophotonic LiNbO, waveguide

= "~ Top width / pm- Q?‘h
= 8 ?§ o3
Z ; R
< 1. ,‘0‘
6 SR
2 SR
E 4 98— —
SO Y T

2| QQL”T§£&K§
S Fabrication limit G+o
= 0 L L XY L

750 1000 1250 1500 1750

Fundamental comb wavelength / nm
(b) AR B 3 5 S i R
SEILAEAN AL S T 5 BB A S 30

of various nonlinear optical processes

in waveguides of different width

(c) TAERAHI P10 A

(c) Photograph of a waveguide in operation

(b) Poling periods required for quasi-phase-matching

10 10 10 10
g | g no poling E L E L -
=0 <0 S o S
0 z/ mm 5 0 z/ mm 5 0 z/ mm 5 0 z/ mm 5

z = z =
= > R 3 = = P nerey 10
aa)] m /m as] —
&S] 1S = = 104
o o o = 51
g g a a 20
= z 2 2 4
z z 2 2
3 & , 3 3 3
1550 775 517 388 = 1550 775 517 388 =1550 775 517 388 =1550 775 517 388

Wavelength / nm

Wavelength / nm

Wavelength / nm

Wavelength / nm

Intensity
(20 dB / div)

5 5 5

4 4 4
=) g =) =)
£3 g3 £3 £
w2 w2 T2 >

1 1 1

0 0 0

200 400 600 800 200 400 600 800 200 400 600 800 200 400 600 800
Frequency / THz Frequency / THz Frequency / THz Frequency / THz
) WREHRH
(d) Examples of waveguide designs

K14 BT BIL T 19 SAN RSO A A2 R G0 5L E!

Fig.14  Uliraviolet astrocomb generation system using lithium niobate waveguides and resulting spectra

3 RSEIEMHIN A

S R
Sk TR R |

3.1

=
NTITANN

DCS) A 24 58 Gk

A P A AU B
2 WS XU S (Dual -Comb Spectroscopy ,
o AR L PR A

[59]

A BEAE LR, O T AR RO A HT SR T
FEREAR TARE R - 7 A2 PN R R AF A
ZRIIEH, Hh—AemiEnZE5, 5—1

JebiiE i R AL R CHREC RE, TEAM,
iR R e = TR,
Fd, HBEEEOL S LR R, BOEHER

S B R T



c 46 - ETFRENE. EFHESETRRER

20265 46 % % 1

I N R N R N 8 N Y 87 S RSy 5 ]
AR AL, PRI, TR A H D SR AR 114 XL
i R GEAEAT BB RO R A, 8
RGN R TR N i NG s e DA R SR
Fho WARPTRARDCIEIER, HOGERRD SN
AR 53 R BRSSO RGP
BOEROGTE R SE Iy 2O SR POLIR
Jo W, Ho— B2 BGRB8 AR R, 5
— OGS ARG, 5 ET— BOCTE R I &
AbFASR, SERAN R, 20164F, HEBERT N B 4%
NHIHREES AR 2 9. 78 MHz [ B GHI R, 52
BT Rt 2 D Ol R s AR 1 g W (L
P 15) , k22 B0 I K O 3 A S R S 3 S A
YL W R T H A2 0 5 O SR A A
e T -5 405 40 235 ) v %) 15 P v 7
BOCHDGIE 5 G ROGIE R R, Hi2fHrh
— BTG % SR e Sy B 0N AR 22 1Y)
FeHi. 20224, SHAMS-ANSARI A 25 A K& T3 fls
PERR T 5 SE L T A2 BB HOE UGS R 48 o
JIT il £ (R A HAT 29 10000 Q (L ANIRAbTRE D S-4544
1E10. 45 GHz S 3K ) T Al A= i 2k 18] By 10 GHz
SRS o0 T S M 0 L 1w A vl S T 82 N
7 A U (UL BT 16) o Fl T H DG A 38 A 114 41 32 )

FI1S B AR AR PRI Dl 1 e

Fig.15 Experimental setup of a single electro-optic comb for

atomic spectroscopy™®”

WEEAR M, IO R 2 R 22 W] £ 0. 01 ~
0.8 MHz %4k . SHAMS-ANSARI A % AF| HiZ & 40
XF12 em YEFRAT ZHRH (9. 86 x 10* Pa) HEATHEM
GER LR . RGAE191.5 THZ fHUE 523 T 1. 6 THe
HCIEE s, AT 3] 160 AR T MY Il B, (5
M 24 107,

2024 4F, YUAN Z C 45 N IFIUE T —Fh 3
T ABIE 1915 4 BE ) 2D AR SO RDOGIE R 4
T ETE I 1AM B AR UL ] B 13 GHz i LG
WAL, IR A B B o3 A S oG #
WK B 2 Hor i 34 2t . A R JiE SR i ) A
TR B, WAt AT B IIE & A 2K S 1
A RIAH 5 1E 38 Hy - 54 72 7% 18 ] gk S R0 S 45 At 1

EO-Comb Source 2
EO-Comb Source 1

Frequency / THz
(a) T MRMIFXU A 92504 B
(a) Experimental setup of the MRM-based dual-comb system

