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Abstract:

Common-path digital holographic microscopy is widely recognized for its outstanding temporal stability and low-noise
quantitative phase imaging. However, standard implementations are fundamentally limited by the spatial overlap
between the object beam and its laterally shifted replica, which restricts high-fidelity imaging to sparse samples and
wastes over half of the usable detector area. In this work, we break this paradigm by demonstrating a single-shot,
replica-free common-path framework that doubles the effective field of view without any mechanical translation. By
utilizing wavelength-dependent diffraction in polarization gratings, we shift wavefront shear control entirely into the
spectral domain. This optical layout is powered by a novel Gradient Descent-based Replica Separation optimization
algorithm, a powerful reconstruction engine that decouples overlapping fields without the rigid phase-sign constraints
or low-frequency phase loss characteristic of analytical separation methods. By simultaneously illuminating the
specimen with three discrete wavelengths and capturing a single multichannel color hologram, we retrieve the
necessary shear states in a single camera frame. This enables complete, replica-free phase reconstructions of highly
dynamic, dense specimens at camera-limited framerates. We validate our framework using quantitative phase targets
and complex biological systems, showcasing high-fidelity reconstructions of fixed neural networks and demonstrating
the real-time tracking of dense, moving yeast cell cultures where spatial replica overlap is unavoidable. Thanks to the
integration of the environmental robustness of common-path geometry with high-speed, high-density spatial
multiplexing, this technique introduces a versatile, high-throughput tool for advanced biomedical imaging.

Keywords: shearing interferometry, grating interferometry, common-path interferometry, quantitative phase imaging,
phase retrieval, replica phase removal, digital holographic microscopy

Introduction

Quantitative phase imaging (QPI) is a label-free imaging method for the investigation of transparent cells
and tissues'. By measuring the delay of light caused by the semi-transparent sample, QPI enables
guantitative reconstruction of sample parameters such as the refractive index and dry mass2. This method
is widely applied in the analysis of cell morphology® and the monitoring of physiological processes*®, which
is of key importance for, e.g., evaluation of drug efficacy® and the development of new therapeutic
strategies”?.

One of the most widely used QPI techniques is digital holographic microscopy (DHM), which achieves
phase measurement by decoding the optical fringe patterns, that are produced via the interference of at
least two optical beams. In its standard implementation, the interfering object and reference beams
propagate along separate paths?. Although this configuration is well-established and widely used, it has
certain limitations: large size and susceptibility to environmental disturbances, such as temperature
fluctuations or mechanical vibrations. Additionally, due to substantial differences in optical path lengths
across the entire field of view, maintaining consistently high contrast requires the use of highly coherent
light sources. This, in turn, leads to undesirable phenomena such as speckle noise.

An alternative to classical reference beam DHM is a common-path configuration®', in particular shearing
interferometry''2, in which the object beam interferes with its spatially shifted copy. This ensures nearly
identical optical paths, which eliminates the separate reference arm and simplifies the setup. Moreover, it



enables operation under reduced-coherence illumination, while maintaining high interferogram contrast.
The lateral shift is implemented, among others, using shear plates, diffraction gratings'’22, Wollaston
prisms?3, or beam displacers?+?,

Reconstruction-wise, common-path DHM systems can be divided into two groups, depending on the
magnitude of the introduced shear. The first comprises gradient-based methods, in which the shear value
is smaller than the lateral size of the measured objects - typically close to the spatial resolution of the
system. In this configuration, the interferogram encodes the spatial derivative of the object phase.
Therefore, recovering the full phase information requires recording the gradient components in two
directions and an additional numerical integration procedure. To this end, stringent conditions must be
satisfied: orthogonality of the shear vectors'”? and precise knowledge of their values?’ - identical for both
vectors. Simple solutions employed for this purpose are susceptible to noise accumulation and error
propagation®2°, whereas advanced algorithms are time-consuming and often require multiple
holograms?’. The recently proposed optimization-based OSl-flex approach relaxes the requirement of
orthogonality of the shear vectors and precise knowledge of their values. However, it still requires a good
initial estimate of these parameters, is more computationally expensive than solutions that impose these
requirements, and requires hyperparameter fine-tuning®'.

The second group of methods are the total shear configurations'232432-34 in which the lateral displacement
between interfering beams is larger than the lateral dimensions of measured objects. For this configuration
it is extremely important that measured area is either only sparsely covered with the measured objects, or
it contains a large object-free area. Otherwise, images from different regions of the sample will overlap on
the detector with the laterally shifted replica, causing mutual signal annihilation and preventing the imaging
of dense samples. For this reason, samples for which the size of the required reference region may be
insufficient cannot be correctly imaged using this method.

To extend the applicability of total shear methods to dense and extended samples, there were proposed
methods that rely on modifying one of the interfering beams to remove object information'', Although they
enable imaging of dense and complex objects, they result in increased optical system complexity®® and a
significant reduction of the effective field of view, often by more than half'®2. In turn, the use of low-pass
filtering by means of a pinhole for this purpose renders the system difficult to precisely align and sensitive
to mechanical instabilities'*16:36:37,

Another solution for imaging complex samples is to employ shear scanning to separate overlapping fields.
These include, among others, Cepstrum-based interference microscopy (CIM)*-%° and R2D-QPI (replica-
removed doubled-FOV QPI1)*'. The CIM approach relies on highly precise orthogonal single-pixel shears for
temporal scanning, and the high-pass filtering, which increases system complexity and might suppress
low-frequency phase components. On the contrary, the R2D-QPI approach, recently proposed by our
group, constitutes a general methodology that enables separation of overlapping phase information from a
set of at least 2 phase images with arbitrarily chosen shears via the proposed multi-shear replica removal
(MRR) algorithm. This methodology can be implemented in various total shear hardware configurations,
provided they can generate interference patterns with variable shear values.

