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Abstract: The Fourier ptychographic microscopy (FPM)
technique provides high-resolution images by combin-
ing a traditional imaging system, e.g. a microscope or a
4f-imaging system, with a multiplexing illumination sys-
tem, e.g. an LED array and numerical image processing for
enhanced image reconstruction. In order to numerically
combine images that are captured under varying illumi-
nation angles, an iterative phase-retrieval algorithm is
often applied. However, in practice, the performance of
the FPM algorithm degrades due to the imperfections of
the optical system, the image noise caused by the cam-
era, etc. To eliminate the influence of the aberrations of
the imaging system, an embedded pupil function recovery
(EPRY)-FPM algorithm has been proposed [Opt. Express
22, 4960-4972 (2014)]. In this paper, we study how the per-
formance of FPM and EPRY-FPM algorithms are affected
by imperfections of the illumination system using both
numerical simulations and experiments. The investigated
imperfections include varying and non-uniform intensi-
ties, and wavefront aberrations. Our study shows that the
aberrations of the illumination system significantly affect
the performance of both FPM and EPRY-FPM algorithms.
Hence, in practice, aberrations in the illumination system
gain significant influence on the resulting image quality.
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1 Introduction

The Fourier ptychographic microscopy (FPM) algorithm
recovers a high-resolution complex sampleimage by stitch-
ing together the Fourier spectra of a variety of recorded
low-resolution images. The complete Fourier spectrum
can be calculated by applying the phase-retrieval concept
developed in Refs. [1, 2]. However, in practice, the quality
of the reconstructed image is influenced by the imperfec-
tions of the optical system, i.e. non-identical and non-
uniform intensities of the illumination systems, optical
aberrations of the illumination and imaging systems,
image noise, and detector misalignment.

Several phase-retrieval algorithms have been pro-
posed to improve the quality of a reconstructed image by
taking into account the optical aberrations of the imaging
system [3-8]. The algorithms in Refs. [6, 8] improve the
quality of the object estimates as well as the initial estimate
of the illumination without requiring an accurate model of
the illumination wavefront. This is only valid if the illu-
mination wavefront remains constant for all illumination
angles. The algorithms in Refs. [3, 7] have been developed
to recover the pupil function of the imaging system as well
as the complex Fourier or Fresnel transform of the sample,
simultaneously. Here, an ideal illumination system using
an array of LEDs is considered. The sequentially illuminat-
ing waves are assumed to be homogeneous plane waves
carrying identical intensities for all illumination angles.

In practice, the light beams of the illumination system
from different angles have different intensities and are
generally not uniform. Moreover, the light beams are
usually not ideal plane waves. Deviations from the plane
wavefront can be described as wavefront aberrations, e.g.
by using Zernike polynomials [9]. Therefore, it is worth
while investigating the influence of these imperfections
on the quality of the reconstructed image. In particular,
in this paper, we consider non-identical and non-uniform
illumination intensities as well as the wavefront aberra-
tions and discuss their influence on the reconstructed
intensity image when the FPM or the embedded pupil
function recovery (EPRY)-FPM algorithm is used. Our
study shows that the imperfections of the illumination
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system can significantly affect the performance of the
FPM and the EPRY-FPM algorithm. These imperfections
should be taken into account by developing robust FPM
algorithms.

The paper is organized as follows. In Section 2, we
introduce our illumination concept. In Section 3, we study
the influence of different kinds of imperfections of the
illumination system separately and compare them with
the ideal case. Both the FPM and the EPRY-FPM algorithm
are used. In Section 4, we set up three experiments and
compare the quality of the reconstructed images after
using the FPM algorithm with low-resolution intensity
images obtained from the experiments. A conclusion is
drawn in Section 5.

2 Illumination concept

To understand the concept of Fourier ptychography, we
consider a typical illumination design in Fourier optics,
which is shown in Figure 1 [10]. The compact illumina-
tion system consists of multiple individual illumination
modules, which lead to different inclination angles of the
illumination in the object plane and, thus, spatial shifts
of the Fourier spectrum in the Fourier plane. Each illumi-
nation module consists of an LED, a spatial filter, as well
as a collimator. The LEDs have the same luminous flux,
the same spectrum, and can be turned on or off individu-
ally. The spatial filter in front of each LED guarantees the
spatial coherence. The collimator in each module should
ensure a good quality of the illumination wave in the
object sample, i.e. uniform intensities as well as small
wavefront aberrations.