191.6 191.8 192.0 1922

190.8 191.0 191.2 191.4

0
Z-10

-20
-30
40
-50
-60

kD) 34 36 38

/

Intensity

40 4 44 46 48

Frequency / THz

(b) BEHIHE
(b) Dual-comb spectrum

K16 T BOGHEHE RN 895 T8 AR B IR I LI A

Fig.16  Electro-optic frequency combs based on lithium niobate microring resonators for dual-comb spectroscopy’

[62]



iR

ETRENE. BTHESETERER - 47 -

BB R, A5 B4 E] G 50 MHz. 47 %8 13 GHz
P XOCH 1, B RAFROGIE e, #E—20
Mo, Z5G 200 A R, ORI T ARSI E 3.3 pm
LML, SRADGIEPHER AR, B4R Bt
8 840 &< Mithi, £ 183. 6 msiMHmfE] Py, HAERETE
Fr (figure of merit) 35 F] 2. 94 X 10° Hz", YUAN Z C
S NBE T 2007 2 B g A o R e i IR OIS, 3R
UE T HAE w3 B DG b BvE g
3.2 MEERF

B REARTEM AR . Tk ke . A sh25 5
LA Kk BOCHE BN, HAERE A%
W) 2R 48 1 SRS B . BRAE R & Had ATl S
FEAJSMBE R AR, OB B H SR B . &
HRE AR M S R, TR RS R S N
M) EEREARFE

Shy il AN TR R Y 0 R B 50 2 REAL T
K, HatC kR ZMEOtMERE A, E2aHE
L i 1 S € VA O o 7 S 6 s
WOCT WMk 4 Fp B2k . Bkob ©A T [A) 4 3m
T L N 3R o e 18 R R A R T A
A S BT R G Ay T o, L AR
SR 22 R T H BRI 25 A 1) [B] 3 BERE T, Ok
A R R R AR TR R, B A Z AR R
TG o AEAE AT BT ] 3 3 A I R O A
FERTFRAIE B, 7E A K i AR N AT S8 ELHOK 20 R
K BE o %7 1 T LR FH 22 053 I i 7 28 O i e A
A7 JE) B P Al R A ASORY I S ), XN T R G
SR PERIAS o = I 2k 3 Fola 2 JL A 6 Rt
FPHE BT, A R B I i b 5o B8 S IR
PG, HRAREAR, (F I [ A7 LK
FRLTH,  FLAR I 2 0 i s 0 SR B 45 2 3 5 v ) e
PIHERRME o OG T PE I A A T A s s
PR, HA QUK B, (AILAR T bR Jk
TS5 SRR RS i =, W B
SL, JoUk EHEARMS L0 B (A

SRS TR OGN B T ¥ A6 A R 0 FH 3 55 v A
BTN, BT R R L R I e
FIAN A —E RIBR . 20004F, MINOSHIMA K %5
NERAEF CEDCAR AT, 76N RS E 1T
T 240 m AL R EEI R, kg 2 PR R R R it

TASH R TIT % . 200945, CODDINGTON 145 A
PEHIFSLER I UE T RAOEH T IEE, 7E 60 ms KA+
BFE N, RGN RZEARN TS5 om, [FEHES
30 km AR 2510 W 5 O 1% EE 4 A0 2 1
£ kHz 2 MHz G, ST A, F R
AME L BRI B G T AR 5 R AR & 5 E
BB, JCT MLARA 0l B mT S B R L e s B ) £
HOEHIUR AR BAT AP T s T, H R A
FEARXTRLAR, AR L T2 T, WUHZ
SN T 2017 45 18 YR HLOGII A W T 3 AR BR
B IR B, AEPAMEL B T RK A 1.2
km A £ XFIIE" 7S 1% R Ge 56 OG5 DU i i
M, DAL S SOt A LA, @it
PRI I HL G PM 230 72 AR B A% 10 GHz 5
10. 001 GHz B G, T 52 40 23 phy A1 S 451 5K
FEHIFBE 298P, IMARIE T P OGR Z \] 5 [H
SRR DO T R T A B A Y 4
MBI BERIUA 775, WU H 2% AR e R
il Te A BR RS, 2 3T A s K i 2 2
PR, 38 3 P AN [R) A U7 X5 A9 S5 A1 A 457 22 4
— RYVERE A, SRR KA K # AT
K, PR A /NG B A SE ARG I, DA 52 i
i XTI B BB R, D T ORI AR R
A BRI FEAS B 5 . SEae 1180 m 4R T
MHEE 52 %M 2%< 379 wm, KB 350 s D)
- Allan fli 25 < 600 nm, [A)EF S B 1 s BN
FE, IR | mokE RS % A R e A BT adE F A
WU Z L4 N it — 220 o MR I BE AR ¥ e &2
BAAEGE HARE = 4esem &, &aAEA
HURMCRE BT, ERER T EHIBRRLN =
AefeER A A, WM . B 40 B 4 R B AR
SR RS IR B ROR B G, SRR T HOEIIURI
TE Tl 2R I 45 52 2 TR T R v .
20234F, XIE J DA A$EH T —Fh TR
HL A A 1) 22 4/ 2 9 e ot B 0 o vk, X
PR A L' AT 2R A 198 0] ) A 23R R AT (] 25 A A o
B L — T IAA BERC B, D T f ASDR R
BRI N HZ TR, AT R — SR Ok
TN — X oL PM, O AN I IE T4 (R, A 850
IR T % 8 H A e A R L K 2Rl BE 4 S



