%43 3% % 23 81/2023 £ 12 B/RFEFR

% % IR _
KT B A G I HL G VR T 3% AR N b o T T

FEA, Ak, wET, EXF

WL AL L2 5 TR 2 e O 2 (3 FE X G S0 28, WiV M 310027

FTE O AR TR F O R 45 B 8 I S A e L TR R T — TR R 5 R T A SO 22
TSR T AR AL D' R ] 8 B PR SE o 1% 7 TR K 4 0 TR (5000 e B 2 A T e A3 P O 0 G A i 0 e R I Y
TE B — G £ B AT TR DGR AR 75 2 P 3K A5 BUR 2 I A AR 7 22 o O T SR E T 4R )y R AR AR A L G TR R A 2 Y
PERT, B 1 5000 R 00, (A — B 2 5k W O IR0 88 D 5 5 — B E 4T T 98 R R IR AR 018, B0 vl DI VR A 4 e Y HL T
I FHARBLIC SR AL A [ B9 T 85 2 50, T AR AS T 95 2 Be L, b Tz BT $ 5 i AR AR M - TR XS OG22 o S HE A M L,

by g D EORS B o 5 S H AN T IR A L, 3% 05 AN BB A D, B VR ELRE A8 I8 B S AR B
KgEiE  EMOLE FSALM BT I BAROG; LT A

FESES 0436 XHkARERD A

L5l B

R ' 3] i 25 (CEOMO) A g — i i) DLk A8 A DG AH
AL 41 25 B A% 1, 21 2 ST R A Tz /9 L
G AF AR O AE T RUE Oy B OB AR .
DG VR ] % 5 W 7 R PR | AT AL B (U i T R
A 5% LA 22 IR A 25 5 AR S PR R A RO A e AR
A AR L 22 [8] 9 56 38 5 HOR T 1 96 B2 56 2 9 A —
B, A OE 1A  8% AR 7 AN TR 4 0 AR ] L
AEARNFE RO A P, 76 {8 AR 2% DO
il A B4R A2 A8 A R AR AR 56 R AT AR AE , TN D
PR 2R, RS ZORAA R 5 HL R R R Y
AR R AT TR SRR SE 5

WL BRR GE T A B B R s AN T
— BB R e I AR 2 A T vk DRI i A Ak 3
T AN AR A i v 6 g A B R o A8
A WOt E AT T 8, Hevh — i e i G 98 )
ARAAAL , $4 8 — 5 1) FL 1 ) B A B T 9 2R 80 K M 2R 4
o 2Z 18] 9 5 4% B DL A% S0 91 F 3 L 2 BIAT B AR 22
PP R L 22 45 5 R TS 8] Bl B AT KA L T 3X b 7
V5 T SAER S RS RAE IE, SRS 2% ), [l I 2 AR B
18R DR RS BEAT B B AR o 0 v H 90 T ko — >
R R OGR4 e A e R s el R A RS A
Ja , I sl R RO R 25 LR T AR B0 R,
TG 5 AR S 22, T 1 BROHS JRE AR i (H R o T

DOI: 10.3788/A0S231057

AL I H AR

T RE NS TR FOBT H R DG B A 1 O T DR EME B
i 5 F G I i g 1) 2 R T, R ST T — Rl e A
H T — 5K T30 4 808 RO i 19 52 B 5 R — sk 4%
S i PR AR ST TH AR 7 22 1Y B AR OC 7 1 oK A E 2
P W R IT v . A RZTT B hRE 1 20 B B USRS &
e b OGRS T K S5 R S I s BT A B
SERPEAT R L S0 UE 1% 07 ¥ A ME I A AT AT e
2 HAMRZE AL Z A
2.1 EHXEEE

AT A ] 22 5k 4% S0 AR T 22 [ Y 5L AH 5C bR 4R
F1% R AL 75 Ok Aff S8 AR 22 L BOR AR B M 4R & T AR BURE AL
LTS .

OB B R B

I,,:1+L;1COS(&<)'T+§D,,), (1)

S som Ry R 5 5 Ry S AR BN A TR IR K oL O A
TE M- T8 b 5 Sy BT SF- T A B R AR AR 5 0, h AR R
FIARADL o AR 52 2] 1 [l 5 2 aed e ML I 2 6 B 4 3] 9t
B 15 3 4 8RB EHR RY A
D —
/Nz(k){g(k)+’;ei‘”§(k — /eo)+’—;7e o g(k+ ko)},

(2)

KRS BEHEE: 2023-05-29; 1&E BEH: 2023-07-30; FABHI: 2023-08-30; MLEHEZBH: 2023-09-10
EE£WmB.: HEESUAEITR(2021YFF0700302) ([ R 5 4FE B2 4 (62125504) K A R FF 2434 (61975188) (i i

B HRBE R4 (1LY 23F050010, L.Q23F050010)
BEIEE: “cfkuang@zju.edu.cn

2307001-1


https://dx.doi.org/10.3788/AOS231057
mailto:E-mail:cfkuang@zju.edu.cn
mailto:E-mail:cfkuang@zju.edu.cn

