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Abstract:

Off-axis tilt in digital holographic microscopy is an obstacle to perfect measurement. The tilt
is induced by the off-axis angle geometry between the object wave and the reference wave of
the interferometer. This study uses a compensation method based on self-hologram rotation
to remove the off-axis tilt in the reconstructed phase-contrast image. The Twyman-Green
interferometer is employed with a microscope objective to investigate two objects: the first is
a micro-lens array and the second is a step height. A hologram of the object is captured and
then reconstructed to extract the wrapped phase map. The same hologram is rotated 1800 and
then reconstructed to extract the wrapped phase map. The wrapped phase maps extracted from
the original hologram and its rotation 1800 are unwrapped by the graph cuts algorithm and
subtracted to produce a continuous phase-contrast image free from the off-axis tilt. The
windowed Fourier filtering (WFF) method is applied to reduce the speckle noise in the
continuous phase-contrast image to the slightest measure. Experimental results show that the
off-axis tilt in the reconstructed phase-contrast image is completely removed. Moreover, the
WEFF’s application significantly enhances the measurement profile.
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1. Introduction

Digital holographic microscopy (DHM) is used widely in many applications such as surface
metrology and has been a powerful tool for label-free quantitative phase imaging. The merits of
DHM are robust, precise, and physically non-contact [1-4]. DHM systems usually employ a
microscope objective (MO) in the object arm to magnify the microstructures of the object being
measured in the field of view. The reference arm of the interferometer may include identical MO
or may not. The absence of MO in the reference arm may provide a good measurement since the
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optical aberrations [5-9] are decreased. Moreover, it leads to system’s hon-complexity and the cost
of the system, which is reduced. In off-axis digital holographic microscopy, the off-axis tilt is
induced by the off-axis angle between the object wave (O) and the reference wave (R). The off-
axis tilt may bring measurement errors; thus elimination of such tilt is necessary for accurate
measurement. Various approaches have been proposed to compensate for the off-axis tilt. Such
compensation approaches are based on the spectrum centering methods [10], which permit tilt
correction by shifting the carrier frequency of the virtual image to the center of the hologram
spectrum. The spectrum-centering judgment methods require prior knowledge of the system to
extract the phase-contrast image in the spatial domain. Numerical fitting techniques [11] were
employed to compensate for the off-axis tilt, however, such techniques need and rely on additional
computational fitting procedures, which may sensitive to noise. In this paper, we used a
compensation method based on hologram rotation to remove the off-axis tilt in the reconstructed
phase-contrast image [12-13]. The off-axis tilt is completely removed by subtracting the rotated
hologram’s unwrapped phase from the original hologram’s unwrapped phase. The whole process
does not require prior knowledge of the system, additional fitting procedures, or complex spectrum
centering judgment. The compensation method has been applied to reconstruct two objects with
excellent results. The first object is a micro-lens array and the second object is a step height. Since
the used light is relatively coherent and the surfaces of the measured samples are not perfectly
smooth, speckle noise may arise [14-17]. Speckle noise debases the image quality and hence
affects negatively the reconstructed phase-contrast image. The WFF has been used to reduce the
speckle noise in the unwrapped phase-contrast image to the least measure [18-20]. The results of
combining the compensation method with the WFF method prove that this combination can be
used for accurate surface measurement.

2. Experiment

A typical Twyman-Green interferometer with a microscope objective in the object arm is depicted
in Fig.1. The light source is a laser diode of a wavelength of 635 nm. A polarizer was mounted to
tune the beam intensity. The beam was focused in a pinhole (diameter of 12.5 um) through a
focusing lens (10 mm focal length and 5 mm diameter). The outgoing beam from the pinhole
passed through a collimating lens (100 mm focal length and 50 mm diameter) to generate parallel
plane waves. A non-polarized beam-splitter (NPBS) divided the plane waves into two copies. One
copy enters the reference arm of the interferometer, while the other copy enters the object arm of
the interferometer via a microscope objective MO from Olympus (10x, NA = 0.30) to magnify the
microstructures of the object being measured. The reference mirror was tilted to create a small
angle between O and R. The reflected spherical light waves from the object interfere with the plane
waves reflected from the reference mirror at the NPBS to form a parabolic hologram (see inset 2
in Fig. 1). A CCD sensor with 1024 x 768 square pixels of 4.65 pum in size was used to record the
parabolic hologram via an imaging lens (3x, NA = 0.1). Note that inset 1 is suitable for an
interference geometry with no MO in the object arm, while inset 2 in Fig. 1 is suitable for an
interference geometry with the presence of two identical microscope objectives: one MO is placed
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in the object arm and the other MO is placed in the reference arm. In preparation for measurement,
all precautions have been taken to minimize systematic error [21].
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Fig. 1. Schematic diagram of the Twyman-Green interferometer with a microscope objective in the object arm. M; flat mirror,
NPBS, non-polarizing beam splitter; MO1, and MO2, microscope objectives with (5x, NA = 0.13), (10x, NA = 0.30), respectively.
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3. Reconstruction using the compensation method
Assume that the intensity of a digital hologram I (x, y) is given by

