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PDelft University of Technology, Department of Imaging Physics, Delft, Netherlands
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ABSTRACT

Fourier Ptychography is a computational imaging technique able to decouple high resolution from wide field
of view, bypassing the diffraction limit of the microscope. Since it does not rely on high precision mechanics
or fluorescent imaging, it is of practical interest for implementation in low scale devices. Despite its gains,
realizing a functional low-cost setup working at the theoretical limits is challenging due to many factors causing
discrepancies between theory and practice. Misalignment of the light emitting diode array (LED-array), optical
system aberrations and use of partial coherent sources are common issues which have been addressed with
calibration algorithms. However, physical interpretation of how these factors influence the algorithm and cause
mismatches between theory and practice has had little attention so far. This work provides a discussion based
on simulation results on the effect of the partial coherence of the source. From obtained results, an optimal set
of LEDs for data acquisition is described which avoids degeneracy caused by partial coherence and is based on
the numerical aperture (NA) of the objective and source parameters such as bandwidth and size.

Keywords: Fourier Ptychography, Partial Coherence, Coherence, Physical Optics

1. INTRODUCTION

Fourier Ptychography! is based on developments in synthetic aperture techniques? and phase retrieval algo-
rithms.®* It is able to increase the space bandwidth product (SBP) of the microscope by combining angular
illumination variation and computational techniques. It is based on coherent imaging, allowing images to be
expressed as a convolution operation of the object with the impulse response of the optical system.? However,
this assumption does not fully apply when imaging with a Light Emitting Diodes (LEDs). LEDs have low spatial
and temporal coherence which implies that image formation is better described by a partial coherent model. As
light from a partial coherent source gains coherence is through propagation® the Van Cittert Zernike Theorem”
can be used to determine a coherent area with radius R..;, based on the distance from source to sample h, the
radial size of the source p, and its mean wavelength \:

0.16)\h
Reon = Ts (1)

Thus, increasing the source-sample distance results in a larger area that can be assumed to be coherent and
allows coherent image reconstruction if the reconstructed image size is contained within the coherent area.

However, Fourier Ptychography is mostly used in low NA systems with low magnification and imaging sensor
with over millions of pixels. In this case coherent reconstruction of the full field of view implies the reconstruction
of several hundreds of these coherent areas, making it time inefficient. In this work, we analyse the impact of
partial coherence and the extent to which reconstruction with image sizes exceeding the coherent area can be
done without any significant degradation in reconstruction quality. This is done by adapting the image formation
model to allow generation of partially coherent images with varying temporal and spatial coherence. After which,
the effect on the reconstructed object is analyzed and a solution for mitigating the negative influences is provided.
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2. MODEL MODIFICATIONS

To allow generation of partial coherent images the image formation model is adapted by decomposing the partial
coherent source into mutual coherent modes.® As such, the image of the partial coherent system can be
modelled as an incoherent summation of the images produced by the coherent modes of the source:

L M
i = 203 i) (2)

m

With i denoting the index of the illumination LED, m the m-th spatial modes of the extended light source and
[ the 1-th spectral mode of the emitting bandwidth. In simulations this is implemented by dividing each LED
into M monochromatic point sources bound to the light emitting surface of the LEDs and L monochromatic
point sources corresponding to different emission wavelengths of the LEDs bandwidth. The distribution of these
modes is best observed in the k-space of the LED-array (Fig. 1).
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Figure 1: (a) K-space distribution of the LED-arrays temporal modes; (b) K-space distribution of the LED-arrays
spatial modes

3. SIMULATIONS AND RESULTS

Simulations make use of 3 sets of 2 images making up the amplitude and phase of the simulated objects (Fig. 2).
This is done to compare global trends in convergence behavior and exclude image dependent behavior *.

An offset invariant Root Mean Squared Error (RMSE) metric is used to track the error &£ between reconstruction
X, at iteration k with the original object X.'°

_IFX) — aF (X0)I3

& IFOI )
o = TOFX)" (4)
PR

Spatial and spectral modes are analyzed separately for the cases of 81 and 441 images; this allows for analysis
on only bright field reconstruction and identify potential issues caused by the inclusion of dark field images.

