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Abstract

Fourier ptychographic microscopy (FPM) is a promising and fast-growing computational

imaging technique with high resolution, wide �eld-of-view (FOV) and quantitative phase

recovery, which effectively tackles the problems of phase loss, aberration-introduced artifacts,

narrow depth-of-�eld and the trade-off between resolution and FOV in conventional

microscopy simultaneously. In this review, we provide a comprehensive roadmap of

microscopy, the fundamental principles, advantages, and drawbacks of existing imaging

techniques, and the signi�cant roles that FPM plays in the development of science. Since FPM

is an optimization problem in nature, we discuss the framework and related work. We also

reveal the connection of Euler’s formula between FPM and structured illumination

microscopy. We review recent advances in FPM, including the implementation of

high-precision quantitative phase imaging, high-throughput imaging, high-speed imaging,

three-dimensional imaging, mixed-state decoupling, and introduce the prosperous biomedical

applications. We conclude by discussing the challenging problems and future applications.

FPM can be extended to a kind of framework to tackle the phase loss and system limits in the

imaging system. This insight can be used easily in speckle imaging, incoherent imaging for

retina imaging, large-FOV �uorescence imaging, etc.

Keywords: Fourier ptychographic microscopy, computational imaging, phase retrieval,

high-throughput imaging, microscopy, aberration removal
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1. Introduction

Bene�ting from the invention of microscope at the beginning

of 17th century and the non-invasive and non-contact proper-

ties of visible light, living cells, tissues, or organisms can be

observed. The root cause of diseases could be found [1]. An

optical microscope is a vital tool, to name but a few, in vari-

ous �elds such as microelectronics, material science, biopho-

tonics, microbiology, medical diagnosis, and pharmaceutical

research. A typical �nite corrected microscope is composed of

an objective and an eyepiece (�gure 1(a)), designed to correct

optical aberrations at a �xed tube length. Any optical compo-

nent in the imaging system should be taken into account when

constructing the objective lens, as any additional components

in the imaging system between the objective lens and imag-

ing plane may cause system’s aberration corrections, as this

con�guration has a small degree of freedom in the position

of the samples for optimum imaging formation. A typical and

modern microscope, as shown in �gure 1(b) is con�gured as

an in�nity corrected imaging system (�gure 1(c)), that allows

various images modes in speci�c implementations, e.g., bright

�eld (BF) imaging, phase contrast, differential interference

contrast (DIC), �uorescence imaging, etc. Light rays become

parallel after passing through the objective lens when the sam-

ple is placed at the focal plane of the objective, which makes

an image of the sample positioned at in�nity from the lens. An

additional lens (tube lens) is used to aim the image location for-

ward. Since the distance between the two lenses is adjustable,

such con�guration allows users to modify it by adding addi-

tional optical components between the objective and the tube

lens with less aberrations than the �nite corrected system. If

the distance between the two lenses is set as the summation of

the focal lengths of each, in a setup known as the 4-f system

[2], the setup will be a bilateral telecentric light path eliminat-

ing the parallax and magni�cation error by an aperture stop.

Otherwise, it becomes a telecentric light path at object space

that thus eliminates the parallax only.

Nevertheless, the modern microscopies have many draw-

backs, including the resolution (diffraction) limit, aberration-

introduced artifacts, narrow depth-of-�eld (DOF), the

trade-off between resolution and �eld-of-view (FOV), phase

loss and so forth, which makes the standard microscopies

fussy. The �rst limitation comes from the objective lens that

acts as a low-pass �lter with a cutoff frequency determined

by the numerical aperture (NA). Such a low-pass �ltering

process imposes a resolution limit on the system, which

is express as λ/2NA with Köhler illumination [2] at far-

�eld where λ is the incident wavelength. So, regarding the

wavelength spectrum of visible light, the optical diffraction

maximum at far-�eld is around 200 nm. Although Synge

et al in 1928 [3] reported the near-�eld optical microscopy

(NSOM) by collecting the evanescent wave breaking the

diffraction limit, some dif�culties including being expensive,

low imaging speed due to its requirement and also lack of

the three-dimensional (3D) structure information of object

still remain. Most objectives are composed of multiple

lens components for aberration correction and magni�-

cation. The NA, the aberration correction type, the �eld

number (FN), and the amount of coverglass thickness correc-

tion would be listed on the label of objectives (�gure 1(d)).

Focusing the sample by the effective focal length can be

challenging that thus most lens manufacturers give additional

detail for the practical usage of the objective lens, such as

the working distance and parfocal length. In general, a better

resolution (larger NA) implies a smaller FOV and a shorter

DOF that makes aberration correction harder. As a reference

point (�gure 2(a)), the FOV of a typical 20×/0.45NAobjective

is 1.1 mm with FN of 22, and the DOF is around 2.6 µm,

determined by λ/NA2 with the wavelength of 532 nm. While

the FOV of a 4×/0.1NA objective is 5.5 mm, and the DOF

is around 53 µm under the same conditions. Despite getting

the best off-the-shelf lenses, there are only 10 megapixels of

resolvable pixels, termed space-bandwidth product (SBP),

within a microscope’s FOV (�gure 2(b)). The standard

strategy to expand the FOV without the trade-off is to scale

the size of the lens up from the optical design perspective.

While it imposes geometric aberrations to the system that

thus more optical surfaces would be required to optimize

aberrations in turn (�gure 2(a)). In objective lens construction,

it will be very challenging, with the constraint of the tube

length and parfocal length of the conventional microscope.

An alternative and widely used approach is scanning the FOV

with a high NA objective and stitching those segments. Yet

high-NA objective lenses and high-precision electric scanners

are pricey, on the one side. On the other side, inevitable drifts

of electric scanners will result in artifacts during stitching,

and the scanning, refocusing, and registration induce extra

computation, which still limits the throughput. Besides, most

biological cells are transparent, and owing to their poor absorp-

tion, their contrast under the conventional microscopes is low.

While their various spatial structures result in the uneven dis-

tribution of refractive index (RI), which causes their primary

information to concentrate on their phase. In fact, the full

complex �eld can be directly measured by the antenna with

picosecond temporal resolution [4, 5]. This is simple to use the

synthetic aperture radar to achieve a better spatial resolution.

Nevertheless, a detector will have to continually monitor

details with a temporal precision greater than 1 femtosecond,

a task that goes way beyond the ability of modern devices to

compare an equivalent measurement utilizing visible light. As

such, current camera sensors record only the intensity of the

incoming optical �eld, and the phase information eventually

gets lost.

The most effective way to address the low contrast

issue is to stain the samples with chemical reagent or

�uorochrome (2008 Nobel Prize in Chemistry). As such,

wide �eld �uorescence imaging, confocal microscopy, �u-

orescence resonance energy transfer, �uorescence lifetime

imaging microscopy, total internal re�ection �uorescence,

structured illumination microscopy (SIM), photo-activation

localization microscopy (PALM), stochastic optical recon-

struction microscopy (STORM), stimulated emission deple-

tion (STED),multi-photonmicroscopy, light sheetmicroscopy

(LSM) are reported [1, 6–10]. And the 2014 Nobel Prize in

Chemistry is given to STED and PALM. However, there are

still several limitations for labeling methods. First, it requires
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Figure 1. (a) Conventional microscope: a �nite corrected system. (b) Photograph of a typical modern microscope. (c) Light path of the
modern microscope: an in�nity-corrected system. (d) Objective’s design speci�cations: the core of the microscope. O: Objective; T: Tube
lens; E: Eyepiece; Fo, Fe, FT: the focal length of the objective, tube lens, and eyepiece, respectively.

Figure 2. (a) Photograph of different kinds of objectives. (b) SBP
values for conventional objectives.

long preparation time. Second, it could be phototoxic, destroy-

ing the cells, or in�uencing the uncertain metabolism [11].

Third, the observation cannot last for a long time due to pho-

tobleaching [12]. Finally, it refuses to provide details on the

biological structure of a sample, and some signi�cant matters,

e.g. lipids and sperms, are hard or impossible to be labeled

[13].

In this contest, label-free methods would be the optimal

detection approach and the development trend. Zernike phase

contrast [14] reported in 1942 by Zernike (1953 Nobel Prize in

Physics) and DIC [15] reported in 1953 by Nomarski are two

commonly employed observation technologies in life science.

