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Abstract. The CMOS Imager presented integrates a 2D photoreceptor array with a nine input analog processor on

the same focal plane. The analog processor is fully programmable, performing multiply-accumulate operations. A

VLSI implementation of spatial convolution operations performed on images is presented. A modi®ed

photoreceptor is presented that is based on current mode for signal transmission, thus decreasing the effect of noise

on the transmitted signal and increasing the sensitivity per decade. A novel decoding scheme was used to decode

the required set of photoreceptors to be presented to the analog processor. Thus only one processor unit is needed

whose inputs depend on the time state. A prototype system was fabricated that incorporates 156 15 pixels in a

26 2 mm2 using a 2 mm double metal, single poly process.
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1. Introduction

On chip analog image pre-processing has emerged as

one of the best solutions to deal with the large amount

of data associated with real-time image processing.

By placing analog circuitry on the focal plane, many

operations can be implemented at a lower cost of

power consumption and area than their digital

counterparts. Image pre-processing aims to change

the pixel values of a digitized image to produce a form

that is suitable for the subsequent sophisticated global

vision algorithms. Thus complex operations like

pattern recognition, feature extraction and velocity

computations follow the primitive ones like edge

detection and edge enhancement [1,2].

One of the standard approaches is using resistive

networks connecting the pixels together thus per-

forming spatial and temporal averaging to the incident

image. However the major drawback is loss of area on

the chip associated with the large number of resistors

and their interconnections [3].

Another approach depends on data from neigh-

boring pixels to modify the pixel value under

consideration. These kinds of operations are called

neighborhood operations. The operation is spatially

dependent since it depends on the pixel values at

positions other than the pixel under consideration.

Any neighborhood size is theoretically allowable

up to the maximum spatial resolution but the

computational expense increases dramatically. Thus

normally the nearest four or eight neighbors are

used [4].

Neighborhood operations can be implemented by

applying a linear ®lter on the image. Different

weighing factors in the vision mask matrix determine

the degree of contribution of each pixel in the mask

[5]. For example spatial averaging (smoothing) and

sharpening can be performed using the masks

presented by equation (1), equation (2) respectively.

F�x; y� � 1

9

1 1 1

1 1 1

1 1 1

264
375 �1�

F�x; y� � 1

9

ÿ1 ÿ1 ÿ1

ÿ1 8 ÿ1

ÿ1 ÿ1 ÿ1

264
375 �2�



2. Proposed Architecture

The architecture is formed of a 2D, 156 15

photoreceptor array. A modi®ed photoreceptor is

used in order to increase the sensitivity of operation.

Depending on the timing state, nine neighboring

pixels are selected and introduced to the analog

processor unit. The analog processor is programmable

so that it could perform any ®ltering operation

depending on the coef®cients of the mask used.

Two ring counters, a horizontal and a vertical one,

were used to produce the timing states. The timing

signals are designed to switch on or off the pass

transistors in order to connect or disconnect the pixels

from the data bus. A block diagram of the chip is

shown in Fig. 1(a). The die photo of the fabricated

prototype chip is presented in Fig. 1(b).

This operation is a neighborhood operation with a

mask size of 36 3. Fig. 2 illustrates the effect of

different mask sizes on an actual image using 36 3

and 56 5 masks.

3. Mode of Operation

Initially the analog processor (multiplier) is pro-

grammed by generating control signals corresponding

to the required ®lter coef®cients. The ®lter is a 36 3

matrix. It is superimposed upon the input image,

starting at the origin, and each pixel is multiplied by

the corresponding window value [5,6].

The window then scans the whole chip introducing

nine pixels at a time to the analog processor.

4. Basic Building Blocks

The design can be divided into three building blocks,

photoreceptors, decoding matrix and analog pro-

cessor.

4.1. Photoreceptors

Vision chips depend mainly on photoreceptors. The

characteristics of the photoreceptors, such as band-

width, noise, linearity, and dynamic range directly

affect the performance of the system. Therefore, it is

very important to have a reliable photoreceptor

[2,7,11].

