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Fourier ptychographic microscopy (FPM) is a high-throughput computational imaging technology that enables
wide-field and high-resolution imaging of samples with both amplitude and phase information. It holds great
promise for quantitative phase imaging (QPI) on a large population of cells in parallel. However, detector under-
sampling leads to spectrum aliasing, which may significantly degenerate the resolution, efficiency, and quality of
QPI, especially when an objective lens with a high space–bandwidth product is used. Here, we introduce a diago-
nal illumination scheme for FPM to minimize spectrum aliasing, enabling high-resolution QPI under a limited
detector sampling rate. By orienting the LED illumination diagonally relative to the detector plane, the non-aliased
sampling frequency of the raw image under oblique illumination can be maximized. This illumination scheme,
when integrated with a color camera, facilitates single-shot, high-throughput QPI, effectively overcoming spec-
trum aliasing and achieving incoherent diffraction-limited resolution. Theoretical analysis, simulations, and
experiments on resolution target and live cells validate the effectiveness and the proposed illumination scheme,
offering a potential guideline for designing an FPM platform for high-speed QPI under the limited detector sam-
pling rates. © 2024 Optica Publishing Group. All rights, including for text and data mining (TDM), Artificial Intelligence (AI)

training, and similar technologies, are reserved.

https://doi.org/10.1364/JOSAA.532252

1. INTRODUCTION

Quantitative phase imaging (QPI) enables objective measure
of cell morphology and dynamics in a label-free way, which
is invaluable for biomedical research [1]. However, QPI has
long been achieved through laser-based interferometry; con-
sequently, the imaging quality is inevitably compromised by
system instability and intrinsic speckle noise introduced by the
coherent source. To overcome these challenges, Gabriel Popescu
(affectionately known as Gabi) is a pioneer to develop QPI tech-
nologies with robust interferometry and broad-band source.
In 2006, diffraction phase microscopy (DPM) [2] invented
by Gabi realized robust common-path interferometric phase
imaging, which aroused wide concern. So far, DPM has been
widely adopted by biological laboratories worldwide through
adding a compact optical module on existing microscopes. In
the proposed spatial light interference microscopy (SLIM) [3] in
2010, Gabi realized phase-shift interferometric phase imaging

using a white light source based on a commercial phase-contrast
microscope. The technology of SLIM allows high-contrast
imaging on subcellular structures of high signal-to-noise ratio.
Further, SLIM is applied in tomographic microscopy to reveal
three-dimensional structures of biological cells [4]. In 2017,
Gabi invented gradient light interference microcopy (GLIM)
[5] through combining common-path interferometry with dif-
ferential interference contrast (DIC) microscopy. The invented
GLIM achieves excellent sectioning for volume imaging on
thick tissues. Compared with high-coherent interferometric
QPI, the adopted partially coherent source in Gabi’s common-
path interferometry revolutionarily improves the phase imaging
quality. The success of these technologies greatly inspired the
later development of non-interferometric computational phase
microscopy [6–12]. Sharing the same intention with Gabi,
these technologies enable robust observation and avoid speckle
noise of laser sources. Furthermore, they additionally offer
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advantages such as simple hardware implementation, efficient
synthetic aperture, high imaging throughput, and system error
self-calibration.

As a typical computational phase imaging technology,
Fourier ptychographic microscopy (FPM) surpasses the reso-
lution limit of a low-magnification objective lens and realizes
high-resolution complex amplitude imaging across a large
FOV [13,14]. Specifically, the low-resolution images encoded
with phase information and high-frequency components are
captured via angular illumination scanning and are synthesized
together in the Fourier domain for supper-resolution based
on the principle of synthetic aperture [15] and phase retrieval
[16,17]. In this way, the inherent space–bandwidth product
(SBP) limit of the optical imaging system is circumvented,
enabling high-throughput QPI to simultaneously record large
populations of cells as well as subcellular structures [18–20].
It is significant for live-cell research, including drug discovery,
cancer cell biology, and personalized genomics [21,22].

