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In the context of digital holographic microscopic quantitative phase imaging, a microscope is
employed in the experimental setup to magnify both the object light and the reference light beam.
The three-dimensional phase information within the hologram is influenced by the curvature of the
microscope, resulting in significant distortion of the object phase. Additionally, off-axis tilting in-
troduces further phase distortions. In this study, we propose a two-wavelength phase subtraction
method to mitigate such distortions in digital holographic microscopy. The procedure involves cap-
turing phase images at distinct wavelengths using filters that are highly transparent to the 671 nm
band and highly reflective to the 532 nm band. By subtracting the phase image containing both ob-
ject information and distortion from the phase image containing only distortion, a distortion-com-
pensated phase image is obtained. Through both theoretical analysis and experimental validation,
we demonstrate that the proposed method offers substantial potential for effectively compensating
distortions in digital holographic microscopy.
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1. Introduction

In digital holography experiments, a highly coherent laser serves as the light source,
while various optical components such as Fourier lenses, beam splitters, and micro-
scopes are employed for beam modulation. The beam passing through the beam splitter
is split into two parts: one illuminates the object and carries information about the ob-
ject, forming the object’s light wavefront, while the other serves as the reference wave-
front, containing no object-specific information. These two light waves interfere with
each other, and the resulting interference pattern is recorded by a photosensitive sem-
iconductor device, producing the hologram [1,2].

However, due to the use of multiple lenses, microscopes, and other optical devices,
inherent distortions in digital holography remain a significant concern in holographic
research [3,4]. Optical devices introduce additional distortions, such as curvature and
secondary distortions. The secondary distortion is primarily dependent on the focal
length and magnification of the imaging lens and is independent of other factors such
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as recording distance or the angle between object parameters. These distortions can
severely affect the phase imaging of the object, presenting a persistent challenge in
digital holography research.

Two primary approaches have been developed to mitigate these distortions: the nu-
merical method and the structural device method [5-9]. The numerical method involves
processing holograms, spectra, and reconstructed images on a computer using various
digital operations and image processing algorithms, which can effectively compensate
for phase distortions. The operational scope of the numerical method is extensive, and
advances in computer technology, along with the widespread adoption of artificial in-
telligence, have led to a diversification of image processing algorithms. When applied
to signal analysis in digital holography, a variety of mathematical techniques can be
employed.

CoLomB et al. [10] were the first to propose the reference conjugate hologram,
which successfully yielded a phase diagram with significant distortion compensation.
FERRARO et al. [11] introduced the transverse shear method in digital holographic mi-
croscopy, recording two holograms along the X and Y axes, recovering phase informa-
tion, and effectively eliminating distortions caused by the microscope. This transverse
shear method has since been further explored and refined by subsequent researchers
to address distortions introduced by the microscope. PaN ef al. [12] utilized transverse
shearing to acquire three phase-shifting holograms, recovered the phase diagram by
calculating phase differences, and successfully eliminated the phase distortions in their
entirety.

The structural device method aims to eliminate or neutralize distortions in the ob-
ject and reference light by modulating the optical devices, thereby compensating for
holographic distortions. In 2009, ZHou et al. [13] from Shanghai University proposed
a digital holographic micro-prevention system that modulates the curvatures of both
the object and reference light to align them, effectively counteracting distortions during
interference. ZENG et al. [14] introduced a reference lens into the reference light path,
compensating for distortions by manually adjusting the lens position and altering its
curvature. However, this approach relies on manual adjustments, which are prone to
substantial errors and lack stability without the use of mechanical devices.

In recent years, some researchers have focused on the optical characteristics of
microscopes, particularly utilizing the confocal region at the focal point of the micro-
scope for object light irradiation [15,16]. Distortions in this region are minimal, al-
lowing for phase imaging with reduced distortion [17-19].