1(x,y) =[0]" +|R]" + R"0 + RO", @

where x and y are discrete coordinates in the hologram plane, the first two intensity terms are of
zero-order, which can be directly filtered in the Fourier domain, the last two are the interference
terms, and * stands for the complex conjugate. The virtual image R*O combines a spherical
wavefront, tilt, and a constant phase. It can be extracted from the I(x,y) by filtering its Fourier
spectrum as

I (x,y) = R°0 =|0|Rlexp[ip(x, )] (x, ), 03
where g(x,y) is the phase of the object, (x,y) is the tilt which can be generally expressed as
(X, y) = exp(i(kxx+kyy)), 3)

where kx and ky are the linear phase difference between object wave O and reference wave R.
Here, the off-axis tilt is compensated by the compensation method, which is based on a hologram
rotation, while the spherical wavefront is compensated by the Zernike polynomials [22]. Suppose
the original hologram with coordinate (X, y), the corresponding rotated hologram with coordinate
(X', ¥"). The relation between the two coordinates can be written as

42



Journal of Measurement Science & Applications, JMSA. Vol (2) Issue (2)

)=y O @

By using the Fourier transform, it's easy to know that the hologram is rotated 1800 in the spatial
domain; its Fourier spectrum will also rotate at the same angle in the frequency domain. It is clear
that the +1 order of the original spectrum will rotate the same degrees and turn into the -1 order of
the rotated hologram's spectrum. Therefore, the -1 order of the rotated hologram is given by

lee (X, y") = RO = [O|Rlxpip(—x,~ ) e (~x,~y). ()

Here, 1(-X,-y) = exp[i(- kx x - Ky y)]. The off-axis tilt can be simply removed by subtracting the
rotated hologram’s unwrapped phase from the original hologram’s unwrapped phase. The graph
cuts algorithm was used to unwrap the wrapped phase map [23]. If the unwrapped phase of the
original hologram is @1 and the unwrapped phase of the rotated hologram is ¢2, the difference in
phase @ between them is converted to height [10] as

h=A(®/4r), (6)

where A is the wavelength of illumination light. Since the used light is rather coherent and the
surfaces of the measured samples are not exactly smooth, speckle noise may arise. Speckle noise
debases the image quality and hence negatively affects the reconstructed phase-contrast image.
The WFF has been used to reduce the speckle noise in the continuous phase-contrast image to the
least measure. The hologram | (X, y) is convolved with the windowed Fourier transform (WFT)
expressed as:

WFT (f,, f,)= Tfl (X, y)r(x, y)dxdy, (7)

where r(x,y) = exp[-x2/200 —y2/200] is the Gaussian function and the symbol * denotes the
complex conjugate operation. By shifting the central position of the Gaussian window point by
point and computing the WFT of the signal, the fundamental spectral component of each local
signal can be extracted. Then, by integrating all these spectral components, a universal spectral
component can be retrieved as:

TTWFT (f,, f,)dxdy = F(f,, f,). ®)

—00—00

Finally, applying the inverse Fourier transform to the universal spectral component, a complex
image is obtained. The real values of the complex image have been taken to provide a speckle-free
hologram. The obtained speckle-free hologram is then demodulated again by the compensation
method to see the results with and without applying the WFF.
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4. Results and discussions

