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C H A P T E R I 

INTRODUCTION 

Vision is our most complicated and powerful sense. It provides us with more 

t h a n 90% of the tota l amount of information tha t we receive from all our senses. It 

enables us to interact intelligently with our surroundings without physical contact 

and to determine the positions and nature of the various objects around us. 

Since ancient times, people were fascinated by vision, but it was not until the 

invention of digital computers tha t a methodical approach to emulate this sense 

was a t tempted . Obviously, due to the complexity of the biological vision systems, 

many of these a t tempts ended in failure. Somehow more successful were some 

industrial applications where simple tasks such as manipulating different objects 

with robotic arms were implemented. Bvit these cases were very often 

mathematical ly well defined; therefore, computers could solve them without 

difficulty. Unfortunately, most of the vision problems are ill-posed, meaning tha t 

they have no solutions, or they have an infinite number of solutions, or the 

solutions do not depend continuously on the input data . Also, artificial vision is 

extremely computationally intensive. Relatively simple operations as edge 

detection or filtering require between 10 and 100 operations per pixel, which 

increases the computat ional cost exponentially with more complex tasks. 

Some supercomputers, such as the Connection Machine CM-5 or the Intel 

Delta Touchstone are able to perform some low-level algorithms in real-time, but 
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it IS completely impractical to imagine a mobile vision system using computers of 

t h a t size [1]. In a human biological system, the ret ina and approximately 55% of 

the cortex is allocated to image processing tasks such as perception of depth, 

color, motion and object recognition. Our brain, very superficially understood so 

far, is em extremely complex and highly interconnected computational machine. 

On the current technology level, we cannot imagine a digital computer with such a 

high complexity. Therefore, an alternative to break this vicious circle would be to 

build special-purpose circuitry to perform specific aspects of the more general 

vision process. 

1.1 Problem Statement 

The purpose of this research is to prove the feasibility of an application specific 

integrated circuit (ASIC) tha t performs a convolution with a 5x5 kernel on an 

acquired image in real t ime. The topology of this circuit is founded on the 

mathemat ica l formulation of the discrete convolution, which will be described in a 

later chapter. 

The result of the convolution could be edge detection, smoothing, image 

enhancement, image flow computation, depending on the type of the kernel used. 

This ASIC, as part of a mixed signal image processing multimedia board, has to fit 

on one single microchip and interface with an input and output digital circuitry. 
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We apphed a top-down strategy to deal with the design of this mixed signal 

microchip. First, based on the mathematical formulation of the convolution 

problem, a functional block diagram of the whole system was designed. This 

diagram contains the major functional blocks involved in the analog signal 

processing. All these functional blocks were further subdivided into smaller image 

processing units, such as, analog multipliers, operational amplifiers, analog 

memory cells and decoders. Each unit was then implemented at a transistor level 

and its electrical characteristics were thoroughly tested using the professional 

version of PSPICE (an electrical circuit simulator). 

After all these simulations are successfully completed, we will proceed with a 

bottom-up approach to implement the circuitry in silicon. For this purpose, we 

will use MAGIC, a layout generator, to generate the layout of each circuit, then 

assemble these layouts to produce the functional units and finally construct the 

convolution unit by properly interconnecting these blocks. 

The convolution unit accepts pixel intensity values as input data from the 

digital-to-analog converter (DAC) and outputs its processed pixel intensity values 

to an analog-to-digital converter (ADC), preparing the processed image for 

display. The microchip should be able to process 20, 128x128 frames per second. 

This work intends to prove that analog computational circuitry can successfully 

perform mathematical computations at lower power dissipation and using 

significantly less silicon than the digital counterpart. 



1.2 Analog versus Digital Approach for Vision 
Computing 

The field of analog Metal-Oxide-Semiconductor (MOS) integrated circuits took 

off approximately 20 years ago, following quick and wide industrial adoption of 

certain circuit developments in the mid-seventies. Analog circuits exploit the 

physics of electrical circuits to perform operations, rather than symbolical 

computation using software on a digital computer. A big advantage of analog 

circuits is that their operating mode is optimally suited to process analog sensory 

data, since they do not suffer from temporal aliasing problems. Other useful 

features of analog circuits are: robustness to imprecisions or errors in the 

hardware, high processing speed, low power consumption and much smaller area. 

The main drawbacks of the analog circuits come from their lack of flexibility 

and the lack of high precision. These circuits are hardwired to perform certain 

operations, unlike digital computers, which can be programmed to approximate 

any logical or numerical operation with great precision. Therefore, the 

implementation of new algorithms should be done using software on digital 

computers. Analog circuit implementation should be done only after the 

simulations proved successful [1]. Another aspect where digital circuits surpass the 

analog ones is precision. Digital circuits routinely work with precision of up to 32 

bits whereas the output of analog ones hardly exceeds 8 bits. However, for certain 

applications as navigation or tracking, it has been reported that the data to be 
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processed are rarely more accurate than 1% and biological systems process data 

with at most 100 levels of resolution (between 6 and 7 bits of resolution) [1]. 

1.3 Existing Analog Computational Techniques 

In vision computation, the first step is the image acquisition. In order to 

remove noise and to emphasize some features, a spatio-temporal filtering is 

applied. Because the purpose of this work is the implementation of an image 

processor microchip, the subject of current trends in image acquisition will not be 

discussed. The main focus will be to relate our work to recent reports from the 

image processing using analog very large scale integration (VLSI) approach. 

Massimo A. Silviotti, Michelle A. Mahowald and Carver A. Mead reported in 

[2] a VLSI retina chip that minimizes aliasing due to moving objects in a 

succession of images. Tobi Delbruck and Carver Mead designed and tested a 2D 

silicon receptor array constructed from pixels that temporally high-pass filter 

(temporal differentiation) the incident image [3]. This preprocessing circuit could 

be useful as a preprocessing stage for later computation of image motion, optical 

flow, motion parallax and other derived quantities that rely on dynamic image 

features. M. A. Massie, J. T. Woolaway and J. P. Curzan simulated, tested and 

fabricated an infrared focal plane which is capable of real-time local contrast 

enhancement, much like the response of a human eye [4]. A Gaussian subtraction 

method is used to produce an image with enhanced edges and the focal plane is 
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capable to adapt to ambient illumination conditions without loss of detection 

performance. A contrast sensitive-retina that computes contrast at edges was built 

by Kwabena A. Boahen and Andreas G. Andreou [5] and a class of smoothing 

networks which performs surface interpolation, edge detection and image 

segmentation was developed by Shih-Chii Liu and John G. Harris [6]. Wyeth Bair 

and Christof Koch developed and tested a 64 pixel analog VLSI chip which 

localizes intensity edges in real-time [7]. This chip computes the zero-crossings 

associated with the difference of two exponential weighting functions. If the 

derivative across this zero-crossing is above a threshold, an edge is reported. 

Some animals do not perceive color and some do not have binocular stereo 

vision, but they all have at least a rudimentary abifity to detect motion. Motion 

computation is a hard and demanding computational problem, whose solutions 

depend critically on the underlying assumptions and constraints. Since the ability 

to perceive moving objects is our most important visual feature, we included some 

relevant reported works in this area [1]. James Hutchinson, Christof Koch, Jin 

Luo and Carver Mead implemented the variational functional approach to motion 

detection described by Horn and Schunck in [8] on an analog resistive network 

using transistors working in the subthreshold region [9]. Using the 

difference-picture technique, described in [10], Hua Li and Ching-Ho Chen 

successfully proved with PSPICE simulations that this algorithm can be 

implemented on a 2D VLSI network of operational amphfiers [11]. Another 
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important step in motion computation was done by John Tanner and Carver 

Mead with the implementation of an integrated system that reports the uniform 

motion of a visual scene [12]. This VLSI system extracts the motion from an 

image focused directly on it using an integrated photosensor array to sense the 

image and closely coupled custom circuits to perform the computation and data 

extraction. A different approach was used by Rahul Sarpeshkar, Wyeth Bair and 

Christof Koch in [13]. They reported a chip that performs real-time motion 

computation using pulse domain neuromorphic circuits. Speed is measured by 

timing a moving edge in the image. 



CHAPTER II 

THEORETICAL FOUNDATION 

The convolution unit is designed exclusively based on the mathematical 

formulation of the discrete convolution. In the first section of this chapter the 

concept of convolution is detailed, and the second section will contain a brief 

discussion about different types of kernels. 

2.1 Theoretical Background for 2D Convolutions 

In image processing, an image is usually described by a 2D function f(x, y), 

which gives the pixel intensity values for each position in the image. The result of 

a convolution, g(x, y), is also a 2D image of the same size as the original image. In 

this image some certain features are emphasized using special kernels. Kernels are 

also 2D functions of different sizes, for example, h(x, y). Different kernels applied 

to the same image accomplish different tasks such as: smoothing, enhancement, 

edge detection, image flow computation. With all these notations, the convolution 

is defined as [14]: 

/ f{x-C,y-r])h{C,il)dCdrj. (2.1) 
-oo J — cxi 

8 
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This equation defines a convolution for continuous images. The relation 

between a continuous image, f(x, y), and a discrete one, f(ni, 712) is given by the 

following equation: 

/ ( n i , 712) = fciniAx, n2Ay), (2.2) 

where Ax and Ay are sampHng intervals [14]. The convolution for the discrete 

case can be defined as: 

N1-IN2-1 

g{ni,n2) = Yl Yi f{ni-k,n2-l)h(k,l), (2.3) 
T7i=0 772=0 

where h(k, 1) describes a 2D kernel. This is the equation that the whole design of 

the convolution unit is based on. Analyzing it, a succession of operations can be 

inferred. First, each neighbor pixel of the pixel of interest is multipfied with its 

corresponding kernel value (25 multiphcations per pixel for a 5x5 kernel). Then, 

all these partial products are summed (1 summation per pixel). Last, the kernel is 

successively shifted from left to right and from top to bottom until the whole 

image is completely processed. For a frame of 128x128 pixels, the algorithm 

performs 409,600 multiphcations, 16,386 additions and 16,386 shifts, which is a 

total of 442,368 operations. We are targeting 20 frames per second, which will 
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result in almost 9 milhon operations per second. This is a heavy load for a digital 

computer, but it can be handled easily by an analog computational circuit. 

2.2 Laplacian of Gaussian and Gabor Kernels 

In this section, two different image processing kernels will be described: 

Laplacian of Gaussian and Gabor. A mathematical formulation and actual values 

will be given for each of these kernels. 