The current implementation of R2D-QPlI method was based on polarization grating total shear
configuration, where the variable shear was achieved via axial scanning of one of the gratings. However, this
introduced significant limitations to the system: mechanical wear, vibrations, and limited acquisition
speed. The requirement to record a sequence of frames precludes the possibility of imaging dynamic
samples.

In this work, we propose a novel replica removal method based on the wavelength-scanning regime. In the
proposed approach, controlled variation of the replica separation is achieved by changing the illumination
wavelength, without requiring any mechanical movement. The proposed hardware modification is
accompanied by a bespoke reconstruction procedure: (i) we introduce a new preprocessing stage that
compensates for objective chromatic aberration, and (ii) we propose a novel gradient descent-based



replica separation (GDRS) algorithm, which achieves significantly more robust reconstruction than the
original MRR method without requiring any a priori information about the sample's phase sign.

The proposed method was validated using quantitative phase targets and live cell samples, consistently
achieving reliable separation of the fields of view of both replicas (doubling the effective spatial coverage of
the sample). The complete elimination of mechanical scanning enables fast and robust phase imaging
while preserving the simplicity and high quality (high SNR) of low coherence common-path interferometer.

Results
2.1 Experimental Setup and Reconstruction Strategy

The common-path configuration described in this article - Fig. 1(a) - is based on the use of the polarization
grating (PG) module, shown in Fig. 1(b)'>3"3441  puilt from two identical polarization gratings arranged in
series. It splits the illuminating beam into two diffraction orders (£1) with orthogonal circular polarizations
and generates a lateral wavefront shear T;.
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Fig. 1 | (a) Optical setup of a common-path holographic microscopy system based on polarization gratings for single-
shotimaging. (b) Schematic of beam propagation through the grating module depending on the illumination wavelength
A. PG - polarization grating, LP — linear polarizer, A — illumination wavelength, T — shear between the beams, 6 -
diffraction angle, z —distance between the gratings, Ar —beam displacement between frames. In the schematic marked
with the blue frame, successive polarization states of the beam are schematically illustrated using brown arrows. For
clarity, these markings are omitted in the remaining schematics; however, they apply to all cases.

Rotation of one grating around the optical axis changes the deflection angle of the beams, allowing simple
adjustment of the interferogram carrier frequency. In the measurements, we set the gratings' mutual
rotation to obtain an optimal carrier frequency for the phase reconstruction using the Fourier transform
method (FTM).The value of the shear 7, depends on the diffraction angle 8, and on the distance z between
the gratings®**' (Fig. 1(b)). Variants of interferogram parameter modulation, i.e., translation and rotation of
the gratings, are described in detail in the Methods section. When the shear value T exceeds the camera
sensor diagonal, the registered overlapping phase image will contain information from two disjoint areas of
the object, effectively doubling the field of view. In order to recover undisturbed phase information from
overlapped object replicas, it is necessary to record a series of at least N = 2 interferograms for different
shearvalues 7.

In this work, we present a new method for controlling the shear value 7, based on modifying the diffraction
angle 68,, in contrast to our previously reported R2D-QPI implementation, in which the shear variation was
realized mechanically by physically translating one of the diffraction gratings. Replacing the mechanical
scan with wavelength scanning eliminates all moving parts from the shear-control path, making the shear
adjustment faster, fully repeatable and free from mechanical misalignment. The diffraction angle depends,



among other factors, on the wavelength of the incident light A, via the diffraction grating equation 8; =
sin~1(1/d), where d is the grating period. The larger the wavelength A, the larger the angle 6, and,
consequently, the greater the shear 7. Modulation of the shear value 1;, by changing the wavelength 4, is
implemented in two modes, as shown in Fig. 2:

1. Wavelength scanning mode (Fig. 2(a)): Sequential illumination with different A (step, e.g., Al =
5 nm) and recording of the interferogram with a monochromatic camera for each A.

2. Single-shot mode (Fig. 2(b)): Illumination with three discrete A (i.e., A; = 458 nm, 1, = 550 nm,
A, = 615 nm) simultaneously. A single interferogram is recorded with a color (RGB) camera and
then separated into the individual color channels.

These wavelengths were selected experimentally to limit the spectral crosstalk. It is important to
emphasize that replacing grating scanning*' with wavelength scanning is not merely a trivial modification
for obtaining a variable shear (7) in a faster and more robust manner. Beyond this, it additionally enables
high-speed imaging with single-shot acquisition and wavelength-based speckle-noise suppression,
capabilities that cannot be achieved in the grating-scanning approach. However, it also requires
accounting for chromatic aberrations (transverse and longitudinal) and necessitates additional processing
steps.

