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ABSTRACT
We present a single-shot isotropic quantitative phase imaging method based on color-multiplexed differential phase contrast. In our method,
the illumination source is modulated by an LCD into an annular color-multiplexed pattern matching the numerical aperture of the objective
precisely to maximize the frequency response for both low and high frequencies (from 0 to 2NAobj

λ ). In addition, we propose an alternating
illumination scheme to provide a perfectly circularly symmetrical phase transfer function, achieving isotropic imaging resolution and signal-
to-noise ratio. A color camera records the light transmitted through the specimen, and three monochromatic intensity images at each color
channel are then separated and utilized to recover the phase of the specimen. We display the derivation, implementation, simulation and
experimental results, which demonstrate that our method accomplishes high resolution, noise-robustness and reconstruction accuracy phase
reconstruction at camera-limited frame rates.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5124535., s

Quantitative analysis of 3D structures of living cells at cellular
and subcellular levels is highly demanding in biological, biomedical,
and pathological research.1 However, phase contrast (PC) and dif-
ferential interference contrast (DIC) techniques only provide a qual-
itative visualization result since the phase of the specimen cannot be
directly separated from intensity.2 Quantitative phase imaging (QPI)
provides an invaluable optical tool for living cell research owing to its
unique capabilities to image optical thickness variation of living cells
and tissues without the need for specific staining or exogenous con-
trast agents (e.g., dyes or fluorophores).3–5 In contrast to qualitative

imaging methods, QPI approaches, such as holography,6 transport-
of-intensity equation (TIE),7,8 differential phase contrast (DPC),9,10

and Fourier ptychographic microscopy (FPM),11,12 recover the phase
of the sample from intensity variation caused by optical path-
length change, allowing for various quantitative studies, such as
the measurement of cellular mechanical properties and dynamic
transport of intracellular structures.13,14 Among these approaches,
DPC is a very promising approach for imaging living cells in vitro
due to its higher imaging efficiency, reconstruction accuracy, and
robustness.10
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DPC recovers the quantitative phase of the specimen based on
one-step deconvolution of several images and the system’s phase
transfer function (PTF), achieving a resolution up to the inco-
herent resolution limit (2× better than the resolution of coherent
methods). Typically, the illuminations of DPC are designed with a
complementary half-circle pupil with 2-axis (i.e., 4 images) measure-
ments along orthogonal directions.10,15 However, multiple measure-
ments reduce the temporal resolution of DPC, precluding obser-
vation of a high-speed phenomenon. To improve the imaging
efficiency, color-multiplexed illumination is adopted in DPC, where
the 4 source patterns were encoded into 2 images by using a color
camera in combination with a color light-emitting diode (LED)
array.16 Furthermore, some efforts have been made toward devel-
oping single-shot DPC mechanisms by using trimode illumination
or adding a multicolored filter.17,18 These methods reduce the num-
ber of captured images to a single exposure; however, the frequency
responses of the PTFs have not been improved, leading to poor
phase contrast and signal-to-noise ratio (SNR) for phase recon-
struction. Specifically, the PTF cannot achieve isotropic frequency
response and still suffers a weak response at the central low fre-
quency and the high frequency approaching the cutoff frequency
of partially coherent imaging 2NAobj

λ (NAobj is the numerical aper-
ture of the objective, and λ is the illumination wavelength) so that
the phase information at the same resolution cannot be completely
restored.

In order to optimize the phase imaging quality of single-
shot DPC, in this letter, we present a new single-shot illumination
scheme based on color-multiplexed illumination for achieving high-
resolution, high-accuracy, and high robust isotropic DPC imaging.
In our method, the illumination source is modulated by a high con-
trast LCD into an annular color-multiplexed pattern matching the
numerical aperture (NA) of the objective precisely to maximize the
frequency response for both low and high frequencies (from 0 to
2NAobj

λ ). In addition, we provide an alternating illumination scheme
to obtain a perfectly circularly symmetrical PTF, achieving isotropic
lateral resolution and SNR.

