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Abstract—In this paper we present the design of an image
sensor pixel which produces a linear response proportional to the
incident light angle. Unlike conventional pixels, the proposed pixel
encodes incident angles in terms of linear intensity variations. A
set of four pixels can distinguish between incident light angles
along both the vertical and horizontal directions. This coarse
linear angle information can be combined with the precise non-
linear Talbot effect based pixel response to deduce the exact
incident angle. This technique greatly reduces the complexity
of the Talbot effect based technique. Fabricated in a 65 nm
GlobalFoundries mixed-signal CMOS process, the sensor can
distinguish between angles in the range from -35° to +35°.

Index Terms—Angle detection; image sensor; linear angle
sensitive pixels.

I. INTRODUCTION

Light at a given point in space can be represented by an
infinite collection of rays from all other points in space. This
infinite collection of rays can be treated as a vector field,
called the light field [1]. The Mathematical formulation of light
field consists of a 7 dimensional function, called the plenoptic
function [2]. The function (1) describes the light intensity at
any point is space, at all times, for all wavelengths (color) and
from all viewing directions. It comprises of the intensity along
the two spatial directions x and y, along with the wavelength
(M), time (t) and the three viewing directions (Vy, Vy and
V,). For a motionless, monochromatic image this function
becomes a 5 dimensional one, with x, y, Vy, Vy and V, as
the parameters.

P(x,y, A6,V Vy, Va) (D

Since it is impractical to sample this 5D function, a reduced
4D representation has been developed and used extensively
[31[4]. This 4D representation provides a more complete
description of the visual scene around us. Conventional image
sensors can only capture a 2D version of the image scene
and hence provide limited capabilities for post capture image
enhancement. The complete 4D information allows for faithful
3D reconstruction [3][4][5] and post capture refocus [5].

There are several techniques to recreate a 4D light field
using the direction of incoming light rays. Well known among
them are the multi-aperture based and the Talbot effect based
techniques. Multi-aperture based techniques [6] use an array
of micro-lenses below the objective lens to capture the angle
information. They require complex post processing and are
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Fig. 1. Physical structure of a linear angle sensitive pixel.

computationally very intensive. On the other hand, Talbot
effect based techniques [7][8] use on-chip diffraction gratings
and have been touted as a suitable alternative for light angle
capture. This technique is based on the microscale Talbot
effect [9] and encodes angle information in terms of intensity.
However, the response produced by pixels employing this
technique is cosine in nature and a large number of pixels
are required to faithfully estimate the angle information.

We propose a simple pixel structure - one that uses the
metal shading principle [10] to capture the light angle. This
technique takes advantage of the complementary response
produced by a pair of adjacent photodiodes when they are
partially shaded by a metal. The response produced by such
an arrangement is linear in nature and in conjunction with
the Talbot effect based pixels can reduce the complexity in
determining the angles to a great extent.

The remainder of the paper is organized as follows: section
IT describes the principle behind the proposed method and
verifies the claim through FDTD (Finite Difference Time
Domain) simulations. Section III contains details regarding the
sensor architecture and pixel design. Section IV illustrates the
experimental results. Finally, we conclude by highlighting the
main features of the proposed pixel type.

II. THEORETICAL DESCRIPTION AND SIMULATION
RESULTS

The proposed linear angle sensitive pixel is based on the
principle of metal shading, wherein a metal block is placed
on top of adjacent photodiodes, which covers it partially.
Fig. 1 shows the perspective view of such an arrangement
containing four pixels. This simplified view shows four n-
well/p-sub photodiodes with a metal block on top of them.
The metal block is enclosed in the dielectric layer (not shown
here for clarity). The diode pairs A/B or C/D give an indication
of the angle variations along the horizontal (X) direction and
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Fig. 2. 2D view of a linear angle sensitive pixel along the horizontal direction.
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Fig. 3. FDTD simulations showing electric field profile for a = +40° (left)
and a = -40° (right).

the diode pairs A/C or B/D give an indication of the angle
variations along the vertical (Y) direction.

Fig. 2 shows the two dimensional view of a linear angle
sensitive pixel along the horizontal direction. o and [ are
the incident and transmitted light angles at the air/dielectric
interface. n,;, and n. are the dielectric constants of air and
dielectric respectively. Xco and Xpo are the widths of the
shaded regions of the diodes C and D at normal light incidence
(a = 0°). dc and dp are the change in the widths of the
shaded regions at non-normal light incidence (-90° < a <
+90°). Finally, Ty is the thickness of the metal block and
Time is the thickness of the inter-metal dielectric stack from
the bottom of the metal block to the top of the photodiode
surface.