Different wavelengths focus at slightly different planes (longitudinal chromatic aberration), introducing
varying defocus between the recorded frames. Therefore, the reconstruction process begins with phase
reconstruction using Fourier transform method for each frame in the series. The optical field recovered in
this way is numerically refocused using the angular spectrum method*. A change in wavelength also leads
to a change in the system maghnification (transverse chromatic aberration), resulting in a different mapping
of the sizes of the same structures. This effect is corrected by applying geometric operations, consisting of
image scaling using bicubic interpolation (see methods section for detailed description). Subsequently, the
phase value ¢, recovered from each frame is scaled with respect to its corresponding wavelength. This
scaling reflects the dependence of the phase shift on the wavenumber (k = 2m/1) and represents a novel
element introduced in the GDRS method (Fig. 2). At the same time, the value of the phase shift Ap also
depends on the difference in refractive indices (Nprope — Nreference)- The refractive index of a medium is a
dispersive function, and its variations as a function of wavelength are related to absorption of illumination,
which is formally described by the Kramers—Kronig relations*®. The investigated biological objects are
mainly composed of water, which is characterized by minimal absorption in the visible range.
Consequently, the change in the refractive index difference within the illumination range used in our
experiment, as well as its influence on the variation of the phase shift value, are negligibly small*+45, After
refocusing and correcting the chromatic aberrations, the resulting dataset, together with the estimated
values of Ar (the difference in T between frames) is then processed using the novel GDRS algorithm, which
is described in detail in the Supplementary Information (Supplementary Note 1).
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Fig. 2 | Data-processing workflow of the GDRS algorithm for different measurement scenarios. (a) Processing of data
acquired in the wavelength-scanning mode. (b) Processing of data acquired in the single-shot mode under triple-
wavelength illumination. Panels (a1), (b2) show the recorded interferograms with a zoomed-in view of the interference
pattern. For the single-shot mode, (b1) presents the set of interferometric images obtained by separating the color
channels of the recorded frame. The next step involves reconstructing optical field using FTM: (a2), (b3) display the
phase information that can be recovered from this field. Sections (a3), (b4) present the phase information ¢ + 1 with
visible replica overlap after correction of focus and magnification (see panel c), where 7, and ryindicate the phase
encodedinthe £1orders, and 7 represents the lateral spatial shift between the interfering beams. Finally, (a4), (b5) show
the separated phase reconstructions for both diffraction orders FOVs, obtained from a set of reconstructions
corresponding to different values of the shift 7;.

2.2 Experimental results
2.2.1  Comparison between R2D-QPIl and GDRS

To compare the impact of the replica shift variation method on imaging quality, we collected two datasets,
each consisting of N = 20 interferograms recorded at different, yet mutually comparable, shear values -
one dataset obtained via grating scanning and the other via wavelength scanning.



The phase target (Lyncee Tec, Borofloat 33 glass with etched structures of 125 nm height) was imaged using
a 5x/0.12 microscope objective lens and a supercontinuum light source. Both measurement series were
reconstructed using the GDRS algorithm, such that the only factor differentiating them was the shear-
scanning method. In the first series depicted in Figures 3(a1)-(a4), serving as a reference, an R2D-QPI*'
approach was applied. The change in the shear value T was obtained by translating the diffraction grating
(PG2) along the optical axis, with a step of § = 0.5 mm, at a constant illumination wavelength A = 535 nm.
In the second series (Figures 3(b1)-(c3)), the proposed new method was employed, in which the change in
the shear value 7, was achieved by varying the illumination wavelength A over the range from 490 nm to 585
nm with a spectral step of A1 = 5 nm. The adopted experimental parameters were selected to ensure a fair
comparison between methods. Both series were acquired with the same interferogram carrier frequency
and a matched shear value 7, ensuring a comparable object-replica overlap in each case. The grating
translation step in Series 1 and the spectral step in Series 2 generated a similar intra-replica shift value Ar,
corresponding to |Ar| =~ 14 pixels.

Figures 3(a1) and 3(b1) present the initial phase maps obtained using the Fourier transform method. The
recovered phase ¢, corresponds to the phase difference ¢,; — ¢_; between two conjugated object
replicas. In the case of wavelength scanning, an additional processing step is required to compensate for
defocus resulting from chromatic aberration. The focus was adjusted for the central frame of the sequence
(Fig. 3(c1)), causing the frames at the spectral extremes, such as the first frame (Fig. 3(c2)), to be defocused.
Therefore, the ASM algorithm was applied prior to reconstruction, and the result of the defocus correction
is shown in Figure 3(c3). We performed the reconstruction of the separated phase distributions ¢, and ¢_;
(corresponding to the +1 and -1 diffraction orders) for the entire series (N = 20). Figures 3(a2), (a3), (b2),
and (b3) present the results for both fields of view, covering the “N” and “R” groups, respectively. The
reconstructions obtained for both series are free from visible replica artifacts, which directly confirms that
the proposed method enables achieving similar imaging capabilities as the original R2D-QPI approach.

To examine the influence of overlapping object replicas on the correctness of the phase reconstruction, the
mean phase value and its standard deviation were calculated in two characteristic regions. In the first region
fragments of the object overlap (Fig. 3, blue square no. 2) and the phase information degrades due to the
destructive superposition. The second is an area without overlap (Fig. 3, blue square no. 1), adopted as a
reference point for the correct phase representation. As indicated by the results summarized in Table 1, in
both measurement scenarios, the GDRS algorithm enabled correct reconstruction of the phase value in the
region with overlapping object replicas, despite the inherent loss of information occurring there.

Table 1 Average phase values along with their standard deviation for the areas marked with a blue
rectangle in Fig. 3.