Considering a pure phase object with transmission function
tra(r) = eiϕ(r) ≈ 1 + iϕ(r) [weak object approximation, r = (x, y)
is the spatial coordinate] is illuminated by an oblique plane wave
with intensity distribution S(uj) (j denotes titled illumination at
different angles, and uj represents the corresponding frequency
shift vector induced by the tilted illumination). The intensity spec-
trum of the bright-field image under oblique illumination can be
separated as

Ij(u) = S(uj)δ(u) + iS(uj)Φ(u)[P∗(uj)P(u + uj)
− P(uj)P∗(u − uj)], (1)

where u = (kx, ky) is the coordinate at the Fourier space, and P(u)
denotes the pupil function of the objective lens (an ideal low-pass
filter with a cutoff frequency of NAobj

λ ). Traditional DPC requires a
pair of captured images, where each partially coherent illumination
function has complementary gradient vector to generate a phase
gradient image along a specific direction. We reduce the captured
image along a specific direction to one implementation by removing
the zero frequency component δ(u) in Eq. (1), also leaving only the
phase gradient term

IDPCl (u) = Il(u) − Bδ(u) = iΦ(u)PTFl(u), (2)

where B is the background term and l denotes the angle of the asym-
metric axis of the DPC illumination. For example, the asymmetric
angle l of traditional left-right illumination DPC can be seen at
0 rad. Thus, the PTF can be denoted as

PTFl(u) =∬ Sl(uj) × [P∗(uj)P(u + uj) − P(uj)P∗(u − uj)]d2uj.
(3)

Equation (3) shows that once the optical configuration of the micro-
scope is fixed [P(u) is predefined], the PTF is fully determined by the
DPC illumination Sl. The sample’s quantitative phase is recovered by
solving the inverse problem with one-step deconvolution,19

ϕ(r) =F−1
⎧⎪⎪⎨⎪⎪⎩

∑l[PTF∗l (u) ⋅ IDPCl (u)]
∑l ∣PTF∗l (u)∣2 + β

⎫⎪⎪⎬⎪⎪⎭
, (4)

where PTF∗l (u) denotes the complex conjugation of PTF. The
Tikhonov regularization parameter β is introduced into Eq. (4) to
avoid singularity in PTF inversion.

In order to improve the imaging performance of DPC, we use
the polar coordinate system to replace the Cartesian coordinate to
separate the effects of radius and angle. Instead of using uniform
circle illumination, we propose the optimal illumination scheme for
3-axis DPC to optimize imaging performance, and the illumination
functions along three different axes are set as

Sl(ρ, θ) = δ(ρ −
NAobj

λ
)sin(θ + l),

l1,2,3 =
−2π

3
, 0,

2π
3

, (θ + l) ∈ (0,π],
(5)

where ρ and θ represent the radius and the polar angle in the
polar coordinate, respectively, and l1,2,3 = − 2π

3 , 0, 2π
3 denotes the

asymmetry axis of the three illumination patterns. They are evenly
distributed in the range of (−π, π] to avoid the unbalanced PTF
response caused by the illumination angle. Different from the pre-
vious research of restricting the illumination aperture from being
a circle, our illumination is set to be an annulus with the diameter
matching the objective pupil and the smallest thickness. In our latest
work, it has been proved that this annular illumination could pro-
vide the optimal PTF response of an incoherent imaging system.20,21

For general illumination, the PTF in a polar coordinate system
can be calculated by integrating the overlap of the source and pupil
functions, and the specific expression has been derived.20 Then, the
illuminations in Eq. (5) are used to calculate the PTF along the three
illumination axes as follows:

PTFl(ρ, θ) = sin(α)sin(θ + l), (6)

where α is determined by cos(α) = ρλ
2NAobj

. Generally, the synthetic

square of the amplitude of the multiaxial PTFs [∑l ∣PTF∗l (ρ, θ)∣2,
shorten as K(ρ, θ)] in Eq. (4), is calculated to measure the imaging
performance in DPC imaging.10 In this case, we can further summa-
rize Eq. (6) to calculate K(ρ, θ) under monochrome illumination,

K(ρ, θ) = 3
2
(1 − ρ2λ2

4NAobj
2 ). (7)
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Equation (7) shows that K(ρ, θ) is only related to ρ, which indi-
cates that Eq. (5) in monochrome illumination produces an isotropic
PTF. Since color-multiplexed DPC has more complex illumination
functions and pupil functions, Eq. (7) generally has no analytical
solution. So the K(ρ, θ) of our single-shot DPC will be analyzed by
numerical simulation in the following.