A common problem in FPM is the spectrum aliasing caused
by the undersampling of a detector that will seriously degrade
imaging quality. According to the Nyquist sampling theorem,
the detector sampling rate should be at least two times the
cutoff frequency of the signal to be measured [23]. Through
the derivation of the optical transfer function (OTF) [24], it
is known that the maximum cutoff frequency of the captured
intensity image in FPM can achieve twice the coherent diffrac-
tion limit. Therefore, the minimum detector sampling rate
required to avoid spectrum aliasing is determined. It should be
noted that the spectrum aliasing problem is hard to be avoided
in some cases, especially when adopting the objective lens with
high SBP. For example, for a coherent imaging system using
the objective lens with NA of 0.4 and magnification of 10×,
spectrum aliasing occurs easily as the camera pixel size is larger
than∼5 µm. In this condition, the digital imaging resolution is
limited by the pixel size of the detector but is not the resolution
theoretically achievable for the optical system. Meanwhile, the
artifacts in reconstruction results caused by spectrum aliasing
are non-negligible and will make resolved details unreliable
[25].

As a kind of state mixture [26–28], it is known that the
aliased spectrum can be solved in an algorithm through pty-
chographic reconstruction for pixel superresolution [29,30].
Specifically, an upsampled scheme [27,31] has been demon-
strated to be crucial for successful spectrum de-aliasing, where
a pixel binning procedure is added in the forward generation of
low-resolution intensity images in the algorithm. However, it
should be noted that the successful spectrum de-aliasing in FPM
requires additional raw intensity images to promise adequate
data redundancy [31]. It means that the problem of spectrum
aliasing is solved at the expense of sacrificing imaging efficiency.
It is not achievable for real-time in vitro applications, where the
total exposure is expected to be short to record fast subcellu-
lar dynamics without motion blur. Several versions of sparse
[30–32] or multiplexing [19,33,34] LED illumination schemes
are developed to reduce the captured raw images. As probably
the fastest FPM technology for high-speed phase imaging, the
annular illumination satisfying an NA-matched illumination
condition allows accurate phase characterization using at least
4–6 intensity images [24,35,36]. In these conditions where only

a few images are captured per frame of live-cell imaging, the
problem of spectrum aliasing could not be solved under existing
frameworks.

In this paper, we present an optimal illumination scheme for
FPM to improve the high-speed phase imaging quality under
spectrum aliasing, which is induced by the undersampling of the
detector. It is known that the detector samples the optical image
more densely in the diagonal direction [37]. Here, we adopt a
diagonal illumination mode (i.e., the illumination direction is
diagonal at detector plane) for the minimization of spectrum
aliasing and achieve high-quality phase reconstruction not
requiring additional intensity images. In our demonstration
of the proposed diagonal illumination scheme, two orthogo-
nal LEDs are lit simultaneously to realize a single-shot QPI,
combined with a color camera. Two monochromatic intensity
images of different illumination directions at each color channel
are separated and used to realize phase recovery of incoher-
ent diffraction-limited resolution under a pure-phase object
assumption. In general, the proposed diagonal illumination
scheme enables a high spatio-temporal resolution imaging,
simultaneously minimizing the effect of spectrum aliasing.

2. SPECTRUM ALIASING PROBLEM OF FPM
UNDER MATCHED ILLUMINATION

The optical transfer function (OTF) characterizes the relation-
ship between the system’s intensity response and the sample’s
complex field in the frequency domain under the weak object
assumption. The cutoff frequency of the OTF is simultaneously
decided by the numerical aperture of the objective lens (NAobj)
and the spatiotemporal coherence of the illumination source
[38]. In the case of tilted coherent illumination, the OTF of the
system comprises two shifted anti-symmetric pupils that are
subtracted or added to one another, corresponding respectively
to the phase and absorption responses of the sample [24]. The
phase OTF is cut off in the low-frequency region because the
two pupils cancel each other out. The phenomenon can only
be avoided when the NA of illumination equals NAobj, which is
called the matched illumination condition [39,40]. Therefore,
the matched illumination is adopted as a necessary illumination
scheme for accurate phase characterization in FPM. Meanwhile,
the optical resolution of the recovered phase image reaches the
incoherent diffraction limit (twice the coherent diffraction
limit, fobj =NAobj/λ) in this condition. To completely record
the optical information transferred by the microscope under
matched illumination condition, the detector sampling rate
should be properly selected to satisfy the Nyquist sampling
theorem, which should be at least twice the signal’s maximum
frequency. The detector sampling rate is decided by the pixel size
(1) and magnification of the imaging system (Mag ), which is
defined as fcam = 21/Mag . To determine whether the detec-
tor sampling rate is sufficient for the optical imaging system, a
spatial sampling rate is defined as