- 48 - EFEZNE. EFITE5EFEEEAR 2026 % 46 % F 14

1 TR RS R 1A 5 (LT 17) . S R R P (15)
). %R 45 m AHF T, 10 min K 3000042 0 4 Jewmty

AP LAFHNEEES . m KR, o, W EL%
G, RENTETR. BhiC S T IR R
LKA, TP 2 . T S B4 R
B, %07 T LG T I B
PERORRH 0T 575 5 7 5 S LR ST 9 4

WEDR 220 3.2 wm, 10 s 8 3010 4 (X0 s o A 22 10
0.8 wm, 5 He-Ne Z7% 1 W LW L X} 5% 22 R
it + 8.6 wm, AN B BT R A 10 Hz, R
LT HL AT R AR AE R RE L RS A X ) B 45
S Y

T L I AR ) TSR AT R AR, BESE
N FEH T OSCAT, LB . 5 BOEHUR I %
AV Sy - 18 f /R A, i A
P I R T E R S H AR, AT

MIHE . LE FLOCH S % A 3L+ OSCAT 4% AR T J2 5
B, 761 ~24 m &M FMlRRZE AT 10 pm ™,
KAYES M 155 AN — 20 ifb T RG240, ¥R 17
YA, HEIRZEA TS5 w7 SR

R T WM L, OSCAT )y RE5H M 24
R, JUHE A rh AR B8 10 G R I

TEM R 2E, 4/, W5, PUE &R
i AR W, R T 0 Y 0

EOPM, Target
| /. il B
. Signal \ \.‘. \
dynamic EOC Wy
LA MT
Tine i .
Local Distance
dynamic EOC
AMP, SIM,
2 A Ass[/](k)

A A T

> B B>

» A [PPLO,
A -
Atomic T e |
clock A PPL02
PLL

| '|
1 : |
| ! :
1 " : ! )
| | A0
- |r Signal | : i
I processing : | }
: i |
| } : | >
T ! Results |
L

BI17 BT XS 25 B IR ) 22 S 22 1 95 246 0 B g ks 1

Fig.17 Schematic of multi-heterodyne interferometric absolute distance measurement based on dual dynamic EOFCs'®!

33 BEMA

TEREBHE . Hh2 0 K 5G S5 240 HHESD T,
A7 7R G5 ) T A B 3k 3 R I A 1 T ) R
J'& o S DR G A ) B A A 1 45 4 Al R AR T
BN R & B o B I BAR 2 3 KOB TR . IEAE Sk,
AR L I R AR IR I AE . o R LR AN AR AT
FOLRRRE, TOGEAAE PRI R R B ILE. HE
ELR TE SR e b AR S m LA T FE AT AR O
G MR LT R AL R PR P 3 A% £ 2% R IR
AT EE S FEE R CUEB I 2 C + LR,
WRFEX SRR, AR B H OB SE 3 Thit /s PR

Haflh . ZWBIHTERG, MEH NS A
LRI O 4 29 T IR S

20144, WEIMANN C % ARIE 7 —Fh R T 0k
AT LR A (SOH) B Ak L S 1 ] 5% 1) £ s i D' i 2%
i, WE 18 iR . %% E | DDMZM 7£ 40 GHz
BB R AR T TR DRRAR 2 2 dB R A, IF
125 GHz 5 40 GHz 3K B4 58 SE3 1 A 14 1] B mT
VAR ™ 7E25 GHz [alfE 2514 TR 18 Gb/s
53R Nyquist ki, 454 16QAM 5 1E M
i #8 (Quadrature Phase Shift Keying, QPSK) i il ,
SEPE T 1. 152 Thit/ s (4% 5 3 22 F1 4. 9 bits™ - Hz!



iR

TRENE. EFHESEFERKAR - 49 -

B

EO-Organic Cladding

o
RF Amp 1 RF Amp 2

(=]
1

n-Si

n*-Si Si strip U

40 GHz

\/
3]

Y

: Metal Slot

Rel. power / (dB / 1.44 pm)

= To Tx
A _D_ 3
| A
TS EDFA 1534 1536 1538

-

(a) SOHPM7R &

Interleaving Modulation

(b) SEBOREIRB AT A A Ao B

(a) Illustration of the SOH phase modulator (b) Integrated dual-drive frequency comb generator

PoIMUX

Wavelength / nm

(o) FrHak
(c) Output optical spectrum

r -

CombC> EDFA

Multi-Format
WSS Tx 2

Multi-Format
_"|>“ Tx 1 ]j

j"’[-

: . Demultiplexing
M and detection
b2b
LO :Z a
< Experiment 2: = »

Delay PBC

. Up to 4x J

(d) Hitehmie &

(d) Data transmission setup

E18 T Thits /s BEAL 5 19 FE T SOH BRI 5 R i s 2 &7

Fig.18 Schematic of an SOH-based frequency comb for Thit/s data transmission

MBS ROR , FEE, @77 M EE LR
QPSKIHHI IR R G E 44, #F— LM T ek
300 km B fE 5. 7640 GHz M B & F ., R4 LU
28 Gb/s £5 53R 52 T 1. 008 Thit /s () A &K i %
A RE S F5 B K 300 km (1L %

