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Unique navigation solution utilizing sky polarization signatures 
Laura M. Eshelman, Adam M. Smith, Kelsey M. Smith, and David B. Chenault 

Polaris Sensor Technologies, Inc., 200 Westside Square, Ste 320, Huntsville, AL, USA 35801-4823 

ABSTRACT  

With increasing threats to satellites and signal denial methods becoming cheap and effective, GPS failure is a reality and 

critical risk for navigation, localization, and targeting applications. Inspired by nature, the SkyPASS polarimeter developed 

by Polaris Sensor Technologies exploits the atmospheric polarization pattern to find highly accurate heading in situations 

when a typical sun/star sensor would fail to operate. It provides improved availability under cloud cover, under canopy, in 

urban environments, in civil and nautical twilight, and during sunrise and sunset. Unpolarized sunlight (or moonlight) 

becomes partially polarized when scattered by atmospheric molecules. Rayleigh scattering creates a polarization pattern, 

or map, that is unique, depending upon the date, time, and the position of the observer. This natural phenomenon is the 

scientific basis for SkyPASS operation, and it can be predicted to first order using Rayleigh scattering theory. This paper 

provides an overview of the SkyPASS polarimeter design, the method to calculate heading from sky polarization 

information, and the performance of the polarimeter in different environments. The third generation of SkyPASS processes 

data in real-time and has small enough SWaP to fit almost any platform.  
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INTRODUCTION  

Military and civilian navigation systems are heavily reliant on GPS technology which has security and availability 

challenges1-3. The absolute angle to target, also known as azimuth or heading, is a critical component required to solve the 

overall localization/navigation solution; however, in practice, it is difficult to measure with high accuracy in GPS-denied 

environments. Many solutions utilize relative heading sensors; however, these solutions drift and degrade over time. 

Calibrating to an absolute heading (sometimes called North finding) is one method to maintain sufficient accuracy to yield 

high target localization and navigation confidence. Absolute heading can be measured using a digital magnetic compass, 

with good compasses providing accuracies as low as 5-10 mil; however, they are unreliable due to unpredictable localized 

variations in the Earth’s magnetic field. More accurate heading sensors (reliable to 2-4 mil) usually sacrifice cost, size, 

weight, power (SWaP-C), or availability and reliability for an increase in accuracy. They may require user leveling, a 

stationary platform, in-field calibration, and/or a time-to-fix period up to 5 minutes4,5. A technology gap exists for an 

accurate, low SWaP-C sensor that has sufficient reliability, predictability, and availability. Inspired by nature, the 

SkyPASS polarimeter developed by Polaris6-8 meets this need by utilizing the polarization map of the sky to calculate 

highly accurate heading, aiding traditional azimuth sensing methods. Polarized light provides powerful navigation 

information9-11 and has been utilized by insects and birds in nature12-14 and by the Vikings15. 

 

1.1 Imaging polarimetry  

Polarization is a fundamental property of light and enhances traditional sensing methods that measure the brightness and 

color of a scene. Light is an electromagnetic wave that consists of transverse electric and magnetic fields that oscillate in 

perpendicular planes with respect to each other (Figure 1). The electric field direction defines the polarization state of light. 

Light can be linearly, circularly, and randomly polarized. Polarimetry is simply the measurement of the polarization content 

of a scene and can be accomplished by capturing images at multiple orientations of a linear (or circular) polarizer which 

acts as a polarization filter. The amount of polarized light that passes through a polarizer depends on the angle between 

the axis of the polarized light and the axis of the polarized filter. This can be observed using polarized sunglasses and 

tilting your head (or rotating the glasses) while looking at the sky (Figure 2) since scattered sunlight is polarized.  
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Figure 1. Light is an electromagnetic wave that consists of transverse electric and magnetic fields (A). Light can be linearly (B), 

circular, or randomly polarized (defined by the electric field direction). Note that circular polarization is rare in nature.    