But they cannot achieve quantitative phase imaging (QPI) due

to their nonlinear relationship with its phase, which limits the

post-processing and quantitative analysis to obtain the impor-

tant information, such as the thickness, morphology and 3D RI

distribution of biological samples. Interferometry-based digi-

tal holography reported by Gabor in 1948 (1971 Nobel Prize

in Physics), its subsequent digital holographic microscopy

(DHM), and electronic speckle pattern interferometry allow

us to obtain the quantitative phase information [16–22]. How-

ever, they are sensitive to the environment with complex opti-

cal setups, and the spatial resolution would decrease due

to the laser speckle. Non-interference computational meth-

ods are developed over the past two decades, including the

Shack–Hartman (SH) wavefront sensor modi�ed by Shack in

1971 [23] that is based on geometrical optics, and transport of

intensity equation (TIE) reported by Teague in 1983 to directly

estimate the partial differential equation (PDE) along the opti-

cal axis [24–26]. These are pro�ting from the development of

commercial computers, high-sensitivity detectors, and highly

ef�cient light-emitting diode (LED). However, the spatial res-

olution of SH wavefront sensor is limited by the physical size

of micro-lens. The sample cannot be very thick because of the

need for low absorption approximation in TIE. The phase pre-

cision through TIE is not very strong and is prone to defocus

quantity and precision of location.

Meanwhile, scientists want to address additional system

limits aside from the phase lost. All these system limita-

tions are actually intrinsic to physical lenses. A sequence of

lensless imaging techniques is also documented, including

coherent diffraction imaging (CDI) by Gerchberg and Sax-

ton (GS) in 1971 [27–29], opto�uidic microscopy by Yang

et al in 2004 [30–32] and diffraction-based lensless on-chip

microscopy by Ozcan et al in 2010 [33–35]. The CDI, origi-

nally developed for electron imaging, computationally recov-

ers this lost phase information from one intensity measure-

ment, which is similar to self-interference in-line holography.

The iterative algorithm is therefore not robust, easily trapped

into the local minimum, and is noise-sensitive [36, 37]. In

2004 Ptychography was reported by Rodenburg et al [38–46],

which is a scanning version of CDI that acquires multiple

3
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diffraction patterns through the scan of a localized illumina-

tion on an extended object. The redundant information in the

overlap between adjacent illuminated spots is then exploited

to improve phase retrieval methods. Opto�uidic microscopy

is the combination of NSOM and micro�uidics by replac-

ing the probe scanning of NSOM with the �owing of the

sample across the imaging detector. The sample pro�les can

be imaged without the diffraction effect at near �eld, but

it cannot exceed the diffraction limit without collecting the

evanescent wave, and the pixel size also limits the resolution

without the objectives. Herein, the opto�uidic microscopy uti-

lizes a pinhole array to enhance its resolution by subpixel trans-

lation. And the on-chip microscopy extends the opto�uidic

microscopy to far �eld by collecting diffraction patterns and

resolves the sample with iterative algorithm, which is similar

to the solution of the twin-image problem in self-interference

in-line holography. The essence of phase retrieval is an inverse

problem in mathematics [47, 48]. It typically consists of iter-

atively reinforcing these known intensity measurements while

an initially random phase ‘guess’ is allowed to converge to a

solution that matches all measurements. Overall, the lensless

imaging has become widely known in the x-ray and electron

community, where high-quality, high-resolution (HR) optics

are challenging to manufacture. Along with the visible light,

the objectives can be well fabricated, which makes the lens-

less imaging not appealing, and the resolution is con�ned

without the objective. The on-chip microscopy has an inher-

ent problem that cells have to be grown on top of the imag-

ing sensor, which is entirely different from the conventional

cell culture work�ow. Therefore this technology has not been

widely used.

As a next generation QPI technique, Fourier ptychographic

microscopy (FPM) [49–58] keeps using the conventional

objective and can also tackle the above-mentioned �ve major

problems effectively, which was �rst invented by Yang et al

in 2013. The insight of FPM is that the objective can only

collect light at certain angles, termed NA, however, parts of

the scattering light can also be collected due to light matter

interaction (Rayleigh or Mie scattering considering the feature

size of sample). Also, and the sample’s high frequency infor-

mation can be modulated into the passband of the objective

lens. Instead of conventionally starting with HR and stitching

together for a larger FOV, FPM uses low NA objective to take

advantage of its innate large FOV and stitches together low

resolution (LR) images in Fourier space to recover HR, shar-

ing the concept of above-mentioned phase retrieval and aper-

ture synthesis. Herein, for gigapixel images, there is no need

for mechanical scanning and successive refocusing. So, the

abbe’s theory would be revised to λ/(NAillu + NAobj), where

NAillu and NAobj denote the NA of illumination and objective,

respectively. Note that the NAillu may be considerably higher

than the NAobj in FPM. This revision has been written into the

Introduction to Fourier Optics by Goodman [2].

We present a comprehensive optical microscopy roadmap

in this review. In section 2, we introduce the signi�cant roles

that FPM plays in the development of science, fundamental

principle, implementation of FPM and multiple optimization

methods, since FPM is an optimization problem in nature.

The relation of Euler’s formula [2] between the FPM and the

SIM is also disclosed in section 2. We review recent advances

in FPM, including the implementation of high-precision QPI

in section 3.1, high-throughput imaging in section 3.2, high-

speed imaging in section 3.3, 3D imaging in section 3.4,

mixed-state decoupling in section 3.5, and introduce the pros-

perous biomedical applications in section 4. We conclude by

addressing the challenging problems and future applications in

section 5. We also point out in the last section that FPM is a

kind of framework for solving problems in the imaging system,

including phase loss, aberration, narrow DOF, the trade-off

between resolution and FOV, the aperture (vignetting) effect

and pixel merging (downsampling), etc. So the framework

is not only limited to FPM. This insight can be extended to

speckle imaging [59–62], incoherent imaging [63, 64], large-

FOV �uorescence imaging [65, 66], etc. It is only essential to

set up a pair of models in the forward and reverse propaga-

tion, and the inverse problem can be solved by the iterative

algorithms directly, which is handy and simple.

2. Theory, algorithm and related work

2.1. Principle, implementation and performance of FPM

A typical FPM setup consists of an LED array mounted under

the sample, a light microscope with a low-NA objective lens,

and a monochromatic imaging sensor (�gures 3(a) and (d)).

The LED array successively illuminates the sample from mul-

tiple angles, contributing to relative displacement between the

spectrum of the sample and the aperture of the objective lens

due to the Fourier translation theorem [2] (�gures 3(b) and

(c)). At each illumination angle, FPM records an LR intensity

image via the low-NA objective lens. When the illumination

angle is restricted or higher than the angle range of objective,

a BF image or a dark �eld (DF) scattering image is recorded

(�gure 3(e)).

Numerically, for each LEDm,n (row m, column n) and its

illumination wave vector (kx,m,n, ky,m,n), under the assumption

that the incident light is an ideal plane wave and the sample

is relatively thin, the transmitted wave �eld from the sample

o(x, y) can be described as o (x, y) e( jxkx,m,n , jyky,m,n ), where o is

the sample’s transmission function, (x, y) denotes the two-

dimensional (2D) Cartesian coordinates in the sample plane,

j is the imaginary unit. Then the transmitted light �eld is

Fourier transformed to the Fourier plane and multiplied by

the pupil function accordingly, which can be represented as

F
{

o (x, y) e( jxkx,m,n , jyky,m,n)
}

P
(

kx, ky
)

, where P(kx, ky) is the

pupil function, which is the coordinate transformation of pupil

function p(x, y) in the spatial domain, termed coherent transfer

function (CTF) [2], and acts as a low-pass �lter of an imaging

system, (kx, ky) denotes the 2D spatial frequencycoordinates in

the Fourier plane, andΦ denotes the Fourier transformoperator

de�ned by

F[o]

(

kx , ky
)

= F {o (x, y)} =

∫∫

o (x, y) e− j(xkx+yky)dxdy

(1)
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Figure 3. Schematic of FPM and recovery procedures. (a) and (d) An LED array is used to illuminate the sample with angle-varied plane
waves and its close-up. (b) and (c) The objective’s pupil function imposes a well-de�ned constraint in the Fourier domain. This constraint is
digitally panned across the Fourier space to re�ect the angular variation of angle-varied illuminations. (e) The iterative phase retrieval
procedures of the FPM. Adapted from [50]. CC BY 3.0.

Figure 4. Performance of FPM with HR and wide FOV. (a)
Photograph of the FPM system. (b) Entire FOV under 2× and 20×
objectives, respectively. (c1) and (c2) LR image and HR image
captured by 2× and 20× objectives, respectively. (c3) FPM
reconstruction. Adapted from [49] by permission from Springer
Nature Customer Service Centre GmbH: Nature Photonics © 2013.

where the original 2π in the Fourier transform is contained

in the 2D spatial frequency coordinates. Afterward, the light

�eld is inverse Fourier transformed to the image plane and the

imaging sensor captures an LR intensity image Im,n of the

sample, which is given by:

Im,n (x, y)

=

∣

∣

∣
F−1

{

F
{

o (x, y) e( jxkx,m,n , jyky,m,n)
}

P
(

kx , ky
)

}∣

∣

∣

2

=
∣

∣F−1
{

O
(

kx − kx,m,n , ky − ky,m,n
)

P
(

kx, ky
)}∣

∣

2
(2)

where F−1 is the inverse Fourier transform operator, and O is

the Fourier spectrum of the object. The incident wave vector

(kx,m,n, ky,m,n) can be expressed as

kx,m,n =
2π

λ

xm,n − x0
√

(

xm,n − x0
)2

+
(

ym,n − y0
)2

+ h2

ky,m,n =
2π

λ

ym,n − y0
√

(

xm,n − x0
)2

+
(

ym,n − y0
)2

+ h2

(3)

where (x0, y0) is the central position of each tile after block

processing for parallel computation, (xm,n, ym,n) denotes the

position of the LEDm,n, λ is the central wavelength, h is the

distance between the LED array and sample. Note that the

equation (3) is not uniformwith the speci�c coordinate system.