2018 4F, XU Y LAEA$EH —Fh S TG TF
B, W MRM S AT 51 WDM A& i,
o — A~ MRM 1 Sk 55 5% [1] B w98 1) 06 450 At % A=
B, TERN TAIBE A 20 GHZ I, BT AR LAY = e Wit
TR A5 M Lk 3 56 dB, B FIHEE N2 dB; 24
itk 1B BRI EE 22 25 GHzIRF, Mt (5 b 20k 54 dB,
SEHHEEZ) R 4 dB L Hi4y MRMs X A [R1 i 14 43 1 4
i, AR P T R AT 5230 10 Ghits /s A —
B I I 5 45 88 (On-Off Keying, O0K) %44 1%
o BRULZAN, WFoE A BAE B SE SR, BRE T3
TN MRM (AT IS e 6 % H , R T
S54HYT . 10 GHz [BIFRIY AR ), I (m e b s
ik 64 dB, FGUE T2 ZAEMRIIFE . AT RAA L
R RIS AE R G R Y T

20234F, ZHOU Z C A5 N2 H T —Fh 3 T4 %
SHEG AT . FETHEIMAPM, %R
Gi1r 25 GHz 5 2.5 GHz S W 4K 8l F A= il 7 4 e
1.25 THz. [81F%2. 5 GHz A W%k, Horf g4

[72]

J5 B E B 10 MHz 2% i b, A5 04 1] Bl 119 ¢
WifeoE™, MINZHRS WDM R G, #ilsr
241~ 200 GHz I Bt (BB 29 70 2 mithi ), Jfid i
22 km FABCL AR T . AEH P o, R EHOLER A
A BE 5188 v (7125, P38 e A 8 s o o) S5
PR 2 A o R GAE 200 GHz 4 9 N S 15 64 4
Pt PR 2,14 ~ 4.3 Gb/s, &
ZE ik 3 240 Gb/s. ZWFSE K ER T HOEHITR
Bt AT T, AEAS s A G AT kit kit Y
U, WRHEL . ARETEE =4 ASRE T Rl i gy
%o FETYIK M A PM 1) WDM BLH 4n 4] 19 Firw .

XU MY %5 A\ 3 T 38 A48 i 4 08 ol 8 S B 1 —
PR EFTOERT, Z s I AL R LB AE
RER S Th ke 5 KA 58 G4 PE, RE7E 31 GHz 1Y
etk Eb T, P24 134 F BT 1. 2 dB R Z .
DORP e EL RLAFF A R R S AR TR R A
HCIR, NI E RGN AL T RS,
34 HNHA

LD TR R T 1) ) o = SN & = 918 | 724 95 AN
e 365 1 23 000 5 S AV A A7 W 75 T {7 5 2 il A% S
(R A JR B S O 3 A LA 447 7™ A% 119 45 1] R
TR RN BB (AR T, FOEIIR R O R i
2P U5 T SR S R 2 —, TEZ AT



50 - EFHRENE. EFTESETFHRER 2026 45 46 & F 14
Coherent Rx 10 MHz
(clock) reference
| PLL,:25.0 GHz | | PLL;:25GHz |
\} """""""
v
CW laser . Stage 1
N
F .
i F]._*J@ 22 ki SSMF
(+50) \ ( )Y))
PD  VOA 22
2 J
MHz reference clock =
transceivers
19 B TZ05 IM Al PM ) WDM ™
Fig.19  Schematic of an WDM based on cascaded IM and PM"*!
IV LS SN DA SEER T AHAV MRS IR T - 140 dBe/ Hz A3 S i, A5

P OG0T S 0 A DR SO A3 1 3 M R e A A e
W H A L . OBRZUD E %5 AR H G
SR BAE NSRRI, ZEOL TP HE A hidf /R B K
S5 1) GIANO-B 3 2181 & 43 1 6 i AL 58 i T
BT RI UL o 2 R G0 LA 4R T S MO R
VE RN IE, i B PM 5 IM Al E AR N
14.5 GHz I HOGIIRF, I By AR e s
TG, I ARASE 35 24 400 nm A U Y HTIR
Aol AL 47 1] B 5 0 A o B D A DE T . S5 25
BB BRI R G5 R % 1E SR R SO0
P8 v SR R D KR o, HobR iR 2E A
FT 10 em/so XTHFFUETL, ZARLeM: R 5 s
A Ak I 4 R YA R A BT A O R R R SO
a5 FH T R 43 o R SO H R 4 K S b

AT 3L B 75 B0 15 5 A U 1T, FL OB AR
R lFIRE B B &3 . KUSE N Y 28 A8 T —
P e FaE B AIRR R 50, K 78 4R S8 SO AR it
Pound-Drever-Hall £ R 8 E T m g trs%
Ji L ISR PR AV M 75 S 0 U8 BIK 2 R 1 18 i 25 DA P R
FERAATR , P I H AR L B E S A A ] B
X P BOIEAR T SERe T, RGEAE 10 GHz A BL

RIERRF 10 EH ., SEGNE TR M
P, 3l 5 T R G AR AL A D' T (ol DA AR AR
37 Mg 7 R B T AR A R P O T P R g S
v R I AALAR 3 R R A R G e R A
LB T T BRI 58

4 BE5RE
KL T TR K JRIUIR,, T

HLOEHIT R AR 4 )7 AR L) S ML T 254, R T T
AR RRF- 5 B BG5S BT U5 PR BB AT
X T AR AR BRI S AR BIRTE,
FEL YB3 A 4 0T 5 7 1 14 A 2 A B S A ) R
T i 51 AT g Pk EE 8 1 45 4 R B s 2
(4 B SE AL, PCARBEPERE, g sE. 4R
JESE; @ MATHTAIM R & ST L, 6
SRS Bl BT R R, AT Tt
RGNS SR s Tl FEtE