 

 

 

Figure 2. Unpolarized light from the sun becomes linearly polarized when scattered by atmospheric molecules (Rayleigh scattering).  

Images were collected sequentially at mid-day. Horizontally polarized skylight on the horizon can be blocked using a vertical polarizer 

(middle). Polarized light can be unblocked when the axis of the polarizer aligns with the polarization state on the horizon (right). 
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The degree of linear polarization (DoLP) and the angle of polarization (AoP), derived from the Stokes parameters, are two 

important quantities used to characterize polarization and to calculate heading. In the Stokes vector, 

 

 

,                                                      (1) 

 

 

Ex and Ey are the component electric field amplitudes, and I is the radiance collected by the sensor. The subscripts of I 

correspond to the orientation of the linear polarizer. Linear polarization at 0° and 90° are horizontally and vertically 

polarized, respectively. S0 represents the overall intensity (radiance), S1 represents the preference for horizontally polarized 

light (difference between 0° and 90° polarization), S2 represents the preference for light polarized at 45° over light polarized 

at 135°, and S3 represents the difference between right- and left-hand circular polarized light. 

The DoLP represents the percentage of light that is linearly polarized and is defined as  

 

 (2) 

 

where a result of 0 indicates unpolarized light and a result of 1 indicates 100% polarized light. Intermediate values represent 

partially polarized light. Typically, the Stokes vector is normalized meaning S1 and S2 range over [-1,1] and S0 = 1.  

The AoP is an important quantity that represents the measured orientation of the polarization vector (from 0° to 180°). The 

AoP can be determined using the Stokes parameters and the following equation:  

 

(3)  

 

1.2 Rayleigh scattering; atmospheric polarization  

Within Earth’s atmosphere, Rayleigh scattering of light causes a defined polarization pattern, which is dependent on the 

celestial position of the sun (or moon at night) and the relative position and pointing angle of the observer16,17. Rayleigh 

theory, a subset of Mie theory18, requires that the scattering molecules be small compared to the incident wavelength and 

that the scattered light experiences a single scattering effect prior to measurement. The scattered light becomes linearly 

polarized at varying degrees with a particular polarization orientation that depends on the geometry of the source-scatterer-

sensor configuration19-22. The DoLP of sky polarization can be derived based on the geometry of the source-scatterer-

sensor arrangement and is useful for predicting the sky polarization properties. The DoLP relates to the scattering angle 

(𝜃), which is the angle between the light’s initial direction connecting the sun and target positions and the scattered light’s 

new direction (i.e., from the target position to the sensor). By using Equation 4, the DoLP for any position in the sky can 

be predicted by knowing the sun, target, and sensor positions while Equation 2 can be used to calculate sky polarization 

via polarimetric measurements. As expected, viewing the sun directly, which implies no scattering (𝜃 = 0°), results in 

DoLP = 0 (S1 = S2 = 0). Similarly, viewing a target position where 𝜃 = 90°, results in DoLP = 1 (S1 = 1, S2 = 0,).  

 

𝐷𝑜𝐿𝑃 = 𝐷𝑜𝐿𝑃𝑚𝑎𝑥  
1− cos2(𝜃)

1+ cos2(𝜃)
     (4) 

 

DoLPmax is a constant that represents the maximum DoLP in the sky at a particular moment and is dependent on 

atmospheric humidity, aerosols content, optical density, and time of day.  
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On clear days at either sunrise or sunset, a maximum band of polarization extends from the horizon through the zenith, 

approximately 90° from the sun (Figure 3). In general, the sky DoLP increases from the sun to the maximum band of 

polarization, then decreases towards the anti-sun position. The maximum band of polarization shifts based on the position 

of the sun. Therefore, at mid-day when the sun is high in the sky, sky polarization observed at the zenith is minimal23-27. 