2.2.1 Laplacian of Gaussian Kernel 

The zero-crossings of the Laplacian of Gaussian, V^G, are often used for 

detecting edges. A two-dimensional Gaussian function is defined as, 

h(x,y) =-^^e-"^ (2.4) 

where x and y are the coordinates in the 2D plane and a gives the "width" of the 

bell shape. The Laplacian of a function f is defined as [14]: 

, 2 . ^ V , s^j 
^ ^ = ^ + 5 ^ (2-^) 
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and represents a rotationally symmetric operation. That is, the Laplacian of a 

rotated image is the same as the rotated Laplacian of an image. From the 

previous two equation one can derive an expression for the LOG function as: 

LOG{x,y) = 
x^ -\-y'^ - 2cr2 ,2̂ ,̂  

27rcr6 
• e 2a- (2.6) 

Figure 2.1 shows the "inverted Mexican-hat" shape of the LOG operator. 

Figure 2.1: Inverted Mexican-hat shape of the Laplacian of Gaussian operator. 
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For a 5x5 LOG kernel, with cr = 1, we obtain the following kernel presented in 

Table 2.1 

Table 2.1: A 5x5 Laplacian of Gaussian kernel for cr = 1.0. 

0.017490 
0.039193 

0.043079 
0.039193 
0.017490 

0.039193 
0.000000 

-0.096532 

0.000000 
0.039193 

0.043079 
-0.096532 

-0.318310 
-0.096532 

0.043079 

0.039193 
0.000000 

-0.096532 
0.000000 
0.039193 

0.017490 
0.039193 

0.043079 
0.039193 
0.017490 

This kernel resulted by replacing the x and y coordinates and CF in equation 

2.6. When these values will be used later in a circuit implementation, they need to 

be mapped to a certain voltage range. 

2.2.2 Gabor Kernel 

Experiments proved that Gabor functions, used as 2D filters, model some of 

the functions of a simple human cortical cell such as: optimal joint locahzation, 

orientation selectivity and spatial frequency selectivity [15]. A Gabor function is a 

product of a Gaussian function and an exponential function, assumed to be 

centered at (0, 0). The Gabor function in spatial space is given by: 

G{x,y) 
2 , 2 

— f,- J ^JK-^'+^I/?/) 
e '̂ ^ e (2.7) 
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where x and y are the coordinates in the spatial space and a;,,;,a;y are the 

coordinates of the central location in spatial frequency space. One can define LJQ 

and 6 as: 

UJQ ^f4^j. (2-8) 

e = tan-V-^). (2.9) 

From equation 2.7, the real and imaginary parts can be easily extracted: 

2 1 2 

Gr{x,y) = 6 ^ 2 cos{ujj.x-\-(jjyy), (2.10) 

2 , 2 

Gi{x,y) = e '^^ sm{uj,r.x + LJyy). (2-11) 

The orientation selectivity and spatial frequency selectivity are the Gabor 

functions properties used to extract information from different spatial frequency 

channels. The real part and the imaginary part of the Gabor filter have 90° 

difference in phase between each other. The 3D plots of the real and imaginary 

parts of the Gabor filter are shown in Figures 2.2 and 2.3 [15]. 

Tables 2.2 and 2.3 show a real 5x5 Gabor kernel values and an imaginary 5x5 

Gabor kernel values for a = 1, LUQ = 0.0333 cycles per pixel, UJQ = 0.0333 

cycles/pixel and 6* = 0 degrees. 
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Figure 2.2: The real part of the Gabor filter with uj = 0.0333 cycles/pixel, ^ = 0 
degrees and a = 7.0. 

Table 2.2: A 5x5 real part of a Gabor kernel for cr = 1.0, LU = 0.0333 cycles per 
pixel and ^ = 0 degrees. 

0.000307 

0.006591 
0.018316 

0.006591 
0.000307 

0.006157 
0.132384 

0.367879 
0.132384 
0.006157 

0.016735 

0.359856 
1.000000 

0.359856 
0.016735 

0.006157 
0.132384 
0.367879 
0.132384 

0.006157 

0.000307 
0.006591 
0.018316 

0.006591 
0.000307 
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Figure 2.3: The imaginary part of the Gabor filter with UJ = 0.0333 cycles/pixel, 9 
= 0 degrees and a = 7.0. 

Table 2.3: A 5x5 imaginary part of a Gabor kernel for cr = 1.0, a; = 0.0333 cycles 
per pixel, and ^ = 0 degrees. 

-0.000136 
-0.001400 
0.000000 

0.001400 
0.000136 

-0.002738 
-0.028110 
0.000000 

0.028110 
0.002738 

-0.007443 
-0.076411 
0.000000 

0.076411 
0.007443 

-0.002738 
-0.028110 
0.000000 

0.028110 
0.002738 

-0.000136 
-0.001400 
0.000000 

0.001400 
0.000136 



CHAPTER HI 

METHODOLOGY 

This 5x5 convolution unit is intended to implement the mathematical discrete 

convolution and, therefore, its topology is entirely based on the definition formula 

of this operation. In the following sections, the top-bottom approach used to 

implement the convolution concept in hardware is described in detail. First, the 

system structure and its interface constraints with other off-chip circuitry is 

discussed. The next section goes down one level of complexity and deals with each 

subsystem structure and requirements. The last section describes how each basic 

building block is implemented at the transistor level. All functional blocks and 

building blocks were designed with the interfacing requirements in mind. 

3.1 System Level Design 

Based on the discrete convolution equation: 

i V i - l i V 2 - l 

g{ni,n2)= Yl Yl f(ni-k,n2-l)h{k,l), (3.1) 

the system block diagram depicted in Figure 3.1 was designed. 

The original image, an NTSC video signal from a TV or VCR, is processed by 

a Brooktree Bt812 NTSC/PAL to RGB/YCrCb decoder [16]. This decoder 

converts the NTSC composite analog video signal to a 15-bit per pixel digital 

16 
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Figure 3.1: System block diagram of the convolution unit. 



18 

RGB signal. The processed 128xl28-pixel frame, in 15-bit RGB format is stored in 

a 128x128 dynamic random acces memory (DRAM). In order to supply the 

required 5x5 pixels to the analog convolution microchip, the first 5 fines of the 

DRAM are transferred to 5, 128-pixel (15 bit per pixel) shift registers. These shift 

registers were protopyped using field programmable gate arrays (FPGAs). The 

pixel intensity values (15-bit RGB) from the first five locations in each of the shift 

registers are then shifted into 5, 5-pixel (15 bits per pixel) shift registers. This 

temporary memory array contains the pixel of interest intensity value in the 

central position, and its first and second order neighboring pixels intensity values. 

The content of these 5 shift registers is moved column by column into a 5-pixel (15 

bits per pixel) shift register, which interfaces with a digital-to-analog converter 

(DAC). The DAC is directly connected to the image processing microchip and 

suplies the analog pixel intensity values to it. 

The system accepts as inputs the following signals, as outlined in Figure 3.1: 

PHIJN, PHLOUT, PHLREAD, PHI.RESET, ANALOG INPUT, A, B, C, D and 

E and has only one output, Vont- All these signals are digital, except ANALOG 

INPUT, which is an analog signal. In order to set the required DC operating 

voltages, each subsystem has its own DC bias. Thus, the chip has bias pins for: 

the op amp used by the memory cell, the internal kernel, the op amp used by the 

current-to voltage converter and the buffered op amp. There is also a pin that 

provides the reference voltage for the memory cell. The digital signals arc 
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generated by off-chip circuits according to the required specifications. The 

A N A L O G INPUT, which represents a voltage proportional to a pixel intensity 

value, is a voltage drop across a 32 fi resistor (Rin), generated by the output 

current of a Brooktree B t l 2 1 50Mhz monohthic CMOS Triple 8-bit VIDEODAC 

[16]. The current output from the VIDEODAC is obtained by connecting together 

the lOR, lOG and lOB outputs , setting SYNC* and BLANK* inputs high and 

connecting RSET, a 143 n resistor, between FS ADJUST and GND. This setup 

produces a summed current output varying between 27.15 mA and 80 mA, which 

generates a voltage drop across the external resistor Rin, connected between the 

ANALOG I N P U T and GND, in the range from 0.9 V to 2.56 V. Therefore, all 

pixel intensity values from the original image will be mapped to this voltage range. 

Another interfacing issue with the B t l21 chip is the timing. As detailed in [16], 

the analog outputs of this chip have a maximum 30 ns delay and a 12.5 ns settling 

t ime; therefore, the pixel intensity values are available only after at least 42.5 ns. 

This is a very important fact which needs to be considered in the memory timing 

diagram. All these input interfacing constraints, due to the specs of the B t l 2 1 

chip are summarized in Table 3.1. 

The 5x5 analog memory cell array is required to hold the pixel intensity values 

of the pixel of interest and its 24 first-order and second-order neighbors. It is 

controlled by P H I J N , P H L O U T , PHLREAD, PHI .RESET and the outputs of the 
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Table 3.1: Input interfacing constraints with Btl21 DAC. 

Parameter 

RSET 
(lOR -F- lOG + IOB)„,in 
[lOR + rOG + IOB)„,,., 

Analog Output Delay 
Analog Output Settling Time 

Value 

143 
27.15 
80.00 

30 
12.5 

Units 

n 
mA 
mA 
ns 
ns 

5-to-32 decoder. The operation of the analog memory array will be outlined in a 

following section. 

The 5-to-32 decoder provides the PHI.WRITEJ (1 < i < 25) signals to the 25 

memory cells. The inputs A, B, C, D, E successively select one of the outputs in a 

binary coded decimal (BCD) fashion: combination 00001 selects output 1, 00010 

selects output 2, and so forth. Out of the 32 outputs, only 25 are employed for the 

PHLWRITEJ signals used by the memory array to write the pixel intensity value 

in the right position. 

The 5x5 array of analog multipliers is the "brains" of the microchip. The 

multipliers are the computational elements which actually perform the 

multiplication of the pixel intensity values with the corresponding kernel values. 

The pixel intensity values are fed from the memory cells and the kernel values are 

obtained from the hard-wired internal kernel. 

The next functional block from Figure 3.1 is the current-to-volt age converter 

and shifter. This block is needed to transform the current mode output of the 5x5 
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analog multipher array to a single ended voltage mode and adapt its range to the 

input range of the off-chip analog-to-digital converter (see Table 3.2). 