The ideal illumination with plane waves in the object
plane, the illumination aberrations, and the sample
object are denoted by U, , AU, and Upyyp respectively. The
product of (U, +AU,, ) and Ugy, is denoted by U, which is
imaged by a 4f-imaging system. The complex amplitude
of the pupil function of the imaging system is described
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Figure 1: Illumination concept [10].
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as P. By considering the aberrations of the imaging system
AP, the corresponding amplitude transfer function of the
coherent imaging system can be described as (P+AP). By
following Ref. [11], the equivalent frequency domain rep-
resentation of the complete coherent imaging system is
derived as:

FU}=F{u,

illu

+ AU,

illu

)-U,,}-(P+AP) 6

Equation (1) shows that the complex amplitude of the
image is influenced by the sample object and the illumi-
nation wave as well as the amplitude transfer function or
rather the pupil function of the imaging system.

If the optical system is aberration free, and there is
neither image noise nor misalignment, then, a high-reso-
lution intensity image can be obtained from a number of
low-resolution intensity images after using the FPM algo-
rithm. If the optical system has only optical aberrations
caused by the imaging system, then, these imperfections
can be modeled by a common aberrated pupil function,
which may be solved using the EPRY-FPM algorithm [3].
However, in practice, each illumination module may also
introduce imperfections, which lead to different aberrated
pupil functions for different illumination angles. In the
remainder of the paper, we consider imperfect illumina-
tion systems and investigate how imperfections of the
illumination system affect the quality of the reconstructed
image using FPM and EPRY-FPM algorithms.

The FPM algorithm [2] comprises an iterative phase-
retrieval process and a stitching process. In the stitching
process of each iteration, the amplitudes in all subregions
of the Fourier spectrum of the input image are replaced by
the squared roots of the corresponding measured inten-
sities, which are captured under different illumination
angles. As the measured intensity images under varying
illumination angles correspond to different subregions of
the object spectrum, we obtain a broader spectrum than
that of each subregion, which is limited by the finite aper-
ture in the Fourier plane. At the end of each iteration, a
high-resolution output image (compared to the input
image) results from the Fourier transform of the broad
spectrum after the stitching process. The output image is
used as the input image of the next iteration. Note that the
phase retrieval is achieved using overlapping subregions
and keeping the phase information in each subregion
unchanged during the stitching process. After a sufficient
number of iterations, the iterative phase-retrieval process
will converge to a stable solution [1]. Compared to the FPM
algorithm, the aberrated pupil function of the imaging
system is taken into account in the stitching process of the
EPRY-FPM algorithm [3]. To this end, the new spectrum in
each subregion consists of the current Fourier spectrum
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and a weighted correction term, which uses the corre-
sponding measured intensity image.

3 Simulation

In our numerical simulations, a picture of a spoke target
is used, which has 16 bars over 360° as the sample object.
A spoke target is useful for determining the resolution of
the optical image because of its different spatial frequen-
cies of the adjacent bars at different radii. We consider an
illumination system consisting of nine individual illumi-
nation modules. Each kind of the imperfection, i.e. non-
identical intensities for different illumination angles,
non-uniform intensities of the illuminating waves, and
optical aberrations of the individual illumination systems,
will be studied. In each case, only one kind of the imper-
fections is present, and a new intensity image will be
reconstructed using the FPM algorithm or the EPRY-FPM
algorithm after one iteration and 100 iterations, respec-
tively. The reconstructed intensity images obtained by
assuming an aberration-free optical system after one iter-
ation and 100 iterations are used as benchmarks.

3.1 Influence of the illumination intensities

Two situations are considered. In the first situation, the
intensity distribution of each illumination module is
uniform, but may vary from module to module. In the
second situation, the intensities of each illumination
module are identical but not uniform, i.e. a Gaussian dis-
tribution is assumed.