The optimal 3-axis illumination scheme is used for our single-
shot DPC based on color-multiplexed illumination. In our case,
the 3-axis illuminations with wavelengths of λr , λg , and λb are
turned on simultaneously, recording only one color image. In
Fig. 1(a), we show the schematic diagram of the proposed sys-
tem. An LCD is placed on the front focal plane of the con-
denser,22 so the illumination source is modulated into the pattern,
as shown in Fig. 1(b-1). Compared to the LED illumination source,
the array units of the LCD are sufficiently dense to produce
an approximately continuous illumination source, which means
more frequency sampling on the Fourier plane. The resulting PTF
achieves a broadband frequency coverage for partially coherent
imaging (from 0 to 2NAobj

λb
) with a smooth and significantly enhanced

response, as shown in Fig. 1(c-1). Then, a sample image [shown in
Fig. 1(d-1)] is recorded by a color camera and is then separated
into three monochromatic intensity images corresponding to three
channels based on a color cross talk correction algorithm.23 In the
deconvolution process, these three monochromatic images are used
to reconstruct the sample’s phase according to Eq. (4). It should be
noted that the phase changes inversely with the wavelength for the
same phase object i.e.,ϕ∝ 1

λ ; thus, we need to normalize these three
illuminations to a selected wavelength. In our method, we normal-
ize these three wavelengths to the blue wavelength by multiplying
the spectrum of the phase gradient image by a wavelength nor-
malization coefficient λb

λc
(λc is the three illumination wavelength,

c = r, g, b). Finally, the phase result, as shown in Fig. 1(e-1), can be
obtained.

It should also be noted that because the radius of pupil func-
tion P(u) is inversely proportional to the illumination wavelength,
the spectrum support domains of PTFs vary with wavelengths.
Hence, three illumination wavelengths result in uneven coverage
of Fourier space. Aiming to obtain a perfectly isotropic PTF, we
further propose an alternating illumination scheme. Illumination
pattern 1 is rotated by 90○ to generate illumination pattern 2
[Fig. 1(b-2)], and these two patterns illuminate the sample alter-
nately. This alternating illumination yields isotropic K(ρ, θ) on each
color channel, resulting in an isotropic K(ρ, θ) in color-multiplexed
illumination. For slow-moving samples, each frame and its adja-
cent frame can be used to recover the phase with isotropic resolu-
tion and SNR at camera-limited frame rates, achieving high quality
single-shot QPI.

In order to verify the imaging performance of our method, we
simulated K(ρ, θ) for different single-shot DPC methods, as shown
in Fig. 2. As shown in 2(a-1), 2(a-2), 2(b-1), and 2(b-2), the PTF
under trimode and sine circle illumination has very low response
at both low and high frequencies, which indicates poor SNR and
poor resolution of the phase reconstruction. Our sine annular illu-
mination significantly enhances the responses of K(ρ, θ) at almost all
frequencies of the entire partially coherent imaging (from 0 to 2NAobj

λb
)

[Figs. 2(a-3) and 2(b-3)] and even achieves a perfectly isotropic
K(ρ, θ). To further compare our method’s difference of PTF
response with other illuminations, we show the PTF difference
between our sine annular illumination and trimode and sine circle
illuminations in 2(c-1), 2(c-2), 2(d-1), and 2(d-2) [subtract the PTF
of Figs. 2(a-1) and 2(a-2) from the PTF of Fig. 2(a-3), respectively].
It can be seen more clearly that the amplitudes of K(ρ, θ) under

