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Abstract: Fourier ptychographic microscopy (FPM) is a new computational super-resolution
approach, which can obtain not only the correct object function, but also the pupil aberration, the
LED misalignment, and beyond. Although many state-mixed FPM techniques have been proposed
to achieve higher data acquisition efficiency and recovery accuracy in the past few years, little
is known that their reconstruction performance highly depends on the data redundancy in both
object and frequency domains. Generally, at least 35% aperture overlapping percentage in the
Fourier domain is needed for a successful reconstruction using ordinary FPM method. However,
the data redundancy requirements for those state-mixed FPM schemes are largely remained
unexplored until now. In this paper, we explore the spatial and spectrum data redundancy
requirements for the FPM recovery process to introduce sampling criteria for the conventional
and state-mixed FPM techniques in both object and frequency space. Moreover, an upsampled
FPM method is proposed to solve the pixel aliasing problem, and an alternative illumination-
angle subsampled FPM scheme is introduced to get rid of the complexity of decoherence and
achieve the expected recovery quality with reduced data quantity. All the proposed methods
and sampling criteria are validated with both simulations and experiments, and our results show
that state-mixed techniques cannot provide a significant performance advantage since they are
much more sensitive to data redundancy. This paper provides both the guidelines for designing
the most suitable FPM platform and the insights for the capabilities and limitations of the FPM
approach.

© 2016 Optical Society of America

OCIS codes: (110.1758) Computational imaging; (110.0180) Microscopy; (100.5070) Phase retrieval; (100.3010)
Image reconstruction techniques; (100.0100) Image processing.
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1. Introduction

Fourier ptychographic microscopy (FPM) [1, 2] is a recently developed computational imaging
approach which surpasses the resolution barrier of a low numerical aperture (NA) imaging system.
In the ordinary FPM technique, a set of low-resolution (LR) intensity images corresponding
to different illumination angles, with the resolution determined by the NA of the objective
lens, is acquired. Similar to the phase retrieval techniques [3-9], these intensity images are
recorded for constraining the solution of FPM. Then, by iteratively combining these LR intensity
images together in the Fourier domain, FPM recovers a complex high-resolution (HR) image of
the sample, sharing its root with synthetic aperture concepts [10-16]. The final reconstruction
resolution is determined by the sum of the objective lens and illumination NAs [17].

Despite of the remarkable expansion of the space-bandwidth product (SBP), a latent advan-
tage of FPM is the huge data redundancy of overlapping frequency apertures. In conventional
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ptychography, this data redundancy has been validated to be useful in decoherence when partial
coherence and imperfect detection need to be accounted for. As introduced by Thibault and
Menzel [18], state mixtures often have to be used to accurately describe the statistical nature of
the system under investigation, and the occurrence of mixed states can be categorized into three
distinct groups: the partial coherence of the illumination wavefront, the varying states of the
dynamic object and the imperfect detection of the imaging system. With the help of huge data
redundancy in ptychography, these three kinds of state mixtures can be decorrelated successfully
[18-21]. Lately, similar to conventional ptychography, several studies demonstrate that the data
redundancy in FPM is able to provide the potential of not only obtaining the correct object
function, but also acquiring the pupil aberration, correcting the LED misalignment, solving the
pixel aliasing problem, and beyond [22-25]. As a result, some of the most stringent experimental
conditions in FPM can be relaxed, and the susceptibility to imaging noise can be reduced. Fur-
thermore, although decoherence is often an unwanted complication, an artificial superposition
of states can be useful to improve the data acquisition efficiency of the original FPM technique
[26-29]. For instance, imaging with a partially coherent wavefront in FPM by lighting up sev-
eral LED elements simultaneously can reduce the measuring time of imaging process without
sacrificing recovery quality, since the stationary mixed states of partially coherent illumination
can be decorrelated accurately by taking advantage of data redundancy.

Although these significant progresses have been made in FPM for achieving higher data
acquisition efficiency and recovery accuracy in the past few years, little is known that their
reconstruction performance highly depends on the data redundancy in both object and frequency
spaces. As reported in [24], approximately, at least 35% aperture overlapping percentage in the
Fourier domain is needed for an accurate reconstruction of both intensity and phase information.
However, when pixel aliasing problem occurs, the minimum data redundancy requirement has
not been investigated yet. Besides, the data redundancy requirement of those multiplexed FPM
schemes, which illuminate the object by linear combinations of light sources [26, 27], has also
remained unexplored until now. Moreover, for all of these multiplexing techniques, there is
an alternative imaging strategy that can achieve the expected data recovery efficiency directly
without the need for any state mixture. For example, if some particular LED elements are selected
from all the LED elements in the array to illuminate the object successively, the measuring time
of data acquisition would be reduced likewise. With respect to this simple alternative strategy,
it has not been confirmed that whether these multiplexing techniques, which involve complex
decoherence process, could provide a significant performance improvement.

