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ABSTRACT

Quantitative phase imaging (QPI) is a valuable label-free modality that has gained significant interest due to its wide potentials, from basic
biology to clinical applications. Most existing QPI systems measure microscopic objects via interferometry or nonlinear iterative phase recon-
structions from intensity measurements. However, all imaging systems compromise spatial resolution for the field of view and vice versa, i.e.,
suffer from a limited space bandwidth product. Current solutions to this problem involve computational phase retrieval algorithms, which
are time-consuming and often suffer from convergence problems. In this article, we presented synthetic aperture interference light (SAIL)
microscopy as a solution for high-resolution, wide field of view QPI. The proposed approach employs low-coherence interferometry to
directly measure the optical phase delay under different illumination angles and produces large space-bandwidth product label-free imaging.
We validate the performance of SAIL on standard samples and illustrate the biomedical applications on various specimens: pathology slides,
entire insects, and dynamic live cells in large cultures. The reconstructed images have a synthetic numeric aperture of 0.45 and a field of
view of 2.6� 2.6mm2. Due to its direct measurement of the phase information, SAIL microscopy does not require long computational time,
eliminates data redundancy, and always converges.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065628

Quantitative phase imaging (QPI) is a label-free modality that
has emerged as a powerful label-free imaging approach.1 QPI utilizes
the optical phase delay across an object as the contrast mechanism,
and thus, it reveals structures of transparent specimens with remark-
able sensitivity. Because this modality does not require exogenous
labeling, QPI is particularly suitable for nondestructive investigations
of biological samples.2 Optical phase delay is linearly proportional to
the non-aqueous content of cells, and thus, it can inform on the cell
dry mass, growth, and transport.3–8 QPI directly reports on the intrin-
sic biophysical properties of the sample of interest, without artifacts
associated with contrast agents. In the past, we have witnessed a
broad range of QPI applications in cellular biology,9–11 cancer
pathology,12–14 tissue disorders,15–17 neuroscience,18–20 and materials
science.21–24 More recently, in combination with computational imag-
ing algorithms, QPI enabled tomographic investigations of thin and
thick structures,25–29 while deep learning tools enabled avenues of
retrieving chemical specificity from label-free data.30–33

The throughput of a conventional QPI system is constrained by
the space-bandwidth product (SBP), defined by the range of spatial
frequencies within a certain spatial volume.34,35 Because of this funda-
mental limit, it is challenging to image a large area with high optical
resolution. Although it is generally accepted that the resolution can be
improved by using oblique illumination, the factor of enhancement is
still limited by the objective numerical aperture, as shown in the
supplementary material, Sec. 1 and Ref. 36. Most often, a microscope
equipped with a scanning stage is used to accommodate the issue.
However, while these instruments are widely spread especially in digi-
tal pathology, they require in-focus imaging over large fields of view
and some post-processing efforts to align and fuse the individual
frames.37,38 Fourier ptychographic microscopy (FPM) is an alternative
solution.39,40 Instead of fusing the images in the spatial domain, FPM
boosts the SBP by scanning and fusing portions of the spatial fre-
quency spectrum. Typically, FPM employs an LED array as the light
source, and it records a sequence of intensity images under different
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illumination angles. Using a low-power objective to ensure a large field
of view (FOV), high-SBP images are produced through computational
reconstruction. However, due to the lack of direct phase information,
the FPM reconstruction requires an intermediate “phase retrieval”
step, which can be time-consuming.39 Furthermore, fusing the spatial
frequency components requires a certain amount of measurement
redundancy, i.e., frequency overlap, and nonlinear iterative optimiza-
tion to retrieve convergent results.41 A typical FPM uses tens to several
hundred input images,42–44 and the quality of reconstruction is subject
to the pattern of illumination,45,46 sequence of updating,47 LED mis-
alignment,48,49 and system noise.50

