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Abstract—This paper introduces a high dynamic range pixel
for early vision processing. Early vision is the first stage to
subsequently extract semantic information for image processing
or video analytics. This paper proposes to bring said processing
to the focal plane, next to a high dynamic range image sensor
working on the principle of lateral overflow capacitor. This brings
the benefits of processing scenes with a wide dynamic range in
a power efficient manner. Circuit simulations for edge detection,
as an example of early vision processing conveyed in this paper,
show that our proposal meets the accuracy typically found in
applications like machine vision.

Index Terms—Early vision, focal-plane processing, CMOS
vision sensor, high dynamic range.

I. INTRODUCTION

Early vision comprises the first processing stages of the
pipeline of image processing or video analytics to tackle tasks
like object recognition or visual tracking- to a name a few-,
which are an integral part of applications like video surveil-
lance. In fact, regardless of classical handcrafted feature-
based solutions [1], or the nowadays ubiquitous deep learning
approach [2], the first goal in computer vision is usually to
find meaningful changes in the incoming image, like edges or
corners [3], [4], before going deeper in the tool chain to draw
out more semantic information [5].

Early vision processing builds on higher-resolution images
or features than deeper stages do, which calls for more
compute capacity. This opens the door to optimizing signal
processing and the hardware next to the sensor.

This paper aims to edge detection on the focal-plane as an
example of hardware optimization of early vision tasks next
to the sensor [6]–[8], with the extra benefit of high dynamic
range. This paper conveys electrical simulations of the per-
pixel processing element (PE) and their physically close photo
sites as the first proof-of-concept stage towards a future CMOS
vision or smart image sensor chip.
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Fig. 1: Cell of a would-be 2D arrangement for focal plane
processing, making up a CMOS vision sensor. Letter ”i”
represents row, letter ”j” represents column.

II. CELL ARRAY ELEMENT, DYNAMIC RANGE EXTENSION
AND EDGE DETECTION ALGORITHM

CMOS vision or smart image sensors implement the concept
of focal-plane processing with arrangements of 2D cell arrays,
with each cell comprising the photo sensor itself along with
companion circuits physically close to them in order to run
early vision tasks. In general, there are two ways to distribute
processing circuitry, either, next to the photo site and in the
periphery of the 2D cell array [9], the latter typically in a per-
column approach, or to lay down all the processing circuitry
next to photo sites, in a per-pixel approach [10]. The fully
per-pixel approach increases parallelism with respect to the
former one at the cost of a lower fill-factor. This obliges to
share processing elements (PE) among several photo sites not
to excessively worsen fill-factor. This is the option adopted in
this paper.

Fig. 1 shows a cell of our array, where a PE is shared
among 3 photo sites, and every photo site consists of a pinned
photodiode that turns incoming photons into voltage, which,
in turn, is read out by a four transistor active pixel sensor with
the addition of a lateral overflow capacitor, what we call the
LOFIC 4T-APS, to perform high dynamic range imaging [11].
The PE runs two types of operations, namely, the difference in
intensity among neighboring pixels to provide edge detection,



Fig. 2: Numerical simulations of our edge detection algorithm applied to the original grayscale image shown with increasing
threshold TTH values.

and all the operations required to perform per-pixel high
dynamic range.

The LOFIC technique extends the dynamic range by storing
overflown electrons coming out of the pinned photodiode
when this reaches saturation, which means that the number of
impinging photons and their corresponding charges generated
on the photodiode exceed its full well capacity, i.e., the sensor
is capturing a scene with a higher intensity than what is
physically feasible. If the incoming scene does not go beyond
saturation, the LOFIC tecnhique does not act, and, thus, the
LOFIC 4T-APS works as a conventional 4T-APS sensor.

The implementation of the LOFIC 4T-APS with per-photo
site circuitry degrades fill-factor [12], which leads us to keep
the edge detection algorithm simple. Said algorithm is the
threshold of the difference between the image intensity of two
neighboring pixels along horizontal and vertical directions. If
the difference exceeds the threshold, the result is an edge.