S ROEER M — 2 1 W rkae . SEH
e W AR, b R e T IR R, il
e i A & A R DR TR RE Y R, 2
Iee AR 2% 8 4 ol 2 2 B2 A ok B 58 9 s 9 S0

=
B



iR

ETRENE. EFHESETFERKAR - 51

K BRI T R JEE 15 i 20 B Uk
e SR TE RGN AR T L DURR A PERE
RS R WIRAE T s o AR RUR A, 5 2
TERGERARRGRHOR . s AR . bR
PWESE

JEERARR, 15 B0 H U 5 S HR Rl i
FREAh JE F IR A L B, s A B
W55 TR A R T o B B B AT RS 28
AN R, S RO IR UK 7R a1 L Bt
G R 1O o S AT R B ) o B 1
(1155 7 MYV Qi) Sl AR iR 5 N Y1 o 71
BB AT S AR LA DE T &R S8 P R B R T R
IR LTS5t NP F = 5 €S R S E A
SRR AN, IR PR R A S 1R
RG] 5 B AR R T R, 5 ROEIR
it 55 A AR A A e KON 1% i i i B AT — R4
nl, ABEBFERITPLL . K25 B i
TR ENE . RN, BCE S5 v /R 9T s
WIS J7 S8 W TR BE B R], F5 DA ik ke il 1 i 15 ok
I ) e T R A R T T ST A, A R
FEL B 3 A9 A 00 5 A 368 15 25 03 1) 52
e R A

S 3k

[1] UDEM T, HOLZWARTH R, HANSCH T W. Optical fre-
2002, 416 (6877) :

quency metrology [J]. Nature,
233-237.

[2] UDEM T, HUBER A, WEITZ M, et al. Phase-coherent
measurement of the hydrogen 1S-2S transition frequency
with an optical frequency interval divider chain[J]. Physi-
cal Review Letters, 1997, 79(14): 2646-2649.

[3] SCHWOB C, JOZEFOWSKI L, DE BEAUVOIR B, et al.
Optical frequency measurement of the 2S-12D transitions
in hydrogen and deuterium: Rydberg constant and lamb
shift determinations [ J]. Physical Review Letters, 1999,
82: 4960-4963.

[4] DIDDAMS S, JONES D, YE J, et al. Direct link between
microwave and optical frequencies with a 300 THz femto-
second laser comb|[J]. Physical Review Letters, 2000, 84
(22): 5102-5105.

[5] DIDDAMSS A, VAHALA K, UDEM T. Optical frequency
combs: coherently uniting the electromagnetic spectrum
[J]. Science, 2020, 369(6501): 3676.

[6] HALL J L. Nobel lecture: defining and measuring optical

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

frequencies [J]. Reviews of Modern Physics, 2006, 78
(4): 1279-1295.

HANSCH T W. Nobel lecture: passion for precision [1].
Reviews of Modern Physics, 2006, 78(4): 1297-1309.
HOLZWARTH R, UDEM T, HANSCH T W, et al. Optical
frequency synthesizer for precision spectroscopy [J].
Physical Review Letters, 2000, 85(11): 2264-2267.
CODDINGTON I, NEWBURY N, SWANN W. Dual-comb
spectroscopylJ]. Optica, 2016, 3(4): 414.

OBRZUD E, RAINER M, HARUTYUNYAN A, etal. A
microphotonic astrocomb[J]. Nature Photonics, 2019, 13
(1):31-35.

PROBST R A, MILAKOVIC D, TOLEDO-PADRON B,
et al. A crucial test for astronomical spectrograph calibra-
tion with frequency combs[J]. Nature Astronomy, 2020,
4(6): 603-608.

ZHU Z B, WU G H. Dual-comb ranging[J]. Engineering,
2018, 4(6): 772-778.

REN X 'Y, XU B, FEI Q L, et al. Single-photon counting
laser ranging with optical frequency combs[J]. IEEE Pho-
tonics Technology Letters, 2021, 33(1): 27-30.

SHEN Q, GUAN J Y, REN J G, et al. Free-space dis-
semination of time and frequency with 107" instability over
113km[]J]. Nature, 2022, 610(7933): 661-666.

HU H, DA ROS F, PUM H, et al. Single-source chip-
based frequency comb enabling extreme parallel data
2018, 12 (8) :

transmission [J]. Nature Photonics,

469-473.

CORCORAN B, TAN M X, XU X Y, et al. Ultra-dense
optical data transmission over standard fibre with a single
chip source J]. Nature Communications, 2020, 11: 2568.
GENG Y, ZHOU H, HAN X J, et al. Coherent optical
communications using coherence - cloned Kerr soliton mi-
crocombs|J ]. Nature Communications, 2022, 13: 1070.
CUNDIFF ST, WEINER A M. Optical arbitrary waveform
generation[]]. Nature Photonics, 2010, 4(11): 760-766.
PICQUE N, HANSCH T W. Frequency comb spectros-
copy[J]. Nature Photonics, 2019, 13(3): 146-157.
HARGROVE LE, FORKR L, POLLACK M A. Locking of
He - Ne laser modes induced by synchronous intracavity
modulation[J ]. Applied Physics Letters, 1964, 5(1): 4-5.
KIPPENBERG TJ, HOLZWARTH R, DIDDAMS S A. Mi-
croresonator - based optical frequency combs[J]. Science,
2011, 332(6029): 555-559

KIPPENBERG T J, GAETA A L, LIPSON M, et al.
Dissipative Kerr solitons in optical microresonators [J].