This paper introduces the dual-wavelength phase subtraction method as a novel ap-
proach to eliminate distortions in digital holographic microscopy. The method involves
recording phase diagrams at two distinct wavelengths, using filters with high trans-
mittance at 671 nm and high reflection at 532 nm. The phase diagram containing both
object information and distortion is then directly subtracted from the phase diagram
that contains only the distortion, resulting in a phase diagram that has been compen-
sated for distortion. This approach is both simple and efficient, requiring no extensive
or time-consuming program debugging.
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2. Theory
2.1. Hologram recording and reconstruction principle

In digital holographic microscopy (DHM), a coherent light source illuminates the sam-
ple, generating an object wavefield O(x, y). This wave interferes with a mutually co-
herent reference wavefield R (x, y) that does not interact with the sample. The intensity
distribution of the resulting interference pattern, known as the hologram, is recorded
by a digital sensor (e.g., CMOS or CCD). The recorded intensity /j;(x, ¥) at the holo-
gram plane (x, y) can be mathematically expressed as:

I4(x, ) = 10(x, ») + R(x, )’
10(x, )I> + [R(x, 3)|* + O(x, )R (x, y) + O*(x, R(x, ») (1)

where * denotes the complex conjugate. The terms |O(x, y)|*> and |R(x, y)|* represent
the intensity of the object and reference waves, respectively, contributing to the zero-
order diffraction term (DC term). The third term, O(x, y) R*(x, y), corresponds to the
+1 diffraction order containing the desired object wavefront information, while the
fourth term, O*(x, y)R(x, y), corresponds to the —1 diffraction order (twin image).

The recorded digital hologram /;(x, y) is then numerically processed to reconstruct
the object wavefront. This is typically achieved by simulating the diffraction process,
often using the angular spectrum method or the Fresnel diffraction integral. If we sim-
ulate illumination of the hologram with a numerical replica of the reference wave
C(x, y) (often the conjugate of the original reference wave, C = R™), the reconstructed
complex amplitude U(7, &) at the image plane (7, &) is given by:

Uc(& n) = P{ly(x, y)C(x, y)} (2)

where P{-} represents the numerical propagation operator (e.g., inverse Fourier trans-
form in the angular spectrum method after filtering). When C = R*, and appropriate
spatial filtering is applied in the Fourier domain to isolate the +1 order term (corre-
sponding to OR*R* = O|R|?), the reconstructed field becomes proportional to the orig-
inal object wavefront:

Uc(c,n) < O(S, 1) 3)

From the reconstructed complex amplitude Uc(¢, 77), the phase information ¢ (¢, #)
of the object wave can be extracted:

o(&n) = arg| Uc(& )] (4)

Where arg[-] denotes the argument (phase angle) of the complex number. This phase
is typically wrapped within the range (—m, ] and requires an unwrapping algorithm
for quantitative analysis.
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2.2. Aberration formulation using Zernike polynomials

In practical DHM systems, especially those involving microscope objectives (MO),
the reconstructed wavefront is inevitably corrupted by system-induced phase aberra-
tions, denoted as ¢, (x, ). These aberrations originate from imperfections in optical
components and misalignment. The actual object wave reaching the sensor can be mod-
eled as:

O, ) = A%, y)exp{i [ Patg (5, 7) + 0, y)]} (5)

Where 4(x, y) is the amplitude of the object wave, ¢,,i(x, y) is the phase modulation
introduced by the object itself, and ¢, (x, y) is the superimposed aberration phase.
Phase aberrations can be effectively described using a set of orthogonal basis functions
defined over a circular pupil, such as Zernike polynomials. The aberration phase ¢,
can be expanded as:

rup0) = S ezl (p.0) ©)

n=0m=-n

Where ( p, 0) are normalized polar coordinates over the pupil (p = r/R,,,;j, with r being
the radial coordinate and R,,;; the pupil radius), Z,,,, (p, 0) are the Zernike polynomi-
als of radial degree n and azimuthal frequency m, and ¢, are the corresponding Zernike
coefficients representing the contribution of each aberration mode. The “first-order”
distortion mentioned in the original text primarily refers to wavefront tilt, which arises
from the off-axis configuration or slight misalignment. In the Zernike formalism, tilt
is represented by the terms with n = 1:

ou(pr 0) = ' Z (p, O) + 1 Z{(p, 0) = ¢,'(2psinf) +c;(2pcosh) (7

This corresponds to a linear phase ramp ¢, (x, ) = a;x + b, y. The “second-order” dis-
tortion primarily refers to defocus, largely introduced by the wavefront curvature
emerging from the microscope objective. The dominant second-order term is defocus,
represented by the Zernike polynomial with n =2, m = 0:

Paetoens(Ps 0) = A Z0(p, 0) = (3 (2p* - 1)) )

Ignoring the constant piston term, the spatially varying part is proportional to p2, cor-
responding to the quadratic phase factor g .¢ocus (%> V) = @5(x2 + y2). Therefore, the to-
tal reconstructed phase contains both the object information and these system
aberrations:

Prec(& 1) = ¢obj(fa n)+ @S 1) 9)
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2.3. Dual-wavelength aberration compensation principle

To provide a clear visual representation of the proposed method, the workflow of the
dual-wavelength aberration compensation technique is summarized in the flowchart
presented in Fig. 1. The proposed method leverages two distinct wavelengths, 4, and 4,,
along with a strategically placed dichroic filter, to effectively separate the object’s
phase contribution from the system-induced aberrations. The core principle hinges on
the inherent wavelength dependency of the phase aberration ¢,,, which arises from op-
tical path length (OPL) variations introduced by the system components. This relation-
ship is defined as ¢, (x, y; 1) = (2n/A) OPL,(x, ) (implicitly referenced, effectively
Eq. (10)), where OPL, (x, y) is the aberration-induced optical path difference, assumed
to be approximately constant for the two wavelengths employed.

21
(X, ¥ 4) = TOPLab(x, y) (10)

The dichroic filter is engineered to exhibit specific spectral characteristics: high
transmittance 7(4,) = 1 at 4; (e.g., 671 nm) and high reflectance R(4,) ~ | at 4, (e.g.,

Establish DHM Experimental
Setup

!

Record Hologram Iy, with A

Reconstruct and Unwrap Phase
¢recl
I
Wavelength Scaling of
Aberration Phase Map

I

Record Hologram Iy, with A»

I
Reconstruct and Unwrap Phase
¢re<:2
I

Wavelength Scaling of
Aberration Phase Map

I

Compensated Phase Calculation
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Fig. 1. Flowchart of the dual-wavelength aberration compensation method. The process involves record-
ing holograms at 4, (object + aberration) and 4, (aberration via filter), followed by reconstruction, phase
unwrapping, and scaled subtraction (@comp = @rec1 — (42/41) @recr) to obtain the compensated object phase.
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532 nm). This enables a two-step recording procedure. First, using 4,, the filter trans-
mits the object illumination beam, allowing it to interact with the sample. The recorded
hologram /yy; thus captures both the object phase ¢,,; and the system aberration g,,(4,).
Reconstruction yields the phase map.

2n

p OPL,; (x, ) (11)
1

Prect (X, 1) = Pobj (6 1) + 0o (X, ¥341) = @op(x, ») +

Second, using 4,, the filter reflects the beam in the object path before significant
interaction with the sample. This reflected beam traverses the same optical components
(like the MO) as the first beam but without encoding ¢,;, thereby primarily capturing
the system aberration ¢,;(4,). The second hologram /};, is recorded, and reconstruction
yields an aberration-only phase map.