Rcam =
fcam

fobj
=

λ

NAobj

Mag
21

. (1)

When Rcam equals 2, it can be seen in Fig. 1(a) that the OTF
is exactly included within the detector cutoff frequency. It indi-
cates that the detector can record the full frequency components
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Fig. 1. Spectrum aliasing problem of FPM under matched illumination. (a) Process of optical imaging and detector sampling, and the resultant
cutoff frequency in Fourier domain. (b) The halving of the sampling rate results in part of the optical information exceeding the detector cutoff fre-
quency. (c)–(e) Fourier spectra of intensity images under matched illumination of varying directions (0◦, 30◦, and 45◦).

of the intensity image under the matched illumination. For
another case in Fig. 1(b), as the detector sampling rate is reduced
by two, it can be seen that only half of the frequency components
can be sampled by the detector. Generally, Rcam is required to be
at least 2 under the matched illumination for the normal cases
given above to satisfy the Nyquist criterion. We also observe
that the spectrum of the image is not isotropic and achieves
the maximum frequency in the diagonal direction due to the
fact that the detector units are arranged line by line. It provides
the potential to alleviate the undersampling problem through
properly selecting the illumination direction to maximize the
collection of the sample’s spectrum.

We illustrate the effect of illumination direction on the sam-
pling process of the detector through examples presented in
Figs. 1(c)–1(e). The spatial sampling rate Rcam is set to

√
2.

When the direction angle is 0◦, the spectral component that
exceeds the detector cutoff frequency (represented by the red
and green regions) can be regarded as having shifted from
one side to another, resulting in an overlap with the unshifted
components. The phenomenon is called spectrum aliasing
[23]. In this condition, the effective NA is decreased from 2NA
to ∼1NA, which is due to the fact that the aliased spectrum
will cause artifacts on the reconstructed image and makes the
resolved frequency component exceeding 1NA not reliable,
as shown in Fig. 1(c). As the direction is changed to 30◦, the
overlapping area between the shifted and unshifted spectral
component becomes smaller, which indicates that less spectrum
is aliased in this condition. It can be observed that part of the
high-frequency spectrum exceeds the detector cutoff frequency
but is not aliased with the unshifted spectral component. This
part of high-frequency information can be easily restored in

reconstruction, as it is merely shifted rather than aliased. Hence
the effective NA actually reaches 2NA. As the direction angle
equals 45◦ shown in Fig. 1(e), it can be observed that there is no
aliased area in the spectrum. In this condition, the detector’s
sampling rate can be maximumly utilized to record optical
information, thereby completely circumventing the problem of
spectrum aliasing.

3. ANALYSIS OF SPECTRUM ALIASING IN
RELATION TO ILLUMINATION DIRECTION AND
OBJECTIVE LENS SELECTION

The potential that the spectrum aliasing problem can be mit-
igated through properly selecting the illumination direction
of the LED has been demonstrated. As a more in-depth explo-
ration for the optimal illumination scheme under spectrum
aliasing, we further quantitatively investigated the effect of
illumination directions under different spatial sampling rates.
Three typical Olympus high-SBP objective lens with different
magnifications (10×, 20×, and 40×) are selected for the more
practical demonstration. The LED illumination wavelength
and detector pixel size are setted as the commonly used param-
eters of 550 nm and 6.5 µm for the calculation of the spatial
sampling rate of the three objective lenses. Exact parameters of
the objective lens and corresponding spatial sampling rates are
provided in Table 1.

We quantify the extent of spectrum aliasing by introducing
a metric known as spectrum aliasing rate, which is defined as
the ratio of aliased area to total area of OTF. Several example
diagrams are provided in Figs. 2(a)–2(c) to visualize the aliased
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Fig. 2. Analysis of spectrum aliasing in relation to illumination direction and objective lens selection. (a)–(c) Spectrum aliasing rate schematic dia-
grams of three objective lenses under illumination directions of 0◦, 25◦, and 45◦. (d) Curves of spectrum aliasing rate with illumination direction
angle for the three objective lenses. (e) Curves of spectrum aliasing rate with spatial sampling rate under illumination directions of 0◦, 25◦, and 45◦.