HRILEX

A R R R 2 TR K s h (R )R BRGSO e 33
PR s & (&) o BETRE Al IR o 1 2R SL iR M3 PR B3
R~ 5(k)S(k )yl sk B |, AT ] 22 £ = O
o= kg A AT =AW AE 328 JHHE B MORE + 1 Z il — 1
AL IR AR IR R, e A B 1 O 2 R R B Y
S5, D O R A 22 B4 TE B 5 0 BOAY i 9k Y O 1) e —
— X L T e U AE T T) L R R R Y DAY ke 3 BRI
AN ) Rl ok IE 55 By 28 5 0F AR SCR A 22 AL B
ST 1] AT DL E o 50 L+ 1 ZORBEWISR0E TN 0
G — 1 A2 AR /N, + 1 GAL 1 Jay PR AT 1 3 Ay

mﬂzﬁwwgwgw—wwo (3)

B 268 n AR AR — Bk L 55 n + 141
BB 5 — SOFHE AR IR, TT LAAS 21 A <8 7 5K P R EBAH O

2
- * me B
[D(,,‘ 1>:| DU = . el(;c,,u )

2

,(4)

AopoofR R . K (), B ) A I A
R B, PR SR AR OC BRI KRG £ 2 AT A4S 2 M
i A B IR A A 25 o B A9 B A AR 22

e g
(5)

Ag = arctan

2.2 fFEWIE

R U R O SR AR A6 22 1Y HE R M L 8 Matlab
A R 45 SV AT B IE . T 1R AR Y 6 K AR AL
K%, Bk AR KN 512 X 512, EG RN b=
—21. 6949, k,= 10. 5133, fH 7 22 & & N «/7, X T 1
sk #3407 258 0. 2 119 = 3T e 75

i
/

i
e

i

£

Fs
7 4,
I
iy /?ﬁ"‘i“ 7

£
RN

/ ,{;‘af";gfit: 7 2 / ‘i,’t
PRI, I,

Fl1  Matlab 4= & i 6 5K {7 B A& SCER
Fig. 1 Six simulated stripe images generated by Matlab

i 32 Matlab f) fi (B A€ 7 BRI B, #0032 A 45055 [
4 B r O 0 BR R AR A B A R B, T — S 15 X 15K
ANHERLRE JLACH A5 3 T 1A 2 B B 1A .

43 3% 5 23 #1/2023 £ 12 B/ ¥ ¥R

B2 Lt Z sy + 1 ek — 1 0 e AL A

Fig. 2 +1 order or —1 order spectrum mask screenshots

corresponding to stripes in Fig. 1

HRAE X (4) , X & 2 ep A 48 A A e T 1 A7 Ak B d
J& 18 FH Matlab [ 47 09 3K AH A7 9 sR ECR AR 2250
TN 2E B AR B 5 AE ROR M 15 B R A
AEAL 22, PR R AR 57 728 Ak 2 2 PR 1, b AR A7 22 AT DL H 3
RGOk AR ], e SR AR I AH A 22 R 0. 4489 rad
5 7/72 0. 4487rad 112 2% K 0. 0002 rad, A] LA F 2| A
TG BEAR 2 AT S5 SO AL 25 EAT AR 22 o
3 HLGIR # A g M A5 RN L
3.1 BRAFNSHEERER

K A T 1 I FH T H O R A A R E v 0 A

LERVARSY) )1 NP SN SIS E 21y S A L L Eer S |

P 3 b v G IR T 65 9T ) AR T S92 0 T T 0 80 14 016 B T T 6
Sy Zedr )
Fig. 3  Picture of system used to calibrate electro-optical

modulator (optical path used is marked by lines with arrows)

SIS AR AE BT B9 6 B Sy 5 84 Ot BR T 43 B B SO
1% 2 G0 — 43, Ib 2R G856 T e 18 1 2% AN R BE 52 B
e R AR L 3 H TR B b A 43 Ry 45 A O i
I 13 (SIM) R 48 19 30 2 0 %, Horp — Z% 38 o A A7 i
eV T 55— S R A, B & O R i S BE AE K
i VEN-505-36U3M-MO5 AL Ak 58 25 .+ ¥ J5 B Al 4%
G, ] 4 SRy AR S v A O B 1 AR IR

S0 3 A VT AL SR B R 4 F ' R A 25 i n el

2307001-2



%43 % 23 #1/2023 £ 12 B/ RFFR

LS

camera

5

PBS: polarized beam splitter; LS: light stick;
EOM: electro-optical modulator; HWP: half-wave plate

B4 BRE RGO LS5

Fig. 4 Simplified structure of optical path of calibration system
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Abstract

Objective Electro-optic modulators can change the phase and polarization state of incident light, therefore having a wide
range of applications in many fields, such as optical communication, integrated optics, and super-resolution microscopy.
They feature fast response and reliability. However, due to the differences among electro-optic modulator devices, the
relationship between the applied voltage and the phase change in actual operation is not consistent with the corresponding
relationship in the technical manuals. Meanwhile, when modulators are working at different wavelengths, applying the
same voltage to the modulator results in different phase changes. Therefore, before utilization, it is necessary to calibrate
the relationship between the phase change and voltage change of the electro-optic modulator. Since its modulation is
linear, the slope of the function only needs to be obtained for subsequent experiments.