The equation below describes said algorithm mathemati-
cally:

f(xi,j , xi+1,j , xi,j+1) =


1, if |xi,j − xi+1,j | ≥ TTH

1, else if |xi,j − xi,j+1| ≥ TTH

0, else
(1)

xi,j represents the value of the pixel on the i− th row and
j − th column. xi+1,j is its row neighbor, and xi,j+1 is its
column neighbor. If the difference among neighboring pixels
along the x and y axes surpasses the user-defined threshold
TTH , either with a positive or a negative value, it is interpreted
as an edge, returning a white pixel. This algorithm reduces
the resolution of the image by one in each dimension, as each
column or row contains one less PE than photodiodes, so that
there is a one-pixel padding. Finally, numerical simulations to
illustrate how our LOFIC 4T-APS would run edge detection are
displayed on Fig. 2, showing the effect of different TTH values.
From the signal processing perspective, low TTH levels make
the system more sensitive to edges, which might come with
the undesirable effect of bringing about not meaningful edges
like artifacts from backgrounds with clutter. From the hardware
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Fig. 3: LOFIC 4T-APS pixels.
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Fig. 4: Timing diagram of the LOFIC 4T-APS.

perspective, there is a minimum TTH value in hardware due
to the non-idealities of the LOFIC 4T-APS and the PE.

A. Active pixel sensor

Fig. 3 and Fig. 4 show the LOFIC 4T-APS and its corre-
sponding timing diagram, respectively. The LOFIC structure
was first introduced in [11] and is used in some other image
sensors [13], [14].

The cycle of operations of our pixel starts with the reset
of the FD node and the CS capacitor by pulling the signal R
high while S is also high. During integration, S stays high
to keep the way open for any overflown electrons. Signal S
is generated by the combination of logic inside the PE and
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Fig. 5: PE schematics with its different components.
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Fig. 6: Simulation showing the dynamic range extension.
When signal generated by non-saturated electrons falls to
VTH SAT the pixel adds the electrons stored on CS capacitor.

an external signal. S stays high until the end of integration,
when it is pulled low to isolate FD from CS. At the end of
integration TX , is pulsed high, and the photodiode transfers
its electrons to the FD, generating a non-saturated signal.

The dynamic range extension is simulated in Fig. 6. This
simulation has been done for a long integration time, i.e.,
the time along which the incoming photons are turned into
voltage at node FD of our LOFIC 4T-APS (see Fig. 3). The
voltage at node FD decreases with the incoming light and/or
the integration time, approximately following a straight line
with a negative slope. The simulation in Fig. 6 shows the
output voltage of the source follower (SF), the output of the
transistor driven by FD, against the power of the incoming light
(x-axis) during a long enough time as to reach saturation with
a very low input power, i.e. the full well capacity of the 4T-
APS has been exceeded, marked in Fig. 6 as VTH SAT , and as
a consequence, the pixel enters the second region of operation,
producing a straight line response with a much smaller slope
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Fig. 7: Processing unit timing diagram.

than that of the first region of operation. This, in turn, extends
the region of operation of our pixel. Also, as seen, when the
threshold is surpassed, signal S goes high to connect FD with
CS, extending the dynamic range at the cost of lowering the
sensitivity due to the larger capacitance of the FD+CS node.

The edge detection algorithm is run after checking the
saturation of the 3 LOFIC 4T-APS pixels next to a PE within a
cell (see Fig. 1), which in our circuitry is done by calculating
the voltage difference between neighboring pixels and its
corresponding comparison with user-defined thresholds. As
shown in Fig. 4 this occurs when signal EN goes high after
signal TX goes low, enabling the SF driven by the FD node.
When the neighbor difference is completed, R is pulled high,
and the cycle starts anew.

B. Processing Element (PE)

The schematics of the PE with its components is shown on
Fig. 5.

1) Switched Capacitor Circuit: The switched capacitor
circuit (SCC) calculates the difference between neighbors.
Its timing diagram is in Fig. 7. It operates in two phases,
PHI1 and PHI2. During PHI1, the value of (i,j) pixels is
stored on C1, and Vq is set. During PHI2, the voltages of
the neighboring pixels (i+1,j) and (i,j+1) arrive at C1. Signals
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Fig. 8: Simulation of the neighbor difference. In this case,
V3 = 0.5V and is represented by a purple line. The com-
parator checks the difference between the VTH H and VTH L

thresholds. If the difference is higher than VTH H or lower
than VTH L, it is interpreted as an edge.
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Fig. 9: Comparator schematic.

ΦPIX1, ΦPIX2, and ΦPIX3 control the switches that
connect C1 to the SF’s of the pixels. ΦPIX1 connects to
the SF of (i,j) pixel, ΦPIX2 to the (i, j+1) and ΦPIX3 pixel
and (i+1,j pixel). Using the conservation of charge law for the
Vq node and by ignoring the parasitics, it can be shown that
during PHI2, the output of the SCC for the vertical neighbor
is:

∆Vver =
C1

C2
(Vi,j −Vi+1,j) + V3 (2)

where V3 is an offset defined by the user to adapt voltage
ranges of different circuits along the data path.