Table 1. Key Parameters of Three Commonly Used
High-SBP Objective Lenses and Corresponding Spatial
Sampling Rates at Illumination Wavelength of 550 nm
and Detector Pixel Size of 6.5 µm

Objective Lens Mag NAobj Rcam

UPLFLN10X2 10× 0.3 ≈ 1.4
UPLSAPO20X 20× 0.75 ≈ 1.1
UPLXAPO40XO 40× 1.35 ≈ 1.3
λ= 550 nm 1= 6.5 µm

OTFs of the three objective lenses under the illumination direc-
tions of θ = 0◦, θ = 25◦, and θ = 45◦. The white and gray parts
separately denote the area with and without aliasing. The dotted
boxes on the diagrams denote the cutoff frequency of the detec-
tor. Figure 2(d) shows a more specific line chart demonstrating
the relationships of spectrum aliasing rate with illumination
direction for the three objective lenses. The analysis of the
diagrams and line chart indicates that all three objective lenses
exhibit a consistent trend: the spectrum aliasing rate decreases
as the illumination direction varies from 0◦ to 45◦, reaching its
minimum at 45◦, or known as diagonal illumination. However,
it should be noted that for the 10× objective lens with the sam-
pling rate Rcam = 1.1, spectrum aliasing remains a significant
issue even under the diagonal illumination. It indicates that
more intensity images are unavoidably required for de-aliasing
in algorithm. Meanwhile, for the remaining two objective lenses
with Rcam = 1.3 and Rcam = 1.4, the aliasing problem can
almost be completely avoided if adopting the diagonal illumi-
nation. It indicates that no more intensity images are required
to solve the spectrum aliasing problem, which facilitates the
high-speed phase imaging only collecting a few images per
frame. The examples on the three representative objective lenses
indicate that the diagonal illumination is the optimal illumina-
tion direction for minimizing the spectrum aliasing, but it still
cannot completely avoid the problem as the spatial sampling
rate is low. Hence, we further explore its applicable range. We

give the relationship between spectrum aliasing rate and spatial
sampling rate under illumination direction of 0◦, 25◦, and 45◦,
respectively, as shown in Fig. 2(e). It is found that at least 2, 1.8,
and 1.4 of spatial sampling rates are required for completely
avoiding spectrum aliasing under illumination directions of 0◦,
25◦, and 45◦, respectively. It indicates that the spatial sampling
rate of 1.4 is the critical threshold that must be adhered to in the
selection of the experimental parameter to avoid the spectrum
aliasing problem.

4. SINGLE-SHOT PHASE RETRIEVAL UNDER
DIAGONAL ILLUMINATION SCHEME AND
THEORETICAL SIMULATION VALIDATION

It has been established that the diagonal illumination can serve
as an optimal scheme for FPM to effectively minimize spectrum
aliasing. Here, we will demonstrate how to enable a single-shot
QPI that maximumly utilizes the camera sampling rate under
a diagonal color-multiplexed illumination scheme. We simul-
taneously illuminate the sample with both a red and a green
LED and capture the raw image using a color camera, as shown
in Fig. 3(a). The monochromatic intensity images of two illu-
mination directions are acquired through separately extracting
the red and the green channels from the color image. Further,
as illustrated in Figs. 3(b) and 3(c), the intensity images corre-
sponding to opposite illumination directions can be generated
through a straightforward computational approach:

IG = 2 ĪC − IC , (2)

where IG is the generated intensity image, IC is the experi-
mentally captured intensity image, and ĪC is the mean value
of the captured intensity image. The calculation is based on
the principle that the phase contrast of opposite illumination
direction is inverse, which is derived from the phase transfer
function of FPM [24]. Hence, if a pure-phase object assumption
is imposed, the intensity of opposite illumination direction can
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be obtained through overturning the contrast and keeping the
direct component unchanged. In this way, totally four apertures
can be alternatively updated in reconstruction using two cap-
tured images and two generated images [see Fig. 3(d)]. In our
previous work, it has been demonstrated that a set of four images
have sufficient data redundancy to achieve a quasi-isotropic
spectral coverage after the reconstruction [24,35]. The updating
procedure for a single aperture follows a typical FPM algorithm
framework [13]. It should be emphasized that an upsampled
scheme [31] is crucial to promise a successful spectral de-aliasing
in phase retrieval under limited detector sampling rate; other-
wise, significant artifacts may arise. The reconstructed phase
map is continuously refined through the updating of four
apertures until the convergence condition is satisfied.