FPM attempts to eliminate orminimize the variations in ampli-

tude between simulation patterns and captured images itera-

tively by formulating the following non-convex optimization

issue by sharing the phase retrieval principle in ptychography.

min
O(kx ,ky)

ε = min
O(kx ,ky)

∑

m,n

∑

x,y

∣

∣

∣

√

Im,n (x, y)−
∣

∣F−1

×
{

O
(

kx − kx,m,n , ky − ky,m,n
)

P
(

kx , ky
)}∣

∣

∣

∣

2

(4)

And sharing the concept of aperture synthesis [54], in the

Fourier space, such LR measurements are iteratively stitched

together (�gure 3(e)). First, an initial HR complex amplitude

guess of the pupil function and sample spectrum, labeled as

P0(kx, ky) and O0(kx, ky), are provided to start the algorithm.

Generally, the initial guess of pupil function is set as a circu-

lar shape due to the objective design and a low-pass �lter with

all ones inside the passband, zeros out of the passband, and

uniformzero phase due to the nature of CTF. The Fourier trans-

5
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Figure 5. Reconstruction from uncorrected FPM and EPRY–FPM
algorithms [67]. (a1) and (a2) Reconstructed sample intensity and
phase using uncorrected FPM algorithm. (b1) and (b2)
Reconstructed sample intensity and phase using the EPRY–FPM
algorithm. (c1) and (c2) Reconstructed pupil function modulus and
phase using the EPRY–FPM algorithm. (d) Zernike decomposition
of pupil function’s phase, the amplitude of the lowest 30 modes
(representing the 30 lowest order aberrations) are shown.
Reproduced from [67]. CC BY 3.0.

form of an up-sampled LR image is taken as the initial sample

spectrum guess. Note that a better initial guess, which is sim-

ilar to the �nal HR image, will converge quickly but would

not impact the �nal reconstructions. Second, the exit wave

at the Fourier plane can be estimated by the multiplication:

ϕem,n
(

kx , ky
)

= O0

(

kx − kx,m,n, ky − ky,m,n
)

P0(kx, ky), and the

simulated LR image on the image plane is the inverse Fourier

transform of it: ϕem,n (x, y) = F−1
{

ϕem,n
(

kx, ky
)}

. Next, the

modulus of the simulated LR image is replaced by the

square-root of the actual measurement, and the phase remains

unchanged, such that:

ϕum,n (x, y) =
√

Icm,n (x, y)
ϕem,n (x, y)
∣

∣ϕem,n (x, y)
∣

∣

(5)

The modi�ed LR image is then used for updating the cor-

responding spectrum region of the sample estimate as to the

fourth step, which is given by [49]:

O
(

kx , ky
)

= F
{

ϕum,n (x, y)
}

P
(

kx, ky
)

+ ϕem,n
(

kx, ky
) [

1− P
(

kx, ky
)]

(6)

For a single iteration process, repeating the above steps until

all the captured images Im,n is used to update the CTF and

sample spectrum. Subsequently, the whole iterative process is

repeated for i times until the solution convergences, which is

judged by the evaluation of an error matric at each iteration

step indicated in equation (7). Finally, the sample spectrum is

inverse Fourier transformed back to the spatial space, where an

HR intensity distribution and phase distribution are recovered.

εi =

∑

x,y,m,n

(√

Icm,n (x, y)−
∣

∣ϕei,m,n (x, y)
∣

∣

)2

∑

x,y,m,n

Icm,n (x, y)
(7)

The performance with FPM is shown in �gure 4. Note that

equation (6) does not update the pupil function at the begin-

ning. Similar to the widely used alternating projection method

(termed ePIE algorithm [40]) in ptychography, the popular

algorithm named EPRY–FPM [67] in FPM can also retrieve

both the pupil function and object function, and its difference

is to change the equation (6) to

O′
i

(

kx − kx,m,n, ky − ky,m,n
)

= Oi

(

kx − kx,m,n, ky − ky,m,n
)

+ α
P∗
i

(

kx , ky
)

∣

∣Pi
(

kx , ky
)∣

∣

2

max

∆ϕi,m,n

P′
i

(

kx, ky
)

= Pi
(

kx, ky
)

+ β
O∗
i

(

kx − kx,m,n, ky − ky,m,n
)

∣

∣Oi

(

kx − kx,m,n , ky − ky,m,n
)∣

∣

2

max

∆ϕi,m,n

(8)

The performance of EPRY–FPM is shown in �gure 5 and

the pupil function can be �tted with the Zernike polyno-

mials for quantitative analysis. Considering the equation (8)

which is the �rst order method [68], the sequential Gaus-

sian–Newton algorithm is the following update equation for

another common second order approach.

O′
i

(

kx − kx,m,n, ky − ky,m,n
)

= Oi

(

kx − kx,m,n, ky − ky,m,n
)

+ α

∣

∣Pi
(

kx , ky
)∣

∣P∗
i

(

kx , ky
)

∣

∣Pi
(

kx , ky
)∣

∣

max

(

∣

∣Pi
(

kx , ky
)∣

∣

2
+ δ1

)∆ϕi,m,n

P′
i

(

kx , ky
)

= Pi
(

kx , ky
)

+ β

∣

∣Oi

(

kx − kx,m,n, ky − ky,m,n
)∣

∣O∗
i

(

kx − kx,m,n, ky − ky,m,n
)

∣

∣Oi

(

kx − kx,m,n , ky − ky,m,n
)∣

∣

max

(

∣

∣Oi

(

kx − kx,m,n, ky − ky,m,n
)∣

∣

2
+ δ2

)∆ϕi,m,n

(9)
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where α and β are the step size of the update and usu-

ally set to 1, δ1 and δ2 are regularization constants prevent-

ing the denominator from being zero, i denotes the time

of iterations, ∆ϕi,m,n is the auxiliary function for updating

process: ∆ϕi,m,n = F
{

ϕui,m,n (x, y)
}

− ϕei,m,n
(

kx , ky
)

. And this

algorithm is similar to the extension of the PIE algorithm [39]

in ptychography.

Recently,Maiden et al introduce the concept ofmomentum,

termed mPIE algorithm [69], to further improve the robust-

ness of the ePIE algorithm as follows, and a similar algorithm

has already been used in FPM, which is the current optimal

algorithm.

O′
i

(

kx − kx,m,n, ky − ky,m,n
)

= Oi

(

kx − kx,m,n, ky − ky,m,n
)

+ γ
P∗
i

(

kx , ky
)

(1− α)
∣

∣Pi
(

kx, ky
)∣

∣

2
+ α

∣

∣Pi
(

kx , ky
)∣

∣

2

max

∆ϕi,m,n

P′
i

(

kx, ky
)

= Pi
(

kx , ky
)

+ γ
O∗
i

(

kx − kx,m,n, ky − ky,m,n
)

(1− β)
∣

∣Oi

(

kx − kx,m,n, ky − ky,m,n
)∣

∣

2
+ β

∣

∣Oi

(

kx − kx,m,n, ky − ky,m,n
)∣

∣

2

max

∆ϕi,m,n

(10)

where α, β and γ are the step size and have a range, which can

be referred to the table 3 of reference [69]. When they all set to

1, the algorithm will be degraded to the ePIE or EPRY–FPM

algorithm.

Since FPM is indeed an inverse problem, there are mul-

tiple optimization algorithms, such as maximum-likelihood

estimation [70], Wirtinger �ow optimization (WFP) [71],

EPRY–FPM [67], the sequential Gaussian–Newton method

[68], global Gaussian–Newton method [68], mPIE [69], adap-

tive step-size approach [72], convex relaxation [73], nonlin-

ear method [74], truncated Poisson Wirtinger reconstruction

(TPWFP) [75], etc. These methods can be divided into two

categories: incremental (sequential) algorithms (like the PIE

and ePIE, which only update a small patch of the object func-

tion in each update) and global algorithms (like nonlinear opti-

mization, WFP etc, which attempt to update the entire object

function in one iteration). The difference between the sequen-

tial and the global gradient descent approaches is that the

former uses an ‘approximate gradient’ computed from only

a part of the data. On the other hand, these methods can be

divided into the �rst and second order methods. The �rst order

algorithms are based on the �rst derivative, while the second

order algorithms are based on the unitary matrix or the �rst

and second order PDE. Four typical algorithms are summa-

rized in table 1. The second order methods have better conver-

gence speed despite of higher complexity, as opposed to the

�rst order methods. Despite the faster initial convergence rate,

sequential approaches are typically more sensitive to noise,

while the global methods need higher computation cost and

memory cost.

