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Fourier optical route toward multimodal differential microscopy

Jeeban Kumar Nayak,1,2,* Niladri Modak ,1,3 Sayan Ghosh ,1 Olivier J.F. Martin,2
and Nirmalya Ghosh 1

1
Department of Physical Sciences, Indian Institute of Science Education and Research Kolkata,

Mohanpur 741246, India
2
Nanophotonics and Metrology Laboratory (NAM), Swiss Federal Institute of Technology Lausanne (EPFL),

Lausanne 1015, Switzerland
3
Tampere University, Photonics Laboratory, Physics Unit, Tampere FI-33720, Finland

 (Received 20 September 2025; revised 2 February 2026; accepted 16 March 2026; published 28 April 2026)

We experimentally demonstrate a differential microscopy methodology that facilitates simultaneous
amplitude, phase, and differential polarization imaging. The proposed optical spatial differentiator is
obtained in a remarkably simple setup by placing a glass cover slip, acting as a signum phase mask in the
Fourier plane of a standard 4f imaging arrangement. Unlike conventional approaches, the scheme oper-
ates without polarized illumination, thereby enabling polarization to serve as an additional contrast within
the framework of differential imaging, which facilitates concurrent probing of the phase and polarization
gradient information throughout an object. Moreover, the proposed scheme is fully adapted to standard
high-resolution microscopy and functions efficiently across a broad wavelength range. The demonstrated
simple, low-cost, multifunctional optical spatial differentiator can be easily integrated with conventional
bright-field microscopes. It is expected to impact the future of label-free microscopy and optical image-
processing techniques, with potential applications in biomedical research, materials science, and several
other disciplines.

DOI: 10.1103/97rx-3lx9

I. INTRODUCTION

The amplitude, phase, and polarization degrees of
freedom of light have traditionally served as intrinsic
mechanisms for image contrast in optical imaging and
microscopy [1–5]. The earlier issue of visualizing weakly
absorbing or scattering objects was initially addressed by
first-generation phase imaging techniques such as phase
contrast [6–9] and differential interference contrast (DIC)
microscopy [10,11]. These microscopy methods transform
the phase distribution within an object into an inten-
sity distribution, enabling the formation of high-contrast
images of pure phase objects. In addition to phase, polar-
ization has also been used as an essential contrast mech-
anism because many natural objects possess intrinsic
polarization-anisotropy effects (birefringence and dichro-
ism) due to their anisotropic molecular or structural organi-
zation [3,12–14]. These anisotropy effects, once quantified
and mapped with desirable spatial resolution, may yield a
wealth of morphological, structural, and functional infor-
mation of potential importance [3,15,16]. Accordingly,
polarization imaging holds a distinctive position in label-
free optical microscopy and is of significant importance in

*Contact author: jeeban.nayak@epfl.ch

diverse fields ranging from materials science and biomed-
ical research to metrology [3,15,17].

Despite its potential, traditional polarization imaging
techniques struggle to detect subtle morphological varia-
tions present in an object due to their limited ability to
quantify weak spatial variations in polarization anisotropy
effects [3]. Thus, there is a need to develop an imaging
technique that can transform a polarization gradient into
a corresponding intensity distribution, thereby producing
differential polarization-contrast images. To achieve this,
the polarization degree of freedom needs to be included
as a degree of contrast in the framework of differen-
tial imaging; however, most of the existing differential
imaging techniques do not accommodate this integration
[10,18–21], as they primarily use the polarization of light
as a tool to obtain the spatial differentiation [10,18–21].

In this context, it is pertinent to note that there has
been significant recent interest in developing miniatur-
ized differential imaging methods to replace conventional
bulky quantitative phase imaging setups [18,21–27], and
to serve as efficient image processing techniques [20,28,
29]. Exploiting the multifunctionality of nanostructures
with or without the 4f imaging arrangement, optical spa-
tial differentiation is achieved [18–20,30–33]; however,
these approaches still require polarized light for spatial
differentiation. While some other studies have explored
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differential imaging via Fourier filtering, the potential for
integrating polarization and differential imaging remains
largely unexplored [34–36].

