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Spectral characterizations are performed on imagers to obtain a relative spectral response (RSR) curve. This proc-
ess often utilizes a grating monochromator with an output that changes polarization as a function of wavelength
(our monochromator’s degree of linear polarization was found to vary from less than 10% to more than 70%).
When characterizing a polarization-sensitive imager, this introduces polarization artifacts into the RSR curve.
We present a simple method to avoid these polarization artifacts for division-of-focal-plane polarization imagers
by directly illuminating the camera with the monochromator output and calculating the S0 Stokes parameter at
each super pixel, then we show consistent results from this method for two division-of-focal-plane polarization
imagers. We also show that ignoring the monochromator polarization results in order-of-magnitude RSR errors.
The recommended method uses an iris to limit the spatial extent of the monochromator output, which was found
experimentally to increase the minimum signal-to-noise ratio by more than a factor of 2. © 2022 Optica Publishing

Group

https://doi.org/10.1364/AO.454801

1. INTRODUCTION

Recent division-of-focal-plane (DoFP) [1] sensor technol-
ogy has dramatically increased polarization contrast while
also reducing cost [2], so a significant increase in the use of
imaging systems with these sensors can be expected for myr-
iad applications. In turn, an increased need for characterizing
imaging systems using such sensors can be expected. Spectral
characterizations consist of measuring the relative spectral
response (RSR), which describes the change in system response
as a function of the wavelength of incident light. Grating
monochromators are often used to measure the RSR of optical
systems by sweeping a narrowband output across the spec-
tral range of the system [3–7]. Other methods of performing
spectral characterizations use Fourier transform spectrometers
[8], tunable lasers [9,10], tunable LEDs [11], multiple spec-
tral filters in front of broadband sources [12], and stochastic
optimization algorithms operating on colored sample and
diffraction images [13]. However, grating monochromators
often output light that is significantly polarized, with a state of
polarization that varies significantly as a function of wavelength
(Fourier transform spectrometers also tend to be partially polar-
ized [14]). This varying state of polarization creates difficulties
when measuring the RSR of polarization-sensitive imagers.
The polarization imagers used in this work have an intentional

polarization response, but it should be noted that many optical
systems have unintentional polarization responses [14–18].
One method of mitigating the polarization artifacts that would
result from using a polarized monochromator to measure a
polarization-sensitive system is to pass the monochromator
output through an integrating sphere [19,20]. The light exiting
the integrating sphere will have a negligible polarization, but
this may also result in photon-starved measurements. Other
possibilities, such as rotating the monochromator output polari-
zation with an achromatic wave plate also could be used to
avoid polarization artifacts, but they significantly increase the
complexity of the measurement.

In this work, we present a simple method of performing a
spectral characterization of a DoFP polarization imager. This
type of imager has differently polarized pixels adjacent to one
another, allowing for the calculation of a linear Stokes vector at
each superpixel. To obtain an RSR curve for this polarization
imager with a polarized monochromator, we calculated the S0

Stokes parameter, which provided a measure of total irradi-
ance at each superpixel that was polarization-insensitive. This
enabled us to determine the RSR of the polarization imager
using a grating monochromator. This paper is based on work we
presented at a recent SPIE conference [21], but here we report a
more complete analysis that incorporates a flat-field correction
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and explores the spatial nonuniformity of the monochromator
output to improve our results.

2. DoFP IMAGER AND MONOCHROMATOR
SYSTEMS

The imagers used in this work are DoFP polarization imagers
[1] that employ Sony’s recently released polarization-sensitive
sensor [2]. Specifically, the two imagers used in this work
were the Teledyne FLIR BFS-U3-51S5P and Lucid Vision
Labs TRI050S-PC. The sensors use a polarizing filter array of
nanowires placed on top of the focal plane array. Adjacent pixels
have differently oriented nanowires, arranged in a configura-
tion such that it is possible to determine the linear polarization
state of incident light. This configuration is shown in Fig. 1.
Specifically, the nanowires are arranged so that in a 2× 2 group
of pixels (referred to as a superpixel), four linear polarization
states are measured. Relative to horizontal, the polarizing filter
array passes light polarized at 90◦ for the top left pixel, 45◦ for
the top right pixel, 0◦ for the bottom right pixel, and 135◦ for
the bottom left pixel. This requires nanowires oriented orthogo-
nally to the pass axis, i.e., at 0◦ relative to horizontal for the top
left pixel, 135◦ for the top right pixel, etc. This means that with
a radiometric calibration, each superpixel measures irradiance
at these four linear polarization states, I0◦ , I45◦ , I90◦ , and I135◦ ,
in its instantaneous field of view. We can use these irradiances
to calculate the linear Stokes vector at each pixel using the
following three equations:

S0 = I0◦ + I90◦ , (1)

S1 = I0◦ − I90◦ , (2)

S2 = I45◦ − I135◦ . (3)

The degree of linear polarization (DoLP) and angle of polari-
zation (AoP) of the light can be calculated from the Stokes
parameters. The DoLP is given by

Fig. 1. Layout of a superpixel in a DoFP polarization imager. The
polarizing filter array is made of nanowires oriented such that a 2× 2
group of pixels can measure four linear polarization states: 0◦, 45◦, 90◦,
and 135◦.
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While we do not know the details of the nanowires in these
commercial sensors, Sony presented a DoFP camera using wire
grids with a 150-nm period (100-nm spacing and 50-nm wire
width) [22]. Also, it is common for DoFP cameras to introduce
a polarization bias caused by different transmissivities of dif-
ferently oriented nanowires [2]. To compensate for this, as well
as for random pixel-to-pixel variations, a flat-field correction
was developed for both DoFP cameras at each exposure time
using an integrating sphere. Without the flat-field correction,
the DoFP cameras measured the integrating sphere to have a
DoLP greater than 5%. We confirmed that the measured polari-
zation was due to the camera bias rather than real polarization
of the integrating sphere by rotating the camera in front of the
integrating sphere and measuring the AoP. The AoP did not
change as the camera angle was changed. In one previous study,
a commercial integrating sphere was measured to have a degree
of polarization of about 0.5% [23]. While our sphere may have a
similar level of undesired polarization, this introduces a smaller
error than that which would be caused by not correcting for the
polarization bias of the camera. In addition, we measured the
dark signal of these cameras to be approximately 1% or less and
therefore did not incorporate a dark signal correction.

When using imaging systems to obtain scientifically useful
data with passive remote sensing, it is often necessary to perform
radiometric calibrations on the imagers. In order to perform a
proper radiometric calibration of an imaging system, the RSR of
the detector is multiplied by the spectral radiance of the calibra-
tion source to determine the band-integrated radiance, which is
then correlated to a digital number. The requirement to know
the RSR of the DoFP polarization cameras is what led us to
question the polarization state of our monochromator output.

A grating monochromator uses a diffraction grating to dis-
perse broadband light into a spectrum, and it outputs only a
narrow portion of the spectrum. This enables the monochro-
mator to produce a narrowband output that can be swept across
a wide range of wavelengths. The ability to sweep this narrow-
band output is important for determining the RSR of a detector
because this allows us to measure the change in response of the
detector to a known optical power at each wavelength.

The monochromator used in this work was an Acton
Research Corporation SP-150, which is shown in Fig. 2.
This monochromator uses a halogen light source, which emits
broadband light that passes through an entrance slit into the
rest of the system. This broadband light is reflected from two
mirrors and is incident on a diffraction grating. This diffraction
grating disperses the broadband light into a spectrum, and the
spectrum is reflected from another mirror. Part of the spectrum
passes through the output slit, creating a narrowband output.
The diffraction grating is mounted on a rotation stage, which
is controlled by a computer to vary the part of the spectrum
passing through the output slit. These measurements were made
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Fig. 2. Top-down view of the inside of the Acton Research
Corporation SP-150 monochromator. A halogen light source emits
light, which passes through the entrance slit, reflects off two mirrors,
and is dispersed by a reflective diffraction grating on a rotation stage.
The spectrum reflects from another mirror and a portion of the spec-
trum passes through the output slit. Photograph provided courtesy of
Musaddeque Syed.

using a diffraction grating with 300 grooves per millimeter, an
entrance slit width of 2 mm, and an exit slit width of 1 mm.