2%

OPL (%, ») (12)
j’2

¢rec2(x3y) = (oab(xay,/’{2) =

Since the underlying OPL is common, the aberration phases at the two wavelengths
are related by

A
Pup(%.y10) = S 9(x.yih)) (13)
1

Consequently, by scaling the aberration-only phase map ¢, by the wavelength
ratio A,/4, and subtracting it from the combined phase map ¢, (after phase unwrap-
ping of both), the aberration component can be effectively eliminated:

}"2
wcomp(x> y) = (precl(xﬂ J’) - l gorecZ(xb J’) (14)
1

Substituting the expressions for ¢,..; and ¢,.., confirms that this process isolates
the object phase:

gﬂcomp(‘x? y) = (oobj(xb y) (15)

This dual-wavelength approach, facilitated by the spectral filter, distinguishes and
computationally removes the system aberrations, yielding a compensated phase image
representing the true object structure.

3. Experience and results
3.1. Experimental setup and hologram recording

The experiment employs an off-axis optical configuration, with its structural layout
illustrated in Fig. 2. The light sources comprise a 671 nm red laser and a 532 nm green
laser, both manufactured by Changchun New Industry Company (CNI), possessing co-
herence lengths of 70 cm and 50 m, respectively. Notably, the green laser demonstrates
substantially greater coherence than the red laser.
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Fig. 2. Optical setup.

The experimental configuration employs a neutral density (ND) optical rotary gra-
dient filter to precisely modulate the intensity of the reference beam. According to the
manufacturer’s specifications, the dichroic filter exhibits high transmittance around
671 nm and high reflectance around 532 nm, enabling the 671 nm beam to pass through
the filter and interact with the sample, while the 532 nm beam is reflected to record
the aberration-only hologram. The beam expansion and collimation assemblies, com-
prising microscope objectives MO1 and MO?2 paired with lenses L1 and L2, utilize
objectives with magnifications of 40x and 20x%, corresponding to numerical apertures
(NA) of 0.6 and 0.4, respectively. Beam splitters BS1 and BS4 serve as beam-dividing
and beam-recombining elements, while BS2 and BS3 are partially reflective, partially
transmissive non-polarizing beam splitters. The test specimen is a USAF 1951 standard
optical resolution target.

The optical path is delineated as follows: The incident 671 nm red laser beam is
bifurcated by beam splitter BS1 into two components. One component, directed toward
mirror M1, functions as the object beam and is subsequently expanded and collimated
by the ND filter, MOI1, and L1. The other component, reflected by mirror M2, is ex-
panded by MO2 and collimated by L2 to form the reference beam. These beams are
coherently superimposed at beam combiner BS4, producing an interference pattern on
the CMOS sensor.

For the 532 nm green laser, the beam is split at BS2. One portion, reflected by mir-
ror M2, propagates through MO2 and L2 to serve as the reference beam. The other
portion passes through BS3, L1, MO1, and the ND filter, which reflects the object-
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related wavefront. This beam is then retransmitted through MO1, L1, and BS3, emerg-
ing as the object beam. The object and reference beams are recombined at BS4, gen-
erating an interference pattern on the CMOS sensor.

3.2. Results analysis and performance evaluation

First, a hologram of the calibration plate is recorded using a 671 nm wavelength laser,
serving as the original hologram. The unwrapped phase, denoted as ¢, is extracted
via a Fourier transform of the original hologram, yielding the corresponding phase in-
formation. This phase not only contains information about the object but also includes
both first-order and second-order phase distortions.

Subsequently, a reference hologram is recorded using a 532 nm wavelength laser,
which serves as the “empty” hologram. The unwrapped reference phase, denoted as

o
L)
& & b N = m oem o=

2
]
a

(e) (f)

Fig. 3. Experimental results of 671 nm laser. (a) Original hologram; (b) Normalized hologram; (c) Hol-
ogram spectrum; (d) Wrapped phase map; (e) 3D phase reconstruction; (f') The phase profile diagram of
the red line part in (e).
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@5, is obtained by applying a Fourier transform to this reference hologram. The resulting
phase ¢, captures the distortions, including both first-order and second-order effects.