Aiming to analyze the performance advantage of those state-mixed FPM techniques, in this
paper, we first explore the imaging resolution requirement of the FPM platform and introduce
a spatial sampling criterion for the ordinary FPM technique. Then, we propose an upsampled
FPM method to obtain the expected HR image with the largest FOV allowed by the objective
lens by solving the pixel aliasing problem properly. Afterwards, we discuss the spectrum data
redundancy requirement of the FPM recovery process and propose the spectrum sampling criteria
for conventional and multiplexed FPM techniques. Furthermore, based on the spectrum sampling
criteria, we introduce an alternative illumination-angle subsampled FPM scheme, which turns on
only one LED element at a time, to achieve the expected recovery quality from the same (or even
smaller) data quantity as used in the multiplexed FPM schemes. We demonstrate the effectiveness
of our proposed methods and sampling criteria with both the simulations and experiments.

2. Sampling in the spatial domain

2.1. Pixel aliasing problem

In a conventional light microscope, the imaging resolution depends on the numerical aperture of
the objective lens (NA), the illumination wavelength (1), the magnification of the microscope
(Mag), and the pixel size of the digital camera (Ax.,;,). Considering a light microscope with
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monochromatic illumination, the spatial cutoff frequency defined by the objective lens can be

presented as f,;; = A;L—A, while the spatial cutoff frequency defined by the digital camera can be
Mag

presented as feam = 5 A N ormally, the imaging resolution of a light microscope is limited
by the objective lens because f;,; is generally smaller than f,. For example, if we employ an
objective lens (Mag = 4, NA = 0.1), a charge-coupled device (CCD) camera (Axcq, = 6.5um),
and an LED array with monochromatic illumination (A = 0.435um) to build a microscopy
platform, those spatial cutoff frequencies can be numerically determined (f,,; = 0.230um~! <
0.308 ,um’1 = feam)- Butif we utilize an additional 0.5 x digital camera adapter to achieve a larger
FOV, the system magnification would be reduced (Mag = 2) and the imaging resolution would
be limited by the camera since f;,; is larger than f.q,, in this situation (f,5; = 0.230um™=" >
0.154um™" = f.4n). Here, we define a spatial-sampling-ratio of a digital microscopy imaging
system as

fcam _ i Mag
fobj NA 2Axcqm

Ream =

ey
Notice that, Anf:‘; > 2(1\%) is the well-known Nyquist criterion. So, once R4, < 1, the imaging
resolution would be limited by the camera, which could result in pixel aliasing problem in the
original FPM technique (see details in Appendix A). Figure 1 presents the pixel aliasing problem
in both object and frequency spaces using simulations. The simulation parameters were chosen
to realistically model a light microscope as discussed above. A schematic representation of the
FPM platform we used is displayed in Appendix B. A programmable 41 x 41 LED array (2.5mm
spacing) is placed at 87.5mm beneath the sample, and it is used for all the simulations reported
here. Figures 1(al) and 1(b1) present the captured LR images extracted from two data set with
different magnification of the FPM setup. Comparing with Fig. 1(al), when the 0.5x camera
adapter is employed, the same region of the specimen is imaged on less pixels of the camera
(specifically 2 x 2 pixels are combined into 1 pixel) as shown in Fig. 1(b1). Although the raw
LR images seem similar, their frequency spectrums [Figs. 1(a2) and 1(b2)] are quite different.
Comparing with Fig. 1(a2), there is not sufficient bandwidth to impose the circular pupil function
in Fig. 1(b2) due to the pixel aliasing problem. Utilizing the conventional FPM technique, the HR
images are recovered as presented in Figs. 1(c1) and 1(d1) while their corresponding spectrums
are displayed in Figs. 1(c2) and 1(d2) respectively. As shown in Fig. 1(d1), the recovered result
is corrupted significantly due to the pixel aliasing problem. Therefore, in order to achieve a high
recovery quality using conventional FPM method, (A, NA, Mag, Axcu») these four parameters
of the microscopy platform need to be chosen carefully to guarantee the Nyquist criterion
(Rcam > l)

