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ABSTRACT  
This study introduces an innovative approach to volumetric polarimetry, introducing a method that combines Gabor in-
line holography with conventional polarimetric setups to compute the complete Mueller Matrix of a sample. The study 
includes the validation of the technique through calibration targets and extends to complex volumetric samples, showcasing 
the potential of this method for characterizing intricate polarization properties in three-dimensional specimens. 
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1. INTRODUCTION  
 
In the field of Mueller matrix recovery, achieving complete volumetric retrieval remains a persistent challenge1 2. This 
research introduces an innovative alternative that harnesses the power of in-line Gabor holography to extract polarization 
information from volumetric samples. The proposed polarization-sensitive in-line holographic setup enables the recovery 
of the complete Mueller matrix of three-dimensional (3D) samples through a series of numerical retro-propagations of the 
holographically rendered complex wavefield to various sample planes3. The validation of this approach includes a 
calibrated birefringent polarization test target and two volumetric samples, one containing calcium oxalate crystals and 
another one containing polyethylene terephthalate (PET) plastics. The proposed method allows a detailed exploration of 
3D polarimetric parameters, such as polarizance and retardance. What sets this proposed in-line Gabor holographic system 
apart is its sensitivity to axial variations in polarimetric information within volumetric samples. All of this is achieved 
without the need for mechanical movement or optical adjustments—a feature that has remained elusive to conventional 
image-plane reference methods and non-holographic/interferometric systems. The outcome of this study underscores the 
versatility and potential of this alternative approach, offering a groundbreaking avenue for recovering the intricate 
polarization characteristics of 3D specimens. Importantly, to the best of the authors' knowledge, it marks the first report of 
in-line holographic Mueller imaging. 
 

2. IN-LINE POLARIMETRIC MICROSCOPY  
 
The proposed method integrates an in-line microscopy system 4,5 with a complete polarimeter 6. The in-line microscopy 
system employs plane illumination directed at the sample 𝑆(𝑟0⃗⃗  ⃗), with a microscope objective generating an intermediate 
magnified image 𝑆(𝑟𝑖⃗⃗ ). This image is propagated at a distance z until it reaches the sensor, following the principles of in-
line holography. The polarimeter component begins with a linearly polarized light source before the sample, utilizing a 
Polarization States Generator (PSG) composed of a half-wave plate (λ/2) and a quarter-wave plate (λ/4). After passing 
through the sample and microscope objective, the light reaches the Polarization States Analyzer (PSA), consisting of a 
quarter-wave plate (λ/4) followed by a linear polarizer (LP). The PSG and PSA together enable the creation of degenerate 
polarization states of light (linear vertical: V, linear horizontal: H, linear +45: P, linear -45: M, right circular: R, left 
circular: L). 
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To fully retrieve the Mueller matrix of a sample, a total of 36 images are required. For each polarization state d, a hologram 
𝐼𝑑(𝑟𝑖′⃗⃗⃗⃗ , 𝑧) is captured at the intermediate image plane 𝑟𝑖′⃗⃗⃗⃗ . Figure 1 provides a visual schematic of the setup. 
 

 
Figure 1. Scheme of the in-line polarimetric setup. 

 
After acquiring the holograms, a numerical propagation using the Angular Spectrum algorithm 5 is conducted to retrieve 
the intensity of the field. This intensity is computed as the square magnitude of the retrieved field. Utilizing the obtained 
intensities, the Mueller matrix of the sample is constructed. The Mueller matrix, defined as a 4×4 matrix, encapsulates 
how the sample influences the polarization of incoming light, a process described by the Mueller calculus 3,7. The Mueller 
matrix is defined as 
 

𝑀𝑢(𝑟𝑖⃗⃗ ⋅ 𝑀) = [

𝑚00 𝑚01

𝑚10 𝑚11
    

 𝑚02 𝑚03

𝑚12 𝑚13
𝑚20 𝑚21

𝑚30 𝑚31
    

𝑚22 𝑚23

𝑚32 𝑚33

] 

 

(1) 

 

Each of the coefficients in Eq. (1) is composed by the addition or subtraction of four of the retrieved intensities, described 
as shown in equations (2). 
 

𝑚00 = 𝐻𝐻 + 𝐻𝑉 + 𝑉𝐻 + 𝑉𝑉 
𝑚02 = 𝑃𝑃 + 𝑃𝑉 − 𝑀𝐻 − 𝑀𝑉 
𝑚10 = 𝐻𝐻 − 𝐻𝑉 + 𝑉𝐻 − 𝑉𝑉 
𝑚12 = 𝑃𝐻 − 𝑃𝑉 − 𝑀𝐻 + 𝑀𝑉 
𝑚20 = 𝐻𝑃 − 𝐻𝑀 + 𝑉𝑃 − 𝑉𝑀 
𝑚22 = 𝑃𝑃 − 𝑃𝑀 − 𝑀𝑃 + 𝑀𝑀 
𝑚30 = 𝐻𝑅 − 𝐻𝐿 + 𝑉𝑅 − 𝑉𝐿 
𝑚32 = 𝑃𝑅 − 𝑃𝐿 − 𝑀𝑅 + 𝑀𝐿 

