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Abstract

Abstract

Single-frequency lasers are widely used in various research fields because of
their good beam quality, long coherence lengths and narrow spectrum widths.
However, they are also required to have good frequency stability besides single
longitudinal mode in many areas such as precision measurement, laser gyro, lidar,
spectroscopy, coherent optical communication, optical frequency standards. Therefore,
measuring the laser’s frequency stability is very important and beneficial.

The basic working principles of several common measurement methods are
summarized in this article. Also, the precision, advantages and disadvantages are
pointed out. Among them, the measurement method based on delayed self-heterodyne
have many advantages , like high measurement precision and simple system. However,
it usually needs several kilometers or longer fiber delay lines, causing the cost of the
measurement system to increase substantially and the beat frequency signal to be
unstable and attenuated. In order to solve the problem, a new approach to measure the
frequency stability by adopting shorter fibers is presented. The working principle is
given and the factors which affect the measurement precision are also analyzed.

Based on the method of measuring the frequency stability we present, an actual
measurement system is established. To test the feasibility of our measurement system,
a laser whose wavelength change linearly with time is used to simulate the frequency
drift. The experiment result demonstrates that the presented method is applicable to
measure the frequency drift. Then, a single-frequency laser of 1550 nm wavelength is
measured by this method with 2 m and 6 m fiber delay lines respectively, resulting in
a long-term (3 h) frequency drift of 70 MHz/h and 75 MHz/h , which are both
consistent with the laser’s factory rating (S0 MHz/h). In addition, the short-term (1 ms)

frequency stability is also measured and the result is 200 kHz/ms.

KEY WORDS: single-frequency lasers; frequency stability; frequency drift; optical
heterodyne detection; phase unwrapping
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S, FEE B AREOC R HSRSC R, @A R MO, A
KEFABOLROCR™, BRUT R RER BB HMELR AR E™

MIBSTE DN B R R A0, TS 5 B AR BRI TP 6 #ot4% . Hit,
AT E— & 5SSO L R A Eaia e BN S 5 H0ea" . Mk
(23] P AN RER, MPE SRER 5SS HHOLR MBI E E =5
AFFTRMKER, B

Si(r) =S, (1) +SX(r) (2-6)

2 ﬁ:(Afm "Af,)z
PG P A CLO N Y = (2-5)

A S, () HIME S IR RER, S, (). S.(0) R ARHUEERSE N
IR 29X, BHEBOLRIANMEMIIRE ¥y N

_5.0-5,0 _, 1 (2-7)

S,(7) JI+[S.(0)/ S, (DT
HARRZE y MR T S (1) /S, (7) BB IE TR, FA 4S5 HO R
HEEE RS T HMBOLRE A 3 5L, WESRNA AT B HORRE, AR
R EOCRA S A RENREE (0L RANEOLR), BEIRA3
R T RSO B S5V R IR AN, TR SREENSEHOLRIEN S
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5, ERENMEENERENRAIEER. BRIz, Mg M It
VAR e MR GRS B TAE MR B R A 2, B RENE ST
FEERE, FRTHENMSEOGSEE M.

2.2 MERGFAERZK
(1) F-P i#ER /T

B:H1EE (Fabry-Perot cavity) T F B HFATHE K HHCF EARBTA R
S5EFIERTH RENE /KB TH AR, F-P S NETFE2ARTHRA,
HopaERMEEESHmE 2. 2 @F (b) Frx.

7
Y
XPY ¥

(@ (b)
B 2.2 EHFWA FrdER) B0
@ATEE  (W)HRER
Fig 2.2 F-P interferometer (etalon) [3%
(a)Schematic diagram and (b)Principle diagram

B (a) &, R MREEKFEGMG LEAERERECRFEREN
. EREATFEA ARG LA, WERA F-P FHAG HRBEEAZE,
FRA F-P ARAER . HDGIR S MBS L AT E L, #7527 AR AT AR
ASEITFHN L, 7 GG RFEREIZ KK R, BEES HREFITRRER
B L, I EEARRLRER ST &L

(b) RR—REH A NHAKO FTHANRO) HIXRKEZF-PEELIR
RFFEST . WPA-FATEARKEN BB A0 e, REERMNREISHr,
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BE BREOLRERE MRS ILR E RS

W5 28 N JE R 1 G ARGRE ST HIR BB R AIRIBIK K Are' A’ r? | An'r?, -
RLEHOERAZMA LT, QR —EESER L, WELTFE LB
BT R, SASPOCRTERILESR L, W& EFE— S, #Ithk

FEEE N 6 =2ndcosd, HNTIEKIMHEER
¢=—2—£5=4—7rndcos¢9 (2-8)
A A

R, 0y d SBABRITERR K. BRI A A, T
FHRPIMABKIRA 0, @, 20, 3¢,

Kt HREHERIRBLLZFLLRE (AL A2 MK KEAD (B <),
MM AN SEZRE (AER @) KK M. FEXNTHELAAR
'=1-r"=1-R, ARG F-P REAEF IR 1) NSHER 1, MELE A"

IA) (1-R)’
I,  (1-RY*+4R-sin*(2nrdcosB- f)