In this work, we present a unified differential imaging
approach that facilitates simultaneous amplitude, phase,
and quantitative polarization imaging in a simple experi-
mental system. The optical spatial differentiator achieved
in our scheme is realized by placing a glass cover slip
as a signum phase mask in the Fourier plane of a con-
ventional 4f imaging arrangement; it is hence termed the
signum phase mask differential (SPMD) approach. Unlike
most existing methods, the SPMD scheme does not need
polarized light or the acquisition of multiple images to
obtain spatial differentiation. Avoiding these conventional
strategies reduces complexity and, more importantly, per-
mits the inclusion of polarization as an additional contrast
mechanism in the domain of differential microscopy. As a
result, the SPMD imaging approach enables simultaneous
probing of differential amplitude, phase, and polarization
information within an object. Furthermore, the differentia-
tor performs robustly with high-numerical-aperture (high-
NA) objectives across a broad wavelength range, estab-
lishing the SPMD method as a cost-effective microscopy
platform for real-time label-free microscopy.

II. RESULTS

Our experimental setup employs a standard 4f imaging
system, with a glass coverslip placed at the center of the
Fourier plane [37] [Fig. 1(a)]. The cover slip is positioned
in such a way that it imparts a phase (φ) of π to the nega-
tive spatial frequencies (φ = π : ky < 0) and φ = 0 to the
positive spatial frequencies (ky > 0) of the input object
in Fig. 1(a). Asymmetric phase manipulation with respect
to the spatial frequency ky is achieved by appropriately
tilting or rotating the cover slip. In addition, strong scat-
tering at the coverslip edges significantly suppresses the
zero-order transmission. As a result, a commercially avail-
able glass coverslip functions effectively as a signum phase
mask in the Fourier plane. Further details of the coverslip’s
physical properties and its impact on image contrast are
provided in the Supplemental Material (Sec. S1.A).

The field distribution in the image plane can be derived
using the convolution theorem by considering the Fourier
spectrum of the object Eobj(kx, ky) modulated by the
signum function [sgn(ky)]. This modulation leads to the
development of a spatial differentiator, wherein the inten-
sity distribution at the image plane is governed by the
derivative of the object field:

Iimage(x′, y ′) = ∣
∣Eimage(x′, y ′)

∣
∣
2

∝
∣
∣
∣
∣

∫
∂Eobj(x, y)

∂y
ln |y ′ − y| dy

∣
∣
∣
∣

2

. (1)

Here, Eobj(x, y) represents the electric field at the object
plane, and the signum modulation, determined by the posi-
tioning of the coverslip, enforces differentiation in the y
direction. A detailed mathematical derivation comprehen-
sively describing the origin of the logarithmic terms is
provided in the Supplemental Material [38] (Sec. S2.A).
In general, the field Eobj(x, y) encodes the amplitude,
phase, and polarization information of an object. Conven-
tional differential imaging techniques often require spe-
cific polarization states to obtain spatial differentiation
[21,39,40], which limits their ability to probe polarization-
dependent features in the object. In contrast, the proposed
SPMD method is intrinsically polarization independent
and therefore sensitive to the full vectorial (polarization)
properties of the input field [see Eq. (1)]. Expressing
the object field as a Jones vector [Ex(x, y) Ey(x, y)]T

[3,12,41], the framework naturally extends to amplitude,
phase, and polarization gradients. Moreover, the theoret-
ical treatment explaining the multimodal imaging capa-
bility of the SPMD imaging scheme is provided in the
Supplemental Material [38] (Sec. S2.C).

To illustrate the mechanism, consider an object Eobj with
discrete field discontinuities along the direction of differ-
entiation at y = a1, a2, a3, . . . , an (in the y coordinates).
Treating the gradients of these discrete jumps as delta func-
tions δ(an), the intensity distribution at the image plane
becomes

Iimage ∝ ∣
∣ln |y ′ − a1| + ln |y ′ − a2|

+ ln |y ′ − a3| + · · · + ln |y ′ − an|
∣
∣ . (2)

