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BT RO RSSO ERAE R, SR 1 — R BRI PPE T ik, TR HE T e 1 5 R SO R
FESHIEES BN RE-D U, 33 750 RGNS R A H N K FMR L, JFt
1T 7 SRIRIRAIE. SRIRRW, AP I IR I AN 52 B AT S £l 5507 iR ARSI, AR L i AT LB — A R
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GR. O TRV A W, BN R
ANHFBH T KREOBR. H— RAEHLEME
P B AR R G IR HEAT R . 2010 4E, E[H 52
KER¥ Roos % VLR HIG4F B4 EHR, #
T—EWRBM ARG, HRIEN 5 KN Bk R
FEAE T R EE AN A B R AT A (G, RL R
FL S RN HL IR B 145 JEAT e P ), SEEL T
5 THz KA %8 WA R R e f ), LR a8 T
34 ppb (1 ppb = 1079). SRIGRMH, SidLePEN)E,
RYRIM R # 1 3E R 2] T 31 pm, 1.5 m P&
LN O B R MRS FEIA B T 86 nm. 2011 4F, H K&
K% Barber 25 1101 5% F 58 w5 K B AN AR T (10712)
16 SR A A TE R, 8 R IR 2 ek 1 2 v )
T 15 ppb. 20154, Fig 28 il K2 Qin 25 1 3+
68 K5 ZE 1R Mach-Zehnder T¥#14X, £ T —E K
ARG, AT &M H. N TR G
PRARMIAHA R 2, KA TR AMER AR, 7TEA
AR Sy R AT AR R, B BORS M TR R R
T 60 . SEEGFR A, RS BN RS RT DAAE
8 ws B[] N 52 L DFB Bt 48 80 GHz Az 45, 4
HRARZEANNT 55 kHz, H =, RAJEAEEAR, 1

N T IR/INER R A R (5 22 FA IR, 2008 4F, B F
$I £ K 2 Moore Al Mcleod [ # H 5 I K %E 3R S
SFERAETTVE, T T AU S IR AN TU AL 5 K
DN R R 22 R ) JE I A U A T 5] A B 2R LE IR
LRI, B IS 5 IR 22 PR 2 0.2 mrad.
2009 4F, LA 52 0 7 T 2Bt Yiiksel 25 191§ H R
46 6 £F S IR 3R AT ER AR 5 V5, KA <ok
AR - IS TB) 3R AT 2 PR A AR, F 21 S5 0 26 (7] B AL LA
JEFRZE MR R A B, AT, AR I S AR R
T A5 5 3 AT FER A, 19 3 75 e Ll ) R
W SEIGRE, SEREEZ G iR T
301%. 20174, WA RVE Tk K 2 ) Liu 25 04 3E T
KIS IRAEH A, T T e (o SR FE
PR RZ e, JE R DG B R R B A R 4L
Pk AR T ok F IR B AE A AL AMEAE, DAL RZ
E 5] B B ARG IR AR . % EE B 8 3.89 m I H AR
HBEAT 40 nm BN E, S EEME S 2P IER T
32.2 um. AR H 2012 F 4 T BOE FMCW
T EE AR BRI FT, 326 FMCW i #E JE B 10] | &
KR 5 AR U617 DL R B R A A AL 5
AT THFFC. ARSCLABE LR, £Fx B A7 B

Z B FMCW I fE ek 75 3%, 4R 7 — Mok FEoF &
Jik, BSINGETHE S AT BRI T 58 - B AN
A R B AT RS BEVEE . 2R i T3
Wi I B L RO PR 3R, AN e S A DB 5 SR DA K fie
N E R PR IR 4R 3.

2 Mg FEE
2.1 = AR T RN E e

FMCW 0t 8% 1 T A # 52 2 s w38 i
P JEIEUR o7 e P S R i, oA e ARAE BEe B JF
FEBEAR LR AL, AME AT FUHOE 8 HUREOG

fECDL(t> = fO =+ 715 =+ enon(t)7 (1)

Horp, fo RAVIGIAR, v R FHESE, eqon(t) 72
fim 88 BRAE LR AME SO IR AR LR ME IR 2. 35 B0t
IR R R A, H BB IR RIR N

FEgcp(t)
= Ey exp{—j [2ﬂf0t + T(')/tz + @non (t) + ¢0]}7 (2)