ARMEER, B RBERNE 2.3 s,

I(f)= (2-9)

4 Intensity(mV)

N T .l
-4 -3 -2 -1 0 1

2.3 F-P BB 0N

Fig 2.3 The theoretical transmission curve of F-P cavity

B EAMTAT A F-P s RARS Y (1) B bR RoR B MBS A5
(ARG, HAERT F-P BREK d RGN BT En: Avyg =c/2nd ; (2)

i 1 1
2 3 4 f(MHz)

T A F XHIEEIER ¥ S E (FWHM), A=c(1=R)/2ndzJR ; (3)
KA F 2B EREN R NIE, F=Av,,/A=2JR/(1-R).
Fit, fEBotH S OMERT, FHXR—8REEXEEA, KX
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B SRR E R B BARTA

N ME— B RN

4

f=S=m (2-10)
A 2nd cos "
—fHs, BOLEE F-P IEPIRAS, BIHEO=0'=0, W EXATHE{A:
=m- - -11
f mo— (2-11)

RF, m ATHELEE, chHEZEPHOLE, n. d 254 F-P BRI
SrERMEK.

BAX (2-9) TR, BOLHAE f MEKd FAE——XNRMKXE, U F-P R
#EER F-P T (U7 LR R B BOL R R .

F-P ARdE L T REOL S 1R ™, RN AT R A SRR S Ml &0k &
FIRRBR . APl M O BI3L & F-P FRER T, — B RSB HA%
BrRteE F-P FRHEANLRENFE R, B RESHR & & E AL B 2Rk, 7T
BB FEE B . Ibrahim Ozdur %% FIRE41 B 4 1000 f F-P ARvERAE
AR SN EIELE R BOCRMERERE, X3 3.5 kHz K 8%, H
RIS 48 2 7 O & R IR AEARvE R B R L B W .

X F-P AL, an R R R BT A B KSR/, Wwy
LAE BRI 20 BB BIE SHRREN MY RBBES R AL . BREHENR
2, R AAMBEERERSE SHN TRMSFESHENES. BidRERES
MR RIKEE, 7] LA — E B A) 9 VERB AL i — R AR T i 2k, Bl 2 ) B8 A
AT LME BRI AR E R S, (r) , xR

_AU(7)
SV(Z.) - AU

!

Av (2-12)

XH, AUG) AAMBIERRL, AU, ARG SHEEZN, AvATY
B BAEX.

R F-P TG B RSB R MM IEBE, RHI R A Z KA
&, MERGMXEE, KRITEMEST. B, ErEFLEAERRR
HRARZLE. i, HAREHREME MR EENE, X-EFEA F-P
TR —BFEILDEEERMWE R, FI A %777 R G T 2 8mk
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WITE RO SRR BRI LR T IE R

A B RO KHIIERE L. A5, NMBFEIEATUEY, F-PBKIEK
MWEREHE N EHMERER, M F-P BIHRE . KRS R E RS,
IR A F-P T3 SOR I B BSO8R A8 8 E X RS 4 F B SR v, BR38
KA S A ORI B B AR S, b AR T 0 B P P R MR AR S

(2) HHF

TCFEPRAERL (R BB R — LB E . SR SRR T R
ARG . RN, ARG —IE “ R, REBX e 0% SR RS
WHIME . SCAMFTE “YIBREOLRR” A, BB Rk, B Rk
BHBE—SURRA N, BFSERIE EERA— & B, RxREEZME
FIH -

1999 4F, 1 [H 5 & F 225 BT i T.W.Hansch #3240 S MR/ N B X
R KB AREARS, ARG R B PEOR ARR  F SR L R AR,
KR SH R TSR B TR, ST TITE LR (ST
AOE) MEZRNE. BRI SR A M 5 8] A EeibR 2 1A A
BXTELIRME TR TH, AN EF TR R A T R R,

CHROGRIBI A TAE IR : R BB 83 4 i IO B BO E R R T h
B RDERKIFE], i 2.4 () BoR, SEERBRKMFRNEE, BEE
R B R R B, A R S B AT SRS — R B PR AR AR 2 . 43 HT
ZICHK A, XA ST B A e, BEBNEERME 2.4 (b) FiR.

W — Bt B ERER A E() = E(ne™ , Firh E(r) RREBHRIE,
e’ RIRIEN o, WIBP . HETI, S RH LR A

E(t)=Y E(t-nr)e/ttmmed] (2-13)
b, T =1 £, WEKPFFIRAM. X (211D A fEE R ART
E(@)=) " E(0-a,) (2-14)

MBI A & A RRREBOL KRS M, S&BEAEZ AL E R 27 1

B, WAg-or]=27, BILTTEAIRERMRENRER.
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FURSOL SRR E EAR AR

f,=nf,,+6 (2-15)

Rp, n AEREE, [, W BEOCBRRBKHERRE, 5 HH+ AT
HFRET RIS .

(b)
B 24 KBHAFR
(a) BPIRE  (b) HUEHE

Fig 2.4 Femtosecond optical comb.