2.2. Upsampled FPM scheme

In order to address the pixel aliasing problem and further expand the SBP of FPM, we introduce
an upsampled FPM scheme in this section. It is also important to acknowledge that, a similar
upsampling procedure has been discussed in the x-ray ptychography approach [20]. While the
algorithm proposed here shares its principle with the conventional FPM algorithm, the major
difference is to run the algorithm assuming a synthetic detector with the reduced pixel size to
satisfy the Nyquist theorem. As is usual in the FPM algorithm, we start with an estimate of the
object and pupil function using an LR image. Different from conventional FPM, we assume
that the actual pixel size of the sensor is reduced by N times and those LR images are captured
when pixel binning is enabled (N x N pixels are combined into one pixel). N is chosen to be
the smallest positive integer to ensure N > ﬁ. Next, after obtaining the upsampled LR image

|0m,,,|2 from the upsampled object’s spectrum of one incident angle, a pixel binning process
needs to be complemented. In this pixel binning process, N x N pixels are combined into one
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Fig. 1. Simulations of the pixel aliasing problem in the ordinary FPM method.

pixel to realistically simulate the pixel aliasing problem in the experimental FPM platform. After
getting the subsampled estimation image |0y, 2, the updating matrix Cin,n can be obtained as

Cinn = Upitinear{ ‘O,'Z';"Z' }, where Upiinear{} denotes the bilinear interpolation and I, , denotes the
captured LR image. Next, the updated LR image Om.n = Cim,nOm,n 18 used to update the upsampled
object’s spectrum and pupil function. Then, the spectrums corresponding to other incident angles
will be updated and the entire optimization process will be iterated several times until the result
converges.

In Fig. 2, we validate the upsampled FPM scheme using simulations and we still use the same
simulation parameters as mentioned in Section 2.1. The ideal HR intensity and phase images and
the recovered results utilizing original FPM are presented in Figs. 2(al), 2(a2), 2(bl), and 2(b2)
respectively. With the help of upsampled FPM, the recovered intensity and phase profiles shown
in Figs. 2(d1) and 2(d2) are free of those distortion patterns. We also compare its performance
with the subsampled FPM method introduced in [24]. Although subsampled FPM could remove
those distortion patterns in the reconstructed results [Figs. 2(c1) and 2(c2)], upsampled FPM
provides a better recovery quality in details. In addition, the root-mean-square error (RMSE)
of the recovered intensity and phase images with different R4, utilizing three different FPM
schemes is presented in Figs. 2(el) and 2(e2). Obviously, comparing with conventional FPM
and subsampled FPM, upsampled FPM is able to achieve the best recovery quality even when
Ream < 1. This is because that the subsampling model in subsampled FPM cannot simulate the
pixels combining procedure in pixels aliasing problem properly. However, if we use a chromatic
single-CCD (or CMOS) camera with a Bayer filter to implement color FPM, the subsampling
model may be exactly suitable in this case because, considering a Bayer filter, only one-fourth of
each pixel is used for detecting the color information of one monochromatic channel.

We also illustrate the performance of the upsampled FPM experimentally. Here, a USAF
resolution target is used as the sample. We use the same parameters of the imaging system
as mentioned in Section 2.1. But, instead of a 41 x 41 LED array, a programmable 21 x 21
LED array (2.5mm spacing, 87.5mm beneath the sample) is used for all the real experiments.
Figure 3(al) shows the raw intensity image of the sample and Fig. 3(a2) presents its spectrum.
The reconstructed images using three different FPM methods are shown in Fig. 3(bl), 3(cl),
and 3(d1), while their spectrums are shown in Fig. 3(b2), 3(c2), and 3(d2) correspondingly. It
is obvious that, the recovered results using original FPM are corrupted by the pixel aliasing
problem. On the other hand, the upsampled FPM is able to reconstruct an artifact-free image
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Fig. 2. Comparison of the ordinary FPM, subsampled FPM, upsampled FPM schemes using
simulations.

with more distinct details.
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Fig. 3. Experimental results of the ordinary FPM, subsampled FPM, upsampled FPM
schemes.