U, Eo N I HIIRNE, dnon () 2 I 25 BEAR 2L
PEFRSHI AL IR 22, g0 RHIIRHAAL. HEHOLE S
25t 3 dB o R s 5 — BAE N AR (local oscillator,
LO)Jt, Hah—EAE I, 4 H AR i [l
5 LOYGHI, fERIN G+ A s o,
DG HLR I % I BB NG DR AR, A 7 L& BRI £
FROMER 7S D' PR 2 PRI 21 45 5 9 P AT Ry

Ipp(t)
= ([ErcpL(t) + BecpL(t — mm)]?) + I
= I + I + 27/ I1 I5 cos{2mrm 7t + fo
+ non(t, T) /(210)] — My} + Iy
= L+ L+2/ 11 I cos(2nmmu—myr2 )+ I, (3)

Forp, () Romxs g o T AR 48, 1 il
FBEHIME TR, I, A LO B HIME S5RE, T N
FIBEBIER, puon(t, mn) JTEAPERBOAIRLE,
v NFASIEOE A BRI SR, T RIS E A KOG
Ty 2 0 7 e 7

N TR PETR AR 2 A ) i) R R R
BT FMCW MR, A i) 73 4 — B FR A fli
B3Ok, 8 R S - 48R AL (Mach-
Zehnder interferometer, MZI) Z5# % it, FHEA
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TR IBRR P DA K 5 W0 ' i H A A [ R I AR
W H G IE ] (free spectral range, FSR) 1 H
KXt TG BRAR 5 HEAT HRAE.

UG IR I SO MZTI P — B
SEIR ARG LT, J3Hh— B FIE AR, PSR DG 7 Ji)
23 dBM A A G A NPT HR I 5 (balanced
photodetector, BPD) H 7 Uiy, ¥ P Y6 % A5 5 AH IR,
KRBV, W BRI 15 2] (3R AUE 5 AT RN
Ay 18]

Ispp(t)
= nv/Irolso cos{2mrq[vt + fo
+ Puon(t, 7)/(210)] — Ty7T3} + I

= nv/ILolso cos(2mrqv — my73) + I, (4)
(4) b, P B EIRI G ) B 7RCE, Iso N
MZI SEIR ¥ S 5 98, Tro AASR IS 5 98,
Ta NICEFREIR,| Ips N BPD H i (1] 5 Tl 26 1) 7 M
FELOH (3) A (4) AT EN, IR S 5B E O
AR S 2 A [ I B0 2. 3 e B MUZT A 4
B A E AU R I R, BIAR &0 B e
(AR B RN dv = 0.5FSR ~ 0.5 /74, M F Al
(ERELIEZV

Ta(k) =) (v—k-ov)=> (v—Ek/(2a)). (5)

HEAFE R, (3) e () NERFEZ A,

Ipp(k) = I + I, + 2¢/I I
x cos[2mmmk/(27q) — myT2] + I, (6)

H(6) T ULEH, ERFEZENES 2 — 1R
BT 5, X kAT Pk i B kAR ik (fast Fourier
transform, FFT), 1538 25400, 00 & fE &5 n]
KRN
C’I‘dk—l ndek—l

e e 0
Hr, kL AFFT 2 J5WEEX BB, N NERAE
ZJE BEE AL c NEAOLE, Ry A MZI I REIR
KA K, ng NIEIR L BB BITH H, nape AT
I AR R 2.

2.2 IEZIEH TR R [RIE

S BOB VB Y6502 5 IE R IEE, T IL
S LI

JecpLs(t) = fo + % sin(2m fmoat),  (8)

Horb, AB AR I VE B, frnoa 79 65 D 1 il
ZWEHOCIR R I 5m EEAR AL, e BB )
RN

E(t) = EO exp {J |:2T(f0t

- ijd o8 (2T fnodt) + ¢0} } (9)

A H bR 2R T 5 71k 2 )5 5 LO G B 40 40,
PRI T, 5 IR SR, A1 5
SR RN A

Ton(t) = ([B() + B(t - 7)) + I,

AB 2T fnod Tm
=11 + I +2+/11 15 cos <f {sin( T(deT )
mod

X sin {QRfmod <t — T;)] } + 2nf07'm> + I.
(10)

O, WEEE/NT 20 m, Jriln, < 7x107% s,
I HR B fraoa < 10° Hz, W froamm < 1,
SIN(T fimodTm) & T fmod Tm, SIN[2T fimod (t —Tm /2)] &
Sin(27 finodt)-

KR, (10) AATEMAR IR N

Ipp(t)