Science, 2018, 361(6402): 8083.



- 52 - BYRENE. EFHESETEREAR

20265 46 % % 1

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

BRASCH V, GEISELMANN M, HERR T, et al. Photonic
chip - based optical frequency comb using soliton cheren-
kov radiation[J ]. Science, 2016, 351(6271): 357-360.

STERN B, JIX C, OKAWACHIY, etal. Battery-ope-rated
integrated frequency comb generator[J]. Nature, 2018,
562(7727) : 401-405.

HERR T, HARTINGER K, RIEMENSBERGER J, et al.
Universal formation dynamics and noise of Kerr-frequency
combs in microresonators[J ]. Nature Photonics, 2012, 6
(7): 480-487.

COLE D C, LAMB E S, DEL'HAYE P, et al. Soliton crys-
tals in Kerr resonators [ J]. Nature Photonics, 2017, 11
(10): 671-676.

WANG W Q, WANG L R, ZHANG W F. Advances in
soliton microcomb generation [J]. Advanced Photonics,
2020, 2(3): 1.

MURATA H, MORIMOTO A, KOBAYASHI T, et al.
Optical pulse generation by electrooptic - modulation
method and its application to integrated ultrashort pulse
generators [ J]. TEEE Journal of Selected Topics in Quan-
tum Electronics, 2000, 6(6): 1325-1331.

ZHANG M, BUSCAINO B, WANG C, et al. Broadband
electro-optic frequency comb generation in a lithium nio-
bate microring resonator| J ]. Nature, 2019, 568(7752) :
373-377.

HU Y, YU M, BUSCAINO B, et al. High-efficiency and
broadband electro - optic frequency combs enabled by
coupled micro-resonators| J ]. Nature Photonics, 2022, 16
(9): 679-686.

RANKA J K, WINDELER R S, STENTZ A J. Visible
continuum generation in air-silica microstructure optical
fibers with anomalous dispersion at 800 nm [J].
Letters, 2000, 25(1): 25-27.

RONTGEN W C. Ueber die durch electrische kriifte er-

Optics

zeugte aenderung der Doppelbrechung des Quarzes [J].
Annalen der Physik, 1883, 254(4): 534-551.

KERR J. A new relation between electricity and light:
dielectrified media birefringent [J]. The London, Edin-
burgh, and Dublin Philosophical Magazine and Journal of
Science, 1875, 50(332) : 337-348.

TRASK L R, PERICHERLA SV, DELFYETT P J. Self-
oscillating, self-stabilizing, and self-referenced electro -
optic combl[]]. Optics Express, 2025, 33(2): 3429-3437.
SAKAMOTO T, KAWANISHI T, IZUTSU M. Asymp-
totic formalism for ultraflat optical frequency comb genera-
tion using a Mach-Zehnder modulator| J]. Optics Letters,
2007, 32(11): 1515-1517.

[36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

YOKOTA N, ABE K, MIEDA S, et al. Harmonic super-
position for tailored optical frequency comb generation by
a Mach-Zehnder modulator[J]. Optics Letters, 2016, 41
(5): 1026-1029.

CULY H, WANG Z X, ZUO X H, et al. Flat optical fre-
quency comb generation by using one DPMZM and super-
posed harmonics [J].
531: 129223.

LIN W, ZHU B W, CAO K Q, et al. Generation of flat

Optics Communications, 2023,

optical frequency comb using cascaded electro-optic modu-
lators[J ]. Photonics, 2025, 12(3): 246.

REN T H, ZHANG M, WANG C, et al. An integrated
low - voltage broadband lithium niobate phase modulator
[J]. TEEE Photonics Technology Letters, 2019, 31 (11):
889-892.

HUANG H J, HAN X, BALCYTIS A, et al. Non-resonant
recirculating light phase modulator [J]. APL Photonics,
2022, 7(10): 106102.

YU M J, BARTON III D, CHENG R, et al. Integrated
femtosecond pulse generator on thin-film lithium niobate
[J]. Nature, 2022, 612(7939) : 252-258.

DUYT, ZOU X H, ZOU F, et al. Novel folded structure
recycling phase modulator for ultralow V_ and enhanced low
-V, bandwidth[ C]// 2024 International Topical Meeting on
Microwave Photonics (MWP) , Pisa, Italy. IEEE, 2024:
1-3.

RUEDA A, SEDLMEIR F, KUMARI M, et al. Resonant
electro - optic frequency comb [J]. Nature, 2019, 568
(7752): 378-381.

HU Y W, YU M J, BUSCAINO B, et al. High-efficiency
and broadband on-chip electro-optic frequency comb gen-
erators| J |. Nature Photonics, 2022, 16(10): 679-685.
WANG X H, LI Z K, CHEN ] J, et al. Integrated thin-
film lithium niobate electro-optic frequency comb for pico-
second optical pulse train generation[J]. Applied Physics
Letters, 2024, 124(20): 201101.

