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Abstract. Design and experimental verification of a microscope-based
circular-polarization interferometer developed for measuring the vibration
of miniature specimens is detailed. This interferometer, which comes in
either a two-detector or a four-detector configuration, demonstrates that
the optimum operating point of a circular-polarization interferometer de-
pends strongly on the signal detection and processing algorithms
adopted. The influence of the specimen surface optical properties on the
desired operating conditions is also examined. The optimum operating
point of the two-detector configuration demands that the two returning
light beams emitting from the specimen possess equal intensity, which
matches the understanding of traditional interferometers, where two
equal interference arms achieves the best interference efficiency. Sur-
prisingly, it appears that the optimum intensity ratio for the four-detector
configuration occurs if the two interference arms possess equal intensity
before it hits the specimen. That is, under the constraint of a constant
light source, it appears that the optimum operating point of a four-
photodetector circular-polarization interferometer is independent of the
surface optical properties. Both theoretical and experimental results that
verify the interaction between the optoelectronic configuration and the
signal-processing algorithms implemented are presented. © 2005 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2010147�
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velocimetry; interferometry; metrology; velocimetry.
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1 Introduction

Laser Doppler interferometers and vibrometers have long
been widely accepted as practical and effective tools for
both displacement and velocity analysis of precision me-
chanical systems. With the rapid performance improvement
of ultrahigh-precision mechanical systems such as micro-
electromechanical systems, we observe that optical and
magnetic disk drives, compact disk drives, and digital video
disk drives, sensors, and actuators have all been dramati-
cally reduced in size to increase mechanical performance.
Attempting to catch up with this trend, metrology systems
used to characterize the performance of these high-
performance mechanical systems have decreased in size
and at the same time improved in performance. When such
optical systems are used, the magnitude of the object ve-
locity or displacement can be obtained directly by measur-
ing the Doppler frequency or the corresponding phase.
However, the direction of the object motion cannot be dis-
cerned by such a simple measurement, for negative fre-
quency that corresponds to motion along �say� the negative
direction, will be measured to be positive, because the op-
tical frequency shift is typically measured by optical inter-
fi0091-3286/2005/$22.00 © 2005 SPIE
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erence. This phenomenon, termed directional ambiguity,1–4

s typically overcome by adopting a frequency-shift or
ircular-polarization technique.

The frequency-shift configuration essentially introduces
frequency shift into one of the light beams utilized, which

an be achieved by using an acoustic-optical modulator,
oving grating, or other method.3,5 The second configura-

ion, which is equally useful, is called a circular-
olarization interferometer.6–12 This technology does not
equire any phase-shift or frequency-shift devices within
he system and presents us with the possibility of creating a
oppler metrologyy system, which is smaller and more

ompact. The microscope-based interferometer presented in
his paper utilizes a circular-polarization configuration due
o its design size specifications.

It is well known that the range and resolution of inter-
erometers and vibrometers are strongly affected by the op-
ical system design and signal-processing method adopted.

e show in this paper a new technique that can signifi-
antly influence the design configuration of interferometers
nd vibrometers, for the optimum operating condition of
ircular polarization interferometers is in fact strongly in-
uenced by the signal-processing algorithms used.

Theory
s mentioned, a circular-polarization interferometer con-

guration was adopted to develop a microscope-based in-
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terferometer in order to facilitate the metrology of minia-
ture specimens typically found in today’s high-tech
applications. The basic idea was to adopt a microscope with
an infinite-conjugate-ratio objective as the basis of the in-
tegration. For this type of microscopic objective,13 a colli-
mated light beam propagating at the back of the plane will
focus onto the specimen, which provides us with a platform
to integrate any additional subsystems having no optical
power directly within the optical path formed by the objec-
tive and the eyepiece.

To demonstrate the strong interaction between the opti-
mum operating condition and the interferometer design,
two types of microscope-based advanced vibrometer inter-
ferometer devices,5,7–9 with the acronym AVID, were devel-
oped �Figs. 1 and 2� with addition of a small polarization
beamsplitter into the imaging path of the microscope.

