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We introduce the quantitative phase imaging camera with a weak diffuser (QPICWD) as

an effective scheme of quantitative phase imaging (QPI) based on normal microscope

platforms. The QPICWD is an independent compact camera measuring object induced

phase delay under low-coherence quasi-monochromatic illumination by examining the

deformation of the speckle intensity pattern. By interpreting the speckle deformation with

an ensemble average of the geometric flow, we can obtain the high-resolution distortion

field via the transport of intensity equation (TIE). Since the phase measured by TIE is the

generalized phase of the partially coherent image, rather than the phase of the measured

object, we analyze the effect of illumination coherence and imaging numerical aperture

(NA) on the accuracy of phase retrieval, revealing that the sample’s phase can be reliably

reconstructed under the conditions that the coherence parameter (the ratio of illumination

NA to objective NA) of the Köhler illumination is between 0.3 and 0.5. We present some

applications for the proposed design involving nondestructive optical testing of microlens

array with nanometric thickness and imaging of fixed and live unstained HeLa cells.

Since the designed QPI camera does not require any modification of the widely available

bright-field microscope or additional accessories for its use, it is expected to be applied

by the broader communities of biology and medicine.

Keywords: transport of intensity equation, quantitative phase imaging, microscopic imaging, speckle imaging,

phase space

1. INTRODUCTION

In recent years, quantitative phase imaging (QPI) has become a valuable tool in biomedical studies
in virtue of its distinctive imaging abilities to obtain the spatial distribution of optical thickness
of live cell without using contrast agents or specific staining [1–6]. Conventionally, transparent
biological samples can be observed by using phase visualization approaches, for instance phase
contrast [7] and differential interference contrast (DIC) microscopy [8]. However, these two
classic approaches cannot provide quantitative phase information, leading to difficulties in data
interpretation, and further analysis. Therefore, phase measurement techniques should be used to
quantify the optical phase shifts and provide valuable information about the object structures that
can be used for further quantitative evaluations. The most well-established phase measurement or
QPI methods for obtaining quantitative phase are based on interferometry, such as interferometric
microscopy [9] and digital holographic microscopy [3]. However, in general, such approaches
rely on coherent illumination, and thus, are easily disturbed by speckle noises caused by multiple
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scattering stray interference due to the defects in the optical
system. Besides, the interferometric system is complicated
and the experimental environment is rather restrictive in
order to guarantee stable measurements. The restriction has
been alleviated by the low-coherence QPI techniques, such
as spatial light interference microscopy (SLIM) [10], white-
light diffraction phase microcopy (wDPM) [11], quadriwave
lateral shearing interferometry (QWLSI) [12], τ interferometry
[13] etc. Combining common-path geometry with broadband
illumination greatly relieves the speckle noise problem and
improve the stability to air fluctuations and mechanical
vibrations. Nevertheless, such low-coherence QPI methods
typically require spatially coherent illumination to guarantee
accurate phase measurements without halo artifacts [14, 15].
Consequently, the maximum achievable lateral resolution
is still limited to the coherent diffraction limit. Although
synthetic aperture approaches by oblique [16, 17] or structured
illumination [18] is able to expand the imaging resolution to that
of their traditional, incoherent imaging counterpart. This class of
methods demands comparatively intricate optical systems, which
are usually unavailable to most patho/biologists, preventing their
wide application in medicine and bioscience.

In order to overcome these drawbacks associated with
interferometric methods, phase retrieval algorithms can be
employed to achieve QPI by utilizing only the intensity
measurements of multiple axial displacement planes (or under
different illuminations) without explicit manipulation of the
object beam and reference beam. There are typically two
classes of phase retrieval algorithms, iterative methods [19–24]
and transport of intensity equation (TIE) methods [2, 25–39].
Compared to iterative approaches, TIE is deterministic, requires
less intensity measurement (a minimum of two intensity
measurements on closely spaced planes), and is compatible
with off-the-shelf microscopes with Köhler illumination optics
[2, 36, 40]. In addition, TIE is expected to obtain superior spatial
resolution over the coherent diffraction limit when the object is
illuminated with spatially partially coherent light from an optical
condenser since the angular content of illumination contributes
to the transverse resolution [34, 40, 41]. Furthermore, TIE
alleviates the stringent beam-coherence needs for interferometry,
extending applications to X-ray diffraction [42], electron-beam
microscopy [43], neutron radiography [44], where the partial
coherence of the field is unavoidable for most cases. Besides,
in optical microscopy, partial coherence illuminations provide
superior QPI quality, preventing image deterioration resulting
from speckle noise [28, 34, 36, 37].