The polarization of the monochromator output can be attrib-
uted to three primary factors. The first is the halogen lamp used
as the source; it is well known that lamp filaments can emit par-
tially polarized light, especially when viewed at oblique angles
of incidence [24–27]. Next, when light is incident on a mirror,
the parallel and perpendicular components (referenced to the
plane of incidence) are reflected by different amounts according
to the Fresnel coefficients. Thus, the light from the halogen
lamp is further polarized by reflections from the three mirrors
in the system. Finally, reflection from a diffraction grating also
has a polarizing effect that changes as a function of wavelength
and incidence angle. As a result, when the diffraction grating is
rotated and the incidence angle is changed to control the wave-
length passing through the output slit, the polarization state of
the output light varies.

3. MONOCHROMATOR OUTPUT POLARIZATION
MEASUREMENTS

We began by investigating the monochromator output polari-
zation. It was measured using each DoFP camera and verified
using an optical power meter (Thorlabs PM320E) with a
custom-built polarizer (Meadowlark Optics Versalight, alu-
minum wire grid on UV-grade fused silica substrate) mounted
on a precision rotation stage (Newport RV160CC). It should
be noted that measuring the monochromator output polariza-
tion with the camera relies on the assumption that all subpixels
have the same RSR. In other words, the flat-field correction
for broadband light was applied to account for variation in the
responsivity of individual pixels, and we assume that it is valid
for illumination by the narrowband monochromator output as
it is swept across the range of the detector.

Fig. 3. This setup was used to measure the polarization of the
monochromator output: (top) DoFP camera used to measure
monochromator polarization; (bottom) wire-grid polarizer and optical
power meter measurements to verify monochromator polarization
sensitivity.

First, the camera with no lens was placed in front of the
monochromator, so the monochromator output was incident
directly on the sensor. The monochromator output was swept
from 400 to 1000 nm in 2-nm steps, and at each wavelength
an image was recorded of the monochromator output. The
I0◦ , I45◦ , I90◦ , and I135◦ images were extracted, and a region of
interest where the monochromator output was illuminating
the sensor was identified. An average value for each of the four
irradiances was calculated by taking the mean across all the pix-
els in the region of interest, and DoLP and AoP were calculated
from these values using Eqs. (1)–(5). This was done for both the
FLIR and the Lucid cameras. Next, these results were verified by
making independent measurements of I0◦ , I45◦ , I90◦ , and I135◦

with a wire-grid polarizer mounted on a precision rotation stage
in front of an optical power meter. These verification measure-
ments were only made at wavelengths where the DoFP cameras
measured a local maximum or minimum in the DoLP curve.
The setup for measuring the polarization with the DoFP camera
is shown in the top half of Fig. 3, and the setup for measuring the
polarization with a wire-grid polarizer and power meter is shown
in the bottom half. The results are shown in Fig. 4. We found
that our monochromator has a DoLP that varies significantly
as a function of wavelength, swinging from DoLP maxima of
greater than 0.7 to minima of less than 0.1. The output was
found to be vertically polarized (AoP = 90◦) over most of the
spectral range of the DoFP cameras, but it was horizontally
polarized from 508 to 564 nm.

We attribute discrepancies between the measurements from
the two cameras and the power meter and polarizer setup pri-
marily to the spatial variation of the monochromator output as
a function of wavelength. The spatial variation caused partial
detector illumination at some wavelengths, making it difficult
to choose an accurate region of interest for all wavelengths. Also,
the cameras were placed on a tripod pointing at the monochro-
mator, resulting in a slightly different location relative to the
monochromator and therefore illumination by a slightly dif-
ferent part of the monochromator output for each camera. As
is shown in the next section, the spatial nonuniformity of the
monochromator output caused uncertainty in the measured
RSR. An iris was therefore inserted between the monochroma-
tor output and the camera to limit the spatial variation of the
illumination on the detector. Both cameras were used to repeat
the process outlined above for calculating the DoLP and AoP
of the monochromator. The results with the iris are shown in
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Fig. 4. Polarization state of the full monochromator output as a
function of wavelength. Measurements were made with the FLIR
camera, the Lucid camera, and an optical power meter and polarizer.

Fig. 5. Polarization state of the monochromator output through
an iris as a function of wavelength. Measurements were made with the
FLIR camera and the Lucid camera.

Fig. 5. This represents the tunable light source used for the better
spectral characterizations shown in the next section.

