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This paper presents a new multimode optical sensor architecture for the optical interface of Visual
CNN chips. The sensor offers to the user the possibility of choosing the photo-sensitive device as well
as the mechanism for transducing the photogenerated charges into the correspondent pixel voltage.
Both linear or logarithmic compression acquisition modes are available. This makes the sensor very
suitable to be used in very different illumination conditions.

1 Introduction

CNNUMs ! have demonstrated, theoretically in most of cases, their suitability for solving
real-time image processing problems. The main advantage provided by its computing par-
adigm consists of completely executing the vision processing algorithm in a parallel way,
which avoids the bottlenecks existing in conventional non-fully parallel solutions due to
the need of serial data transferences between processors and memories. Nevertheless, if
the images to be processed by the system must be electrically loaded to the CNN chips, as
usually happens, a different bottleneck in data transmission may still exists. This problem
relies on the fact that, for moderately large images -approx. 15x135- it is not possible to
have a cell-per-1/O pin b and hence, data communications must be carried out in a serial
manner. This is not only important because of the time required to transfer images to the
CNN chip but also for the lack of a direct interaction between the CNN processor and the
imager which avoids for the CNN chip to control, in some way, the characteristic of the
visual acquisition process -integration time, characteristic of the sensing scheme, etc.

Those problems have been solved in some CNN chips -e. g. 2. by adding a photosen-
sor to each cell in the array. This makes the chip capable of capturing -in parallel- the
visual information to be processed and even to control the characteristics of the sensing
process. This solution also has the advantage of producing more compact vision systems
since the camera, and the possible adapters between camera and chip, can be removed.

This paper presents a new multimode pixel architecture which can be easily incorpo-
rated to a standard CNN cell. The presented pixel has the capability of -by reconfigura-
tion- acquire visual information in very different illumination conditions since it provides
both, linear integration and logarithmic compression sensing schemes.

a. This work has been partially funded by ONR-NICOP N0014-00-C-0295 (POAC), DICTAM IST-1999-19007,
and CICYT TIC 1999-0826.
b. It does not seem to be possible to have more than 225 1O pins for data transmission.
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2 Physical Foundations for Light Sensing in CMOS

Photodevices are the elements which allow for the combination of sensory and processing
planes in a single chip. Several possibilities for the architecture of the photosensor exist,
however, all of them rely on the same physical phenomenon, the photoelectric effect.
Covalent bonds helding the electrons at their atomic sites in the lattice can be broken by an
incident radiation if the energy of the incident photon is greater than the silicon band gap.
Since this energy level is about 1.124eV , those photons with wavelengths below 1.1um
could be, theoretically, powerful enough to excite carriers from the valence band into the
conduction one, thus praducing the photogeneration.

Unfortunately, not all the photogenerated carriers are detected. Recombination phe-
nomena make the number of created pairs to decrease very fast. Typical carrier life times
in standard CMOS technologies are in the order of 0.1 s to 10us and, therefore, efficient
mechanisms to collect them before they recombine must be provided. The simplest
method to do this consists of using reverse biased diodes. If photogeneration occurs within
the depleted quasi-neutral region of the p-n junction, the built-in junction potential will
quickly separate electrons and holes. These carriers form a current whose value can be

quantified by the following expression 3,

n-q-p°
T = 5 )

where, 1 is the quantum efficiency, g is the electron charge, P, is the density of power of
the incident light, and & - v is the energy of one photon with frequency v .

The quantum efficiency figure, 1, expresses the quotient between the number of gen-
erated pairs and the number of incident photons with a certain frequency v .
n(v) = no. of detected charges
no of incident photons

@

which is always lower than unity in the visible and infrared portion of the spectrum.

The number of charges photogenerated by an incident light with a power P, and a
wavelength A detected during a given time interval AT',,, by using a photosensor of area
A and a quantum efficiency 1(A) is given by 3,

A.Py-AT;,
An = ————-
h-c-A

where H is a physical constant defined as H = (k- c)'1 and E(A) =A -n(A) is a func-
tion of the wavelength of the incident light.
The total amount of electrical charge detected is simply obtained as,

Qpn = q-An =[4-EQ)-AT,,1-Py-q-H 4

TW}) = A- Py H-ER)-AT,, 3

while the equivalent current produced within this interval is,
Lop = QX (8T = [4-E(M)1-Py-q-H )

Most usually, the photogenerated current is converted into an equivalent voltage value
by using one of the following methods; the integration of the photogenerated current onto
a previously initialized capacitor, or the transformation of the current into a voltage by
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Figure 1. Representation of the Multimode Pixel. a) Schematic.

driving some kind of resistive load. In any case, attempts to linearly cover the huge range
of illuminations existing in real life scenes® -6 to 8 decades- will always fail due to the
fundamental limits imposed by noise floor and power supply level.