(a) time-domain waveform and (b) frequency-domain diagram

tRep, f,, SREZVERRBE, HREFVEIMRITHE L UEZENE

BOCRIR . ROASKHTTER: BRSO L6 5 R+ & & Tk it
THEL BRI EREIE S AR AR RO R, #mTH TR
REERNE.

K B T O BR A 5 pRR KR, BUE EMBNEE
#EFSEAAR LA TR BOE S R E R R e K, BT sEBL A5 21 w] W
HTE P e R ) AR AT &, A E ROV IR BT — AR
FRUES™ o ATt BUAR R T O SR H B I B I ) B, (S RO
25 R ] B WR 2 B S SRR L A (RIS AR, T X R B — 5 B KRR R
e . B, FIRLZITENE BIRBOLS HITS e R E AT 20 KRR XA
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BT DHHOLRARRE R UM SR

RIZRIRS, M AMEREERESFTRONE RGBE 2, WA BSHNAK
.

23 RARB EINESE

HIPA/NYRE], MAERE — & AT E A REENS B, MER
HERIEL A IR I PR, 11 ELIX A ARl & R G B A oK K8 i T 9l
BRA. B REAXFENSEBOLRIUNEER, ITERELHAARFIH
JCEFIE I B 50 5 W B P AREOE AR IR IR E S .

JCEFIER HAMER AR B T. Okoshi 558 ABSITE 1980 F 8 K2 H , BATH T8
HARL TR E, RBREMMESPE, 5, EBAIMMAEARRET KE
FIFGLT R B 5 2R BB TR A,

B R AN AL 38 RSN E TR S5k, B — A A EORE
R BOE D BER AR B, 2TRKAAENEN—BEAETE, 28K
AR —BRASE . REWBCHTINE, MRS ZEES KIIER
K ELLT . BT ESHMSENKETR—GEOLR, XM RSE T/
FEERRES, AR RIRERAEE N O URAESMM IR, FR8ERERAS
Eik, HERZGWAE 2.5 FiR.

Fiber delay line

Speetrum
Analyser

Testing Laser

>
2x1 Qptical
couy

B 2.5 EREMBAEERER

Fig 2.5 Functional diagram of delayed zero frequency self-heterodyne

SER T ESETOMEAE AR E, AERRIERE R, R
N TAERDCHEFRE, AN TNERENERLN/NE, THTHA. B2, BF
BANRGTEEZHNNE, BAESTINGE TRLUHRSRKLS), WM R
EFNGREE M A SR F W RN, EEEMEE RN ER R,
Akt BRI ER R RE, —RRAEN TR B EE, WK 2.6
Fizs
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BFREOCRIAERE RN BRATR

Fiber delay line
Testing Laser  |————— Photodiod ip::]":e’:
2x1 Qptical 2x1 Ogtical y
coupler | couplgr 2
Frequency

shifier

K 2.6 ERIEFHASIERER

Fig 2.6 Functional diagram of delayed none-zero frequency self-heterodyne

IERJFF R BANEE B TMENX AN Z A TES BT MA T BN
f CNERBRER), EESHNSENTET —ERMERE, KR ERHN
AL FIEFIAI PRSI, &R T RILIFEN REWRAEH T, IR T RER
%, Re THERE.

HEFIER T AN EEN B BOLRE REAREI T A B0 AR H
ML R APIR, Frh—RIEL B HiEs AOFS S8 Ja E B LT A %
i, RS —AREL RRKRRBLL, HKER BTIES. REEEHESH
&R A RIS, WSS RO ER (B ARG S) Ios@dns
3% A RS (SCR WL L It S FE R AT B

BARBOLAT AN R — M RALI S IR IB AR € FHE L R, NAIAR T RO
W, BRIUAS LS I A B R BOER 35 &

E, (1) = E, cos(ayt + p(t)) + aE, cos[(w, + Q)(t —7) + p(t = 7)] (2-16)

F, E, BEOLIRIE, o APBCIRIBLIL, o, ABOCHIASEE, « AP —
RACEARXS T 3 — R HI IR B 8], Q ABOEHIMRZE IS, o AARALRERT A
AR B, AR T ML KRB B

BRI 8% e FRL R BE A -

1,(=E,()-E (1) (2-17)
JEELIR ) B AR KR ECh -

yUﬁ%@UﬁHO@U—ﬂQU~ﬂ) (2-18)

fRYE Wiener-Khnitchine 2i&, X HMHAXREHATELH T, AHHER
I Th BRI B A
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B RHOCRRAIRE B BB LR i R AT

sin(a)—Q)|r|

S(o.7) = Lar? 2/z,
’ (@-Q)r] * (5.19)

2 d (2/1_ )2 +(a) —Q)zfz {1 —e_lrl/fc '[COS(Q)O —Q)|TI]+
¢ 0

¢

+ —;-azljire"[’l”‘ 5(w, —Q))

B RN, BEE AT RERT B 8] « A, {5 5 RE B i e RAEAM T HREMERY
B (6 RED MRMARFENE I GEL%ERE) ¥, LERichter %
RO RO HLA RERY], EEREANE CHRERRM BROLL S, AT
(6] /DS EEIEA T IR 6 . IERTI A E KB, 5 BUEMZRHH K, F5R
BUGHERC 2B, (2-17) 5 V&R

2/t

1
S(w,7)=—a’I? (220D
(@) 27 “Q217) +(w, - Q)1
W, HEE RS (FWHM) % Af_r=A2w‘= 2 (2:21)
T nT

B (2-20) 0 (2-21) "5, SGEFEER B2/ MMt A% S
ZER, JFHEBABOCEKERIFAE, A LU B s e E R
BOLAR I LBREL % .

