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Abstract
In order to apply the heterodyne interferometry to the full-field measurement by

using a digital camera, the relations between the camera sampling frequency and the
heterodyne frequency are investigated based on the procedures to derive the
associated phases. We find. that thefull-field. heterodyne interferometry can be
operated whether the sampling conditions meet the Nyquist sampling theorem or not.
The large step height and the refractive index distribution are performed in order with
the conventional Nyquist sampling theorem. Then, the optimal conditions for a
commonly used CCD camera are proposed to reduce the cost. The full-field phase
retardation distribution of a wave plate is measured to demonstrate-their validities.

To measure the height distribution, an alternative full-field interferometric
profilometry is proposed by combining the two-wavelength interferometry and the
heterodyne interferometry. A collimated heterodyne light is introduced into a modified
Twyman-Green interferometer, and “its.phase-~and profile can be obtained. In the
measurement of the full-field refractive index distribution, the circular heterodyne
light is incident on the sample obliquely. The reflected light passes through an
analyzer and its associated phases are derived from the interference signals. The
estimated data are substituted into the special equations derived from Fresnel’s
equations, and the full-field refractive index distribution of the sample can be
obtained.

The processes to derive the associated phases from the data of a series of
recorded frames are performed, two optimal sampling conditions for a common-used
CCD camera are proposed. The full-field phase retardation of a wave plate is
measured by using a common path heterodyne interferometry to show the validities.

The above methods have several merits such as easy operation, high resolution

and rapid measurement.
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LY =

N

/ﬁiﬁ?&]'(tk) s ﬁ_—aﬁii\??j’é

I'(t,)=A,cos(2x ft, )+ B,sin(2x ft,) + C,,

=\/4," + B, cos2x fi, + ") (2.14)

B
"=t -1 _ &0 f 2.15
¢'=tan [ AOJ (2.15)

Ao By% Cp s ¥ oo R¥pd | £ 2 32[23] 0 ¥ iy Mg 5ot 5 %

n 2

S=X[1, - 1'tH] - (2.16)
k=1
B L oaFotdApHrB @ nT H TR RE o Bt N4 4,0 B2 Cp il
Ao RRISE-R O RBIV D - B AR

Dox:y, (217)

Zn:cos(27zﬁk) Zn:cos2 2rft,) Zn:cos(27rﬁk)sin(27zﬁk)

k=1

D, = isin(Zﬂ'ﬁk) icos(2ﬂﬁk)sin(27rﬁk) isin2 2r ft,) ; (2.18)

n Zn:cos(Zﬂﬁk) Zn:sin(Zﬂﬁk)
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x:D(;ly, (221)

Ho DA m Dy chE B L NF U E 9 49 % ByehA [ 2 % x Eq. (2.15)

P E W () E o S ) F R ALY 06

o RIT ] R HAR A R

Table 2.1 #p =3+ 5 2| %74

] g7 AREE T iR Y
A0>0:>cos¢ >0 — $'=0
B,=0=sin¢g'=0 :
0 0
et g = 115 ) SANNE
A4, =0=cos¢'=0 .
+ =—
{B <0=sing'>0 y# ’ 2
0 0
{AO< = cosg'< - 9 ¢—tan1(——°}+7f
i B, <0=sing'>0 0
A, <0=cos¢'<0 '
- =7
{ B,=0=sing'=0 . ’
0 0
{,;0< = cos@'< §= g ¢_tan1(——°}+7r
>0=sing'<0 0
A4, =0=cos¢'=0 o ¢,_37z
B,>0=sing'<0 ~ 2
0 0
U losmse e e
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& Fuljig ity p 4% Eq. (2.15)50k & 27 S dc(arctan) k38 B
ARy i * 4238 LabVIEW (National Instruments Corporation) 2 Matlab

(MathWorks Inc.) % @ % » & & *7 S cinB 3 % % -7 /2~7/2F - 2B B8

& T ;’ﬁ /f I Ap 2 Byt ﬁ BR LTINS P B 4p ii‘fz\'l'-:a: A2 3¢ :—é) (RN % A R
B RiED > FIP T RSB EBF LD 0~27 0 A AT Y agp ] st