2.2. Connection between ptychography and FPM

The name of FPM is taken from a related phase retrieval

scheme, ptychography. Similar to the terminology of holog-

raphy, ‘holo’ comes from ‘oλo’ and means ‘all’ in Greek,

since the hologram contains all the wavefront information

(both amplitude and phase), ‘ptycho’ comes from the Greek

word ‘πτυξ’ that means ‘overlap’ [76], because ptychogra-

phy recordsmultiple diffraction patterns through the scan of an

overlapped localized illumination on an extended object. The

overlapping regions of adjacent illuminated spots are a coher-

ent superposition, which locks the phase relationship at differ-

ent positions of the sample and objectively plays the role of the

reference beam in the holography that thus no reference arm is

required practically. This set of diffraction patterns is then used

to invert the diffraction process and retrieve the complex sam-

ple pro�le. Ptychographywas proposed by Hoppe et al in 1969

[76] to solve the phase problem in electron diffraction mea-

surements and was further developed by Rodenburg et al in

2004,who extended its capabilities to image connected objects

and also applied it to x-ray and optical imaging setups [38–41].

In the case of ptychography, the object support constraints for

phase retrieval are imposed by the con�ned illumination beam

in the spatial domain. The reciprocal support constraints are

those diffraction patterns in the frequency domain. As such,

the sample must be mechanically scanned using the desired

FOV. With FPM, on the other hand, the object support con-

straints are given by the con�ned pupil function in the Fourier

domain and the reciprocal support constraints are those LR

images in the spatial domain. In this regard, FPM acts as the

Fourier counterpart to ptychography, justifying its name. Sim-

ilar to ptychography, more than 30% overlapping ratio [77] is

needed to recover the phase precisely. In fact, the LR images

of FPM are equivalent to the 90◦ rotation of ptychographic

diffraction patterns in the phase space of 4D Wigner distribu-

tion function [78], which means that a linear transformation

mathematically links these two datasets. And the concept of

FPM traces its roots back to the relationship between the recip-

rocal system established in 1994 by Landauer and Rodenburg

for electron microscopy [79] and the imaging interferomet-

ric microscopy established by Brueck et al in 2003 [80, 81].

Still, the methods only succeeded in experimenting about two

decades later.

2.3. Connection between SIM and FPM

FPM also shares the root with SIM due to Euler’s formula.

The illumination wavefront can have the same effect with a

cosine structured illumination pattern if the two symmetrical

7
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Table 1. Classi�cation of optimization algorithms. Adapted from [68]. CC BY 3.0.

First order methods Second order methods

Sequential

Global

light beams and a normal incident beam illuminate the sample

simultaneously:

I0
(

1+ e jk sin θ1x + e− jk sin θ1x
)

= I0 (1+ 2 cos (k sin θ1x))
(11)

where θ1 is a certain incident angle. Since three beam infor-

mation is mixed together, it is usually appropriate to decode

three phase-shift images along an axis. While, three images

from the perspective of SIM are required due to the unknown

initial phase [8, 9]. But it should be noticed that SIM can also

be used for �uorescence (incoherent) imaging, while the �u-

orophores are not sensitive to the angle of beams. FPM can

usually improve the resolution over two times, while linear

SIM generally improves twice better resolution. However, due

to their close connection, the FPM algorithm was extended

to speckle SIM to overcome the resolution limit both with

coherent and incoherent light and achievemultimodal imaging

[59–64].

3. Technology trends

3.1. High-precision QPI

Compared to the reconstructions of FPM with DHM that

serves as the ground truth, FPM has been demonstrated to

achieve QPI [82]. However, there are a number of system-

atic sources of error that come from stray light [83] (stray

re�ections), aberrations [67, 84, 85], dynamic range [49, 86],

periodic LED-array-induced grid raster [87, 88], LED inten-

sity �uctuation [89–91], LED positional misalignment [68,

92], noise [67–75, 83, 93], vignetting effect [94], partial coher-

ence [94], mixed error [95] and motion blur [96], which will

severely degrade the reconstruction results with artifacts. Solu-

tions are summarized in table 2 and the model of equation (2)

will be modi�ed to include parts of errors as follows:

Im,n (x, y) = wm,n

∣

∣F−1
{

O
(

kx − kx,m,n

−∆kx,m,n, ky − ky,m,n −∆ky,m,n
)

e( jkx∆x, jky∆y)

× P
(

kx , ky
)

e jφ
}∣

∣

2
+ IN,m,n (12)

where the weight factor wm,n is introduced by the LED inten-

sity �uctuation, the phase term ejφ is introduced by the aber-

rations, which is contained in the pupil function, the intensity

term IN,m,n is introduced by the noise and can be suppressed

by a robust algorithm and data preprocessing methods concur-

rently, the offset term (∆kx,m,n, ∆ky,m,n) results from the LED

positional misalignment, the phase term e( jkx∆x, jky∆y) denotes

the error of motion blur. While those errors that cannot be

described by equation (12) are not presented in equation (12).

And the vignetting effect destroys the linear space-invariant

(LSI) model of equation (12) to linear space-variant (LSV)

model with different physical mechanism, which makes the

object multiply a quadratic phase factor [94].

3.2. High-throughput imaging

According to the analysis of section 2, the resolution of FPM

is given by

d =
λ

NAillu + NAobj

(13)

And the corresponding SBP is de�ned as

SBP =
FOV
(

d/2
)2 (14)

Since the size of the LED panel is often larger than the

condenser, traditional FPM must remove the condenser. The

NAillu of the LED array cannot reach 1 because of the lim-

itations of planar geometry. The collected LED intensities

are signi�cantly decreased with the increasing incident angle

θ (proportional to cos4θ) [90], resulting in the achievable

imaging NA with a commercial LED panel being limited to

the range of 0.3–0.7 with a 4×/0.1NA objective. The high-

est achievable resolution is 388 nm via 4×/0.1NA objective

with a commercial LED panel [90] (�gure 6(e)), which can-

not meet the requirements of HR biomedical imaging appli-

cations. Although a higher magni�cation target with a larger

NA may improve the resolution (�gure 6(a)), for instance,

Ou et al [97] have used a 40×/0.75NA objective to achieve

the �nal NAsyn of 1.45. The FP approach is less appealing as

the decrease of FOV far exceeds the improvement of spatial

resolution.

Sun et al reported an REFPM platform and kept using the

condenser to achieve the �nal NAsyn of 1.6 with a 10×/0.4NA

objective using an oil-immersion condenser and a dense LED

board [89], attaining an SBP of 98.5 megapixels and a res-

olution of 154 nm with the incident wavelength of 435 nm

(�gure 6(b)). However, the loss of FOV remains noticeable

in this method since the lower magni�cation objective is not

applicable due to the sampling requirements in the spatial

domain.

Kim et al reported a scheme with multiple cameras and

LED multiplexing [98] (�gure 6(c)), which still bases on a

4×/0.1NA objective and can achieve an SBP of 154 megapix-

els per column. The total �ux is 154× 6megapixels. Although
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Table 2. System error sources, corresponding solutions, and references.

Error sources Solutions References

Stray light Most BF microscopes can be operated under room [83]

lights, which is not valid for most FPM

system due to the low signal-to-noise ratio

(SNR) of DF images. Experiments should be conducted

in a dark room. And DF images without any sample

present should be collected �rst to avoid stray re�ections.

If the reason for stray light cannot be con�rmed, a binary mask

can be used to block those contaminated parts with Otsu’s method.

Spatially varying aberration Local perspective: recover the local aberration [67, 84]

with alternating projection algorithm

Global perspective: recover the global aberration [85]

considering the continuity of local aberration

Dynamic range If using an 8-bit camera, different exposure should be set for [49, 86]

BF and DF images due to the huge difference of intensities. To

mitigate this issue, multiple exposure images can be captured at each unique

illumination setting to create a high-dynamic-range image or to

use a 16-bit camera. If there is overexposure or underexposure problem, a binary

mask can be used to block those contaminated parts with the threshold method.