Multiple scattering from aerosols28-30, clouds31-35, and the underlying surface36 can reduce the degree of polarization; 

however, the direction of polarization remains similar for clear and slightly overcast skies31-35. The AoP direction is normal 

to the scattering plane which contains the sun, target, and sensor and for any given time, sensor position, and target position 

in the sky, the AoP can be predicted based solely on the geometry on the situation. 
 

    

Figure 3. Sky polarization illustration of the max band of polarization and direction of polarization at sunrise and at noon.  
 

Simulated AoP and DoLP stereographic projections of the sky at sunrise and at mid-day, with the sun directly on the 

horizon and above the observer are shown in Figure 4. In the simulated images, zenith is at the center and the circumference 

represents positions along the horizon. In general, the DoLP increases as one moves away from the sun until it reaches a 

maximum at 𝜃 = 90° and then it decreases back to zero at the anti-sun position.  In the AoP image, a symmetric pattern is 

observed, with a line connecting both the sun and the zenith. For navigation purposes, this map is more informative than 

the DoLP image because a complete hemispherical image is not required to determine the position of the sun, which relates 

to the pointing direction of the platform.  

 
 

Figure 4. Simulated AoP and DoLP stereographic projections of the sky at sunrise and at noon, with the sun directly on the 

horizon and above the observer, respectively. Results are representative of collecting measurements in Havana on June 20th. In 

the DoLP image, yellow represents maximum polarization, where dark blue represents zero polarization.  
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2. SENSOR DESCRIPTION 

The SkyPASS polarimeter is a visible imaging polarimeter that measures the first three Stokes parameters (S0, S1, S2) at 

the zenith. It employs a division of focal plane architecture with three lens arrays (channels) projecting a target scene to 

separate locations on the focal plane array (FPA).  Each channel contains a uniquely oriented linear polarizer resulting in 

three individual polarized images. The sensor is polarimetrically calibrated prior to measurements using an integrating 

sphere and a calibration polarizer (placed in front of the objective and made to rotate in 5° increments). The calibration 

procedure results in a data reduction matrix through which the three measured polarization images are mapped to determine 

the pixel resolved DoLP and AoP.  The SkyPASS polarimeter is environmentally designed to IP67.   

SkyPASS Gen3 has an embedded processor and collects data in real-time at 1Hz. The daytime integration time for the 

polarimeter ranges from 5ms to 30ms depending on design considerations for field of view and twilight optimization. The 

maximum integration time is 1600ms. The operation of the polarimeter is limited to tilt angles less than 13° due to the 

field of view of the sensor (an out of bound error message will occur for tilt measurements beyond the limit). The 

performance of the SkyPASS polarimeter is characterized using a surveyed rotation plate, and machined tilt plates are used 

to evaluate the performance of the polarimeter at different tilt angles.  

Algorithms to detect and decipher the polarization map of the sky can be utilized to compute highly accurate heading based 

on knowing date, time, and the user position. The confidence metric reported is determined based on the sky and lighting 

conditions.  

 

   

Figure 5. The SkyPASS polarimeter opto-mechanical design (left) has a size and weight of 1.5” x 1.5” x 1.2” and 1.76oz, 

respectively. When included with a sun tracker, embedded processing, and ruggedized housing (Gen3), the SWaP becomes 3.5” 

x 1.9” x 2.4”, 8oz, and 4.1W, respectively. The performance of the SkyPASS polarimeter is characterized using a surveyed 

rotation plate.  

 

Figure 6. Heading calculation steps: take a measurement of the sky, predict the polarization using known date, time, pitch, roll, 

and user position, and rotate the measured image to match the model.  

SkyPASS Gen3 
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3. OPERATIONAL CAPABILITIES 

The objective for the SkyPASS polarimeter is to provide 24-hour, all weather operation. System capabilities and limitations 

in GPS-denied environments, clear and cloudy skies, in twilight, at night, and in dynamic operation are presented in the 

subsequent subsections. For reference, example sky conditions are shown in Figure 7.  