WANG J Y, WANG Q, XU M Y, et al. Highly tunable
flat-top thin-film lithium niobate electro-optic frequency
comb generator with 148 comb lines [J]. Optics Express,
2025, 33(11): 23431-23439.

AR, R4, BRAR, A5 OB ORSRR 04 N T 7 Al
JELT]. PHMEA, 2022, 42(2): 13-23.

FENG LS, LI W, CHEN S W, et al. Progress in applica-
tion research of microresonator frequency combs [J]. Me-
trology & Measurement Technology, 2022, 42(2) : 13-
23. (in Chinese)

MOROHASHIT, SAKAMOTO T, SOTOBAYASHIH, et al.



iR

ETRENE. EFTHESEFHERER - 53

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Widely repetition - tunable 200 fs pulse source using a
Mach -Zehnder - Modulator - based flat comb generator and
dispersion - flattened dispersion - decreasing fiber [J]. Op-
tics Letters, 2008, 33(11): 1192-1194.

CARLSON D R, HICKSTEIN D D, ZHANG W, et al.
Ultrafast electro - optic light with subeycle control [ J].
Science, 2018, 361(6409): 1358-1363.

SEKHAR P, FREDRICK C, CARLSON D R, et al.
20 GHz fiber-integrated femtosecond pulse and supercon-
tinuum generation with a resonant electro-optic frequency
comb[J]. APL Photonics, 2023, 8(11): 116111.

YAN M, LUO P L, IWAKUNI K, et al. Mid-infrared dual
- comb spectroscopy with electro - optic modulators [J].
Light: Science & Applications, 2017, 6(10): e17076.
KOWLIGY A S, CARLSON D R, HICKSTEIN D D, et al.
Mid-infrared frequency combs at 10 GHz[J]. Optics Let-
ters, 2020, 45(13): 3677-3680.

ROY A, LEDEZMA L, COSTA L, et al. Visible-to-mid-
IR tunable frequency comb in nanophotonics [J]. Nature
Communications, 2023, 14: 6549.

HEINIGER A T, CICH M J, LONG D A. High power,
frequency agile comb spectroscopy in the mid - infrared
enabled by a continuous-wave optical parametric oscillator
[J]. Optics Express, 2024, 32(13): 23536-23546.
MARTIN - MATEOS P, CIBIRAITE - LUKENSKIENE D,
BARREIRO R, et al. Hyperspectral terahertz imaging
with electro-optic dual combs and a FET -based detector
[J]. Scientific Reports, 2020, 10: 14429.

KRAUSE B L, LAVRIC A, TEBART J, et al. Phase
noise of an electro-optic terahertz comb [J]. Optics Ex-
press, 2024, 32(12): 20948-20958.

ABDOLLAHI S, LADOUCE M, MARIN-PALOMO P,
et al. Agile THZ-range spectral multiplication of frequency
combs using a multi-wavelength laser[ J]. Nature Commu-
nications, 2024, 15: 1305.

KASHIWAGI K, OKUBO S, INABA H. High repetition
rate visible frequency comb generation from electro-optic
modulation in the 1 550 nm region [C]// 2019 Conference
on Lasers and Electro-Optics (CLEO) , San Jose, CA,
USA. IEEE, 2019.

LUDWIG M, AYHAN F, SCHMIDT T M, et al. Ultraviolet
astronomical spectrograph calibration with laser frequency
combs from nanophotonic lithium niobate waveguides (1]
Nature Communications, 2024, 15: 7614.

SCHLIESSER A, PICQUE N, HANSCH T W. Mid-infrared
frequency combs [J]. Nature Photonics, 2012, 6 (7) :
440-449.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

HEBERT N B, MICHAUD-BELLEAU V, PERRELLA C,
et al. Real-time dynamic atomic spectroscopy using electro
- optic frequency combs [J]. Physical Review Applied,
2016, 6(4): 044012.

SHAMS-ANSARI A, YU M J, CHEN Z J, et al. Thin-
film lithium - niobate electro - optic platform for spectrally
tailored dual - comb spectroscopy [J]. Communications
Physics, 2022, 5: 88.

YUAN Z C, FANX Y, XU B X, et al. Digitally generated
high-resolution mid-infrared dual-comb spectroscopy sys-
tem based on electro-optic modulation[J]. Optics Letters,
2024, 49(20): 5711-5714.

BPEAL, ZAERS, BERE, 5. T RURS IR RO
M EEFARDF R ELER [T ], THHEAR , 2025, 45(6)
10-28.

HUANG B H, JIANG T H, ZHAO C B, et al. Research
progress review on precision ranging technology based on
microcombs [J]. Metrology & Measurement Technology,
2025, 45(6): 10-28. (in Chinese)

MINOSHIMA K, MATSUMOTO H. High—accuracy mea-
surement of 240—m distance in an optical tunnel by use of
a compact femtosecond laser[J]. Applied Optics, 2000, 39
(30): 5512-5517.

CODDINGTON I, SWANN W C, NENADOVIC L, et al.
Rapid and precise absolute distance measurements at long
range[ J ]. Nature Photonics, 2009, 3(6): 351-356.
WUHZ, ZHAOT, WANG Z Y, et al. Long distance mea-
surement up to 1. 2 km by electro-optic dual-comb interfer-
ometry [J]. Applied Physics Letters, 2017, 111 (25) :
251901.

