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Abstract— The navigational strategies of insects using skylight
polarization are interesting for applications in autonomous agent
navigation because they rely on very little information for
navigation. A polarization navigation sensor using the Stokes
parameters to determine the orientation is presented. The
working principle of the sensor is based on egocentric navigation
predominant in insects. The Stokes parameters computed from
the measured intensities using a metallic wire grid micro-
polarizer are used to retrieve positional information. The
computation of the Stokes parameters is simplified to allow for a
future on-chip computational algorithm implementation, which
would result in highly miniaturized navigational sensors. The
image sensor consist of an array of 128x128 pixels, occupies an
area of S5x4mm2 and it has been designed and fabricated in a
180nm CMOS process.

L INTRODUCTION

Navigation is essential for performing various living tasks.
The role of vision and cognitive mapping in navigation has
been extensively studied [1]. Cognitive mapping or survey
representation of the space defines the Euclidean relations
(straight line distance and direction) among relevant
landmarks within a coordinate reference system centered on
the environment. Route representation is another form or
spatial representation of navigation where the navigator tries
to learn the points in the route [2], [3].

The progress in the field of autonomous agent navigation
has been slower than expected especially after the initial
excitement and rapid advances in the early days of the
research [4]. It is interesting to consider why autonomous
navigation is so difficult. A survey into the available
algorithms for autonomous agent navigation reveals that most
of them are written to make them understandable for the
human operator, mostly employing Cartesian coordinates
(x,y,z) to represent the location of the feature [5]. This has the
advantage of offering more control over the autonomous agent
but may not be a better solution for navigation, than the ones
used by insects, for example.

Humans navigate using geocentric navigation. In geocentric
navigation, one uses its cognitive map and its orientation with
respect to geocentric coordinates in order to set a course to a
goal. Visual cues such as landmarks become very important to
generate the cognitive maps. In the absence of information
about the location of nearby objects in the environment,
humans have difficulty monitoring their travel trajectories,
even for short paths. On the other hand, some insect species
such as the desert ant (Cataglyphis fortis) are known to use
egocentric navigation [6]. Egocentric navigation relies on path
integration, where the movement cues of the navigator are
continuously integrated. Animals using egocentric navigation

are able to track distance and direction in order to estimate
their position even in the absence of visual landmarks.

Path integration is the basis of vector navigation in
egocentric form of navigation [7], and it requires knowledge
of the direction of travel and the distance travelled. To
determine the direction of travel ants use either the celestial
compass based on the pattern of the polarized skylight
(polarization compass) or the direct sunlight (sun compass). A
polarized skylight navigation system uses the extensive pattern
of polarized skylight generated by the scattering of the light
rays on collision with the air molecules. Each partially
polarized skylight ray exhibits a predominant vibration
direction (e-vector ' ) perpendicular to the plane of the
scattering angle. The polarization pattern varies in a
systematic fashion both in plane (e-vector) and degree of
polarization, according to the position of the sun. These
polarization patterns in the sky are used by ants as a reference
for compass orientation.

This ability of insects to navigate effortlessly in complex
environments without stressing their nervous system has
already been a subject of research in robotics. The cheap
computational strategies that these insects use to navigate have
been modeled by various researchers [8], [9]-[10]. Current
vision based sensors employed for navigation applications,
and especially for robotic navigation, capture images using a
standard CMOS or CCD camera and then process those
captured images for vector calculations to determine the
motion vector and the direction vector to drive the
autonomous agents [11]. This is very processing intensive and
power consuming.

In this work we present a biologically inspired CMOS
image sensor for determining direction of motion for
navigation using Stokes parameters. The Stokes parameters
are computed from the transmitted intensities of the wire grid
micro-polarizer oriented in various directions. Section II gives
a brief overview of the theory related to the Stokes parameters.
Section III describes the designed image sensor. Section IV
presents the measurement results and section V presents the
conclusions.