B THOLETE, SRR B S Z2VE0E 4 A S B B IO 2% AR A8 e B
B R . 2000 4E, Jun Tzawa %57 B RIRIE T FI R AF 2E RS H 4253551 2 pm
Tm, Ho: YLF B0t A A B4 38 @ B B IR A, SER PSR A 300 m R £F i
2, WBT 1.5 ps. 2008 4F, PSR LR T4 B S ZE 0 B0
MOEYBR AR EEET TR, KB T AR EN KERMR SR THE
HIES, SUMENREREPNESR, FNBOREARER SHRE RN
REBATTIHE. 2014 4, Y. Zhi F“FIH R 7%, WET DFB LA EL
8 LM EERE A T 100 s ARSI ERSEEE R, FH o8 TIERs
FES R IR K IR R

B 1.4 B, FIRIDCETERT B B EN B RAREOL SR KL 5, &
ATHEREM T

WHOCRMBEARTHA: E()=E, exp(j27fi +4,) (2-22)

HA, Ey fv g0 RABOCKIIRIE. SEMYIMAL
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BT SR I B AR

WROETEK LT I A e FVEL G AT AL B 18] 3 550 K 7, AR o, DG RBER I AR Ot
B EEEIR6S E (1) A SRR i) 25108

E,() = aE, -exp[j2xf (t—t,) + 4,1+ BE, -exp[j27 f (t —1,) + ] (2-23)

i(t) = E,(1) E; (t) =M + afE? -cos[27 £ (¢, ~1,)] (2-24)

XH, o BAFESNLL, MAEE, R-ERE.

— iy, ATRESEMBARESTI() UBEu() KEGE, HFRGTER
&ﬂﬁ%ﬁ%&giﬁm,Mﬁ}u@xaﬂh%?fm] (2-25)

X, n ANEHITHE, cARTHEEE, f) RnBOCHEZFEN A
BACHIR .

HiEtATE, B EESHREBREURZESHEXRR, BERFSHHE

SEAPABCRIMERZ 22, BIOLLER A A KIRRER . 5 2, HABOLH

SR 27r-nf—l[ F) =) =27 b, BRI R A TRTH:

A = f)-f)=— (2-26)
n

M ER TR, WL ISR 8 0 70 BRI SRS RE AR v TR 48 e 28
MR 2 ALEY,

2.5 RBNGE

AREGT BATA TRABOCRIR T E LN LM%, MEENE
% MIE. ERARER L. RAER BN EE. HEMNERFELENREK
R RS, MERER, &R TMEREREA RS BRI ETRE RN
B MEFE - S ERMRRENBOLSEASE, BREELEEAREX
MRZCHBIREROLSS, MG SRR E BRIE TR e 80t Hit
EMERRTSHERRNRER,; AEmEARAFESRERNSEHL
%, MEREOSMERNRERRE, KPR GRS ERE, A28
TACRERARE, (B R1% 7T B AR R FRAEARHE B 3R 5 (A 6 RO
TEE A, TEANE THRESERRERERENE, A ERN B EET ZHATH
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SRR SRR R, BN, REWMEMRA, HEERED
LT HREE L TREEEFERT L, B0 TWRAA, TSR AR S
ESZV bR
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IR MOCLTEN BN R LR BB RS

FZF WEARN BINERFIZEENE RS

MEZFER AR, SHARNBIT AR, St TR B EER AN ER
FEw . WEEEA, RERBEEA. BE, HXIEBBMMOMEREE, %7k
FEAERAULFOREZ ETREDCEIER &, 101 & RFEEN R & RBULES A
RERNGERR . ARRHE— B, ATET N BINEMMM RS AR, R
TR R U B AT S i 2R I B S SRR B AR BE I TV, B TR
RO B SR B IE A T BAERE R R 2

3.1 BN 2R

XL HERT B Sh 2270 B B SR AR EAE O SC IR B W B 3. 1 s

B 3.1 Aot RS AR EBMERE RSN

Fig 3.1 Experimental setup of frequency drift measurement on single frequency laser

B 3.1, Bt B 53 C1L AR, Hh—RdEt
FEIEH S AOFS B40 (B A AMENS), Fi—REERTELA P b5 (RAF 5.
AAEFEFE S5y BIFFREIE 1 X2 1) 3 dB HEF A% C2. C3 AR, PR
BT —RERBE P MAKE TR ERN L FDL, WSROEHMLE 2X2
13 dB GEFREE AR C4. CHOMEWME, 2 ald-Fas 2R 4% BD1. BD2 ¥
WHEES, BHEERENLERL (DAQ) HTRE. MBMHAL BN,