FIG. 1. The schematic diagram of our
proposed method. (a) The schematic of
the imaging system. [(b1) and (b2)] Illu-
mination patterns. [(c1) and (c2)] K(ρ, θ)
under the illumination patterns (b1) and
(b2). [(d1) and (d2)] Captured images.
[(e1) and (e2)] Recovered phases.
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FIG. 2. Simulation of different DPC illumination patterns. [(a-1)–(a-3)] K(ρ, θ) under different single-shot DPC illumination patterns. [(b-1)–(b-3)] K(ρ, θ) under different
alternating illumination patterns. [(c-1), (c-2), (d-1), and (d-2)] Difference between the response of K(ρ, θ). [(e-1) and (e-2)] Quantitative curves of K(ρ, θ) on NAobj /2λb and
NAobj /λb under single and alternating illumination. [(f-1) and (f-2)] Quantitative curves of γ(ρ) under single and alternating illumination.

our illumination obviously enhance at the low frequency near the
zero frequency and the high frequency approaching NAobj

2λb
, which not

only alleviates the ill-posedness of the PTF inversion but also ensures
higher phase contrast. To quantitatively compare the isotropy of
these illuminations, the response values on NAobj

2λb
and NAobj

λb
of

K(ρ, θ) are extracted to plot curves, as shown in Figs. 2(e-1) and
2(e-2). Obviously, our single and alternating illuminations (blue
lines) always achieve a most stable response at each radius. We intro-
duce an isotropy evaluation coefficient γ(ρ) to quantify the degree of
isotropy, which calculates the ratio of the standard deviation to the

mean of the K(ρ, θ) response at a different radius ρ to characterize
the isotropy of different frequency components,

γ(ρ) = 1 − std[K(ρ, θ)]
mean[K(ρ, θ)] . (8)

A stable γ(ρ) equal to 1 means that K(ρ, θ) is completely isotropic,
and the value of γ(ρ) decreases when anisotropy appears. Then, the
mean value γ is solved to quantitatively evaluate the overall isotropy
of K(ρ, θ). Figures 2(f-1) and 2(f-2) show the γ(ρ) numerical curves
and γ under these illuminations. Figures 2(f-1) show that our single
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illumination significantly increases the γ(ρ) value within the green
cutoff frequency ρg_cutoff (ρg_cutoff =

2NAobj

λg
), and a γ closer to 1 can

be obtained, indicating that it enhances the isotropy of the single-
shot DPC imaging. Meanwhile, a γ approaching 1 is obtained under

our alternating illumination [Fig. 2(f-2)], proving that it achieves
complete isotropy from 0 to 2NAobj

λb
.

We compare the proposed single and alternating illumina-
tion DPC with the trimode DPC experimentally using a phase

FIG. 3. Experimental results of the phase resolution target QPTTM . [(a) and (c)] Captured color images of our single-shot method. [(b-1)–(b-3) and (d-1)–(d-3)] Recovered
phase results under trimode illumination, single illumination, and alternating illumination. [(e) and (f)] Phase values along small circles of low frequency, intermediate frequency,
and high frequency under our single illumination and alternating illumination. (g) Phase values along the red, green, and blue circles of the same radius (highest frequency)
in (b-1)–(b-3). [(h) and (i)] Phase values along the yellow lines in (d-2) and (d-3). (g) Phase values along the red, green and blue lines (highest frequency) in (d-1)–(d-3).
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resolution target [quantitative phase microscopy target (QPTTM),
Benchmark Technologies Corporation, U.S.]. Our setup was built
based on an inverted microscope (IX83, Olympus), in which a high
contrast amorphous Silicon (a-Si) thin film transistor (TFT) LCD
screen (4.3 in., 480 × 272) is controlled by computer software via
universal serial bus (USB) with an STM32 microcontroller to gener-
ate the illumination with wavelengths of 461, 517, and 630 nm. The
extinction ratio of this LCD is 600:1 with use of a simple “full on/full
off” method. The illumination source modulated by this LCD has
sufficient intensity to capture images at camera-limited frame rates.
The images are captured by an objective lens with a magnification
of 10× and a NA of 0.25 (Olympus PLAN) and finally digitalized
by a color CCD camera with a pixel size of 3.75 μm (the imaging
source DFK 23U445). In Fig. 3(a), we show the captured color image
by our single illumination, and the results under trimode illumina-
tion, single illumination, and alternating illumination are shown in
Figs. 3(b-1)–3(b-3). It can be seen that, compared with trimode
illumination [Fig. 3(b-1)], our single and alternating illumina-
tions significantly improve the resolution and robustness of the
phase results. To quantify the resolution and SNR of the recon-
structed phase, the line profiles along small circles of different fre-
quencies of Figs. 3(b-2) and 3(b-3) are extracted to plot curves,
as shown in Figs. 3(e) and 3(f). Obviously, the phase resolu-
tion at all frequencies can be clearly resolved, which means that
our single and alternating illuminations achieve isotropic resolu-
tion. In addition, the reconstructed phase has stable phase con-
trast that is consistent with the ground truth phase (150 nm) at
almost all frequencies, meaning that it achieves isotropic SNR.
We further extract the phase values along a small circle of high-
est frequency (the theoretical highest resolution being 461 nm)