The last block in the system block diagram is the output buffer. This block 

consists of a buffered operational amplifier connected in a voltage follower 

configuration. Its role is to buffer the output of the current-to-voltage converter 

and shifter to the input of a Brooktree Bt218 20 MSPS Monohthic CMOS 8-bit 

Flash Video A/D Converter [16]. The input impedance of the ADC (seen at pin 

VIN) consists of a capacitance CAIN = 35 pF in parallel with a resistor RIN = 50 

Q. The input top-bottom (REF-h - REF-) voltage range of the ADC can be 

between 0.7 V and 1.2V, the top input voltage (REF-(-) can be between 0.7 V and 

2.0 V and the bottom input voltage (REF-) can have a range between 0.0 V and 

1.3 V. All these output interfacing constraints, due to the specs of the Bt218 chip 

are summarized in Table 3.2: 

Table 3.2: Output interfacing constraints with Bt218 ADC. 

Parameter 

RIN 
CAIN 
REF+ 
REF-

REF-h - REF-
Data Output Delay Time 
Data Output Hold Time 

Value 

50 
35 

0.7...2.0 
0.0...1.3 
0.7...1.2 

40 
9 

Units 

n 
pF 
V 
V 
V 
ns 
ns 
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3.2 Subsystem Design 

This section will explain in more detail the internal structure of the functional 

blocks that compose the convolution unit system diagram. This section will not 

discuss the transistor level implementation of certain building block, but will focus 

on how the subsystems function as a whole and how are they interfaced with other 

subsystems. 

3.2.1 A 5-to-32 Decoder 

This block is used to generate the 25 PHLWRITE signals needed to decide 

which of the 25 analog memory cells will receive the analog value active on 

ANALOG INPUT pin. The internal structure of this block is presented in Figure 

3.2. 

The structure of the 5-to-32 decoder is modular. It consists of one 2-to-4 

decoder, four 3-to-8 decoders and four delay elements. It accepts five input 

signals: A, B, C, D and E, which are generated off-chip according to the 

specifications of the analog memory cell, and has 32 active low outputs. Only 25 

of the 32 outputs are actually used. The 25 used outputs are the ones numbered 

from 1 to 25 in order to create an easy-to-follow correspondence between the input 

code (ABODE) and the selected output. This correspondence is a binary coded 

decimal (BCD) to decimal ( for code 00001, output SWl goes low; for code 00010, 
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Figure 3.2: Internal structure of the 5-to-32 decoder. 

SW2 goes low; and so forth). The 2-to-4 decoder and the 3-to-8 decoder topology 

are shown in Figure 3.3 and Figure 3.4, respectively. 

Inputs A and B are the inputs of the 2-to-4 decoder. The outputs of this 

circuit, labeled ENABLEl, ..., ENABLE4 work as enable signals for the four 

3-to-8 decoders. The combination AB = 00 selects the first 3-to-8 decoder, AB = 

01 the second, AB = 10 the third and AB = 11 the fourth. The truth table for the 

2-to-4 decoder is shown Table 3.3. 

The 3-to-8 decoders can have a low output only if their ENABLE signal is low. 

If the ENABLE signal for a certain 3-to-8 decoder is high, ail its outputs will be 



^>'-H>>-
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ENABLEl ENABLE2 ENABLE3 ENABLE4 

Figure 3.3: Schematic of the 2-to-4 decoder. 
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Table 3.3: Truth table for the 2-to-4 decoder. 

A 

0 
0 
1 
1 

B 

0 
1 
0 
1 

ENABLEl 

0 
1 
1 
1 

ENABLE2 
1 
0 
1 
1 

ENABLE3 
1 
1 
0 
1 

ENABLE4 
1 
1 
1 
0 

high. C, D and E, as part of the 5-to-32 decoder input code, are the inputs of all 

the 3-to-8 decoder. The truth table for the 3-to-8 decoder is presented in Table 3.4. 

The four delay elements introduced in the C, D and E signal paths, and 

consisting of a simple 2-input AND gate with one input connected high and the 

other input connected to the input signal, are necessary to ehminate the glitches 

in the SWl, ..., SW25 output signals. Without these delay elements, input signals 

C D and E would arrive sooner to the inputs of the 3-to-8 decoders than the 

ENABLE signals, causing glitches in the outputs. The functionality of the 5-to-32 

decoder is illustrated in Figure 3.5. 
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01 02 03 04 05 06 07 08 

Figure 3.4: Schematic of the 3-to-8 decoder. 

3.2.2 A 5x5 Analog Memory Cell Array 

The purpose of the present section is to focus on the functionality of the 

memory array as a subsystem of the convolution unit. The individual memory 

cells will be described in a later section that covers the basic building blocks. 

The discrete convolution does a weighted average of the pixels around the pixel 

of interest, therefore, for each individual pixel of interest we simultaneously need 

all its neighbors in a 5x5 vicinity. The 5x5 analog memory cell array serves this 

purpose of storing the intensity values of the pixel of interest and its 24 first and 

second neighbors. There are four digital control signals, generated off-chip, 

common to all memory cells: P H I J N , P H L O U T , PHI_READ and PHLRESE^P as 

shown in Figure 3.1. There are also 25 digital signals (PHI_WRITE_1, ..., 

PHI_WRITE_25), which are individual for each memory cell. They are generated 
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— ^ 
500ns 



27 

E^ 

0 
0 
0 
0 
0 
0 
0 
0 
1 

Table 3.4: 

C D E 

0 0 0 
0 0 1 
0 1 0 
0 1 1 
1 0 0 
1 0 1 
1 1 0 
1 1 1 
X X X 

Truth table for the 3-to-8 decoder. 

01 02 03 04 05 06 07 08 
0 1 1 1 1 1 1 1 
1 0 1 1 1 1 1 1 
1 1 0 1 1 1 1 1 
1 1 1 0 1 1 1 1 
1 1 1 1 0 1 1 1 
1 1 1 1 1 0 1 1 
1 1 1 1 1 1 0 1 
1 1 1 1 1 1 1 
X X X X X X X 

0 
X 

by the 5-to-32 decoder, described earlier. The shape of these signals is conditioned 

by the shape of the five inputs to the decoder (A, B, C, D and E), which are 

suppfied by external digital logic circuits, according to the specifications of the 

analog memory write cycle. 

The memory array stores the analog input values supplied through the 

ANALOG I N P U T pin, common to all cells, in a serial fashion, starting from cell 1 

and finishing with cell 25. Writing information to one cell takes 60 ns, therefore 

the whole array can be filled in 1.5 /is. The read cycle is done simultaneously for 

all 25 cells. When signals P H L R E A D and P H L O U T go low, the information 

stored in the 25 memory cells is transferred to the corresponding analog 

multiplier. The read cycle takes also 1.5 fis. Thus, the convolution time per pixel 

is 3 /is, which allows a 128x128 pixel frame to be processed in 49.152 ms and 

20.345 frames to be convoluted in a second. The timing diagram will be provided 

in the section describing the analog memory. 
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3.2.3 A 5x5 Analog Multipher Array 

This array of multipliers is the main computational engine of the microchip. It 

contains 25 highly hnear analog multipfiers organized in a 5x5 array. Each 

multiplier accepts two voltage inputs and generates a differential current, 

proport ional to the product of the two voltages. This process basically represents 

the multiplication of each pixel intensity value with the correspondent kernel 

value, as described by equation 3.1. The summation of all these partial products is 

based on Kirchhoff's current law (KCL). The correspondent output currents are 

simply connected together and KCL takes care of the summation. The result is a 

differential current, proportional to the processed pixel intensity value. 

3.2.4 An Internal Kernel 

Different kernels can be implemented by mapping the kernel values to a desired 

voltage range. In our particular case, this voltage range is 1V...4V, which 

represents the linear voltage input range of the analog multipher. Any kernel 

values can be mapped to this voltage range. The Gabor filter real and imaginary 

par t s mapped to the IV ...4V voltage range are shown in Tables 3.5 and 3.6, 

respectively. These voltages can be easily implemented using on-chip CMOS 

voltage dividers. This topic will be detailed in a later section. 
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Table 3.5: A 5x5 real part of a Gabor kernel for w^ = 0.0333 cycles per pixel and a 
= 1.0, mapped to a 1 V...4 V voltage range. 

1.000000 

1.018859 
1.054044 

1.018859 
1.000000 

1.017556 

1.396353 
2.103057 

1.396353 

1.017556 

1.049301 

2.078980 
4.000000 

2.078980 
1.049301 

1.017556 

1.396353 

2.103057 
1.396353 

1.017556 

1.000000 

1.018859 
1.054044 

1.018859 
1.000000 

Table 3.6: A 5x5 imaginary part of a Gabor kernel for LUQ = 0.0333 cycles per pixel 
and cr = 1.0, mapped to a 1 V...4 V voltage range. 

2.497324 

2.472527 
2.500000 
2.527473 

2.502676 

2.446251 
1.948181 
2.500000 
3.051819 
2.553749 

2.353896 
1.000000 
2.500000 
4.000000 
2.646104 

2.446251 
1.948181 
2.500000 
3.051819 
2.553749 

2.497324 

2.472527 
2.500000 
2.527473 

2.502676 

3.2.5 A Differential Current to Single-Ended Voltage Converter and Shifter 

After the computation has been done, the results is in the form of a differential 

current, which cannot be used as an input to an ADC, but has to be transformed 

into a single- ended voltage, shifted into the right range and buffered. The first 

two signal conditioning operation are taken care of by the circuit presented in 

Figure 3.6. 

The current-to voltage converter part of this circuit is accomphshed by an 

instrumentation ampfifier structure. The transistor level implementation of the 

operational amplifiers from this circuit will be presented in a later subsection of 

this chapter. The two components of the differential current are converted into 

two voltages using resistors RAl and RA2. These voltages (VI and V2) are fed lo 
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FigLire 3.6: Differential current to single-ended voltage converter and shifter. 
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the inputs of the differential ampfifier. The voltage at the output of the third 

operational ampfifier, just before the shifter is given by Equation 3.2. 

K>,. = f | ( l + ^ ) ( 1 ^ 1 - V 2 ) , (3.2) 

where RCl = RC2 = RC, RBI = RB2 = RB, Rl = R3. Resistors RAl, RA2, Rl , 

R2, R3. RBI, RB2 are implemented using on-chip layers, and resistors RCl and 

RC2 are left as off-chip ones in order to make the gain adjustable. Extreme care 

should be taken when matching resistors RAl and RA2, RBI and RB2, RCl and 

RC2, Rl and R3, in order to have good common-mode rejection of unwanted 

common-mode signals. This instrumentation amplifier provides very high 

differential voltage gain and good common-mode rejection. 

