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Abstract: In order to realize compact and flexible wide-range displacement measurement, a fiber inter-
ferometer with the Phase Generated Carrier(PGC) method was proposed. First, the PGC method was
detailed. The analysis on the internal and external modulations revealed the limitation of internal mod-
ulation and indicated that the external modulation was more suitable for wide-range displacement
measurement. Then, two existing displacement calculation algorithms were analyzed by mathematical
deduction and MATIAB simulation, proving that PGC-ATAN algorithm is better than PGC-DCM al-
gorithm in millimeter-scale displacement measurement. A fiber interferometer based on the PGC
method was established and tested experimentally. The results indicate that compared to PGC-DCM
algorithm, PGC-ATAN algorithm is a better candidate for millimeter-scale displacement measure-

ment. The maximum relative error of the interferometer in a millimeter-scale step motion is 255. 21

W B HE:2016-10-25; 11T HH#E:2017-01-16.
HEe&WB:HKARBEELS T H (No. 51677104)



4

fid 0% S5 R FHAH AL ) 5 2% B G EF T AR 821

nm with a standard deviation of 78. 56 nm. It can satis{y the system requirements of high-precision

and wide-range in displacement measurements.

Key words: fiber interferometer; Phase Generated Carrier(PGC) ; phase modulation; displacement cal-

culation;arc-tangent method
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Fig. 1 Schematic diagram of homodyne interferometer

O LR 25 1) H AR 50
so=A-+ Beos(dnx(t) /), (D
Forb: AL B 43 58 1 43 R RS T A3 R R A
RO A 2Co Sy 5 55 1 A2 8 ¢ g 1]
A T 7 1 A R A R R 5 9 ) G O
P AHAE B2 R Gk BT 58— R OR g A AL
R o ] 57 8 AN 8], 98 ) D7 3k 43 D P 9 i A Ak
P LARE 1 SR ], oA o e O IR AT IR R
SR S Xt 22 e AT IR Y
A HEAT IR 0 AR S o
s,= A+ Beos(4ma(t) / A+ micos(wst) ) » 2
b Sy AV T A 8 AR B L w0y S AH AL T A
SR, m ATLLRIR R
m=2x(1) eywy/ cs 3)
Fors o) S AEALTE TS 5 A9 IR AR, oG
A HEAT MR 0 A A S o
se=A-+ Becos(4drax( )/ A+ m.cosCawst)) 4)
Horb s me D9 AR A P R ER L L B ome= e s
A =0 C2) A= C3) AT P ] 68 3 i R BE g
WA (o 007 A8 A FEIE iR B 2 A K R
s L AE AL B fif B Ik 3080 ) T 25 824 i — A [ 5
. WHEE (D=2 +Ax, 0 NEKWI
(IERWANCRSE 4 N (LR = (A I (1 e - AT |
DI (ol o PO, PRI AT RLRE ] T



822 b=

T TR

5 25 &

£F K W 2 55 OO B W Sk 4RI e A, P i A
FERF MR 08 fe DL AE T Bl ) 1) SO Y T
LAG3 122 6 52 P o DT AR 7 (58 i 52 B 2 Jal ) 4
{ELE A Bl D057 % B AN TG R, AR D Xk e Co) B Al 3
SBOR AN R AT A R — R MR R 22 B

(AFTE IR 23717 ok — 2 M FE AR 15 22 . i A0 18 il 7
PAHIREE me= o WIAAFTE 3R )8, K] 1 7E 4 [
FAETT AR B A TR AR B i
2.2 (BME

XF 2 (4) FEAT DL ZE IR R B i A

co

s = A+ Beos(na(n) /A4 mecos(wpt)) = A+ B{[ 2] (— 1) "J.,(mo) cos(2nwst) [Xcos(Ama(n) /2) —

n=0

(237 (— 1o (m)cos((2n+ D apd) X sinCz( /D) | (5)

n=0
Horp T, Cm) 2~ n B85 — 28 D1 ZE 7R BREAE m. Ab 1Y
PR M B

co

_ _ m 1 ﬁn—%?m
]n(m)—;( D —m!(n+m)!<2> )