This expression shows that the intensity distribution at the
image plane becomes strongly localized at spatial posi-
tions corresponding to the object’s field discontinuities,
with a logarithmic variation. Such behavior underpins the
high-contrast imaging achieved with the SPMD scheme.
As a first demonstration, we applied the method to a rect-
angular phase object exhibiting a π phase jump at its
boundaries [Fig. 1(b)I,III]. The differential images reveal
intensity localization along the y edges [Fig. 1(b)II,IV],
with intensity profiles emulating the logarithmic behavior
[Fig. 1(b)ii,iv] predicted by Eq. (1) and Eq. (2). Similar
results showcasing the differential image formation of arbi-
trarily shaped amplitude and phase objects are provided in
the Supplemental Material [38] (Figs. S2 and S5). While
this study focuses on a one-dimensional signum function
for experimental simplicity, the approach can be gener-
alized to isotropic (two-dimensional) differentiation. We
can vary the direction of spatial differentiation by steer-
ing the orientation of the signum phase mask (glass cover
slip) and capture the corresponding differential images, as
shown in Fig. 1(c). Spatial differentiation along different
directions, x̂ + ŷ and x̂ [Fig. 1(c)], is desirably performed,
and consequent intensity localization along different edges
is observed in the corresponding differential images.
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FIG. 1. Working principle of the SPMD imaging methodology. (a) Schematic illustration of the proposed SPMD experimental
configuration. A glass cover slip appropriately positioned at the center of the Fourier plane of a 4f arrangement acts as a signum
phase mask. (b) Both numerically (I, II) and experimentally (III, IV) observed differential images of a rectangular phase object with
a phase jump of π at the boundary. (i, ii, iii, iv) Light intensity distribution or line profile in each pixel along the white dashed lines.
(c) Differential images of a rectangular phase object with varying directions of spatial differentiation: (I) 45◦ and (II) vertical (x̂)
orientations are shown. (d) Spatial differentiation of an input fundamental Gaussian beam (I and II show theoretical results; III and IV
show experimental results). The scale bar corresponds to 325 µm.

The SPMD approach is also effective for objects with
continuous field variation. This is demonstrated by pre-
senting the numerically and experimentally obtained dif-
ferential images of an input fundamental Gaussian beam.
The differential images feature a two-lobe intensity pattern
corresponding to the first-order derivative of the Gaussian
function. All phase objects used as imaging targets are pre-
pared using a spatial light modulator (SLM; HOLOEYE
LC2012) by modulating the pixels with user-controlled
gray-level distributions. A brief description of the phase-
and polarization-modulation properties of the SLM is pro-
vided in the Supplemental Material [38] (Sec. S1.B).
A detailed discussion of the potential influence of the
signum phase mask on the spatial resolution of the imaging
system is also presented in the Supplemental Material [38]
(Sec. S2.B, Fig. S3). It is shown that the true resolution
of the imaging system remains unchanged, as the signum
phase mask does not suppress or truncate the cutoff spatial
frequencies of the optical configuration.

We next demonstrate the adaptability of the SPMD
imaging scheme in the realm of microscopy. For this
purpose, conventional bright-field microscope objectives
are integrated into the existing spatial differentiator setup,
and differential images of unstained biological cells are
recorded (Fig. 2). Both bright-field and corresponding dif-
ferential images captured with the SPMD imaging scheme

are presented for comparison. For instance, the bright-field
image of an onion cell exhibits the expected low contrast
due to its weak refractive-index variations and phase-
only nature [Fig. 2(a)I,III]. In contrast, the correspond-
ing differential images show a pronounced enhancement
in image contrast with clearly visible cellular structures
[Fig. 2(a)II,IV]. The corresponding extracted intensity pro-
files provide further evidence of the improvement in image
contrast [Fig. 2(a)III,IV].

To validate the performance of the SPMD imaging
approach under high-NA conditions, a differential image
of an Aglaonema commutatum leaf-cell section is recorded
using a 50× microscope objective (NA ≈ 0.8). The result-
ing images [Fig. 2(b)] clearly reveal internal leaf mor-
phology, including stomata and guard cells. These results
provide conclusive evidence that integration of the pro-
posed spatial differentiator with conventional bright-field
microscopes holds great potential for real-time label-free
imaging of transparent biological objects. Microscope
objectives with different magnifications are also used to
assess the performance of the SPMD microscope (see
Supplemental Material [38], Fig. S5).