Periodic LED array induced grid raster Engineering perspective: custom-designed aperiodic LED arrays [87]

Algorithm perspective: utilize the adjacent spatial information [88]

LED intensity �uctuation Engineering perspective: obtain the intensity distribution with [89, 90]

a higher NA objective and adjust the programmable intensity of LEDs

Algorithm perspective: calculate the offset wm,n in equation (12) [91]

LED positional misalignment Global perspective: utilize the simulated annealing (SA) [92]

algorithm and nonlinear regression to obtain several

global parameters (translation, rotation, height, tilt)

Independent perspective: only utilize the SA approach [68]

to recover the position of every LED

Noise Improve the robustness of the algorithm [67–75]

Data preprocessing methods [83, 93]

Vignetting Two strategies: (i) block processing; (ii) outlier removal [94]

Partial coherence Block processing to ensure the local spatial coherence [94]

Mixed error SC–FPM procedure: (i) use the BF images only to obtain initial [95]

system parameters and update several times to obtain the correct intensity

distribution without updating the CTF; (ii) �x the dataset,

re-estimate the system parameters and pupil function with the updating the CTF; iii)

decrease the step size of algorithm and update the algorithm until it converges

Motion blur mcFP approach: add an offset in equation (12) and retrieve the offset [96]

this scheme only achieves the performance of six columns,

it can be further expanded theoretically, and it also provides

multimodal imaging. But because the scheme still uses a com-

mercial LED board, the throughput of a single channel is still

limited.

Inspired by the work of domed LED arrays [99, 100],

we have spent a whole year in designing and fabricating

a subwavelength resolution FPM (SRFPM) platform [90],

equipped with an elaborate hemispherical digital condenser

with adjustable brightness andNAillu of 0.95, breaking the geo-

metric constraint of the planar LED matrix (�gure 6(d)). No

lenses, mirrors, ormechanically scanning parts are required for

the control of NAillu, as opposed to conventional optical con-

densers. Compared with the conventional FPM with an SBP

of 97 megapixels (�gure 6(e)), the SRFPM enables the ulti-

mate performance of 1.05 synthetic NA at a resolution of 244

nm (group 11, element 1) with the incident wavelength of 465

nm across a wide FOV of 14.60 mm2 via a 4×/0.1NA objec-

tive, corresponding to an SBP of 245 megapixels, which is

better than the case with a 40×/0.6NA objective in incoherent

microscopy.

3.3. High-speed and single shot imaging

As FPM requires hundreds of images to be gathered and

reconstructed with an iterative algorithm, the temporal res-

olution or ef�ciency is very low. A great deal of work has

been documented [77, 101–121] to boost imaging ef�ciency

and can be classi�ed into three groups summarized in table 3.

The �rst class is designed to reduce the number of images

and can be classi�ed into three groups. The �rst category

[101–103] assumes that the sample is a weakly absorbed

object and collects four images with asymmetric illumination

(�gure 7(a1)), termed differential phase contrast (DPC), shar-

ing the root with TIE [24–26]. So that if an object is weakly

absorbed, the weak object transfer function (WOTF) [102] can
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Figure 6. HR large SBP imaging system for FPM. (a) Just with a higher NA objective. The approach is less appealing as the decrease of
FOV far exceeds the improvement of spatial resolution. Reproduced from [97]. CC BY 3.0. (b) Scheme of the oil-immersion condenser and
a dense LED array, attaining an SBP of 98.5 megapixels. Reproduced from [89]. CC BY 3.0. (c) Multi-camera and LED multiplexing
scheme with an SBP of 154 megapixels per column. Reproduced from [98]. CC BY 3.0. (d) Three types of domed LED arrays that can
achieve illumination NAs close to one in air. Among them, the last one SRFPM can achieve an SBP of 245 megapixels ultimately. Adapted
from [90]. CC BY 3.0. Reproduced from [100] with permission. © The Optical Society. Adapted from [99]. CC BY 3.0. (e) The ultimate
performance of conventional FPM and SRFPM. Adapted from [90]. CC BY 3.0.

be represented as

WOTF (u) =

∫∫

S
(

u′
)

P
(

u+ u′
)

P∗
(

u′
)

du′ (15)

where S(u) is the intensity distribution of the light source,

superscript ∗ denotes complex conjugation, u is a spatial-

frequency domain and u′ presents the variable in Fourier

polar coordinate. The WOTF describes the frequency domain

response of phase and absorption for an optical imaging

system. For an aberration-free system with axisymmetric illu-

mination, theWOTF is real and even, which gives only absorp-

tion contrast but no phase contrast. This is the reason why

the pure-phase object can hardly be observed under normal

BF illumination. There are several ways to break the sym-

metry and retrieve the phase contrast, such as translational

diversity (e.g., ptychography), sub-aperture piston diversity

[103], wavelength diversity [113–115] and defocus diversity

[116, 117]. And the phase transfer function (PTF) [102] is

two conjugate circles symmetric at the center with the oblique

illumination angle u0 (�gure 7(a2)), which is given by

PTF(u) = j[P(u+ u0)− P(u− u0)] (16)

It can, therefore, be used to extract the phase informa-

tion with asymmetrical illumination. Notably, considering the

PTF of FPM, on-axis illumination (where S = NAillu/NAobj

= 0) provides only the intensity without any phase infor-

mation. Axial symmetrical illuminations also cannot trans-

fer phase information into intensity contrast because two

anti-symmetrical (positive and negative) components of PTFs

simply cancel each other out. For low-frequency phase com-

ponents (near the origin), they can be covered entirely only

if S = 1, as presented in �gure 7(a2). In other words,

the low frequency phase information is complicated to be

recorded in the raw images of FPM because it can only be

transferred into intensity by matched tilted illuminations (the

LED is precisely located at the edge of the NAobj). For this

reason, low frequency phase information is much more chal-

lenging to achieve for FPM compared to intensity recov-

ery. These DPC methods are fast since they use the BF

images only, but their resolution cannot exceed two-fold,

and the aberration cannot be recovered. The second category

utilizes the redundancy with LED multiplex [104, 105] or

deep learning (DL) [106–108] to improve the utilization of

information. Tian et al [105] reported a source-coded FPM

approach in 2015 by collecting 21 frames (4 BF images

10



Rep. Prog. Phys. 83 (2020) 096101 Review

Table 3. Classi�cation, solutions, features, and references for high-speed imaging.

Classi�cation Solution and features References

Reduce the images Weak absorption approximation (only BF images) DPC, 4 frames [101, 102]

Sub-aperture piston diversity, 4 frames [103]

Utilize the redundancy

LED multiplexing [104]

DPC and LED multiplexing, 21 images [105]

Deep learning, 4 to 5 frames [106–108]

Reduce the redundancy

Sparse LED [77]

Lossy compression algorithms [109, 110]

Single shot method FOV multiplexing

With grating [111]

With micro-lens array [112]

Weak absorption approximation

Wavelength diversity (color-coded DPC) [113–115]

Defocus with an annular LED array [116, 117]

Multi-camera Camera array [118, 119]

Deep learning Optimization of an illumination pattern [120]

One-step reconstruction Deep learning [106, 107, 121]

with asymmetric illumination and 17 DF images with ran-

dom 8 LEDs illumination) to achieve dynamic imaging in

vitro at 1.25 Hz via a 4×/0.2NA objective and a 2× adapter

without any compromise. However, the speed is still inade-

quate for many high-speed applications. On the contrary, the

third category aims to reduce the unnecessary redundancy

with sparse LED array [77] or lossy compression algorithms

[109, 110].

The second class focuses on reducing the number of

images to a single shot ultimately. He and Lee et al [112,

113] presented a single-shot FPM setup based on diffrac-

tive beam splitting and micro-lens array, respectively. How-

ever, since multiple low-resolution images are arranged on a

single image sensor with a limited sensor area, the imaging

FOV has to be compromised signi�cantly, making the FPM

approach unappealing. Following this, a sequence of color-

coded schemes [113–115] is stated based on the related work

of DPC (�gure 7(a1)), as the necessary images can be reduced

by half for the pure phase sample or the pure amplitude sample,

due to the conjugate of PTF of symmetrical LED. The perfor-

mance is shown in �gure 7(a3). But it assumes the sample has

the same absorption for differentwavelengths everywhere, and

the speed has to be half reduced for resolution balance since

different wavelengths determine different resolutions. We also

presented a single-shot FPM approach (termed sFPM) [116]

based on annular monochromatic illumination by recording a

defocus image. Absorption requirements and resolution bal-

ance are unnecessary in our scheme, while it is only suitable

for sparse samples [117]. Yet two defocused images would

be more appropriate, which can also be done for single shot

imaging with two cameras to achieve a stable phase of a dense

sample. Nevertheless, only BF images are used by the low

absorption approximationmethods, and the resolution of them

cannot exceed 2 times. A multi-camera scheme was recorded

without any compromise [118, 119]. But the interval between

each sensor should be carefully chosen tomeet the requirement

of overlapping ratio, which results in that the sensor cannot be

made too large.

