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Abstract—A
complementary
metal–oxide–semiconductor
(CMOS) image sensor used to detect the incoming light ray
direction using polarization information is presented. The chip
consists of an array of 128×128 pixels, and each pixel is embedded
with a metallic wire-grid micropolarizer. It occupies an area of
5 × 4 mm2 , and it has been designed and fabricated in a 180-nm
CMOS process. Extinction ratios of 6.3 and 7.7 were achieved in
two different polarization sense regions. The Stokes parameters,
which are needed to evaluate the degree of polarization (DOP) and
electric-field vector intensity, are computed from the pixel with
the micropolarizer oriented at 0◦ , 45◦ , and 90◦ . We show that the
variations in the DOP and the e-vector pattern with the incoming
polarized light ray direction can be used as a directional reference
source for autonomous agent navigation. We also show that the
measurement results of ellipticity and azimuthal angles for the
incoming light ray using the Stokes parameters can allow on-chip
position detection based on the angle of the incoming light ray
with little complexity. A very high correlation coefficient bigger
than 0.94 was obtained between the measured and theoretical
incoming light ray angles.
Index Terms—Complementary metal–oxide–semiconductor
(CMOS) image sensors (CISs), micropolarizers, navigation,
polarization.

I. I NTRODUCTION

N

AVIGATION is essential in performing various living
tasks. Based on cognitive mapping, navigation can be
broadly classified into either geocentric or egocentric [1], [2].
In geocentric navigation, one uses its cognitive map and its
orientation with respect to geocentric coordinates in order to
set a course toward a goal. In this case, visual cues such as
landmarks become very important to generate cognitive maps.
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Egocentric navigation, on the other hand, relies on path integration, where the movement cues of the navigator are continuously integrated. Humans navigate using geocentric navigation,
whereas certain animals are known to use the egocentric form
of navigation. The egocentric form of navigation is best suited
for autonomous agents than the geocentric form as the latter
would need to store and analyze visual cues, making the process
cumbersome.
A path integration vector in the egocentric form of navigation
is computed using the direction of travel and the distance
traveled [3]. To determine the direction of travel, a reference
direction is needed. The direction is then always expressed
relative to the reference. In conventional autonomous agent
navigation algorithms, the angle of travel is determined by
capturing multiple images by a conventional camera and using
complex image processing algorithms [4], [5]. The implementation of these algorithms needs very complex digital logic, and
image processing requires high power consumption and high
bus bandwidth [6]. This limits the design of miniature and lowpower vision-based navigation systems.
An insect such as the Saharan desert ants (Cataglyphis fortis)
uses the sun’s movement to determine their direction of travel
[3]. Since the movement of the sun is constant and equal
to approximately 1◦ every 4 min, it serves as a very good
directional reference. To determine the direction of travel, the
ants use a celestial compass either based on direct sunlight
(i.e., a sun compass) or the pattern of polarized sky light (i.e.,
polarization compass) [7]. This makes their navigation pattern
completely independent of external visual cues.
To determine the position of the sun using direct sunlight,
conventional analog sun position sensors can be used. These
sensors measure the position of the sun by allowing the light
from the sun to pass through a pinhole array and illuminate
a certain region of an imaging array [8]. The position of the
illuminated region is then used to compute the altitude and
the direction of the sun with respect to the sensors. State-ofthe-art digital sun sensors such as that in [9] use a centroid
method to compute the angular position of the sun, whereas row
profiling is used in a winner-takes-all (WTA) method proposed
in [10]. The prerequisite of these sun sensors is that they need
to see the sun, which is not very helpful in a cloudy day.
Additionally, these sensors need an additional pinhole array
and digital processors to compute the centroid of the obtained
image.
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The other compass used by insects is the polarization compass. Direct sunlight is always unpolarized. When this unpolarized light enters Earth’s atmosphere, it collides with air
molecules or is scattered because of fluctuations in air density.
The light scattered by air molecules (i.e., perceived sky light) is
partially polarized, which means that it is a combination of both
unpolarized natural light and a linearly polarized component
[11]. The pattern of the electric field vector (e-vectors) of sky
light and the degree of polarization (DOP) are not constant over
the sky and rather depend on the angle between the viewing
direction and the position of the sun [12]. The variation in the
DOP with the azimuthal position of the sun was experimentally
observed in [11] and [13].
State-of-the-art polarization image sensors consist of a
photodetector array such as a complementary metal–oxide–
semiconductor (CMOS)/charge-coupled device sensor array
and a single- or a multiaxis micropolarizer array to measure
polarization information in real time [14], [15]. The micropolarizer can either be fabricated on a surface and bonded
to a pixel array [15] or can be fabricated directly on the
sensor array [16], [19]. For an EM wave to be absorbed by
a wire grid, its wavelength should be larger than the pitch
of the wire grid (i.e., λ/d > 2, where λ is the wavelength,
and d is the spacing between the wire grid) [17]. The visible
spectrum wavelengths range from 300 to 720 nm, and thus,
a wire-grid pitch of less than 300 nm is desired. With the
scaling of CMOS technology, the distance between metal layers
also scales, opening up the possibility of using them in a
grid structure for the absorption of EM waves. The metallic wire grid has been shown to selectively transmit wavelengths [18]; however, they can also be used to detect polarization [19].
We have demonstrated a navigational sensor for autonomous
agents to determine the direction of an incoming light ray using
the e-vector pattern of the incoming polarized light ray [19].
The ellipticity angle of a Poincaré sphere, which is computed
from the Stokes parameters, was shown to be correlated with
the incoming polarized light ray direction. The Poincaré sphere,
which is used to display the Stokes parameters, is characterized
by ellipticity and azimuthal angles. In this paper, we present an
extension of our previous work on incoming light ray direction
detection, evaluating both the ellipticity and azimuthal angles
for the incoming polarized light ray direction. We also show
that, besides the e-vector pattern, the changes in the DOP also
serves as a good tool to determine directional information. A
full-fledged navigational algorithm employing the e-vector and
the DOP of polarized light has not been explored in sensors
to our knowledge, although this principle is very common in
insects.
Section II covers the theory behind the polarization of light.
Section III describes the designed image sensor with two polarization sense regions with micropolarizers created using a
metallic wire grid. Section IV presents the performance of the
metallic wire-grid micropolarizers along with the experimental
results of the measured azimuthal and ellipticity angles and the
DOP for variations in polarized incoming light ray directions.
Section V details the conclusions, and an outline of the future
work is presented.