In order to validate the advantage of the diagonal illumina-
tion scheme under limited detector sampling rate, we performed
simulations under four LED illumination modes for com-
parison as shown in Fig. 4. In simulations, we adopted a 10×,
0.3NA objective lens, and the wavelength of LED illumination
and detector pixel size were set as 550 nm and 6.5 µm. The
corresponding spatial sampling rate Rcam is 1.4 in this condi-
tion, which is within the rage where the spectrum aliasing could
be completely avoided if adopting the diagonal illumination
scheme, as is discussed in Section 3. To testify to the effect
of spectrum aliasing on reconstructed results, a pure-phase
Siemens Star (with phase height of 1 rad) was adopted as the
sample for simulation. In Fig. 4, we provide the illumination
diagram of four representative illumination modes, as well as
the corresponding effective Fourier support, recovered Fourier
spectra, and phase maps. The coverage of the Fourier support

is decided by the sum of apertures used in iterative reconstruc-
tion [see circular regions in Fig. 4(a), 4(c), and 4(d)] and is also
determined by the pixel resolution of the detector under the
condition of spectrum aliasing [see square region in Fig. 4(b)].
The first group of results in Fig. 4(a) was reconstructed using 12
annular-distributed LEDs selected from the LED array, which
satisfy the matched illumination condition. Considering the
adequate data redundancy and spectral coverage, the recon-
structed phase map in Fig. 4(a) can be seen as the standard result
closest to ground truth. In Fig. 4(b), the number of adopted
LEDs was reduced to 4 under an orthogonal illumination
scheme. Due to the fact that the aliased spectral component was
not correctly solved in this condition, the effective resolution of
the reconstructed result was limited within the detector cutoff
frequency. Therefore, the obtained phase resolution was signifi-
cantly reduced compared with Fig. 4(a) and was accompanied
with noticeable artifacts, as shown in Figs. 4(b) and 4(e). In
Fig. 4(c), we applied the diagonal illumination scheme to select
four LEDs for phase reconstruction. It can be seen that the
artifact was suppressed compared with Fig. 4(b), and the recov-
ered resolution was almost identical to the result in Fig. 4(a).
Although the spectrum in Fig. 4(a) exhibits closer to an isotropic
distribution compared to that shown in Fig. 4(c), the difference
of the two reconstructed phase maps is almost indistinguishable.
The same conclusion can be obtained through the comparison
of phase profiles in Fig. 4(e). Finally, we demonstrated the results
of adopting the single-shot imaging scheme. The other wave-
length for multiplexing imaging was set to be 630 nm. It can be
observed that the reconstructed phase map were almost identical
to Figs. 4(a) and 4(c). Hence, a successful single-shot QPI with
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spectra de-aliasing has been demonstrated under the diagonal
illumination scheme.

5. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed method,
the experiment was performed on a USAF1951 pure-phase
resolution target. An Olympus IX73 microscope was used for
microscopic imaging. A objective lens with a magnification of
10 (OLYMPUS, PlanN10X, 0.25NA) and a SCMOS camera
(HAMAMASTU, ORCA-Flash 4.0, 2048× 2048 pixels)
were used. The detector pixel size is 6.5 µm. The full-FOV
reconstructed phase map of 1.77 mm× 1.77 mm is provided in
Fig. 5(a), as well as a zoomed-in phase map visualizing Groups
6 and 7. Figure 5(b) shows the corresponding intensity images
under illumination direction of 0◦ and 45◦. A smaller sub-
region was selected from the full FOV for the comparison of
reconstruction resolution under different conditions. For the
first set S1, when red light was used for illumination (the central
wavelength is 632 nm) under the illumination direction of 0◦,
the quantitative phase imaging results, the enlarged subregion,
and the reconstructed Fourier spectrum are shown in Fig. 5(c).