The voltage shifter is used to shift the output voltage range of the differential 

current to single-ended voltage converter into a certain voltage range. This range 

is determined by two factors: the finear output voltage range of the buffered 

operational ampfifier and the input range of the ADC. This circuit places the 

output voltage of this stage in a safe 0.53V...1.59V range, which is bigger than the 

0.452V (the lower bound of the buffered operational amplifier output voltage 

swing), smaller than 2.0V (the maximum top voltage supported by the ADC), and 

having a peak-to-peak value of 1.06 V (within the specifications of the ADC 
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top -bo t tom input voltage). This performance is accomplished for the values of the 

resistors shown in Table 3.7. 

Table 3.7: Resistor values used by the differential current to single-ended voltage 
converter. 

Resistor 

RAl 
RA2 
RBI 
RB2 
RCl 
RC2 
Rl 
R2 
R3 

Value 

160 
160 
40 
40 
1 
1 
4 

40 
4 

Units 

n 
n 
kn 
kQ 
un 
MQ 

kQ 

kQ 

kVL 

3.2.6 An Output Buffer 

The existence of this block is justified by the need to adapt the output of the 

current-to-volt age converter described in the previous section to the input 

impedance of the ADC, specified in Table 3.2. It is hard to drive such a heavy 

load; and therefore, one needs to buffer the output signal. The output buffer is 

implemented using a buffered operational amplifier connected in a voltage follower 

manner . The transistor level design of this operational amplifier and its 

characteristics will be presented in one of the next sections of this chapter. 
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3.3 Basic Building Block Design 

This section wiU explain in detail how different basic building blocks as: 

operational amplifiers, buffered operational amplifiers, four-quadrant analog 

multipliers, analog memory cells and analog switches were designed and 

implemented. 

3.3.1 A Folded Cascode Operational Amplifier 

The structure of the folded cascode op amp is illustrated in Figure 3.7. 

It is intended to be used in the differential current to single-ended voltage 

converter and in the analog memory cell. This op amp was optimized for size and 

DC gain. The converter and the memory cell require an op amp with at least 60 

dB DC gain, a unity gain bandwidth (GBW) of 1 Mhz, a phase margin of at least 

60 degrees, a small size, low power dissipation and a single power supply of 5 V. 

This minimum requirements are shown in Table 3.8. 

Table 3.8: Minimum specifications for the folded cascode op amp. 

Parameter 

Supply Voltage 

Avol. 

GBW 
PM 

V„nt-

Vont+ 
CMRR 

Value 

5 
60 
1 

60 
0.2 
4.0 
-80 

Units 

V 
dB 

Mhz 
degrees 

V 
V 

dB 
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Figure 3.7: Schematic of the folded cascode operational ampfifier. 
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1 his circuit has a very high output resistance and the frequency compensation 

capacitor is the load itself. That means that if a larger capacitor is connected as a 

load, it will only provide more phase margin. Another quality of this circuit is its 

high power supply rejection ratio (PSRR). However, the output voltage swing is 

limited due to the cascode output configuration. A good description of the design 

methodology of this op amp can be found in [17]. 

3.3.2 A Buffered Operational Ampfifier 

The off-chip ADC has a very high input impedance (50Q||35^i^), which is very 

difficult to drive. The output buffer needs to meet the specifications contained in 

Table 3.9 for the above mentioned load. 

Table 3.9: Minimum specifications for the buffered op amp. 

Parameter 

Supply Voltage 

^vol 

GBW 
PM 

Vont-

Voiit+ 

CMRR 

Value 

5 
60 
1 

60 
0.5 
4.0 
-80 

Units 

V 
dB 

Mhz 
degrees 

V 
V 

dB 

To meet all these requirements, the op amp shown in Figure 3.8 was developed. 

When the supply voltage is small, using a single input differential pair becomes 

impractical, due to the small common-mode input voltage range. This range, 

w hich was reduced by a threshold voltage and a saturation voltage, represents 70% 
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Figure 3.8: Schematic of the buffered op amp. 
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ot the to ta l input . A solution for driving a common mode input voltage from rail 

to rail IS to use a complementary input stage [18]. This stage consists of a parallel 

combination of an n-type and a p-type differential pair of transistors. A p-channel 

pair (M1-M2), in parallel with an n-channel pair (M5-M6) is used so tha t the 

whole common mode input range can be covered, with at least one pair 

conducting. 

This s t ructure maximizes the output voltage swing, but introduces a big 

variation of the overall transconductance (by a factor of 2) [19] which, in turn, 

impedes optimal frequency compensation (the GBW of an op amp is proportional 

to the t ransconductance of its input stage). In order to solve this problem, we 

used a double current switch, current mirror combination, which compensates the 

tail current of the currently active input transistor pair and keeps the 

t ransconductance constant. 

This circuit has three operating regions with respect to the input CM voltage 

range. When the CM input voltage is a threshold voltage (?^1 V) plus a saturation 

voltage (a few hundreds of milhvolts) above the negative power supply (GND), 

only the p-channel transistor pair is on. When the CM input voltage is a threshold 

voltage and a saturat ion voltage below the positive voltage supply (VDD), only 

the n-channel input pair is on. For CM input voltages between these two limits, 

both transistor pairs are on. In the region where both pairs are on, the 
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transconductance of the input stage is twice as in the regions where only one pair 

(n- or p-) is on. The transconductance is given by: 

W 
Gm = 2\IK—IDSQ (3.3) 

where K is the transconductance parameter and IDSQ is the saturation drain 

current of the transistor. 

The transconductance of the input stage is desired to be large in order to 

improve the op amp gain and signal-to-noise ratio. Therefore the input transistors 

need to be biased in strong inversion. In this operating region, the 

transconductance is proportional to the square root of the tail current. So, when 

one of the transistor pairs is off, the tail current of the pair which is on needs to be 

increased by a factor of four. Thus, G„,, is increased by a factor of two in the 

regions adjacent to the power supplies, making the overall transconductance 

constant through the whole CM input voltage range. Transistors M20 and M23 

act as current switches, and transistors M21-M22 and M24- M25 are 1:3 current 

mirrors. The gate of M20 is biased approximately a few hundreds milhvolts below 

a threshold voltage and a saturation voltage. Therefore, M20 will be on (and M23 

off) when Ml and M2 are off, re-routing the tail current flowing through M3 to 

the 1:3 current amphfier M21-M22. The drain current of M22 gets added to the 

tail current of the pair M5-M6 (currently on), which results in a tail current four 

times larger, which means an increased G,„ by a factor of two. When M20 turns 
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off, M l and M2 switch on. This process is identically repeated when the CM input 

voltage drops below a few hundreds of milhvolts more than a threshold voltage 

and a saturat ion voltage. This current switching mechanism keeps the 

t ransconductance constant. 

The sum of the tail currents is equal to Altau at the ends of the CM input 

range, and equal to 2Ifau in the intermediate region, where ItaU is the current 

flowing through M3 (or M7). The relatively low output impedance of the simple 

current mirrors (M21-M22 and M24-M25) introduces a shght variation in the sum 

of the tail currents, which is reflected as a variation in the input stage 

t ransconductance. This can be improved by using a current mirror with a very 

large output impedance made with super MOS transistors [23]. With this 

compensation circuit, the op amp transconductance varies only by a factor of 

maximum 1.05, which is a significant improvement over [18] (a factor of \ /2) and 

[19] (a factor of 2). 

Transistors M30 and M31 are biased and sized in such a way, that they let 

equal currents flow through the p- and n-parts of the cascode stage, thus providing 

symmetrical operation. The p-part (M26-M29) and n-part (M32-M35) of the 

cascode stage sum the currents from the input stage and act as driving current 

sources for the output buffering stage. 

The input circuit needs to be further improved in order to drive heavy loads as 

the one consisting of the input impedance of the ADC (50Q||35pf^). 11iercfore, an 
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ou tpu t buffering stage is required, which would drive a relatively large current into 

the load impedance. In low voltage design, the choices for a suitable structure are 

limited to the common-source topology, because the source follower has an 

inadmissible low output voltage swing. We employ the current-driven 

common-source output buffer. 

The output stage is biased in class AB and has a very low quiescent current. 

Transistors M36 and M37 bias the two output MOS devices (M38 and M39) in 

such a way, tha t they conduct only in one half of the common-mode voltage range, 

minimizing the power consumption. 

3.3.3 An Analog Four Quadrant Multiplier 

The analog four-quadrant is the computational element in the convolution 

unit , which calculates all the partial products between the pixel intensity values 

and the corresponding kernel values. The pixel intensity values are mapped to 

voltages between 1 V and 2.5V and the kernel values are mapped to voltages 

between IV and 4V. The output of a multipher is a differential current, 

proport ional to the product of the two input voltages. 

The critical characteristics of an analog multipher are its input voltage range 

and its nonhneari ty errors. For our appfication we need a multipher with an input 

voltage range between 1 V and 4V on both voltage inputs and a nonlinearity error 

in the neighborhood of 1%. Another important requirement is that the voltage 
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inputs have to be single-ended, because the signals from the analog memory array 

and internal kernel are also single-ended. The configuration of the analog 

multipher is shown in Figure 3.9 [27]. 
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Figure 3.9: Schematic of the four quadrant analog multipher. 