II. T HEORY
A. Stokes Parameters and the DOP
EM radiation travels as transverse waves, i.e., waves that
vibrate in a direction perpendicular to their direction of propagation. Polarization is the distribution of an electric field
in a plane normal to the propagation direction, which is a
phenomenon peculiar to transverse waves. In an unpolarized or
a randomly polarized EM wave, the orientation of the e-vector
changes randomly.
The mathematical representation of a plane wave propagating in the z-direction is given by
E = E0 cos (kz − ωt + ϕ0 )

(1)

where E0 is the amplitude, k is the propagation (or wave)
constant (k = 2π/λ), ω is the circular frequency (ω = kc =
2πc/λ), and ϕ0 is the initial phase.
The polarization state of the EM wave can be conveniently
described by the Stokes parameters, which were developed by
G.G. Stokes in 1852. The four Stokes parameters S0 , S1 , S2 ,
and S3 , which are expressed as a function of electric field
strength, are shown in
2
2
S0 = Ex0
+ Ey0
2
2
S1 = Ex0
− Ey0

S2 = 2Ex0 Ey0 cos (∇ϕ)
S3 = 2Ex Ey sin (∇ϕ)

(2)

where Ex0 is the field strength of the parallel polarized light,
Ey0 is the field strength of the perpendicular polarized light,
and ϕ is the phase difference between the parallel and the
perpendicular polarized light.
The Stokes parameters correspond to the measurement of
the intensity of the light ray passing through different filter
arrangements. The Stokes parameters used for this paper are
modified [16], as shown in
S0 = I90◦ + I0◦
S1 = I90◦ − I0◦
S2 = I45◦ − I0◦
S3 = I90◦ − I45◦