The silicon photoreceptor circuit consists of a

photodetector, which transduces light falling onto the

retina into an electrical photo-current followed by a

logarithmic element, which converts the photo-

current into an electrical potential proportional to

the logarithm of the local light intensity. The

logarithmic nature of the response has two important

system level consequences [8,9].

1. An intensity range of many orders of magnitude is

compressed into a manageable excursion in signal

level.

2. The voltage difference between two points is

proportional to the contrast ratio between the two

corresponding points in the image.

On the other hand the disadvantages can be

summarized as follows:

1. At low light levels, the circuit illustrates very slow

response, which necessitates longer settling times.

2. The extreme compression of the input signal,

leading to the reduction of the sensitivity.

The simplest circuit to convert the photo-current to

voltage, through a logarithmic conversion is shown in

Fig. 3. As the input photo-current is usually very small

and falls within the subthreshold region of an MOS

transistor, the current-voltage relationship is expo-

nential. The current from the photodetector ¯ows

through two diode connected MOS transistors M1 and

M2 forcing them to operate in the subthreshold region.Fig. 1(a). Block diagram of proposed chip.
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Fig. 1(b). Die photo.
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It produces a voltage Vph proportional to the logarithm

of the current, and therefore to the logarithm of the

incoming intensity [8,9].

The photoreceptor circuit generates a compressed

voltage signal that must be buffered from the bus. A

previous solution to this problem was to introduce a

transconductor which isolates the photoreceptor and

at the same time generates enough current to drive the

large capacitive load of the bus.

By introducing a third PMOS transistor M3, this

buffering is achieved with a minimum increase in area

as shown in Fig. 3. Although this conversion does

introduce some nonlineraties in the logarithmic

response as shown in Fig. 4, the nonlineraties are at

the extreme of the required operation region (dark

moonlight). The second advantage is the ease of

multiplexing currents using pass transistors which

greatly simpli®es the design. The third advantage is

that the generated current varies directly with the light

intensity unlike the voltage level which varies

inversely with the light intensity.

Each 206 20 mm2 of photoreceptor area would

generate about 100 pA. Typical moonlight is about

three decades less, while sunlight is three decades

higher [2]. The cell size without routing is

80 mm6 60 mm which is very compact thus giving a

high density. After adding the pass transistors and the

associated horizontal and vertical lines the cell size

becomes 100 mm6 70 mm. For comparison the photo-

receptor reported here is 1.87 times smaller than that

presented by Mead [8].

4.1.1. DC Analysis. The drain current of a P-

channel MOS transistor biased in the subthreshold

region for Vsg5jVTPj can be expressed as in [10],

ISD � IOe
Vg
Vt

�
e
ÿVs
Vt ÿ e

ÿVd
Vt

�
�3�

Fig. 2(a). Actual Lena image.

Fig. 2(b). 36 3 Edge enhancement mask applied to Lena image.

Fig. 2(c). 56 5 Edge enhancement mask applied to Lena image.
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where

Vg is the gate voltage,

Vd is the drain voltage,

Vs is the source voltage, and

Vt is the thermal voltage; Vt � KT
q :

In Fig. 3 since M1 and M2 are operating in the

subthreshold region then

Vph � VDD � 2Vt ln

�
1� Iph

IO

�
�4�

The voltage range of the photoreceptor forces M3 to

operate in the saturation region.

ISD3 �
K3

2
�Vph ÿ VDD ÿ VTP�2 �5�

Substituting equation (4) in equation (5), then

ISD3 �
K3

2

�
2Vt ln

�
1� Iph

IO

�
ÿ VTP

�2

�6�

where

Vph is the photoreceptor output voltage,

Iph is the photoreceptor current,

Io is the reverse leakage current, and

VTP is the threshold voltage

Fig. 3. Modi®ed photoreceptor circuit.