II.  THEORY

Electromagnetic radiation travels as transverse waves, i.c.,
waves that vibrate in a direction perpendicular to their
direction of propagation. Polarization is a phenomenon
peculiar to transverse waves based on the distribution of the
electric field in the plane normal to the propagation direction.
An unpolarized or randomly polarized wave is an

' The e-vector is the electric field vector of the polarized light in the sky.



electromagnetic wave in which the orientation of the electric
vector changes randomly.

The mathematical representation of a wave propagating in
the z direction is given by equation [1.0]
E=Ejcos(kz—at+¢,) . [1.0]

Where E, is the amplitude, & is the propagation (or wave)
constant (k=27/4), w is the circular frequency (w=kc=2nc/2),
@y is the initial phase.

The polarization state of an electromagnetic wave can be
conveniently described by the Stokes parameters. The Stokes
parameters were developed in 1852 by G.G. Stokes and are
widely used to represent partial polarization states. The

components of the four-component Stokes vector s are defined
as follows:
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Where E, s the field strength of the parallel polarized light,
E,1is the field strength of the perpendicular polarized light and
v is the phase difference between the parallel and
perpendicular polarized light.

There are various ways of measuring Strokes parameters,
each corresponding to the measurement of intensity of the
beam after it passes through certain filter system
arrangements. The four strokes parameters, Sj S}, S, and S5 can
be obtained from the intensities measured after transmission
through a linear polarizer oriented at 0°, 90° and 45°. The wire-
grid linear polarizer consists of fine grid of parallel metal
wires with space and width less than the wavelength of light

The Poincaré sphere shown in figure 1 is used to display the
three independent Stokes parameters S;, S> and S; as points on,
or inside a sphere.
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Figure 1: Poincare sphere representation

In figure 1, y is the polarization azimuth angle and y is the
ellipticity angle. The surface of the Poincare sphere is
commonly used to give a pictorial representation of all the
possible polarization states of completely polarized light. Each
point on the surface of the sphere corresponds to a state of the

polarization of the light. Linear polarization is represented
along the equator of the sphere.

The polarization azimuth angle y and the ellipticity angle y
can then be expressed in terms of the Stokes parameters [12]
as:
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III. SENSOR DESCRIPTION

The image sensor used here is described in [13]. The image
sensor consists of an array of 128 by 128 pixels. It occupies an
area of 5 x 4 mm” and it has been designed and fabricated in
the 180nm CMOS CIS process from UMC. The sensor has an
embedded metallic wire grid micro-polarizer in each pixel on
top of a pinned photodiode (p'/n”/p-sub), realized with the first
metal layer of the process. The linear wire grid polarizer was
implemented using thin metal strips with a line/space of
240nm/240nm (pitch of 480nm) as shown in figure 2.

Polarizer Grid ey

Photodiode
Metal |
Metal 2

Passivation layers
Photodiode

Figure 2: Wire grid Polarizer

The array of 128 by 128 pixels in the active area of the
image sensor was split into three regions as shown in figure 3:

1. A 64x128 array without a metal grid used for
normal imaging applications

2. A 64x64 array (sense region 1) consisting of 2 by 2
pixel arrays where two pixels (A and B) measure
the intensity while the other two measure the 0°
(D), and 90° (C) polarized intensity, respectively

3. A 64x64 array (sense region 2) consisting of 2 by 2
pixel arrays where one pixel records the intensity
of the light (A) while the other 3 record the 0° (B),
45° (C) and 90° (D) polarized intensity.

The 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 polarization directions.
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Figure 3: Sensor Regions with different Polarizig angles.

IV. PERFORMANCE ANALYSIS

The measurement setup is shown in figure 4. The DC light
source generates an unpolarized light which is polarized by a
linear polarizer. The transmitted intensity of the linear
polarizer is then sensed by the imager and the output of the
imager is fed to the PC for processing of the sensed data. The
corresponding analog outputs of the pixels sensitive to 0°, 45°
and 90° in the polarization sense regions are used to compute
the Stokes parameters. For the first version of the sensor the
Stokes parameters were computed off-chip to have a proof of
concept. Control pulses for the image sensor are generated by
an FPGA, so that the accumulation and readout timing can be
manipulated by an appropriate VHDL program.
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Figure 4: Measurement setup

The azimuthal position (w) is computed from the Stokes
parameters using equation [1.1] and [1.2]. Figure 5 shows the
theoretical and experimental angles of linear polarization for
polarization sense region 1 and 2. The correlation coefficients®
of 0.997 and 0.98 in the two regions indicate a strong
correlation between the theoretical and the measured results.
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where N is the number of elements and x and y are the two variables.
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Figure 5: Measure angle of polarization in polarization sense region 1 and 2
using equations [1.2].