(3)

where I0◦ is the intensity of light after passing through a
horizontal linear polarizer, I90◦ is the intensity after a vertical
linear polarizer, and I45◦ is the intensity after a linear polarizer
is placed at 45◦ .
The Poincaré sphere shown in Fig. 1 is used to display the
three independent Stokes parameters S1 , S2 , and S3 as points
on or inside the sphere.
In Fig. 1, ψ is the polarization azimuthal angle, and χ is
the ellipticity angle. The surface of the Poincaré sphere is
commonly used to give a pictorial representation of all the
possible polarization states of completely polarized light. The
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Poincare sphere representation.

polarization azimuthal angle ψ and the ellipticity angle χ can
be expressed in terms of the Stokes parameters as
sin 2χ = 
tan 2ψ =

S3

TABLE I
S ENSOR S PECIFICATIONS

S12 + S22 + S32

S2
.
S1

(4)

Since the electric field of an EM wave polarized by scattering
consists of polarized and unpolarized components, the percentage of the electric field of light, which is polarized compared
with the electric field of total incident light, is defined as the
DOP. The DOP is represented in the Poincaré sphere by vector
P in Fig. 1. In terms of Stokes parameters, the DOP of a light
beam is expressed as

S12 + S22 + S32
.
(5)
DOP =
S0
In a linearly polarized light beam, circular polarization and
elliptical polarization do not usually occur; thus, its DOP is
often referred to as the degree of linear polarization (DOLP).
The DOLP of the light beam is defined by
DOLP =

S1
.
S0

(6)

The DOP is also related to the maximum and minimum
transmitted intensity values [20], as shown in the following:
DOP = δ(x, y) =

Fig. 2. Pixel cross section and the implemented wire-grid polarizer.

Imax (x, y) − Imin (x, y)
Imax (x, y) + Imin (x, y)

(7)

where Imax and Imin are the maximum and minimum transmitted intensity values for the pixel at coordinates x and y.
The maximum transmittance in a polarizer is achieved when
the polarization axis is parallel to the polarization of incoming
light, whereas the minimum transmittance occurs when the polarization axis is perpendicular to the polarization of incoming
light.
III. S ENSOR D ESCRIPTION
We have realized a polarization-analyzing CMOS image
sensor (CIS) using an embedded metallic wire-grid micropolar-

izer, which is made using metal layers available with standard
CMOS technology. The image sensor consists of an array of
128 × 128 pixels. It occupies an area of 5 × 4 mm2 , and it has
been designed and fabricated in the 180-nm CIS process from
United Microelectronics Corporation. The embedded wire-grid
micropolarizer in each pixel is realized with the first metal layer
of the process on top of a pinned photodiode (p+ /n− /p-sub).
The linear wire-grid polarizer has a line/space of 240/240 nm
(i.e., a pitch of 480 nm), as shown in Fig. 2.
Table I shows the sensor specifications. The sensor architecture is shown in Fig. 3.
The chip is divided into four main blocks. The first one
is a pixel array with photodiodes and associated circuitry for
analog computations, which occupies most of the chip area.
Each pixel contains a pinned photodiode and 32 transistors to
perform low-level image processing. The size of the photodiode
is 10 μm × 10 μm, which corresponds to a 16% pixel fill factor.
In this paper, we focus on the polarization sensing ability of
the sensor; thus, the low-level image processing will not be
discussed. Second, placed below the pixel array is an analog
readout circuit. The analog readout circuit consists of columnlevel circuits to perform double differential sampling, an output
amplifier, a buffer, and a column shift register. The analog
output provides analog voltage at each pixel. Third, placed at
the top is a digital readout circuit. The digital readout circuit
consists of a 7-b counter and a column shift register. The 7-b
counter is used to count the number of active high pixels in each
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Fig. 5.

Fig. 3. Sensor architecture.