Fig. 4. Pspice simulation of the output current response of the photoreceptor.
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4.1.2. AC Analysis. Consider the small signal model

of the modi®ed photoreceptor shown in Fig. 3. A valid

assumption is to assume that the drain of M3 is

connected to AC ground since the variation in the

value of its drain voltage is very small [10]. Under this

assumption M3 would only represent a capacitive

load. By simplifying the network shown in Fig. 5, the

output voltage can be expressed as follows

VO �
Iph

S�CO � C1

2
� � � 1

Rd
� 1

2R� gm

2
� �7�

where

Iph is the photo-generated current,

Co is the load capacitance taken in parallel with the

diode capacitance,

Rd is the resistance of the diode,

C1 is the effective parallel capacitance of Cgs and

Cds,

R is the resistance seen across the drain to source of

the PMOS transistor, and

gm is the transconductance of the PMOS transistor.

4.2. Decoding Philosophy

The chip presented is composed of a 2D array of

photoreceptors forming a 156 15 matrix. The

principle of operation is superimposing a 36 3

convolution mask on the 2D array starting at the

origin. At each time instant the output of each

photoreceptor is not directly received as the ®nal

output, but rather it is the sum of multiplying the

outputs of the neighboring photoreceptors by pre-

determined weighting factors speci®ed by the mask.

Incrementing the time instant causes the matrix to

shift one pixel in the X direction until the whole

length is covered. The matrix then returns back to the

Zero position of the X axis but with an increment of

one pixel in the Y direction until the whole array is

covered. The role of the decoding scheme is to

successfully scan the entire matrix applying the

convolution mask to every nine pixels.

By studying the above operation it can be easily

seen that during each clock the convolution mask is

overlapped with only 3 rows and 3 columns. To access

all photoreceptors in the selected mask 9 wires are

required. Arranging these wires such that each column

of photoreceptors is associated with a bus of 3 wires as

shown in Fig. 6, all photoreceptors are accessible. The

photoreceptors will not be directly connected to the

bus but rather through a pass transistor which is

controlled by a vertical ring counter. Therefore at a

certain time instant all photo receptors in a given row

with a width of 3 photoreceptors in the Y direction and

with the whole length of the chip in the X direction are

activated. To limit the length of the selected row to 3

in the X direction all the wires which are received

from the array are passed in another decoding matrix

formed by pass transistors, controlled by the

horizontal ring counter. Therefore at a certain instant

only 9 wires out of the array are activated.

Although at ®rst sight, this would seem as an

irregular approach which would just transfer the

problem of routing to the control signals controlling

the pass transistors, by careful layout this technique

has lead to a very regular and compact structure

suitable for VLSI.

4.3. Analog Processor

The analog processor depends on receiving nine

pixels that form the matrix from which the value of a

single output pixel is computed. These operations can

be represented as a weighted sum. The output of each

pixel is formed by multiplying the value of the pixel

and its neighboring eight pixels by weighing factors

and summing the result [6]

Iout �
X9

i�1

Iphiwi �8�

where

Iout is the output of the chip,

Iphi is the photoreceptor output, and

wi is the associated weight.

The main problem is that to achieve a highFig. 5. Small signal model of the modi®ed photoreceptor circuit.
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sensitivity in the photoreceptor current the range of

output current per pixel spans from 2 mA to 20 mA.

When the photoreceptor output is multiplied by a

factor, it results in a wide range of currents ¯owing

into the multiplier. Different multipliers were tested

for best performance.

Fig. 6. Chip diagram with all timing signals used for decoding.
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4.3.1. Digitally Controlled Current Multiplier. This

multiplier generates currents that span from 1 to 7

times in discrete steps of the input current, both

polarities are received at the output -selected by Vpÿ as

shown in Fig. 7. The three switches S1; S2 and S3

control the ¯ow of replicas of the input current

multiplied by a factor of 1, 2 and 4 generated by

transistors M2;M3, and M4 respectively. Their aspect

ratios are designed to ensure that the voltage drops on

the switches make the voltages comparable therefore

minimizing channel length modulation effects which

are relatively high in 2 mm technology.