4.1 Without the application of the WFF

The first object was investigated by the Twyman-Green interferometer, whose schematic diagram
is shown in Fig. 1 is a micro-lens array (spherical Plano-convex microlenses with a lens diameter
of 155 um, lens pitch of 165 pum, and lens thickness of 16.5 pum [2]). The microscope objective
MO with the imaging lens show only three microlenses in the field of view. The original hologram
of the three microlenses is shown in Fig. 2(a). The rotated hologram with 1800 is shown in Fig.
2(b). The 2D Fourier spectrum of Fig. 2(a) is shown in Fig. 2(c), while the 2D Fourier spectrum
of Fig. 2(b) is shown in Figs. 2(d). As seen in Fig. 2(c) and Fig. 2(d), the tilt distribution of +1
order for original hologram is the same as that of -1 order for rotated hologram. The unwrapped
phase map of the +1 order is shown in Fig. 3(a), while the unwrapped phase map of the -1 order is
shown in Fig. 3(b). As seen in Fig. 3(a) and Fig. 3(b), without compensation, both unwrapped
phase maps are affected by the tilt. Figure 3(c) shows the difference between Fig. 3(a) and Fig.
3(b). As seen in Fig. 3(c), the compensation method removes the off-axis tilt completely. The
Zernike polynomials [22] corrected the parabolic curvature of Fig. 3(c). After correction, the phase
map was converted to height map using Eg. 6 and the results are shown in Fig. 3(d).
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Fig. 2. (a) The micro-lens array hologram. (b) The rotated hologram of (a). (c) The 2D Fourier spectra of (a). (d) The 2D Fourier
spectra of (b).
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Fig. 3. (&) The unwrapped phase of the original hologram of Fig. 2(a) without tilt compensation. (b) The unwrapped phase of the

rotating hologram of Fig. 2(b). (c) The difference between (a) and (b). (d) The correction (parabolic compensation) of (c). The unit
of the color bar is in microns.

To show the performance of the compensation method in removing the off-axis tilt, the phase
profiles along the red solid lines (red and blue colors) in Fig. 3(a) and Fig. 3(b) were given in Fig.
4(a). The difference between the two phase profiles produces a phase error (pink color) in Fig.
4(a), which is nearly zero, i.e. the off-axis tilt equals zero. The height profile along the dotted blue
line of Fig. 3(d) is shown in Fig.4(b). The height profile is estimated to be in the range of 16.65
pm. The measured value is very close to the nominal value of 16.5 um [2]. Note that, the
compensation method was applied without the WFF method, so the profile of Fig. 4(b) is noisy.
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Fig. 4. (a) Phase profiles along the red solid lines in Fig. 3(a) and Fig. 3(b). (b) The height profile along the blue dotted line in Fig.
3(d).

The second object was investigated by the Twyman-Green interferometer, whose schematic
diagram shown in Fig. 1 shows a step height of 1.34um [10]. The original hologram of the step
height is shown in Fig. 5(a). The rotated hologram with 1800 is shown in Fig. 5(b). The 2D Fourier
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spectra of Fig. 5(a) are shown in Fig. 5(c), while the 2D Fourier spectra of Fig. 5(b) are shown in
Fig. 5(d).
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Fig. 5. () The step height hologram. (b) The rotated hologram of (a). (c) The 2D Fourier spectra of (). (d) The 2D Fourier spectra
of (b).

The unwrapped phase map of the +1 order is shown in Fig. 6(a), while the unwrapped phase map
of the -1 order is shown in Fig. 6(b). Figure 6(c) shows the phase difference between Fig. 6(a) and
Fig. 6(b). Figure 6(c) shows that the off-axis tilt is completely removed. The curvature of Fig. 6(c)
was corrected by the Zernike polynomials [22]. The corrected phase map was converted to height
map using Eq. 6 and the results are shown in Fig. 6(d).
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Fig. 6. The unwrapped phase of the original hologram of Fig. 5(a) without tilt compensation. (b) The unwrapped phase of the

rotating hologram of Fig. 5(b). (d) The difference between (a) and (b). (d) The correction (parabolic compensation) of (c). The unit
of the color bar is in microns.

The height profile along the dotted red line of Fig. 6(d) is shown in Fig.7. The height profile is
estimated to be in the range of 1.39 um. The measured value approaches the nominal value of 1.34

pum [10]. Since the profile looks noisy, we propose using the WFF to reduce the noise to the least
measure.

Height (;em)
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Fig. 7. The height profile along the red dotted line in Fig. 6(d).

