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1 Introduction

Heterodyne interferometry has many merits, such as rapid
measurement, high resolution, and easy application to other
interferometers.” * As it is used for two-dimensional
measurements, it needs electromechanical equipment to
scan the test surface. As a result, it becomes tedious and its
resolution is also decreased. Consequently, full-field hetero-
dyne interferometrys_7 was proposed to avoid these draw-
backs. An area scan digital camera is used to record the
full-field heterodyne interference signal. The measurement
resolution depends on the frequency and the visibility of
the heterodyne interference signal, the camera recording
time, the frame period, the frame exposure time, and the
number of gray levels. For convenience, the camera record-
ing time and the frame exposure time are always set to be
equivalent to one period of the heterodyne interference sig-
nal and a half-frame period, respectively. Under convenient
conditions, the processes to derive the associated phases
from the data of a series of recorded frames are described.
After calculating the possible errors under several different
cases, an optimal condition to get better results is proposed.

2 Principle

In a general heterodyne interferometry, two interfered
waves can be written as

E\(t) =A, exp(i27fy1), (1a)
and
Ez(t) = A2 exp(i27Tf2t + l¢), (lb)

where A ,, f1,, and ¢ are their amplitudes, frequencies,
and the phase difference between them, respectively. Its
interference intensity is
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ference signal, and I, and r are the average intensity and
the visibility, respectively. ¢ is often measured by compar-
ing I(r) with an optical/electronic reference signal. It can
also be derived theoretically with the Fourier cosine and
sine transforms® under I(z) is specified. Thus, we have

A= fw I(1)sin(2mft)dt,

—o0

) 3)
B= f I(f)cos(2mfr)dt,

and

¢=tan‘1<— %) 4)

When the heterodyne interference signal is sampled with a
comb function as shown in Fig. 1, the intensity of the k’th
point can be written as

Ik=10{1+rcos(w+¢>}. (5)

m

In full-field heterodyne interferometry, an area scan digi-
tal camera with frame frequency f; and frame exposure
time At is used to sample the interference signals. For con-
venience, we let the camera recording time 7 is equivalent
to one period (1/f) of the heterodyne interference signals
and m frames are taken, as shown in Fig. 2. Here, f,/f
equals m+n, where m and n are an integer and a decimal,
respectively. Consequently, the interference intensity mea-
sured at anyone pixel on the k’th frame becomes

(k=1)If At
1(1) = |Ey + Eyf* = AT + A3+ 24,4, cos2(f, — 1)1 + ¢) ISk:Kt Io(1 +r cos(2mft + ¢p))dt
= Io[1 + r cos2mft + ¢)], ) (=1
. : 2mf(k—1)
where f= | fa— f1| is the frequency of the heterodyne inter- =1y 1 +7r' cos f— +mfAt+ | [, (6)
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Fig. 1 The interference signal is sampled by a comb function.

T sin(afAt)
- mfAe

!

= r sinc(fAr). (7)

Next, I, will be quantized in gray-level units and it can be

expressed as
2mf(k—1)
Iy 1+ 7' cos f—+ wfAt + ¢
1,; = Round| .

& 21,

el
(8)

where g is the number of gray levels and Round[x] is a
mathematical operator to round the number x to an integer.
A series of data I, are calculated with the IEEE 1241 sine
wave fitting algorithm,9 the optimal fitted cosine curve of
the heterodyne interference signal I'(r) can be obtained.
Substituting I'(#) into following equations

1f
A= 2ff I' (1)sin(2mf1t)dt,
0

U )
B' = 2ff I' (f)cos(2mft)dt,
0
and
r_ =1{ _ A_,)
¢' =tan ( ) (10)

can be calculated. According to Eq. (6), it can be see that
¢’ includes a phase drift term 7rfAt. That term can be ob-
tained under the experimental conditions in which f and A¢
are specified. Consequently the measured phase and its
sampling error are

¢y=¢' — mfAt, (11)
and
A¢=|¢s_¢’ (12)

respectively. If we apply the measurement processes repeat-
edly to every pixel, then its associated phase and sampling
error can be obtained.