Fig. 4. Sensor regions with different polarizing angles.

row. Finally, the left side is dedicated to row select logic and
timing control blocks to address each row of pixels sequentially.
The array of 128 × 128 pixels was split into the following
three regions, as shown in Fig. 4.
1) A 64 × 128 array without a metal grid used for normal
imaging applications;
2) A 64 × 64 array (i.e., sense region 1) consisting of
2 × 2 pixel arrays, where two pixels (A and B) measure
intensity, whereas the other two measure 0◦ (D) and 90◦
(C) polarized intensity, respectively;
3) A 64 × 64 array (i.e., sense region 2) consisting of 2 ×
2 pixel arrays where one pixel records the intensity of
light (A), whereas the other three record 0◦ (B), 45◦ (C),
and 90◦ (D), polarized intensity.
Additional pixel sensitivity to 45◦ polarized light in sense
region 2 is used to compute the Stokes parameters. The pixels
dedicated to sense the intensity in regions 1 and 2 are used
to normalize the data obtained from the pixels sensitive to the
polarization directions.
The full pixel size is 25 μm × 25 μm and is comprised
of a pinned photodiode, an analog comparator, two banks of

Simplified pixel architecture.

analog memory devices and two six-transistor static random
access memory cells to store an in-pixel binarized value. Inpixel binarization is not discussed in this paper. Fig. 5 shows
the signal chain for the photodiode voltage transfer from the
transfer gate T G to the sampling capacitor Csample for the
designed pixel. Two such sampling capacitors are available
in the pixel to sample photodiode voltage at different time
instances. Switch AM allows access to the sampling capacitor.
The buffer amplifier AMP located between the photodiode and
the sampling capacitor Csample serves two functions: amplification and comparison.
The image capture begins with a reset of the pixel by switching the RST switch on. The voltage at the floating diffusion
node FD is then set to the reset voltage Vrbias . The reset is
global in nature for the entire pixel array. After the reset,
the photodiode starts accumulating the photogenerated charge.
The time spent accumulating the charge is referred to as the
integration time or the exposure period. At the end of the
integration time, the accumulated charge is transferred to FD.
The voltage change at the FD node due to the transferred
photocharge is sampled onto the sampling capacitor Csample
when switch AM conducts. The source follower SF loads the
column bus AOUT via the analog row selection switch AS with
the signal sampled on the sampling capacitor during readout of
the pixel.
IV. P ERFORMANCE A NALYSIS
A. Measurement Setup
Fig. 6(a) shows the specially designed experimental platform
used to characterize the image sensor. Two Xilinx Virtex-II
pro development boards [21] are used to generate clocks and
control signals for the image sensor, an analog-to-digital converter (ADC), and a frame grabber. An external ADC is used to
digitize the output signal of the image sensor. The ADC used is
a 12-b ADC from analog devices (AD9821) [22]. The frame
grabber used in the measurement setup is an IC-PCI frame
grabber installed in a personal computer (PC). A LabVIEW
user interface from DALSA was used to analyze the image
data.
The sensor was quantitatively tested for conversion gain,
sensitivity, dark currents, dynamic ranges, and signal-to-noise
ratios. The measured performance parameters of the image
sensor are summarized in Table II.
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indoor measurements using a direct-current (dc) light source.
The sensor is illuminated with polarized light obtained by
passing the light from the dc light source through an external
linear polarizer. The corresponding analog outputs of the pixels
sensitive to 0◦ , 45◦ and 90◦ in the polarization sense regions
are recorded. These measurements are then sent to the PC
for further processing. For the first version of the sensor, the
Stokes parameters were computed off-chip to have a proof of
concept. The circuits required for the computation of Stokes
parameters and other digital processing for the implementation
of the algorithm can easily be integrated on-chip.
An average value of the intensity of the pixel sensitive to 0◦
and 90◦ in sense region 1 and 0◦ , 45◦ , and 90◦ in sense region 2
is computed for 30 frames using the following:
pavg(With a linear polarizer) (x, y) =

Fig. 6.