One important issue preventing TIE from dynamic QPI
is that it typically requires at least 2 images captured at
different axial planes via moving the detector or the sample
mechanically or manually, which not only complicates the
image acquisition procedure, but also prolong the mensuration
time, precluding real-time measurement of dynamic samples.
Introducing a spatial light modulator (SLM) and an extra
image-relay system [36] or an electrically tunable lens (ETL)
[37] located at the objective rear aperture plane, a series of
images of the object at different depth can be obtained rapidly
(even in a single exposure) without any moving parts. Such

systems enable real-time QPI with nanometric sensitivity and
millisecond temporal resolution. These new TIE systems have
been successfully applied to investigations of drug-induced
morphology changes and phagocytosis of macrophages [36],
imaging of cellular dynamics of breast cancer cells [37], and
characterization of micro-optical elements [45]. Despite the
advantages and promising results obtained, the translation of
these TIE systems into clinical and biological laboratories is still
impeded owing to its complex and bulky optical configuration
as well as high costs for the hardware (e.g., SLM, ETL)
and maintenance.

In this work, we introduce the quantitative phase imaging
camera with a weak diffuser (QPICWD) as an effective realization
of QPI on a standard off-the-shelf microscope. Inspired by recent
work on speckle tracking based on phase imaging technology
[46–49], we introduce a weak diffuser (scotch tape) to generate
random speckle illumination in the imaging optical path, and
recover the phase of the sample by examining the relative
distortion of the speckle field with the sample (so-called sample
speckle) with respect to the reference speckle when there is
no sample in the optical path. By interpreting the speckle
deformation with an ensemble average of the geometric flow
[49], we can obtain the high-resolution distortion field by
solving the TIE. Since the reference speckle image can be
acquired beforehand, our approach combines the advantages of
speckle tracking phase imaging and TIE, enabling rapid, efficient,
and high-resolution quantitative phase imaging in a single
exposure. However, different from previous approaches where
monochromatic, high spatial coherent illumination, and perfect
imaging condition are assumed, our approach uses relatively
low spatially coherent illumination by opening up the condenser
aperture to suppress coherent noise and a normal microscope
objective with limited numerical aperture (NA) to acquired a
magnified image of the sample. In such cases, the phase measured
by TIE is the generalized phase of the partially coherent image,
instead of the measured object’s phase [38, 50]. To address
these problems, by invoking the phase-space representation, the
Wigner distribution function (WDF), we make the connections
between speckle distortion to the moment of the WDF, and
thus the generalized phase of partially coherent field. We further
analyze the effect of illumination coherence and imaging NA
on the accuracy of phase retrieval, revealing that the phase of
the sample can be reliably reconstructed when the coherence
parameter (the ratio of illumination NA to objective NA) of the
Köhler illumination is between 0.3 and 0.5. Several applications
for the QPICWD are presented, including nondestructive optical
testing ofmicrolens array with nanometric thickness and imaging
of fixed and live HeLa cells. Experimental results verify that
QPICWD is a simple and cost-effective add-on that can be
attached to the output port of any bright-field microscopes for
high-performance QPI applications.

2. MATERIALS AND METHODS

2.1. Phase Induced Speckle Distortion
Considering the optical configuration shown in Figure 1, the
paraxial forward-propagating beam illuminates a thin object and
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FIGURE 1 | Geometric setup for GFST (geometric-flow based X-ray speckle tracking).

then traverses a short distance z to the planar image sensor. The
IR(x) indicates the intensity of the reference speckle, i.e., the
image taken in the absence of the object, where x is transverse
coordinates in the plane perpendicular to the optic axis z
corresponding to (x, y). The image in the presence of the sample
is represented as IS(x). IS(x) is a resultant graph of distorted
IR(x) due to the presence of the measured sample, whose non-
planar phase geometrically distorts the reference speckles IR(x).
Assuming that the illumination light is an ideal coherent plane
wave, the phase of the sample with different surface slopes causes
translation of the speckle pattern. According to Berto et al.
and Paganin et al. [48, 49], the speckle particle displacement
vector field ∇⊥d(x) on the camera is proportional to the phase
gradient ∇⊥φ(x),