~ I + I + 2/ 11 I cos|[TA BTy, sin (27 fryodt)
+ 2nf07-m] + Is

= .[1 + .[2 + 2\/ 11[2 COs {27’(7’m |:f0

+ % sin(2nfm0dt)} } + I

=L+ + 2\/Ecos{2ﬂ7'm [fecpLs(t)]} + L.
(11)
KH SR EN: y=TAB fimod Sin(27 finodt)
< TMAB finod-
[F) B, 2 05 B MUZT [ W 2 B AR S I B A 5 A,
s Seer e, W (1) KT Rk

IPD(k‘) =L+ 1+ 21115 COS[?T[ka/(QTd)]
+ L. (12)

P (12) 20T 0, At = A v R 1) 3A 2 1E 5% 1 1,
HRFEZFIE SHR AN RE S, B, 5%
YA T FAF I P RS T (7) R,
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3 BEMAHWENE-FUR

FEXT FMCW I #5455 JEAT AL LI, 8 5 R
M FET X 400045 5 2047 B85 o0 . SR M0, dn e 1
Wi P £l AR 2\ I IR EREAS B B RN TT
ZW LA i? fFEg R E AR LB TR
(Cramer-Rao lower bound, CRLB) 3K 3k HUHH 2 1)
JZ R H. CRLB H % (Rao) 1945 42 H, HH %
$3% (Cramer) JHLATERE, HAR L : ARMT Tl &
()77 205 58 KF4F CRLB, nJ % n 1)

e (e[ })

(i=1,2,--- , M), (13)

Hdr J N A IR (Fisher) /75 BAEBE, (J71); KR
M x Méﬁ%ﬁl‘iﬁﬁ%zﬁ%zﬁbﬁ%, u NARHZE
IR &, p NIVRBREL, ffliih 28 o B Al T
Ny, B{-} RaRINE.

5 Sl w120 /N W] IS I S L SRR B ST
(6) A (12) . N7 TR, ZHBRER, W
JGER FMCW Ml fE R G (1) T I5 5 A LR N

Ipp (k)

var{a; } >(

= Py cos(2T fresk + 00) + Is

(k=0,1,--- ,N), (14)
o, B, NHBESRIAE TR, fres(fres <1/2)
NERFEZ GG SIER, 0y NPIIEAHAL; X B
PV R W 85 PR e 7S T J T v A R RS 2 O AT
Iy ~ N(0,02). 27 S EHL, 25 AR i BE 2 mT
FoRN

Rm = g(fres) = (nde)fres- (15)

RSB fres KRR BT 2

1 N—
p(ua fres) = W { 52 kz IPD

— P, cos (21 frosk + 60)] (16)

RNTFEE, 4 s(k) = Py cos (2T fresk + 0),
H LSRR DO B, WG T RENS & fres I B
TS CIEZV|

0?2 Inp(u, fres)

012,
_ 012]:_01 {[IPDUc) - s<k>Ja;;§:) * [38;(’@) r}

et = P

xf (17) 2R B e v 15

2p(u, free)] 1 = [0s(K)]
B 7t - asko{afres]’ 1e)

RN s(k), R (13) AT HE1, KT fres 1 CRLB AJ
VS|

0_2

var{ fres} > ——— s . (19)

P2 " (21 sin(2m fresk + 6o)]?
k=0

a2 o KA Bl ZRAL T gla) = ma, I
£k g(a) = ma, W E(g(a)) = mE(a) = ma =
g(a), B g(a) 2 Tem AT A4 (15) 2, KTl
PE S Ry, ) CRLB Al &R N

[ag(fres)/({afres]2 : 052

N-1
P2 [2mk sin(2m fresk + 60))?
k=0
(naRa)* - o}

var{ R} >

N-1
(21)2P2 Y "{0.5 - k2[1 — cos(4T fresk + 260)]}
k=0
(naRa)* - o2
N-1

(2m)2P2 > (0.5 k%)
k=0

B 12 (nqRq)? - 02
© o (2m)2P?- N(ivd— (2N - 1) (20)

T BB CRLB, & A5 5 Ih % % (power
spectrum density, PSD) ] 15 Mg Lk Rgn 4 #2101 3%
FUEAE 5P IE SR I T 2= 2 e, Bl
(P2/2)/2 _ NP}
o2/(N/2) 802~
EEKEN > 1, A (21) 2, M (20) AT
AR

Rsy = (21)

12 (nqRq)?
(2m)2 NP2

b 2N2
802 s
075 (naRa)®
~ (2n)%- Rgx - N2
SR RERI SRR v, WHHTEE B 7T 45 0y
B=N-6v0=05N/rq=c/(2-0R), (23)

b, SR N B IREE B 73 371, OR = ¢/2B.