Common calibration methods include the contour method and the Michelson interferometry method. The contour
method employs two optical paths for interference, one of which passes through an electro-optic modulator to change the
phase. Interference fringes are taken at a certain voltage interval. The displacement between two fringes is divided by the
fringe period and then multiplied by 2= to obtain the phase difference which is combined with the voltage interval to get the
half-wave voltage. This method is simple but requires repeated adjustment and correction, which is time-consuming and
laborious. Additionally, the limitation of camera pixels reduces the accuracy. The Michelson interferometry method
passes one of the interferometer arms through an electro-optic modulator, applies a voltage to produce a phase shift, and
then moves this arm to change the optical path difference and make the interference fringes disappear to determine the
phase difference. This method has high accuracy but requires optical path rebuilding with too much consumed time.

To quickly and accurately calibrate the half-wave voltage of an electro-optic modulator without rebuilding an optical
path, we study a method using cross-correlation in the frequency domain. The complex conjugate of the high-order
spectrum of the previous interference fringe is multiplied by the high-order spectrum of the subsequent fringe to calculate

the phase difference for calibrating half-wave voltage.

Methods We adopt the phase angle of the cross-correlation function between multiple fringe images to determine the
phase difference. After converting the f[ringe illumination light to the frequency domain, the high-order spectrum is
extracted. In the spectra of multiple fringe patterns, the conjugate of the high-order spectrum of the previous one is
multiplied by the next one to obtain the cross-correlation function of adjacent images. The angle of this function is the
phase difference between two fringe images. The feasibility of this method is verified by generating fringe images with the
same phase difference in Matlab. The optical path for experimental calibration is part of a structured illumination super-
resolution microscopy system. This system achieves high-speed imaging based on electro-optic modulators and
galvanometers. One optical path passes through a phase electro-optic modulator, while the other does not. Finally, the

two beams interfere at the camera through a mirror to form fringes.

Results and Discussions The experiment applies voltage to the EOM through a computer-controlled acquisition card,
with a voltage interval of 1 V and a voltage range of —10 V to 9 V. When the voltage is changed each time, the camera is
controlled to acquire an image and save it. A total of 20 interference fringe images with equal interval displacement are
collected. The 640 nm and 561 nm lasers are utilized for calibration, and the calibration results of the Michelson
interferometry method serve as the correct results for accuracy consideration. To further eliminate the errors caused by
interference, we take nine sets of fringe images for each laser wavelength, calculate the average value of the nine sets of
results, and then compare this value with the accurate calibration value. The half-wave voltage obtained by calibrating the
640 nm using the Michelson interferometry method is 6.6 V, and the result obtained using this method is 6. 57 V, with a
difference of 0.03 V and an error of 0.45%. The half-wave voltage obtained by calibrating the 561 nm using the
Michelson interferometry method is 5. 87 V, and the result obtained by this method is 5. 84 V, with a difference of 0. 03 V
and an error of 0. 51%. After converting to phase difference, the phase difference calculated for 640 nm is 0. 478 rad, the
standard phase difference is 0.476 rad, and the difference is 0.002 rad. The phase difference calculated for 561 nm is
0.538 rad, the standard phase difference is 0. 535 rad, and the difference 1s 0. 003 rad. By employing the contour method
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to process the 640 nm image, the obtained half-wave voltage is 6 V, which has a larger error than the result obtained by
this method. The half-wave voltage obtained by our method is close to that obtained by the Michelson interferometry

method, with the same accuracy and faster speed.

Conclusions Before adopting an electro-optic modulator, it is often necessary to calibrate the half-wave voltage.
Previous methods such as Michelson interferometry require additional optical path construction, and the calibration process
is slow and easily interfered by noise and jitter. Thus, the contour method is not accurate enough. Therefore, a method
based on the high-order cross-correlation of the interference fringe frequency domain is proposed to calculate the phase
difference between fringe images and calibrate the half-wave voltage of the electro-optic modulator. This method employs
a specific mask to remove the Oth-order spectrum and extract the high-order spectrum. The complex conjugate of the high-
order spectrum of the previous image is multiplied by the high-order spectrum of the next image to obtain the angle and
then solve for the phase difference. The phase error in actual detection reaches 0. 002 rad and the half-wave voltage error is
0.03 V, which meet the calibration requirements of electro-optic modulators. Since the proposed method has a large
calibration speed and does not require optical path rebuilding, it can check whether the electro-optic modulator drifts at any

time and whether corrections are needed or not.

Key words Fourier optics; signal processing; spectrum analysis; phase conjugation; cross-correlation; electro-optic

modulator
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