∇⊥d(x) =
z

k
∇⊥φ(x), k = 2π/λ (1)

where k denotes the wave number, λ represents wavelength, and z
is the distance between the sample and the detector. Thus, based
on the relation between d(x) and φ(x), phase information of the
sample can be acquired by simply finding the displacement vector
field ∇⊥d(x) of the speckle pattern.

2.2. Phase Retrieval Based on
Geometric-Flow Speckle Tracking
The key issue regarding speckle tracking based phase retrieval is
to find the high-resolution displacement vector field ∇⊥d(x) of
the speckle pattern, which can be realized mainly through two
methods: the spatial correlation method proposed by Berto et al.
[48] and the geometric-flow speckle tracking method (GFST)
proposed by Paganin et al. [49]. In comparison, the geometric-
flow tracking method can detect displacement vector field with a
higher spatial resolution (account for both the 1st order prism
term, and 2nd order lensing term) and lower computational
cost since it recast the problem of displacement field detection
to retrieval of corresponding scalar potential through solving
associated partial differential equations. More specifically, in
the geometric-flow speckle tracking method [49], the flow is
defined as a conserved current associated with the deformation
of the reference speckles induced by the phase of the sample.
By representing the transverse flow associated with deforming

IS(x) into IR(x) as the gradient of a scalar auxiliary function
∇⊥3 = IRD⊥, the displacement fieldD⊥(x) can be obtained as,

D⊥(x)=
i

IR(x)
F−1

(
(u, v)

{
F[IR(x)− IS(x)]

u2 + v2

})
(2)

F {·} denotes Fourier transformation with respect to x and
y, F−1 {·} implies inverse Fourier transform, and (u, v) is the
corresponding Fourier coordinates. Assuming the field of the
flow to be irrotational, the displacement field can be described
as the gradient of a scalar potentialD⊥(x):

D⊥(x) ≡ (Dx(x),Dy(x)) ≈ ∇⊥d(x) (3)

Therefore, the final formula for reconstructing the phase shift
φ(x) on the basis of GFST is:

φ(x) = ∇−1
⊥

(
D⊥(x) · k

z

)
=
k

z
F−1

{
F[(x0 + iy0) ·D⊥(x)]

iu− v

}

(4)
where x0 and y0 are unit vectors in the x and y
directions, respectively.

2.3. Connections Between GFST and TIE
Transport of intensity equation (TIE) is a well-established
method for non-interferometric phase retrieval and QPI. It is
a 2D second-order elliptical partial differential equation that
outlines the relation between sample-plane phase with respect to
the first derivative of intensity along the optical axis in the near
Fresnel region [25],

− k
∂I(x)

∂z
= ∇ · [I(x)∇φ(x)] (5)

where I(x) is the intensity at the in-focus plane, ∇ denotes
the gradient operator, z refers position along the optical axis,
and φ(x) indicates the quantitative phase to be retrieved.
Experimentally, the intensity I(x) can be captured directly.

The longitudinal intensity derivative ∂I(x)
∂z can be estimated by

finite differences taken between two slightly defocused images
IZ(x)−I0(x)

z . As suggested by Teague [25], an auxiliary function ψ
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satisfying ∇⊥ψ = I0∇⊥φ is introduced, which converts the TIE
into the following two Poisson equations:

− k
∂I(x)

∂z
= ∇2

⊥ψ(x), (6)

and

∇⊥ ·
[
I0(x)

−1∇⊥ψ(x)
]
= ∇⊥

2φ(x). (7)