 

 

 

 

Figure 7. Example of clear skies (top), partial cloud cover (middle-top), heavy cloud cover (middle-bottom), and twilight 

(bottom) test conditions.  

 

3.1 GPS-Denied Operation  

To find North (heading) from sky polarization measurements, the date, time, and the position of the user must be known. 

The accuracy of the SkyPASS polarimeter directly relates to the input position error and input time error. Simulated results 

when varying input error for position and time are provided in Table 1 and Table 2, respectively. These results were 

determined by analyzing a solar position calculator, accurate to within 0.0003° or ~0.0052mil. Results in Table 1 represent 

a GPS-denied scenario where sensors are unable to update the sensor position to accommodate the loss of GPS. Distances 

representing position errors were measured in longitude, as they had a larger impact on heading measurement error. The 

results depend on the distance to the solar ecliptic. This scenario was done for the spring equinox, so the ecliptic is on the 

equator. As observed in Table 1, higher latitudes near the poles will yield larger overall errors.   
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Table 1.  Comparison of heading measurement error versus position error for three latitudes and varying times of day. These 

results assume accurate GPS time.   

 

 Heading Measurement Error (mil) 

Latitude (°) 10 34.73* 80 

Distance (m) Noon Sunset Noon Sunset Noon Sunset 

0 0 0 0 0 0 0 

10 0.009 <0.005 <0.005 <0.005 0.009 0.009 

100 0.091 <0.005 0.178 0.011 0.178 0.089 

1000 0.912 0.028 0.334 0.109 0.917 0.889 

10000 9.117 0.277 3.344 1.087 9.167 8.892 

   *Huntsville, Alabama 

 

In Table 2, the same set of circumstances were tested, but instead of testing various distances, various time differences 

were studied.  This represents losing a precise time estimate from GPS signals.  The results in Table 2 show that even 10s 

of error for specific cases will impact the performance of the SkyPASS polarimeter. Thus, when losing GPS signal, the 

SkyPASS polarimeter would need a clock to sustain the GPS time to within 1 seconds for the life of the expected operation. 

Overall, the results show that an input accuracy for position less than 0.5km and an input accuracy for time less than 1s 

shall have no measurable impact on the accuracy of the SkyPASS polarimeter (0.1° or 1.78mils).   

 

Table 2.  Comparison of heading measurement error versus position error for three latitudes and varying times of day. These 

results assume accurate GPS position.   

 

 Heading Measurement Error (mils) 

Latitude (°) 10 34.73* 80 

Time Error 

(mm:ss) 
Noon Sunset Noon Sunset Noon Sunset 

00:00 0 0 0 0 0 0 

00:01 0.417 0.013 0.127 0.041 0.074 0.072 

00:10 4.165 0.126 1.275 0.414 0.738 0.716 

00:30 12.496 0.377 3.825 1.241 2.215 2.149 

01:00 24.988 0.753 7.65 2.483 4.431 4.297 

   *Huntsville, Alabama 
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3.2 Cloud Cover Operation  

Full-image algorithms to select regions of the sky to calculate heading would improve the overall performance of the 

SkyPASS polarimeter. Developing and implementing full-image algorithms is in-progress. Figure 8 shows imagery 

collected with no cloud cover. The left image shows the S0 data product, which is equivalent to a standard visible image 

(shown with a spectrum colormap).  Here, the sun is just off the image to the top, and white represents brighter pixels with 

blues, purples, and blacks representing darker pixels. The center and right images are DoLP and AoP, respectively.  The 

DoLP and AoP images show reasonable gradients and patterns as predicted by Rayleigh scattering models for clear (though 

somewhat hazy) sky conditions. 

     

Figure 8.  Visible S0 (left), DoLP (middle), and AoP (right) imagery of clear sky conditions. The dark colors represent lower 

DoLP.  