Finally, the original phase ¢ is corrected by subtracting the reference phase ¢,,
resulting in the compensated phase ¢5. This process effectively reduces phase errors
and yields the final, distortion-compensated phase distribution.

In Fig. 3(a)—(f), the experimental results using the 671 nm laser are presented. These
include the original hologram (a), normalized hologram (b), hologram spectrum (c),
wrapped phase map (d), 3D phase reconstruction (¢), and the phase profile along the
red line in (e) (f).

Similarly, Fig. 4(a)—(f) shows the results obtained using the 532 nm laser, where
(a)—(e) correspond to the same types of data as in Fig. 3, and (f) illustrates the phase
profile along the red line in the 3D reconstruction (e).

(c)
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Fig. 4. Experimental results of 532 nm laser. (a) Original hologram; (b) Normalized hologram; (c) Hol-
ogram spectrum; (d) Wrapped phase map; () 3D phase reconstruction; (f) The phase profile diagram of
the red line part in (e).
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Fig. 5. (a) Phase diagram after distortion compensation. (b) The phase profile diagram after distortion
compensation, drawn in the red line portion.

As seen in Fig. 3(f), the object captured by the 671 nm hologram is significantly
distorted due to both first-order and second-order phase distortions. In contrast, the re-
sult in Fig. 4(f) primarily reflects first-order distortion. By subtracting the reference
phase (532 nm) from the original phase (671 nm), the distortion-compensated phase
diagram shown in Fig. 5(a) is obtained. The corresponding phase profile along the red
line is displayed in Fig. 5(b), where the object information is clearly revealed. The quan-
titative comparison of phase accuracy at different wavelengths is presented in Table 1,
which lists the RMS and PV values for wavelengths of 671 and 532 nm. The data in
the table shows that, with the PV value remaining largely unchanged, a decrease in the
RMS value indicates a smoother wavefront, manifested as an increase in contrast. This,
in turn, suggests effective suppression of aberrations, thereby validating the effective-
ness of the proposed method.

Table 1. RMS and PV phase error metrics before and after aberration compensation.

Results with Results with Phase after distortion
671 nm laser 532 nm laser compensation

RMS (root-mean-square) 0.535 0.529 0.363

PV (peak-to-valley) 2.150 2.118 1.891

3.3. Extended application to biological cell imaging

The proposed method was primarily validated using the USAF resolution test chart,
a relatively simple and idealized target. While such targets are effective for evaluating
the fundamental performance of the method, they do not fully capture the complexity
and variability encountered in practical applications, particularly in biomedical imag-
ing. To assess the method’s applicability to more intricate and realistic specimens, ad-
ditional experiments were conducted on a biological sample—onion tissue sections.
As depicted in Figs. 6(a)—(d), holograms and amplitude maps were recorded, followed
by aberration extraction and compensation. The resulting phase maps demonstrate the
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Fig. 6. Experiment results of onion. (a) Hologram; (b) Amplitude map; (c) Aberration map; (d) Phase map
after aberration compensation.

method’s capability to handle non-ideal, heterogeneous samples, further underscoring
its potential for practical implementation in real-world scenarios.

4. Conclusions

In this paper, a dual-wavelength method is introduced for the first time to effectively
eliminate both first-order and second-order phase distortions. The distortion-compen-
sated phase diagram is obtained by directly subtracting the phase diagrams recorded
at different wavelengths. Unlike previous approaches that rely on structural devices,
this method offers a more efficient solution, particularly for objective lenses with lim-
ited working distances. By placing a filter in front of the microscope objective to re-
place the beam splitter and mirror, the method simplifies the optical setup. This approach
is not only easy to implement but also demonstrates a degree of novelty. The dual-wave-
length technique enables simultaneous compensation for phase distortions without the
need for numerical fitting, iterative computations, or complex program debugging. As
a result, it significantly reduces time consumption while providing accurate compen-
sation for both first-order and second-order phase distortions in digital holographic
microscopy. Additionally, it allows for real-time quantitative phase imaging.
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