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Abstract 

While Spectralon panels are largely assumed to be ideal Lambertian surfaces, their actual polarized 

reflective responses deviate from the ideal by at least a small amount at illumination and viewing 

angles off surface normal. The Mueller matrix response of four different panels between 10% and 

99% reflectance were measured and the radiometric response from two distinct monostatic or near-

monostatic polarimeter systems are compared, one at Montana State University and one at the Air 

Force Research Lab. The deviations from an assumed ideal Lambertian surface are reported. 

1. Introduction and Background 

Spectralon® and other similar sintered polytetrafluoroethylene (PTFE) diffuse reflectors are 

reflectance standards commonly used for radiometric calibrations. The undoped, white 99% 

reflective panel has well-studied properties. Gray-scale versions are useful options when 

calibrating remote sensing systems which are likely to target or observe less reflective diffuse 

surfaces, such as autonomous vehicles likely to see pedestrians in darker clothes. 

Current research at Montana State University (MSU) and the Air Force Research Labs (AFRL) 

has interest in quantifying the polarimetric and radiometric response of gray Spectralon for 

calibration purposes, particularly in the monostatic (or near-monostatic) geometries. While there 

has been continued research into the Spectralon spectropolarimetric response, they have focused 

on limited illumination or viewing geometries [1–3], considered only white Spectralon [4–6], or 

ignored the monostatic geometries [7,8]. The increasingly non-Lambertian nature of darker doped 

PTFE panels has been noted for decades [9], but the monostatic case is still not well-studied. 

The MSU team used a near-monostatic Mueller lidar test-bed to collect the monostatic case of the 

full Mueller matrix bidirectional reflectance distribution function (P-mBRDF). In addition to these 

polarimetric data discussions, the unpolarized radiometric responses were compared to data 

collected by the AFRL using a novel monostatic device described in [10]. 

2. Devices 

2.1 MSU Mueller Lidar Test-Bed 

The Mueller lidar uses the same polarizer and retarder arrangement and the analysis methods 

described in this group’s previous work [11]. The laser has simultaneous 532 nm and 1064 nm 

outputs along the same optical path. The receiver includes a 1064 nm laser-line filter, so only the 

near infrared illumination is received. All measurements in this research are made with 619.2 μJ 

pulse energy, 7 ns FWHM pulse width, and 20 Hz pulse repetition frequency. The sensor-target 
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distance is 1.575 m, the beam diameter at the target is 8 mm, and the receiver field-of-view is 1.13° 

(full angle). The sensor is therefore in an underfilled-FOV configuration. 

 

Figure 1. Exaggerated angular geometry of the Mueller lidar test-bed. A 0° incidence/viewing angle is defined when 

the surface normal of the target is 1.5° from the optical paths of both the transmitter and the receiver. 

Although this lidar is not strictly monostatic, the approximate 3° separation between the transmitter 

and receiver is a much smaller transmitter-receiver separation angle than any of those in the other 

studies which measure the BRDF of gray Spectralon [3–5,7,8]. 

2.2 AFRL Temporally-Multiplexed Polarimetric Ladar 

The AFRL data were collected using the novel temporally-multiplexed polarimetric lidar (TMP-

LADAR). This ladar also operates at 1064 nm, but it is fully monostatic and has a 10 ns FWHM 

pulse width and 10 kHz pulse repetition frequency. 

3. Experimental Results and Discussion 

3.1 Unpolarized Radiometric Response 

Although both measurement systems have polarized transmitters and receivers, the unpolarized 

response can be pulled from the Mueller matrices from the 𝑚00 coefficient. Both the MSU and 

AFRL groups were able to measure the output powers from their transmitters, allowing us to report 

the absolute reflectance values and directly calculate the monostatic BRDF. The summary of these 

absolute measurements is shown in Fig. 2. 

The equation used to calculate the BRDF from the individual measurements is: 

 𝐵𝑅𝐷𝐹(𝜃) =
𝑉𝑚𝑒𝑎𝑠

𝑉𝑡𝑜𝑡
∗

1

Ω∗cos⁡(𝜃)
 (1) 

Where 𝑉𝑚𝑒𝑎𝑠 is the received signal voltage, 𝑉𝑡𝑜𝑡 is the received signal voltage when the transmitter 

is fired directly into the receiver, Ω is the receiver solid angle, and 𝜃 is the angle of the target 

surface normal with respect to the device’s optical paths. 
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Figure 2. Summary of Spectralon monostatic BRDF measurements as compared to the ideal for a Lambertian 

surface of each panels’ nominal reflectance, using the absolute method of BRDF calculation. 

Both groups also used a second reference method, validating the reference method as an option for 

future work when direct measurement of the transmitter beam cannot be easily accomplished. This 

method uses only the normal incidence signal from the 99% panel; this is the most Lambertian 

panel and geometry combination. The reference method uses the following equation instead: 

 𝐵𝑅𝐷𝐹(𝜃) =
𝑉𝑚𝑒𝑎𝑠

𝑉𝑟𝑒𝑓
∗

0.99

π∗cos⁡(𝜃)
 (2) 

Where 𝑉𝑟𝑒𝑓 is the received signal voltage for the 99% panel at 0° incidence with otherwise similar 

device parameters as those used for the latter 𝑉𝑚𝑒𝑎𝑠 values. This method produced the results 

summarized in Fig. 3, which are notably incredibly similar to those using the absolute method. 