Thus, to achieve the largest FOV allowed by the objective lens in FPM, the magnification
of the microscope (Mag), the row number and the pixel size of the imaging sensor (N, and
Ax.qm) should be chosen carefully to ensure % > Mf; é\: et where F'N is the field number of
the objective lens. One simple way is choosing a digital camejra with a larger imaging sensor to
increase NyoAxcqm. If only one camera is available for the practitioners, another way is utilizing

an additional 0.5 (or even smaller) digital camera adapter to reduce Mag. But in this way, pixel
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Axcam
Mag

> ﬁ. Therefore, in this case, we suggest upsampled
FPM as a useful method to recover the expected high-quality complex images of the specimen
and expand the SBP in FPM. But, does this expansion of SBP require no more other critical
conditions? In other words, is it possible to accurately recover an HR image with large FOV
from a few pixels by utilizing upsampled FPM, when serious pixels aliasing problem occurs and
Ream < 17 To answer these questions , we then investigate the spectrum sampling criteria for
ordinary and other developed FPM techniques in the next section.

aliasing problem may occur when

3. Sampling in the frequency space
3.1.  Spectrum sampling criteria for ordinary and upsampled FPM

Despite of the spatial-sampling-ratio of the imaging system, the recovery quality can also be
influenced by the spectrum-sampling-ratio of the angular-varying illumination. In FPM platform,
the light from each LED can be accurately treated as a plane wave for each small image region

. . e . D
of the specimen. The minimum tilted illumination angle is f,,, = %ﬁ, where D, .,
LED

denotes the distance between adjacent LED elements and / is the distance (at the z direction)
between the LED array and specimen. Multiplication of the plane wave illumination in the spatial
domain is equivalent to shifting the sample spectrum in the Fourier domain. Thus, images with
different plane wave illuminations correspond to different spectrum regions in the Fourier space.
Intuitively, a certain amount of spectrum overlapping between successive acquisitions is needed
to connect all acquired images in the Fourier space. Therefore, we define a spectrum-sampling-
ratio R, ., to denote the amount of spectrum scanning density in the Fourier space. Thus, the
spatial-sampling-ratio can be presented as

_ Jobj — NA (DLED)2+h2’

R =
LED fLED D

2

LED

In FPM, R, ., is always set to be larger than %, because there would be no overlapping be-
tween these frequency apertures if f;;, > 2f,,; and FPM reduces to a conventional phase
retrieval procedure where each image can be processed independently. In addition, we define the
aperture-overlapping-rate R,eriqp to present the spectrum overlapping percentage between two
neighbouring apertures in the center of the entire spectrum (see details in Appendix A). This
parameter has been widely used to evaluate the data redundancy requirement in conventional
and Fourier ptychography [1, 7, 9, 24]. After a simple deduction in geometry, it is found out that

Roveriap can be directly determined by R, ,,,,, as

LED LED LED

3)

R _ {}r[Zarccos(ZR1 ) — R—l 1-— (2R1 2l SR, > %
overlap — .

, else

In Fig. 4, we illustrate the recovery quality with different spatial-sampling-ratio R, and aperture-
overlapping-rate Ryyer1qp Using simulations. Here, we employ upsampled FPM to reconstruct HR
images since upsampled FPM could achieve the best recovery accuracy whether or not Rog, > 1.

Figures 4(al)-4(a4) present the recovered intensity images using upsampled FPM with the
Roveriap increasing. On the other hand, the recovered results are reconstructed using ordinary
FPM with different spatial sampling density, as presented in Figs. 4(b1)-4(b4). Furthermore,
RMSE between these recovered results and the input ideal images is calculated. As shown in
Figs. 4(c1) and 4(c2), the RMSE of the recovered intensity and phase images increases obviously
with Ryyrqp decreasing below 31.81% when R4, > 1. The requirement of a minimum spectrum
overlapping percentage suggests that we need at least two times data quantities to recover the
missing phase information from the captured intensity images. Similar conclusion has been also
reported in conventional ptychography [19]. In fact, it is found that the total frequency area of all
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Fig. 4. Comparison of the recovery qualities with different spatial-sampling-ratio R4, and
aperture-overlapping-rate Ryyeyqp using simulations.

the illumination apertures needs to be approximately two times larger than the frequency area of
the final synthetic aperture to achieve a high-quality reconstruction. If Ryyeriqp < 31.81%, the
spectrum redundancy would be insufficient for accurately recovering the intensity and phase
information simultaneously. Thus, for conventional FPM without pixel aliasing problem, the
distance between adjacent LED elements (D, .,) and the distance between the LED array and
specimen (/) need to be selected carefully to guarantee Ryyeriap > 31.81%.