*All images were obtained from http://imagecompression.info/test_images/
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Figure 2: Imges used in simulations

By varying the size of the source from 0-500um, the area which can be assumed coherent in the sample plane
decreases. Once the source size exceeds 330um, the reconstruction can no longer be assumed coherent according
to Eq. 1. This is confirmed by the simulation results using 81 images (Fig. 3a) as once the threshold of 330um is
passed an increase in RMSE is observed (Fig. 3b). For increasing bandwidths AX =0-100nm, no major increases
in RMSE are observed (Fig. 3c).
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Figure 3: (a) Sampling sequence for 81 images used for all 3 image sets; (b) Final root mean square errors for 81
images with the radii of the source varying from 0-500um; (¢) Final root mean square errors for 81 images with
the LED’s bandwidth varying from 0-100nm.

Increasing the number of images to 441 (Fig. 4a) and including the darkfield images causes large increases in
error within the coherent area (Fig. 4b) and massive jumps in the spectral error at small bandwidths (Fig.4c).
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Figure 4: (a) Sampling sequence for 441 images; (b) Final root mean square errors for 441 images and all 3
image sets with the radii of the source bandwidth varying from 0-100nm; (c) Final root mean square errors for
441 images and all 3 image sets with the radii of the source varying from 0-500um

The cause of these errors are identified by tracking the RMSE at the end of each image update step in the
Fourier Ptychographic algorithm and identifying the images of LEDs which increase the RMSE. An overview of
LEDs (in k-space) which increase/decrease the RMSE are shown in Fig. 5. Notice that LEDs with a negative
contribution have k-values close numerical aperture of the objective, suggesting that these are most sensitive to
the effects of the spatial modes.
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Figure 5: Visualization of LEDs with positive contribution (red) and negative contribution (blue) (a) Recon-
struction for spatial modes, source size 500um; (b) Spectral modes A\ = 100nm

This increase in RMSE is caused by spatial or spectral modes falling both in- and outside the NA boundary,
causing these images to be a summation of both bright-and dark field images. Because the two types of images
have different energy contents, this causes a decrease/increase in the total energy of the composite image -
compared to the ideal coherent case- and in turn introduces errors into the reconstructed object.

By removing these LEDs such as in (Fig. 6), the reconstruction errors decrease drastically, as shown in Fig. 7.
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Figure 6: Sampling scenario with spatial modes, with LEDs close to the NA circle left out, avoiding spatial

modes falling both in and outside of the NA circle
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Figure 7: (a) Final convergence errors for new sampling sequence (Fig. 6) and all 3 image sets with the radii
of the source varying from 0-500um: Final spectrum convergence values; (b) Final convergence errors for new
sampling sequence (Fig. 6) and all 3 image sets with the radii of the source bandwidth varying from 0-100nm:

Final spectrum convergence value

Visual inspection of the reconstruction results for bandwidths of 10, 50 and 100nm shows the degrading
effects when the boundary LEDs are included into the reconstruction (Fig. 8). When these LEDs are excluded,
the reconstruction improves greatly, with deterioration only attributed to the increase in bandwidth (Fig.9).
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Figure 8: Reconstruction results for vérying bandwidths: a) & d) mplitude and phase reconstruction for
AN = 10nm; b) & e) Amplitude and phase reconstruction for AX = 50nm; c) & f) Amplitude and phase
reconstruction for AXA = 100nm
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Figure 9: Reconstruction results for Varylng bandw1dths and excludlg deterloratlng LEDs: a) & d) Amplitude
and phase reconstruction for AX = 10nm; b) & e) Amplitude and phase reconstruction for A\ = 50nm; c) & f)
Amplitude and phase reconstruction for A\ = 100nm

It is possible to formulate a closed form expression of an exclusion band B, depending on the spread of the
spatial coherent modes 7,:

vy =ho——tt (5)

0
VPi+hipp

And the spread of the spectral coherent modes 7y

x = AV (6)
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With V, ; the gradient of the LEDs position in k-space with respect to the wavelength.

Jk; k
T My
Vi oA 21
The exclusion bound is then denoted by:
B = koNA,y; + max(raVa +r)) (7)

4. CONCLUSIONS

Using simulation studies, it has been shown that the LEDs with illumination angles close to the numerical
aperture of the objective lens are sensitive to the effects of partial coherence. This sensitivity is caused by the
spatial and spectral modes of the light source falling both in- and outside the NA of the objective, causing energy
mismatches in the composite partial coherent image compared to the expected coherent case.

These degrading effects can be mitigated by removing LEDs within an exclusion boundary depending on the
properties of the source.
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