7% Table 2.1 ® @ & d Table2.1 thfp = 2| ¥r\ - B s enfp =8 @3¢ 5 0~27 >

I ErE- hEF R T U E v RS AR B RS~ o

i

2.4.3 3 ¥4 R 2 2 [24]
40232 &4 e I A BT K 5 Rt 4o RURAOL T e b £ kR s-47 p-

ff Sk FF cp (kB O AR B Q. (2L10)47 7 o B 0 L 5 5 B Rl e

#r%’ %va%ﬁ:m;"*g% ‘+F%f§:’%’%aa’§n TR e
V
F=--Qaft =2 £-2); (2.22)

Bk £ DA (7 o e SR =V P R @ e e E

Fenth s RV <V 0 B Bq. (.22)7 il &

T=2nf\t—¢, ; (2.23)

v
Jo= (Z)f ’ (2.24)

hg

. (2.25)
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Eq. (2.26)% chkag RIS g0 o @ iR g F S fyo ¥ b o d Eq (2.24)

PR T R S fy ] B L GEEE f  FI A m R E

s HATE BEV AR REZRR B pan @33 g3l Hifpizg
fgotprut B ST +Hg 0 HF 0 g fpin g 4 e2 s > Ra gt 2 PR R
PR R B Pt SRR A AR R g 2 A o o AR e T LG g 1

& o ) pF Bq. (2.26)7 Y S ad S N Lor 5

1 0
10 == {1+ cosQaft =gyt )l rectl(e-1/2) It F 5l —(m+1/2)/ f]; - 2.27)
H ¥ rect £ i 475 #c(rectangular function) > ¥ 5. T * | % 77 $ 4% (convolution)
Y o RV, =148V ¥ V=120V > Fig. 2.10 % % Eq. 227)& F 7 I enfp ik
HHPE )2 B HA o BT EREE 5 B Eq (2.27)MC A EE
&

= & (local maximum or minimum) = ¥ T 5 $78L(7 s )% > Ry HEZE T

B E Bzl PR F BB B ETEEE SR b - B R R SETRE T - B2
B ETEEE L o R ) AP I AEECI R e R B0 B B R B % doe Fig. 2.11 45

Hoe T RAP R feo d PR FE L FT D - L5 FHB Ol %
FlptE B S B ETEE A — TR A S B B UTERN B o T L 35 0 B BT
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B
B °

C,.=C +T,0ifP  >C, +T; (2.28)
c.=P,., iftP <C, +T. (2.29)

Fig. 2.11 3 }F it m 24382 7 £ B - 2 ¢ Fig. 2.11(a)% = Eq. (2.28)2 175 &
P enpEfB C 4vt - BEH TS > dok v T - BREaODETEBP  EFEFEC

B et o PRBE A T P P BITI % TR PIR-P R T ke T
- B BB B AR R A R Fig. 211(0)47 4 L Eq. (229)2
Ba5 0 2 Bq QAR E > F P APERFC 4rt - BAY TS > bok T -
Y pLenE B P pE R BEC, B A éﬁg‘é’mﬁaﬁﬁ,%\»fp P, P, { 41T 1 % ehits
B RI-P R q P RIARE 5 ATt gl M 8T - B e BTEE L e
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1

1= [+ cosatyt - g, + P rectl(e-1/2) 1] (2.30)

B PR T EEpR PRSI A 8T8l B - 20 R

At ® At:l— 1

PR ALY E TR 2 LB 4o Fig 2,12 17 o

0

PR A S 2T 5
1,(1) =%[1+cos(27zfot—¢0 +¢)]. (2.31)
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WOEA G B LT RIS AP e ST RS R
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R AR EAN EEE R S SERIE SR TR SR LA VPR T
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a i
=1, [1+r"cosQrfkt, +y)] (5.3)
He
r"=rsinc( fa) > (5.4)
(5.5)

W:¢o+ﬁfa °

Flpt o R F G ELadp T d T R E
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b=y-nfa- (5.6)

4 Eq. (5.3)7 4 B 15 BT B 5

D) =y, [1+7"cosQr fi + y + 7 fa)]comb(ti) , (5.7)

s

N-1
E comb(ti)=25(r—ms) o 4o Fig. 5.1(b)¥ 7 » & F W2 50 d fp i1l »
n=0

N

B B E p i g 2% A W4 Bqs. (5.4)% (5.5)5 5 otk i B
LB B L Bt R IT b o EESCBOE pF Y Delta S B4R 0 T a B 5