Fig. 1 Schematic of a two-photodetector interferometer-vibrometer.
oFig. 2 Schematic of a four-photodetector interferometer-vibrometer.

Optical Engineering 085602-2
The two-photodetector configuration �AVID 2� is shown
n Fig. 1, and the four-photodetector configuration �AVID
� is shown in Fig. 2. The only difference between these
wo configurations is the number of photodetectors placed
ehind the two polarization beamsplitters instead of the two
hotodetectors located behind the two linear polarizers that
re used for signal detection. The emitted light beam is split
nto beam 1 and beam 2 with a polarization beamsplitter,
BS1. After splitting, the two outgoing beams have electric
eld amplitudes E10 and E20, and optical intensities I10 and

20, respectively. Beam 1 propagates back and forth from
he specimen and carries the specimen displacement and
elocity information. On the other hand, beam 2 transmits
nd reflects from a corner cube to serve as the reference
rm in both AVID 2 and AVID 4. Because a microscopic
bjective lens of infinite conjugate ratio �objective lens in
igs. 1 and 2� is used to focus beam 1 onto the specimen,

he system can perform an interferometric measurement re-
ardless of whether the specimen is specular or diffusive.
evertheless, it can be shown that the surface properties of

he specimen do influence the optimum operating point,
epending on whether the AVID 2 configuration or the
VID 4 configuration is adopted. An external light source,
uch as a mercury arc lamp, is required to illuminate the
pecimen so the image on the CCD is visible.

The outgoing light beam 1 enters the microscope objec-
ive slightly off center with respect to the optical axis of the
bjective �Figs. 1 and 2� in order to introduce the desired
ffset. Similarly, the outgoing light beam 2 enters the cor-
er cube off center with respect to the tip of the corner
ube, so as to create an offset of the same magnitude. With
he offset mentioned, the returning beams get reflected by
he aperture mirror and propagate toward the 4% NPBS2
nonpolarizing beamsplitter�. The 4% returning light beams
eflected by NPBS2 form a bright spot on the CCD, which
s used to fix the location of the measurement point, which,
oupled with the specimen image illuminated by the exter-
al light source, provides a useful tool for setting the mea-
urement spot. It should be noted that the polarization states
f these two returning light beams are orthogonal to each
ther right before hitting the quarter-wave plate QW�45°�,
.e., the two light beams will not interfere. This is the stan-
ard configuration required by the circular-polarization
nterferometer7–12 mentioned. The two returning light
eams transmitted through NPBS2 are incident onto
W�45°�, which has its fast axis inclined at 45 deg to the

lectric fields of the two returning light beams. After pass-
ng QW�45°�, the two returning beams are converted into a
ight and a left circularly polarized beam, respectively. Ex-
ressed as Jones vectors,14 the electric vector fields of the
wo returning light beams 1 and 2 can be written as

1 = A1E10�1

i
�exp�i2��f l + fd1�t� ,

2 = A2E20� 1

− i
�exp�i�2��f l + fd2�t + ��� , �1�

here i=�−1, f l is the laser initial frequency, fd1 and fd2
re the Doppler frequencies caused by the motion of the

bject, � is the initial phase difference of these two light
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Lee et al.: Design and performance verification…
beams, and A1 and A2 are the ratios between the returning
electric field amplitude and the incident light in beam 1 and
beam 2. It should be noted that the transmittance or reflec-
tivity of all the components influences these two ratios.
Because a corner cube was used to reflect light beam 2, fd2
equals zero, but it is kept in the theoretical derivations
herein for generality. Combining these two returning light
beams leads to a linearly polarized light beam, the azimuth
of whose electric field vector depends on the relative phase
of the two returning light beams. We can see that

E = �A1E10�1

i
�exp�i2�fd1t� + A2E20� 1

− i
�

�exp�i�2�fd2t + ���	exp�i2�f lt� ,

I = E · E* = I1 + I2 + 2�I1I2 cos�2��fd2 − fd1�t + �� , �2�

where I is the combined light intensity, and I1=A1
2I10 and

I2=A2
2I20 are the intensities of the two returning light beams

1 and 2, respectively. In addition, I10+ I20 equals the laser
intensity and is assumed to be a constant. A nonpolarization
beamsplitter �NPBS1� splits the combined returning light
beams further for processing.