var{Ry} > CRLBg, ~

(22)
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¥ (23) AN (22) sURT 135 CRLB 4 48 N
_0.75- (OR)?
~ (2m)% - Rgn
DR, TE 182 15 5% IR 1« 38 = = A I ) 10 X'
WOL FMCOW DU EE, o B RS B VT 2 39 — AR
WG, ZA AT H (24) XFoR. X, CRLB 14
TR/ AR E B LR RGE W LL Ren 1R 7E.
i E R 2, CRLB R A2 XU FMCW il #E A
PR IR, FRATIE R X AN FE, R A8 TE R Hh
P IXAME. B, AT DAORYE I SRS FE 5 CRLB (1)
ZEAEL SR T 0 B T S . ARAEIX NS, R
A DA TG RS DR AT 5 A R R A5 I B, SRAS
W e M EEAS B2 TS, S T R IR B AT
e 7S TEBOR R 7 T PR, A5 M LA — MR PRAE, AN
TR Pt 2 B — AR BRAE. AR LA B #fr, 1E Y
by B I T T, e R N P RN AR A T
A DA P R

var{ Ry} > CRLBR,_ (24)

4 & I

FH I T R e AT Rl 0, TE8 e = MR il ie
J2 IE 5Z Y ) (1) S5 6 A0 B SRR M R R 4, L Rk
T UL — N — AR (24) $LkER. AT
B8 UE A VP 5 %, R FH 1E 5% 1R i) &5 6 S50 BE O &,
R FE RS B 1 BTN, SEE P ik B OR UR
#& New Focus 2~ 5] {40 20AT 1715 B I TLB-6728,
2 BN WA N B R e S B I PR R, 1
1E5Z A% 55 8 6 GHz, SMERIRENE S B i R
N1 kHz, BT M4 IR K 2N 80.3 m,

DRI 1T & 6 30 B R A ¥ (B B 0 1.27 MHz. I & H #5
NG . SCIR S E R B N =g dxt R
DG B Al R e R K e .
A 9% K R 0 ' i A FH 22 LI 1Y) Wawvelength: Ref-
erences ‘A ) FFR #E AR U (HON-13-H(16.5)-
25-FC/APC), H K& T & Wm0 =
15 5 20 5 38 W 2% (Thorlabs PDA10CS-EC) Al
BPD (Thorlabs PDB450C-AC) $#:1i, i AR
7% (LeCroyWaveRunner 640zi) K%, N T #iE
CRLB 4, & J6 B8 S br Hp 3 (7 56, 7]
DA I8 I 0 4l Bh AR 0S5 0T A SR AR A e, SRS
X IESE A5 5 R AL, 4h 0047 AR fife 45 52 R AT 3k
HOeasih 28, anpd 2 Frs. MBI 2 AT DA Y, s A i
20 0% — AR AL IE 5% (1) VR A it 2, AR 4R il 28 AT oR
SERR A R 95 B N 6.139 GHz. [Aifi Al R 15
OR = ¢/(2B) = 24.417 mm.

PR (24) AT A0, 17 16 b2 0 W) 20K 5 9%
PR, B LBk S, R R RO,
T AT AR b vmr, DR MR B0 ) P 0 3 e g
K 0 BE B ARz, 3 s, X HL(E
O Al SR @ TH 55 5 PSD M- P % 5
My 75 2 AR B, B3 B {5 LR 36 dB
I SEIAE 5 FBLRME 5 10 PSD, AT LLE H, SEbafE
5 AE FE B T IR RN P e, FG b S 3 e
093 T BT OB AR P R AT A (0 A AT g 7S
AR B4 i 11 SR R IR 5 LO Yeasin 8. 4
) HE B0 T R DR T R O 2 A 19 e A 7 DL
AR IE SR NAS 5 U5 IR I e 5| S

1 seiReE N

Fig. 1. Experimental setup.
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Fig. 2. Chirp curve.
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Fig. 3. PSD of simulated data (black) and experimen-
tal data (pink).

N TR A B EE VRIS, K H AR
FrHERE BE B A L S EUALRS & (GCD-302004M)
b, BEBR 50 mm W B — AN E, M E ML E.
SR A BB FET. FEAEAE 4N 1 5 VR T
PEBS b . 9NN A AL B D A5 1 4 M Bl L 4 B
7~ M ARTDUE ) EARXS BE N 100 F1 400 mm
MIALE, BHRKKERL, 7% 8 37.7f138.2 dB.