WHRMBOLASR R IR IR A

A(f) = AcosQr fit +,) (3-1)

H, As fov 0o 70 BIABOCIRIG. SURFYIRIAR .
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BREOL SRR R R EAR

WAL L FE S0t S A% 2P FAF#RN18% BD1. BD2 JtaHH & it i (7 53
SR s M tas te, RIHZRERREESHTHHRTN:

A (1) = A, cos2x(f, + f, )t —t,) + @, 1+ Agy cos[ 27 f,(t — 1)) + @]
A,(1) = A, cos[27(f, + fi)(E —1,,) + @)+ Ag, coS[27 fo(t —15,) + @, ]

(3-2)

Kb, [, HPABABRELR.
AAESRIE BHETAN R BT, WA A

{il (t) = Mad, A cos{2x[ f,,t + fo(ts, —t,) — fatu ]}

(1) = Mad,, A, cos2x] fyt + fo(ts, = 1,,) = 121} (33
He, M. o H8 FERI 28 BB R ERNE.
PG SHIARN fE 2
Ap=[1o(ts, —1)) = fut )= [fo Ui —1,) = futia] (3-4)

=27 fo(tsy =ty +1, —115) + for (B —115)]
B At =t ~ty +t,—t,, AT=t,—t,, (3-4) XATFELA:
Ap =27(fAt+ f,,AT) (3-5)
HTBOLIE £, KiEs, 8% f,EREE 0 HF:
Ap(t)=2xf)(t)- At + ¢ (3-6)
Ko, ¢=27f,Ac AER. W EATREBBOCHIMER, B
_Ap()-9, _ 1 : _

K= VIR Ve U 31

K, ¢'=—f,Ar/ At HER, RNEMBOLHER KRG

B (3-7) RAWLLEN, EINEFRCIER SRV Z R R 2240
2 Ap(r) BV A I3 HBOC SR BB R R £,(0)
32 BERRAIR S RES

Bl 3.1 A G BRI 2 B Ah S AR 5 RIEEEIRRIGE S, TIR&E
FEEFRERRERN R BHOBFE T ERENBEREREN G2 T
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BT BRAEN A ESEREEMNERY

Lus ), ATABOBRIFIAAE £, RN MRS 215 SRR 2 Ap R A, %
TR LR/ “RREA, JFIXEEBR I TR Ag 10T IR,
BI/35] Ag BERTIAIHG AL I 4 Ap(r) -

AR AL BRI R 7E Matlab R T HATH, FERMSS A H N EARRES
EXHIARGL ) R AL R SEXREEBIR “REEAR” 15 51E Hilbert BHUZH, R
JG i unwrap (angle()) EREAHGRIE AL, BIGLLMERE HEL polyfit
VB S BRSSO AL .

7R Matlab (¥ angle BBOHEEIESHARGIRT, 128 5 AL E T TE
(-7, 7 JMEMEXE PR, FAEGH™ . MATLAB 15 SHEAL K LESE ™ 7]
3 1 AR YRS R B unwrap 3 EAEFINETE QAL HERSEIR, B SE R AIBTARGL = ()7
FURAELE S, HWRAELE SAASH BB ANER, MREEBL &, B3
k2w BIEEELE, TSRS EREE DT .

THUATHER LG S ABIE, B Y Y] unwrap BRETIER .

BWIHER LGS E() =cosQRrfi+x/4), HH f=55MHz . 4FHEES, K

S, =2.5x10°, KEEAECHN =5000F, JtHA/ER/REFFEH (Hilbert Transform)

EH G, H¥EH angle RSB EIMESEMNAIAE unwrap 2R B H 15 B I AR 45 41
7, HHlnE 2.2 (a) 1 (b) Fizr.

angle(E(Y) unwrap(angle(E(Y
4 7 pangle(E()
~
3rd 60 e
h el
21 /
: 50

0
3 § 40 //
3 of H 4
) |39 7

R //

20 -
2 ~
~
-
-3 10 yd
e
“* 0.5 1 1.5 2 % 0.5 1 1.5 2
Time /s ‘0.7 Time 10_7
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Bl 3.2 (a)s (b)73 A LR LEARAL R R YR AR AL
Fig 3.2 The wrapped phase (a) and unwrapped phase (b)
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ME (a) PATLLEH, angle REERELARM LSRR B -7, 7 ] 210, tx1H
AL R K s ML unwrap REUCEMER R, HHIH 7 BHEE -7
B - BV 2 B AN 2, EIAHANER (BID , REAKKH
frBER AR AL ik, B (b) PIR. #A)ESR, unwrap RELE GERD B
OB e, T— RS SERET M EHAREN, I EEREE
pulp 4:P21]. 18

BRI Sy, JeohE R S RIWIAAL A ¥ 7E EE X (0 3 RIAEXE, BT
VIR 1 Ap ATEAEX [ 27, 27 [IIGELRARAL . [FIREHD, X B A AR AL (E

Ap, WATUAH unwrap BREUEBEAR, MR S A RARRLRE R 8] F9 3240 B 2k .
ERFNFEERKR, [/ unwrap REE, RESKAEE 7, BIHLEH Ap B