The relative Doppler frequency shift fd= fd2− fd1 is re-
lated to the velocity of motion of the specimen. In brief, the
velocity V of the specimen parallel to the laser beam can be
obtained by

fd =
2V

�
=

2Vfl

c
, �3�

where c is the speed of light and � is the wavelength of the
laser beam. Since the time-dependent phase variation � is
produced by the displacement D of the specimen, the rela-
tionship of � and D is

�

2�
=

f l

c
· 2D =

f l

c
· 2Vt + � = fdt + � . �4�

Hence the displacement D can be determined by measuring
the phase variation �. That is to say, AVID can measure
both velocity and displacement independently by perform-
ing frequency demodulation and phase decoding, respec-
tively.

2.1 Two-Photodetector Configuration
As was mentioned, AVID 2 utilizes two photodetectors,
PD1 and PD2, to perform the measurements as shown in
Fig. 1. Two linear polarizers P�22.5°� and P�−22.5° �,
whose pass axes are at ±22.5 deg, respectively, are incor-
porated into two sides of the nonpolarization beamsplitter
�NPBS1� to convert the azimuth angle information of the
electric vector field E �Eq. �1�� to obtain intensity informa-
tion. More specifically, the electric fields of beam 3 and
beam 4 possess a 45-deg phase difference, which is a result
of the spatial difference of the +22.5-deg and −22.5-deg
polarizers. These two intensity signals are typically called
P-Q quadrature signals and are associated with dc terms.

�2�
Denoting the signal detected by PD1 as P and the signal o
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etected by PD2 as Q�2�, the phase angle difference of the
wo intensity signals P�2� and Q�2� has a 90-deg phase dif-
erence as shown below:

�2� � 1 + � sin�2��fd2 − fd1�t + �� ,

�2� � 1 + � cos�2��fd2 − fd1�t + �� ,

=
2�A1

2I10 · A2
2I20�1/2

A1
2I10 + A2

2I20
, �5�

here 0���1 is the visibility of the interference fringe.
he physical quantity of interest for the circular-
olarization interferometer is a Doppler frequency shift,
hich is embedded within the ac term of the P-Q quadra-

ure signal as it relates to the moving velocity of the speci-
en of interest. The P-Q quadrature signal forms a Lissa-

ous circle, and it is clear that the diameter of the circle
epresents the ac signal amplitude of AVID. In addition,
ny fuzziness along the diameter direction of the Lissajous
ircle can be considered as noise. It should also be noted
hat the visibility � is a function of A1 and A2. Since speckle
atterns appear with the returning light beams A1 and A2 as
result of phase fluctuations induced by the specimen sur-

aces, the visibility is lower when the specimen surface is
ptically rough.

Because the dc terms in P�2� and Q�2� saturate the dy-
amic ranges of the detection circuit, the dc term is typi-
ally removed during the processing of the quadrature sig-
al. Figure 3�a� shows a typical circuit used to perform the
ignal processing, which essentially utilizes an externally
upplied bias voltage to subtract the dc term from the pho-
odetector electric signal. In a different measurement case,
he bias voltage must be changed according to the specimen

ig. 3 Electric signal-processing block diagram for �a� AVID 2 and
b� AVID 4.
ptical properties. In this paper, we discuss a case of an
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Lee et al.: Design and performance verification…
optimum operating point of a circular polarization interfer-
ometer, where the dc term, influenced by the quadrature
signal, is eliminated.