An interesting possibility to expand the sensor dynamic range -by renouncing to lin-
earity- consists of using a non-linear I-V conversion block with a compressive characteris-
tic. A suitable non-linear characteristic for visual signal compression is the togarithmic
function. Its suitability comes from the evidence 5 that photoreceptors in the human retina
exhibit a logarithmic-type response to light stimulus which provides a high dynamic range
of operation.

We will see in the next sections how 10 exploit the photo-sensitive devices existing in

standard CMOS-technologies to obtain a multimode photosensor.

3 The Multimode Optical Sensor

3.1 Sensor Schematic

Fig. 1 shows the architecture of proposed sensor which can be divided into three blocks.
The first one, a tri-state readout buffer; is used to control the communications among the
sensor and others blocks in the CNNUM cell -basically the LAM module. Sensor readouts
are controlled by the global programming signal ROPT -which corresponds te one bit in
the Switch Configuration Register SCR.

The second part of the sensor is composed by the circuitry devoted to the transduction
of the photo-generated charges into a voltage. The user has the possibility of selecting the
phototransduction mechanism by means of SCR signals LOG1, LOG2, PCRE as will be
explained later.

The third block includes the optical sensor itself and two configuration switches

M, , used to select one out of the three available photosensors. The selection of the sen-
sor is carried out by other SCR programming signals DW and WS,

¢. In humans, ~200dB separate the glare limit from the scotopic threshold.



657

3.2 Integration Modes

In integration modes, the sensor provides an output voltage which linearly depends on the
intensity of the incident light. Independently of the actual photosensor selected, the sens-
ing procedure is always the same. First of all, M,;, are turned off by making
LOG1=LOG2=1. Afterwards, switch M,y precharges the internal node a to an user
definable voltage VPCH. Finally, switch M_; is turned off and the photogenerated current
{4 charges or discharges the pixel capacitor C, .

Fig. 2 shows the three different configurations for linear integration. Fig. 2 (a) shows
the equivalent schematic for the first integration mode. It uses the N-Well/P-Subs photo-
diede (D) as light sensitive device. The P-Diff/N-Well diode is annulled by making sig-
nal WS=0, while the bipolar transistor is also off by the same signal since it forces
Vg = 0. Then, it is easy to obtain that,

V,= VPCH- é”” T,.= VPCH- ?",' X[Ays Egs(M)]-Py-q-H (6)
pix pix

where Ay is the sensing area of the N-Well/P-Subs photodiode, P, is the power of the
incident light per area unit, and E(A) = A - Mgg(A).

Fig. 2 (b) shows the sensor schematic when the P-Ditf/N-Well photodiode is used.By
setting WS=1, DW=0 and VFNWELL to the supply level, we ensure that the N-Well/P-
Diff diode remains reverse biased, and that the vertical bipolar transistor is OFF. Only the
carriers collected by the P-Diff/N-Well junction will contribute to the photocurrent yield-
ing,

v =VPCH+ﬁT. =VPCH+T"""x[A -Epw(A)-Py-g-H (D
a C int C . DW = SDW o

Dix Rix

Finally, Fig. 2 (c) shows the schematic of the sensor when WS=DW=1. In this case,
the base of the vertical BIT remains in open circuit. Photogenerated minority carriers in
the base-emitter junction produce an emitter-base current which is amplified by the tran-
sistor effect. In this case, the output is simply given by

Tim
Vo= VPCH -Bx ™ X[Apy - Epw(M)]-Po-q- H ®)

pix
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Figure 2. Available Configurations for Integration Modes.
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Figure 3. Available Configurations for Standard Log.Compression Modes.

Linear sensing schemes are limited to images where the existing dynamic range is rel-
atively narrow. The next section shows how the proposed multimode sensor can be config-
ured to perform different log-compression sensing schemes.