0 50 100 150 200 250 300 350 400
AR B/ mm

R NCE A S AT E
Fig. 4. Signal-to-noise ratios of range peaks in

different places.

MR (24) FAITOI, £ PIARLE AL 2 A e 1l
ECHE . I =07 vk S e il S5 B p PR B ¥ 77 22
K5 Birzs. A5 AT, 3 199 A F) o B A /N 1) B
BT 75, 4y BN 573 F 557 wm, IX AN B X
SHH ) CRLB I°F 5 4 546 1544 pm, AT EJIE
T Z AR,

g
2
b ,
= —=— FHEFFT {
= —— R
" o ¥pE
ol =
....... CRLBE%
100 |

05 0 100 150 200 250 300 350 400
A/ mm

...........................

B 5 AFETIERI TR ZE R
Fig. 5. Comparison of root mean square errors ob-

tained by different methods.
54t i

A SC B HEIGAE 1 8RB 23 1% 70 045 e bE 3 =)
R, DUEERS L L 7 — DRI S BLX AN S
DR Z2 48 T 3 2 (0 D00 RS P2 PP b, 3 oo o5
SR RT3 v, AT UG A5 00 A R i 2 TG BR R0 X
AN FE. BA b SEER A5 E R R E T AR BR 43 #E
JI1E 24 mm, {58 LLIEHIE 35—38 dB 1% %, T
T ZP A FAE e LA > 5 00 DI BE R G r] A B
R I0ERE FE A T ] 6 B, 43 i v B AR [R] (445 e
k18, 38, 68, 108 dB, 1jHK1F53 7 /1M 20 pm F|
1.6 mm A2 A0 I REORS 2 RO AR AL 2. e 15 e b

102
e
g 10
=
Hd
8
100 H —=— Rgy = 18 dB
—— Rgny = 38 dB
—eo— Rgn = 68 dB
—4— Rgny = 108 dB
101 : : :
0 500 1000 1500 2000
539831 /nm

K6 AFEMEWBEET Y« 37 - B 7 27 07 A7 -
Fig. 6. Simulations of range standard deviation versus

resolution under different signal-to-noise ratios.
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measuring speed under different chirp rates.
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Abstract

With the rapid development of industrial manufacturing, people are stricter and stricter for measuring accuracy
and demanding for measurable objects. The demand for a new generation of industrial measurement has evolved from
the cooperative target toward the diffuse surface object with faster measurement speed and higher precision. Frequency
modulated continuous wave (FMCW) laser ranging technology has proved to be an efficient method in the high-precision
ranging fields for absolute distance measurement of a diffuse reflecting target.

However, its accuracy is subjected to the stability of continuous-wave light source which cannot scan frequency
linearly, which further leads to the instability of beat frequency and poor spectrum resolution. Generally, this problem
could be solved by the active linearization technique and the post-processing technique. The most popular method is
the non-uniform interval resampling technique, which belongs to the post-processing scheme and uses the zero-crossings
or peaks of a long delay Mach-Zehnder interferometer signal as triggers for acquiring the measurement signal data. This
technique is low cost, easy to be integrated into FMCW ladar system, and especially suitable for short-range small-band
scanning measurements. However, in the large-bandwidth long-distance measurement cases, due to the jitter and disper-
sion of a long fiber, the spectrum obtained by this method is deteriorated such as the spectral broadening and distance
shifting, so the range position cannot be determined precisely. To improve the precision, the fast Fourier transform,
chirp Z transform and the multiple signal classification methods are used to obtain the distance spectral information.
There are also other methods to solve this problem, but there is no common precision evaluation method to test the
validities of these methods.

In this paper, a precision evaluation method of measuring the FMCW absolute distance based on two-fiber inter-
ferometer is presented. A lower Cramer-Rao lower bound on the variance of distance parameter of the resampled signal
in the presence of noise is derived. It shows that the precision of absolute distance is affected by the signal-to-noise ratio
of the system and chirp bandwidth. This result is verified experimentally.

Besides, the proposed method is not restricted to any distance estimation algorithm. According to this boundary,
an optimal distance estimation method could be chosen. Moreover, a simulation of range precision versus signal-to-noise
ratio and bandwidth is also demonstrated. When the chirped bandwidth is equal to 20 nm and the signal-to-noise ratio
of absolute distance measurement interferometer is raised to more than 70 dB, the obtained precision is below 1 pm.
This method can provide a theoretical reference for improving the precision of FMCW distance measurement and it

could be widely used in the future.

Keywords: frequency modulated continuous wave laser ranging, interferometry, spectrum analysis
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