Phaseg@. in Phase ¢4 in Phase ¢_; in Phase ¢_; in
Region 1 [rad] Region 2 [rad] Region 1 [rad] Region 2 [rad]
Grating position -0.58 £ 0,04 0.11+0,08 -0.62 0,03 -0.60 £ 0,04
scanning mode
Wavelength scanning -0.62 £ 0,05 0.07 0,08 -0.64 £ 0,02 -0.64 £ 0,03
mode

The key differences in the quality between the modes become apparent during the analysis of the phase
profile, marked with an orange line passing through one of the elements of the test structure in the
reconstruction (Figs. 3(a3), (b3)). The cross-sections shown in Figs. 3(a4) and (b4), as well as the standard
deviation (STD) of the phase values in object-free regions, clearly indicate that the reconstruction from
Series 2 exhibits a much more homogeneous background. This occurs because the speckle pattern causing
thisinhomogeneity is wavelength-dependent, so during processing, such objects that do notrepeatin each
frame are averaged out by the algorithm.
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Fig. 3 | Comparison of phase-imaging results obtained for a phase resolution target using grid-shift scanning and
wavelength-scanning approaches. (a) Imaging results for varying replica displacement introduced by translation of the
grating. (b) Imaging results for varying replica displacement achieved through change of the illumination wavelength (c)
Defocus correction results. (a1), (b1), (c) Phase reconstructions ¢, obtained using FTM. (a2)-(a3), (b2)-(b3)
Reconstructed ¢, and ¢_; phase distributions, with the orange line indicating the cross-section shown in (a4) and
(b4).

2.2.2 Parameter analysis in GDRS

Within the experimental studies, the performance of the GDRS algorithm was investigated for different
values of key parameters — spectral step A1, number of frames N, and the total spectralrange (N — 1) - AA.
A comparison of the performance of the MRR and GDRS algorithms is presented in Figure 4. Figures 4(a1)-
(e1) show the phase map recovered from a single frame ¢4, while columns 4(a2)-(e2) and 4(a3)—(e3)
contain the reconstructed phase images ¢_;for a single field of view obtained using the MRR and GDRS
algorithms, respectively. Column (a4)—(e4) shows phase profiles along a cross-section passing through the
elements of the test structure. The first investigated parameter affecting the reconstruction quality is the
number of recorded frames N. The performance of both algorithms was evaluated for their minimum
number of required frames, N = 2. For this purpose, a measurement series was acquired by illuminating
the sample with wavelengths of A = 530 and A = 535 nm, and the reconstruction results are shown in
Figure 4(a). In the case of the MRR algorithm, the small number of frames causes difficulties in reproducing
the low-frequency components (Figure 4(a2)); this issue was investigated in detail in our previous work*'. In
contrast, the GDRS algorithm successfully reconstructed the phase even with such a limited dataset (Fig.
4(a3)).

Another important parameter is the spectral step 44, which directly determines the magnitude of the beam
shift Ar between frames. To illustrate its influence, two measurement series were performed - one with a
very small value of A1 = 5 nm (Figure 4(b)) and another with a very large value of A1 = 160 nm (Figure 4(c)).
In each series, two wavelengths were selected symmetrically with respect to the central wavelength of



A =545 nm. It was observed that for such extreme values of the spectral step Ar, the MRR algorithm
encounters difficulties in faithfully recovering the phase from a single field of view. An excessively large step
leads to a situation in which substantial parts of the object are visible only in a single frame, resulting in
artifacts in the reconstructed phase (Figure 4(c2)). Conversely, an excessively small spectral step limits the
ability to correctly reproduce the low-frequency components (Figure 4(b2)). In this case, only the edges
oriented perpendicular to the shift direction Ar are reconstructed correctly. The GDRS algorithm is robust
against these limitations, and both reconstructions exhibit good quality (Figures 4(b3) and 4(c3)).
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Fig. 4 | Comparison of reconstruction results obtained for different values of key imaging parameters. The phase
reconstructions ¢, with visible replica overlap and the corresponding phase distributions ¢_; obtained usingthe MRR
and GDRS algorithms are shown for: (a) a small number of frames (N = 2), (b) a small spectral step (44 = 5 nm), (c) a
large spectral step (41 = 160 nm), and a constant total beam shift: (d) N = 2,42 =90 nm, (e) N = 19,44 = 5 nm.

It should be emphasized that the key factor determining the quality of the reconstructed phase is the value
of the product (N — 1) - Ar, defined as the total beam shift, rather than the individual components of this
parameter. This relationship was confirmed using two measurement series with a constant total shift but
different spectral sampling: AA =90 nm, N = 2 (Figure 4(d)) and AA =5nm, N = 19 (Figure 4(e)). The



obtained phase reconstructions ¢_; demonstrate that, despite the decreasing spectral step AZ
accompanied by an increasing number of frames N, the quality of low spatial frequency reproduction
remains unchanged even for the MRR algorithm. This is precisely due to the constant value of the product
(N — 1) - Ar. For a smaller number of frames and a large spectral step (Figure 4(d)), the reconstruction
obtained with the MRR algorithm contains artifacts caused by substantial parts of the object being visible
only in a single frame, similarly to the case shown in Figure 4(c2). The GDRS algorithm is considerably less
sensitive to this effect (Figure 4(d3)). The STD value in the background region of the phase reconstruction
was calculated for both algorithms. The lower STD obtained for the MRR algorithm results from the phase
sign constraint imposed in MRR. This constraint enforces exclusively negative/positive or zero values in the
background, whereas GDRS allows unrestricted background fluctuations around zero. A comparison of the
results obtained for both datasets (Figures 4(d) and 4(e)) indicates that increasing the number of recorded
frames N provides an additional benefitin the form of noise averaging, thereby improving the signal-to-noise
ratio in the final reconstruction.