For a specific configuration and a fixed set of specimen,
A1 and A2 remain constant during each measurement. The
visibility � attains its maximum value of 1 when

A1
2I10 = A2

2I20, �6a�

or

I1 = I2. �6b�

This means that the AVID 2 configuration has the best in-
terference efficiency when the two light beams after hitting
the specimen and the corner cube possess identical inten-
sity. Considering the general experimental situation, the
corner cube returns almost all the energy of the incident
light beam back to the detector. In contrast, the reflectivity
of the specimen varies from experiment to experiment. The
optimum operating condition shown in Eq. �6� becomes
unattainable if the light beam emitted from the laser is split
equally by the PBS1. The approach adopted in the design
can compensate for this problem by changing the polariza-
tion state of the light beam emitted from the laser source by
rotation of the laser tube �Fig. 1�. More specifically, differ-
ent incident light intensities must be sent to the corner cube
and to the specimen8 to compensate for the reflectivity dif-
ference of the specimen and corner cube in order to arrive
at the optimum condition predicted by Eq. �6�.

2.2 Four-Photodetector Configuration
The schematic of AVID 4 is shown in Fig. 2. As was men-
tioned, the only difference between the AVID 2 and AVID 4
configurations lies in the number of photodetectors placed
behind the two polarization beamsplitters instead of the two
photodetectors located behind the two linear polarizers that
are used to measure the optical signals. Like that between
PD1 and PD2 in AVID 2 �Fig. 1�, the 45-deg phase differ-
ence of the electric field between PD1 and PD3 �Fig. 2� is
caused by the 45-deg spatial angular difference of PBS3 or
PBS4. Similar to the condition under the AVID 2 configu-
ration, the intensity signals of PD1 and PD3 possess a
90-deg phase difference, since the intensity is proportional
to the square of the electric field amplitude. In addition, a
180-deg phase difference appears between PD1 and PD2 as
well as between PD3 and PD4, due to the optical function
of the polarization beamsplitter. In summary, the signals
detected by these four PD can be expressed as

I1
�4� = I1 + I2 + 2�I1I2�1/2 sin�2��fd2 − fd1�t + �� ,

I2
�4� = I1 + I2 − 2�I1I2�1/2 sin�2��fd2 − fd1�t + �� ,

I3
�4� = I1 + I2 + 2�I1I2�1/2 cos�2��fd2 − fd1�t + �� ,

I4
�4� = I1 + I2 − 2�I1I2�1/2 cos�2��fd2 − fd1�t + �� . �7�

The two modified signals P�2� and Q�2� obtained from I1
�4�

�4� �4� �4�
− I2 and I3 − I4 can then be derived as l

Optical Engineering 085602-4
�4� � M sin�2��fd2 − fd1�t + �� ,

�4� � M cos�2��fd2 − fd1�t + �� ,

= �I1I2�1/2 = �A1
2I10 · A2

2I20�1/2, �8�

here M is the interference fringe amplitude. The dc term
s thus eliminated in the configuration.

Figure 3�b� shows the electronic signal-processing cir-
uit adopted in AVID 4. The signals received from each
air of photodiodes �PD1, PD2� and �PD3, PD4� are sent
hrough a pair of differential amplifiers to remove the dc
omponents in order to maximize the dynamic range of the
nterfacing electronics. The differential circuit removes the
ommon dc component and doubles the required ac signal
omponent. Therefore the Lissajous circle diameters are
sually bigger in AVID 4 than in AVID 2.

Since there is no dc component in AVID 4, the visibility
o longer exists, and only the fringe amplitude M is con-
erned. For a fixed set of specimens, A1 and A2 are con-
tants during each measurement. Furthermore, the total en-
rgy emitted by the laser light source is constant, i.e., I10
I20 equals a constant B. Replacing I20 with B− I10 in Eq.

8�, the amplitude M achieves its maximum when

10 = I20 =
B

2
, �9�

s is seen by the calculation of the derivative

�M

�I10
=

�

�I10
�A1

2I10 · A2
2�B − I10��1/2 = 0. �10�

hat is to say, making the incident light intensity of beam 1
nd beam 2 identical leads to the optimum condition in the
VID 4 configuration, i.e., the desired operating point is

ndependent of the reflectivity or the optical properties of
he specimen. In other words, the polarization state of the
ight beam emitted from the laser can be fixed for most
pecimens. It is also clear that the optimum condition men-
ioned in Eq. �9� cannot be achieved when the surface con-
ition of the specimen surface is too scattered or too ab-
orptive, so that the light beam returned by the specimen is
uried within the noise. More specifically, if I1
0, then
I1I2�1/2
0 in Eq. �8� results in the worst interference effi-
iency. This is not reasonable. In other words, M will not
chieve its maximum when I10= I20. More specifically, if a
ighly diffusive or absorptive specimen is encountered, the
ptimum condition for the AVID 4 configuration becomes

1
2I10=A2

2I20 or I1= I2, which is the same as that of the AVID
configuration.