Moreover, it is noticeable that, for those FPM platforms with pixel aliasing problem (R.q,,, < 1),
much more spectrum overlapping is required to achieve the expected recovery quality. This
inspiring observation could exactly answer the questions which we left at the end of Section
2.2. Briefly speaking, a huge spectrum sampling density is required for compensating the lack
of spatial sampling rate. In other words, to obtain the HR complex images with the same FOV
from fewer pixels, larger number of recorded images are needed since the scanning step between
two neighbouring frequency apertures needs to be much smaller. For example, comparing with
Fig. 4(b2), Fig. 4(a4) has a four times larger SBP since Fig. 4(a4) is recovered from Fig. 1(b1)
(32 x 32 pixels) and Fig. 4(b2) is recovered from Fig. 1(al) (64 x 64 pixels), while they have
the same reconstruction resolution and recovered image size. However, considering the 121 LR
images used for recovering Fig. 4(b2), Fig. 4(a4) requires 441 images, nearly four times to 121
images, to achieve the same reconstruction quality. Therefore, it is impossible to expand the
SBP in FPM unlimitedly without sacrificing data acquisition efficiency or acquiring soaring data
quantity.

We also demonstrate the importance of the data redundancy experimentally. We utilize the
same experiment parameters as used in Fig. 3 except for the illumination wavelength A = 632nm.
In this section, we extract several images from the entire dataset to organize some illumination-
angle subsampled data sets. Figures 5(a2) and 5(b2) display the small regions of the raw LR
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Fig. 5. Experimental recovered results of a USAF target with different spatial-sampling-ratio
Rcam and aperture-overlapping-rate Royerjqp-

images [Figs. 5(al) and 5(b1)] when R4, = 0.97,1.94. Figures 5(c1)-5(c3) and 5(d1)-5(d3)
present the recovered HR intensity images of the USAF target with different Reap, and Ryyeriap- It
is obvious that, once the Ryy¢r14p decreases below 31.81% when R, > 1, the recovery accuracy
reduces significantly. On the other hand, for those recovery results with Ryyeriqp > 31.81%,
most of the resolution features are recognizable. In addition, for those FPM platforms with
Ream < 1, much more spectrum overlapping is required to achieve the expected recovery quality,
for example 64.18% aperture overlapping is needed for Ry, = 0.97.

3.2. Spectrum sampling criterion for illumination-angle multiplexed FPM

As introduced in [26], several LED elements with same color are lighted up together and
illuminate the sample from different angles simultaneously, termed illumination-angle multi-
plexed FPM, and the data acquisition efficiency can be enhanced significantly. However, this
illumination-angle multiplexed FPM method also could be affected by the aperture-overlapping-
rate imperceptibly.

To illustrate the importance of the spectrum overlapping percentage in multiplexed FPM,
we first employ the illumination-angle multiplexed FPM technique using simulations with the
same Royeriqp, but with different number of illumination sources to be multiplexed. In Figs.
6(al)-6(ad), we show our recovered HR images under four different multiplexing conditions.
Their frequency spectrums are shown in Figs. 6(b1)-6(b4) respectively. Obviously, with the
amount of the multiplexed LEDs increasing, the recovery quality of the intensity images does
not degrade noticeably. But their spectrums demonstrate that a lot of high-frequency information
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Recovered HR image and spectrum ( R,,,, = 1.94)

Rperiay = 81.88%
Multiplexed 4 LEDs Multiplexed 8 LEDs Multiplexed 16 LEDs | Multiplexed 20 LEDs
463 images 232 images 116 images 93 images
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Spectrum
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=31.81% R
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Illumination-angle subsampled FPM

Spectrum

Fig. 6. Comparison of the illumination-angle multiplexed FPM with differnt multiplexing
strategies and the illumination-angle subsampled FPM with different aperture-overlapping-
rate Royeriqp USing simulations.

is lost. Then, instead of using illumination-angle multiplexed FPM, we introduce an illumination-
angle subsampled FPM scheme to recover the HR image with reduced Ryycr4p by increasing
the distance between adjacent LEDs (see details in Appendix B). Reconstructed HR images and
spectrums are presented in Figs. 6(c1)-6(c4) and Figs. 6(d1)-6(d4) respectively. Next, with the
Ryveriap decreasing in the illumination-angle subsampled FPM method, the numbers of captured
LR images in Figs. 6(al)-6(a4) and Figs. 6(c1)-6(c4) are nearly the same correspondingly. As
can be seen, illumination-angle subsampled FPM is able to obtain a better recovery quality with
more high-frequency information from the same data quantity.