By solving the first Poisson equation (Equation 6), we can
get the solution for ψ(x), and thus the phase gradient is
obtained [since I(x)−1∇⊥ψ(x) = ∇⊥φ(x)]. The second Poisson
equation (Equation 7) is used for phase reconstruction based
on integration of its gradient. By solving these two Poisson
equations with fast Fourier transform (FFT) [27] or discrete
cosine transform (DCT) [35], the phase φ can be uniquely
determined apart from an arbitrary additive constant (which
is trivial for QPI). In this work, we assume there is no phase
change at the image boundary, so the TIE can be solved under
simplified homogeneous Neumann boundary conditions, which
is reasonable when the samples are isolatedly distributed within
the field of view (FOV). Note that in a more general and rigorous
solution of the TIE, the inhomogeneous Neumann boundary
conditions should be applied, and one additional hard-edged
aperture should be introduced at the sample plane to generate
the inhomogeneous boundary signals [35]. In order to solve the
Poisson equations, the Laplacian operator needs to be inverted.
For simplified periodic boundary conditions, we can use the
derivative properties of Fourier transform [21], and ψ(x) can be
solved as,

ψ(x) = −
k

z
F−1

(
(u, v)

{
F[Iz(x)− I0(x)]

u2 + v2

})
(8)

Then, the phase φ(x) can be obtained,

φ(x) = ∇−1
⊥

(
∇⊥ψ(x)

I0(x)

)
=
k

z
F−1

{
F[(x0 + iy0) · [∇⊥ψ(x)/I0]

iu− v

}

(9)
By comparing (Equation 2) with (Equation 8), and (Equation
4) with [Equation 9], it can be found that GFST and TIE are
essentially based on the same principle: the reference speckle
field IR can be viewed as the in-focus intensity I0, and the scalar
potential 3(x) associated with displacement field ∇⊥3 = IRD⊥

is equivalent to the auxiliary function ψ satisfying ∇⊥ψ =

I0∇⊥φ , which represents the transverse energy flux directed
along the Poynting vector [27]. Both of them retrieve the
phase information by solving the resultant Poisson’s equations
with the aid of these scalar potentials, or so-called Teague’s
auxiliary function.

2.4. Interpretation of Speckle Distortion
Under Partially Coherent Illumination
Since both GFST [49] and [25]’s TIE are premised on the
assumption of monochromatic, coherent, and perfect imaging
conditions, there may be problems in dealing with fields with
non-negligible partial coherence, such as optical microscopy.

So we combine the physical meaning of the generalized phase
with energy flow (or current density) to extend the application
of Speckle-TIE in partially coherent fields. Without loss of
generality, we consider a quasi-monochromatic, stationary and
ergodic scalar light field U (x). To characterize such statistical
field, we use the phase space (x, u) representation, i.e., theWigner
Distribution Function (WDF) , defined as:

W(x, u) = ∫Ŵ(x+
x′

2
, x−

x′

2
) exp(−i2πux′)dx′ (10)

where u is the corresponding 2D spatial frequency vector (u, v),
Ŵ(x + x′/2, x − x′/2) implies the cross-spectral density (CSD)
transformed by the differential variable x′. With WDF, we can
construct the 3D vector field j = [jx, jz]

T , which is also known as
the geometrical vector flux [51]:

jx(x) = λ ∫ uW(x, u)du (11)

jz(x) =
1

k
∫

√
k2 − 4π2|u|2W(x, u)du (12)

In the field of quantum mechanics, j is the probability stream,
which is the expected value of the local momentum operator.
For a light field that approximates a scalar wave, j indicates the
energy flux along the Poynting vector. The energy conservation
law in free space propagation means that the divergence of the
geometric vector flux is zero, resulting in the following continuity
equation [52]:

∂ jz(x)

∂z
= −∇ · jx(x) (13)

The (Equation 13) shows that the geometric-flow becomes the
first moment of the Wigner function in the case of partial
coherence, representing the statistical average in many rays.
Then, the extended form of the traditional TIE in the partial
coherent field can be written as [38]:

∂I(x)

∂z
= −∇⊥ · ∫ λuW(x, u)du (14)

The (Equation 14) is the generalized TIE, which is sufficient
to cover various light fields with arbitrary spatial and temporal
coherence. Based on the above formulas, a strict definition of
phase in partially coherent light fields can be written as follows:

∫ uW(x, u)du

∫W(x, u)du
=

1

2π
∇⊥8(x) (15)