 

Figure 9 shows the same sky location taken within 10 minutes of Figure 8, but now with a large, dense, cumulus cloud 

persisting over the top half of the image (as seen in the left visible image). In the current polarimeter configuration, the 

polarization channels have set integration times which cause the cloud portions of the sky to be soaked (or set to the highest 

signal value). This limits the sensor and causes the calculations in those pixel areas to become unreliable (which is 

accounted for in the confidence metric). For some cases, it’s better to adjust the integration time so that the clouds are not 

soaked (overcast skies; thin cirrus clouds). Because water vapor has a depolarizing effect and no preferential scatter, the 

DoLP is greatly diminished by clouds, but the AoP pattern remains as predicted for most cloudy conditions (if it is 

resolvable)31-35. Ice crystals and large water droplets in the atmosphere do have different polarization effects, making AoP 

values significantly different from those predicted using Rayleigh scattering theory. If the DoLP is reduced due to multiple 

scattering from a cloud, the accuracy of the SkyPASS polarimeter degrades; however, when the AoP pattern changes due 

to water clouds, the accuracy of the SkyPASS polarimeter is unreliable. These results indicate that a more robust, full-

image algorithm that selects clear-sky regions to calculate heading is required for operation in partly cloudy skies. 
 

     

Figure 9.  Visible S0 (left), DoLP (middle), and AoP (right) imagery of a dense, cumulus cloud in top portion of the image. The 

dark colors represent lower DoLP.  
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3.3 Sunrise/Sunset and Night Operation  

The SkyPASS polarimeter has the best performance during sunrise and sunset which is when traditional sun, moon, and 

star tracking solutions fail. Either the sky is too bright for star tracking or the sun/moon have not yet cleared the horizon 

or terrain. The polarimeter can collect accurate data until about 30 minutes before sunrise and after sunset (civil twilight). 

At this point, the light level and the signal-to-noise ratio become too low to achieve reasonable sky polarization 

measurements. The maximum allowed integration time configured for the polarimeter is 1600ms. More flexibility in 

integration time/gain adjustment and changes to the optical design have shown that accurate measurements can be extended 

beyond civil twilight; however, physical limitations due to scattered skylight and moonlight interactions exist where the 

AoP pattern has been observed to become random and not predictable in nautical/astronomical twilight37. Thus far the 

limiting factor for SkyPASS at twilight has been getting enough light.   

 

Figure 10. The performance of the SkyPASS polarimeter in twilight.  

 

To achieve 24-hour operation, SkyPASS must be capable of handling nighttime environments. Polarization of the 

nighttime sky is primarily dominated by the following sources in order of their contribution: the moon, stars and planets, 

the Milky Way, zodiacal light, and airglow37,38.  The most dominant contributor is the moon, and the moon represents the 

only nighttime source which has been shown to produce a measurable polarization pattern like the sun during the daytime.  

In Gal et al.37, a comparison of moonlit and sunlit skies is provided.  As is expected due to the lower light levels, the 

moonlit sky pattern is much noisier than the sunlit pattern.  However, the pattern does exist and does appear to be the same 

pattern as seen in the sunlit sky.  
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Polaris is currently investigating the capability of the SkyPASS polarimeter at night. One important note is that larger 

integration times (>10s) are required since moonlight is about 463,000 weaker than sunlight39. We expect at minimum an 

increase measurement delay (due to high integration times) in addition to a decrease in accuracy of SkyPASS at night. 

Additionally, in urban environments, artificial light glow from street and building/house lights is a major contributor to 

the nighttime scattered light. As seen in Kyba et. al., this light negatively affects the observed polarization pattern40.  The 

DoLP dictates the accuracy of the AoP, which is used by SkyPASS, with higher DoLP values representing greater 

measurement accuracy of AoP.  In Kyba et. al., DoLP of 57% in the daytime was measured compared to 29% of rural 

nighttime at full moon.  However, this DoLP drops to 11% in urban nighttime at full moon.  Thus, it is likely that the 

SkyPASS polarimeter will not provide sufficient measurement accuracy at nighttime in urban environments with high light 

pollution. In addition, it may be difficult to measure a polarization signature for navigation on moon-less nights41. 