(6)
MG AT LUE s & Z B, o i
1 B DL ZE7R 73 F A 2 B DL ZE 7R 73 | e X F
si=—2BJ, (m)cos (wst)sin(drnzx()/A), 7
s, =—2BJ, (m)cos (2ayt) cos(dmx(t) /M. (8)
MDD FZ ) o, 7T AR B — X & L # F
B 2 IERZES sin(dra() /D cos(dra(D/N),
I FHAH e 8 TR B, 1% 8 cos Cat) FlTcos(2wyt) N
[l 2L B0 s 005 cos Capt) Fil cos(2ant) 1R
B, AT AT H]
sa=—BJi (m)sin Urx()/D)+sms (9
se=— BJ,(m.)cos (drx() /D) + sz, (10)
Horb sy 8 s 5 cosCast) TR T B @ S50, 50 M s
5 cos(2wst) IR MG 1Y iR AL,
X s T s fERTE B IR B 25 v AL M A5 31
S;=—BJi (m)sin(4xx() /1), (1)
S;=—BJ;(m)cos(dra(D) /D). az
X HA 2 A5k Al U (D Fnst (12) g
B AL R B o Co)s B0 28 SUAH 3 ¥ A i IE U
w
2.2.1 4 ZLXAE*F(PGC-DCM)

XA M CL2) XS I 6] ¢ Aoy . IF 58 A
P A
Q=—J1(m)J;(m) (Bsin(drwx(1)/2))* X

4o/ XX (1) (13
Q=J,(m)J> (m) (Beos(dra(D)/N))? X 4w/ AX 2(1).
(14

A ADWEXADHATE,
Q=] (m)],(m) B? Xdn/AX x(v). (15)
(15) B DL E oo, 7 x5 o [l ¢ A8CRR 4y

ore
x(t) = J[Q/[Jl(l’nC)Jz(l’)lc)Bz X dx/X]de.  (16)
0

2.2.2 B EWi*(PGC-ATAN)
K ADBR LA (12) I B Dh# 80R 80 k17
FOE YA A 58, Al 45
J,(m.) S,

_NA, A Jz{me) o1
()= 1 +4narctant(Jl(mC)S2), 1n

Horh N R TE Y I A 28 6 5L
3 HRFEMINMEHA

3.1 H=EHH

FHECE: )7 ¥6 50 B PGC-DCM. 14 57 #% fift 38 1%
B . FEAS BB E] B HUT 5 FE 6 E M is A
Xof T B HOT 8 0 BB 058 A G 25 1 1) S 2 T
A 2270 3 Bl R L3 Bl Os iR AR A S
AR BT 152 25 IR H

R ()= =20,y Saybh (A9)

fCx)— fCxi—h)
h ’

EDES (20)

R () =2 J(® ., p—h<t<y, 2D

f<xl>~f(x’+h>2jlf(1"*h), (22)

R (o)=L jo = hse<y+n. (2)

Hrb e MR BEEUT L K,

BRI R ) 25 T TR 22 h 1S
W55 /AN OCh) L T L 2215 8 OCR?) , b 22
TR (R0 O R TR O, T TP s 25 R AT RO
A . SRR /AN K 20 (23) TR A Pl
2% T (0 AT R 2 A 1T



fid 0% S5 R FHAH AL ) 5 2% B G EF T AR 823

55 4 3]
hz.‘.
RCa) a7 fCa. (24)
Bz # W iR 2% W A PGC-DCM 1y 1158+,
A
x(HD=x(D+ x.(D, (25)
2
y %(S1 S(D—S S (D)
(0 :Jo [Ji(m) ], (m) B ><47r/)\]dt'

(26)

TEARZ EEE R T 5] AR ZENIELT .
PGC-DCM H il T B 390 43 0 19 1 R b7 152 22, 5
AT —MREI 2 (0, 4 3E W 5585 3
LA, 2(D=Ce t,C HEEL A .

h (4n/DEC .
6], (m) ] (m)
AL ha A, Ca6] (m) W 6], (m ) YL, %R 2
WSBHE ¢ IEK, M (=20 /C, ik (D5
() BUIE L, 0 2 6 F K, 1R 25 K,

A U W BT Ry — 2 A 0 /N IR IR 3, T LA
PR 3h B AL 2 B &) 3 B4R A B8 1Y P 5L U A — A~
P2 A PN L 32 Bl o B A R E T 1) AH B0 50 3 A7
B8 BT 7= A B 15 22 9 4 ot 5 A R (HL A5 5 40 i ]
PIAHE AR . W, PGC-DCM & JH T Ik 3h 1% &%
S, H JE VA R A K AR ) 62 A I A i PGC-
ATAN AN AE#E LR n) @, fif L PGC-ATAN
PGC-DCM & 1],