EARET 7 rad . KB, FHHIEL 7 WEE, WBAHRAMESS RS
BN AREE, ATTHERREARIZELES.

ik, HIELERBE AR (3-6) Bl (3-7) Friid e ML p X B2 (E
F unwrap R EUHEAT AL AR RS FH% 2 A&

S(Ap)=27m-6(f,)-At<m (3-8
K, 6(C) RHEA R EAK I E .
B, BECAENKENBUETEE:

_c-At c

= < (3-9)
n 2n|5(f0)|max

ESep, n AREFIHE, [5(4)],, hRREERRR I P SOE S AR R
KN,
33 SRR N B N HME RS

S NEA TR A, B 8 P R U R AP A M 4 MR et

MERERRN, BAAHBEABRBRBME £, FIATENEA . ArHAEER.
ERHEEREN, WA 3-6) AFJHEA:

28



BT BORLTIEN B4 EH RN E RS

Ap(t) =27 £,(1)- A(t) + £, (1) - AT(D)] (3-10)
POMsE:WEBul S G
5(Ap) = 22{8(f;)- Ae+f, - S(A) +8(f,)- At + £, - S(AT)] (3-11)

A, d(O)RTEIE.
B G-1D) {ATUFEH, Ap KARLEHNEMNESHK: BOLHE £ 55,
BIBEE £, B RN R AL . RIS ML Ap MR B RE

BOLHR f, NEBE, ALERER =B RAEEREN.

3.3.1 BINRREE XN EFRE IR WO

ECHHURIIBI AR TR A S S, T f A E (S A
SRR B R R P O TTRE . BAh, FIRE AN 15 S AL 1 —
INT IR B R A LR

R A F IR M RN, BEE 3-1D X% = TR
EA BT, BRSNS £t T2k, — LTI,
R REIRTS, i 107 B0, TIME RS Ar=r, —1,,, Forhr, Fle, 53500 1x2 %
o RBITIRERS, PIRELEK, BRI cAr/n<lmm,

fhEE, 4 f, =55MHz, 8(f,,)/ f,, =5x107°, cAr=0.5mm, NAH:

0.5x107°

278(f,,) At =22 x55x10° x5x107° x 7 ~2.9%10%(rad) (3-12)

X
TR, FAREIERIAOUE MR Ap AR TR, TR
F, (3-11) RafLEih:

S(Ap) =2x[5(f,)- Ar+f, - S(ADH,, - S(AT)] (3-13)
A, PEBEENEREEDH Ar> AT, WSAN> (A7) . TiH, B

METT KT ERBMIBEE, 0 f > 1, . B, BB =055 I

29



ROt RE R E RNB AR

EERT ZBEA T, A3 (3-13) WHRWREA:

S(Ap) = 278(f,)At + f,6(Ar) (3-14)
3.3.2 AT R E XN EREE RIS

LRIk L FERIAB I KE (B A) RKEMEWN (BIsAn).
STFRAERNEKEL, &1 (3-9) KB
C —
o), sﬁ (3-15)
AR (D) RN R R E BT, BOLSRKMEREERE B

BA|S(S,),, KD, MBFERFEHEKE LB, $OLBIRRE RS
B CRBLAIS(S,), BN, MEFTE AR K LI, FHOmsots
MR (|60, ) TE, JFEMAKE LRk TR REK
REZREEEN, RAERARSR.

Fit, fEREMELRT, RAEHEHRERRE G0 & 315 K
HEAT .

% FHRLFIER I K B S(A) , BT ERPRFBTFRETE L, S5
BRI HURIRT T LU 20s . YN 2 A A S B RAERW, H:

c-0(A) _ T (3-16)
c-At
K, c HEFTHPAE, o ARAREREE, BB a<10°/K, T AK
HEREHTILE.

ARBWRNERNZRZE, TR TFERARE (WERS) f. mRiE
RIFRR AR T=298K, 1h WICA R LI BRIR R AOT=0.1K, RERFEN
1s, mUﬁ

c-6(Ar)
c-At

— RSB SRR EES(S,)/ £, >107, B2 &4

1s

a-5Ts10-%<x0.le3600 ~2.8x10™"

S
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S(fy)-At> f,-5(Ar) (3-17)
Fit, (3-14) XnTd—F B k.
S(Ap)=27-6(f,) At (3-18)

B Z L B R SROCRIREBR BA X,

3.4 BB

AFET LIRS BB AT RS AR, 2 IR @ S22k &
BIBOCRENERIERE, B THERANMERE, AT T AN EE
B FCETHE RS £ (A BEANRZE PEXT I RS BE (X3 me , 15 th i ) & XU £ 2
B ASMELE S RARAL Z R BOGR ML BB ML
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-6 AT BIBOCAS IS AL REAE S 5047

4.1 RIS AE

R P INBOCAINR TR R LI BT VAN AT, RERNINEREK—F
PR N B SBOC RS E A RFIBOLE . B, XM ITERIT @K, BA
LA SRR A 5 HH BOC SR A2 RENUE AR, i AN 8]y sy HRBEF
MELIR MR AR BARMA BIRBOCARRBAEATAT, (L THRER A
JUL S O A B I (R HERS ISR AR AL, TR it n] AR S AR AL 2 5 3R S )
VEROE A AT B ATROCAS MR RS, LRI & VAR P47 M.

