Partially Coherent Phase Recovery by Kalman Filtering
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Abstract: We demonstrate a Kalman filtering method to recover the phase of a thin object
illuminated by partially coherent light. Our method is fast, efficient, robust to noise, and able to

handle arbitrary source shapes when used in a microscope with Kohler illumination.
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Quantitative phase imaging has become an important tool in biology and surface metrology [1,2],
since objects of interest often do not absorb much light, but cause phase delay. Phase retrieval
methods [3-5] that use a stack of intensity images taken through focus are particularly attractive
because they are experimentally simple. We have previously shown that Kalman filtering can be
used in such schemes [6], providing information theoretic near-optimal phase solution. However,
this method was computationally expensive and could only handle fully coherent (laser)
illumination. By using a sparse Kalman filter [7], the computational complexity was reduced to
O(N log N), where N is the number of pixels in the phase construction. Here, we extend this
method to the case of spatially partially coherent illumination [8]. The new Kalman filtering
method is fast, efficient, robust to noise, and able to handle arbitrary source distribution when
used in a microscope with Kohler illumination.

To include partially coherent illumination into Kalman filter model, we assume an incoherent
extended source in the Kohler configuration that is typical in most microscopes (see Fig. 1). The
intensity I(x,y;z) defocused by z can be written as a convolution between the intensity from
coherent illumination 1¢°"(x,y; z) and a scaled source intensity distribution S(x,y):

1y = Gy ©5 (-1 -Ly), @

where f is the focal length of the condenser lens. A state-space model for Kalman filtering can
be derived following the procedure in [6]. The sparse model in [7] is also adopted to reduce the
computational complexity to O(N log N).

The experimental setup is shown in Fig. 1(a). An incoherent white light source, filtered by a
narrow-band color filter with center wavelength 650 nm is placed at the front focal plane of the
condenser. The spatial coherence of the illumination is adjusted by the size of an iris placed
immediately behind the color filter. A 4fsystem images the object onto the camera, by which a
through focus intensity stack is taken by moving the sample along the optical axis.

We first demonstrate the proposed method by simulating a phase and amplitude object
illuminated by a circular incoherent source (2mm in diameter, and the focal length of the
condenser is 10mm). An intensity stack [in Fig. 1(b)] consisting of 101 images were calculated
by defocusing the object symmetrically about the focus with 10pum step size. The data was
further corrupted by white Gaussian noise with variance 0.0015. To demonstrate the effect of
partial coherence, we first process the data using the fully coherent model in [7], shown in Fig.
1(c). Significant blur present in the phase reconstruction result is caused by the intensity



smearing due to off-center source points. The phase reconstruction by incorporating partially
coherent illumination, successfully eliminates the blurring artifact, as shown Fig. 1(d).

Next, we test out our method experimentally in a microscope. A cheek cell sample was
defocused symmetrically about the focus at 81 z-planes ranging from -2.5 mm to 2.5 mm, shown
in Fig. 2(a). Each image contains 701 X 625 pixels. The circular iris has a 2mm diameter and
the light is collimated by a 100mm focal length condenser. In Fig. 2(b) and (c), we compare the
result using the method in [7] and the new partial coherence method. The phase recovered by the
partial coherence Kalman filtering method has higher contrast and shows much more detail
inside the cell. We expect further improvement with less coherent illumination.
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Fig.1 (a) Experimental setup for capturing intensity images. (b) Simulated noisy intensity images with partially coherence illumination. (c)
Recovered phase by sparse ACEKF which ignores partially coherence, and (d) Recovered phase by the proposed Kalman filtering method which
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Fig.2 (a) Experimental intensity images through focus, with partially coherent illumination. (b) phase recovered by sparse ACEKF assuming fully
coherent illumination, and (c) phase recovered by the proposed Kalman filtering method with knowledge of the source intensity distribution.
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