For the second set S2, keeping the illumination directions of the
four LEDs unchanged, and switching to blue light illumination
(the central wavelength is 460 nm), the reconstruction results
are shown in Fig. 5(d). For the third set S3, when blue light
was used, the illumination directions were adjusted to 45◦.
Considering the measured sample is the transparent object,
the raw images used are reduced from 4 to 2 according to pure-
phase object assumption, as demonstrated in Section 4. The
reconstruction results are shown in Fig. 5(e). From these three
sets of comparative experiments, it can be seen that when the
illumination wavelength is 632 nm, the spatial sampling rate
Rcam = 1.945≈ 2, which almost satisfies the Nyquist sam-
pling theorem under incoherent illumination, so there is no
distortion in the reconstruction results [see Fig. 5(a)], and the
smallest resolvable element of Group 9 Element 5 (615 nm) also
reaches the theoretical highest half-width resolution (632 nm).
When the illumination direction is not changed and only the
illumination wavelength is reduced to 430 nm, the spatial
sampling rate Rcam = 1.32< 2, which no longer satisfies the
Nyquist sampling theorem under incoherent illumination. So,
the reconstructed phase distribution has been severely distorted
on the Group 9 Elements 4–6 [see Fig. 5(d)]. Through simply
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adjusting illumination directions of the LEDs, the imaging
resolution and artifacts have been significantly improved, as
shown in Fig. 5(e). At the 430 nm illumination wavelength,
it can be seen that the distortion in Fig. 5(d) has completely
disappeared. The smallest resolvable element is Group 10
Element 2 (435 nm), which almost reaches the theoretical
half-width resolution (430 nm). Here, the phase resolution
target in Fig. 5(e) was rotated by 45◦ to eliminate the effects of
anisotropic imaging resolution for a fair comparison.

To further demonstrate that the proposed illumination
scheme can achieve the optimal live-cell phase imaging quality
in the presence of spectrum aliasing, we performed dynamic
imaging of human hepatocellular carcinoma cells using a high-
SBP objective lens (OLYMPUS, UPLSAPO20X, 0.75NA),
as shown in Fig. 6. The raw images were captured at a frame
rate of 10 Hz. Figure 6(a) shows four phase images of a single
cell cut from 20× full-FOV images at intervals of 3 min. It
can be observed that the morphology of the cell was gradually
shrinking, which was probably caused by the unsuited culture
environment. Figures 6(b) and 6(c) show the reconstructed
phase images under diagonal and orthogonal illumination
schemes, respectively, which are zoomed in from Fig. 6(a) for
more clear visualization. It can be seen that the reconstruction
results under diagonal illumination in Fig. 6(b) exhibit signifi-
cantly better than orthogonal illumination in Fig. 6(c), as the
lipid droplets are closer to circular shapes, which are consistent
with the published results. To highlight the difference of the
two groups of reconstructed results, the phase profiles of the
first and last frames in Figs. 6(b) and 6(c) are provided. In these
profiles, it can be seen that higher resolution was achieved with

reconstruction under diagonal illumination compared to that
under orthogonal illumination. The diagrams of spectrum
aliasing explain this phenomenon, which indicates that much
fewer high-frequency components in spectrum are aliased
under diagonal illumination. Additionally, we also compare
reconstruction results using more intensity images under the
annular matched illumination. From the spectra of recon-
structed phase maps, it can be observed that the better isotropic
resolution can be achieved when performing the reconstruction
using 8 and 20 intensity images. However, the difference is
negligible in the comparison of phase profiles. In general, it
can be concluded from our presented results that the diagonal
illumination scheme can minimize the effect of spectrum alias-
ing and achieve incoherent diffraction-limited phase imaging
resolution under a single exposure. The results reconstructed
from few raw images have been demonstrated to be equivalent
to the results with more raw images. The full video recording
morphological variation of the live cell in Fig. 6 for 27 min is
provided in Visualization 1, which gives a dynamic comparison
on reconstructed results of different imaging schemes.