Considering all presented results — including the tests of the influence of the number of frames N, spectral
step A, and total beam shift (N — 1) - Ar, it can be concluded that the GDRS algorithm is significantly more
robust to extreme values of the key parameters. Consequently, the selection of their ranges is not as critical
for reconstruction quality as in the case of the MRR algorithm. It should be noted that we intentionally
focused on boundary casesin order to highlight the differences between the algorithms. This may, however,
give the impression that the selection of imaging parameters requires particular precision. In practice,
highly comparable results are obtained over a broad range of parameter values. This is confirmed by the
root mean square error (RMSE) of the reconstructed phase, shown in Figure 5, calculated with respect to
the reference phase map (ground truth).

In the first scenario, with a fixed spectral step of A1 = 5 nm between consecutive frames (Fig. 5(a)), it can
be observed that increasing the number of frames beyond a certain point no longer significantly improves
the reconstruction quality. Moreover, as the number of frames decreases, the GDRS algorithm reconstructs
the phase substantially more accurately than the MRR algorithm. The reconstruction obtained from N = 20
frames was adopted as the ground truth. For the remaining cases (N = 2, 3,5, 10, and 15), the illumination
wavelengths were selected symmetrically with respect to the central wavelength of 535 nm.

A similar trend is observed in the second scenario, in which the total spectral shift was kept constant at
(N —1) - Ar =90 nm (Figure 5(b)). Although a larger number of frames results in lower reconstruction
errors, the RMSE remains below 0.05 rad even for N = 2, provided that a sufficiently large total spectral
shiftis maintained. Interestingly, according to this metric, the GDRS algorithm exhibits slightly higher RMSE
values than the MRR method. This is due to the reduced phase averaging in the background. In this case,
the reconstruction obtained from N = 19 frames with AA =5 nm was used as the ground truth. The
remaining measurement series were acquired with the same total shift but different spectral sampling:
AL =90 nm, 45 nm, 30 nm, 10 nm, and 5 nm.
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Fig. 5 | Root mean square error of the reconstructed phase as a function of the number of frames used for
reconstruction, for a fixed (a) spectral step 44 and (b) total shift (N — 1) - 4r.
2.2.3 Single-shot imaging



Next, we evaluated the method capabilities to remove the object replica using a single shot acquisition with
color camera. Figure 6 shows the phase reconstructions ¢ + 1 (Figure 6(a)) together with the
corresponding phase distributions (¢, and ¢_) for the +1 diffraction orders (Figure 6(c), (d)). Figure 6(e)
shows the superposition of the reconstructed phase maps ¢, and ¢_;, while the cross-sectional profiles
extracted along the orange line (Fig. 6(b), (f)) demonstrate the agreement between the reconstructed phase
distributions and the original data. The same cross-section, taken at an identical location on the object for
a single field of view, is marked by the dashed orange line. The measurement was performed by acquiring a
single frame using a 10%/0.25 microscope objective, with the sample illuminated by a beam composed of
three wavelengths: 458 nm, 550 nm, and 615 nm. Comparing the results obtained in single-shot mode with
scanning-mode reconstructions with similar parameters, i.e. a small number of frames and a large spectral
step (Fig. 4(c3)), we find that this method of acquiring a series of holograms only slightly degrades the
reconstruction quality.
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Fig. 6 | Single-shot phase imaging results for a phase resolution target. (a) Phase reconstructions ¢, retrieved using
the FTM, (c), (d) Separated phase maps (¢, 1 and ¢_4), (e) Phase distribution after superposition of the two phase maps
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In the single-shot mode, a biological sample in the form of a fixed neuronal cell culture was also imaged
under the same imaging conditions. The corresponding phase reconstruction results are presented in
Figure 7(a1)—(c1). Both the axons themselves and the small cells in the background, which only weakly
modulate the phase, were correctly reconstructed. The same object was imaged using the wavelength
scanning method, recording N = 20 frames over a similar spectral range of 470-622 nm (step AA = 8 nm).
The resulting phase reconstructions are shown in Figure 7(a2)-(c2). Most details and fine structures are
visible in the reconstructions from both measurement modes. However, it should be emphasized that the
wavelength scanning mode, due to the possibility of freely shaping the measurement parameters -
including the key number of frames — enables obtaining a significantly better reconstruction quality for the
investigated objects.



(a1) (b1) (c1) [rad]

- -. ‘zn

(a2) (b2) (c2) lrad]
- ‘ 21T

Fig. 7 | Single-shot phase imaging results compared to time-domain scanning mode results for a biological sample
(neuronal cell culture). Phase reconstructions ¢4, retrieved using the FTM (for A = 458 nmin single-shotmode and 4 =
518 nm in scanning mode), together with the corresponding phase distributions (¢,; and ¢_;). Measurements were
performed in single-shot mode using illumination wavelengths of 458 nm, 550 nm and 615 nmin (a1)—(c1), andin time-
domain scanning mode across a wavelength range of 470-622 nm in (a2)—(c2).

Single-Shot Mode

Time-Domain Scanning
Mode

Despite the lower value of the space-bandwidth product (SBP) compared with the wavelength scanning
method - a consequence of the Bayer filter, where pixel groups record only one-half or one-quarter of the
sensor's native resolution - the single-shot mode enables the obtaining of results of comparable quality.
Moreover, a significant advantage of this image acquisition method remains in its substantially higher
temporal resolution, allowing for the observation of dynamic objects. To demonstrate this unique
capability (for the first time in low coherence shearing DHM), we examined a sample containing moving
yeast cells (Figure 8). Owingto the high cell density, finding a field of view in which the object did not overlap
with its replica was practically impossible. The sample was illuminated simultaneously with three
wavelengths — 458 nm, 550 nm and 615 nm, and imaged using a 40x/0.65 microscope objective.