 

Figure 3. Summary of Spectralon monostatic BRDF measurements as compared to the ideal for a Lambertian 

surface of each panels’ nominal reflectance, using the reference method of BRDF calculation. 
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The BRDF values for these monostatic geometries are actually closer to ideal for lower reflectance 

panels than higher, unlike that which has been found for other geometries in previous research. 

The RMS errors from the ideal Lambertian BRDF for the MSU measurements of 99%, 50%, 30%, 

and 10% panels were 0.029, 0.016, 0.003, and 0.008, respectively. For the AFRL measurements, 

the RMS errors for the panels, in descending order of reflectance, were 0.043, 0.064, 0.008, and 

0.017. The AFRL was able to take directional hemispheric radiance (DHR) measurements for the 

30% and 10% panels measured by both groups. Using these more specific DHR values in place of 

the nominal reflectance values of the panels, the average RMS error for the MSU and AFRL 

measurements for the 30% and 10% panels were 0.014 and 0.007. The 50% Spectralon panel is an 

interesting case because it is quite consistent over incidence angles but consistently above the ideal 

Lambertian value. If we treat it instead as a 55% reflective panel, the RMS error is only 0.003. 

 

Figure 4. Average RMS error of MSU and AFRL mBRDF measurements as compared to the expected ideal 

Lambertian mBRDF for the panels’ nominal reflectance values. 

Qualitatively, high-reflectance panels show the mBRDF falling below the ideal as the incidence 

angle increases; but low-reflectance panels show the opposite, with mBRDF increasing above the 

ideal with increasing incidence angle. 

3.2 Polarimetric Characteristics 

The Mueller matrix mBRDF values are presented here for the 99%, 50%, 30%, and 10% panels 

measured by the MSU device. The approximate Lambertian reflectance (the mBRDF value 

multiplied by 𝜋) is reported in place of the 𝑚00 coefficients, which are all normalized to 1. The 

other 15 coefficients are normalized by the 𝑚00 coefficient. 

Each of the Mueller mBRDF coefficients reported here are the averaged values of multiple 

measurement sets viewing different areas of the same panels. The maximum deviation of the 

presented average values is ±2.5%. 
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Figure 5. Mueller matrix mBRDF for a 99% Spectralon panel. The blue lines denote negative angles, and the red 

lines denote positive angles. 
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Figure 6. Mueller matrix mBRDF for a 50% Spectralon panel. The blue lines denote negative angles, and the red 

lines denote positive angles. 
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Figure 7. Mueller matrix mBRDF for a 30% Spectralon panel. The blue lines denote negative angles, and the red 

lines denote positive angles. 
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Figure 8. Mueller matrix mBRDF for a 10% Spectralon panel. The blue lines denote negative angles, and the red 

lines denote positive angles. 
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One interesting feature of the polarimetric response of the 99% panel is the sharp increase in 𝑚11 

with increasing incidence angle. This represents an increase in maintained vertical and horizontal 

polarization at steeper incidence/viewing angles. Another notable feature is the reduced magnitude 

of 𝑚33 (circular polarization maintenance) as compared with the linear polarization maintenance 

coefficients (𝑚11 and 𝑚22). The polarizance (𝑚01 and 𝑚10) with increasing angle is very weak. 

The increase in 𝑚11 is still present with increasing angle for the 50% panel, and the circular 

maintenance remains lesser in magnitude than the linear maintenance coefficients. The polarizance 

is slightly greater for this panel than for the 99% panel. The 30% panel is the first which does not 

show a strong increase in 𝑚11 with increasing angle. The circular maintenance is still lesser than 

the linear maintenance coefficients. The polarizance is greater here, and the darker panels show 

much stronger maintenance coefficients than the lighter panels. The darkest panel has the strongest 

polarization maintenance and polarizance. Of additional interest is the lower variance of the 

measurements for this panel compared to the others. 

All of the panels show 𝑚13 coefficients of significantly greater magnitude than the other off-

diagonal components, suggesting some birefringence. However, we have not yet been able to fully 

verify our polarimeter’s circular measurements, so these results are only preliminary. 

A final feature not mentioned previously is the polarizance as a function of panel reflectivity. As 

noted in Fig. 8, the polarizance is seen to increase with decreasing panel reflectance. This is 

consistent with previous findings [1,11]. 

 
Figure 9. Plot of polarizance vs. nominal panel reflectance. 

4. Summary and Conclusions 

The MSU Mueller lidar test-bed and the AFRL TMP-LADAR both show similar qualitative 

deviations in mBRDF from an ideal Lambertian surface. Interestingly, darker panels’ mBRDF 

deviate from the ideal less than brighter panels’. Moreover, there is a clear trend for brighter panels 

to have lower mBRDF than ideal with increasing angle, while darker panels have higher mBRDF 

than ideal with increasing angle. This study also validated the use of a reference method for BRDF 

measurements which avoids the direct measurement of transmitter output. 
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As for polarization characteristics, we noted increasing polarization maintenance with darker 

panels and reduced circular polarization maintenance as compared to linear maintenance for all 

panels. We also saw an increase in vertical/horizontal maintenance (𝑚11) with increasing angle 

for brighter panels, though this characteristic disappeared as the panels got darker. The expected 

increase in polarizance for darker panels was also observed. 
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