The multipfication of two voltages is based on the composite transistor [28]. A 

composite transistor consists of any of the pairs: MNl-MPl, MN2-MP2, 

MN3-MP3, MN4-MP4. The current flowing through the pair MNl-MPl, for 

instance, is given by: 

h = ^{Van'VGp-VTEQ)'- (3.1) 
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where - ^ = - i = -f i = and VTEO = VTU + \VTVI The transistor pairs 
y/^EQ V^n •\/Kp ^ I i I 

MAl-MBl and MA2-MB2, connected to the inputs of MNl and MPl respectively, 

act as active attenuators, [29], for inputs Vi and V2. Vcn and Vcp are given by: 

VGU^P = (1 - AnJ{Vi.2 - VTU.P) - A,,,,PVDD.,SS (3-5) 

where yi^^ = K2n.pl{Kin,p + i^2n.p)- The input voltage range of the active 

attenuators can go a threshold voltage close to the power rails. Thus, 

\VI.Q\ < min[VDD - |VTP|, VTU - Vss]- The requirement Vcn - Vcp - VTEQ > 0 is 

satisfied for the above voltage input range if An + Ap> 1. With these equations, 

we can define the current flowing through transistors MNl-MPl as: 

h = ^ [ ( 1 - Ap)Vi - (1 - An)V2 + AP(VDD - VTP) - An{Vss - VTn)?. (3.6) 

The other currents, I2, 13 and I4 can be obtained similarly, and their 

combination gives: 

h + h - h - h = KEQ{1 - Ap)(l - An)[Vy - \/3)(V 4̂ " V2) • (3.7) 

In equation 3.7 each of the input voltages can take any value, up (or down) to 

the supply voltage minus (or plus) a threshold voltage. The circuit can also be 

used as a programmable transconductor with any of the input voltages connected 

to a DC voltage that controls the transconductance. In our application we 

file:///VtvI
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suppfied the circuit with VDD = 5 V, Vss = 0 V and connected inputs V2 and V3 

to 2.5 V. Therefore, inputs Vi and V4 can be used as single-ended inputs for the 

image intensity values and for the kernel values. Output currents II, 12 and 13, 14 

were, respectively, connected together to generate lol and Io2, the two differential 

output currents. 

3.3.4 An Analog Switch 

This circuit is necessary to build the analog memory cell. It consists of four 

CMOS transistors, as iUustrated in FigLire 3.10. 

CONTROL 
o 

1 
INPUT 
o 

, ^ f f l 1 

Vdd 

-][MI 

-ju 

OUTPUT 
o 

FigLire 3.10: Schematic of the analog switch. 

Transistors Ml and M2 fLinction as an inverter that inverts the control digital 

signal (CONTROL). Transistors MP and MN form the transmission gate that acts 

as a 
switch. The trLith table for the transmission gate is shown in Table 3.10. 
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Table 3.10: FLinctional table for the analog switch. 

CONTROL 
1 
0 

INPUT 

Vin 

Vin 

OUTPUT 
High Impedance 

V^n 

For the CONTROL signal low, the switch is ON and transmits the input signal 

to the output, whereas for CONTROL high, the switch is OFF and the output is 

in the high impedance state. 

3.3.5 An Analog Memory Cell 

This basic bLiilding block is used to temporarily store a pixel intensity value of 

a pixel, finearly mapped to the 1 V...2.5V voltage range. The strLictLire of the 

analog memory cell is shown in Figure 3.11. 

The memory cell consists of five analog switches (transmission gates), a 0.5 pF 

storage capacitor and an operational amplifier (the folded cascode op amp 

previously described). The write and read operations are controlled by the digital 

signals PHLWRITE and PHLREAD. The top plate of the storage capacitor is can 

be shorted to the input or the outpLit throLigh two switches controlled by PHLIN 

and PHLOUT digital signals. The DC voltage V^ias, set to 2.5 V serves two 

purposes: to connect the bottom plate of the storage capacitor (throLigh the 

WRITE switch) to a reference voltage, and to provide a reset voltage to the op 

amp in the RESET operation. The operation of this circuit can be divided into 
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PHI IN 

Vin 

SWITCH 

.Rin 

PHI_OUT 

_L 
SWITCH 

PHLREAD 

i 

PHI_ WRITE 

I 
•— SWITCH 

Vbias 

Vbias 

PHLRESET 

_1_ 
SWITCH 

FigLire 3.11: Schematic of the analog memory cell. 
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the WRITE and READ cycles. AU the following explanations wiU be referred to 

Figure 3.12. 

The WRITE phase is conditioned by the output specifications of the DAC (see 

Table 3.1). The input signal (coming through the ANALOG INPUT pin) can only 

be stored in the memory cell after the delay and settfing time of the ADC, which 

sums up to 42.5 ns. Therefore, before the PHLWRITE signal goes low, a 45 ns 

delay is provided. The low part of the PHLWRITE signal needs to be only long 

enoLigh to allow the storage capacitor to charge. This time is given by the prodLict 

between RQN and Cstore, where RQN is the ON switch resistance (aroLind 10 kQ) 

and Cstore is the valLie of the storage capacitor (0.5 pF). It results that 

PHLWRITE has to stay low for at least 5 ns. In this design we allocated 15 ns for 

this time segment. ThLis, a write cycle for a single memory cell takes 60 ns. 

DLiring the write cycle, switch PHIJN is tLirned on, connecting the input 

information Vin to the inpLit bus, while switches PHLOUT and PHI_READ are 

off, isolating the input bLis from the oLitpLit bLis. Switch PHLRESET is on to keep 

the read bLis at the defined potential Vfyi,as (2.5 V) during the write cycle. Thus, 

voltage AVstore is stored across capacitor C: 

AVstore = Vn - H m . " AV,,. ( 3 . 8 ) 
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45 ns 
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_1 
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* 
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PHI_W_25 i 

;45ns 
' 

PHLOUT 

PHLREAD 

PHI.RESET 

1 

1 
1 WRIT E CYCLE =1.5 us 

15 ns 
' 

READ CYCLE = 1.5 us 

1 . 
1 

.._ 

30 ns 

Figure 3.12: Timing diagram for the analog memory cell. 
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where AV^̂  is a voltage error due to charge injection in switch PHLWRITE during 

turn-off. If the storage capacitor C is much larger than the parasitic capacitances 

associated with the read and write switches, AV^ remains independent of the 

input voltage Vin-

After the write cycle has been completed, the read cycle begins. During this 

phase, the PHIJN, PHLWRITE and PHIJIESET switches are turned off, while 

PHLOUT and PHIJIEAD are tLirned on. This aUows the voltage stored across 

capacitor C to be sensed by the op amp. After the PHLWRITE switch is turned 

off, the capacitor nodes are left in high impedance state for the remainder of the 

write phase and the entire read phase, which conserves the charge at these nodes. 

The output voltage of the op amp will be given by: 

Vout = AV,n + K / / (3.9) 

where the gain factor A (approximately 1) and the offset voltage K / / are 

independent of the inpLit voltage. Equation 3.9 that the oLitput voltage of the 

memory cell, Vout, is a linear function of the inpLit voltage Vin- The last phase of 

the read cycle consists of turning the PHLRESET switch on for approximately 30 

ns after the reading took place. This aUow the top and bottom plates of the 

capacitor to be shorted together (through switches PHLREAD, PHLRESET and 

PHLOUT) discharging the capacitor and preparing it for a new write operation. 
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After the write phase (switch PHLWRITE is turned off), the ceU capacitor 

nodes remain floating and care must be taken to ensure that no sLibthreshold 

leakage occLirs at those nodes for any vahies of the input signal dLiring the entire 

write and read phases. This hmits the inpLit voltage to the value of Vhias (2.5 V). 



CHAPTER IV 

PRELIMINARY RESULTS 

The basic building blocks described in the last section of Chapter III were 

designed and simulated using PSPICE v. 62i on a Gateway 2000, 100 Mhz 

Pentium computer with 16 Mbytes of RAM. This electrical circuit simulator is the 

professional version of the software package initially developed at University of 

Berkeley. The circuits were first designed using hand calculations and then their 

characteristics were refined with PSPICE. This chapter summarizes the electrical 

characteristics of the folded cascode op amp, buffered op amp, four qLiadrant 

analog mLiltiplier, analog memory cell and the internal kernel. 

4.1 Preliminary ResLilts for the Folded Cascode Op Amp 

The minimLim requirements for the folded cascode op amp were presented in 

Table 3.8. In addition to these parameters, the op amp was also optimized for size 

and power dissipation, because of its extensive Lise in the convohition Linit. The 

PSPICE file that contains the model of this op amp is presented in Appendix A. 

The simLilated DC and AC characteristics (for a 1 pF load) of this op amp are 

summarized in Table 4.1 

These tabular resLdts are illustrated with two simulation graphics: the unity 

gain transfer characteristic plot and the frequency and phase bode plots. The 

unity gain output voltage swing is illustrated in Figure 1.1. 

50 
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* UNITY GAIN TRANSFER CHARACTERISTIC OF THE SMALL-SIZED OP AMP * 
Date/Time run: 11/16/95 15:22:05 

5.0VT 

Tempera ture : 27 .0 

4 . 0 V 1 

3 . OV -; 

l . O V 

2 . OV -: 

l . O V 

D V2 « V ( 3 ) 
V2 

Figure 4.1: Unity gain transfer characteristic of the folded cascode op amp. 
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Table 4.1: Folded cascode op amp DC and AC characteristics. 

Parameter 

Aval 

GBW 
PM 

Voff 
Slew Rate -|-
Slew Rate -

CMRR 
p 

Value 

66.494 
44.367 

69 
0.1 
25 
53 

-107 
0.7 

Units 

dB 
Mhz 

degrees 
mV 
V/fis 
V//is 

dB 
mW 

The AC characteristics, as GBW and phase margin (PM) can be extracted 

from FigLire 4.2. 

Based on these resLilts, we can conchide that this op amp meets all the 

specifications necessary to use it in the structLire of the analog memory cell and 

the instrLimentation amplifier. 

4.2 Prefiminary Results for the Buffered Op Amp 

The requirements for this op amp were presented in Table 3.9. This op amp is 

used in a voltage follower configuration to interface the output of the 

computational engine to the input of the ADC. The unity gain transfer 

characteristic and the frequency and phase logarithmic plots are shown in Figures 

4.3 and 4.4. 

The op amp characteristics for a heavy (50Q||35pF) and a light ( l M Q | | l l p F ) 

load, from PSPICE simulations, are summarized in Table 4.2. 
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* OPEN LOOP FREQUENY AND PHASE CHARACTERISTICS OF THE SMALL-SIZED OP AMP * 
Date/Time run: 11/16/95 15:14:08 

-120 

-160 + 
l.OHz lOHz 

nDB(V(3)) 0VP(3) 
lOOMHz 

Figure 4.2: Gain and phase characteristics of the folded cascode op amp. 
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* Unity gain transfer characteristic of the buffered op amp * 
Date/Time run: 11/20/94 09:57:43 

5 . 0 V T 

T e m p e r a t u r e : 2 7 . 0 

4 . 0 V 

3 . 0 V 

2 . 0 V - ' 

l . O V n 

OV 
D V2 » V{3) 

l .OV 2 . 0 V 3 .0V 4 . 0 V 

V2 

FigLire 4.3: Unity gain transfer characteristic of the buffered op amp. 
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* Frequency and phase cha rac te r i s t i c s of the buffered op anp * 
Date/Time run: 11/20/94 09:47:01 

200T-

Temperature: 27.0 

1 

150 

100 

-50 + 
l.OHz lOHz 

tidb(v(3) ) » vp(3) 

lOMHz lOOMHz 

FigLire 4.4: Gain and phase characteristics of the buffered op amp. 
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Table 4.2: Buffered op amp DC and AC characteristics. 