Bt EREE, BB T ERBIET %, Wl 4.1 Fir.

S Lens HON Lens PD

—— 50/50 /’__<0 e 0>— v ﬂ
Chirped Laser o ‘

. BD1 .

S0/50
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Fig 4.1 Verification setup of frequency drift measurement

4.1.1 SRR E

FEIBOERS: RN ER8 A — 6 1.55um BB A0 SS, HosB K
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HCN S /AR ot : BEMR MR e B KK (WRobcig s Bl 1525mm —1565nm ),
T B K R B £k, FH S A 00 1/ 1B B e 28 U K B T TR IO 2R AL i 2k, AT 78 B R

BOt2% 4 WO HRR B  RI R L X R 2R

A8 (AOFS) : SHRIRENINE f=55 MHz, BIHSMEESHMERDE
3 55 MHz fi, HA2gEH 1.5X107,

FEF TR CO~C3 AV 1X2 JEF 43 EE. C4 FI CS AP 2X 2 et
AR, B LX2 A RBRIBE N HEELMUEFK (KEZEAmm), 14 2X2
HERBEBRORMANEFE N HE B HESEK (KEZOmm); FDL
3 Oz Optics AR A=A EIRL, &5 H ODL-200, W[ F3hiE A 0~25
mm, PR AEHKEL (<0.003ps ).

WA FME 5 RE: BD1. BD2 AWANFEES 115 RBUE InGaAs PIN 4
AhE N ERES; DO1. DO2 WA BB AR T RIS, BERERSHN 16
GHz 1 2.5 GHz.

412 WERWESE

HBE 4.1 R, 8T SOLE ER BAMEERIESCREE . §iFR0L R T
BOCRIET 7 RS CO 4 AFRE: Hrh—B ol HECHUN SR, Mot
Lt RE PD B R BOLRIE S, HAKE DO2 BaAFHERiZBOLS
BB H B RO i 2, I LASKAE DSOS F Bl I () AR E: 55— B8O AR B
3.1 i tg ey, Hnias DO1 REMBILEL B B EFES, A Matlab
TRHME BIIE S HARRLE Ap BN R RIS, JFRE R B
KRR AL ik . A ERIEM RSP REE, DO1 7RSS Hf A e th 5 S1E
41 DO2 RS HIMAE S .

KRR, EIEROCSR T EREEE R EE A Inm [ s, TR DO1 K
FELFAEISIR), BOWS B8R SARRLZE RAERS R ARG A 1 = 0.15s ,  TUAHRLIBOL,

c di 3x10°

BERENS)= 5t

- ? ~ o/ i A 3—9 9
T = asuiosy X107 <015~ 18.7GH: i 2 44 (3-9)
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FHOCETSERT AL L <5.35mm , X REIIGET RER 25 At ANBe it 26.75ps » @it
WA R S AT, Al e BiRER,

42 AR E A (HKEE) HNE

MYE AKX (3-T) 50, JCETEN R KRB IRIES B B XS K.
R, 1 ST T HE R 25 K RIOG£T G i 22 Ar (8 34T SERm il & .

H T ROCER BB AR B AL, AT R TR BRAR /N, S50 88 AR AR Ak thife
St . Kk, HEARESEPBEINERE SHESN, E5ESRIRE N
kAt Fo k AR IXFE, JGET I 2 Ar ELRITT DUE i 7 I8 25 0 2 1R J6 i [7)
W ZEAE 5 R AL AR 15 3

JEET SERY ZE B SLI P, WO H K BB 15250mm —1565nm , $H#E
RULE100nm /s o WRL7REAS D02 MEE CH3 18 18 FO' MR I e 1% 2 R e 2% [R) 25
v th S S, G 4. 2 B, BRI E T LS — DN E#ERIN, Ax = 742ms
(58 HLT S Ot A8 IEFTET 1), Ax, = 454ms BIZE BF J5 0 0688 a4t A
HSEEAET RS0, A BOGE 5 EE S0 (A N BE bR TR
BTSSR AL B o JEFEAE I P DY S S (R)SE R 2 I &, BT 3l ROt AT e 2k
M AL S Ao

Bl 4.2 7R3 DO2 W B
Figure4.2 Display of oscilloscope DO2

A TERLEL P AR £, SEAR G T 5 = B iR ds DO3, i 7 A
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BEANEEME, R RE A 1E (Ax,, Ay) X[EVEEANEBME. &S558
i HH LT B 5 LT (0 R B YRR, R i 8% DO3 Bt &R — K, [RIE 3L Trigger Out
Ui VAt — AN R o Rk 2 E I 28 (F S Jr CD74HC221 1) #ATRE 38,
J& B85 kP15 5 1 CH3 A ERMGEL(E SMA RSB DOL, s 7 N EAN T
Pedifk, S 4.3 fizn. XTHARME HON Wi sk, kb T B EAL T
R6 £ (it R K 1537.90675 nm) F1 R5 £ (3 R K 1538.52305 nm) 2 [A]

m »iiﬁ"]"mi||lllmll T

4.3 R 4% DO1 MEER
Figure4.3 Display of oscilloscope DO1
A DO1 A 7EI Trigger Out ¥ D% — RFUK, %R k=5
WIAREAE DO2, FFLLRMES BT A & . [FIBY, # CHI. CH2 P
BIECHNER SRR A DO2 P ERMEMIZE, WK 4.4 Fim. B+ LA
R6 Z A RS 2, THEARELS DO ks i ik ok LG, TEHAZESES.

