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Phase encoding with random binary phase plates for photon-
limited imaging

INTRODUCTION & AIM RESULTS & DISCUSSION

Reconstruction Error vs Photon Budget

Photon-limited imaging inherently faces the challenge of quantum shot noise, m—— i |
where the variance nears the mean, leading to degradation in image quality, ' | |
particularly at extremely low total photon counts below 1000 or so [1]. —— : !
This necessitates advanced computational methods for reconstruction, often —— i i | Fig:4a_Reconstruction
involving regularization techniques to incorporate prior knowledge and prevent L i E gfr‘t’fgo'tf‘? phasg
"fitting the noise" . The proposed use of random binary phase plates aims to 2 —_— i i V;Sr;:n; E;;g:biggets
leverage "wavefront diversity" to stabilize image reconstruction by improving ' | i '
spatial-frequency mixing . This is conceptually distinct from contrast enhancing — i —e— NoPhase i
phase plates, such as Zernike or vortex designs, which impose fixed ' , { | E:EZE::IOW i
symmetries [2]. | --- 102 photons i
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Zernike phase plates, for instance, operate by selectively altering the phase and T ' R
amplitude of un-diffracted background light to make transparent objects visible. Photon Count
However, their fixed nature might limit their robustness in highly photon- CNR vs Photon Budget CNR ve Photon Count

deprived environments where adaptability to noise characteristics is paramount. 0.25 1
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In Fig:4a reconstruction mean square error across photon counts (50—-800) shows

Imaging Workflow that random binary phase encoding improves robustness in the photon-

Object Phase (rad) Intensity (a.u.) Photon Counts limited regime, achieving lower MSE than no-phase and conventional designs
50 . ) 05 50 below ~10° photons. This indicates enhanced recoverability through
- ~ 4 ~ _ - redistribution of spatial information, stabilizing reconstruction under strong shot
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-50 v’ 50 In contrast, CNR evaluated without angular spectrum propagation[Fig:4c]
50 0 50 ° 50 0 50 50 0 s0 suggests an apparent advantage for the random phase plate. However, this
X (um) X (um) X (um) arises from a basic forward model where phase variations are not properly
Fig:2a accounted to intensity, leading to artificially elevated local contrast due to high-
frequency fluctuations rather than true image improvement.
Phase encoding [U_0 Angular spectrum _ _ o With physically consistent propagation and choice of inverse filtering in
(6y)=0(x,y) (i (xy)) e TR A G R [Fig:4b], CNR trends differ. Conventional phase plates often yield comparable
or higher CNR by preserving localize contrast, while random encoding spreads
energy across spatial frequencies, reducing local contrast despite improved
Fig:2b_2a and 2b_Stages of forward model propagation overall reconstruction.
No Phase Conventional Randain Overall, random phase encoding enhances performance via spatial-frequency mixing

rather than contrast amplification. The discrepancy in CNR highlights the need for
accurate forward modelling and indicates that global metrics like MSE provide a more
reliable measure of performance in photon-limited imaging, with CNR serving as a
secondary, context-dependent metric.

CONCLUSION
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0 50 100 2 0 50 100 ¢ 0 50 100 Random binary phase encoding enhances spatial-frequency mixing and improves

kx (1/m) kx (1/m) kx (1/m) reconstruction robustness under photon-limited conditions, with performance depending on
combination of evaluation metric and reconstruction model. Hence binary phase plate is
suitable to increase wavefront diversity rather than region specific contrast enhancement
as in the case of Zernike/vortex phase plates.
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Fig:3a_Intensity modulation after applying angular spectrum propagation
for three cases of phase distribution.
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