3.3 Logarithmic Compression with Transistor-based Loads

Logarithmic-type sensing has the advantage of producing images in which the difference
between pixels only depends on the difference in optic contrast and not on global illumina-
tion conditions. Then, sensors exhibit a higher dynamic range DR. However, the price to
be paid for that DR increase ts a reduction of the contrast in the image -mostly due to the
log fanction.

Most log-type reported image sensors exploit the logarithmic relationship existing
between the current and the gate to source voltage when MOS transistors operate in the
subthreshold regime. This property is used in our sensor as follows,

Fig. 3 shows the configurations available for this type of log-sensing in the proposed
circuit. It can be seen that the reset transistor M ; has been removed from the schematic -
since log-mode acquisitions work in continuous time -the output voltage corresponds to
the equilibrium point of driving the non-linear resistive load with the photogenerated cur-
rent. On the other hand, the selection of the active load must be properly done according to
the sensor choice. Assuming that the drain to source current for a saturated PMOS transis-
tor -bulk terminal connected to ¥, -within its subthreshold region is approximately
given by‘l 7

"pVS'_ VG—VTO-(np—l)Vd-dJ
npUT

]DS=1D0'E (9)

it can be found that the steady state output voltages are given by,

d. The definitior of the parameters in this expression can be found in 7,
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for circuits in Fig. 3 (a), (b), and (c), respectively.

In addition to the loss of contrast produced by the logarithmic function, it is also
observed that the expressions for the output voltage contain several technological parame-
ters related to the load transistor. Unfortunately, mismatching phenomena make those
parameters to vary from pixel to pixel and, consequently, the Fixed Pattern Noise -FPN-
figures in these kind of sensors are worst than that of their linear counterparts.

A possible alternative to solve this problem consists of using correlated-double sam-
pling techniques 8 at the pixel level by exploiting the reconfiguration and algorithmic
capabilities of the CNNUM cell. However, it may require adding new modules to the cell
and the execution of a certain number of operations. In the next section we will present a
log sensor which does not use any transistor load and that, consequently, exhibits better
FPN figures.

3.4 Logarithmic Compression in the Photovoltaic Mode

The idea of using the photodicdes in the photovoltaic mode is relatively recent. It was first
introduced and tested by Ni er al. in 1994 [9]. Experimental results demonstrate that this
kind of sensors sensor exhibit a very high dynamic range and good uniformity FPN per-
formances. The basic concept introduced by this sensing scheme consists of using a pho-
todiode in an open circuit configuration, and to let it reach its steady state. In our case it
works as follows.

Suppose the circuit in Fig. 1 (b). If no resistive load is connected to nede a, and the
circuit is allowed to achieve its steady state condition, the charge conservation principle
imposes that the current flowing from VNWELL to node a -that is I5+7,, - must be
equal to that flowing through the diode. Assuming that the diode is governed by the typical
exponential equation, it yields,

v = VNWELL+ nUTLn[IP’}; IS] amn
which expresses a log-type relationship between the pixel output and the light intensity.
The main advantage of this log-compression scheme is that the obtained expression is sim-
pler -it involves only a few terms- than those on (10), and consequently, its operation is
intrinsically more robust against cell-to-cell discrepancies.

¢. I is the saturation current of the diode.
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Figure 4. Layout Views. a} Sensor Layout. b} Cell Layout in ACE16K

3.5 Sensor Layout

The multimode sensor described in this paper has been included into the cell used by the
ACEI16K [10] prototype.

Fig. 4 (a) shows the layout of the sensor in the ACE16K chip. The N-Well in which
the sensor is laid-out is 9.8m x 9.8ptm . A silicided protection mask has been also drawn
all around the sensing area in order to avoid for the sensor to loss sensitivity. In addition,
all the reconfiguration switches are PMOS type and laid-out in a different N-Well for iso-
lation purposes. Finally, as can be seen in Fig. 4 (b), all the metal layers contain a hole on
top of the sensor to avoid it to be covered.

4 Conclusions

We have presented a new multimode optical sensor architecture for the optical interface of
Visual CNN chips. The sensor offers the possibility of selecting the actual light-sensitive
device as well as the mechanism for transducing the photogenerated charges, Both linear
and log compression acquisition modes are available, making the sensor very suitable to fit
into very different illumination conditions.
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