4.4 IRV A 0 B 58 BT

Figd.4 Oscilloscope display when measuring At
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ERAE R A B hr I B ZE 5 M T & R6 455 RS &M A)[A)f% A7 .
B 10 K, BRIdRWE 1 Pior.
F 1 RS HRR I E

1 2 3 4 5 6 7 8 9 10
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x, tl. 2 5008 R6 £ RS £Exf M IR A ABFRAE, T 285 S A M.

€ *
VAN : Af ’15 /16 > Y A ﬁ 22 L s K 1
RIEAK: k() ==—=—"WHWIER, MESESIHER: f(i)=—-

At 5(1)—-1(7) 1)

e, iEUEH 1,2,3,0100 HoERAK: f()=k()Ar, THEICEH ERZ Ar (01

H10 K ERIIIME, A5 |Ar~ 23ps .
43 SiER T B ¥ KL

g, BESEIELE 31 PRk, DESSHBENT: BRI
K 1525nm -1565nm , FARGEH 1nm /s ; 7~ #s DO KAEH 2.5 GHz, RFEHTIR)
0.2 us; 7"PEAF DO2 KL% 20 kHz, RAERT () 50 s. MATLAB F2/FE 242 #ilm
B#s DO1 REOCHMERULE 5, HAmAd i Trigger Out 5 51/E A7 4% DO2
R A5y, DARIE ER P ER 1S 5 Sl R PR 4R .

HCN Absorption Spectrum

X 10 Frequence - Tme

*  Real Frequency Data
Linear Fitting Curve

o f=-

1.3e+011°t + 264014 7
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4.5 SERURTIE HE £ (a) R0 LB SR (b)
Fig 4.5 Measured H'*C!“N absorption spectrum(a) and the corresponding laser frequencies (b)
Bl 4. 5 (a) A7R A% DO2 SE BRI 45 IR i 1% 22, #4755 HISCHN A I Wi U 1%
I, BEIBOCI LR TR AL, W 4.5 0) i,
4.5(b)F, % () ALFRMER N, 4% ) ALHUE L. KKK, B
JeE KL Inm/s B EMEL. AWE 4.50) FTLLEH, FIA HBCHUN
SR, RSB BRI k= -1.3x10" (Hz/5) .

R #: DO1 REBIKIB B ICHN M5 5 7 HIER /RIA S R a EHER BN
PR R, SEtla BB RIS, PWRIARRLZEE Ap £ unwrap REULHE, 15
BUAALZ BB W20 B, WF 4.6 (a) Fin. B 4.6 (b) 2 HE 4. 6 (a) BRI
w3 G-D WWHBIKBOSM LR @S L, K, HE (@) A
WK M2k, ML (AL E) AL G MLk, Ua LRk, =-1.3x10"(Hz/ s) »
5 4.5 (b) H HBCHN Wit ] 8 15 B 45 RARIF o
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Fig 4.6 The unwrapped phase difference Ap (a) and the corresponding laser frequencies (b)
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b= N R R AT SRR S SISO AR SR AR 1) T 1, SRR IE T R
LT IERY B SN ZEE N E RO R E R M AT AT M o AR AT A SCHR Hh O 2
Ty L FIA RARBOC MR R R AT &, 48 B 5 RAB0EES
HEBE T o

%K 3.1 R, BT RABOLSIERREENERE. FNEOLES hRE
NP Photonics 2~ 7] £/ Rock R FNEL R ICETHOLAR, BULR M S EUE
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441 KRB EEMNELRS S
LR, RARFEDEEER K E D SN R — SRR ELETE 3 /MY, 17

BRI 25 R K 4.7 F1- 4.8 Fis.

Bl 4.7 AR 2 m SGETER £, OGS FTHLIH 30 2 BhERHESTR, X
PERTIR][EIBE A 1so Ho, () ATBRISIER T LRI ML, (b) FHMEK
WO LR -

. I 1
;ak 1 %; »zo{“‘f
LAk g -40 | 1
i W I N Ny TR
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Fig 4.7 The measurement result when L=2m
(a) The unwrapped phase difference (b) The corresponding laser frequency drift
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Fig 4.8 The measurement resuit when L=6 m

(a)The unwrapped phase difference (b) The corresponding laser frequency drift
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AR AL, NBABHEHRE, B 4.70) HMUBSRHEAR ST
R2H, 4. 8(b) KBS RRITIE— BN EEB R ARG AT FERM
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Fig 4.9 The measurement result of short-term frequency stability

(a)The unwrapped phase difference (b) The corresponding laser frequency drift
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