Optical Engineering

115604-2

i Nt /+
+
N

FOl SN SNy

SOANNN
I

|

o] =

r —»

[

Fig. 2 The interference signal is sampled by a digital camera.

3 Numerical Simulations

We define u=f,At, which means the ratio of the frame ex-
posure time to the frame period. A general commerical digi-
tal camera for the heterodyne interferometry has u=% and
g=256 gray levels (that is, 8 bits). We then make some
numerical simulations for several cases with these specifi-
cations to find out the optimal condition for better results.
Figure 3 shows the relation curves of A¢ versus f,/f under
¢$=0° as r=1, 0.75, and 0.5, respectively. According to the
sampling theory,10 the condition f,/f=2 must be chosen to
avoid sampling errors. However, it is obvious that the con-
dition f,/f=3 should be chosen in the full-field heterodyne
interferometry from the curves shown in Fig. 3. Next, be-
cause of the calculation of operator Round[x] in Eq. (8) and
the following derivations for estimating the value of A¢ in
Egs. (9)—(12), it is obvious that A¢ is dependent on ¢.
Figure 4 shows the relation curve of A¢ versus ¢ under the
condition f,/f=3 as r=1. It shows that the maximum sam-
pling error equals 0.21 deg. Consequently, some relation
curves of A¢ versus f,/f are depicted as shown in Fig. 5,
under the conditions (a) r=1 and (b) r=0.5 at ¢$=0°, 20°,
40°, and 60°, respectively. From those curves, it can seen

Fig. 3 The relation curves of A¢ versus f,/f under the condition ¢

=0° at r=1, 0.75, and 0.5.
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Fig. 4 The relation curve of A¢ versus ¢ under the condition f./f
=3 at r=1.

that the associated A¢ change very differently, but they
have smaller values together as f,/f=15. The relation
curves of A¢ versus ¢ under the condition f,/f=15 for
different r are also depicted, as shown in Fig. 6. From those
curves, we can see that the maximum sampling errors for
r=1 and 0.5 are 0.036° and 0.16°, respectively. Such low
sampling errors are suitable for practical measurements.
Therefore, we propose an optimal condition

fdf=15, (13)

which is suitable for full-field heterodyne interferometry by
using a commercial area scan digital camera under the con-
ditions T=1/f, u=1/2, and r=0.5.

4 Discussion

All the parameters f, f,, u, T, and g can affect A¢. Theo-
retically, A¢ becomes smaller as 7, g, and f,/f increase,
and the data processing also becomes time-consuming. If
Tf is an integer that is larger than 1, the same frame data
will be recorded Tf times. Consequently, A¢ hardly be-
comes smaller. Compromising those parameters, only the
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Fig. 6 The relation curves of A¢ versus ¢ under the condition f/f
=15 at r=1, 0.75, and 0.5.

conditions Tf=1 and u=% are discussed in this paper. In
addition, because each digital camera has its own responsi-
bility, the phase drift term 77fAz in Eq. (6) should be mea-
sured in advance by using a reference signal for practical
measurements.

5 Conclusion

A commercial area scan digital camera is always used to
record the full-field heterodyne interference signals under
the conditions 7=1/f and u=1/2. The processes to derive
the associated phases from a series of recorded frames are
described, based on IEEE 1241 sine wave fitting algorithm
and Fourier cosine and sine transforms. After calculating
the possible errors under several different cases, an optimal
condition shown in Eq. (13) is proposed for better measure-
ment results.
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Fig. 5 The relation curves of A¢ versus fy/f under the conditions (a) r=1 and (b) r=0.5 as ¢=0°, 20°,

40°, and 60°, respectively.