We also present a quantitative comparison between
the differential images obtained using a commercial
DIC microscope and those obtained using the SPMD
method, under as similar imaging conditions as possible.
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FIG. 2. Adaptation of the signum phase mask differential (SPMD) methodology for microscopy. (a) Bright-field image (I) and the
corresponding SPMD-based differential image (II) of an onion cell. Panels (III) and (IV) show the pixel-wise intensity variation along
the white dashed lines, highlighting strong intensity localization at the cell boundaries in the case of SPMD imaging. (b) Differential
image of a leaf cross section acquired using a 50× microscope objective (NA ≈ 0.8), demonstrating significant contrast enhancement
compared to the corresponding bright-field image. (c) Bright-field image (I), and the corresponding differential image (II) of an onion
cell obtained using a conventional DIC microscope, shown alongside the extracted edge-gradient image (III). (d) SPMD images of a
synthetic phase object recorded at two different illumination wavelengths (490 and 555 nm), together with the corresponding intensity
profiles extracted along the white lines indicated in the differential images.

The corresponding results are shown in Fig. 2(c). Two
key metrics are chosen for this comparison: (1) the
mean edge-gradient magnitude, (〈|∇I(x, y)|〉edge), which
quantifies edge sharpness in the differential images;
and (2) the edge signal-to-noise ratio (SNR), defined
as SNRedge = |∇I |edge/σ∇Ibackground, which characterizes
edge detectability and is crucial for evaluating differen-
tial imaging performance. Onion cells and leaf cells with
well-defined cell walls are used as test samples. To cal-
culate (〈|∇I(x, y)|〉edge), regions surrounding prominent
edges are carefully selected, and the average gradient

magnitude over these regions is computed. For the com-
mercial DIC microscope, (〈|∇I(x, y)|〉edge) was found to
be 6.1, whereas the corresponding value for SPMD images
exhibited an enhancement of nearly 2 orders of magnitude,
reaching 583.9. This significant difference can be attributed
to the distinct illumination schemes employed: SPMD
uses coherent laser illumination, while the conventional
DIC microscope operates with an incoherent incandes-
cent source. To account for this difference, the edge SNR
serves as a more appropriate comparative metric, as both
signal and noise gradients are similarly amplified under
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FIG. 3. Inclusion of polarization as an additional degree of contrast in the domain of differential imaging. (a) Unpolarized (I, III) and
polarized (II, IV) differential (III, IV), and bright-field (I, II) images of a phase-polarization object. (b) Polarization-resolved differential
image of a liquid-crystal droplet reveals the structural orientation of the liquid crystals within. The scale bars in (a) and (b) correspond
to 325 and 800 µm, respectively.

coherent illumination. The standard deviation of the noise
σ = σbackground is estimated from homogeneous regions
between cell walls. Using this metric, the edge SNR values
are found to be comparable for both techniques, yielding
7.2 for DIC and 7.1 for SPMD. These results demonstrate
that SPMD provides differential image contrast and edge
detectability comparable to conventional DIC microscopy,
while offering additional multimodal capabilities.

Furthermore, since the spatial differentiation imple-
mented in the proposed approach is inherently wavelength
independent, the same setup can be employed over a
broad spectral range. To demonstrate this capability, multi-
wavelength differential imaging is performed by recording
differential images of simple phase objects similar to those
shown in Fig. 1(b). The recorded differential images and
the corresponding extracted line profiles at wavelengths
of 490 and 555 nm [Fig. 2(d)] explicitly demonstrate the
broadband performance of the SPMD imaging scheme.

Having established differential image formation for both
phase and amplitude objects, we now highlight the most
promising feature of the SPMD method: its ability to incor-
porate polarization as an additional contrast mechanism
within the differential imaging framework. Before pro-
ceeding with the demonstration, we note that the proposed
differential operation in this study is inherently polarization
agnostic, enabling edge enhancement without imposing
constraints on the incident polarization state; however, to
record polarization-resolved differential images or differ-
ential polarization-contrast images, it is essential to incor-
porate polarizing optical elements such as polarizers and
retarders (waveplates) into the existing differential imag-
ing setup. We begin by capturing polarization-resolved

differential images of a phase-polarization object, reveal-
ing the improvement in image contrast as a result of
the added polarization degree of freedom. A synthetic
phase–polarization object is constructed using the SLM,
which simultaneously modulates both phase and polar-
ization according to programmed gray-level distributions
(see Sec. S1.B of the Supplemental Material [38] for the
detailed SLM properties). Polarization-resolved intensity
images are then recorded using combinations of linear
polarizers and quarter-wave plates within the SPMD imag-
ing setup. As shown in Fig. 3(a), the recorded polarization-
resolved bright-field image [Fig. 3(a)II] reveals the struc-
tural boundary of the object, even in bright-field imaging,
by suppressing the background signal. The unpolarized
differential image [Fig. 3(a)III] provides partial structural
contrast, but the polarization-resolved differential image
[Fig. 3(a)IV] shows considerably higher contrast, high-
lighting internal morphology. A further example is given
in Fig. 3(b), where a cross-polarized differential image
of a radial liquid-crystal droplet clearly reveals both the
radial arrangement and layered texture of the anisotropic
liquid crystals. These results confirm that SPMD imaging
can simultaneously exploit phase and polarization varia-
tions to generate high-contrast images of complex objects
exhibiting anisotropic optical properties.