3.1.1 Fluctuation of the illumination intensities

The simulation results shown in Figure 2 demonstrate
the dependence of the FPM and EPRY-FPM algorithms
on the intensities of the individual illumination systems.
The results in (al-a4) correspond to the ideal situation of
identical intensities. For the results in (bl-b4), we vary
the intensities in each illumination channel randomly in
a range from 0.8 to 1. In (cl-c4) we vary the intensities
between 0.6 and 1. After one iteration, the results with
random intensities are almost the same as the result with
identical intensities using the FPM and EPRY-FPM algo-
rithms. After 100 iterations, the FPM algorithm seems to be
quite sensitive to intensity fluctuations, which results in a
low contrast in the reconstructed image. This means that
the iteration process of the FPM algorithm is more sensitive
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Figure 2: Influence of fluctuations of the illumination intensities.
(A) (a1-a4) Reconstructed images after one iteration and 100 itera-
tions with illumination intensity 1 using FPM and EPRY-FPM algo-
rithms. (b1-b4) Reconstructed images after one iteration and 100
iterations with random illumination intensities in a range between
0.8 and 1. The value of ii in (B) is 0.8. (c1-c4) Reconstructed images
after one iteration and 100 iterations with random illumination
intensities in a range between 0.6 and 1. The value of ii in (B) is 0.6.
(B) Illumination intensities for nine different illumination angles are
in a range between ii and 1.

to intensity fluctuations, and the EPRY-FPM algorithm can
be used in dealing with the problems caused by the non-
identical intensities from different illumination angles.

3.1.2 Uniformity of the illumination intensities

We now assume that the illumination beams at the sample
object plane have a Gaussian intensity distribution as
described by equation (2).

X+y?

Ui (x,y)=e &)

The maximal intensity of the illumination is located at
the center of the spoke target. By changing the variance ¢?,
we can control the slope of the illumination intensities. In
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Figure 3: Influence of the uniformity of the illumination intensities.
(A) (a1-a4) Reconstructed images after one iteration and 100 itera-
tions with uniform illumination intensity using FPM and EPRY-FPM
algorithms. (b1-b4) Reconstructed images after one iteration and
100 iterations with non-uniform intensity distribution shown in (B).
The Gaussian beam width is 02=1. (c1-c4) Reconstructed images
after one iteration and 100 iterations with non-uniform intensity
distribution shown in (B). The Gaussian beam width is 0?=0.4.

(B) Gaussian distribution of the illumination intensity.

(b1-b4) of Figure 3, we set ¢>=1. In (cl-c4) 0>=0.4. After
one iteration and 100 iterations, the results achieved with
a smaller width of the Gaussian intensity distribution using
either the FPM or the EPRY-FPM algorithm exhibit a low
contrast. This means that both algorithms are quite sensi-
tive to the non-uniformity of the illumination intensities. It
is also possible to individually perform the FPM algorithm
on different sections of the image field. In this case, the
non-uniformity of the illumination beam can be reduced.

3.2 Illlumination wavefronts

We now investigate the influence of wavefront aberrations
in the illuminating beams on the result of the FPM and
EPRY-FPM algorithms. We assume that the intensities for
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various illumination angles are identical and uniform.
The Zernike polynomials are used to model the wavefront
aberrations of the illumination system. Here, we investi-
gate two kinds of wavefront aberrations, i.e. astigmatism
and spherical aberrations. The astigmatism and spherical
aberrations are set for nine fixed illumination angles, and
their peak to valley distances are varied, which are shown
in Figure 4B.

The influences of astigmatism and spherical aberra-
tions on the quality of the reconstructed intensity images
are shown in Figures 4 and 5, respectively. The results with
a wider range of wavefront aberrations are worse. The
reconstructed intensity images after using the EPRY-FPM
algorithm are not better than using the FPM algorithm. A
possible reason is that, in the EPRY-FPM algorithm, the
optical aberrations of the imaging system are modeled by

A
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After 100
iterations
(EPRY-FPM) |