From Snell’s law we can write:

8= aulrcSin((nair )Sina) ()
e
From Fig. 2, the change in the shading widths §¢ and ép
over the diodes C and D can be written as:

dc= (T, . +Ty)tans 3)

(5]3: (Tima)tan,é’ (4)

The response produced by a photodiode is proportional
to the area exposed to the incident light. For non-normal
light incidence, the area exposed to light will be different for
different diodes because the metal block induces shadow over
a small part of one diode whereas it exposes a small part of the
other diode to light. This difference in the unshaded areas of
the two diodes cause them to produce response proportional to
the area exposed to light. FDTD simulations (Fig. 3) illustrate
this concept more clearly.

Talbot effect based pixels employ a two level stacked
diffraction grating (primary and secondary) to produce re-
sponse proportional to the incidence angle. Since a particular
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Fig. 4. Figure to illustrate coarse angle estimation and fine angle tuning.
grating orientation can detect angle variations only along a
particular direction, two different grating orientations have
been employed for bi-directional angle detection. According to
the original design [7], a total of 32 pixels would be required
for faithfully reproducing the angle information. 16 pixels each
for the horizontal and vertical directions. These 16 pixels are
divided into 4 groups of 4 pixels each. Each of the four groups
have a different angular sensitivity.

The 4 pixels within any particular angular sensitivity group
have their secondary grating offset from the primary by 707,
”d/2”, d/4” and ”3d/4”, where ”d” is the grating pitch. This is
to avoid the dim-light-bright-light ambiguity (refer [7]) that is
inherently present in the Talbot pixels. Angular sensitivity de-
pends on the period of the harmonic cosine response produced
by the Talbot pixels. Higher angular sensitivity means the
range of resolvable angles is less and lower angular sensitivity
means the difference in response produced by two adjacent
angles is less. Hence the original design makes use of a set of
4 different angular sensitivity groups so as to resolve a wider
range of angles.

By using the linear angle sensitive pixel (Fig. 1), we can
greatly reduce the complexity of the Talbot effect based design.
In this case, the need for 4 different angular sensitivity groups
are eliminated, as the linear pixels provide a coarse angle
estimation and the fine angle can be obtained from the Talbot
pixels around the range of the coarse angle. Fig. 4 highlights
this concept. The cosine curve is produced by a Talbot pixel.
The linear curve is from a linear angle sensitive pixel. For
example, if the angle of the incident light is +2°, it would
be impossible for a single Talbot pixel to determine the exact
angle. We would require many different Talbot pixels, each
with different angular sensitivities. Now, with a linear angle
sensitive pixel, we can identify coarsely that the angle is
around +5° (for example). Then we can choose the Py - Pj
segment of the Talbot response and accurately determine the
fine angle. By having 2 Talbot pixel groups (horizontal and
vertical Talbot pixels), and a linear angle sensitive pixel we can
determine the light angle along both the vertical and horizontal
directions. Hence, with a set of 13 pixels (one additional pixel
for capturing raw intensity) we can accurately determine the
angle variations compared to 32 pixels required by the actual
microscale Talbot pixel design.

III. SENSOR ARCHITECTURE

The sensor was fabricated in 65 nm GlobalFoundries mixed-
signal CMOS process and occupies an area of 1.6 mm X
1 mm. Fig. 5 shows the sensor architecture along with the
chip microphotograph. The sensor contains a 12 x 10 array
of macro-pixel clusters, each of which is made up of 4
macro-pixels. The 4 macro-pixels share a switched capacitor
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Fig. 5. Sensor architecture along with the chip microphotograph.

amplifier. The macro-pixels are in turn made up of 13 pixels
each. All pixels share the same photodiode configuration and
differ only in the type of metal structure above the photodiode.
Each pixel is made up of a n-well/p-sub photodiode and 3
transistors, forming a conventional 3T pixel type. Additionally,
the pixels have two more in-pixel transistors which are used for
pixel selection. The photodiode is surrounded by a p+ guard
ring and a n+ guard ring to isolate it from stray electrons and
holes.The effective photo sensing area in each pixel is 6 pm
x 6 um which gives a fill factor of 32% for a total pixel area
of 12.5 ym x 9 pm.

Pixels 1 to 8 are Talbot pixels. Pixels 1 to 4 employ
horizontal gratings and pixels 5 to 8 employ vertical gratings.
The secondary grating of pixels 1 to 4 has an offset of 0, d/2,
d/4 and 3d/4 with respect to the primary. The same offsets
apply to pixels 5 to 8. The difference response is taken between
pixels 1, 2 and 3, 4 for horizontal direction and pixels 5, 7
and 6, 8 for vertical direction angle detection.