Similarly, the output along the horizontal axis is:

∆Vhor =
C1

C2
(Vi,j −Vi,j+1) + V3 (3)

Electrical simulations of the neighbor difference are shown
in Fig. 8. The simulations show the difference in intensity
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Fig. 10: Digital memory.

between two pixels, with one of them receiving a constant
light power of 0.5 pW, while the other one changes linearly.
The voltage along the y-axis is the voltage difference measured
at the output node of SCC, i.e. Vs, (see Fig. 5), which, as seen,
shows very linear behavior.

2) Comparator and its Input Logic: Comparator input logic
is tasked with placing voltages from different sources on the
correct inputs of the comparator at the right time. While
checking for saturation, the threshold VTH is on IN2 of the
comparator, and on IN1 are the analog pixel values Vi,j , Vi+1,j ,
and Vi,j+1. During the neighbor difference, the input IN2 takes
the voltage values of the threshold for edge detection, while
IN1 is connected to the output of SCC node VS .

Our comparator is a 5T-OTA followed by an inverter with
PMOS as input transistors, as shown in Fig. 9. It checks the
saturation and determines if the difference between neighbors
is big enough to be interpreted as an edge.

3) Digital Memory: Digital memory stores the results of
saturation checks, and difference checks: Digital memory
shown in Fig. 10 stores the results.

Regarding the saturation checks, if the
Vi,j , Vi+1,j , andVi,j+1 fall below VTHSAT , the QSAT1,
QSAT2, and QSAT3 store 1. Otherwise, they store 0.

The QHH , QHL, QV H and QV L are determined during the
difference phase of the operation. If ∆VV ER > VTHH

QHH

stores 1, and if ∆VHOR > VTHH
, QHL stores 1. Otherwise,

QHH and QV H store zero. If ∆VV ER < VTH L QHH QHL

stores 1, and if ∆VV ER < VTH L QV L stores 1. Otherwise,
QV L and QHL store zero. This logic is shown in Table I.

As already mentioned, the dynamic range extension intro-
duces non-linearity due to the different sensitivities of the FD
and FD+CS nodes. If the signals of neighboring pixels are
of different sensitivities, the difference between them will not
represent a meaningful result. Due to this, we use another logic
with the saturation flags presented in Table II. If all three pixels
do not have all equal saturation flags, QSAT1, QSAT2, and



TABLE I: Edge detection logic.

Flags Edges

QHH QHL QVH DVL
HOR

EDGE
VER

EDGE EDGE

0 0 0 0 0 0 0
1 0 0 0 1 0 1
1 0 1 0 1 1 1
0 0 0 1 0 1 1
0 1 0 0 1 0 1

TABLE II: Edge detection logic when saturation flags are not
equal. In case of ”?” logic from Table I is used

Saturation flags Edges

QSAT1 QSAT2 QSAT3
HOR

EDGE
VER

EDGE EDGE

0 0 0 ? ? ?
1 1 1 ? ? ?
0 1 0 1 ? 1
1 0 0 1 0 1
0 0 1 ? 1 1
1 0 1 1 ? 1
1 1 0 ? 1 1
0 1 1 1 1 1

QSAT3, the edge is automatically declared regardless of the
difference result. Thus, in total, seven bits of information are
required for edge detection.

C. Mismatch analysis

Numerical simulations do not provide edges if neighboring
pixels feature the same intensity. In contrast, circuit realiza-
tions do it due to mismatch, i.e., two supposedly identical
neighboring circuits do not yield the same outputs, bringing
about additional edges not present in the scene. This obliges
us to set a minimum voltage difference of VTH H − VTH L.

We have simulated mismatch among two neighboring cir-
cuits in Fig. 11, obtained from 1,000 Monte Carlo (MC) sim-
ulations. This figure plots the percentage of false edges from
said 1,000 MC due to mismatch vs ∆VTH = VTH H −VTH L

(thresholds can be seen in Fig. 8), for a given input light power.
In our case, 80 mV would lead to zero artificial edges coming
from physical imperfections. This means a minimum intensity
difference level of 0.008 pW for the nonsaturated signal and
0.232 pW for the saturated signal. Also, 80 mV with a voltage
range of 700 mV is around 30 levels of gray scale, which is
acceptable in typical applications of machine vision.

III. CONCLUSION

This paper has introduced a high dynamic range pixel for
early vision processing on the focal plane, i.e., next to the
sensor, showing it to be accurate enough for edge detection.
This the first step towards a smart image sensor, where good
figures of merit in terms of area and power consumption are
expected thanks to the focal plane processing principle.
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