3.2 (HESHSH

TER % 3 MATLAB W 45 5 4y HF PGC-
DCM #l PGC-ATAN 13 # fif 34 15 0

AN A R 22 B AT HE T L 45 8 — AR i
LA N I g A AN S T A L RE
Sy PR T 2 S 2 R0 RS il 4L X H
3 &M M 2 for kM R, WE
A=1 550 nm, wy=2x X5 kHz, m.=2.07,A=2,
B=1.16% s BWRFEZEN 200 kHz(h=175 X
107, M 85 #E 4T 1 mm/s B9 5] ¥ 14 2% i3 3
(x(=0.001D), Gl 2 Frm, A AR, K 2
() ¥ PGC-DCM il PGC-ATAN Y fift 55 2%
WA ERE T —BE .

i & 2 7], PGC-DCM fl PGC-ATAN #§
A LLSR R 5 o 0 B8 ol 2R AH G B AL RS il £k 1
PGC-DCM WAHRf iR 22 S B Wik X R 5
BE o B i 45 A AT s T PGC-ATAN 1Y AH X 5%
LR FETEZMEE 5 B PGC-ATAN 1 48 X 5%

x (D= @27

X104
I e
0.8
= 061
® 04l ———
= —— B
02 = PGC-DCM
PGC-ATAN
0 - o
0 0.02 0,04 0.06 0.08 0.1

tls

() i B Hh 23T L

(a) Comparison of displacement curves

X108
| PGC-DCM
PGC-ATAN
0.5}
2 0
-
T =05t
=1}
0 0.02 0.04 0.06 0.08 0.1

tls

(b) 2 FfvJs i B A 2 22 1 2k
(b) Relative error curves of two algorithms
Bl 2 1 mm/s %) 85 3l 105 A5 R

Fig. 2 Simulation of 1 mm/s constant motion

20 18.5 pm(3cEND
4 FTHENEH

WM. FETWURELDTHES A6
S BB 1) A i A A A% 0, L R RS 52 I
TR LB . BORAN 2E T A A 22
R Wt T+ TP, B R B — A I {5 5
— S A5 5 A AT 52 B AR B RS I A (ER
G122 T WA B 5 55 % (8 BUBTROE IEA D 4 AH
KA BASE o ELIN RS 2 1 1 32 i i TR 5 7Y
SO o T AN SCHR B0 B T B R AR A 3 i D7
B TT TR R T BUHOG . AT R
TE TINS5 HLZ T 90 AN 2 A g B, LR 2R
=S5 5 M — A D A5 5 Ry 52 80K B A
(32 B A, AN/ 1 T 5 A B AR R
R T 1 2 AR

P 3 Jir 7 iy B T A AL 98 1 106 2F 1 5 X S
o PEOCTR IR B 2 D RO 28 5 B B e R 1 <2



824 b=

k% TR

5 25 &

WA A IE 73 2 2% 0O, 2 2% 68 A
7 9 il 5 CEOMD i 1 J& - 4% i 4% 73 56 B2 (Polar-
ized Beam Splitter, PBS) JZ &F., JH#l{55 HE S
KA ARS K A R R L S ek
A/DRER MBS HES. WEIEH PBS X
B, 24 0 W4y Z — 3 A (Quarter Wave Plate,
QWP) J #e il 2 B2 S G ol o L 5 — K 25 QWP
P P 77 1) e B 90°. 3% 5F PBS. 2 G FIN Ol
GO At w45 4R R e B% F L 7 A T
S 20 33506 HL I 2% (Photodetector, PD) , PD 3k
WA TR S G S K EMSS NS EE S
A/D R AR R R AR AR 5 A0 B, S AL

s
héﬁﬂéﬁ
fitif - Qwe

EREE @ﬂéaﬁ)ﬂpo ::H > H {l

P

W5
A/DFHF HEE A
f— EOM
B o
oo | [ 55 — Wkt
e | 2% T

B3 FEF AN & B LT AUR B R
Framework of fiber interferometer based on

Phase Generated Carrier (PGC)