Optical Engineering

115604-3

November 2007/Vol. 46(11)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/25/2014 Terms of Use: http://spiedl.org/terms



Jian et al.: Optimal condition for full-field heterodyne interferometry

References

1.
2.

3.

Optical Engineering

G. E. Sommargren, “Optical heterodyne profilometry,” Appl. Opt. 20,
610-618 (1981).

D. Pantzer, J. Politch, and L. Ek, “Heterodyne profiling instrument
for the angstrom region,” Appl. Opt. 25, 4168—4172 (1986).

D. C. Su, M. H. Chiu, and C. D. Chen, “A heterodyne interferometer
using an electro-optic modulator for measuring small displacement,”
J. Opt. 27, 19-23 (1996).

Z. C. Jian, C. C. Hsu, and D. C. Su, “Improved technique for mea-
suring refractive index and thickness for a transparent plate,” Opt.
Commun. 226, 135-140 (2003).

T. Tkaczyk and R. Jozwicki, “Full-field heterodyne interferometer for
shape measurement: experimental characteristics of the system,” Opt.
Eng. 42, 2391-2399 (2003).

M. C. Pitter, C. W. See, and M. G. Somekh, “Full-field heterodyne.
interference microscope with spatially incoherent illumination,” Opt.
Lett. 29, 1200-1202 (2004).

P. Egan, M. J. Connely, F. Lakestani, and M. P. Whelan, “Random
depth access full-field heterodyne low-coherence interferometry uti-
lizing acousto-optic modulation and a complementary metal-oxide
semiconductor camera,” Opt. Lett. 31, 912-914 (2006).

S. Nakadate, “Phase detection of equidistant fringes for highly sen-
sitive optical sensing, I. Princuple and error analyses,” J. Opt. Soc.
Am. A 5, 1258-1264 (1988).

IEEE TC-10, IEEE Std 1241-2001, “Standard for Terminology and
Test Methods for Analog-to-Digital Converters,” IEEE, New York.
H. Nyquist, “Certain topics in telegraph transmission theory,” Trans.
AIEE 47, 617-644 (1928).

Zhi-Cheng Jian received his MS degree
from the Institute of Electro-Optical Engi-
neering, National Taipei University of Tech-
nology, Taiwan, in 2002 and is now working
toward his PhD degree in optical metrology
at the Institute of Electro-Optical Engineer-
ing of National Chiao Tung University. His
current research activities are optical
metrology.

Yen-Liang Chen received his MS degree
from the Department of Atomic Science, Na-
tional Tsing Hua University, Taiwan, in 2000
and is now working toward his PhD degree
in optical metrology at the Institute of
Electro-Optical Engineering of National
Chiao Tung University. His current research
activities are optical metrology.

115604-4

Hung-Chih Hsieh received his MS degree
from the Institute of Electro-Optical Engi-
neering, National Chiao Tung University,
Taiwan, in 2005 and is now working toward
his PhD degree in optical metrology at the
Institute of Electro-Optical Engineering of
National Chiao Tung University. His current
research activities are optical metrology and
nondestructive testing.

Po-Jen Hsieh, received his MS degree from
the Institute of Electrical Engineering, Yuan
Ze University, Taiwan, in 2002 and is now
working toward his PhD degree in hologra-
phy at the Institute of Electro-Optical Engi-
neering of National Chiao Tung University.
His current research activities are optical
devices and holography and nondestructive
testing.

Der-Chin Su received his BS degree in
physics from the National Taiwan Normal
University in 1975 and his MS and PhD de-
grees in information processing from the To-
kyo Institute of Technology in 1983 and
1986, respectively. He joined the faculty of
the National Chiao Tung University in 1986,
where he is currently a professor at the In-
stitute of Electro-Optical Engineering. His
current research interests are in optical test-
ing and holography.

November 2007/Vol. 46(11)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/25/2014 Terms of Use: http://spiedl.org/terms



