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Dual-channel phase-shifting interferometry for microscopy
with second wavelength assistance
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Dual-channel phase-shifting interferometry for simultaneous phase microscopy is presented. Red and blue
light beams are used for microscope illumination. A 45◦ tilted beamsplitter replicates the object and
reference waves in red light together with the object wave in blue light into two parallel beams. The
two resulting quadrature phase-shifting interferograms in red light and the object waves in blue light are
generated in the two channels. The two interferograms are recorded simultaneously by a color charge-
coupled device (CCD) camera, and can be separated via RGB components of the recorded color patterns
without crosstalk. As a result, the phase of tested specimen can be retrieved. The feasibility of the
proposed method is demonstrated by test performed on a microscopic specimen.
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Interferometry is a nondestructive, high-resolution, and
whole-field technique for measuring profiles of many
types of surfaces, thickness distribution of transparent
specimen, and others[1−5]. On-axis interferometry is
able to make full use of the sampling power of a charge-
coupled device (CCD) camera, thereby capturing finer
spatial details of a sample. However, it is not suitable for
simultaneous measurement of moving objects or dynamic
processes due to the sequential phase-shifting operation
required to eliminate zero-order and twin images. Off-
axis interferometry is able to perform phase measurement
via one carrier-frequency interferogram; however, it relies
on the frequency spectra separation of different terms in
the interferogram, thereby resulting in higher require-
ment on the CCD bandwidth.

Two-step phase-shifting interferometry (TSPSI), which
reconstructs the complex amplitude of the object wave
from only two phase-shifting interferograms, is a tradeoff
between acquisition rate and CCD bandwidth require-
ment. TSPSI can be classified into three schemes. The
first scheme is defined as the “standard” TSPSI, where
two quadrature-phase-shifting interferograms and two
intensity values (i.e., object wave intensity and reference
wave intensity) are needed to reconstruct the phase of
the specimen[6]. Meng et al. proposed a second scheme
of the TSPSI, in which two quadrature-phase interfer-
ograms and one intensity value of the reference wave
are needed to reconstruct the complex amplitude of the
object wave[3]. Recently, Liu et al. proposed a third
scheme of TSPSI[7], in which an iterative method is
used to reconstruct the complex amplitude of the object
wave from only two quadrature phase-shifted interfero-
grams. The last two TSPSI schemes both require that
the reference wave intensity be premeasured and be no
less than twice the maximal intensity of object wave.
As a consequence, the fringe visibility of the interfer-

ograms is lower than that of traditional phase-shifting
interferometry (PSI). Shaked et al. proposed two-step
phase-shifting slightly off-axis interferometry where the
direct current (DC) term is successfully suppressed by
subtracting one phase-shifting interferogram from the
other[8]. This method requires neither former knowledge
nor prediction of any of the waves to recover phase infor-
mation, while simultaneously maintaining high visibility
of the interferogram; however, it still requires high CCD
bandwidth to record the off-axis interferogram compared
with an on-axis PSI. Furthermore, parallel phase-shifting
technique, which records multiple phase-shifting interfer-
ograms with one exposure, has trigged with interest in
simultaneous phase measurement[9−19].

In this letter, a variation of the “standard” TSPSI
for simultaneous microscopy with parallel phase-shifting
technique is proposed. The parallel phase-shifting unit
is constructed with a 45◦ tilted cube beamsplitter (BS)
that splits the object and reference waves into two par-
allel beams. The obtained two quadrature phase-shifting
interferograms (red light) and object wave (blue light)
are recorded simultaneously by a color CCD camera.
The two red interferograms and the blue object wave can
be separated without crosstalk via the RGB components
of the CCD. The complex amplitude of the specimen
can then be obtained simultaneously together with the
premeasured reference wave. Compared with the two-
wavelength simultaneous phase microscopy with off-axis
configuration[20], the proposed method maintains the
real-time measurement ability while having has lower
requirement on CCD resolving power due to its on-axis
configuration.

The proposed parallel two-step phase-shifting
configuration is shown in Fig. 1(a). The input object (O)
and reference (R) waves have linear polarizations (i.e.,
orthogonal (s-polarization) and parallel (p-polarization),
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Fig. 1. Dual-channel phase-shifting mechanism. (a) Scheme
of the dual-channel phase-shifting configuration. (b) Ob-
tained parallel two phase-shifting interferograms with phase
shift of −π/2.

respectively) to the plane of incidence. These polariza-
tions remain unchanged after refraction and reflection
on the nonpolarizing cube BS, and are used to per-
form polarization phase-shifting processes afterwards.
The cube BS is placed in such way that its central
semireflecting layer is parallel to the propagation direc-
tion of the incident beam. Unlike the single-element
interferometer[20−23] where the object and reference
waves strike and travel from different sides into the
beamsplitter BS, in the proposed configuration, both
beams come from the same side. They are split into
two parallel copies by transmission and reflection at the
central semireflecting layer. The lower beams are those
transmitted; thus, they are simply translated replicas
of the input object and reference waves. In contrast,
the upper beams result from reflection; thus, they are
mirror-reversed replicas of the input.