Measurement setup.
TABLE II
S ENSOR P ERFORMANCE C HARACTERISTICS

N
1 
pn (x, y)
N n=1

(8)

where pn (x, y) is the measured pixel intensity, x and y correspond to the row and column address of the pixel in the sensor
array, and N is the number of frames selected. At the beginning
of the experiment, the mean of an array of 20 × 20 pixels
without the linear polarizer is calculated as in (9). The result
is used as a normalization factor given by
pavg(Without a linear polarizer) (x, y)
=

N X−1 Y −1
1 
pn (x, y) (9)
XY N n=1 x=0 y=0

where X and Y are the pixel array dimensions, and N is the
total number of frames used to compute the mean. Normalized
intensity is then obtained by dividing mean pixel intensity with
the linear polarizer [see (8)] by the mean pixel intensity without
the linear polarizer [see (9)], as shown in


N

1
pn (x, y)
N
n=1
.
Normalized pavg (x, y) = 
−1
N X−1

 Y
1
pn (x, y)
XY N
n=1 x=0 y=0

(10)
B. Performance of the Wire-Grid Polarizer
Fig. 7. (Left) Sample images. (Right) Transmission photograph of the wiregrid line array Holst text.

Fig. 7 shows some sample images obtained using the image
sensor. The image on the left is the transmission image showing
the attenuation of light in the regions where the photodiode has
an integrated metallic wire-grid polarizer. Sense region 2 has
three pixels with a wire-grid polarizer; thus, the attenuation of
light is greater compared with sense region 1. The image on the
right is a sample text.
Due to measurement setup constraints, it was not possible
to measure the variations of the DOP and the e-vector with
respect to the angular position of the sun under an open
sky. The experimental setup shown in Fig. 6(b) was built for

For the measurements of wire-grid transmittance and an extinction ratio (ER), the transmission axis of the linear polarizer
in Fig. 6(b) was varied from 0◦ to 180◦ in steps of 15◦ to vary the
polarization angle of the light reaching the image sensor. The
measured values are normalized with respect to the intensity
obtained at the intensity sensitive pixel to compensate for any
variation in light intensity and pixel sensitivity over the entire
imaging array. The normalized output is the transmittance of the
wire-grid polarizer. Normalized transmittance as a function of
the transmission axis of the linear polarizer (i.e., the incident
polarization angle) for the two polarization sense regions is
shown in Fig. 8.
The mean maximum (Tmax ) and minimum (Tmin ) transmittance values for the 0◦ and 90◦ polarization sensitive pixels
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Fig. 9.

Measurement of the incident elliptical light ray angle.

Furthermore, the ER is also dependent on the wavelength of
incident light.

C. Incoming Light Ray Direction Detection
Using the Ellipticity Angle
To measure the ellipticity angle projected by the incoming
light ray, the angular position of the dc light source in Fig. 6(b)
was varied to change the incoming light ray direction. Using (4)
and (5), the ellipticity angle can be expressed as
χ=

Fig. 8. (a) 0◦ and 90◦ polarization profiles in polarization sense region 1.
(b) 0◦ , 90◦ and 45◦ polarization profiles in polarization sense region 2.
TABLE III
T RANSMITTANCE ( IN P ERCENTAGE ) AND ERS

in polarization regions 1 and 2 along with the respective ER
achieved for an incident wavelength of 550 nm are shown in
Table III. The ER is defined as the ratio of the maximum and
minimum transmittance.
The maximum and minimum transmittance for the 45◦ sensitive pixel in the polarization sense region 2 are 0.446 and 0.02,
respectively, producing an extinction ratio of 22. The absorption
of the EM waves to completely polarize a transmitted wave
through the wire grid is dependent on the pitch of the wire
grid; therefore, the ER also varies with the pitch. The chosen
technology allows only for a pitch of 480 nm, although less than
300 nm is desired to obtain a high ER value. As the technology
scales down, it would allow for a smaller pitch, increasing the
ER and, thus, the sensitivity of the polarization applications.