0 9711 APt ugsey ¥R 2 4p fj‘g’ngﬁ,fg&? WogaE e RE s d 3 CCD B~

r 3
— i —
- 1, i
| A
_ (|
',.3 T
» v,
ol 1, 26, 36, - Ko L e y .
: Time N
(a)
A
<
;‘\0
N
o & 2436 — Kk A >

Time
(b)

Fig. 5.1 ()4n 8545 5 % *0 7 LM% i 7 2 1 5 (b)B~H (& B 1R LA (7 ]
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P a? 23000 Bt AR g ARH demfa o 2t 5 oS vl o T R AR AR
RAE R X Rk pE R agp e

R o FREPEEF AN L CERYE S Ta>1/f o b KRS PERE
§ 7 F - WP AW R EAAE A o e Fig 5.2(a) 91T o 3 2 AP 48 e Wi 5

L TREER La o BT B S

: (5.8)

Ho omZ2hf Bl a' 5 e Bq (5.8)4 7 i~ A REPPFEFPN - m B L
G PLAE M cPpF B AL T 350 e Fig. 5.2(a) 7 ha ARG 5 G o RIS deg
m B H (S e AE A B 54 Figl 5.2(a)¢ A amind @i 0 2 a'<1/f o
% m=0PF > 5551 3540 Fig- 5.1 (a)#1775 & m> 1P - 1 5uB~4% 125 P 4 Fig.
5.2()#r 7 > - KRALPFE VG (mta!) BEFHCREPAFS - T2 B R
BEEREFLL AP BEE L EINS LBEAREEEEA T

1 It +(m+a'), f

v, (kt,) = a7 kj L (=+rcos(27 fi + ¢, ))d!

=1, [1+r'cos2z fkt, +¥)] (5.9)

Bt =1/f 5 4pREH - RPR S

,_rsin(za’) :

(5.10)
mr+7wa'

PSP EY TR ;

-57-



Y=¢ +ra'>

(5.11)
S - AR TR i
Yo (O) =y, [1+7'cos(2z ﬁ+\P)]c0mb(ti) : (5.12)

AP I T PR 55 By 1 on B bit HBHR[14-16] 0 Fl A FE Sk B AR T B

¥
=

ch n
=round (==x2
Ya (21

(5.13)
0
2P round(): v B LR [17,18] %
(R NEE = F =gk
Y, (t,) =4, cos(2
= (5.14)
HY A4y~ Bok: CooF ¥ mempperfpiny' ¥ 47 5
y'=tan"' (=B, / 4,) (5.15)

P T 22 > 4o~ By 2 Cp7 1 ;’ﬁ“g} BT N g b a1
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L:NZ_II:yd(tk)_yf(tk)] ° (5.16)

#Eq. (5.16)% Ao~ Bo 2 Co tifs HicA i 5 » %34 5 el 15 825 F ehs 428 > BIF

D= B N gﬁ%ﬂ;]"} /J< %

Dyx=W > (5.17)
H¢
F
D, =|H (5.18a)
P
4,
x=|B, |- (5.18b)
Co
2
R
W=|8]|- (5.18¢)
U
Ho
N-1
F=Y cos’2xft,), G= Zsm 2rft,)
k=0
N-1
H= 2cos(27rft )sin(2z ft,), P= Zcos(27r ft.)
o o (5.19)
0= Zs1n(2frft) R= Zyd cos(2z ft,)
k=0
N-1
S=)> y,sin(2z ft,), U = Zyd
k=0
BT Y x=D'y T EED x; B9 D' 5 D, ehF AEE o Fp x ¥ fR(F
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NGR —QO’R + PQS — NHS + QHU — PGU
POR — NHR + NFS — P>S + PHU - QFU

;0 OHR — PGR + PHS — OFS + FGU — H*U 520
C° " NFG-Q°F + POH - NH* + POH - PG '
0

Wiy ¥ d tan” (B, / 4,) KEF @B G

»

(5.21)

v = tan| - PQOR — NHR + NFS — P’S + PHU —QFU )
NGR—Q’R+ PQS — NHS + QHU — PGU

#-Ao~ Bo % Co 5 » Eq. (5.14) " B #0452 6 enboit 524 o b d Eq. (5.11)7F

o SR Rl gy
¢'=y'—rma' > (5.22)
R SR

op=¢,- ¢, ° (5.23)

Beis o 20870 L3

ETS

FHRTFLapigL ol F DA ans o Bl R
Tehlcle AR SR 20 ¥ 5 TR dnio RIEATR R e f 0 E TP ik
AT ERLDERG L o 20 EX AR P BfR o REEBEARR 4o Fig. 5.3 #1on