4.2. With the application of the WFF

The original hologram is convolved first with the windowed Fourier transform (WFT) as in Eq. 7.
By shifting the central position of the Gaussian window point by point and computing the WFT of
the signal, the fundamental spectral component of each local signal is extracted. Integrating all the
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spectral components can retrieve a universal spectral component as in Eg. 8. By applying the
inverse Fourier transform to the universal spectral component, a complex image is obtained. The
real values of the complex image have been taken to provide a speckle-free hologram. Regarding
the micro-lens array object, Fig. 8(a) shows the enhanced hologram of Fig. 2(a) after applying the
WFF method. Figure 8(b) shows the rotated hologram of Fig. 8(a). The 2D Fourier spectrum of
Fig. 8(a) is shown in Fig. 8(c), while the 2D Fourier spectrum of Fig. 8(b) is shown in Figs. 8(d).
The unwrapped phase map of the +1 order is shown in Fig. 9(a), while the unwrapped phase map
of the -1 order is shown in Fig. 9(b). Figure 9(c) shows the difference between Fig. 9(a) and Fig.
9(b). Figure 9(d) shows the height map of Fig. 9(c) after correction with the Zernike polynomials
[22] and conversion to the height map using Eq. 6. As seen in Fig. 9(c) and Fig. 9(d), the images
are free from speckle noise thanks to the application of the WFF method. To confirm this point, a
height profile along the dotted blue line of Fig. 9(d) was extracted as shown in Fig. 10 (a). The
lens height profile was estimated to be in the range of 16.54 um. The measured value of the lens
height is enhanced and became very close to the nominal value, which is 16.5 um [2]. The
difference in height between the profiles in Fig. 4(b) and Fig. 10(a) is shown in Fig. 10(b). The
root mean square (RMS) value of Fig. 10(b) is 0.4 pm.
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Fig. 8. (a) The micro-lens array of the enhanced hologram of Fig. 2(a) by the WFF method. (b) The rotated hologram of (a). (c)
The 2D Fourier spectra of (a). (d) The 2D Fourier spectra of (b).
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Fig. 9. (2) The unwrapped phase of the original hologram of Fig. 8(a) without tilt compensation. (b) The unwrapped phase of the
rotating hologram of Fig. 8(b). (c) The difference between (a) and (b). (d) The correction (parabolic compensation) of (c). The unit
of the color bar is in microns
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Fig. 10. (a) The height profile along the blue dotted line in Fig. 9(d). (b) The difference in height between the profiles in Fig. 4(b)
and Fig. 10(a), the RMS is in the range of 0.4 um.

Regarding the step height object, Fig. 11(a) shows the enhanced hologram of Fig. 5(a) after
applying the WFF method. Figure 11(b) shows the rotated hologram of Fig. 11(a). The 2D Fourier
spectrum of Fig. 11(a) is shown in Fig. 11(c), while the 2D Fourier spectrum of Fig. 11(b) is shown
in Figs. 11(d). The unwrapped phase map of the +1 order is shown in Fig. 12(a), while the
unwrapped phase map of the -1 order is shown in Fig. 12(b). Figure 12(c) shows the difference
between Fig. 12(a) and Fig. 12(b). Figure 12(d) shows the height map of Fig. 12(c) after correction
with the Zernike polynomials [22] and conversion to the height map using Eq. 6. As seen in Fig.
12(c) and Fig. 12(d), the images are free from speckle noise thanks to the application of the WFF
method. To see it clearly, a height profile along the dotted red line of Fig. 12(d) was extracted as
shown in Fig. 13 (a). The step height profile was estimated to be in the range of 1.34 um. The
measured value of the step height is enhanced and became consistent with the nominal value,
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which is 1.34 um [10]. The difference in height between the profiles in Fig. 7 and Fig. 13(a) is
shown in Fig. 13(b). The root mean square (RMS) value of Fig. 13(b) is in the range of 0.14 um.
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Fig. 11. (a) The step height of the enhanced hologram of Fig. 5(a) using the WFF method. (b) The rotated hologram of (a). (c) The
2D Fourier spectra of (a). (d) The 2D Fourier spectra of (b).

(@) (b)

ixels)

100 200 300 400 100 200 300 400
X (pixels) X (pixels)
. s

' R
B
‘ f
. :
AL

100 200 300 400 100 200 300 400
X (pixels) X (pixels)

Fig. 12. The unwrapped phase of the enhanced hologram of Fig. 11(a) without tilt compensation. (b) The unwrapped phase of the
rotating hologram of Fig.11(b). (d) The difference between (a) and (b). (d) The correction (parabolic compensation) of (c). The unit
of the color bar is in microns.
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Fig. 13. (a) The height profile along the red dotted line in Fig. 12(d). (b) The difference in height between the profiles in Fig. 7 and
Fig. 13(a), the RMS is in the range of 0.14 um.

5. Conclusion

This work introduced a compensation method for off-axis tilt elimination in digital holographic
microscopy. The method is based on subtracting the reconstructed continuous phase maps of the
original hologram from its rotation 1800. Since the windowed Fourier filtering method
significantly reduces the speckle noise, combining the compensation method with the windowed
Fourier filtering was applied to reconstruct a micro-lens array and a step height with excellent
results. The combination method is suitable for quantitative real-time phase imaging without prior
knowledge, or complex spectrum-centering manipulations.
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