We also experimentally evaluate the performance of the illumination-angle multiplexed FPM
and the illumination-angle subsampled FPM. The recovered HR images and spectrums using
illumination-angle multiplexed FPM are displayed in Figs. 7(al)-7(a4) and Figs. 7(b1)-7(b4)
with the amount of the multiplexed LEDs increasing, while the recovered HR images and
spectrums using illumination-angle subsampled FPM are displayed in Figs. 7(c1)-7(c4) and
Figs. 7(d1)-7(d4) with R,,r14p decreasing. Since the amount of iterations would significantly
affect the recovery quality for those multiplexed FPM techniques, in this paper all the FPM
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Recovered HR image and spectrum ( R, = 1.94)

Rperiay = 81.88%
Multiplexed 4 LEDs Multiplexed 8 LEDs Multiplexed 16 LEDs | Multiplexed 20 LEDs
111 images 56 images 28 images 23 images

(a3) )

(a1) (a2)

(a4

Intensity

Illumination-angle multiplexed FPM

Spectrum

R = 64.18% R =47.33% R =18.17%

121 images 49 images 25 images 25 images
c3) (c4)
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Fig. 7. Experimental results a USAF target recovered using the illumination-angle multi-
plexed FPM with differnt multiplexing strategies and the illumination-angle subsampled
FPM with different aperture-overlapping-rate Ryyey1qp respectively.

algorithms are iterated 20 times to make sure that all the updating processes converge to stable
solutions. Comparing with Fig. 7(d1)-7(d4), illumination-angle multiplexed FPM losses a lot of
high frequency information with the data quantity reducing [Fig. 7(b1)-7(b4)]. This observation
inspires us that, getting rid of the complexity of the multiplexing, illumination-angle subsampled
FPM may be a much simpler approach which could reduce the entire data quantity acquired and
achieve high recovery accuracy simultaneously.

3.3. Spectrum sampling criterion for wavelength multiplexed FPM

Besides illumination-angle multiplexed FPM, R/G/B three channels of the LEDs can be lit up
simultaneously in wavelength multiplexed FPM and the HR color image of the object can be
recovered from LR monochromatic images [27]. However, this wavelength multiplexed FPM
method cannot accomplish correct reconstruction without a priori knowledge of the intensity
mean values in R/G/B channels. Simply imaging, if we measure a color filter (assuming its
transmittances in R/G/B three channels are 1, 0, O respectively) and an attenuator (assuming

its transmittances in R/G/B three channels are %, %, % respectively), the acquired data would
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be exactly the same using white light illumination. Thus, it would be impossible to achieve the
correct recovery of two different things from one dataset. Figure 8§ presents a typical example of
the incorrect reconstruction using wavelength multiplexed FPM in simulations.

Color image Red channel Green channel Blue channel
(a2) (a3) (ad)

(al)

Input HR image
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Fig. 8. Simulation results of the ordinary wavelength multiplexed FPM and corrected
wavelength multiplexed FPM.

The ideal HR color image is presented in Fig. 8(al) and its three monochrome images in
R/G/B channels are shown in Fig. 8(a2)-8(a4). By utilizing the wavelength multiplexed FPM
method, the recovered HR color image and its three monochrome images in R/G/B channels are
shown in Fig. 8(b1)-8(b4) respectively. As can be seen, the recovered color image unfortunately
converges to white image. This is because the mean values of those three monochrome images in
R/G/B channels [Fig. 8(b2)-8(b4)] are actually different, but they unexpectedly converge to a
same value using wavelength multiplexed FPM. Therefore, to address this problem, we propose a
corrected wavelength multiplexed FPM scheme in this section. The only difference between the
corrected and ordinary wavelength multiplexed FPM is that three extra LR monochrome images
are recorded for R/G/B monochrome illuminations respectively in the corrected wavelength
multiplexed FPM and they are used to correct the mean values of the R/G/B channels during
iterative reconstruction process. By utilizing the corrected wavelength multiplexed FPM, the
recovered HR color image and its three monochrome images in R/G/B channels are shown in
Fig. 8(c1)-8(c4) respectively. Obviously, the corrected wavelength multiplexed FPM provides a
better color recovery quality compared with the ordinary wavelength multiplexed FPM.