Figure 8(a) shows the phase reconstruction with the fields of view from both beams superimposed. In the
maghnified regions marked in green and orange, it is evident that the high density of the sample leads to local
replica overlap in the phase reconstruction. Nevertheless, as shown by the separated phase
reconstructions ¢, and ¢_; (Figs. 8(b) and 8(c)), the algorithm readily recovers both fields of view without
loss of information or the introduction of additional artifacts. The inhomogeneous phase background
corresponds to the true physical structure of the sample. Figure 8(c) shows the first recorded frame (t =
0 s), whereas Figures 8(d) and 8(e) present the 16th (t = 11.2 s) and 36th (t = 25.2 s) frames of the recorded
sequence, respectively (frames acquired every 0.7 s). The remaining frames documenting the motion of the
observed yeast cells are provided in the Supplementary Information. The occasional blinking artifacts
visible in the frames are not reconstruction artifacts caused by limitations of the GDRS algorithm, but rather

result from phase unwrapping errors.
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Fig. 8 | Single-shot phase-imaging results of a dynamic object (yeast cells). (a) Phase reconstructions ¢, retrieved
using the FTM (for A = 550 nm). (b-e) Corresponding phase distributions (¢, ; and ¢_;) for the =1 diffraction order fields
of view: (b,c) first frame in the recorded sequence, (d) 16th frame, and (e) 36th frame.

Discussion

In this work, we introduced wavelength-scanning multi-shear gradient descent-based replica separation —
a method that removes one of the most fundamental constraints of common-path digital holographic
microscopy: the loss of usable field of view caused by the overlap of the object and its replica. Rather than
merely retrieving the phase, the GDRS algorithm exploits a series of holograms recorded at different shear
values between the interfering beams to unambiguously decouple the object information from its replicas.
As a result, the full camera sensor area becomes usable, effectively doubling the accessible field of view
without sacrificing the inherent stability and simplicity of the common-path architecture.

The proposed framework enables replica-free QPI from a single acquisition, and thus the imaging of
dynamic processes, thanks to shear control thatis purely wavelength-based and entirely free of mechanical
scanning. By eliminating the moving parts required by earlier implementations®4!, the new approach
simplifies the system architecture, improving the stability and repeatability of measurements, and enabling
more effective noise averaging. Wavelength tuning does, however, introduce chromatic aberrations, and
dedicated hologram processing stages were therefore developed to suppress their influence on the
reconstructed phase. In parallel, the core of the reconstruction algorithm was modified and is now
formulated as an optimization problem. Furthermore, unlike the MRR algorithm, the proposed approach
does not impose a constraint on the phase sign and provides more robust reconstruction without requiring
a priori knowledge of the sample phase sign. The new algorithmic structure enables improved recovery of
low-frequency phase components, reduces artifacts at the edges of the field of view arising from the small
number of frames, and decreases the sensitivity of reconstruction quality to the selection of measurement
parameters. Moreover, unlike the CIM method, which uses high-pass filtering®®-°, this technique does not
require such an operation.



It is worth noting that, due to the acquisition of a single frame using an RGB camera, the single-shot
approach is associated with a reduction in effective spatial resolution. In a Bayer filter, the green channel
records information from 50% of the pixels, whereas the red and blue channels record information from
only 25%, corresponding to a twofold and fourfold reduction, respectively, in the number of sampling points
compared with a monochrome sensor. This has a direct impact on the space-bandwidth product (SBP) in
the single-shot configuration. Nevertheless, the numerical aperture of the objective lens remains the
primary limiting factor. Modern sensors, both monochrome and RGB, provide a sufficient number of pixels
to fully exploit the spatial frequency bandwidth transmitted by the optics; therefore, it is the objective lens,
rather than the sensor, that constitutes the critical limiting factor.

Another factor limiting this approach is the color leakage problem. However, with an optimal selection of
theillumination wavelengths matched to the spectral characteristics of the Bayer filter, inter-channel cross-
talk manifests itself only as signal leakage from the red channel into the remaining channels. The
improvementin phase reconstruction quality resulting from the acquisition of an additional hologram frame
during a single acquisition, outweighs the detrimental effect of this phenomenon. Both of these constraints
come from the use of a single color sensor rather than from the method itself, and could be removed by
separating the illumination wavelengths with dichroic mirrors onto individual monochrome cameras -
preserving the full SBP of each channel and eliminating color leakage. This comes at the cost of a more
complex detection arm and the need for precise registration between the sensors.

The GDRS algorithm employs linear wavelength-dependent phase scaling, which does not account for
refractive index dispersion. It should be emphasized, however, that the investigated biological objects are
composed primarily of water, which is characterized by minimal absorption in the visible spectral range.
Consequently, according to the Kramers—Kronig relations, the change in the refractive index difference
within the illumination wavelength range used in this study is negligible, as confirmed by the literature***s.
Moreover, dispersion enters solely as a scaling of the retrieved phase values and leaves the reconstructed
image itself — its contrast, resolution and the quality of replica separation — entirely unaffected. Importantly,
in a wide range of biological applications, the primary objective is to obtain a high-contrast phase image
rather than an exact quantitative phase value. Where the dispersion of the sample is known —either from an
independent calibration measurement, or, as in the inspection of technical objects, from the material
specification itself — the corresponding dispersion coefficient can be directly accounted into the phase
scaling, restoring fully quantitative phase reconstruction with no change to the acquisition. Looking further
ahead, the spectral diversity on which the method is built carries information about dispersion itself: given
a sufficient number of illumination wavelengths, the wavelength dependence of the refractive index could
be retrieved jointly with the phase, turning this disadvantage into an additional, spectroscopic contrast
mechanism.

