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A comprehensive mathematical explanation of both PSF modulation methods, along with illustrative 
figures, is available in references [17, 26]. The present study applied the amplitude modulation technique 
to achieve super-resolution PAI. 

2.2. Imaging strategy 

A raster scanning-based imaging system was combined with a single-element transducer. Signals 
corresponding to each image pixel were acquired by moving the transducer in a stepwise manner across a 
defined spatial grid. A small physical obstacle, referred to as the modulator, was  placed at the focal point 
of the transducer to locally block or alter wave propagation. Signals were acquired for each pixel both with 
and without the modulator in place. 

The amplitude modulation analysis fundamentally involved subtracting the signal amplitudes acquired 
with and without the modulator at each scanning position and at a selected depth. However, experimental 
challenges meant that additional signal processing procedures needed to be implemented to correct for 
several factors. For example, temporal fluctuations in the laser power resulting from the long acquisition 
time associated with mechanical raster scanning were addressed by scaling the modulated signals to match 
the total energy of the unmodulated signals. This compensated for the gradual reduction in the laser power 
during time. Also, temporal alignment of the signals was performed by applying a time shift to synchronize 
the first peaks of the modulated and unmodulated signals, which corrected for delays introduced by the 
presence of the modulator. After image acquisition, a brief image processing step was applied to reduce 
pixelation and produce smoother, more visually appealing images. Specifically, bicubic interpolation was 
used to upscale the images by a specific factor, increasing the number of pixels and improving the visual 
clarity. The overall research workflow is illustrated as a flowchart in Fig. 1. 

To obtain comprehensive results, we performed detailed, 3D physics-based simulations of the entire 
PAI process using the FEM. Simulations and experiments were conducted in parallel to ensure consistency 
between the computational predictions and real-world observations.  
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