Although the corrected wavelength multiplexed FPM could compensate the color recovery
error to some scale, this wavelength multiplexed technique also could be affected by the spectrum
redundancy remarkably. To illustrate the importance of the spectrum overlapping in corrected
wavelength multiplexed FPM, we first employ the corrected wavelength multiplexed FPM tech-
nique with different Ry,e,1qp using simulations. Figures 9(a) and 9(b) display the captured LR
images with R/G/B monochrome illuminations and white light illumination respectively. In Figs.
9(c1)-9(c4), we show our recovered HR images using corrected wavelength multiplexed FPM
under four different Ryyer1qp When Reqm = 1.94. As can be seen, when the aperture-overlapping-
rate R,yeriqp degrades below 81.88%, the Red channel of the object’s image can not be recovered
accurately. Then, similar to Section 3.2, we also utilize the reported illumination-angle subsam-
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Fig. 9. Comparison of the corrected wavelength multiplexed FPM and the illumination-angle
subsampled FPM with different aperture-overlapping-rate R,yeriqp using simulations.

pled FPM to recover the HR color image with monochrome illuminations and the reconstructed
color images are presented in Figs. 9(d1)-9(d4). Here we also degrade Ryyeriqp t0 ensure the
numbers of the captured LR images in Figs. 9(c1)-9(c4) and Figs. 9(d1)-9(d4) are nearly the
same correspondingly. As can be seen, comparing with corrected wavelength multiplexed FPM,
illumination-angle subsampled FPM provides a better color preserving capability from the same
data quantity, even there is no overlapping between those frequency apertures in the Fourier
domain.

We also experimentally evaluate the performance of the corrected wavelength multiplexed FPM
and illumination-angle subsampled FPM techniques with different R,,¢,1qp. In the experiments,
a sample of stained human kidney vessel cells is used as the object. Figures 10(al) and 10(b1)
display the small regions of the captured LR images with R/G/B monochrome illuminations
and white light illumination respectively. Figures 10(a2) and 10(b2) present the full FOV raw
LR images with green and white illuminations. In Figs. 10(c1)-10(c3), we show our recovered
HR images using corrected wavelength multiplexed FPM under four different Ryye/qp When
Ream = 1.94. As can be seen, the green channel of the object’s image cannot be recovered
accurately and the recovered images appear pinky. On the other hand, by employing illumination-
angle subsampled FPM, correct recovery results are obtained with the same data quantity, as
shown in Figs. 10(d1)-10(d3). Therefore, comparing with the HR image taken by a conventional
microscope with 20x objective lens [Fig. 10(e)], these computational reconstruction results
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Fig. 10. Experimental results a sample of stained human kidney vessel cells recovered using
the corrected wavelength multiplexed FPM and the illumination-angle subsampled FPM
with different aperture-overlapping-rate R,yqp respectively.



Research Article Vol. 24, No. 14 | 11 Jul 2016 | OPTICS EXPRESS 15779 I

Optics EXPRESS

suggest that illumination-angle subsampled FPM may be a more accurate approach for achieving
color FPM with the smallest data quantity.

4. Conclusion

In this paper, we investigate the spatial and spectrum data redundancy requirements of the
FPM recovery process and introduce sampling criteria for the conventional and state-mixed
FPM techniques in both object and frequency spaces. Briefly speaking, for the ordinary FPM
method without state mixtures, the total frequency area of all the illumination apertures needs
to be approximately two times larger than the frequency area of the final synthetic aperture
to achieve the high-quality reconstruction of both intensity and phase. Specifically, when the
Nyquist sampling criterion is satisfied in the FPM platform, a minimum 31.81% frequency
aperture overlapping percentage is needed for a successful reconstruction using conventional
FPM method. On the other hand, for those FPM techniques plagued with state mixtures, much
more data redundancy is needed to achieve the expected recovery accuracy.