Illumination angle

Figure 4: Influence of the astigmatism aberrations. (A) (al-a4)
Reconstructed images after one iteration and 100 iterations with

no wavefront aberrations using FPM and EPRY-FPM algorithms.
(b1-b4) Reconstructed images after one iteration and 100 iterations
with astigmatism in the illumination system. The maximal peak to
valley distance due to the aberration in (B) is pvd=0.35 A. (c1-c4)
Reconstructed images after one iteration and 100 iterations with
bigger astigmatism from the illumination system. The maximal peak
to valley distance in (B) is pvd=1A. (B) Peak to valley distance of the
astigmatism aberrations on nine fixed illumination angles.
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After one
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Figure 5: Influence of the spherical aberrations. (al-a4) Reconstructed
images after one iteration and 100 iterations with no wavefront aber-
rations using FPM and EPRY-FPM algorithms. (b1-b4) Reconstructed
images after one iteration and 100 iterations with spherical aberrations
from the illumination system. The maximal peak to valley distance

is pvd=3.5 A. (c1-c4) Reconstructed images after one iteration and

100 iterations with bigger spherical aberrations from the illumination
system. The maximal peak to valley distance is pvd=5A.

a common aberrated pupil function (P+AP) in equation
(1). However, different optical aberrations of the illumina-
tion system AU, lead to a varying aberrated pupil func-
tion of the whole optical system.

From the simulation results in this section, we can
conclude that identical and uniform intensities of the illu-
mination and lower aberrations of the illumination system
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are preferred, in order to achieve a better reconstruction.
Moreover, to improve the performance of the FPM algo-
rithm in real-world applications, not only the optical aber-
rations of the imaging system but also the imperfections
of the illumination system should be taken into account.

4 Experimental investigation

To investigate the influence of the wavefront aberrations of the
illumination system on the FPM algorithm or rather on the qual-
ity of the reconstructed intensity images in practice, we carried out
three experiments, which vary only in the illumination systems.
Compared to the first experiment with quasi ideal illumination, in
the second experiment, we increase the astigmatism, whereas in the
third experiment, the spherical aberration is increased.

It has been pointed out before that the alignment of the illumina-
tion system can be rather critical for the results of the FPM algorithm
[12]. Here, we specifically focus on aberrations in the illumination.
To this end, we assume perfect alignment in simulations (Section
3) as well as in experiments. Obviously, in experiments, wavefront
aberrations in the illumination beam partially also contain angular
misalignment. Thus, our general study also contains the effect of the
angular misalignment.

4.1 Experimental setup

Figure 6 shows our experimental setup consisting of an illumination
system, a 50/50 nonpolarizing beam splitter, a typical 4f-imaging
system, and a Shack-Hartmann Sensor (SHSLab with SHSCam BR-
110-GE, Optocraft GmbH, Erlangen, Bayern, Germany) for wavefront
characterization. The illumination system in Figure 6 has light from
a fiber-coupled LED (center wavelength 530 nm) (Thorlabs GmbH,
Dachau/Munich, Bayern, Germany) via a 50/125 — 3.0 mm optical fiber
cable (fiber core diameter 50 um), optical lenses, and a rotation-tilt
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Figure 6: An illustration of the experimental setup. (A) Schematic illustration of the experimental setup. (B) Part of the illumination system

with a rotation-tilt table and a collimating lens. (C) Experimental setup.
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table. Note that according to Refs. [13, 14], a light source with a small
diameter has a larger degree of coherence and, therefore, leads to a
better reconstructed image using the FPM algorithm than the light
source with a large diameter. The same conclusion is applicable
to our study. The rotation-tilt table is similar to a three-dimension
goniometer so that a combination of rotation angles around the ver-
tical and horizontal axes can be realized for the experiments. The
4f-system is composed of an object, i.e. a spoke target with 36 bars
over 360° adjusted in the center of the rotation-tilt table, two Fourier
lenses (achromatic doublets, f=80 mm), a pinhole with a diameter
of 6.5 mm in the Fourier plane, and a CMOS camera (IDS UI-1220SE-
M-GL Rev.2, IDS Imaging Development Systems GmbH, Baden-Wiirt-
temberg, Germany). The beam splitter splits the light beam from the
illumination system into two separate beams that are perpendicular
to each other. The SHSLab can record both the wavefront and the
inclination angle of the light beam, which can be used for comparing
the size of the wavefront and locating the Fourier spectrum in the
reconstruction process with the FPM algorithm.

The wavefront aberrations in the three experiments are influ-
enced using different optical elements in the illumination system. In
the first experiment, we use an achromatic doublet (f=60 mm) as the
collimating lens. In the second experiment, we used a cylindric lens
(f=40 mm) between the achromat and the beam splitter to gener-
ate a well-defined astigmatism. In the third experiment, we use four
kinds of singlet lenses (f=25, f=40, f=50 and f=60 mm). For each
illumination angle, we choose a different lens to achieve a different
spherical aberration.