For illustration of the ray trajectory, we have chosen
two example rays “a” and “b” in Fig. 1(a). As shown,
the distance of the splitting of both beam paths depends
on the position where the beam enters (e.g., the splitting
of “a” is smaller than that of “b”). This means that the
distance between the splitted beams can be adjusted such
that it is as close as the physical thickness of the semire-
flecting layer. In order to obtain the desired phase shift
between the object and reference waves of the two split
beams, a quarter-wave (QW) plate is employed to trans-
form the two waves to orthogonal circular polarization.
A polarizer array is positioned in front of the digital cam-
era for the purpose of performing the phase shifting. The
polarizer array is composed of two polarizers with their
polarization crossed at an angle of π/4; both polarizers
are located in the paths of the two split beams. Ac-
cording to the analysis on the polarization phase-shifting
mechanism proposed by Rodriguez-Zurita[14], a phase
shift of π/2 in the two interferograms can be obtained.
In addition, an extra phase shift of π will exist between
the interferograms. This is because the perpendicularly
polarized object wave and reference wave have a phase
shift of π due to the reflection on the semireflecting layer
of the cube beamsplitter BS, as required by symmetry
and energy conservation[21]. Thus, the total phase shift
between both interferograms will be 3π/2 (or -π/2) in
the CCD plane, as shown in Fig. 1(b).

The experimental setup for parallel dual-channel PSI
is shown in Fig. 2. The setup is based on a micro-
scopic Mach-Zehnder interferometer, where microscope
objective MO (NA=0.65, M=40x) and collimating lens
L(fL=100 mm) are introduced into the object arm to
magnify the specimen. A nonpolarized He-Ne laser with

wavelength of 632.8 nm (red light) is used to generate
the interference pattern for phase microscopy. A verti-
cally linearly polarized continuous wave (CW) argon ion
laser with wavelength of 476 nm (blue light) is used as
auxiliary light to measure the transmittance distribution
of the specimen. The intensities of the red and blue
beams are controlled by the variable neutral attenuators
NF1 and NF2, respectively. The polarization direction
of polarizer P1 has an angle of 45◦ with respect to the
horizontal direction. The cube BS BS1 couples the red
and blue beams together and splits them into object
and reference waves. In the path of the object wave,
both red and blue beams pass through the polarizer P3

and become vertically linearly polarized waves. These
waves are expanded by the beam expander BE1, and
then illuminate the specimen located in the front focal
plane of the microscopic objective MO. After passing
through the specimen, the object waves are magnified
by the MO and collimated by the lens L. The output
object waves become plane waves; the phase curvature
brought by the objective is automatically eliminated in
the experiment[3]. The polarizer P2 with horizontal po-
larization is located in the path of the reference wave;
thus, the vertically linearly polarized blue beam is com-
pletely blocked. The red reference wave is expanded
by the beam expander BE2 and reflected by the cube
BS BS2; thus, they are directed with the object wave
into the dual-channel phase-shifting unit. An aperture
is used to restrict the imaging area of the object to fit
the field of view of the digital camera. The object waves
of two wavelengths and the red light reference wave pass
through the dual-channel phase-shifting unit, which is
composed of the cube BS BS3, a QW plate, and a po-
larizer array. Two interferograms with a phase shift of
−π/2 in the red beam are obtained in the two channels
of the unit. The two interferograms (red light) and the
object wave intensity (blue light) are recorded simulta-
neously by a color CCD camera with 1 024×768 (pixels)
of pixel size 4.65×4.65 (µm). The red and blue images
can be extracted without crosstalk with the aid of the
RGB color filter of the CCD sensor.

As shown in Fig. 1(b), the two resulting phase-shifting
interferograms have a phase shift of −π/2, and each is
mirror-reversed with respect to the other because the
interferogram in the left channel is generated by reflec-
tion. After the reversion of the interferogram generated
by reflection, the intensity distributions of the two inter-
ferograms can be written as

Fig. 2. Experimental setup for dual-channel PSI for mi-
croscopy. The double–headed arrow and dots denote the po-
larization directions.
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{
I1 = IO + IR + 2

√
IOIR cos ϕ

I2 = γOIO + γRIR − 2
√

γOγRIOIR sinϕ
, (1)

where IO and IR denote the intensity distributions of the
object and reference waves in I1; ϕ denotes the phase
difference between the two waves; γO and γR, respec-
tively, denote the ratios of the intensities of the object
and reference waves in I2 with respect to that in I1. Ac-
tually, γO and γR depend only on the polarizations of the
object and reference waves, rather than on the specimen.
Thus, the coefficients γO and γR, as well as the intensity
of the reference wave, can be measured in advance and
used as a calibration constant.