In particular, for the mixed state of imperfect detection, we propose an upsampled FPM
scheme to solve the pixel aliasing problem and obtain the best recovery quality with the largest
FOV allowed by the objective lens. However, it is impossible to expand the SBP in FPM un-
limitedly without sacrificing data acquisition efficiency or acquiring soaring data quantity. In
other words, the spatial-spectrum sampling trade-off suggests that a huge spectrum sampling
density would be required for compensating the lack of spatial resolution. Furthermore, for the
mixed state of partially coherent illumination, we introduce an alternative illumination-angle
subsampled FPM scheme, which gets rid of the complexity of decoherence, to reduce the number
of acquired LR images while guaranteeing the recovery quality. Simulation and experimental
results demonstrate that state-mixed techniques cannot provide a significant performance ad-
vantage since their performances are greatly limited by the data redundancy requirement of
FPM. Therefore, illumination-angle subsampled FPM may be a better choice for accomplishing
successful recovery with the same (or even smaller) data quantity as used in the multiplexed FPM
schemes. This paper not only gives guidelines for designing the most suitable FPM platform, but
also provides insights for the capabilities and limitations of the FPM approach.

Appendix A: definitions of R.,,, and R,,c14p

In order to explain the definitions of Res, and Ryyeriqp more clearly, we present two diagrams
of the definitions of Reun and Royerqp in Figs. 11(al) and 11(bl). Figure 11(al) shows an
objective lens’s frequency aperture (brown circle) in a Fourier spectrum of an image (green
square). fop; and feqy, in Fig. 11(al) denote the resolution limits of the pupil and the captured

image respectively. In this paper, the spatial-sampling-ratio is defined as R., = ]}% and four

diagrammatic sketches of different R, are displayed in Figs. 11(a2)-11(a5). As ca{n be seen,
once R.qm < 1, some of the high-frequency information transported by the objective lens will
exceed the imaging resolution limitation (the red part outside the square) and these frequency
components will blend into the image spectrum, which is the well-known pixel aliasing problem.

In addition, we also present a diagram of the definition of Ryerqp in Fig. 11(b1). The red and
blue circles are two frequency apertures of the objective lens in the Fourier domain corresponding
to two nearest LED elements at the centre of the LED array. f,,,, in Fig. 11(b1) denotes the
distance between the circle centres of those two apertures which could expand with D, .,
increasing. Here we define the area of the purple overlapping part between those two circles
as Soveriap and the area of the red frequency aperture as S, ;. So the aperture-overlapping-rate

SO ve

can be defined as Roveriap = 5 ]’)’f‘” . After a simple deduction in geometry, it is found out that

Roveriap can be directly determined by f,;,; and f; . Furthermore, six diagrammatic sketches of
different Ry yey1qp are displayed in Figs. 11(b2)-11(b7). As can be seen, with f; ., increasing, the
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area of the purple overlapping part reduces correspondingly.

Rcam = fcam/ ft:hj
=1.94 R, =134 | R,, =097 | R,,, = 0.67
(a3) (a4) (a5)

Ruverap = [28rC0S( e /2 ) = Freo 1= (Freo /2 F0)* /o] /7
Rovertap = 81.88% | Roperiap = 64.18% | Ryporiy = 47.33%

R =3181% | R =18.17% | Ryperiap = 7-16%

Fig. 11. Diagrams of the definitions of Regm and Ryyeriqp and examples of different Ryyer1qp
and Raverlap-

R

cam

overlap overlap

Appendix B: diagrams of the FPM platform and different illumination-angle sub-
sampling conditions

tube lens

objective lens

camera

LED array Fourier space

(b1) (b2) (b3) (b4)

Fig. 12. Diagrams of the FPM platform and different illumination-angle subsampling
conditions.

Figure 12(a) shows the diagram of a conventional LED array based FPM platform used in this
paper. In addition, in order to account for different illumination-angle subsampling conditions,
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we present four diagrammatic sketches of the central part of the LED array in Figs. 12(b1)-12(b4).
Figure 12(b1) shows the LED array with no black LED elements, which means all the LEDs will
be lighted up successively (the red LED is at the centre of the LED matrix). On the other hand,
those black LED elements in Figs. 12(b2)-12(b4) represent that these LEDs will not be lighted
up during the FPM measurement process. In other words, we select some particular LEDs in the
entire LED array to illuminate the object successively with an expanded D, ... Therefore, when
the imaging system parameters (A, NA, Mag, Ax.,,) and the distance between the LED array
and the sample (/) remain unchanged, the aperture-overlapping-rate Ryy¢riqp Will reduce with the
D, ,,, increasing.
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