and plot their quantitative curves, as shown in Fig. 3(g). It can
be seen that the trimode illumination cannot restore detailed
information correctly, yet our single and alternating illumina-
tions achieve isotropic resolution. An additional experiment on
the standard resolution QPI target was conducted to demonstrate
the achievable highest resolution. We extract the phase values of
the yellow lines, as shown in Figs. 3(d-2) and 3(d-3), to plot the
quantified curves, as shown in Figs. 3(h)–3(j). Our illumination
achieves a consistent result with the ground truth phase for dif-
ferent resolution targets. Furthermore, Fig. 3(j) shows that the
smallest differentiable unit (Group 10 Element 2), which corre-
sponds to a half-pitch resolution about 435 nm, can be clearly
recovered.

Since our single-shot DPC recovers high resolution phase
images within only a single exposure, it can be served as an imaging
tool for the visualization and the quantity analysis of the morphology
of living cells. As shown in Fig. 4 (Multimedia view), the experi-
ment on unstained Hela cells in vitro across 1.65 h was conducted
to demonstrate imaging effectiveness at high speed. Figure 4(a)
(Multimedia view) shows an example frame from a reconstructed
phase video with a video acquisition speed of 30 Hz (see Visual-
ization 1). Two selected zoom-ins of the phase images are shown
in Fig. 4(b) (Multimedia view) and Fig. 4(c) (Multimedia view) to
observe the subcellular structure in a dynamic process. As shown in
Fig. 4(d) (Multimedia view), we further selected a small area [the
green-boxed area shown in Fig. 4(a) (Multimedia view)] to study
its morphological changes. As we have seen, subcellular dynamics
of Hela cell, such as moving vesicles, and shrinking lamellipodium
can be clearly observed without any motion-induced blurring or
artifacts.

FIG. 4. Phase reconstruction results of
Hela cells in vitro across 1.65 h. (a)
Full field of the view recovered phase.
[(b) and (c)] Phase of the two selected
zoom-ins. (d) Recovered phase results
at different moments. Multimedia view:
https://doi.org/10.1063/1.5124535.1
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In conclusion, we proposed a new single-shot isotropic DPC
illumination scheme based on color-multiplexed illumination to
accomplish high-resolution, high-accuracy, and high-robustness
phase retrieval with isotropic lateral resolution and SNR. Com-
pared with the existing single-shot DPC method, our single-shot
illumination maximizes the frequency response, which removes the
ill-posedness of the PTF inversion so that artifacts in phase recon-
struction results can be significantly reduced. Furthermore, an alter-
nating illumination scheme is proposed to produce a perfectly circu-
larly symmetrical PTF, achieving isotropic DPC at camera-limited
frame rates. The theoretical analysis, simulations, and experimen-
tal results have verified the superiority of our method over other
state-of-the-art methods in both phase reconstruction efficiency
and accuracy. The experimental results on living Hela cells suggest
that our single-shot DPC is a powerful QPI technique for various
label-free quantitative living cell imaging, such as drug discovery,
cellular phenotype characterization, and identification of disease
mechanisms.
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