WUZL, SHIHS, SUN P, etal. high-precision 3D optical
profilometry of non - cooperative targets by time - domain
dual - comb coherent averaging [J]. Applied Physics Let-
ters, 2025, 126(14): 141101.

XIEJ D, YANLP, CHEN BY, et al. Multi-heterodyne
interferometric absolute distance measurements based on
dual dynamic electro - optic frequency combs [J]. Optics
Express, 2023, 31(8): 13472-13485.

LE FLOCH S, LLERA M, SALVADE Y. Sub-ppm abso-
lute distance measurements using an optical frequency
comb generated by a conventional dual - drive Mach -
Zehnder modulator[J]. Optical Measurement Systems for
Industrial Inspection VII, 2011, 8082: 80823S.

KAYES M I, ROCHETTE M. Fourier transform spectros-
copy by repetition rate sweeping of a single electro-optic
frequency comb[J]. Optics Letters, 2018, 43(5): 967-970.
WEIMANN C, SCHINDLER P C, PALMER R, et al. Sili-



© 54 - BYRENE. EFIHESEFEREAR

20265 46 % % 1

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

con - Organic Hybrid (SOH) frequency comb sources for
terabit/ s data transmission[ ] ]. Optics Express, 2014, 22
(3): 3629-3637

XU Y L, LIN J C, DUBE-DEMERS R, et al. Integrated
flexible-grid WDM transmitter using an optical frequency
comb in microring modulators [Jl. Optics Letters, 2018,
43(7): 1554-1557.

ZHOU Z C, WEIJ L, LUO Y, et al. Communications with
guaranteed bandwidth and low latency using frequency-ref-
erenced multiplexing[ﬂ. Nature Electronics, 2023, 6(9):
694-702.

XUMY, HEM B, ZHU Y T, et al. Flat optical frequency
comb generator based on integrated lithium niobate modu-
lators [J]. Journal of Lightwave Technology, 2022, 40
(2): 339-345.

OBRZUD E, RAINER M, HARUTYUNYAN A, et al.
Broadband near - infrared astronomical spectrometer cali-
bration and on-sky validation with an electro-optic laser
frequency combl[]]. Optics Express, 2018, 26(26): 34830.
KUSE N Y, SCHIBLI T R, FERMANN M E. Low noise
electro-optic comb generation by fully stabilizing to a mod-
elocked fiber comb[J]. Optics Express, 2016, 24(15) :
16884.

WANG Z J, MA H, LUO J W, et al. High-precision time-
domain stereoscopic imaging with a femtosecond electro -
optic comb[J]. Nature Communications, 2025, 16: 6839.
WAN Z R, CHEN Y, ZHANG X X, et al. Quantum cor-
relation - enhanced dual - comb spectroscopy [J]. Light:
Science & Applications, 2025, 14: 257.

MA XS, LVT]J, ZHU D X, et al. Ultra-rapid broadband
mid - infrared spectral tuning and sensing [J]. Advanced
Photonics Nexus, 2025, 4(3): 036008.

RENXY, PANJ, YANM, etal. Dual-comb optomechanical
spectroscopy[J]. Nature Communications, 2023, 14: 5037.
LV TJ, HAN B, YAN M, et al. Ultrahigh-speed coherent
anti-stokes Raman spectroscopy with a hybrid dual - comb
source[ J]. ACS Photonics, 2023, 10(8): 2964-2971.
OKAWACHI Y, YU M J, DESIATOV B, et al. Chip-
based self - referencing using integrated lithium niobate
waveguides[]]. Optica, 2020, 7(6): 702.

ANDERSON M H, BOUCHANDR, LIUJQ, etal. Photonic
chip-based resonant supercontinuum via pulse-driven Kerr
microresonator solitons[ J . Optica, 2021, 8(6): 771.
JANKOWSKI M, LANGROCK C, DESIATOV B, et al.
Ultrabroadband nonlinear optics in nanophotonic periodi-

cally poled lithium niobate waveguides [Jl. Optica, 2020,

7(1): 40.
[86] HEUKE S, RIGNEAULT H. Coherent stokes Raman scat-
tering microscopy (CSRS) [J]. Nature Communications,
2023, 14: 3337.

[87] YAN M, ZHANG L, HAO Q, et al. Surface-enhanced
dual-comb coherent Raman spectroscopy with nanoporous
gold films [J]. Laser & Photonics Reviews, 2018, 12

(9): 1800096.

(AL 2FR FARR)

£ —1EHE: BEKQOI—), &,
+, RGO SR IOGAY
HRLT AR .

HEE—EE: 2EEQ001-), «,
ik, FEEREFETT 1k B SO GRS
i AR

BEEE: BWH984—), B, W5
R e N 8 X G S A S EA) B o8 N
AT ORI i 5 20 AR
R E R A AR RIS R F H A
HOEFRARETHBI) . BEREM
WF &I H IR SR H o BT R
R ITEAR R W —S52 PR
Bk — S

BEEE: YMFE09%66—), B, ER
RS SE 2 E AN =i SN AR S IR S E N
ER A RIS E . Bk
HTHAF TRERRGENY, Fkla
HEHE KIT¥E" QUHHBA . H
FEGTRTHRHE . ERIESZREL
. ExREEZHRAGIHN A, =

S

FWTFE 7 16 4 R PO B B R D A