The (Equation 15) shows that the phase in a partially coherent
light field can be strictly defined as a scalar potential function
whose gradient is the first-order spatial frequency conditional
moment of the WDF of the partially coherent optical field. This
definition provides a theoretical basis for non-interferometric
phase recovery and quantitative phase imaging under partially
coherent illumination. Here we refer the new phase8(x) defined
by Equation (15) as the generalized phase of partially coherent
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fields to distinguish it from its coherent counterpart. The well-
defined energy flow density vectors are weighted and averaged at
a single position to create a unique and also well-defined average
flux vector. For coherent wavefronts, geometrical light ray in
single position travels only along one direction. For partially
coherent fields, geometric rays at a single location may travel in
various directions. This is the main difference between 8(x) and
φ(x). Since the TIE relates the angular moment of the WDF to
the gradient of the generalized phase, when the statistical average
of all rays at a single position coincides with the direction of
the individual ray in the coherent case when the illumination
is axisymmetric about the optical axis, the phase can still be
accurately retrieved, regardless of the size of the source (i.e., the
spatial coherence of the illumination) [26, 38].

In the context of speckle tracking based phase imaging, the
case of partially coherent field is also quite different from the
coherent case where the speckle distortion is due to the non-
planar wavefront shifting the ray direction at a single position.
For partially coherent field, the distortion of the speckle field is a
result of statistical average effect of many rays passing through
each spatial position and deflected by the phase of the object.
Therefore, the average angular shift of the speckle pattern can be
represented as the angular moment of the 4D light field:

∇⊥d(x)

z
≈ θ̃(x) =

∫
θL(x, θ)dθ∫
L(x, θ)dθ

(16)

It has been proven that the 4D light field approaches WDF at
geometric optics limit L (x, θ) ≈ W (x, λu) [53, 54], so the
following relationship between the speckle distortion field and
the generalized phase can be established:

∇⊥d(x)

z
≈

∫ λuW(x, u)du

∫W(x, u)du
=
1

k
∇⊥8(x) (17)

This equation shows that the gradient of the generalized phase
is related to the normalized transverse average energy flux
vector, which can be approximately obtained by measuring the
distortion field of the speckle pattern based on solving TIE.
In this way, we can obtain the WDF moment, and thus, the
generalized phase function regardless of the spatial coherence of
the illumination.

2.5. Interpretation of Speckle Distortion
Under a Practical Microscopic System
All of the previous derivations are based on the assumption of
ideal imaging, but it is difficult to satisfy in practical imaging
systems. Especially when the aperture size of the imaging system
is not sufficient to allow all of the spatial frequency components
of interest of the object to pass through, the errors caused by the
imaging system are often not simply ignored. In this subsection,
we go a step further by explicitly taking into account both the
partially coherent illumination and the imaging aperture effect
under a practical microscopic system. It should be mentioned
that when an object is magnified by the imaging optics, which
creates an image at the camera port of the microscope, the phase
we actually measured is not the phase of the object, instead, the

generalized phase of the image. Thus, it is important to analyze
and quantify the impact of imaging systems on phase recovery.
Assuming a slowly varying object, [38] derived a corresponding
simplified version of WDF at the image plane Wimage(x, u) in
partially coherent, finite aperture imaging systems (microscopy
systems) based on the theory of phase space, which can be
represented as:

Wimage(x, u) ≈ cI(x)

∣∣∣∣Pc[u−
1

2π
∇⊥8(x)]

∣∣∣∣
2∣∣P(u)

∣∣2 (18)

P(u) =

{
1, |u| ≤ uNA
0, |u| > uNA

(19)

where Pc is the illumination aperture distribution and uNA
represents the numerical aperture of the objective lens. Thus, the
intensity ultimately captured in the image plane is the sum of
the intensities of all the rays passing through the imaging system,
determined by the overlapping area of the shifted primary source
and pupil function:

Iimage(x) ≈ cI(x) ∫

∣∣∣∣Pc[u−
1

2π
∇⊥8(x)]

∣∣∣∣
2∣∣P(u)

∣∣2du (20)