Load 

SLippIy voltage 
Compensation capacitor 

DC gain 
GBW 

Phase margin 
Slew rate -

Slew rate + 

Voff 
V„rf+ 
Vmit — 

CMRR (DC) 
CMRR (1 MHz) 

Power dissip. 

50fi||35pF 

5V 
7 p F 

65.82 dB 
12 MHz 

740 

12 V/A^S 

12 V/A^S 

I m V 
4.5 V 
0.4 V 

-105 dB 
-82 dB 
10 mW 

IMn llpF 

5V 
10 pF 

103 dB 
16.2 MHz 

66"" 
9 V//is 
9Y/fis 
3.4 mV 

5 V 
0 V 

-105 dB 
-82 dB 
10 mW 

The PSPICE soLirce file which contains the circuit prototype is inchided in 

Appendix B. 

4.3 Preliminary Results for the Four Quadrant Analog 
Multipher 

This circLiit is one of the most important one in the whole convolution unit. 

Since sLimmation is the straightforward result of KCL, the implementation of the 

mathematical formula of the convolution hes on the hnearity of this circuit. In 

Appendix C, we included the source PSPICE file for this circuit and the 

differential current-to-single-ended voltage converter and shifter. Therefore, the 

output is a proportional voltage with the voltages apphed on VI and V4. The 

voltage transfer characteristic of the analog multiplier, followed by the converter 

and shifter is presented in Figure 4.5. The VI input is linearly swept from 1 V to 
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4 V m 0.01 V steps and the voltage on input V4 varies in steps of 0.5 V. Inputs V2 

and V3 are connected to the virtual ground 2.5 V. 

The nonhnearity error is expressed as a percentage error relative to the input 

voltage range. It is calculated from a transient analysis, when a sawtooth signal 

with the same frequency as the actual working frequency (333.3 kHz) is apphed on 

VI or V4 and the other input is biased with a DC vohage (in this case 1 V). The 

resulting output signal is multiplied by a constant that maps it to the same 

voltage range as the sawtooth voltage range and then subtracted from this input 

signal. The result is an error voltage. The nonlinearity error in percents is 

determined by dividing the peak-to-peak error voltage (36.6 mV for this circuit) 

by the total voltage range of the sawtooth voltage (2 V) and multiplying the result 

by 100. This procedure is ilhistrated in Figure 4.6. 

The nonlinearity errors for the analog multiplier, followed by the CLirrent to 

voltage converter and shifter, for different sawtooth signal periods are shown in 

Table 4.3. 

Table 4.3: 
periods. 

Nonlinearity error of the analog multiplier for different inpLit signal 

InpLit signal period 

3 /IS 

10 ^s 
100 Âs 

Nonlinearity error 

1.83 % 
1.09 % 
0.83 % 
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* Analog m u l t i p l i e r s i n g l e - e n d e d v o l t a g e output be fo re and a f t e r s h i f t i n g * 
Date/Time r u n : 11 /20/94 10 :05 :23 Tempera ture : 27 .0 

3 . OV -t 

n v(16) 

FigLire 4.5: Transfer characteristics of the analog multiplier before and after the 
voltage shifting. 
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„ ^ ,„, * Input, output and error signals for the analog multiplier * 
Date/Time run: 11/20/94 11:02:10 

l.OV 

Tenperature: 27.0 

0.5V 

-0.5V-1 

-1.0V + 
Os 5us 
av(l)-2 o v(16)-1.0293 A v(l)-2-(v (16)-1.0293) *1.78 

lOus 15us 

Time 

FigLire 4.6: InpLit, oLitput and error signals for an analog multiplier. 
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The nonhnearity error for a 3 /is input signal period is 1.83%, which satisfies 

the specifications for our appfication. 

4.4 Preliminary Results for the Analog Memory Cell 

The basic requirement for the analog memory cell is the difference between the 

inpLit voltage in the write cycle and the outpLit voltage in the read cycle to be 

minimal. Also, we would like to have a stored voltage value independent from the 

input signal amplitude. The PSPICE input file is fisted in Appendix D. The 

simLilations on the memory cell were performed by creating an inpLit voltage drop 

across a 32 f2 from a current varying between 27.15 and 80 mA. With this setup, 

the inpLit voltage varies between 0.9 V and 2.56 V, which represents the input 

voltage range of the memory cell. The inpLit and OLitpLit voltage levels are shown 

in Figure 4.7. 

It can be seen that the voltage read from the memory cell follow very closely 

the input signal levels. 

4.5 Preliminary Results for the Internal Kernel 

The internal kernel, either Laplacian of Gaussian, or Gabor (see Table 3.5 or 

3.6) can be implemented by mapping the calculated kernel values to a certain 

voltage range (1 V-4 V in this case). The voltage values can be obtained by 

calculating and implementing a simple biased CMOS voltage divider, as the one 

shown in FigLire 4.8. 
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Date/Time run: 11/21/95 13:02:07 

2.8VT 

* Input and output voltages for the analog memory cell * 
Tenpe r a t u re : 27 .0 

- - - '1 

lu t 
2.4^* 

2.0V 

i.ev-; 

r 

1.2V n 

0.8V + 
Os 

D O A V O + V ( l ) X Y A X D O V ( 2 ) 

0.5US 

Time 

l .Ous 
H 

1.5us 

FigLire 4.7: Input and OLitput voltage levels for the analog memory ceU. 
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Vbias bias 1 1 ^ 
o—-1 Ml 

-oVl 

Vdd 

m\L m\L w\L m\L MIT||-

-oV2 -oV3 -o V4 -oV5 -«V6 

MJ |J [p^ \p^ [P« |P^" I | M 1 2 

Figure 4.8: Biased CMOS voltage divider used to implement the internal kernel. 

The voltage values can be modified by changing the W/L ration of the CMOS 

devices in different stages of the divider, or by modifying the bias vohage. 



CHAPTER V 

VERY LARGE SCALE INTEGRATION OF THE 

BASIC BUILDING BLOCKS AND SUBSYSTEMS 

The VLSI layout of the basic building blocks and SLibsystems were generated 

using Magic version 6.3 on a Sparc workstation running the SunOS 4.1.3 operating 

system and XI1 graphics adapter. The circuits were implemented in a 2/im, 

n-well, doLible polysilicon, double metal scalable CMOS technology. 

Magic is an interactive software system for creating and modifying VLSI 

circLiit layoLits. It is not a simple painting tool, bLit has a contiuLioLis bLiilt-in rule 

violation checker. It also allows for connectivity checking and automatic routing. 

The layoLits can only be implemented in Manhattan style, which means that the 

edges are only horizontal and vertical. 

The layout implementation of the 5x5 convolution Limit was approached in a 

hierachical fashion. First, the basic building blocks (the folded cascode op amp, 

the bLiffered op amp, and the analog multipher) were implemented, based on the 

PSPICE simulations. They are illustrated in Figures 5.1, 5.2, and 5.3. 

The 5-to-32 decoder was assembled from the previously designed logic gates 

(inverter, transmission gate, 2-inpLit NAND, and 4-input NAND) suppfied by the 

Institute for Technology Development in its scalable CMOS Standard CeU Library. 

This layout is presented in Figure 5.4. 
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ip».ol sella: 10556M (1413X1 S.;e-155« 14? mirrnn. 

FigLire 5.1: VLSI layout of the folded cascode op amp. 
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3aiRRaSS:R'ft.q.Cfeasag^&aa§aatima^^ 

FigLire 5.2: VLSI layout of the buffered op amp. 
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•nultcit»cila:a046471 (11B0X1 Size: 188 x 170 mi 

Figure 5.3: VLSI layout of the four quadrant analog multiplier. 
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Figure 5.4: VLSI layout of the 5-to-32 decoder. 
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T h e biased voltage divider tha t implements the Gabor kernel was completed as 

a stand-alone cell and its layout is shown in Figure 5.5. 

The current-to-voltage converter and the analog memory cell were constructed 

from the basic building blocks. These two blocks are shown in Figures 5.6 and 5.7. 

Next, the 5x5 multipher array and the 5x5 memory ceU array were assembled. 

The last step in the layoLit implementation process was to connect the major cells 

together and to connect the whole 5x5 convolution unfit to the 40 pads of a 

4600/imx6800^m standard frame. The project was then sent to the MOSIS service 

for fabrication. The VLSI layout of the whole microchip is presented in Figure 5.8. 

A stand-alone 5-to-32 decoder was also inchided on the same die for testing 

pLirposes. This decoder is not connected to the convohition Linit. 

Several important issLies had to be addressed during the layoLit of the 

microchip. These issLies were: avoiding the signal coupling and element matching. 

These problems will be discussed in more detail in the following two sections. 

5.1 Signal Couplings 

The 5x5 convohition Linit is mainly an analog circuit, bLit it also contains the 

5-to-32 decoder, which is digital. This poses a major problem, since analog circuits 

can tolerate much smaller disturbances than their digital counterparts. A 

disturbance tha t affects the functionahty of an analog circuit can be as small as a 

few millivolts. There are multiple sources of noise on a mixed signal microc hip, 



69 

Mmelcif«c.le:aoe?205 11580X1 S^e: 15?. 1?7 microti 
kernel 

::::-V:GND!: 

. a»atu»»«u»»tut» t fu^^^ 

f:^vvv>»v,Cvv>iCv->:>>vycSvC' 

i^ltPli|l||ip|l;ili;il;;Jil;;i^;;ii;|^ JiiiSSjiSSiVdo'S: 

XCCviTtCvvCttM^ I f 

'̂ iiiSiiEiiiiiiiiVlB 
»«t{:cet«ctcect<;tKc»cte«cE»{cttK«t«crt{ctccttcK{c«<e«cccc««cc»cuctctc 

LkXX>A.X^k>AtoAkfch^XXXXXkA^^^AkXV^XAML^^^XXh^ 

ECKeccceEccc;ece;EgeeeggE««eegiegcgMee«< :te«ecgeece«eeEe;ceeeeeggeeicce;i 
' • " ^v^^*Jth*'^|ynitiiti'''-''tif-tA'-'-'-^JA'-'-'-^iihlifc'-'-'-'-'-'-'"-'-'-'-'-'-'-'-''*^'-'-'-'-'"-li^fiti'-''''^>hh'''-'-^hTih'-'-'->JtAk.'''-
" " >'»^MMwvvM t̂Bv*iWflBQ .̂wv t̂.vvl̂ ^ht•v •̂̂ .*.h^^v>.v^^^^ .̂MB .̂vv—vCvMvfchî akv 
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FigLire 5.5: VLSI layout of the biased voltage divider. 
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FigLire 5.6: VLSI layout of the current to voltage converter 
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Figure 5.7: VLSI layout of the analog memory cell. 
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Figure 5.8: VLSI layout of the 5x5 convolution microchip in a standard small frame. 
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such as, capacitive coupfing between paraUel or crossing wires, coupfing through 

the power rails, and coupfing through the substrate. 