The single cell size is 210 mm6 100 mm. Although

this circuit is very easy to design and has a very good

performance, the main drawback is the large number

of controls per multiplier cell which would consume a

large number of pins. On the other hand if the controls

are loaded into an internal shift register the cell size

will be uneconomic from the area point of view. A

simulation of the whole range of the multiplier

scanning the weighting factor from 0 to 7 is shown

in Fig. 8.

4.3.2. Current Conveyor Multiplier. The analog

processor circuit introduced depends on using four

matched transistors M1;M2;M3 and M4 operating in

the triode region followed by a class one Current

Conveyor (CC1) [12] as shown in Fig. 9,

IDS � K�VgsÿVTn�Vds � a1�V2
d ÿ V2

s �
� a2�V3

d ÿ V3
s � � . . .

�9�

Since all transistors have equal source voltages by the

action of the CC1, therefore

IO � IDS2 � IDS4 ÿ IDS1 ÿ IDS3 �10�
IO � K�Vg2 ÿ Vg1�Vin �11�

The analog processor circuit would be formed of

one current conveyor and nine sets of the transistors.

Adjusting Vg1 to a constant value and controlling Vg2,

both positive and negative weights can be achieved

with negligible error as shown in Fig. 10. The analog

processor discussed depends on voltage mode. Thus

the current produced by the photoreceptor must be

converted into voltage as shown in Fig. 11. M6 is

adjusted to operate in the saturation region, through

the control voltage VC.

Then

IDS4

IDS8

� k4

k8

�12�

IDS4 � IDS3 �
K3

2
�Vph ÿ VDDÿ VTP�2 �13�

IDS6 � IDS8 �
K6

2
�VC ÿ Vin ÿ VTP�2 �14�

Substituting equation (13) and equation (14) in

equation (12). Then Vin is related to Vph by

Vin � VC � �gÿ 1�VTP ÿ gVph � gVDD1

�15�
where g �

����������
k36k8

k66k4

q

Fig. 7. Digitally controlled multiplier circuit.
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k is the aspect ratio of the transistor,

K� k6 process transconducance parameter,

VTP is the threshold voltage, and

VC control voltage.

Thus VC has a level shifting effect. It can be used to

control the range of Vin to insure that transistors

M1;M2;M3 and M4 shown in Fig. 9 are operating in

the triode region. Fig. 12 illustrates Vin against Iph for

different values of VC. The cell size is

120 mm6 115 mm including all routing required for

the control signal.

4.3.2. Squarer Principle. This circuit depends on

the following algebraic relation using two currents

Ia; Ib

�Ia � Ib�2 ÿ �Ia ÿ Ib�2 � 4IaIb �16�

The two currents Ia � Ib, Ia ÿ Ib are generated as

shown in Fig. 13. Each one of them is introduced to a

squaring circuit.

The performance of this circuit depends on the

difference of two squares causing the error to be

relatively high due to its dependency on process

parameters.

However the area is compact compared to the

previous multipliers. Another advantage is that the

cell can be used as a multiplier or divider circuit

[13,14].

Analyzing the circuit in Fig. 14.

Fig. 8. Pspice simulation for the output current of the digitally controlled multiplier.

Fig. 9. Current conveyor multiplier circuit.
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I1 �
K

2
�Vi ÿ VTN�2 �17�

I2 �
K

2
�Vb ÿ Vi ÿ VTN�2 �18�

Applying KCL at the output node and at the node Vin

IO � I1 � I2 �19�
Ii � I1 ÿ I2 �20�

Substituting in equation (20) by equation (17) and

equation (18), therefore

Ii �
K

2
�2Vi ÿ Vb��Vb ÿ 2VTN� �21�

Thus

Vi �
Ii

K�Vb ÿ 2VTN�
� Vb

2
�22�

De®ning a as

a � 1

K�Vb ÿ 2VTN�
�23�

Substituting in equation (19), thus

IO � K

��
Vb

2
ÿ VTN

�2

� �aIi�2
�

�24�

Fig. 10. Pspice simulation for the output current of conveyor multiplier.