In the case of partially coherent finite aperture imaging,
the geometric-flow becomes the first moment of the Wigner
function of the image plane (limited by the aperture). Thus,
the reconstructed gradient of the generalized phase at the image
plane is the centroid of the overlapping area of the shifted source
and the pupil function, which may induce discrepancy between
the gradient of measured generalized phase ∇⊥8(x) and the
gradient of the real object ∇⊥φ(x). Therefore, for a practical
imaging system, it is necessary to give higher importance to
the illumination coherence, because the size of the source has
a signicant influence on the image formation. To quantify the
effect of partial coherence, we adopt the quantity of coherence
parameter, S = NAi/NAo (where NAi is the illumination NA
and NAo is the objective NA) [38, 50]. When S approaches 0,
the imaging system is equivalent to a fully coherent imaging
system. In this case, although the accuracy of the recovered phase
gradient can be guaranteed, the imaging resolution is limited to
coherent diffraction limit, and the signal-to-noise ratio (SNR)
of the experimental results is poor because of the low light
throughput. When S approaches 1, it belongs to the case of
completely incoherent imaging. In such circumstances, though
the light throughput is highest, the phase is almost impossible
to be reconstructed owing to the fact that the optical aperture is
exactly the same as the numerical aperture of the objective lens. In
brief,∇⊥8(x) is always significantly underestimated the gradient
of the object phase∇⊥φ(x) . Thus, as shown in the Figure 2, for a
bright-field microscope with a coherence parameter S, when the

weak phase gradient ∇⊥8(x)
/
2π is smaller than the frequency

corresponding to 1 − S the phase of an object will be correctly
predicted ( u is spatial frequency). By comparing and analyzing
the curve data in the Figure 2, it is clear that when S is between
0.3 and 0.5, the balance among, accuracy, spatial resolution, and
SNR of the reconstructed phase can be achieved.
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FIGURE 2 | Phase gradient ratio ( ∇⊥8(x)
∇⊥φ(x)

) for a bright-field micro-scope with different values of coherence parameter S.

2.6. QPI Based on a Camera With a Weak
Diffuser
The QPICWD is simply composed of a weak diffuser (scotch
tape) and a conventional camera. The weak diffuser is placed
a short distance from a detector of the camera. As shown in
Figure 3, the light source illuminates a thin phase object, and
then imaged by the optics of the microscope, creating amagnified
image at the camera port (image plane) of the microscope. The
weak diffuser is in front of the image to create the speckle field
that illuminates the magnified image of the sample. The speckle
field is distorted due to the presence of the measured sample,
which finally arrives at the sensor plane to create an image
with the distorted speckle pattern. Integrating the weak diffuser
in Figure 3 with the detector on a camera, it can achieve QPI
based on Speckle-TIE with an extremely low-cost and compact
design. The detailed schematic diagram is shown in Figure 4.
Compared with the GFST method, our device modulates the
speckle pattern of the image magnified by the microscope,
not directly to the object, thus our system can measure much
smaller sample with higher spatial resolution, which is vital for
biomedical observation and research.

3. EXPERIMENTAL SETUP

The correctness and validity of the proposed approach are
verified through a series of experiments, based on an off-the-shelf
inverted microscope (IX81, Olympus) as shown in Figure 5A.
The illumination of the microscope is partially coherent light
filtered by a green interference filter [central wavelength λ =

550nm, 10nm full width half maximum (FWHM) bandwidth].
The IX2-MLWCD (Olympus) condenser was used in our
experiments with a maximum NA of 0.55, in cooperation with
a 20×, 0.4NA objective (PLN 20×, Olympus). As shown in
Figures 5B,C, the QPICWD is just a normal CCD camera
(DMK 23U2748/12 bit, 1600 × 1200, The Imaging Source)
with a weak diffuser (a plain scotch tape) placed 4.5mm from
the sensor. The distance is chosen in a compact way, based

on the considerations of both the validity of the geometric
approximation and the strength of the intensity difference
single between the reference image and the speckle image.
For Speckle-TIE phase imaging with a circular aperture, the
condenser diaphragm should be properly adjusted to achieve
the desired coherent parameter S . It is used for the optimal
coherence parameter experiment and measurement of the
microlens array. For the experiment of dynamic QPI of HeLa
cells, it is performed based on a commercial inverted microscope
(IX83, Olympus) with a 20times, 0.4NA objective (PLN20times,
Olympus), accommodating an incubation chamber (INUF-
IX3W-F1, Tokai Hit). The incubation chamber maintains an
internal environment of 37 ◦C and provides humidified air with
5% carbon dioxide for time-lapse imaging of live cells.