In this article, we present synthetic aperture interference light
(SAIL) microscopy as a solution for high-SBP, label-free imaging of
micro- and mesoscopic objects. Our imaging system directly measures
the optical path length map associated with the image field under dif-
ferent angles of illumination, which removes the need for computa-
tional phase retrieval algorithms. We applied the synthetic aperture
(SA)51–53 algorithm to generate deterministic high-SBP QPI images
without iterative optimization. Our reconstructed images have a FOV
of 2.6� 2.6mm2 with a synthetic resolution of 1.45lm, which is
approximately 3� better compared to the results without SA recon-
struction. In contrast to FPM, SAIL reduces the complexity of the
reconstruction and data redundancy, while the results can be com-
puted by a CPU processor in a matter of seconds. Compared to the
previous reports of coherent synthesis,54,55 our instrument is a com-
mon path and, thus, robust against temporal phase noise. After the
validation on standard samples, we performed measurements on his-
topathology slides, whole insects, and adherent cell cultures and com-
pared the results with the ones measured by a conventional QPI
microscope. This comparison illustrates how hidden structures in con-
ventional imaging can be easily identified in the SAIL reconstruction.
We expect that this easy-to-use, high-throughput imaging approach
would be of great benefit for biomedical applications in the future.

The general resolution formula for a partially coherent illumina-
tion, bright-field microscope, characterized by a condenser numerical
aperture, NAc, and objective numerical aperture, NAo, is given by
R ¼ 1:22k=ðNAo þ NAcÞ. This classical expression may suggest that
one can use a low NAo to achieve large fields of view and a high NAc

for high resolution, which would lead to arbitrary high space-
bandwidth products. However, as we show in the supplemental infor-
mation leading to key Eq. (S16), this resolution formula only applies
when NAc � NAo, meaning that the traditional expression for resolu-
tion with incoherent illumination should be amended to

R ¼ 1:22
k

NAo þ NAc

����
NAc�NAo

: (1)

Physically, this expression is due to the image formation being the
result of the interference between the scattered and incident light. For
incoherent illumination, each scattered field only interferes with its
own incident field. The incident light acts as a reference of an interfer-
ometer, thus amplifying the weak scattering signals (since the camera
detects their product). For dark field illumination, the incident field is
absent, this amplification mechanism vanishes, and the corresponding
scattering fields become negligible compared to those produced by
bright field illumination. This is basic phenomenon that motivated the
development of synthetic aperture methods, where the scattered light
generated by each darkfield illumination plane wave is measured

separately and combined numerically. It is important to note that
when a plane wave fills the condenser aperture, leading to the light
being focused into a spot at the sample, all the plane wave components
interfere with each other. As a result, even the dark field illuminated
scattered light is amplified by the incident light. Of course, this is the
case of laser scanning microscopy, when the resolution is governed by
the condenser aperture (typically, another objective), independent of
the objective aperture.

In this spirit, we developed the SAIL microscopy instrument to
measure the complex image field under various directions of illumina-
tion. The optical setup is illustrated in Fig. 1(a). The system is built as
an upgrade to an existing differential interference contrast (DIC)
microscope, by using a light engine in the illumination path and an
interferometric module at the output port. We replaced the conven-
tional halogen lamp with a programmable light engine, consisting of a
commercial display projector and a collecting lens group. To precisely
control the angle of illumination, we adjusted the position of the light
engine such that the projected pattern is focused on the condenser
aperture plane. A total of night illumination angles were created. The
illumination angles are evenly spaced, with a maximum illumination
NA of 0.27. The inset in Fig. 1(a) shows a testing illumination pattern
and corresponding image measured at the back focal plane of the
microscope objective. At the microscope condenser aperture plane, a
Wollaston prism is used to generate two orthogonally polarized illumi-
nation beams separated by a small angle, which converts into a small
transverse shift at the sample plane. Both beams are incident on the
sample and generate scattered light. Using a low magnification micro-
scope objective lens (5�/0.15NA), only a small angular spread of the
scattered light is collected to form the image field. To measure the
phase delay between the two sheared beams quantitatively, we
removed the analyzer in the conventional DIC microscope and
attached a gradient light interference microscope (GLIM) module to
the output port. The design principles of GLIM have been discussed in
detail in previous publications.56,57 Briefly, a liquid crystal variable
retarder (LCVR) modulates the phase shift between the two image
fields, and a subsequent linear polarizer renders the polarization of the
two fields parallel. As a result, for a given illumination plane wave, of
transverse wavevector ki?, the interferogram measured by the detector
can be expressed in terms of the irradiance, namely (see the supple-
mentary material, Sect. 2),