In summary, the presented approach constitutes a versatile tool for quantitative phase imaging in common-
path shearing configurations. It enables analytical and complete removal of unwanted contributions from
replicas, even when imaging dense samples. Transitioning between the two available operating modes -
wavelength-scanning and single-shot - requires only changing the camera from monochrome to RGB.
Consequently, the method can be applied both to the imaging of static biological samples, enabling
detailed representation of their structure (e.g., tissue architecture), and to observing rapidly changing
processes in cell cultures, where excellent temporal resolution is crucial. For example, in semen analysis,
QPI is frequently used for imaging highly motile cells in dense samples and under non-laboratory
conditions*t. The single-shot mode of the proposed method, implemented in an environmentally robust
common-path configuration, enables reliable acquisition of such samples while, owing to the duplicated
field of view, allowing simultaneous observation of a larger sample volume. The proposed method therefore
represents a promising tool for QPI of a wide range of biomedical applications.



Materials and methods

Experimental setup

In the presented setup, the light source is a partially coherent, tunable laser (supercontinuum laser, NKT
Photonics SuperK EVO HP EU-4, equipped with acousto-optic tunable filter SuperK SELECT UV-VIS),
enabling sequential wavelength scanning or simultaneous illumination with multiple wavelengths. The
beam passes through the sample, the objective (Zeiss 5x/0.12, Nikon 10x/0.25 or Nikon 40x/0.65), the tube
lens, and reaches the polarization grating assembly (period of the PG d = 6.3 um).

The polarization state of the generated diffraction orders depends on the polarization of the incident beam.
Under linearly polarized illumination, two diffraction orders (1) are produced with orthogonal circular
polarizations (Fig. 1b). In the case of circular polarization, the grating converts it into the orthogonal one?’.
Two identical gratings arranged in series introduce a transverse beam shift 7. Its value depends both on the
diffraction angles 6 at the two gratings and on the distance z between them. The first grating (PG1) splits the
incident beam, transforming its polarization into circular polarization and deflecting the individual
diffraction orders at angles +6,,. According to the grating equation, the diffraction angle 8, depends on the
wavelength A and the grating period d. Consequently, the longer the wavelength, the larger the diffraction
angle 8; and, therefore, the greater the mutual separation of the beams 7. The second grating (PG2)
compensates for this deflection; however, the angles +6,, at which it diffracts the beam also depend on
the mutualrotation angle between the line of the two gratings . When the gratings are not aligned in parallel
(8 # 0), the beams propagate relative to each other at an angle (6,; — 8,,). This phenomenon enables
precise control of the fringe spatial frequency in the interferometric image through mutual rotation of the
gratings. In the measurements, the introduced carrier frequency had a value typical for the FTM method.
The beam separation 7 is also influenced by the distance z between the gratings. Reducing this distance
shortens the propagation path of the beams at an angle, which leads to a smaller wavefront displacement
7. To enable interference of orthogonally polarized beams, a linear polarizer (LP) is placed in front of the
camera. The interference pattern is recorded by a CMOS sensor. To separate the undisturbed phase
information from both replicas (orders), it is necessary to record a series of at least N = 2 interferograms
for different values of 7. This is implemented in two modes: (i) wavelength scanning and (ii) single-shot.
The first mode consists of sequential illumination of the sample with different wavelengths A and recording
interferograms with a monochrome camera (Daheng Mer2-301-125U3M-L, resolution 2048x1536, pixel size
3.45 pm) after each change. The number of interferograms in the series, the spectralrange, and the spectral
step are selected depending on the requirements. In the second mode, the sample is illuminated
simultaneously with discrete wavelengths A =458nm, A =550nm and A = 615nm. A color (RGB)
camera (Daheng Mer2-301-125U3C-L, resolution 2048x1536, pixel size 3.45 pm) records a single
interferogram, which is separated into three color channels.

As a reference method for changing the replica shear, the approach described in the previous work*' was
used. In this variant, the change in shear value 7 results from changing the distance between the gratings.
During the experiment, one of the gratings was precisely translated with a step § = 0.5 mm along the
optical axis using a motorized linear stage (Thorlabs MTS25/M-Z8). In this way, at a constant illumination
wavelength A = 535 nm, a series of N = 20 interferograms was recorded using a monochrome camera
(Daheng Mer2-301-125U3M-L, resolution 2048x1536, pixel size 3.45 pm).

Data Processing Pipeline and Reconstruction

The reconstruction process is based on a procedure for retrieving and separating overlapping phase images
originating from both beam replicas. For this purpose, the GDRS algorithm is employed, representing a new
implementation of the MRR*' method, in which the analytical separation has been replaced with an
optimization-based approach, and the entire framework has been extended with a preprocessing stage
compensating for dispersion effects. The complete data-processing pipeline is schematically presented in
Fig. 2.



The reconstruction process begins with the application of the FTM to each recorded interferogram in order
to recover the optical field. Then, using the Angular Spectrum Method (ASM)“?, the field is numerically
propagated to the objective focal plane. This step is necessary because the system focus changes with the
illumination wavelength, while the sample position remains unchanged during the measurement series,
which results in a defocused image for some wavelengths. In addition, changes in wavelength cause
variations in magnification, which are corrected through geometric image transformations. In the
calibration procedure, the user manually selects characteristic points on the images. Based on the ratio of
distances between these points for successive frames, a scaling factor is computed, and the images are
then transformed using bicubic interpolation. Once determined, the coefficients for a given wavelength are
used for all remaining datasets. The obtained phase maps are also scaled with respect to the wavelength
A, due to the dependence of the phase value on this parameter.