𝑚01 = 𝐻𝐻 + 𝐻𝑉 − 𝑉𝐻 − 𝑉𝑉 
𝑚03 = 𝑅𝐻 + 𝑅𝑉 − 𝐿𝐻 − 𝐿𝑉 
𝑚11 = 𝐻𝐻 − 𝐻𝑉 − 𝑉𝐻 + 𝑉𝑉 
𝑚13 = 𝑅𝐻 − 𝑅𝑉 − 𝐿𝐻 + 𝐿𝑉 
𝑚21 = 𝐻𝑃 − 𝐻𝑀 − 𝑉𝑃 + 𝑉𝑀 
𝑚23 = 𝑅𝑃 − 𝑅𝑀 − 𝐿𝑃 + 𝐿𝑀 
 𝑚31 = 𝐻𝑅 − 𝐻𝐿 − 𝑉𝑅 + 𝑉𝐿 
𝑚33 = 𝐿𝐿 − 𝑅𝐿 − 𝐿𝑅 + 𝑅𝑅 

(2) 

 

 
 

3. RESULTS 
 
The initial validation of the technique involves computing the retardance of a commercial birefringent test target (Thorlabs 
R2L2S1B)8, which is specified by the manufacturer to induce an overall retardance of 280 nm at 532 nm. Figure 2 
illustrates five vertical lines reconstructed from the target. The retardance was computed using the polar decomposition 
Mueller matrix 9,10 method and measured over the sample, specifically within the section indicated by the dashed white 
lines of Figure 2. The average measured retardance with the proposed method was found to be 271 ± 14 nm. Despite the 
presence of noise artifacts stemming from the inherent diffraction process in the imaging technique, primarily affecting 
background information, the overall retardance values are accurately retrieved. The results depicted in Figure 2 exhibit a 
remarkable alignment with the expected values, considering the system's 3.2% margin of error in these measurements. 
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Figure 2. The retardance map measured with the proposed in-line polarimetric holographic technique for the commercial birefringent 

test target. 

A second validation involves the examination of a volumetric sample. Specifically, a sample containing calcium oxalate 
crystals was prepared, with sediment fixed on both sides of a microscope slide. The axial distance between planes 
containing information on both sides of the slide is 1.5 mm. Figure 3 illustrates the reconstructed intensity, focusing on 
one side of the microscope slide in panels (a) and (b), and focusing on the other side in panels (c) and (d). Additionally, 
intensity reconstructions considering parallel polarization states (HH) are displayed in panels (a) and (c), while 
reconstructions with perpendicular polarization states (HV) are shown in panels (b) and (d). Calcium oxalate crystals are 
well-known for their optical activity and response to polarization imaging 11,12. For this sample, two Mueller matrices were 
obtained, one for each focal plane. 
 

 
Figure 3. Parallel polarization states (HH) [a and c] and Perpendicular polarization states (HV) [b and d] images of a sample 

containing calcium oxalate crystals. Measurements on front side [a and b] and rear side [c and d] of the microscope slide containing 
the sample. 
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From each of the Mueller matrices, several observables can be computed. For this sample, the retardance (panels (a) and 
(b) of Figure 4)  and polarizance (panels (c) and (d)) are displayed. Within the dashed black squares, the value of the 
background is measured and contrasted to the value obtained for each of the crystals. The retardance of each crystal against 
its background is registered at approximately two radians. Additionally, concerning polarizance, the average value of the 
crystals observed for the crystals is roughly three times larger than the background value. These findings corroborate the 
sensitivity of the proposed method in detecting variations in both polarizance and retardance induced by samples exhibiting 
polarization-altering properties, such as the specimen chosen for this experiment. 

 
 

Figure 4. Measured retardance and polarizance maps of a sample containing Calcium Oxalate crystals over two different axial planes. 
Panels (a) and (c) are the metrics on the front side, while panels (b) and (d) in the rear side of the microscope slide. 

 
For a final experiment, the same methodology is employed, utilizing a sample containing PET plastics positioned at 
different axial locations. Figure 5 illustrates the retardance and polarizance maps of the sample at these two distinct axial 
positions. As noted previously, the resulting maps exhibit diffraction artifacts, which can be effectively mitigated through 
numerical processing methods. However, despite these artifacts, the method can capture defined shapes of the objects at 
the two different reconstruction planes. This capability ensures a qualitative measurement of the imaged polarimetric 
variables, thus fully affirming the method's efficacy in providing volumetric imaging of polarization properties in the 
examined samples. 
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Figure 5. Measured retardance and polarizance maps of a sample containing PET plastic particles over two different axial planes. 
Panels (a) and (c) are the metrics in one plane, while panels (b) and (d) are in the other one. 

 
4. CONCLUSIONS 

The integrated approach combining in-line holographic microscopy with a complete polarimeter has proven to be effective 
in characterizing the optical properties of diverse samples. Through the utilization of Mueller matrix analysis, the 
retardance and polarizance have been successfully computed, providing valuable insights into the samples' behavior under 
polarized light. Notably, in the case of retardance measurements on a commercially available retardance test target, the 
close alignment between measured and anticipated values (within a 3.2% margin of error) underscores the accuracy and 
reliability of the method.  
Furthermore, the significance of this approach is demonstrated by its capability to extract polarimetric data across varied 
axial positions, effectively capturing volumetric information.  This capability is demonstrated through the retrieval of 
polarimetric information at different axial positions of the inspected samples, with measured values consistently agreeing 
with anticipated outcomes as reported in the literature.  
Overall, the results presented in this paper highlight the versatility and applicability of the approach, showcasing its 
potential to provide comprehensive insights into the optical properties of a wide range of samples.  
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