A sun sensor implemented with an asynchronous
luminance vision sensor
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Abstract—A sun sensor implemented with a spiking pixel
matrix is reported. It is the very first one based on an
asynchronous event-based pixel array. A paradigm associated
to classic digital sun sensors is solved with this approach. Only
pixels illuminated by the sun light are readout. Hence, the
output data flow is quite reduced. The computational load to
resolve the sun position is quite low, comparing to prior sensors.
Sensor’s latency is in the order of milliseconds. The advantages
over implementations with APS pixels are more reduced data
flow, less latency, and higher dynamic range.
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I. INTRODUCTION

Sun sensors are devices on demand to determine the sun
position. They have multiple applications. For instance, solar
power plants need to know precisely it to adjust accordingly
the position of solar cells or heliostats. Sounding rockets and
spacecrafts use the sun position to navigate. In this case, fast
operation and low power consumption are mandatory. There
are two main kinds of sun sensors: analog and digital. Analog
sun sensors [1], [2] usually use two different photoactive
regions to sense two different photocurrent values. The ratio
between them, depends on the sun inclination. They have fast
operation and low output data flow. Unfortunately, they are
sensitive to mismatch and distractors. Digital sun sensors [3],
[4] are built with an image sensor with APS pixels. The entire
pixel matrix is readout. Then, the output data is processed to
compute the sun position. Digital sun sensors overcome some
of the limitations of analog ones, but still they have inherent
drawbacks. Although there is a very low number of illuminated
and meaningful pixels, the entire pixel matrix has to be readout
and processed. This limits the operation speed and increases
the computational time. Also, the choice of the integration time
complicates the sensor operation. The dynamic range is usually
limited to 60-70dB. To amend some of the aforementioned
limitations, some authors have presented approaches based on
the determination of a Region of Interest (ROI) whith the
illuminated pixels, that are readout and processed. However,
to determine the ROI requires to readout pixels that are dark
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Fig. 1. System implementation sketch. There is a pixel array covered by
an opaque lid with a pinhole in its center. Only a reduced number of pixels
are illuminated through the pinhole by the sun light projection. Depending
on the sun inclination with the sensor’s vertical axis, different pixels will be
illuminated.
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and not meaningful. In this article, a new approach based on
an asynchronous event-based pixel vision sensor is presented.
Only illuminated pixels can send information out of the sensor.
There is no need of choosing an integration time to operate.
Reading out only one single pixel output, it is possible to
resolve the sun position. Furthermore, sensor’s dynamic range
is higher than in conventional digital sensors with APS pixels.

II. SYSTEM IMPLEMENTATION

Fig. 1 depicts how the optics is arranged. The chip is
covered with an opaque lid with a pinhole lens [3], [4]. The
sun light illuminates different groups of pixels, depending on
the sun position. It is possible to express the latitude, 6, and
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Fig. 2. (a) Sensor’s front view. Dimensions are 9.5cmx9.5cm. (b) Detail
of the lid with a pinhole. The side that faces the sun is metallic to reflect
the sun radiation. The side that is directly over the chip is anti-reflective.
Lid dimensions are: Thickness: T=100pum, Width=Length=20mm, Pinhole
radius=50pm, Focal Distance: FD=0.6mm.

the azimuth, ¢, as a function of the illuminated pixels centroid,
(z,y), and the design parameters shown in Fig. 1:
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Where (x.,y.) is the centroid of the ROI (center of the
illuminated region) when # = 0°. W=25um and L=25um
are the pixel width and length, respectively. FD=0.6mm is the
focal distance, i.e. the distance between the pixel array and
the lid.

Fig. 2.(a) displays the system implementation and its optics.
The chip is covered with a lid (Fig. 2.(b)) with a radius of
50um. The lid is anti-reflective on the side that is facing the
sensor and reflective on the other side.

For the implementation of this solar sensor, we chose an
asynchronous HDR image sensor already reported elsewhere
[5], [6]. The sensor has high dynamic range and several oper-
ation modes. It was specially intended to operate under high
illumination conditions, being specially suitable for the design
of a sun sensor that can be exposed to direct sunlight. Its pixels
can be configured to pulse with a frequency proportional to the
local illumination. Fig. 3 depicts the pixel schematics when it
is configured to perform a light to frequency conversion. There
is a block that generate pulses with a frequency proportional to
illumination. These pulses activate a sequence of asynchronous
communication signals to transmit off-chip the coordinates of
the pixel that has fired every time that this occurs.

The light-to-frequency conversion block is an astable oscil-
lator. Its operation period is approximately given by:

Iy Ipn
osc ~ = 3
d Cph - (Vbp = Viot)  Cpp - AV )
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The event rate can be controlled by adjusting the bias
voltage Vj,;. Pixel transistors have thick gate oxide to allow
higher values of AV and reduce the event flow in conditions
of very illumination. Power supply was set to SV.

III. EXPERIMENTAL RESULTS

We programmed on the jAER interface [7] a real time
algorithm to compute the illuminated pixels centroid and
determine the sun position according Equations 1 and 2. Fig.
4 shows the illuminated pixels with the sensor operating.

To calculate the centroid, we apply this simple algorithm
periodically:

1) We wait until a certain number of events, Neyenis > 1,
are received. In the meantime, the coordinates of the
pixels that fire (2;,y;) are stored on a memory.

2) Once the event number is equal to N¢yents, We compute
the centroid coordinates.