0 A% B o
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5.3 B 4F & P4 iE 12

5.3.1 Matrix approach
% Eq. (5.17)7 M35 5|2 » % Eq. (5.20)» B 4 77 7 45 1 B B0 8 52 L & 49 = o
T F & Eq. (5.17)F f# > Rl det(D,)=0 > £ ¢ det()5 determinant & # - § N =1

2= AU

1
det(D,)[,_, =| 0
1

oS o O

1
0l=0> (5.24)
1

oy N=2FF>

1+ cos’ (7 fT) " _sin(z fT)cos(r fT) 1+cos(z T)
det(DO)|N:2 =| sin(7zz fT") cos(z fT) sin’ (7 fT) sin(z fT)
L+ cos(z fT) sin(z fT) 2

# Egs. (5.24)% (5.25)7 v+ # N=1% 25 » det(D,)|, =0 » Flp &2 |7 =

SBFRL AL NItk o R FI N3 E > & 3 Eq. (5.18a)0

4

determinant <5 ;8 2 REFR K et & o Flp v F

det(D,) = o (8N3 + N cot’(7s) —9N csc(rrs) ——= N (7 + cos(47zs) —8cos(4Nxs)) x

csc? (27s) + M@ cos(N7s)sin’ (Nzs)+ N cos(2N7s) sin(27zs))j ) (5.26)

cos(7s)
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i # f# (algebraic solution) » Ll L @17 % {8 3| #c E f#(numerical
solution) - Fig. 5.4 87 11§ N23p > % p m &> H det(Dy)£2 s ek (2B o /£ B
Mgl F0<s<O05PF W f>2f 0t mrdet(D,) =0 > Fl¥t Eq. (5.17)F 14
Ffro P - BEEBEIE AT L B E 3 R I EES O E A L

1 2 3 4 5
BREs>05FT o d B BWMET s L —, =, =, —, —.. . %pF
¥ ) 7 27272727 2

FE i (5 det(Dy) =02 ¢b » Hapeng @08 5 ehdet(D,) #0 o FltF & 01 = Sl

8RR AR R A Bl 8 AT AL
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Lo N (5.27)
£ 2
* NG A R

5.3.2 Fourier transformation approach

Eq. (5.27)% $3tB400g S 22 ob L AF 30 @ a4 iF # en % 7+ ¥ d Fourier
transformation k& ¥ o 5 7 3 i 7 fF > AP R E VL B HRPFF O kwmp o
- pgsd @R ER Bk o RS S #ikT d Eq. (5.12)% 7 o #Eq. (5.12)

# Fourier transform {& # 1%

f"{’
J%5(f)4-y° (5(f Ly+3(f+ 1))e ( ] ®(teomb(t, 1)) »  (5.28)

H ¥ ® 45 convolution # 55 5 f A G Weawg s o ¥V 8d = B delta S ®
MFH L L ERIRATE S APERE G N Feen= B osine Slics oo TR S
01,2...0 2 11 & 457 & #Fw] » 1 Fig. 5.5(a)% 7 - ATHBHETL% - ¥, 2 Fi2
A RA 4 AR EE MR R RE A e e Bt iz £ A h - 8
i S Bo F AHEB Y ol A E = BER DM LG RA dhdelta
Soffc s Ft R &gt delta B 3 £ 4 0 R 7§ 5 R o k(aliasing effect) A
4 o 4o Fig. 5.5(@) %7 » F £, >2f > Bl B REAfE L S 5 £dD
% 5 Fig. 5.5(b)R &+ 4 f, =2f Freniia) > ptprs - e 43 i ehdelta &
B B Ly L p i1 a fedelta 3z 2 E 4 TR o
FRAPRZIEF TR RPN EERATE R AU o
d g el AR 5% S ol T > @ @A F 02 12 ¢ Nyquist sampling
rate > W f, >2f ehiE 2 o Fig. 5.5(0) 5 f< [, <2f A it FEAET 0 d A

delta e 2§ R R G chg 4 o Ft R AT B A AT F R G Lk D
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1 7 Ve - 1 e )
Jo= S LA P AR e R

‘C—L‘ sy A R?v‘l?'l.’J’J‘HZFI__t
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PEAFI G FlaE A R T E A ko