The blue light object waves in both interferograms are
denoted with Ib1 and Ib2. Linear relations exists for a
specimen without chromatic absorption at both wave-
lengths : IO = α1Ib1 and γOIO = α2Ib2. The coefficients
α1 and α2 rely on the wavelength dependence of the
CCD color filter and on the beamsplitting ratio of the
tilted cube BS. The coefficients can be calibrated by mea-
suring the red and blue object waves in the absence of
any specimen, and then calculating the coefficients by
α1 = IO0/Ib1 and α2=γOIO0/Ib2. Here, IO0 and γOIO0

denote the object wave intensities for red light in both
interferograms, whereas Ib1 and Ib2 denote the object
waves for blue light in both interferograms measured in
the absence of any specimen. Placing IO = α1Ib1 and
γOIO = α2Ib2 into Eq. (1), the complex amplitude of
the tested object wave can be obtained by

Or(x, y) =
I1 − α1Ib1 − IR

2
√

α1Ib1IR

+ i
I2 − α2Ib2 − γRIR

2
√

α2γRIb2IR
. (2)

Using Eq. (2), the complex amplitude distribution of the
object wave can be reconstructed.

In order to verify the feasibility of the proposed
method, the corresponding experiment was carried out.
A rectangular phase step (70× 20 (µm)) was used as spec-
imen. The phase step was etched into a silica glass plate,
and the phase modulation of the phase step is 0.23 (unit:
2π), which corresponds to an optical path difference of
0.23 λ (λ = 633 nm). The red interferograms and the
blue object wave intensity are recorded simultaneously
by a color CCD camera, as seen in Fig. 3(a). From the
R (red) and B (blue) components of the recorded color
hologram, the red interferogram light and the blue ob-
ject wave intensity are separated, as shown in Figs. 3(b)
and (c), respectively. Notably, the red and blue object
waves do not perfectly overlap with one another due to
the chromatic refraction of the cube BS. To deal with
this problem, the domains of the two interferograms and
that of the blue object wave are defined accordingly to
guarantee that the red object wave is superposed with
the blue one.

Using Eq. (2), the complex amplitude distribution of
the object wave is reconstructed. After the phase dis-
tribution of the setup itself is subtracted, the phase dis-
tribution of the phase step is obtained, as shown in Fig.
3(d). To verify the accuracy of the proposed method, the
phase along a cut line crossing the phase step is extracted
and compared with that obtained by the standard four-
step PSI method. As shown in Fig. 3(e), the mean value
of the deviation between the phases measured by the
mean square (RMS) of the deviation is 0.022 (unit: 2π).

Fig. 3. (Color online) Experimental results for a rectangular
phase step. (a) Recorded interferograms from a color CCD
camera. (b) Separated dual-channel phase-shifting interfer-
ograms of the specimen with phase shift −π/2 of red light.
(c) Separated blue object wave intensity distribution. (d) Re-
constructed phase distribution of the rectangular phase step.
(e) Phase distribution along the cut-line direction in (d) com-
pared with that obtained with the four-step PSI method.

Such low deviation indicates that the proposed method
is consistent with the standard four-step PSI for phase
measurement. Furthermore, Fig. 3(e) shows that the
average phase modulation of the phase step measured
by the proposed method is 0.225 (unit: 2π), which in-
dicates that the measurement accuracy of the proposed
method is 0.005 (unit: 2π) when compared with the
real value 0.23 (unit: 2π). The accuracy is nearly the
same with the standard four-step PSI method. The re-
peatability of the setup, which is defined as the RMS
of the phase difference for two measurements with the
same specimen-free setup, is approximately λ/50. The
repeatability of the setup can be improved by using
frequency- and output-stabilized lasers or by reducing
the exposure time of the CCD camera, as along with the
environmental disturbance.

In conclusion, two-color dual-channel PSI for mi-
croscopy based on a single-element cube BS has been
proposed in this letter. The BS replicates the per-
pendicularly polarized object and reference waves (red
light) into two parallel beams using polarization ele-
ments, thereby generating dual-channel phase-shifting
interferograms. An additional blue light is used to mea-
sure the transmittance of the red object wave and is
recorded simultaneously with the red interferograms by
a color CCD camera. Both the red interferograms and
the blue object waves can be separated without crosstalk
because they respond to different RGB channels of the
color CCD camera. Thus, the complex amplitude of the
object wave can be retrieved. Notably, this method can
only be used for specimens with achromatic absorption
for the two wavelengths; otherwise, a calibration of the
coefficients α1 and α2, which denote the absorption ra-
tios between the red and blue components, respectively,
is obligatory.
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