1 Nevents 1 Nevents @
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Nevents T Nevents ,7
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3) Once the centroid, (x,y) is known, the sun position is
determined according to Equations 1 and 2.

4) The event counter is reset, Neyents = 0, and the
computation is finished. To calculate the sun position
again, go to step #1.

To evaluate the sensor performance, we moved quickly in
front of the sensor a light beam modelling the sunlight. The
y-coordinate was almost constant while the x-coordinate was
changing during the experiment. In Fig. 5, we have plotted the
sensor transient response. In Fig. 5.(a) we show the recorded
events over time. In Fig. 5.(b), there are the computed angles
(0, @) for each computed centroid value at time stamps of Sms.
Results are consistent with Equations 1 and 2.

Time-to-first-spike (TFS) operation [8], [9] is possible. To
implement it, the centroid position is computed after receiving
a programmable number of events, Neyents. Then, the sensor
is reset and kept idle, enabling the signal RES in Fig. 3,
until the sun position needs to be determined again. In Fig. 6,
we display the sensor performance in TFS mode for different
number of events. We observe that is possible to determine
the sun position, with an acceptable error, after receiving one
single event. Results are improved if the number of events
is increased. With Neyents = 100, angles (6, ¢) computation
error is lower than 0.5°.

The event rate is proportional to illumination and the
comparators voltage threshold, AV, in Equation 3. In Fig.
7 the measured event rates for different values of the pixel
illuminance, with AV =0.5V, are plotted. There is a trade-off
between speed and output data flow. The user can trade off be-
tween these parameters depending on illumination levels. The
measured pixel event sensitivity is S = 0.0762events/AV -
lur, with AV = Vpp — Vpoe. Under typical application
scenarios with direct sunlight, the system employs a few
milliseconds to compute the sun position.
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Fig. 3. Pixel schematics. There is circuitry to perform a light to frequency conversion and logic to handle the asynchronous AER communication. Transistor
sizes are (W/L, um/um): Mp1=1/1. Mp2=3/1. Mp3=0.5/1. M;1=0.5/0.7. Mp2=0.7/0.7. My3=1/0.7. Mps4=Mp5=0.5/0.7. Cins = C1 =40fF, Cp}, =5fF.

Bias voltages: Vior =1V, Viias_comp =4.3V.

TABLE 1
SYSTEM FEATURES AN STATE-OF-THE-ART COMPARISON.

‘Work This Work Ning et al. [3] Galileo ESA [4] Ortega et al. [1]
Type Event Based Lumi- | APS Digital Sensor | APS Digital Sensor | Analog Sun Sensor
nance Sensor
Technology AMS 0.18um HV 0.18um 1P4M UMC 0.18um ND
Number of Pixels 128x96 368x368 512x512 2 pairs of photodi-
odes
Pixel Pitch 25umx 25um 6.5umx6.5um 1Tpumx 11pm NA
FOV 146° 94° 128° 120°
Power Consumption | 52mW 42.73mW 520mW ND
Latency <Sms@1klux 10frames/s 10frames/s NA
Dynamic Range >100dB 52dB ND NA
Resolution 0.03° 0.004° <0.005° ND
Accuracy 0.0132°(6), 0.01° 0.024° 0.15°
0.05°(¢)
Amount of data 1-100 Events 945pixels 1 frame + ROI 4 analog voltages to
be readout
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Fig. 4. (a) jAER interface [7] to debug and display the sensor information. The
black speckle corresponds to the illuminated region with the sensor operating.
(b) Measured spiking frequencies around the illuminated region of interest
(ROI).
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Table I compares the sensor features against the art. The
amount of data required to compute the sun position is lower
than in prior devices based on APS pixels. With only one
event, it is possible to achieve competitive results in terms of
resolution and accuracy. Latency is much lower. The dynamic
range is also higher than the obtained with APS image sensors.
The resolution and the accuracy could be improved in further
designs by implementing a dedicated pixel for a solar sensor
and by refining the optics.

IV. CONCLUSIONS

A new sun sensor concept has been presented. It is the
very first one that employs a asynchronous pixel matrix whose
pixels only send information when they are illuminated. This
new approach solves a paradigm traditionally associated to
digital sun sensors: pixels that are dark have to be readout.
As a result, the output data flow is much more reduced and
the operation is faster. The sun position can be resolved with
a latency of milliseconds by reading out a reduced number of
pixels. In TFS mode, with only the information coming from
one single pixel, the sun position can be determined.
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Fig. 5. Sensor’s measured transient response. A light beam facing the sensor
was rotated to emulate the sun movement. (a) Raster plot: Recorded events
versus time. (b) Computed angles (6, ¢) at time stamps of Sms indicating the
light source position.

Latitude (0)
729 T T T 0.4
—*%—0(°)

728 Nevems:1 —S—Error (°) | | 03
8727 102§
g fo oA :

nof A\ Y

725 : : == 0

10° 10' 102 103 10*
Azimuth ()
36.5 T T J T 2.5
: _ +¢(0)
36 R Neyents=1 —o—Error (9) |12
S
i

Number of Events (Neyents)

Fig. 6. TFS operation. After reseting the sensor, a certain number of events
is received and the sun position is computed. We plot the computed angles
(6, ¢) and the measurement error for different number of incoming events.
With only one event, it is possible to gauge the sun position keeping the error
low.
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Fig. 7. Blue Trace: measured event rate versus illumination for different chip
illuminance values with AV = Vpp — Vi =0.5V. Red trace: linear data
fitting.
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