We next explore the ability of the SPMD scheme to pro-
vide quantitative differential imaging for both phase and
polarization objects. To begin with, consider a pure polar-
ization object—one that modifies the polarization state
of light (Eobj) relative to the surrounding background.
Among the various anisotropic polarization effects, circu-
lar retardance is chosen, as this is exhibited by a wide
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range of biological objects, and the shape of the object
is kept circular. In this scenario, there is a polarization
discontinuity at the boundary of the object, where the
polarization angle within the object is rotated by an angle
α with respect to the surrounding background [Fig. 4(a)I.].
The SPMD scheme, with its universal differentiation abil-
ity, detects this change in polarization and converts it
into localized intensity variations, yielding a differential
polarization-contrast image [Fig. 4(a)I]. By performing
Stokes-vector measurements [I Q U V]T, we retrieve
the polarization orientation angle (=0.5 tan−1(U/Q)), dis-
playing the quantitative nature of the imaging method
[Fig. 4(a)]. A detailed theoretical framework for quanti-
tative polarization-anisotropy analysis is provided in the
Supplemental Material [38] (Sec. S2.C, Fig. S4). Further-
more, full (4 × 4) Mueller matrix measurements and their
inverse analysis within the same experimental framework
of SPMD imaging are also warranted and are discussed in
the Supplemental Material [38] (Sec. S4, Fig. S7).

Finally, we discuss quantitative differential phase (δ)

imaging. In the proposed SPMD approach, the localized
intensity at the output (image) plane is governed by the
spatial gradient of the electric field at the input (object)
plane, a characteristic shared with conventional differential
phase-contrast techniques. This relationship enables the
extraction of quantitative phase information from intensity
variations at the image plane. To calibrate this relation, we
systematically vary the magnitude of the phase disconti-
nuity at the object plane [Figs. 4(b) and 4(c)] and record
the corresponding localized intensity at the image plane.
The resulting data is used to construct an intensity-phase
calibration curve, which is then fitted using a polynomial
function to establish a quantitative mapping between local-
ized intensity and phase discontinuity δ. This calibrated
relation is subsequently applied to estimate local phase
changes in arbitrary unknown phase objects.

An experimental demonstration of this quantitative dif-
ferential phase imaging capability is shown in Fig. 4(d),
where a phase object is generated using an SLM. The phase
discontinuities at the boundaries of the inner and outer
rectangular regions are quantitatively extracted from the
localized intensity measured at the corresponding edges.
Here, we also note that the derived phase images in the
case of SPMD imaging do not provide a phase-gradient
image of an object as in conventional differential imag-
ing systems. Instead, it provides the phase jump around
the boundaries. Further discussion of the nature of the
polynomial fitting, as well as supporting theoretical results
demonstrating quantitative differential image formation
using the SPMD scheme, is provided in the Supplemental
Material [38] (Sec. S5, Fig. S8).

III. CONCLUSIONS

In summary, we have demonstrated a low-cost and com-
pact multimodal differential microscopy technique that
employs a simple glass cover slip as a signum phase mask
within a standard 4f imaging system. This approach sim-
plifies differential phase imaging by eliminating the need
for polarized illumination and the acquisition of multi-
ple images, while simultaneously enabling polarization
to serve as an additional contrast modality in differential
microscopy. As a result, our method achieves simultaneous
quantitative differential phase and polarization imaging
within a single-shot framework. The SPMD technique
facilitates amplitude, phase, and quantitative differential
polarization imaging in a simple setup. It easily integrates
with high-resolution microscopy platforms and operates
effectively over a broad wavelength range. It therefore
paves the way for cost-effective, multifunctional differ-
ential imaging techniques, with promising applications in
label-free microscopy.
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