The third class [106, 107, 121] focuses on reducing

the computation of iterative algorithms using a one-step

reconstruction. There are four types of DL-based techniques

(�gure 7(b1)–(b3)). The �rst class aims to replace the orig-

inal algorithm with a convolutional neural network (CNN),

no modi�cation to the measurement procedure is made

[122–127]. The bene�ts include robustness to noise, scatter-

ing, and experimental errors by adding regularization con-

straint based on prior information to CNN. The second class

focuses on one-step reconstructions [106, 107, 121] that could

decrease the computation time. These techniques can be

viewed as a supervised learning method that involves poten-

tially large datasets, each of which every entry is a single raw

FP dataset along with its HR reconstruction [58]. The third

class focuses on reducing the required images with LED mul-

tiplexing or compressive sensing [106–108]. The last class

concentrates on introducing the physical model into the con-

struction of CNN to �nd the optimal illumination pattern for

compressive reconstructions or application-dependent tasks

[128–132].

3.4. Three-dimensional imaging

Thick sampleswith standardmicroscopy are challenging to the

image. The HR objective lenses give a shallow DOF, which

requires one to scan through the sample to visualize its 3D

shape axially. Unfortunately, mechanical scanning does not

remove the light from areas above and below the plane of inter-

est, which causes to remain the defocused artifacts. And the

DOF is de�ned as

DOF =
λ

NA2 +
1

M · NA
e (17)

Where e is the minimum resolvable distance of detector andM

stands for magni�cation. Bene�ting from the coherent light,

FPM can do the digital refocusing [49] to extend the DOF to

300 µm via 2×/0.08NA objective by adding the extra phase

term into the pupil function as follows.

P′
(

kx , ky
)

= P
(

kx , ky
)

e jz
√

k0
2−k2x−k

2
y , k2x + k2y < (k0NA)

2

(18)

where z denotes the defocus amount. In 2D FPM (�gure 8(a)),

the Fourier spectrumof the objectwill shift linearly concerning
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Figure 7. Model, principle and performance of high-speed imaging. (a1) Different schemes based on weak absorption approximation.
Adapted from [101]. CC BY 3.0. Adapted from [114]. CC BY 3.0. Reproduced from [115] with permission. © The Optical Society.
Reproduced from [116] with permission. © The Optical Society. (a2) The PTF distribution with different S, where S is NAillu/NAobj. The low
frequency phase information can only be transferred into intensity by matched tilted illuminations (S = 1). Reproduced from [102]. CC BY
3.0. (a3) The performance of time-lapse phase imaging in vitro cell cultures. (b1) The conventional approach (top) and a
gradient-descent-based approach, with the forward model written in an automatic differentiation library. (b2) Approaches that train CNN to
learn a mapping between the data and the reconstruction, replacing the forward model. The bottom approach bypasses the reconstruction
and optimizes a CNN for a particular task. (b3) These approaches still use the forward model but reparametrize the reconstruction with a
CNN, which may be pretrained (top) or untrained (bottom). (7b1-b3) Reproduced from [58]. CC BY 3.0.

the low-pass CTF with angle-varied illuminations. However,

this is true when the samples are assumed to be thin enough

[49]. In practice, because the sample has a speci�c thickness,

the Fourier spectrum of the transmitted light wave �eld can

be approximated as a spherical shell known as, Ewald sphere

[133, 134], whose radius is k0 = 2π/λ and meet k2x + k2y +

k2z = k20, where (kx, ky, kz) denotes the 3D Fourier space. For

the LEDm,n, the tilted plane wavevector (kx,m,n, ky,m,n, kz,m,n)

should also meet k2x,m,n + k2y,m,n + k2z,m,n = k20, which indicates

that the center of Ewald sphere of transmitted object func-

tion always moves on the shell of Ewald sphere of illumina-

tion (�gure 8(e)). Only lower than the cutoff frequency (kc =

2π·NAobj/λ) can pass through the microscopic system. There

kz,m,n along the z-axis is

kz,m,n =

√

4π2/λ2 − k2o,x − k2o,y −
√

4π2/λ2 − k2x,m,n − k2y,m,n
(19)

where (ko,x, ko,y) is the corresponding coordinates of 2D inci-

dent wavevector (kx,m,n, ky,m,n) in the Ewald sphere of the

transmitted object function. For different incident wavevec-

tors (kx,m,n, ky,m,n), the kz,m,n is no longer a constant. There-

fore the original linear shift relationship is no longer satis�ed.

Lee et al [133] discussed the thickness range, and only when

kz < 1/(2w), the Fourier spectrumO(kx, ky, kz) can be regarded

as O(kx, ky, 0), where w denotes the thickness. Since the syn-

thetic NA of FPM is the summation of NAobj and NAillu, the

maximum spatial frequency kz,max along the z-axis is given by

kz,max = max

[

2π

λ

(

1−
√

1− NA2
obj

)

,
2π

λ

]

×

(

1−

√

1− NA2
illu

)]

(20)
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Figure 8. Schematic of 3D FPM and performances. (a)
Conventional FPM with LED scanning. (b1) Schematic of
aperture-scanning FPM to modulate the exit wavefront. (b2) A
better method can also modulate the exit wavefront with a diffuser
and improve the resolution. Adapted with permission from [61].
© The Optical Society. (c) Multi-slice model. Reproduced from
[138]. CC BY 3.0. (d) Tomographic rendering and lateral slices at
different axial positions of Caenorhabditis elegans (C. elegans)
embryos. (e) Schematic of FPT and sketch map of ‘missing cone’
problem. Reproduced from [144]. CC BY 3.0. (f) Three tomograms
at different axial positions of a star�sh embryo with FPT.
Reproduced from [141]. CC BY 3.0.

And only when w < 1/(2kz,max), the sample can be regarded

as a 2D sample. As for a reference, for the FPM system with

NAsyn = 1.2 (NAobj = 0.5, NAillu = 0.7), the thickness of the

sample should meet w < 1.75λ, for the FPM system with

NAsyn = 1.45 (NAobj = 0.75, NAillu = 0.7), the thickness of

the sample should meet w < 1.48λ. Generally, similar to the

thickness requirement in ptychography [134], the thickness of

the sample should not be larger than 10 µm.

The DOF for 3D FPM can be extended with digital refo-

cusing in this case by a form of an approach called aperture

scanning [135, 136] (�gure 8(b1)). And the aperture is placed

at the Fourier plane of the objective. It modulates the exiting

wavefront instead of the incident wavefront. Therefore, the

reconstruction with this method is not related to the sample

thickness. However, only BF images are used in this setup,

the NAobj limits the resolution. A thin diffuser [61] rather

than an aperture is positioned between the object and objective

lens to modulate the exit wavefront still and boost the resolu-

tion (�gure 8(b2)). The resolution would be improved and be

limited by the feature size of the diffuser.

Besides the aperture/diffuser scanning methods, there are

two approaches to image a thick sample, including a multi-

slice method [137–139] and tomography [140–144]. The

multi-slice model regards the thick sample as multiple thin

Figure 9. Examples of mixed-state decoupling. (a) Model of
mixed-state decoupling. Left: partial coherence or �nite bandwidth,
quantum mixtures, and fast stationary stochastic processes such as
vibrations, switching or steady �ows, and imperfect detection. Right:
the signature of decoherence in far-�eld diffraction is a decrease in
‘visibility’ of the scattered intensity distribution. Reproduced from
[148] by permission from Springer Nature Customer Service Centre
GmbH: Nature © 2013 (b) The model of pixel aligning. Reproduced
from [86]. CC BY 3.0. (c) The scheme of object and probe states
decoupling via orthogonalization. Reproduced from [153]. CC BY
3.0. (d) Scheme of LED multiplexing. Reproduced from [150]. CC
BY 3.0. (e) Schematic of wavelength multiplexing. Reproduced
from [150]. CC BY 3.0. (f) Model of multi-slice reconstructions.
Reproduced from [154]. CC BY 3.0. (g) Reconstruction of motion
(�y-scan) decoupling. Reproduced from [152]. CC BY 3.0.

samples, and the light forward propagates slice by slice to

reconstruct 3D RI distribution of multiple-scattering samples

(�gure 8(c)). Unfortunately, as the number of slices increases,

the speed will become very slow, and the 3D RI distribution

still needs to be converted after the phase reconstructions of

each slice. The reconstructionswith the multi-slice method are

not precise enough, especiallywhen using a highNAobjective,

because not all the light propagates forward and a little light

may be backscattered. Then a nonlinear optimization proto-

col [139] was reported to solve the problem and a mirror with

tip/tilt capabilities was used in scanning the illumination angle.

The 3D RI distribution ofCaenorhabditis elegans (C. elegans)

embryos is shown in �gure 8(d).