Fig. 3

SLHTT M 4 B B 1550 nm
BPOL TR 0N e 2 /1D, 98 IR E B E A
JEEF B 12 &R

B

R Attocube
: == - Tl
Pusz—iH ADEMSF WS O RETH) EEE

K4 SLERITR

Fig. 4 Experimental cheme

m. =2, W it B0 — AE RS Bl B KATRE N 6 mm 1Y
FHMEFHIME G LI SN MSIS/M,
Thorlabs 23 &), i F H G AR A7 18 i 2% (85
LN53S-FC, Thorlabs 2 w]) 52 3L AH A7 8 il . i
B g (B Sk AFG3252, Tektronix 23 )
FEAERSLIERE S, TWAE S OGR R & Ol
3 PDA10CS-EC, Thorlabs 2% &) 38 B, HAt 2%
JCIEFIG2E WL 4 & Thorlabs 2 & By 7= &,
A/D REFR Sk USB-6212, NI A fD) [6 45 5%
EWRIESEH E PCHL, & Labview i )5, fifi
 MATLAB #47 PGC-DCM 1 PGC-ATAN fif
Fo M5 o 0 8 A XOLTRT S 5 5

X104
* /-
= /
=2 o
. PGC-DCM
s Attocube
or = j PGC-ATAN |
0 1 2 3 4 5
s
(a) 0.5 mm iz 3
(a) 0.5 mm step motion
i X107
PGC-ATAN
0.5} "\ | —PGC-DCM |
= \
= 0 e B W—
T |
o \
—0.5+ 5
_] L
0 | 2 3 4 5

(b) PGC-DCM #1 PGC-ATAN fJ#H X 1% &
(b) Relative errors of PGC-DCM and PGC-ATAN
Bl 5 2 ikis gl g R xT t

Fig. 5 Comparison of step motion measurement

it R AR B G EF T AL (B 5y FPS3010,
Attocube 24 F]) 78 W 5 55 (4 55 — 18 #E A7 [W) 25
i, DLz O i 45 O SR, F 5 PGC-DCM. Al
PGC-ATAN WM TR 2., Fah#EEMBE G, H
5874 0.5 mm (4 26 #F 42 3, 5256 245 2R 4 (5]
5. R EAR.E 5 H ¥ PGC-DCM Al



5 4

fid 0% S5 R FHAH AL ) 5 2% B G EF T AR 825

PGC-ATAN (it B 45 R AL b5 # T — B
B,

MIEL 5 () AT LA H s 7 22 2K G0 i B2 1) o B il
i, PGC-ATAN 19 A8 XF 12 22 i /N T PGC-
DCM., H PGC-DCM 115 25 il £ 5 30 5 07 7% il ¢
A A E R M B UEB] T PGC-DCM. [ 1% 22
BE S 14 KAy BABURETE . PGC-ATAN 5 ik 7 2
K Gt R rp EL AR 25 /N FLAS BRI AL 3
SR IR 75 2 K G DA B BT R b R 0 0 RS I
NAfF PGC-ATAN  #EAT 7 B8 o3, R T 4514, 5
6 b A2 B 2 SR S R S B4 B ) s ) ) A
FE—E IS 1 25 . A SO i 0% Sk A 67 1
5 B T ¥ AAE 0.5 mm 5 338 8 N 09 B ki
2K 255. 21 nm, IR 2ERFRAEZE N 78. 56 nm,

S E k-

(1] F&. M8, K&, F. BOGABALRETE A b

miE RN L] A% wE A, 2015, 23
(7): 1939-1947.
LI B, SUN B, CHEN L, et al.. Application of laser
displacement sensor to free-form surface measure-
ment[J]. Opt. Precision Eng., 2015, 23 (7):
1939-1947. (in Chinese)

(2] R%dk, FLF. AF. F. R T

IR E T[T % 4% T4, 2016, 24(9);
2167-2172.
ZHAO W Q, LI W Y, ZHAO Q, et al.. Surface
measurement by randomly phase shifting interfer-
ometry of measured element[J]. Opt. Precision
Eng. . 2016, 24(9) . 2167-2172. (in Chinese)

[3] kK. FXR., ZHF. F. 90K E 4T E

AllEBE MR ETELGN[]]. Ly wE L
., 2016, 24(9): 2134-2141.
LIUZH W, LI W H, WANG ] K, et al.. Online
detection of profile deviation for nano precision 2-D
stage mirror[ J]. Opt. Precision Eng., 2016, 24
(9): 2134-2141. (in Chinese)

[4] ELLIS]J D. Field Guide to Displacement Measuring
Inter ferometry [ M ].  Washington, DC: SPIE
Press, 2014.