A linear fit error for the measure angle of linear polarization
is computed to be 2.3% and 1.1% in the sense region 1 and 2
respectively. For a similar configuration using an organic
micro-polarizer, the error is reported to be 2.2% [14] and an
error of 1.6% using aluminum nanowire with a wire grid pitch
of 70nm [15]. These are however very specialized process and
needs additional fabrication steps, while our method uses only
the standard CMOS process steps.

The polarization sense region 2 has an additional 45° linear
polarization sensitive pixel. The Stokes equations are modified
as:

So=1,2+1,.°

S =1.°-1," [1.3]
2 2
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Where 1y, Igp and 1,5 are the intensity of the light after
passing through linear polarizer oriented at 0°, 90° and 45°.
The fourth Stokes parameter S; is neglected as the light is
assumed to be completely linearly polarized. The azimuthal
position (y) is then computed using equations [1.2] and is
shown in figure 6.

W————
<
80} o ¢
red
£ 70t 7
3 [}
= 60 red
. Z
£ st e
2 L#7 4=0.9603x-0.945
m 40F e R’=0.9586
g .
7 30} »*
g 20t < .
= ol ,’B/ # Theoretical
/ o Experimental
1 1 1 1 1 1 1 1

1020 30 40 50 60 70 80 90
Angle of linear polarizer (degrees)
Figure 6: Measure angle of polarization in polarization sense 2 using
equations [1.3].



A linear fit error for the angle of linear polarization
measurements is computed to be 3.07%. A correlation
coefficient of 0.97 is obtained between the theoretical and the
experimental values.

The Stokes parameters used to obtain the azimuthal position
(w) in figure 5 and figure 6 require the computation of the
square of the pixel intensities, which is relatively difficult for
an on-chip computation. To simplify the computation the
Stokes equations can be further simplified as in [18] and are
shown in equation [1.4].

So =1y +1y,
Sy=1, -1, [1.4]
55‘2210o _145n

Equation [1.2] is again used to compute the azimuthal
position y and is plotted in the figure 7.
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Figure 7: Measured angle of polarization in polarization sense region 2 using
equations [1.4].

A linear fit error for the measured angle of linear
polarization is computed to be 6%. A correlation coefficient of
0.985 is obtained between the theoretical and the experimental
values showing strong correlation. The angular positional
information obtained by equations [1.4] is very similar to
those obtained by equations [1.3] as shown in the figures 6
and 7. Equations [1.4] are relatively easy to be implemented
on-chip using simple operational amplifier as an analog adder
or subtractor. The high linearity error is due to the higher
metallic wire grid pitch used, limited by the choice of the
process technology. With advances in the process technology
the pitch can be considerably reduced providing better
polarization detection ability and thus a better linear fit error.

From figures 6, 7 and 8 it can be observed that the
polarizations angle can be retrieved using the Stokes
parameters, thus providing for a way to determine the
incoming polarized light direction. This would in turn serve to
determine the angular positional information useful for
autonomous agent navigation.

V. CONCLUSION

A polarization navigation sensor using the Stokes
parameters computed from the polarized component of the
light is presented. The sensor working principle is based on
egocentric form of navigation. The positional information is
retrieved from the Stokes parameters from the transmitted
intensities of the implemented metallic wire grid micro-
polarizer. The polarization pattern of the skylight for a given
elevation of the sun is a constant, and this principle can be
used as a compass clue. Though this principle is very common
in insects, it has not yet been explored in sensors. The
computational algorithm can be implemented on-chip which
would result in miniaturized navigational sensors for
autonomous agents.
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