When two wires run parallel to each other, they have a mutual capacitance 

which coLiples signals between them. When two wires cross, or a wire crosses over 

a device, the overlapping area of the two forms a parallel plate capacitor. Clock 

signals, and even high swing analog signals can couple through these parasitic 

capacitances, affecting some sensitive areas. 

A possible approach to avoiding capacitive couphngs woLild be to place the 

sensitive wires far from all signals that would disturb them. Most of the time this 

is not possible, since some crossings are Linavoidable. In this sitLiation, a layer of 

metal 2 can be, for instance, inserted between a wire of metal 1 and a wire of 

polysilicon in order to shield their mutLial effect. 

The negative and positive power rails can also coLiple signals coming from a 

noisy digital par t of the circLiit (where switching CMOS digital logic generates 

current spikes) to a sensitive analog area. In designing the 5x5 convolution unit, 

we completely separated the on-chip digital and analog power rails. They will be 

merged only off-chip. 

A typical design practice in CMOS digital design is to connect the substrate 

contact directly to the appropriate digital power supply in each cell (in our n-well 

process the p-type substrate is tied to the ground). This creates a path for the 

noise induced by the high frequency digital switching to propagate lo the 
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substra te , and through it, to the analog circuits on the same die. A possible 

solution against this phenomena would be to separately wire each substrate 

contact in every digital cell, but this would increase the circuit area. Instead, the 

si tuation can be improved by enclosing the analog circuits in a wide guarding ring 

of substra te contact connected to a quiet voltage reference. The guarding ring is a 

heavily doped area in a weU of the same type. The n-type transistors of an analog 

circuit should be completely enclosed by a rectangle of heavily doped p-type 

rectangle, whereas p-type transistors should be enclosed by an n-type guard ring. 

MLich of the CLirrents induced in the substrate by the digital circLuts will be 

coUected by this gLiarding ring and will not enter the analog portion on the die. 

On OLir design, each analog cell is encircled by a guarding ring. 

We encoLintered a similar problem when we implemented the double-poly 

capacitor needed for the analog memory cell. In order to avoid noise coupling from 

the substra te into this critical capacitor, we inserted a layer of n-well between the 

lower plate of the capacitor and the sLibstrate and connected it to a quiet power 

rail. 

5.2 Element Matching 

Matching is of great importance in analog circuit design. Very often the 

transfer characteristics of a circuit depend upon the matching of a pair of 

transistors, or a pair of resistances or capacitances. The most common ways in 
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which layout influences matching are through device size, device orientation, and 

device proximity. 

In op amp design, the matching between the two input transistors is of crucial 

impor tance for the functionafity of the circuit. Many important characteristics are 

greatly influenced by the degree of matching between these two devices. Therefore, 

special techniques were used to improve this factor. The differential pair in aU our 

op amps was implemented using the interdigitized approach. Big size transistors 

were split into equal length segments, segments from different transistors were 

placed next to each other, and connected adeqLiatly. Thus, mismatches dLie to 

fabrication and temperature gradients on the die are greatly atteuLiated. 

BecaLise of the big importance of resitance matching for the current-to-voltage 

converter, the interdigitized techniqLie was Lised to implement the layoLit of the 

matching resitors. 



CHAPTER VI 

THE DC AND AC CHARACTERISTICS OF THE 

BUFFERRED OP AMP 

The buffered op amp was fabricated by the MOSIS service in a 2/im, double 

polysificon, double metal technology. The layout of this circuit is shown in Figure 

5.2. The two pairs of input transistors were implemented using the interdigitized 

technique, described in the previous chapter. The two, class AB, common source 

transistors dominate the layout of the circuit. Their size is due to the high current 

reqrured to drive the 50(7||35pi^ input impedance of an ADC. 

Most of the DC characteristics were tested with the op amp connected in a 

voltage follower configuration. The output voltage swings for a 50Q||33pF and a 

lMin||lj9F are illustrated by the Linity gain transfer charateristics for these two 

cases (Figures 6.1 and 6.2). For the first load, the OLitpLit swings between 0.88V 

and 4.12V with an amphtLide of 3.24V, and for the second load, between the two 

rails. 

From FigLires 6.3 and 6.4, we can calculate the rising and the falfing slew rates 

(SR+ and SR-) for the two above mentioned loads at lOOkHz. The values of these 

slew rates are contained in Table 6.1. 

The large and small signal transient responses are illustrated in Figxires 6.5 

and 6.6. 
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Figure 6.1: Unity gain transfer characteristic of the buffered op amp for a 50ri | |33pF 
load. 

Table 6.1: The rising and falling slew rates for 50r2||33pF and l M Q | | l p F loads. 

SR+ [V//is] 
SR- [V//is] 

50n||33pF 

20.4 
18.8 

IM^IIlpF 
46.9 
96.3 

The offset voltage was tested without any signals connected to the inputs. The 

op amp was tied to the power supphes, an 180Q resitor was connected between the 

inverting and non-inverting inputs, a lOkQ resitor was tied between the ground 

and the non-inverting input, and another lOkQ resitor was connected as a negative 

feedback. With this setup, the output voltage was 100 times the offset voltage. 

The offset voltage was measured to be ImV. 

The AC characteristics were measured with a negative feedback network 

consisting of a SMfi resitor between the output and the inverting input and a 
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Figure 6.2: Unity gain transfer characteristic of the buffered op amp for a lMQ\\lpF 
load. 

2.2nF capacitor between the ground and the inverting input. The reciprocal of this 

network is 152, which is 39.6 times smaUer than the anticipated 6kHz first pole of 

the op amp. The load for which all AC characteristics were measLired, consisted of 

163^^1133pF. We were unable to measure the open loop gain A„„i with a bOQ 

resistor, because the op amp was self-oscillating. For this load, the open loop gain 

was measured to be 67.2dB, which agrees with the simulation results. The unity 

gain bandwidth (GBW) was determined by extrapolating a Bode plot obtained by 

measuring A„„i for frequency values between lOOkHz and 5MHz. The value for the 

GBW was found to be 11.4MHz, which also agrees with the simulation results. 

The experimental values for the buffered op amp are displayed in Table 6.2. 



79 

Tak m m soMS/s 
h " ' > I I I I I • " ' ' I ' ' I I I I • • I 

09 Acqs 
^̂  h 

F 

XI 

vH^i^VB' ^ ,i'ri • • MM] ! • » ilij imtt^iamm 

« I M 

' I ' I I I I I I I » I ' ' ' • I ' • • ' I • ' • ' 

« 1 1 1 1 1 1 1 1 

Chi Freq 
100.4kHz 

Ch2 Pk-Pk 
3.0SV 

11 I 111 I I Ch2 Rise 
i s m s 

Ch2 Fall 
184 ns 

*^' '<̂ *̂  iiB •' ivUim' iiis'^ha'y - W 

Figure 6.3: Response of the buffered op amp with a 50Q||33pF load for slew rate 
measurement. 

Table 6.2: Measured DC and AC characteristics of the buffered op amp. 

Supply voltage 
DC gain (163^1 |33pi^ load) 

GBW 
SR+ (50n||33pFload) 
SR- (50f7||33pFload) 

Voff 

Vout + 
V ,-
^ Ota Power dissip. 

5V 
65.82 dB 
11.4 MHz 
20.4 V//ZS 
18.8 V//ZS 

1 mV 
4.12 V 
0.88 V 
10 mW 
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Figure 6.4: Response of the buffered op amp with a lMQ| | l pF load for slew rate 
measurement. 
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Figure 6.5: Large signal transient response of the buffered op amp for a 50Q||33pF 

load. 
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Figure 6.6: Small signal transient response of the buffered op amp for a 50n||33pF 

load. 



C H A P T E R VII 

CONCLUSION 

T h e purpose of this research was to prove the feasibility of an analog microchip 

capable of performing a 5x5 convolution on a 128x128 image plane with a speed of 

at least 20 frames per second. 

Based on a system block diagram of the microchip, derived from the formula of 

the discrete convolution, the main subsystems were designed and developed. Next, 

the inpLit and outpLit constraints were summarized and used as requirements for 

the design of the basic bLulding blocks. These circLuts were implemented by hand 

calculations and refined by extensive PSPICE simLilations. Once the design phase 

was finished, the VLSI layoLits of the basic buiding blocks were implemented using 

MAGIC version 6.3. In order to verify the electrical characteristics of the 

implemented circLuts, they were extracted from the VLSI layout and simulated 

again with PSPICE. When this iterative process yielded good results, the basic 

circuits were declared functional, and used to assemble the subsystems and finally 

the entire 5x5 convolution Linit. 

Of special importance proved to be the use of gLiarding rings around all n-type 

and p-type transistors of the analog circuits. These rings were made of heavily 

doped diffusion areas in a weU of the same type. They completely encircled tli(« 

transistors of the same type and prevented current gfitches caused by high 
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frequency switchings of the digital circuits, coupled through the substrate, to reach 

the sensitive protected areas. All guarding rings were tied to a quiet power rail. 

T h e main factor tha t decreases the speed of the image processor is the 42.5 ns 

setup and settling time of the input DAC. In order to add a security margin, we 

inserted a 45 ns delay before each write phase into the analog memory array, 

which decreases the convolution time for each pixel with 1.125 /is. This penahzes 

the processing speed for 1 frame with 18.432 ms. Under these conditions, the 

microchip is able to finish the weighted average around one pixel in 3yt/s and, 

therefore, it can process one frame in 49.152 ms. With this speed, 20.345 frames of 

the above mentioned size can be convolved per second. These resLilts were 

confirmed by PSPICE simLilations performed on a memory cell connected with an 

analog multiplier whose differential CLirrent OLitpLit was converted into a 

single-ended voltage, shifted and buffered. The OLitpLit buffer was fabricated and 

tested, and its electrical DC and AC characteristics match extremely close to the 

simulated values (see Chapter VI). This circuit, connected in a voltage follower 

configuration, proved to be able to drive a 50Q||33pF load (the same as the input 

impedance of the external ADC). 