After one
iteration
(FPM)

After 100
iterations
(FPM)
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In each experiment, we start our measurement by recording the
intensity image under the horizontal illumination angle, which is par-
allel to the optical axis of the imaging system. Then, by rotating the
rotation-tilt table with an interval of 0.5° between every two neighbor-
ing illumination angles, we take another intensity image and so on. In
the first experiment, we have taken 81 images. In the second and the
third experiments, we have recorded 25 intensity images each.

4.2 Reconstructed intensity images

In the first experiment, the measured low-resolution intensity image
under the horizontal illumination angle and the reconstructed inten-
sity images with different numbers of low-resolution intensity images
after using the FPM algorithm are shown in Figure 7. By increasing the
number of low-resolution images (up to 25), we obtain reconstructed
images with increasing resolution. If more low-resolution images are
used, i.e. more than 48, the quality of the reconstructed images dete-
riorates, which can be caused by a relatively large image noise for large
illumination angles. However, compared to the first experiment, in the
second and the third experiments, we observe that the quality of the
reconstructed intensity images becomes worse with 25 measured low-
resolution images because of the enlarged wavefront aberrations.

To make a clear comparison between the reconstructed images
from all the experiments, we show in Figures 8-10 the reconstruction
results with fewer low-resolution images, which are obtained in the

Figure 7: Reconstructed intensity images with the measured low-resolution images in the first experiment. (a1) A single intensity image
taken under the horizontal illumination angle. The intensity images in (b1, b2); (c1, c2); (d1, d2); and (e1, e2) are reconstructed using the
FPM algorithm with 9, 25, 48 and 81 low-resolution images, respectively.

After one
iteration
(FPM)

After 100
iterations
(FPM)

Figure 8: Reconstructed intensity images with low-resolution images taken under different vertical illumination angles in the first experiment.
(a1) A single intensity image taken under the horizontal illumination angle. The intensity images in (b1, b2); (c1, c2); (d1, d2); and (e1, e2) are
reconstructed using the FPM algorithm with three, five, seven and nine low-resolution images, respectively.
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After one
iteration
(FPM)

After 100
iterations
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Figure 9: Reconstructed intensity images with low-resolution
images taken under different vertical illumination angles in the
second experiment. (a1) A single intensity image taken under the
horizontal illumination angle. The images in (b1, b2) and (c1, c2) are
reconstructed using the FPM algorithm with three and five low-reso-
lution images, respectively.

After one
iteration
(FPM)

After 100
iterations
(FPM)

Figure 10: Reconstructed intensity images with low-resolution
images taken under different vertical illumination angles in the third
experiment. (a1) A single intensity image taken under the horizontal
illumination angle. The images in (b1, b2) and (c1, c2) are recon-
structed using the FPM algorithm with three and five low-resolution
images, respectively.

first experiment, the second experiment, and the third experiment,
respectively. These results correspond to the Fourier spectrum in
the vertical direction in the Fourier plane. The quality of the images
reconstructed with three and five low-resolution images in Figures 9
and 10 is worse than the reconstructed images with the same number
of low-resolution images in Figure 8. From the experimental results
in this section, we can conclude that, if the FPM algorithm is used,
the quality of the image reconstruction highly depends on the quality
of the illumination wavefront.

5 Conclusion

In this paper, we study the influence of illumination
imperfections on the quality of the reconstructed images
when using the FPM or the EPRY-FPM algorithm. The
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simulation results show that the reconstructed images
can be distorted by variation and non-uniformity of the
illumination intensities as well as optical aberrations of
the illumination waves. The experimental results match
the simulation results. Therefore, to further improve the
FPM and EPRY-FPM algorithms, the imperfections of the
illumination system need to be taken into account. It is
worth noting that different illumination imperfections
under varying illumination angles can break the consist-
ency between every two neighboring Fourier spectra of the
sample object in their overlapping regions. In general, it is
difficult to remove the illumination aberrations by extend-
ing the method in the EPRY-FPM algorithm. In the future,
it will be important to study how to efficiently remove the
illumination aberrations.
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