A very useful framework to summarize how coherent light

scatters through thick samples is optical diffraction tomogra-

phy (ODT), was �rst developed by Wolf [140], which com-

bines the theory of tomography and holography to estimate

the 3D RI distribution of an object under a weak (single)
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scattering approximation. Therefore, reference beam, inten-

sity, phase measurement, and phase-stable interference are

required. The physical quantity used to describe the 3D RI dis-

tribution of the sample is termed as scattering potential. We

can obtain the scattering potential from the scattering �eld,

which is called the inverse scattering problem. Based on Born

or Rytov approximation [140–144], the �rst order scattering

�eld can be obtained from the total �eld and the incident �eld.

Then the linear relationship between the �rst order scattering

�eld and diffraction potential can be established. In a typi-

cal ODT experiment, a sample of interest is illuminated by a

series of tilted plane waves and measured the resulting com-

plex diffraction patterns in the far �eld. These measurements

may then be combined with an appropriate algorithm into a

tomographic reconstruction assuming the �rst Born or the �rst

Rytov approximation. The tomographic rendering and lateral

slices at different axial positions are shown in �gure 8(e).

Combined FPM with ODT based on �rst Born approximation,

termed FPT, no reference beam is required, and an HR, large

FOV, and 3D RI distribution is obtained. But the FPT can only

collects the BF images. While another method termed FPDT

[144] based on the �rst Rytov approximation considers the DF

images, which can achieve higher resolution and SBP. Note

that the data of FPT or FPDT is the same as the conventional

FPM, and no modi�cation is required from FPM to FPT or

FPDT. Upon dataset processing, it is used to reconstruct the

3D k-space iteratively, which is a doughnut shape. With a step

of inverse 3D Fourier transformation, the 3D complex RI can

be obtained. Compared with multi-slice FPM, FPT or FPDT

has a better performance in speed. Nevertheless, its imple-

mentations are restricted to just a few individual cells under

the low (single) scattering approximation, �gure 8(f) dis-

plays three tomograms at different axial positions of a star�sh

embryo. Compared with 2D FPM, 3D FPM has an addi-

tional challenge, namely ‘missing cone’ problem (�gure 8(e))

[140–144], due to the �nite NA of the objective lens. It leads

to a low axial resolution and cannot alleviate by increasing

illumination NA.

3.5. Mixed-state decoupling

Progress in imaging and metrology depends on precise con-

trol over and comprehensive characterization of wave �elds.

Yet partial coherence [145–149], imperfect detection [77, 86],

wavelength multiplexing [150, 151], dynamics [152, 153],

multiple scattering [154] often need to be accounted for,

requiring statistical optics or the decoupling of superposi-

tion of mixed states. Recently, mode expansion of the mutual

coherence function has been reported by Abbey et al [146]

for coherent diffractive imaging, which allowed reconstruc-

tion using a partially coherent light source. Furthermore, a 4D

function in phase space was reported to describe the spatial

coherence by Waller et al [147]. Thibault and Menzel [148]

have also reported a mixed-state method for ptychography and

applied to various scenarios. The examples are summarized

in �gure 9. In fact, Wolf [145] �rst found out in 1982 that

the partial coherence could be regarded as the superposition

of multiple coherent states. As a consequence, some of the

most strict experimental requirements for both ptychography

and FPM may be minimized, and their sensitivity to imaging

artifacts decreased.

4. Biomedical applications

Due to FPM’s �exible setup, remarkable performance with-

out mechanical scanning and interferometric measurements,

FPM has wide applications in the digital pathology [49, 155],

whole slide imaging systems [156–160], aberration recov-

ery [66, 161], high content cell screening and imaging [88,

100, 162], etc (�gure 10). Because FPM can achieve HR and

wide FOV imaging, it is ideal for whole slide imaging sys-

tems [156–160] (�gure 10(a)) and digital pathology [49, 155]

(�gure 10(b)). FPM can not only achieve the complex ampli-

tude information of the object but also retrieve the aberration.

Therefore, it provided a deconvolution method [66] for �uo-

rescence imaging (�gures 10(c) and (d)). Combined FPMwith

�uorescence imaging, an HR, wide FOV, aberration-free quan-

titative phase image, and an aberration-free�uorescence image

can be obtained together simultaneously, which also indicates

the accuracy of the recovered aberration in FPM indirectly.

Commercial multi-well (96 or 384 wells) plate readers

can perform impedance or absorbance measurements on the

contents of the wells with 10 s per plate and have signi�-

cant applications in cell culture and pharmaceutical research

[88, 100, 162]. But they can only provide a gross charac-

terization of the samples by their nature. A new generation

imaging-based multi-well plate imager can provide a wealth

of information within cell cultures, such as individual cell’s

morphology, integrity, vitality and its connections to neighbor-

ing cells, measurements of absorption, thickness and disper-

sion, visualization of chemical compositions and structure, a

trace of gene expression through speci�c biomarker methods.

Currently, commercial 96-well plate cell culture imagers can

scan a plate with every 8 min at 1.2 µm resolution, which is

around 50 times longer than a non-imaging well plate reader

[162]. However, a high ef�ciency, low-cost multi-well plate

microscopic system with good performance is very challeng-

ing. FPM is a recently developed and promising low-cost

computational imaging technique with HR, wide FOV, and

aberration-freequantitative phase recovery.As such, a six-well

system termed Emsight [98], and a low-cost parallel micro-

scopic system [88, 162] (96 Eyes) were stated to have been

capable of simultaneous imaging of all wells on a 96-well

plate rapidly within cell cultures based on parallel FPM, which

costs us �ve years in designing and fabricating them cooper-

ated with Amgen. The 96 Eyes is made up of a commercial

LED array, 96 low-cost plastic-molded 4×/0.23 NA objec-

tives, 96 CMOS sensors (1944 × 2592 pixels, 1.75 µm pixel

pitch), and 4 frame grabber boards interfaced with 4 GPU

modules for parallel computing. The 96 objectives and camera

chips are housed on a customized 96-in-1 sensor board. By

lighting up the multiplexed LED array, the 96 Eyes is capa-

ble of simultaneous imaging of all wells on a 96-well plate

rapidly within cell cultures and displaying an HR (1.2 µm) BF

and aberration-free phase images of 1.1 mm by 0.85 mm per

condition at the extended DOF of ±50 µm within 90 s, and
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Figure 10. Abundant biomedical applications. (a) A low-cost, high-throughput whole slide imaging system with single-frame
autofocusing. Adapted with permission from [160]. © The Optical Society. (b) Digital pathology with CTC cells. Reproduced
from [155]. CC BY 4.0. (c) Aberration removal for large aberrations within a low-cost imaging system using a mobile phone
camera lens as the objective. Reproduced from [161]. CC BY 3.0. (d) Deconvolution method for �uorescence image via the
aberration recovered from FPM. Reproduced from [66]. CC BY 3.0. (e) High-throughput cell culture imaging and screening
system. Adapted from [88]. CC BY 3.0. Adapted from [162]. CC BY 3.0.
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dual-channel �uorescence images within 30 s. The imaging

throughput is de�ned by pixel readout rate (pixel/cell)multiply

cell screening rate (cell/second). The statistics of existing com-

mercial products are shown in �gure 10(e). The �ow cytometer

and confocal microscope are two typical examples. A line can

be connected from the �ow cytometer (legend 2) to the con-

focal microscope (legend 11) and the higher the throughput

is, the farther to top right the location is. To the best of our

knowledge, our 96 Eyes system is currently the most ef�cient

one.

5. Outlook and future application

Within this analysis, we give an outline of the roadmap of

microscopy and the critical roles played by FPM within sci-

ence development. Multiple methods of optimization were

studied because of the complexity of the FPM optimization

problem. We also reveal the connection of Euler’s formula

between FPM and SIM. According to the roadmap of optical

microscopy, a signi�cant trend can be observed that: the tran-

sition from interferometric to non-interferometric, from pure

phase recovery to complex �eld (amplitude and phase) imag-

ing, from single problem to multiple system limits, from 2D

to 3D, from single band (wavelength) to multispectral or even

hyperspectral, from completely coherent to partially coherent

or even incoherent. As a next generation approach of QPI and

computational imaging technique, FPM provides an advanced

label-free, aberration-free, long working distance and long

DOF tool for biomedical imaging and research with HR, wide

FOV and quantitative phase recovery. More important, it does

not require strictly spatially and temporally coherent illumina-

tions and is still based on the traditional objectives compared

with lensless imaging, making it fully compatible with any

off-the-shelf BF microscopes.