 

3.4 Dynamic Operation  

The performance of the SkyPASS polarimeter degrades in dynamic operation as observed in Figure 11. For the results 

presented, the polarimeter collected frames with no averaging and a KVH inertial sensor was used as truth for heading and 

to feed the sensor date, time, latitude, and longitude. In general, performance improves with frame averaging (benefit for 

static applications). With no averaging, the temporal noise is 0.64mil; with averaging 8 frames, the temporal noise is 

0.27mils. Through testing, the vehicle direction varied; therefore, any time delay between SkyPASS heading measurements 

and the reference while the vehicle heading was changing would appear as an error. Thus, time syncing between 

measurements and grabbing pitch and roll mid-exposure may improve results. Changes to the embedded software 

architecture are in-progress to improve dynamic operation.  

 

 

Figure 11. Dynamic heading accuracy for a series of measurements collected in Huntsville, Alabama on 9 September 2021 using 

a ground-based vehicle. Measurements correspond to sun altitudes ranging from -0.8° to -3.3° and a KVH inertial sensor was 

used as truth for heading.  

 

3.5 Overall Operation  

The ideal operation to achieve accuracy of  less than 2mils with the SkyPASS polarimeter is between sun altitudes of -4° 

and 35° in clear, non-overcast skies and in static operation. The performance of the SkyPASS polarimeter degrades in 

cloudy conditions and for higher sun altitudes when only measuring sky polarization at the zenith. This can be observed 

in Figure 12 where degraded performance corresponds to lower DoLP values. A polarimeter that utilizes full-image 

algorithms has the capability to select regions of interest (ROIs) with high DoLP values, leading to more accurate solutions. 

Polaris is improving SkyPASS’ software and algorithms to achieve this type of operation. In addition to low DoLP, 

degraded performance can correspond to saturation of signals from clouds or lack of signal during sunrise/sunset. In the 

current configuration, the SkyPASS polarimeter can achieve a higher accuracy and better availability with a reduced FOV 

of the sky; however, by reducing the FOV, the tilt capability of the sensor is limited. There is a tradeoff between 

performance versus operational platform orientation. By implementing full-image algorithms, expanding tilt capability 

beyond 13° may be achievable.  
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Figure 12. Multi-sensor performance in clear/cloudy sky conditions with measurements collected over multiple days/months at 

the zenith. Measurements represent the RMS heading error of 24 measurements collected in 15° increments using a surveyed 

rotation stage. METAR cloud data was retrieved from the weather station at the Huntsville airport (KHSV).  

 

 
 

Figure 13. SkyPASS testing in clear to cloudy skies, on different platforms, and in different locations.  

 

4. CONCLUSION 

Inspired by nature, the SkyPASS polarimeter exploits the atmospheric polarization pattern to find highly accurate heading. 

Sky polarization patterns provide strong gradient information describing the absolute heading of the sensor. Navigation 

via measuring sky polarization complements traditional methods by greatly increasing availability while being unaffected 

by magnetic anomalies, by being immune to GPS-inhibiting techniques, and by not requiring leveling or initialization. 

Operation at sunrise, sunset, and during cloudy days is possible, even at accuracies that still outperform current celestial, 

inertial, and vision-based methods. Degraded performance is observed in heavy cloud cover and in dynamic conditions. 

Nighttime polarization has been demonstrated as an orientation method in the animal kingdom; however, while 

theoretically possible and achievable in a contrived setup (nonmoving platform, long integration times, non-urban 

environment, etc.), nighttime sky polarization sensing is unlikely to significantly outperform other nighttime heading 

sensing methods.  Star and moon tracking would be a better solution during nighttime operation due to the motion 

limitations set by sky polarization.   
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