I r; ki?; enð Þ ¼ jU rð Þj2 þ jU rþ drð Þj2 þ 2jU rð ÞU rþ drð Þj
� cos Du r; ki?ð Þ þ n ki?ð Þ þ en

� �
; (2)

where r is the spatial coordinates; ki? is the transverse wavevector of
plane wave illumination; en ¼ np=2 is the phase delay introduced by
LCVR; UðrÞ and Uðrþ drÞ are the image field and its sheared replica,
respectively, with dr the shear distance; Duðr; ki?Þ ¼ uðrþ dr; ki?Þ
�uðr; ki?Þ is the phase gradient of interest; and nðki?Þ is the constant
phase offset associated with the illumination angle ki?. By recording
four intensity images, with n¼ 0, 1, 2, 3, a GLIM image can be
extracted using phase-shifting interferometry,1,58 followed by integra-
tion along the sheared direction.59 Detailed discussion about the sys-
tem calibration and image reconstruction procedure is included in the
supplementary material, Secs. 3 and 4. Figures 1(b) and 1(c) show the
intensity images and the regular GLIM image of 3lm polystyrene
microspheres. The broadened line profile in Fig. 1(d) indicates that the
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system cannot fully resolve the microspheres. The diffraction-limited
resolution of the current setup is approximately 4.27lm. By alternat-
ing the direction of illumination, high-resolution features can be col-
lected SAIL. A detailed description of the system design and data
acquisition can be found in the supplementary material, Secs. 5 and 6.

Consider a static weakly scattering object, the propagation of the
optical field, U, inside the medium satisfies the inhomogeneous
Helmholtz equation,

r2U rð Þ þ b2U rð Þ ¼ �b2
0v rð ÞU rð Þ; (3)

FIG. 1. SAIL system setup and data collection. (a) SAIL microscopy is an upgrade of an existing DIC microscope with a programmable light engine to modulate the angle of
illumination and a phase imaging (GLIM) module at the detection port. The light engine is properly aligned such that the projected pattern is focused on the condenser aperture
plane. (b) For each illumination angle, 4 intensity images with different phase delays are recorded to retrieve a QPI map. (c) Low-resolution GLIM measurements of 3 lm poly-
styrene spheres. (d) Due to the resolution limit, the cross section of a bead selected in (c) appears to a broadened profile.

FIG. 2. Principle of the SAIL reconstruction. (a) Using a mixture of 3 and 1 lm polystyrene spheres as a testing object, SAIL reconstruction starts with the phase map corre-
sponding to the central illumination. (b) Taking a 2D Fourier transform of the complex field in (a), the image is brought to the spatial frequency domain. The dashed circle indi-
cates the location of the objective NA. (c) For each measurement with oblique illumination angle, the complex field is also Fourier transformed, and the resulting spectrum is
appended to the spectrum in (b). to retrieve a synthetized broad spectrum. (d). Taking an inverse 2D Fourier transform to the synthetized spectrum, a SAIL reconstruction is
obtained by extracting the phase of the resulting field. (e) Line profiles of the selected microspheres in (d) before and after SAIL reconstruction.
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where b0¼x/c is the wavenumber in vacuum; b ¼ n0b0, with n0 the
background refractive index; and v is the object’s scattering potential,
which essentially provides the image contrast. U is the total field, con-
taining both the incident and scattered light. For a single plane wave
incident, the forward scattering field, Us, collected by an imaging sys-
tem can be derived from Eq. (3),60,61 and the solution takes the form
(see the supplementary material, Sec. 1 for a derivation)

Us k?; z ¼ 0ð Þ ¼ A ki?ð ÞH k?ð Þv k? � ki?; 0ð Þ; (4)

where k? is the transverse spatial-frequencies, A is the aperture func-
tion of the incident light, and H is the system transfer function. We
only consider the object in the focal plane, z¼ 0, and neglect the
dependence in the axial direction. Assuming an ideal optical system
free of aberration, H can be approximated as a 2D uniform disk with
the radius of bNA. Equation (4) states that an illumination field shifts
the object’s spectrum, and only the frequency components within the
system pupil plane are captured to form an image. By employing low-
coherence interferometry to capture portions of scattering potential

spectrum, synthetic, high-SBP images beyond the conventional limit
can be obtained through post-reconstruction.