[5] DANDRIDGE A,TVETEN A B,GIALLORENZI T
G. Homodyne demodulation scheme for fiber optic
sensors using phase generated carrier [ J]. IEEE

Journal of Quantum Electronics, 1982, 18 (10):

ARSCAHT T PGC N IR i 78 D 2 51 B L 1 S
R, Fl PGC-DCM J7 12 1 fife B 1 25 Bl i B 2 7R
R L 32 T SR PGC OB T AT, 52
B 25 BRI L 7E 2 R G B & o R AR A 0 RS )
1, PGC-ATAN ¥ i %% fi# 5K B B T PGC-
DCM ; 4% SCH H 0 T 85 A 22 K G B TN 19 He K
B2 255. 21 nm, % 2 PR AE2E R 78. 56 nm,
FEE R RS B K R R W R Y TR R L SE T A
PLR B SCEF T AN B A B RN A
5, AT Sy B AT ALY B e iF 4R 4 2 2 R

1647-1653.
(6] & %5, R &, TWRDGEF KU 4% 48 £z 28 5 8
Ll /O] kb wgia L m A K,
1998(6): 3-7.
CAO J N, ZHANG L K. Research on phase modu-
lation and demodulation of interferometric fiber-op-
tic hydrophone using phase generated carrier tech-
niques[J]. Optical Fiber & Electric Cable, 1998
(6): 3-7. (in Chinese)
[7] LIUY, WANG L W, TIAN CH D, etal.. Analy-
sis and optimization of the PGC method in all digital
demodulation systems[J]. Journal of Lightwave
Technology, 2008, 26(18): 3225 -3233.
[8] THURNER K.BRAUN P F, KARRAI K K. Fab-
ry-Pérot interferometry for long range displacement
sensing [ ] ]. Review of Scientific Instruments,
2013, 84(9):095005.
[9] THURNER K, BRAUN P F,KARRAI K. Abso-
lute distance sensing by two laser optical interfer-
ometry [ J]. Review of Scientific Instruments,
2013, 84(11):115002.
[10] THURNER K, QUACQUARELLI F-P, BRAUN P
F.et al.. Fiber-based distance sensing interferometry
[J]. Applied Optics, 2015, 54(10): 3051-3063.

[11] A#F. KT AR PGC #HE & % LR &
€% T RAA LD dbat. WHEKY, 2005
BAI L H. Studieson the Laser and Other Issues in
the PGC Demodulation System Based on Laser
Modulation [ D]. Beijing: Tsinghua University,
2005. (in Chinese)

[12] CHANDRIKA U K.PALLAYIL V. Signal distor-



5 25 &

tion due to low-pass filtering in phase generated
carrier demodulation schemes for interferometric
sensors [ C]. Proceedings of 2013, Ocean Elec-
tronics, IEEE,2013:31-34.

WANG G Q, XU T W, LI F. PGC demodulation
technique with high stability and low harmonic dis-
tortion [J]. IEEE Photonics Technology Letters.,
2012, 24(23): 2093 -2096.

tics, 2014, 53(27): 6206 -6211.

Renishaw # = A A1, #l&EF AR SHLK, 2006
(9): 124-126.

Introduction to new products of Renishaw Ca, Ltd.
[JJ. Manufacturing Technology & Machine
Tool, 2006(9):124-126. (in Chinese)
GERBERDING O. Deep frequency modulation in-
terferometry[ J]. Optics Express, 2015, 23(11):

[14] LI R ZH, WANG X B, HUANH ] B, et al.. 14753 -14762.
Phase generated carrier technique for fiber laser [18] B A, 7. A+ HEFH[(M]. 5 3w Jt
hydrophone [J]. SPIE, 2013, 8914:89140N. B BUAEC T A, 2015.
[15] LUCHR, DUANF ], BOE, et al.. Sinusoidal MA D SH, DONG N. Numerical Computation
Method [ M]. 3rd ed.. Beijing: China Machine
with a feedback control system[]J]. Applied Op- Press, 2015. (in Chinese)

phase-modulating fiber-optic interferometer fringe

fEEE A BIREE:

5 AB1973—) . 55 WAL YA L RIAT
SE51,1999 4 T vh [E 3 # K 7 B AR BF
FE BE R A A+ 4L, 2005 4FFiEHEKR
E2F /SR s DA NN U IR
2 TG B B3 BRI 5
FE B FGY . E-mail: zm01 @ mails, ts-

inghua. edu. cn

R 85(1992—), 5, i A A, 2014
E T AR R AR L i, £
FHEOET W &, TR T K iR 2
S AT %5 5 T A F 9E . E-mail: nel5 @

mails. tsinghua. edu. cn