1
sin
2

−1



S3
δ ∗ S0


(11)

where χ is the ellipticity angle, and δ is the DOP. The variation
in the measured ellipticity angle with the variation in the
angular position of the dc light source is shown in Fig. 9.
The ellipticity angle, as shown in (11), depends on the DOP.
The measured ellipticity angle for 10◦ , 15◦ , and 30◦ incidence,
where the DOP is computed using (5), is shown as the “Stokes
DOP” in Fig. 9. The computation of the Stokes DOP from the
Stokes parameters needs squaring and square root arithmetic
operations. These operations are relatively difficult to implement on-chip.
The calculated ellipticity angle using partial polarization
computed from (7) is shown as “partial polarization” in Fig. 9.
This computation is easier to implement on-chip as it would
only need a differential amplifier to compute the difference and
an analog divider.
In sky light polarization, only the linear component of polarization is dominant, and the circular and elliptical components
of polarization are usually absent. Thus, for experiments under
an open sky, we would be measuring only the linear DOP. The
measurement of the ellipticity angle using the Stokes DOLP as
in (6) is shown in Fig. 9 as the “linear DOP.”
Correlation coefficients of 0.98, 0.94 and 0.97 are obtained
between the theoretical and measured results for the Stokes
DOP, partial polarization, and the linear DOP, respectively.
The high values of the correlation coefficients imply a strong
correlation between the theoretical and measured results.
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Fig. 11. Measurement of the incident azimuthal light ray angle.

D. Incoming Light Ray Direction Detection
Using the Azimuthal Angle
The azimuthal angle in sense regions 1 and 2 [see (4)] or,
equivalently, the polarization angle measured while varying the
transmission axis of the linear polarizer, is shown in Fig. 10.
The correlation coefficient between the theoretical and measured results for regions 1 and 2 are 0.9944 and 0.961, respectively. The high values of the correlations coefficients indicate a
strong correlation between the theoretical and measured results.
A linear fit error for the measured angle of linear polarization
is computed to be 2.3% and 1.1% in sense regions 1 and
2, respectively. For a similar configuration using an organic
micropolarizer, the error is reported to be 2.2% [16] and an
error of 1.6% using an aluminum nanowire with a wire-grid
pitch of 70 nm [23]. The organic micropolarizer exhibits a very
high ER; thus, polarization intensity measurements are more
accurate. These are, however, very specialized processes and
need additional fabrication steps, whereas our method uses only
the standard CMOS technology processing steps and produces
comparable results.
The measured azimuthal angles for the different angular
positions of the dc light source in Fig. 6(b) are shown in Fig. 11.
Similar to ellipticity angle measurements, the angular position
of the light source and, hence, the angle of incidence of light,
was varied by 10◦ , 15◦ and 30◦ . A mean correlation coefficient
of 0.9904 is obtained between the theoretical and four measured
results.

E. DOP Variation With the Angle of the Linear Polarizer
Fig. 12 shows the variation in the Stokes DOLP calculated
from (6) and the DOP calculated using the maximum and
minimum transmittance [see (7)] with the polarization angle of
the incoming light ray. The graph shows the inverse relationship
between the orientation angle or the angle of the linear polarizer
and the DOLP.
Fig. 12 shows that the DOLP obtained either by the Stokes
parameters or by the maximum and minimum transmittance
varies from +1 to −1 as the polarizer angle is varied from
0◦ to 90◦ . The variation obtained in the DOLP with respect to

Fig. 12. Degree of linear polarization for sense regions 1 and 2.

the orientation angle can be used as a compass. The proposed
model also allows on-chip computations of the DOP, which
would make the system simpler and miniaturizable.

V. C ONCLUSION
A CIS with an embedded metallic wire-grid micropolarizer
created using the metal layer of a standard CMOS process to
detect the incoming light ray direction using the polarization
state of incident light is presented. The Stokes parameters
used to compute the ellipticity and azimuthal angles of the
incoming light ray can be computed on-chip and are shown to
be correlated to the incoming light ray direction. A correlation
coefficient of over 0.94 was obtained in all measurements. This
potential can be used as a compass for navigational algorithms,
saving computational power. Furthermore, the DOP was shown
to vary with the polarization of the incoming-light-ray direction, which could serve as a compass for autonomous agent
navigation algorithms.
The computational algorithms are simplified for on-chip
computations, which would result in miniaturized navigational
sensors. Such a navigational sensor would be independent of
the visual cues and use natural light to determine the directional
reference. In the future, these digital algorithms would be
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further simplified at the pixel level; interpixel and intrapixel
communications to determine the motion and the distance of
travel will be implemented and finally will be tried on with
mobile autonomous agents.
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