The principle of SAIL reconstruction is to retrieve synthetic scat-
tering potential, v

_ ðk?Þ, by stitching the image spectra measured
across all illumination angles. This method, generally referred to as
synthetic aperture (SA),51–53,62 is depicted in Fig. 2. Figure 2(a) shows
a mixture of 1 and 3lm2 polystyrene microspheres measured at the
central illumination, ki? ¼ 0. Each SAIL map corresponding to an
off-axis illumination angle directly records different portions of the
sample’s scattering potential. Appending these spectral regions to the
regular spectrum (ki? ¼ 0), we obtain a synthetic object spectrum
[Fig. 2(c)]. By taking a 2D inverse Fourier transform, a SAIL high-SBP
image is obtained and its phase extracted, as shown in Fig. 2(d).
A detailed description of the reconstruction can be found in the
supplementary material, Sec. 7. For the current experimental setup, we
achieved a synthetic NA of 0.45, equivalent to 3� enhancement com-
pared to the objective NA. Figure 2(e) compares the cross section of
the microspheres measured with and without SA reconstruction.

FIG. 3. SAIL imaging of histological specimen. (a) Wide-field low-resolution measurement of a breast tissue microarray, with an imaging area of 2.6� 2.6 mm2. (b)–(d) Sub-
regions (200� 200 lm2) cropped from (a). (e)–(g) SAIL reconstruction cropped at the same region as those in (b)–(d). (h) Wide-field low-resolution image of prostate tissue
biopsy. (i)–(k) Sub-regions cropped from (h). (l)–(n) SAIL reconstruction cropped at the same region as those in (i)–(k). As indicated by the yellow arrows, SAIL microscopy
reveals tissue structures that cannot be resolved by conventional low-resolution QPI.
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Although the synthesized resolution limit cannot resolve features
below 1.45lm, SAIL significantly enhances the sensitivity to the
objects below the resolution limit. Compared to existing methods,
such as FPM, we measure the complex fields directly, such that the
SAIL reconstruction does not require nonlinear iterative optimization
to seek convergence, and there is no need to split the FOV into small
patches whose areas are on the order of the coherence area.63,64

SAIL directly allows screening of histological specimens with
high throughput. To illustrate this capability, we performed measure-
ments on unstained histological specimens. A large FOV image of a
breast tissue microarray (TMA) and prostate tissue biopsy is shown in
Figs. 3(a) and 3(h), respectively. These thin histological samples are
approximately 3–4lm in thickness. The phase values are typically
below 1 rad (Refs. 65–67) due to the samples being immersed in xylene
and cover-slipped. Using a low-magnification objective, the imaging
system directly measures a FOV of 2.6� 2.6mm2. Figures 3(b)–3(d)
and Figs. 3(i)–3(k) show regular inline illumination (GLIM) measure-
ments of tissue portions, while the corresponding SAIL reconstruc-
tions at the same sites are displayed in Figs. 3(e)–3(g) and Figs.
3(l)–3(n), respectively. The direct comparison in Fig. 3 shows that
SAIL enhances the resolution, where the shape of the tissue gland and
fibers in the extra-cellular matrix can be easily identified after the SAIL
reconstruction.

SAIL is applicable to high-resolution imaging of mesoscopic
organisms without scanning. We tested this performance on several
fixed insects. Prepared slides of small insects were purchased from
AmScope.68 These thinly sliced samples were preserved in cedar wood
oil and sealed by coverslip. Figure 4(a) shows the wide-field image of
female drosophila fixed on a microscope slide. Figures 4(b)–4(d) show
regular inline illumination images zoomed in at the costal margin,
basal cell, and post-vertical bristles, respectively. The corresponding

SAIL reconstructions zoomed in at the same regions are displayed in
Figs. 4(e)–4(f). As indicated by the arrows, the computed high-
resolution images show the details that cannot be resolved in regular
GLIM. In the supplementary material, Fig. S4, we include a similar
comparison, where the experiment was performed on a fixed peach
worm.