Pixels 9 to 12 contain a rectangular metal block on top
of them and employ the differential metal shading technique
to determine the light angle. Pixels 9 and 10 can determine
angle variations along the horizontal direction and pixels 10
and 12 (or 9 and 11) can determine angle variations along
the vertical direction. Pixel 13 does not contain any metal
structure above the photodiode and is used to measure the
raw intensity. Fig. 5 also shows the ideal response (Intensity,
I) produced by each of the pixel types. In the ideal plots,
X(#) indicate angle variations along the horizontal direction

and Y(0) indicate angle variations along the vertical direction.

The switched capacitor amplifier consists of a 7T opamp,
two capacitors (C and 2C) and two switches at the input.
Output of the SC circuit is the amplified (by a factor of 2)
difference of the two input signals. The output voltage is given
by (5). Each input switch is made up of a transmission gate
(TG) and two dummy transistors to cancel the charge injection
(CIC) into the input capacitor when the transmission gate is
turned off.

2C
Vout = VREeF — 6(VPIXELB —VPIXELA)

)

IV. RESULTS AND DISCUSSION

The test setup for the experimental verification of the sensor
consists of a sun simulator and a rotary board. The image
sensor is mounted on a rotary board and is interfaced to the
computer through the Opal Kelly XEM 3010 integration board.
This setup is exposed to parallel rays of light from a sun
simulator, which emits light over a broad spectral range (300
nm to 1000 nm).

Two sets of experiments were performed - one with a 500
nm optical filter over the sensor and the other without any
filter. For each case the response was recorded by varying the
angle of light incidence, first along the horizontal direction
and then along the vertical direction. Fig. 6 and Fig. 8 show
the voltage response produced by the horizontal Talbot effect
based pixels (pixels 1, 2 and 3, 4) and the rectangular metal
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Fig. 6. Pixel response without filter (horizontal direction).
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Fig. 7. Pixel response without filter (vertical direction).

shading pixels (pixels 9, 10). Similarly, Fig. 7 and Fig. 9
show the voltage response produced by the vertical Talbot
effect based pixels (pixels 5, 7 and 6, 8) and the rectangular
metal shading pixels (pixels 10, 12). For rectangular metal
shading pixels, the raw experimental values were subjected to
a polynomial fit of degree 2 and it is this data that is plotted.
The curve is parabolic in nature because of the refraction of
light at multiple dielectric interfaces within the CMOS metal
stack and can be corrected to a certain extent by using the raw
intensity pixel (pixel 13) value. A linear fit line indicates the
general linear nature of the response.

The two sets of responses - with and without filter, show
that the strength of the response produced by the Talbot
effect based pixels are dependent on the wavelength. For a
broadband source, self images for each wavelength is formed
at a certain characteristic depth and the final response is due
to the combined effect of all the self images. As can be seen
from the plots, the Talbot effect based pixels produce strong
response around the design wavelength of 532 nm (Fig. 8 and
Fig. 9) and the response is relatively weak for a broadband
source (Fig. 6 and Fig. 7). The rectangular metal shading pixels
on the other hand produce an appreciably strong response at
all wavelengths.

Since natural light contains a mixture of wavelengths, it
is not feasible to design a sensor containing only Talbot
pixels for angle determination. The pixels will exhibit large
deviations in the strength of response and a large number of
angular sensitivity pixel groups would be required for angle
determination. On the other hand, since the response of linear
pixels do not vary much with wavelength, it can still be used
for coarse angle detection. Once the coarse angle has been
determined, the Talbot pixels can then be used for fine angle
determination.

V. CONCLUSION
In this paper we have presented a new pixel structure

capable of detecting light angles along both the horizontal

Difference voltage as a function of angle variation

—&— DIFF (PIX 9, PIX 10)
—— LINEAR FIT
DIFF (PIX 1, PIX 2)
——— DIFF (PIX 3, PIX 4)

-10 0 10
Angle (degree)
Fig. 8. Pixel response with 500 nm filter (horizontal direction).

Difference voltage as a function of angle variation
T T T T T

—&— DIFF (PIX 10, PIX 12)
—— LINEAR FIT

DIFF (PIX 5, PIX 7)
——— DIFF (PIX 6, PIX 8)

_0.05 L L L L L L L L L
=50 —40 -30 20 -10
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and vertical directions. The response produced by this pixel is
linear in nature and is relatively independent of wavelength.
The proposed structure can distinguish between angles over
a broad range of 70° from -35° to +35°. The sensitivity
of response can be increased by using a higher metal layer
compared to the one used in this design (metal 5). The main
advantage of such a linear angle sensitive pixel is that it can
be used in conjunction with the Talbot pixels to accurately
determine the incident angles. As a result of this new passive
angle detection technique we expect further advancement in
the field of 3D image capture and object recognition.
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