Experimental Setup
s was discussed, the optimum operating point of a

ircular-polarization interferometer is a strong function of
he number of photodetectors and the signal-processing al-
orithms adopted. All of these assertions are experimentally
erified herein. Both AVID 2 and AVID 4 configurations
ere constructed and tested. As mentioned, the polarization

tate of the light beam emitted from the 633.2-nm He–Ne

aser source was set by rotating the laser tube �Figs. 1 and

August 2005/Vol. 44�8�
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2�. As the light beam passes through the PBS1, the intensity
ratio of the two split beams, beam 1 and beam 2, is then set
according to the spatial relationship between PBS1 and the
polarization axis of the laser light beam.

Both specular and diffusive surface specimens, such as
thin film disks, metal gaskets, and magnets of hard drives,
were used to verify the influence of the specimen surface
properties at different operating conditions. The thin film
disk was found to have a 95% reflectivity and deemed a
specular surface. On the other hand, a magnet only has a
30% reflectivity and is diffusive in nature, i.e., a magnet is
a diffusive specimen. The metal gasket was found to have a
50% reflectivity and is thus considered a partially reflective
surface. All three specimens were mounted on a piece of
piezoelectric transducer �PZT� stack, which was driven by
a 1-kHz sine wave of 5-V rms amplitude to induce a
500-nm peak-to-peak displacement. The signals detected
by the two- and four-photodetector measurement modes
were preamplified and differentially amplified by the cir-
cuits �Fig. 3� to form the quadrature signal P or Q. The
only difference is that AVID 2 needs to give a bias voltage
according to the specimen surface properties to balance the
dc term in Eq. �5�, and AVID 4 need not. The data were
then downloaded to a computer with a multichannel high-
speed simultaneous DAQ card to retrieve the displacement
and velocity information of these specimens after some
data processing.5,7

Figure 4 shows two typical representations of the signal
obtained from a circular-polarization interferometer, re-
gardless of whether it is an AVID 2 or an AVID 4 configu-
ration. Figure 4�a� presents the data in the P- and
Q-versus-time format. Plotting the quadrature signal P ver-
sus Q leads to the Lissajous circle patterns as shown in Fig.
4�b�. Solving for the total phase difference in the Lissajous
circle pattern leads to the retrieval of the displacement or
velocity of the particular specimen.5,7 It is clear from the
two data representation formats that the Lissajous circle
pattern demonstrates the ac signal amplitude better, in that
the fuzziness of the elliptical pattern can be better observed
than that of the amplitude-time format shown in Fig. 4�a�.
All testing data, which compare the ac signal amplitude for
different specimens and under different operating condi-

Fig. 4 AVID measurement results: �a� quadr
tions, are presented in the Lissajous circle format herein. t

Optical Engineering 085602-5
Experimental Results and Discussions

he specular specimen, i.e., the thin film disk, was tested
rst. Four sets of intensity ratios were implemented in
VID 2 and AVID 4 configurations for this specimen. Sev-
ral parameters are worth noting when trying to compare
he data. The reflectance of the s-polarized light and the
ransmittance of the p-polarization light of the PBS adopted
n AVID 2 and AVID 4 are very close to 100%. The reflec-
ivity of the corner cube is very close to 100%. The trans-
ittance of the objective lens was experimentally found to

e 90%. The reflectivity of the thin film disk was measured
o be 95%. Because light beam 1 passes the objective lens
wice, the mentioned data lead to the conclusion that the
eturning beam-1 intensity is 0.7695 �=0.92�0.95� times
he outgoing beam-1 intensity for the specular specimen.
n the other hand, the intensities of the outgoing and re-