Compared to standard FPM, SAIL microscopy avoids mea-
surement redundancy and provides fast, deterministic reconstruc-
tion, with no convergence concerns. Thus, SAIL can be applied to
study time-resolved behaviors of large cell populations. To illus-
trate this potential, live Hela cell cultures were prepared and mea-
sured by SAIL microscopy with and without the synthetic
aperture. The cells were maintained at room temperature (�21 �C)
such that the abnormal incubation condition would inhibit the
function of cellular proteins and eventually trigger necrosis.30 We
took one SAIL measurement every 5min and continuously moni-
tored the cell culture for 3 h. Figure 5(a) shows the SAIL phase
image measured at t¼ 0. In Fig. 5(b), we show the inline illumina-
tion image of the cropped region shown by the green rectangle in
Fig. 5(a) (150� 150 lm2 area) measured at t¼ 0, 1.5, and 3 h, as
indicated. The corresponding SAIL images are shown in Fig. 5(c).
This time-lapse recording shows the cell volume continuously
decreasing, indicating the occurrence of necrosis. Also, the SAIL
images reveal structures in the cell bodies, while the cytoplasm
appears to be a smooth surface in the regular inline illumination
images. A video of these time-lapse measurements can be found in
Multimedia View. In the supplementary material, Fig. S5, we show
a similar comparison, where the measurements were performed on
fixed neuronal culture in vitro. Thus, the proposed SAIL micros-
copy allows large population live-cell screening with high through-
put and sensitivity.

FIG. 4. SAIL imaging of a mesoscopic insect. (a) A wide-field image of female drosophila. (b)–(d) Zoom-in views of costal margin, basal cell, and post-vertical bristles cropped
from (a), respectively. (e)–(g) SAIL reconstruction cropped at the same region as those in (b)–(d). The yellow arrows indicate more features of the costal margin, basal cells,
and post-vertical bristles can be identified through SAIL reconstruction.
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We demonstrated SAIL microscopy to achieve high SBP imaging
on mesoscopic transparent specimens. The optical system upgrades an
existing QPI microscope by employing a light engine to record the
quantitative phase delay under different angles of illumination. By
applying the SA reconstruction to synthesize image information, we
produce high-resolution QPI results while maintaining a large FOV.
Our experimental validation shows that SAIL microscopy enables high-
resolution imaging of histological slides, mesoscopic organisms, and
cells in vitro without scanning or iterative nonlinear reconstruction.

Compared to existing methods that generate high-SBP QPI
results by iterative reconstruction from intensity measurements, SAIL
produces results with rapid phase retrieval and low redundancy.
Because the interferometric module directly measures the phase delay
across the FOV, the reconstruction procedure avoids the step of itera-
tive phase retrieval and avoids splitting the FOV into small patches.
Furthermore, as each QPI map is an independent measurement of the
object’s Fourier spectrum, the SAIL reconstruction does not require
significant spectrum overlapping between adjacent measurements. On
the other hand, in difference to previously demonstrated coherent
aperture synthesis approaches,52,69 SAIL utilizes a common-path inter-
ferometry, and the imaging module can be easily added to an existing
microscope. Such a system design improves temporal stability and
simplifies the procedure of installation and alignment.1

The current SA reconstruction scheme assumes an ideal opti-
cal system free of aberration. By adapting aberration estimation
algorithms70–73 into the reconstruction framework, we envision
that aberration-corrected, high-quality images can be applied to
SAIL. Because most of the aberration correction algorithms are
iterative, a longer computational time will be needed. Potentially,
more efficient, real-time reconstruction would be possible by
transferring the processing onto the video card or applying a deep
neural network. On the other hand, the complexity of the micro-
scope alignment could be further simplified by replacing the light
engine with a liquid crystal module inserted at the condenser aper-
ture plane. In summary, we expect that this label-free, high-

throughput imaging modality would be widely used for biomedical
research and applications, whenever large areas are studied with
high resolution.

See the supplementary material for SAIL system configuration,
operation and calibration procedure, and related theoretical derivation.
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FIG. 5. SAIL imaging of adherent live cells in vitro. (a) A wide-field measurement of HeLa cells. (b) Time-lapse GLIM measurements of a sub-region located at the green rectangle in
(a), respectively. (c) Time-lapse SAIL reconstruction cropped at the same region as those in (b). A time-lapse video can be found in Multimedia View. The yellow arrows one HeLa
appears to be a smooth surface at each time point measured by GLIM, while SAIL shows more features of the cell body. Multimedia View: https://doi.org/10.1063/5.0065628.1
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