Fig. 11. Iout to Vin converter circuit.
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Using two circuits similar to the one shown in Fig. 14

and a current mirror to perform the subtraction of the

two resulting output currents, results in squarer

multiplier circuit shown in Fig. 15.

To improve the performance of the circuit a

cascode current mirror is used. The ®nal output

current is given by

Fig. 12. Pspice simulation of Vin against Iph.

Fig. 14. Squaring circuit.Fig. 13. Current generating circuit.
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Iout �
4IaIb

K�Vb ÿ 2VTN�2
�25�

The cell size is 235 mm6 120 mm. A simulation of the

whole range of the multiplier scanning the weighting

factor is shown in Fig. 16.

5. Fabrication and Experimental Results

A prototype system was fabricated that incorporates

156 15 pixels in 26 2 mm2 using a 2 mm double

metal, single poly process. Experiments have been

conducted to test the performance of the various

building blocks of the chip and are presented in the

following sections.

5.1. Photoreceptor Unit

A photoreceptor unit was tested independently of the

2D array. The method used to measure the response of

the photoreceptor for different light intensities

depends on using point sources, where the light

intensity is proportional to the power which is

inversely proportional to the square of the distance.

Thus the photoreceptor output current readings where

taken for different positions of the source. The current

was 0.6 mA for moon light illumination, 4.2 mA for

room light illumination and 26 mA for bright sun light

Fig. 15. Squarer multiplier circuit.

Fig. 16. Pspice simulation for the output current of squarer multiplier circuit.
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illumination. Standard tests on photoreceptor circuits,

plot the photoreceptor response versus power on a

logarithmic scale. Since the power is inversely

proportional to the square of the distance then

P1

P2

� I1

I2

�26�

P1

P2

�
�

r2

r1

�2

�27�

log

�
P1

P2

�
� 2 log

�
r2

r1

�
�28�

Taking r2� 250 cm and substituting in equation (28)

then

log�I�a log�p�a2 log

�
250

r

�
�29�

The distance was varied from 2.5 cm to 250 cm.

Experimental results are shown in Fig. 17.

5.2. Digitally Controlled Multiplier

The input current was varied from 0 mA to 16 mA in

steps of 2 mA while changing the multiplication factor

as follows 0, 2, 4 ,6. Experimental results are shown in

Fig. 18.

5.3. Squarer Multiplier

The current Ib was varied from 0 mA to 16 mA in steps

of 2 mA while varying Ia from 0 mA to 6 mA in steps of

2 mA. Experimental results are shown in Fig. 19.

6. Conclusion

The general principles underling smart vision systems

have been reviewed illustrating the basic building

blocks which have been fabricated using 2 mm,

26 2 mm2 process. A novel design for a vision chip

has been presented. The design achieves the pro-

grammability of digital processors and the power

saving, speed of operation and ef®cient area utiliza-

tion of analog processors. The CMOS programmable

Imager presented depends on current mode for signal

transmission thus decreasing the effect of noise on the

transmitted signal and increasing the sensitivity per

decade. Several implementations for analog multi-

pliers were discussed depending on both voltage and

Fig. 18. Experimental results for the digitally controlled

multiplier.

Fig. 19. Experimental results for the Square Multiplier.

Fig. 17. Experimental results for the modi®ed photoreceptor

circuit.
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current multiplication. A novel decoding scheme was

used to decode the required matrix to be presented to

the analog multiplier. The chip is capable of

producing more than 45 frames/s while keeping the

maximum internal frequency at only 10 KHz. A

6.96 4.9 mm2 chip would accommodate about

506 50 pixels which would produce 30 frames/sec

at a maximum internal frequency of 100 KHz.
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