urning beam 2 remain almost identical. Thus, the intensity
atios 4:1, 3:1, 5:4, and 1:1 of the outgoing beam 1 to beam
, correspond to the intensity ratios 3:1, 7:3, 1:1, and 3:4 of
he returning beam 1 to beam 2, shown in Fig. 5�a� and Fig.
�b�, respectively. More specifically, the AVID 4 data
hown in Fig. 5 were obtained basically under the same
etrology condition as the AVID 2 data.
Since the AVID 4 has no dc term and the AVID 2 has a

onstant dc term, the vertical axis of Fig. 5 uses the diam-
ter to show the fringe amplitude M in AVID 4 and the
isibility � in AVID 2, which is defined as the average of
he long and the short axes of each Lissajous circles. The
ame goes for Figs. 6 and 7 as well. Comparing the AVID 2
easurement results shown in Fig. 5�a� and Fig. 5�b�, it is

uite obvious that the Lissajous pattern has the biggest di-
meter, viz., the maximum ac signal amplitude when the
wo returning beams have equal intensity. The vertical
ashed line identifies the optimum operating condition.
his result agrees well with theoretical predictions as
hown in Eq. �6�. Obtained at the same ratio of outgoing
eams I1 to I2 as that of AVID 2, the AVID 4 measurement
ata show clearly that the best Lissajous pattern was ob-
ained under the condition where beam 1 and beam 2 are
dentical in intensity before hitting the specimen. This is
ifferent from the AVID 2 measurement data. Comparing

ignal pair P, Q; �b� Lissajous circle pattern.
ature s
he two curves in Fig. 5�a� and Fig. 5�b�, the diameters

August 2005/Vol. 44�8�
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from AVID 2 data are generally smaller than those from
AVID 4 data. Simultaneously, the error bars from AVID 2
data are larger than those from AVID 4 data. The error bars
in Fig. 5 are magnified tenfold; otherwise they could barely
be discerned from the thickness of the curves shown. All
these experimental data comparisons clearly demonstrate
the effect of the differential circuit in AVID 4: it can re-
move the noise and amplify the P-Q signals. In other
words, measuring the same specimen under the same envi-
ronmental conditions, circular-polarization interferometers
equipped with different types of signal detection and pro-
cessing algorithms can indeed lead to vastly different opti-
mum operating conditions and signal resolutions.

Figure 6 shows the metal gasket measurement results
obtained with AVID 2 and AVID 4 under different intensity
ratios for beam 1 and beam 2 for �a� outgoing beams and
�b� returning beams. The metal gasket measured had a re-
flectivity of 0.5, which placed the returning beam-1 inten-
sity of this case at 0.405 �=0.92�0.5� times the outgoing
beam-1 intensity. The intensities of the outgoing and return-
ing beam 2 remain almost identical to those of the specular

Fig. 5 Thin film disk �specular surface� measurement results with
different intensity ratios for beam 1 and beam 2 expressed in terms
of �a� outgoing beams and �b� returning beams. The error bars are
the root-mean-square �rms� deviation of the data points from the
diameter for the best-fit Lissajous circles and are enlarged 10 times.
specimen. Even though the surface was more diffusive than 7

Optical Engineering 085602-6
hat of the thin film disk and the weaker returning beam-1
ntensity induced lower interference efficiency and resulted
n a smaller Lissajous circle diameter, the optimum operat-
ng condition remains identical to that of the thin film disk
easurement case. Testing data from these two specimens,

ne with a specular surface and the other with a slightly
iffusive surface, confirms the state of the two optimal con-
itions as theoretically predicted by Eqs. �6� and �9�.