4. RESULTS

The acquisition procedure of the original image data required
for the experiment is very simple and straightforward. Firstly,
the reference speckle pattern IR is captured when no sample is
placed in the optical path. Secondly, the sample to be measured
is placed on the sample stage, and the speckle pattern IS can
be captured. Finally, the corresponding phase result can be
obtained with Speckle-TIE based algorithm. Since the reference
speckle pattern only needs to be captured once beforehand, phase
recovery from single exposure can be achieved through such a
pre-calibration process.

4.1. Effect of Spatial Coherence on Phase
Reconstruction
As mentioned in section 2.5, the coherence parameter S
has an optimal range because the different choice of S
makes the corresponding phase reconstruction results contradict
each other in resolution and SNR, exacerbating the inherent
noise-to-resolution tradeoff in TIE imaging. As shown in
Figure 6, the phases retrieved from the experimental images
taken under different coherence parameter by adjusting the
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FIGURE 3 | The schematic of quantitative phase microscopy based on a camera with a weak diffuser.

FIGURE 4 | The schematic of the experimental setup and principle of the QPICWD. For a weak diffuser, a tip or tilt angle to the impinging wavefront results in a global

shift of the speckle pattern.

condenser aperture diaphragm. Figure 6B is an enlarged version
corresponding to the red box in Figure 6A. It can be seen
from these images that when S = 0.1, the experimental results
demonstrate good imaging resolution because the illumination is
nearly completely coherent. However, due to the low illumination
flux, the quality of reconstructed phase is poor due to the
cloudy artifacts, which is notorious in TIE imaging. The phase
imaging quality can be improved by opening up the condenser
aperture (S = 0.3 and S = 0.5). The background noise is
largely suppressed and most phase details are preserved. For
a wide open condenser aperture (S = 0.7 and S = 0.9), the
restored phase is blurred and the phase contrast becomes
poorer. For the case of fully matched illumination (S = 1),
the washout in phase contrast prevents any recognizable phase
information to be reconstructed, resulting in significant low-
frequency artifacts. In comparison, it is obvious that good phase
reconstruction quality can be obtained when S is between 0.3
and 0.5, suggesting that our QPICWD can reliably retrieve
the phase of the object under relatively low-coherence quasi-
monochromatic illumination.

4.2. Characterization of a Microlens Array
To demonstrate the accuracy of the phase reconstruction
for QPICWD, a plano-convex microlens array (MLA300-7AR,
Thorlabs) is measured with the IX2-MLWCD condenser and
a 20×, 0.4NA objective (PLN 20×, Olympus). To evaluate the
accuracy of the measured phase distribution, the same microlens
array is also measured using a digital holographic microscope
(DHM) system equippedwith a 20×, 0.5NAmicroscope objective
(laser wavelength λ = 532nm ). Figure 7 shows the experimental
results and the corresponding original map of microlens array
on the basis of Speckle-TIE method under the optimal S, and
displays a comparison with the phase results obtained by DHM.
Thickness profiles for the same microlens array taken along
the red dashed line in Figure 7D and the blue solid line in
Figure 7E are compared quantitatively in Figure 7F. The relative
difference between the two measurement results from these
two methods is <1%, as shown in Figure 7F, suggesting that
it is possible to achieve high-precision phase measurement for
QPICWD in combination with a partially coherent microscopic
imaging system.
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FIGURE 5 | Experimental setup. (A) Experiments based on existing microscope Olympus IX81 without any other special optical elements. (B) Camera with scotch

tape attached in front of the image sensor. (C) Enlarged view of the blue box area in (B).

FIGURE 6 | Recovered phases of HeLa cells under different coherence parametersS(S = NAi/NAo). (A) Recovered phases. (B) Enlarged version of red box area

in (A).