From the optical field prepared in this way for each frame, the phase ¢, corresponding to the phase
difference between the two interfering replicas, ¢, and ¢_4, is retrieved. These values constitute the input
data for the main part of the GDRS algorithm. In the first step, based on the sample features, the algorithm
determines the displacement Ar (the difference in t,,the difference in 7, where r = (x,y) and Ar =
(4x, Ay)) between consecutive frames. It then compensates for them separately for negative and positive
objects, creating aligned datasets @, and @,. From these prepared datasets, initial estimates of both
objects, Uy,o and Uy, are determined by searching for the minimum and maximum values, respectively,
from the stack of frames for each pixel.

The actual reconstruction proceeds iteratively: the algorithm reconstructs the phase distribution based on
the sum of the current estimates of both objects, calculates the error with respect to the input data, and
backpropagates its gradient while simultaneously updating both phases. Optionally, background
thresholding is applied, limiting the range of reconstructed values. A detailed description of the GDRS
algorithm implementation is presented in Supplementary Information.

Sample preparation — neuronal cell cultures

Neuronal cell cultures were prepared as described previously*®*° with slight modifications. Briefly, rodent
brains were removed into dissociation medium (DM; 81.8 mM Na,SO,, 30 mM K,SO,, 5.8 mM MgCl,, 0.25
mM CaCl,, 1 MM HEPES, pH 7.4, 20 mM glucose, 1 mM kynurenic acid, and 0.001% phenolred). Brain tissue
chunks were next incubated in papain solution (100 U in DM) for 15 min at 37 °C and washed three times
with DM. The tissue was subsequently rinsed three times in plating medium (PM; Minimum Essential
Medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin) and gently triturated
to obtain a single-cell suspension. Cells were diluted, centrifuged and resuspended in PM and plated on
coated coverslips. After 2 h, the plating medium was replaced with maintenance medium (MM; Neurobasal-
A supplemented with 2% B-27 and 1% penicillin-streptomycin). For the experiment we used cell cultures
of approximately 14 DIV. The cells were briefly rinsed in PBS, fixed for 15 minutes in 4% paraformaldehyde
and mounted onto glass slide.

Sample preparation - yeast

Food-grade Saccharomyces cerevisiae yeast was prepared by suspending c.a. 0.5 g of yeast in 10 mL of
warm water supplemented with 0.5 g of sugar (sucrose). The suspension was gently mixed and incubated
for 10 min. Subsequently, 40 uL of the suspension was applied onto a microscope slide and covered with a
coverslip.

Code availability
The algorithm used in this study is provided as part of the Supplementary Information.

Data availability
The raw data supporting the findings of this study are available from the corresponding author upon reasonable request.

Supplementary information accompanies the manuscript on the Light: Science & Applications website
(http://www.nature.com/lsa).
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  𝜆


    𝜃  𝜆  


  𝜏


    𝜏  𝜆


  𝜆


  𝜆


  Δ 𝜆 = 5   n m


  𝜆


  𝜆


    𝜆 1 = 458   n m


    𝜆 2 = 550   n m


  𝜆


    𝜆 2 = 615   n m


    𝜑  ± 1


  k   =   2 𝜋 / 𝜆


  Δ 𝜑


    n  p r o b e −   n  r e f e r e n c e


    Δ 𝐫


  𝜑 ± 1


    r  a


    r  b


  𝜏


  𝜏


    𝜏  𝜆


  N = 20


  𝜏


  𝛿 = 0 . 5


  𝜆 = 535


    𝜏  𝜆


  𝜆


  Δ 𝜆 = 5


  Δ 𝐫


   | ∆ 𝐫 | ≈ 14


  𝜃


    𝜑  ± 1


    𝜑  + 1 −   𝜑  − 1


    𝜑  + 1


    𝜑  − 1


  N = 20


    𝜑  ± 1


    𝜑  ± 1


    𝜑  − 1


    𝜑  − 1


    𝜑  ± 1  


  z


    𝜑  + 1


    𝜑  − 1


  Δ 𝜆


  N


  ( N − 1 ) · Δ 𝜆


    𝜑  ± 1


    𝜑  − 1


  N


  N = 2


  𝜆 = 530


  Δ 𝐫


  𝜆 = 535


  𝛥 𝜆


  Δ 𝐫


  Δ 𝜆 = 5


  Δ 𝜆 = 160


  𝜆 = 545


  Δ 𝐫


  Δ 𝐫


    𝜑  ± 1


    𝜑  − 1


    𝜏 λ


  N = 2


  𝛥 𝜆 = 5


  𝛥 𝜆 = 160


  N = 2 ,   𝛥 𝜆 = 90


  N = 19 ,   𝛥 𝜆 = 5


  ( N − 1 ) · Δ 𝐫


  Δ 𝜆 = 90


  N = 2


  Δ 𝜆 = 5   n m ,     N = 19


    𝜑  − 1  


    𝜃 λ


  Δ 𝜆


  N


  ( N − 1 ) · Δ 𝐫


  N


  N


  Δ 𝜆


  ( N − 1 ) · Δ 𝐫


  Δ 𝜆 = 5


  N = 20


  N   =   2 ,   3 ,   5 ,   10 ,   a n d   15