) B R

ES R q i % B

if=af,+f
oh=af—f>

#-Eqs. (5.292)¥7 (5:29b) /255 = = f25% » p| v &

Fls r x> po Flptr—-peN < Eq. (530)7 5

S =

ﬂ o
2

P %A E s=N/2 SpEs 0 PR A A

:r—g’— 7
R EF Eq. (5.3 465 0 @ g
A B UFIE L S R 2 L o
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AVEPF A ROPEFER L =0~T 227 » PR {8 NI B v 4R 5 &2 - B35

HeAp

()
Vg = Yy -rect( 7 )
= {yo [1 +r'cos(2x ft + ‘P)]comb(ti)} . rect(t_(TLZ)) ) (5.32)

H ¥ orect(r) » %3l o % Eq.(5.32) i Fourier transform »#

Vo
Yoy = yo5(f)+y° (5(f f)+5(f+f))[ j ®(t,comb(t, f,))

®(Tsinc(Tf,)e™"), (5.33)

Y

B Y, AR A F R e S Y B d £ Rz B delta &

Borrle s o @ Ad = B osinc SoBc? FH L f £ R MR AT > 1 Fig 5.6(a) %
7 ood 3 sine HHIT APEA B B FRL A EE e A4 A > B A k)
#ed o kid® o d Bq. (5.33)7 4v o ipi sine St B Ad BEPEER T
¥ TRAP sine S R L 0 SRR B sine SR T delta e
% #-Fig. 5.6(a)sn T %~ » B #4717 3] 07 #-4e Fig. 5.6(b)#778 © Flot » 7 & T

E’;za = > ;gﬁ - . ehsine \:lrﬁ'{‘;ﬁ%b E-f;/g /J~ » R ,ﬁ'rﬂ']‘i‘fl MTJLE 12N m‘zﬁ'_; ;]_,_g /)E'\' J
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5.4 KB~k pFiik i 1 BfRiE

5401 m%ryrid & ag i

¢ Fig. 52 2 Eq. (5.10)7 F 1> PR {8 ehip B A i 2 $2& (8 ek 2580 | k49
AR SR R LR o KA o L s > F RN T
FAETT od Bq (5.9)F 4vo F BEABHR S 0 B4 B £ 2% 5 4o Eq. (5.10)
9757 o Fig. 5.7 BET 4 b om B2 o ' r ¥ fa' el 5o F mARL PE > PR 1S eh
AR R § TR FI AR A PE B 2N > € S AR i B e
Lo BN R PR PE T R o TSR A BRI S Rt
FIpb Rk o R e chim BB i A E R R o - B e 4
Table 5.1 #7770 o § m AR S Gnpe i8> r'cnds < & 7 ¥ Genfa' B ¢ 487> 0.5 12 fa'
3 E 05 5/ A fa'=05pF o ¥y dm kR w=N/2 > B2 % L
Eq. (5.27)éi% & o B voié Ap s e g Been 2 He Bl Sl X5 Rl Y 5 X

LR m=1% fa'=043

542 B izB-frix
THhu=fa o B EAp PRk At B R I SR ik e B e -

P om b Apta 2 0 F et 2 u=05% n=8bit o F]Y > HFE
BT R AR s RO S LR R i S S, =51/14 0 tp b 2 b BT LR
0O R BRAPER T RS Tl R T g R PRI o 4o Fig. 5.8 9T
% fa'=043 > m=1>u=0.5> n=8bit » 2 ¢, =0°, 20°, 40°, 60°, and 80° pF3z &
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5.5 3
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FET 0 d Bq (53T 4ot LA =84 Hz o A M F LT 2 7§ oo

FWELERBRBPFHF HEEE SR

4
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RFRT BEAPW o RBA PTG S PRER PP ERREIFET L L

ERAPS i B o B> WiTY OB R EER S T=1/f > FBfhehi
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5.6 -]
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PELBEL L o AR

AR b PR AR R TR TR 2R

U

P RImeifid > ¥ @& % = 4852448 £ 2 % Fourier sine and cosine
transforms &R A5 % 4p i o BEg & cfp 287 o 3 Biendp it 4p 0 0 RF A n
AP EFA o gt fh 0 BEARBAPOE A MO S AMF S ehd B T LR ) R R e
AR o fe B 2T BRI SR b LA S AR R % o A7 3 4% Fourier
transform = 2 2 ABMLAE B e 5o JRE e B T BRS80S S
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