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1. Introduction 

The Benchmark Technologies Target for Quantitative Phase Imaging is a device which 

provides a well-characterized optical path length (OPL) for quantitative phase imaging in 

microscopy. Visible light, like any electromagnetic (EM) radiation, is a propagating wave, 

and thus has both amplitude and phase. Measuring this complete electromagnetic field at 

the sample plane is the primary goal of an imaging system; however, current camera 

technology can only measure the amplitude modulation of a sample due to a finite 

integration time of the sensor over many periods of the arriving optical wavefront.  

Mathematically, this process is described as taking the intensity         |    |
 
    , 

where A is the amplitude of a wave and φ is the phase or wavefront in this phasor notation. 

Phase is related to the mechanical geometry of the cell by the relationship   
  

 
  , where λ 

is the system wavelength, n is the refractive index change, and d is the thickness of the object. 

 
2. Quantitative Phase Imaging 

This loss of phase information is particularly problematic for imaging aqueous samples such 

as cells. Quantitative Phase Imaging (QPI) involves recovering the amplitude and phase, or 

complex field, of a sample. In contrast to qualitative phase imaging methods, such as Zernike 

phase contrast (PhC) [1] and Differential Interference Contrast (DIC) [2], quantitative methods 

recover the phase delay caused by the sample, decoupled from absorption information. 

Modifications of PhC [3] and DIC [4] can make these setups quantitative, at a cost of 

requiring multiple images. More commonly, QPI methods use interferometry with coherent 

illumination and a reference beam [5–7], making them expensive and sensitive to 

misalignment and vibrations. 

Differential Phase Contrast (DPC) [8–11] is a partially coherent QPI technique that requires 

multiple images. Each is captured using a different asymmetric half-circle source pattern, 

which shifts the sample‟s spectrum in Fourier space. Thus, a half circle source and its 

complement will cause the pupil function to crop opposite sides of the sample‟s spectrum. 

Since imaginary information is encoded in Fourier asymmetry, these images can be used to 

recover phase. Assuming a linearized model for a weakly scattering sample, the inverse 

problem becomes a single-step deconvolution process [9, 11]. DPC recovers both amplitude 

and phase with resolution up to the incoherent resolution limit (2x better than coherent 

methods). Practically, the illumination switching can be done quickly and at low cost with an 

LED array [10–12]. Amongst the wide array of existing QPI methods, several are single-shot 

techniques. Off-axis holography interferes the sample beam with a tilted reference beam, then 

recovers phase by Fourier filtering [13]. Parallel phase-shifting can spatially multiplex several 
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holograms within a single exposure via an array of polarizers [14]. And single-shot QPI add-

ons based on amplitude gratings work with commercial microscopes, replacing the traditional 

camera module [15, 16]. Another add-on option uses two cameras to capture defocused images 

which can then be used to solve the Transport of Intensity Equation (TIE) [17]. Alternatively, 

if chromatic aberrations are large enough, they can enable single-shot color TIE [18] without 

any hardware changes. 

A further extension of coded illumination phase imaging is Fourier Ptychography (FPM) 

[19, 20], which recovers the complete optical field of a sample at illumination-limited 

resolution. This method uses a large number of images with either single or multiplexed LED 

illumination using a programmable LED array. 

 

 
 

Fig. 1. Pattern design of the Benchmark Technologies QPM target. 

 
 

3. Results 

The Benchmark Technologies QPI target serves as an ideal sample for quantifying the 

performance of computational imaging and QPI systems. Often, these methods require a user-

tunable regularization parameter which can skew results. This target contains both USAF 1951 

resolution targets and star targets for characterizing the performance of QPI at many resolution 

scales, making it ideal for testing and validating computational imaging and illumination 

system performance. In addition, there are several more general test patterns such as a 

„wedding cake” pattern. A schematic of the target design is shown in Figure 1. 

Reconstructions using Fourier Ptychography (FPM) are shown in Figure 2. There are 7 target 

heights for both the star targets as well as the USAF 1951 targets. The heights of each of these 

targets was plotted on a linear scale, and matches well with the known phase deviations in 

the medium. This demonstrates the validity of our Fourier Ptychography method, as well as 

the utility of using this target as a ground truth. Both the star targets and the USAF 1951 



targets show very consistent phase (height) recovery, which matches well with our known 

height. The refractive index of the target medium is n = 1.52. 

In addition, we used Differential Phase Contrast to image this target using partially coherent, 

asymmetric illumination. We found that performance was similar to FPM, but produced 

slightly lower absolute phase (Figure 3). We believed that this is due to approximations which 

are made during reconstruction involving the Taylor-expansion of an exponential phasor 

function into a linear basis. These plots confirm that our approximation is valid for samples 

with slowly varying phase, but for phase gradient above 3.9 radians/  , it breaks down and 

should not be considered accurate. This is a key finding and validation, which was made using 

this target. 

 
 

 
 

Fig. 2. Fourier Ptychographic Reconstruction of several objects on the Benchmark Technologies QPM 

Target. 
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Fig. 3. Differential Phase Contrast Reconstruction of the star-target and the USAF 1951 target on the 

Benchmark Technologies QPM Target. 
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