4.3. Dynamic QPI of HeLa Cells
The single-shot QPI capability of the proposed QPICWD
provides the possibility for dynamic label-free imaging of cell
apoptosis in culture. In Figure 8A, we show four representative
quantitative phase images of human cervical adenocarcinoma
epithelial (HeLa) cells over the time course of 5 hours.
Experiments are performed based on a commercial inverted
microscope (IX83, Olympus) equipped with a 20×, 0.4NA
objective (PLN 20×, Olympus). In the zoom-in of the
phase image shown in Figure 8B, subcellular features, such
as cytoplasmic vesicles, are clearly observed. In Figure 8C,

we further selected one cell [corresponding to the red-
boxed region shown in Figure 8A] to study its morphology
during division, which spanned over about 4 hours. A time-
lapse movie created with one phase reconstruction per 10
seconds is also provided in Supplementary Video 1. The
absence of fluorescent contrast agents eliminates any concerns
about photobleaching and phototoxicity. Besides, the single-
shot nature of QPICWD allows subcellular dynamics of
HeLa cells, such as fluctuating lamellipodium being clearly
visualized without inducing any motion-induced blurring
or artifacts.
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FIGURE 7 | Microlens array characterization using QPICWD. (A) QPICWD reconstructed phase under 20×, 0.4NA objective. (B) Reference speckle (IR(x)).

(C) Sample speckle (IS(x)). (D) Recovered phase of single microlens by QPICWD [enlarged version of the red box area in (A)]. (E) DHM (digital holographic

microscope) reconstructed unwrapped phase under 20×, 0.5NA objective. (F) Phase line profiles corresponding to the red dashed line in (D) and the blue solid line in

(E), respectively.

FIGURE 8 | Time-lapse phase imaging of HeLa cell division over a long period (5 h). (A) Representative quantitative phase images. (B) The magnified view

corresponding to the region of interest [the green box in (A)]. (C) 9 selected time-lapse phase images showing the morphological features of a dividing cell [the red

box in (A)] at different stages of mitosis.

5. CONCLUSION AND DISCUSSION

In this paper, speckle phase imaging technology has been
extended to partially coherent quantity phase microscopy with
the advantages of low-cost and simple configuration. The new
system, so-called QPICWD, introduce a weak diffuser (scotch

tape) to generate random speckle illumination in the imaging

optical path, and recover the phase of the sample by examining

the relative distortion of the speckle field with the sample with

respect to the reference speckle when there is no sample in the

optical path. Since the reference speckle image can be acquired
beforehand, QPICWD combines the advantages of speckle
tracking phase imaging and TIE, enabling rapid, efficient, and
high-resolution quantitative phase imaging in a single exposure.

By invoking the phase-space representation, we established the
connections between speckle distortion to the moment of the
WDF, and thus the generalized phase of the partially coherent
field. The theoretical analysis and experimental results suggest
that the phase-space theory can broaden the range of TIE
phase measurements. We also analyzed the effect of illumination
coherence and imaging NA on the accuracy of phase retrieval,
revealing that the phase of the object can be reliably retrieved
when the coherence parameter of the Köhler illumination is
between 0.3 and 0.5. Several applications for the QPICWD are
presented, including nondestructive optical testing of microlens
array with nanometric thickness and imaging of fixed and live
HeLa cells. Experimental results verify that QPICWD is a simple
and cost-effective add-on that can be appended to the output port
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of an off-the-shelf bright-field microscope for high-performance
QPI applications.

Finally, it should be mentioned that regardless of the fact
that QPICWD can provide high quality phase measurement
with relatively low coherence illumination. It is still suffering
from the contradiction between the spatial resolution and the
phase measurement accuracy. As shown in Figure 2, when the
coherence parameter of the Köhler illumination is between
0.3 and 0.5, the imaging resolution is still limited to the
partially coherent limit (1.3 − 1.5NA), which is still much
lower than the incoherent limit (2NA). Besides, the phase
gradient is still underestimated between the range of 1 − S and
1 + S, resulting in phase blurring especially for large phase
gradients, or equivalently, high spatial frequencies. Therefore,
the practical phase imaging resolution achieved is still below
the theoretically partially coherent limit. In the future, we will
investigate the possibilities of using annular illumination to
enhance the frequency coverage and response for phase over
conventional circular illumination [34], and improving the phase
imaging resolution by compensating the underestimation of
phase gradient with a lookup table according to the relationship
shown in Figure 2 [38, 50]. Furthermore, the proposed approach
is potentially able to be combined with other unconventional
microscopic system (e.g., double negative metamaterial lens
[55, 56]) to substantially increase the resolution beyond the
diffraction limit.
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