4. RSR MEASUREMENTS

Typically, an RSR is measured by illuminating a detector with a
narrowband source of known output power and sweeping the
source across the wavelength range of the detector. However,
when the detector and the source both have a nonnegligible
state of polarization, the measured RSR will be corrupted with
polarization artifacts. In the case of these DoFP polarization
cameras, the individual subpixels cannot be characterized with
the polarized monochromator. However, at each superpixel,
the S0 Stokes parameter, a polarization-insensitive value, can be
calculated. Thus, we can assume that the individual subpixels
within a superpixel have the same RSR and characterize the
change in S0 as the monochromator output is swept across the
wavelength range of the camera.

To measure the RSR, we first illuminated the camera directly
with the monochromator output and recorded an image at
each wavelength. Then, we measured the optical power of
the monochromator at each wavelength. To obtain the RSR

Fig. 6. RSR curve of the FLIR and Lucid cameras, measured with
the full monochromator output. The error bars show the standard
deviation of the values measured by all the superpixels in the region of
interest. One outlier was removed from the FLIR data, and six outliers
were removed from the Lucid data.

Fig. 7. Setup used to measure RSR of the DoFP camera.
Measurements were made with and without the iris shown; the iris
is used in our recommended method.

curve, an average S0 value was found over all the superpixels
in a region of interest for each wavelength and was divided by
the optical power at the same wavelength. The curve was then
normalized to have a maximum value of 1. The RSR measured
using illumination by the full monochromator output is shown
in Fig. 6. As explained above, the monochromator output was
found to have significant spatial variation across its output, and
the output changed as a function of wavelength. This caused
individual superpixels to be illuminated with a higher or lower
optical power, even though all superpixels were normalized by
the optical power averaged across the entire output. As a result of
the high spatial variation, the signal-to-noise ratio (SNR) of the
RSR data, defined as the mean of all superpixels in the region of
interest divided by the standard deviation, was low.

The above process was repeated with an iris placed between
the monochromator output and the camera to decrease the
spatial variation of the illumination. The setup for this mea-
surement is shown in Fig. 7, with the top half showing the setup
for recording images with the DoFP camera and the bottom
half showing the setup for measuring the optical power of
the monochromator output. The setup for the measurement
described above was identical, except there was no iris. An
example of an image recorded by the DoFP camera with the
iris in place is shown in Fig. 8, and the red circle approximately
denotes the region of interest used. Without the iris, the region
of interest was 50% of the sensor area for the images recorded
with the FLIR camera and 80% for the images recorded with
the Lucid camera (this difference resulted from the variation
in illumination by the monochromator output discussed
previously).
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Fig. 8. Example of an image recorded while using an iris to limit the
spatial extent of the monochromator output. The red circle denotes the
approximate region of interest used in analysis.

Fig. 9. RSR curve of the FLIR and Lucid cameras, measured
with the monochromator output passing through an iris. The error
bars show the standard deviation of the values measured by all the
superpixels in the region of interest.

The location of the monochromator and the iris were fixed
relative to one another, so both cameras and the power meter
measured the same part of the monochromator output. The
RSR curves measured using the limited monochromator out-
put are shown in Fig. 9. Adding an iris decreased the standard
deviation in the measured RSR, smoothed the RSR curves,
and improved the degree of similarity between the FLIR and
Lucid curves, which was expected, since both cameras use the
same sensor. When the iris was added, the wavelength corre-
sponding to maximum responsivity shifted from 632 to 630 nm
for the FLIR camera, and from 590 to 630 nm for the Lucid
camera. For the FLIR camera, the minimum SNR in the RSR
data increased from 2.34 at 878 nm to 5.71 at 870 nm, and
for the Lucid camera it increased from 2.09 at 880 nm to 5.40
at 870 nm. The differences are attributed to errors from the
spatial variation of the monochromator output and partial
detector illumination in the first set of measurements, and the
measurements with the iris are accepted as more accurate.

We also repeated the analysis using different equations to cal-
culate S0. It is possible to calculate S0 with Eq. (1) or with either
of the following:

S0 = I45◦ + I135◦ , (6)

S0 =
1

2
(I0◦ + I45◦ + I90◦ + I135◦). (7)

Fig. 10. RSR curve of the FLIR camera, calculated using different
equations for S0. The error bars show the standard deviation of the val-
ues measured by all the superpixels in the region of interest.