In microscopy, there is a signi�cant overlap between QPI

and computational imaging. Computational imaging itself is

a comprehensive concept, which signi�cantly reduces experi-

mental complexity, but also increases computational complex-

ity. The technical routes can be subdivided into computational

photography (macroscopic) and computational microscopy

(microscopic), which are closely related together. Bene�t from

the high-performance computer, high sensitivity detector, and

the development of highly ef�cient light source and the pop-

ularity of GPU parallel computing, computational imaging

has grammatically changed the traditional mode of ‘seeing

is believing’. By encoding of the illumination modes and

imaging system optically, e.g., structured illumination, aper-

ture coding, optical transfer function (OTF) modulation, and

probe or detector translation, the raw images have already been

modulated and often cannot be used directly. Still, by com-

bining with the digital decoding methods, the ideal scenes

can be reconstructed. Therefore, computational imaging pro-

vides many revolutionary advantages over traditional optical

imaging, including but not limited to improve the quality of

the imaging (SNR, contrast, dynamic range, etc), simplify the

imaging system (lenless, compact, low-cost imaging systems,

etc), break through the physical limits (imaging dimensions,

resolution, FOV, DOF, etc), which signi�cantly improves the

information acquisition capability and performance in terms

of the aspects of phase, coherence, 3D RI/topography, DOF

extension, deconvolution, digital refocusing, etc. FPM is one

of the representative technologies.

Indeed, FPM represents a kind of framework to tackle the

problems in the imaging system, including phase loss, aberra-

tion, narrow DOF, the trade-off between resolution and FOV,

aperture (vignetting) effect, and pixel merging (undersam-

pling), etc. So the framework is not only limited to FPM. This

insight can be extended to speckle imaging, incoherent imag-

ing, large-FOV �uorescence imaging, etc. It is only essential

to establish a pair of models in the forward and reverse prop-

agation, and the inverse problem can be solved by iterative

algorithms directly, which is convenient and straightforward.

The research has progressed signi�cantly concerning in high-

accuracy QPI, high-throughput imaging, high-speed imaging,

3D imaging, mixed-state decoupling, and biomedical applica-

tions after FPM is �rst focusing on this in 2013. Yet some

imperfections exist as follows:

1. System errors: almost all system errors have been com-

pletely solved except for the noise, vignetting effect and

motion blur. The widely used EPRY–FPM and rPIE algo-

rithms, as a non-convex optimization problem, do not yet

implement the optimal global solution. A better algorithm

could be advanced. Currently, the two strategies for the

vignetting effect only degenerate the LSV model into the LSI

model and do not fundamentally solve this problem. Block

processing often includes an acceleration of the GPU, which

increases the burden and costs of computing. An LSV model-

based spatial reconstruction algorithm requires to be proposed.

The model of motion blur is still too basic and the temporal

resolution is still very low due to the collection of hundreds of

images.

2. Aberration recovery: it is unclear whether the retrieved

aberration is right or not and whether the aberration is the sum-

mation of all the system errors, especially under the effect of

system errors. If not, it is unclear how to achieve a stable and

correct aberration, which may be used for characterizations

and measurements of the coherent imaging system.

3. High-speed imaging: the best performance is 1.25 Hz

without any compromise to the best of our knowledge. While

the single-shot methods sacri�ce the FOV or capture the BF

images only and the spatial resolution cannot exceed two-

fold, which makes the FPM technique not appealing. Using

multiple cameras and objectives to achieve single-shot imag-

ing is achievable. But the distance between each camera

should be carefully chosen to ensure the minimum overlap-

ping ratio. DL-based methods bring new insights for FPM

and microscopy, which improves the utilization of data redun-

dancy, how such approaches should be viewed needs to be

examined because they are typically ‘black boxes’, and how

to avoid over�tting and improve the ability of generalization.

Another dif�culty in DL-based microscopy is how to obtain a

large number of training datasets. The gold standard of phase

information is not easy to obtain. Therefore, an important trend

in the future is, perhaps, unsupervised learning, which should

involve little or no training dataset.
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4. 3D imaging: in contrast to the incoherent illumination,

3D imaging’s axial resolution is not high enough owing to

coherent light nature. The Fourier spectrum is a doughnut

shape, which has a missing core problem.

5. Pixel aliasing: the DL-based method [106] points out

that it is unclear whether the current pixel aliasing model is

coincident with the physical process in reality. However, there

are upsampling model [77] and subsampling model [86] for

monochrome and color cameras, respectively.

6. Polarization: polarization is a useful imaging modal-

ity for applications ranging from biomedicine, geology, stress

measurement to target tracking. To the best of our knowl-

edge, there is not any demonstration of polarization imaging

with FPM yet, although there are examples within the �eld of

ptychography [151].

7. Information theory: quantitative analysis is still missing

in the expression of data redundancy, which may not reach the

limit of information theory.

8. Diffraction limit and SBP: though FPM revises the

Abbey’s theory, the resolution of FPM cannot exceed the

optical diffraction limit of 200 nm at far-�eld, and the SBP

of each raw image is still limited. It should be noticed that

recent works [1, 6–10, 163–174] indicated that the Abbey or

Rayleigh limit is not the resolution (diffraction) limit at far

�eld. The process of optical microscopy includes two steps:

physical imaging and data post-processing. The physical pro-

cess can be regarded as an inverse Fourier transform. A per-

fect inverse Fourier transform gives comprehensive informa-

tion about the object, termed perfect lens [169], which was

reported by Pendry et al in 2006. The electromagnetic param-

eters of this lens are a permeability of −1 and a dielectric

constant of −1, i.e., a negative RI material. If the imaging

lens is not a perfect lens, optical information will be lost due

to the loss of the evanescent wave, leading to the appearance

of the diffraction limit. Between the perfect lens and tradi-

tional lens, there are also lenses, such as metalenses [170],

which aremade of hyperbolic dispersivematerials and can also

break the diffraction limit. On the other hand, the photoelectric

detector converts the optical analog signals into digital signals

with quanti�cation and sampling. If the signals are undersam-

pled, the Mosaic effect appears and can be solved employ-

ing sub-pixel translation. But if the signals are oversampled,

there will be a lot of data redundancy. From the perspective

of algorithms, the data redundancy can be used to exceed the

diffraction limit with nonlinear post-processing or prior infor-

mation, e.g., localization methods (PALM, STORM) [6, 7],

MUSIC algorithms [171, 172]. Even theoretically, in the case

of in�nite SNR, the bandwidth can be improved inde�nitely

with the analytic property of complex function [173]. From

the perspective of information theory, the Cramer–Rao bound

is the limit of resolution [174]. However, from a practical engi-

neering point of view, an essential concern is how to obtain

the maximum resolution improvementwith the minimumcost.

Abbe diffraction limit still does not lose the general reference

signi�cance. Therefore, whether FPM can be combined with

those super-resolution methods no matter from the physical

side or algorithms is worth studying in the future.

9.Cost: the DF images have too poor SNR, which increases

the cost of illumination devices and imaging sensors.

10. Ringing effect: the imaging quality is not yet optimal,

which will be in�uenced by the ringing effect due to the nature

of the coherent imaging system.

Meanwhile, we also notice the following potential applica-

tions in FPM.

1. Semiconductor wafer inspection and spectroscopy: FPM

was reported for silicon-chip inspection via spectroscopy with

re�ective imaging [56, 57], which is a promising application

because some details of integrated circuits are only resolved

after the aberration correction, and FPM can achieve nonde-

structive fault diagnosis of samples due to the nature of vis-

ible light such as microelectromechanical systems (MEMS)

devices, heavily doped silicon samples, wafer bonding, and 3D

chip stacks.

2. Multimodal imaging: the concept of FPM or ptychogra-

phy is combined with �uorescence imaging to achieve mul-

timodal imaging via translated unknown speckle illumination

or a diffuser [59–63]. The resolution of linear SIM can exceed

two-fold in usual to four-fold.

3. Remote sensing with visible light: FPM was reported

to be applied in macroscopic computational photography and

may be extended to remote sensing [5].

4. Incoherent FPM for retina imaging: FPM was initially

reported to be applied with incoherent light for retina imag-

ing, termed CACAO-FB [64], which overcomes the coher-

ence requirement of the original pupil function recovery

procedure. It utilizes the ability of FPM to use a very crude

lens to obtain high-quality images that are typically associated

with sophisticated imaging systems and broaden the imaging

scenarios where aberration is obvious, and providing a spa-

tially coherent illumination is very challenging or impossible.

These scenarios include retina imaging, �uorescence imaging,

and scattering imaging, etc.

5.Digital pathology and automated diagnosis: with an abil-

ity to rapidly image at high resolution over large FOV, and

provide digital refocusing, FPM has the potential to impact

digital pathology [155–160]. There is a huge interest in radi-

ology, pathology, and other medical �elds to automate the

process of image-based diagnosis with machine learning tech-

niques. FP offers many advantages over conventional imaging

approaches, such as higher throughput owing to an enhanced

SBP, along with phase sensitivity, which can help improve the

diagnosis accuracy of automated decisions.
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