Considering the case of the diffusive specimen magnet,
t deserves to be mentioned that the reflection from the
iffusive specimen destroys the light-beam wavefront as
ell as the polarization state. A portion of the distorted
avefront was recollimated by the objective lens. Measur-

ng through the objective lens, with and without the PBS2,
eads to the conclusion that the reflectivity of the diffusive
asket is 0.3 and 87% of the returned light beam remains
-polarized. With this set of retrieved data, the returning
eam-1 intensity was determined to be 0.2114 �=0.92

0.3�0.87� times the outgoing beam-1 intensity. Mea-
urements performed under the same conditions in AVID 2
nd AVID 4 configurations are shown in Fig. 7�a� and Fig.

ig. 6 Hard-disk gasket �partially specular surface� measurement
esults with different intensity ratios for beam 1 and beam 2, ex-
ressed in terms of �a� outgoing beams and �b� returning beams.
he error bars are the rms deviation of the data points from the
iameter for the best-fit Lissajous circles and are enlarged 10 times.
�b�. Out of the many experiments performed using the

August 2005/Vol. 44�8�
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AVID 4 configuration, the best results were obtained at a
5:1 intensity ratio for I10 versus I20, which is equivalent to
a 1:1 intensity ratio for I1 versus I2 for the AVID 2 configu-
ration. More specifically, the testing results basically indi-
cate that making I1 and I2 identical leads to an optimum
metrology condition in both AVID 2 and AVID 4 configu-
rations when a diffusive specimen is measured. However,
this appears to conflict with the optimum operating condi-
tion predicted by Eq. �9�.

It should be noted that on comparing the data in Fig.
7�a� and Fig. 7�b�, the error bars of AVID 2 are seen to be
longer than those of AVID 4. This difference can be attrib-
uted to the noise cancellation provided by the differential
circuit adopted in AVID 4. Comparing the results shown, it
is clear that AVID 4 attains its optimum operating point for
the majority of the applications on keeping the two outgo-
ing beams equal in intensity. Except for the case where the
specimen surface becomes too diffusive, the optimum op-
erating condition will change. When the relative intensities
of the two outgoing beams are identical, it means that the
optimum system operating point remains identical even for

Fig. 7 Hard-disk magnet �diffusive surface� measurement results
with different intensity ratios for beam 1 and beam 2 expressed in
terms of �a� outgoing beams and �b� returning beams. The error bars
are the rms deviation of the data points from the diameter for the
best-fit Lissajous circles and are enlarged 10 times.
specimens possessing different optical properties. Thus, no
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djustment is needed to optimize the experimental condi-
ions. This result indicates that the AVID 4 configuration is
ore desirable than the AVID 2 configuration from a user’s

erspective. Nevertheless, the ability to adjust the polariza-
ion state of the laser beam before it hits the first polariza-
ion beamsplitter so as to vary the light-beam intensity ratio
oes provide a convenient approach to optimize the oper-
ting conditions for even wider applications. In fact, the
ptimum condition can be achieved by maximizing the size
f the Lissajous circle pattern obtained while adjusting the
ntensity ratio, which automatically takes the wavefront and
olarization into consideration. The design approach pre-
ented in this paper provides us with a way to optimize the
esign of circular polarization interferometers.

Conclusions
wo configurations of a microscope-based circular polar-

zation interferometer developed for measuring the vibra-
ion of miniature specimens have been detailed. From the
erspectives of the optical system designer and the user, the
ifferences between the optimal operating conditions of
hese two configurations—a two-photodetector and a four-
hotodetector circular-polarization interferometer—were
xamined in detail. It was noted that the difference between
hese two systems lies only in the number of photodetectors
nd in whether two polarizers or two cube-type polarization
eamsplitters are used. Both theoretical and experimental
esults are detailed to demonstrate the strong association
etween the optoelectronic configuration and the signal-
rocessing algorithm adopted. It can be clearly seen that the
ptimum condition of a two-photodetector configuration
ill be obtained when the two returning beams achieve

qual intensity. On the other hand, the four-photodetector
ircular polarization interferometer attains its optimum op-
rating condition when the two outgoing light beams are
dentical before hitting the surface. This is valid for almost
ll specimen conditions except when the specimen surface
s highly diffusive. It can also be shown that the optimum
perating condition for the four-photodetector circular-
olarization interferometer is identical to that of the two-
hotodetector interferometer when dealing with a highly
iffusive specimen. These results indicate that, from a us-
r’s perspective, coupling a four-photodetector circular-
olarization interferometer with the ability to adjust the
utgoing light beam intensity provides us with a very ver-
atile design configuration.
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