The RSRs obtained by using Eqs. (1), (6), and (7) are shown
in Fig. 10. The curves calculated with Eqs. (1) and (6) vary by
a maximum of 0.0465, and the curve calculated with Eq. (7) is
the mean of the first two. Choice of an equation for S0 should
depend on how S0 will be calculated in the user’s application.

In summary, the simple method to measure the RSR while
avoiding polarization artifacts is described by the following
steps:

1. If desired, characterize the polarization state of the source as
a function of wavelength as outlined in Section 3.

2. Depending on the spatial variation of the source, insert an
iris between the source and the camera. The iris size should
be chosen such that there is a region of fairly uniform illu-
mination on the sensor.

3. Illuminate the camera sensor directly with the monochro-
mator output. Perform a wavelength sweep across the
spectral range of the camera, and record an image at each
wavelength.

4. Replace the camera with an optical power meter, and repeat
the wavelength sweep, measuring the optical power of the
source at each wavelength.

5. At each wavelength, calculate the S0 value at each super-
pixel in a region of interest. S0 should be calculated using
Eqs. (1), (6), or (7), according to the user’s application.

6. Average the S0 values of all superpixels in the region of inter-
est. Divide the average S0 values by the optical power of the
source at the respective wavelength.

7. Normalize the maximum value to 1 to obtain the RSR
curve.

Fig. 11. Incorrect RSR curve of the FLIR camera, calculated for
individual polarized subpixels while ignoring the polarization of the
monochromator output.
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Finally, as an example of the error that would result from
neglecting the source polarization, the data were reprocessed in
an incorrect way. Instead of calculating S0 for a superpixel, the
values of individual subpixels were extracted to form four images
of irradiance at 0◦, 45◦, 90◦, and 135◦ at each wavelength. In
each image, the pixels in the region of interest were averaged,
and the averages were plotted as a function of wavelength. The
four resulting incorrect curves are plotted with the correct RSR
in Fig. 11 to show the extent to which polarization artifacts can
corrupt an RSR.

5. DISCUSSIONS AND CONCLUSIONS

The monochromator output was found to be strongly polarized,
with a polarization state that varies as a function of wavelength.
Specifically, the polarization varies as the angle of the diffraction
grating within the monochromator is changed. The DoLP was
found to swing from maxima above 0.7 to minima below 0.1,
and the AoP was found to be vertical over most of the spectral
range but horizontal from 508 to 564 nm. We previously iden-
tified three mechanisms by which the output could become
polarized: the polarization of the lamp filament, reflections from
the mirrors, and reflection from the diffraction grating. The
reflection from the diffraction grating is likely to be the domi-
nant cause of the strong polarization response that we observe,
since the polarization due to the mirrors or lamp filament are
expected to be much smaller and spectrally flatter.

We presented a simple method of obtaining the RSR of
a DoFP polarization imager by direct illumination from a
monochromator output. No additional optical components
are required besides a monochromator, an optical power meter,
and an iris. In general, polarization artifacts are present in the
RSR when a polarized source is used to perform a spectral
characterization of a polarized imager, but this method of char-
acterizing the S0 Stokes parameter avoids this problem. It was
also shown that when the polarization of the source was ignored,
the resulting incorrect spectral response curve had extremely
large errors. Therefore, it is necessary to account for source
polarization when characterizing a polarized imager. While
it may be possible to do so using an integrating sphere or an
achromatic wave plate, the method presented here is simple and
requires no additional optical components. Using this method,
we measured the RSR of two DoFP cameras. The wavelength
with the highest responsivity was 630 nm for both the FLIR
camera and the Lucid camera. Also, the spatial variation of the
detector illumination was decreased by passing the monochro-
mator output through an iris. This was shown to increase the
SNR of the RSR data, from a minimum of 2.34 to 5.71 for the
FLIR camera data, and from a minimum of 2.09 to 5.40 for the
Lucid camera data. Finally, the RSRs obtained for the FLIR and
Lucid cameras were found to be very similar. The cameras are
made by different manufacturers, but both use Sony’s recently
released polarization sensor. Thus, the two cameras are expected
to have similar RSRs, and the similarity between the two RSRs
that we measured supports the validity of this method. We
expect that this method of characterizing DoFP cameras will
become increasingly useful as recent DoFP sensor technology
improvements enable an increasing number of applications for
these cameras.
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