6. CONCLUSION AND DISCUSSION

In general, we propose a diagonal illumination scheme to cope
with the problem of spectrum aliasing in FPM on the condition
of not additionally acquiring raw images. The spectrum aliasing
occurs when the optical image is undersampled by the detector
according to the Nyquist sampling theorem. Owing to the
fact that detector units are arranged line by line, the frequency
domain of an image is anisotropic and achieves the highest

https://doi.org/10.6084/m9.figshare.26142973
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Fig. 6. Experimental results on living cells (human hepatocellular carcinoma cell, PLC/REF/5). (a) Four frames of phase map in different times for
a human hepatocellular carcinoma cell cut from the FOV of a 20×, 0.75NA objective lens, which are reconstructed under single-shot diagonal illumi-
nation scheme. (b) Enlarged phase maps of area of interest (ROI) in (a), as well as the spectrum aliasing diagram. (c) Phase maps of comparison with
(b) reconstructed from four intensity images with LED illumination direction of 0◦. (d) Comparison of phase profiles reconstructed with four annular
illumination schemes, as well as the corresponding reconstruction spectra.

sampling frequency in the diagonal direction. Through setting
the orientation of the OTF to be diagonal in the frequency
domain by the proposed illumination scheme, the optical image
transmitted by the microscope can be maximumly sampled
where the spectrum aliasing area is minimized. The effective-
ness of diagonal illumination scheme is also quantitatively
validated in the line charts of Figs. 2(d) and 2(e). It is known
that the spectrum aliasing can be solved in algorithm through
ptychographic reconstruction; however, it additionally requires
much more raw images to promise adequate data redundancy.
The same challenge in lens-free microscopy has to be overcome
through lateral-shifted pixel super-resolution [41], multi-angle
illumination [42], and wavelength scanning [43], requiring
extra modulations that are costly in both time and hardware.
Here, through applying the diagonal illumination scheme, only
two images are required to realize the dynamic phase imaging
achieving incoherent diffraction-limited resolution under
limited detector sampling rate, which is a much more simple
and efficient way. Furthermore, the implementation of the
diagonal illumination scheme permits the use of detectors with
larger pixel size for capturing raw images. Usually, the larger
pixel size of charge coupled devices (CCDs) or complementary
metal–oxide-semiconductor (CMOS) correlates with higher
performance parameters, including dynamic range, frame rate,
and quantum efficiency. These improvements facilitate higher
phase imaging sensitivity and speed.

Although the diagonal illumination scheme has been vali-
dated to maximumly exploit the Fourier domain of the detector
in FPM, it should be noted that the spectrum aliasing can-
not be completely avoided when the detector sampling rate is
lower than a threshold value [specifically, when Rcam < 1.4; see
Fig. 2(e)]. This means that the spectrum is seriously aliased in
these conditions, and, inevitably, more raw images are required
or the system parameters (i.e., magnification, NA, and detec-
tor pixel size) should be redesigned to completely recover the
sample’s high-frequency information. Meanwhile, if perform-
ing reconstruction on raw intensity images with unavoidable
aliasing as shown in Fig. 6 when Rcam = 1.1, the imaging results
under diagonal illumination still perform much better than
orthogonal illumination [see Figs. 6(b) and 6(c)]. In addition, it
is important to emphasize that the methodology and theoreti-
cal framework presented in this article rely on a fundamental
assumption known as the weak object assumption. The weak
object assumption is introduced to linearize the imaging process
and is the basis to derive the transfer function. The assumption is
valid on most of the thin samples, such as adherent cells. For the
thick samples which are multiple-scattering, we notice that the
spectrum of intensity under tilt illumination exhibits a similar
distribution characteristic with thin sample [44], although there
are still some spectrum components exceeding the support of
the transfer function. Hence, it can be concluded that the diago-
nal illumination scheme is also applicable for the thick samples.
Furthermore, we mainly analyze the aliasing problem here for
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bright-field imaging under matched illumination condition,
where the spectrum is mainly composed of linear parts (i.e., the
two circular components; see Fig. 1). For the dark-field imaging
in FPM, the spectrum is composed of non-linear components
[45]; hence it is worth exploring to develop an imaging scheme
to minimize spectrum aliasing in this condition and whether the
diagonal illumination remains a viable solution to addressing
the aliasing problem.
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