Based on P S P I C E simulations and tests performed on the fabricated bufiered 

op amp, we can conclude that the 5x5 analog convolution unit is feasible and able 

to process at least 20 frames per second. 
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APPENDIX A 

PSPICE SOURCE FILE FOR THE FOLDED 

CASCODE OP AMP 

* OPAMP FOR MEMORY CELL AND I TO V CONVERTER * 

.OPTION NOECHO NOMOD 

.MODEL CMOSN NMOS LEVEL=2 PHI=0.700000 T0X=4.2400E-08 
+ XJ=0.200000U TPG=1 

+ VTO=0.8184 DELTA=4.0370E+00 LD=3.4300E-07 KP=4.5103E-05 
+ U0=553.8 UEXP=1.2310E-01 UCRIT=9.6810E+04 RSH=1.4910E-01 
+ GAMMA=0.5799 NSUB=6.7190E+15 NFS=1.0890E+11 VMAX=5.9760E+04 
+ LAMBDA=3.3160E-02 LAMBDA=3.3160E-02 CGD0=4.1902E-10 
+ CGS0=4.1902E-10 CGBD=3.4911E-10 CJ=1.2010E-04 MJ=0.6285 
+ CJSW=4.7113E-10 MJSW=0.3275 PB=0.800000 
* Weff = Wdrawn - Delta.W 
* The suggested Delta_W is 1.5426E-08 
.MODEL CMOSP PMOS LEVEL=2 PHI=0.700000 TDX=4.2400E-08 
+ XJ=0.200000U TPG=-1 
+ VTO=-0.9477 DELTA=4.6250E+00 LD=3.6240E-07 KP=1.6761E-05 
+ U0=205.8 UEXP=2.8980E-01 UCRIT=8.3070E+04 RSH=1.1050E-01 
+ GAMMA=0.6899 NSUB=9.5090E+15 NFS=1.lOOOE+11 VMAX=9.9990E+05 
+ LAMBDA=4.6050E-02 LAMBDA=4.6050E-02 CGD0=4.4272E-10 
+ CGSD=4.4272E-10 CGB0=3.9342E-10 CJ=3.0933E-04 MJ=0.6176 
+ CJSW=2.8778E-10 MJSW=0.4045 PB=0.800000 

* Weff = Wdrawn - Delta.W 
* The suggested Delta.W is -3.0100E-07 

* V- V+ Vo Vbl VDD 

.SUBCKT OPIV 1 2 3 5 4 

Ml 12 1 7 4 CMOSP W=160U L=2U 
M2 11 2 7 4 CMOSP W=160U L=2U 
M3 7 6 4 4 CMOSP W=32U L=2U 
M4 6 6 4 4 CMOSP W=32U L=2U 

*P-type stacked current mirror 
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M6 8 8 4 4 CMOSP W=32U L=2U 
M7 9 8 4 4 CMOSP W=32U L=2U 
M8 10 10 8 4 CMOSP W=32U L=2U 
M9 3 10 9 4 CMOSP W=32U L=2U 

*N-type stacked current mirror 

MIO 10 10 11 0 CMOSN W=12U L=2U 
Mil 3 10 12 0 CMOSN W=12U L=2U 
M12 11 11 0 0 CMOSN W=12U L=2U 
M13 12 11 0 0 CMOSN W=12U L=2U 

•transistor used as current source 

M5 6 5 0 0 CMOSN W=7U L=7U 

.ENDS OPIV 

* V- V+ Vo Vbias VDD 
XI 1 1 3 4 5 OPIV 

**** input voltages **** 

VI 1 0 DC {VCOM} AC 2.5V SIN(2.5V IV IK) 

;V2 2 0 DC {VCOM} AC 2.5V 

;V2 2 0 DC {VCOM} AC 3.5V PWL(ONS OV luS OV l.OOOOluS 4V 

;+2uS 4V 2.00001uS OV 3uS OV) 

;V2 2 0 AC IV SIN(2.5V IMV 5MEG) 
;V2 2 0 DC 2.5V AC 3.5V SIN(2.5V IV IMEG) 

**** supplies and biases **** 

VDD 5 0 DC 5V 
Vbias 4 0 DC {VB} 

CL 3 0 {CL} 

.PARAM CL=1P 

.PARAM VB=2.5V 
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.PARAM VC0M=2.5V 

•ANALYSIS 

.STEP PARAM VCOM 0 5 1 
;.DC VI OV 5V .OIV 
.TRAN IPS 2MS 
.AC DEC 100 1 le8 
.TF V(3) VI 
.PROBE 
.OP 
.END 



APPENDIX B 

PSPICE SOURCE FILE FOR THE BUFFERED OP 

AMP 

* HIGH FREQUENCY, RAIL-TO-RAIL, BUFFERED OPAMP * 

.OPTION NOECHO NOMOD 

.MODEL CMOSN NMOS LEVEL=2 PHI=0.700000 T0X=4.2400E-08 

+ XJ=0.200000U TPG=1 
+ VTO=0.8184 DELTA=4.0370E+00 LD=3-4300E-07 KP=4.5103E-05 
+ U0=553.8 UEXP=1.2310E-01 UCRIT=9.6810E+04 RSH=1.4910E-01 
+ GAMMA=0.5799 NSUB=6.7190E+15 NFS=1.0890E+11 VMAX=5.9760E+04 
+ LAMBDA=3.3160E-02 LAMBDA=3.3160E-02 CGD0=4.1902E-10 
+ CGS0=4.1902E-10 CGBO=3.4911E-10 CJ=1.2010E-04 MJ=0.6285 
+ CJSW=4.7113E-10 MJSW=0.3275 PB=0.800000 
* Weff = Wdrawn - Delta_W 
* The suggested Delta_W is 1.5426E-08 
.MODEL CMOSP PMOS LEVEL=2 PHI=0.700000 TOX=4.2400E-08 
+ XJ=0.200000U TPG=-1 
+ VTO=-0.9477 DELTA=4.6250E+00 LD=3.6240E-07 KP=1.6761E-05 
+ U0=205.8 UEXP=2.8980E-01 UCRIT=8.3070E+04 RSH=1.1050E-01 
+ GAMMA=0.6899 NSUB=9.5090E+15 NFS=1.lOOOE+11 VMAX=9.9990E+05 
+ LAMBDA=4.6050E-02 LAMBDA=4.6050E-02 CGD0=4.4272E-10 
+ CGS0=4.4272E-10 CGB0=3.9342E-10 CJ=3.0933E-04 MJ=0.6176 
+ CJSW=2.8778E-10 MJSW=0.4045 PB=0.800000 
* Weff = Wdrawn - Delta_W 
* The suggested Delta_W is -3.0100E-07 

* VI V2 Vout Vbias Vdd 

.SUBCKT BUFFER 1 2 3 6 4 

* biasing stage 

M9 8 6 4 4 CMOSP W=17U L=8U 
M8 8 8 0 0 CMOSN W=13U L=2U 
M40 7 8 0 0 CMOSN W=11U L=2U 
M4 7 7 4 4 CMOSP W=35U L=2U 
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*P differential stage and bias 

Ml 22 1 9 4 CMOSP W=600U L=2U 
M2 23 2 9 4 CMOSP W=600U L=2U 
M3 9 7 4 4 CMOSP W=173U L=2U 

* N differential stage and bias 

M5 16 1 10 0 CMOSN W=200U L=2U 
M6 17 2 10 0 CMOSN W=200U L=2U 
M7 10 8 0 0 CMOSN W=60U L=2U 

* Current suplement for the N-tail 

M20 11 7 9 4 CMOSP W=320U L=2U 

M21 11 11 0 0 CMOSN W=20U L=2U 
M22 10 11 0 0 CMOSN W=70U L=2U 

* Current suplement for the P-tail 

M23 12 8 10 0 CMOSN W=100U L=2U 

M24 12 12 4 4 CMOSP W=20U L=2U 
M25 9 12 4 4 CMOSP W=76U L=2U 

*P-part of cascode stage and N current source 

M26 16 15 4 4 CMOSP W=214U L=2U 
M27 17 15 4 4 CMOSP W=214U L=2U 
M28 15 13 16 4 CMOSP W=282U L=2U 
M29 18 13 17 4 CMOSP W=282U L=2U 

M30 15 7 19 0 CMOSN W=104U L=2U 

*N-part of cascode stage and P current source 

M31 21 8 19 4 CMOSP W=282U L=2U 

M32 21 14 22 0 CMOSN W=104U L=2U 
M33 20 14 23 0 CMOSN W=104U L=2U 
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M34 22 21 0 0 CMOSN W=78U L=2U 
M35 23 21 0 0 CMOSN W=78U L=2U 

* Current sink/source biasing transistors 

MIO 13 13 4 4 CMOSP W=9U L=4U 
Mil 13 8 0 0 CMOSN W=6U L=2U 

M12 14 7 4 4 CMOSP W=33U L=3U 
M13 14 14 0 0 CMOSN W=7U L=6U 

* Output stage biasing transistors 

M14 24 24 4 4 CMOSP W=54U L=2U 
M15 25 25 24 4 CMOSP W=54U L=2U 
M16 25 8 0 0 CMOSN W=6U L=2U 

M17 26 7 4 4 CMOSP W=15U L=2U 
M18 26 26 27 0 CMOSN W=24U L=2U 
M19 27 27 0 0 CMOSN W=24U L=2U 

* Output stage 

M36 20 25 18 4 CMOSP W=42U L=2U 
M37 18 26 20 0 CMOSN W=22U L=2U 
M38 3 18 4 4 CMOSP W=2400U L=2U 
M39 3 20 0 0 CMOSN W=896U L=2U 

* Compensation 

CCl 18 3 {CC} 
CC2 20 3 {CC} 

.ENDS BUFFER 

* VI V2 Vout Vbias Vdd 

XI 3 2 3 4 5 BUFFER 

**** input voltages **** 

;V1 1 0 DC OV AC OV 
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;V2 2 0 PWL(ONS -.5V 400NS -.5V 400.00001NS .5V 800NS .5V 
;+800.00001NS -.5V 1200NS -.5V) 

;V2 2 0 AC IV DC IV SIN(0V lOMV 4MEG) 

;V1 1 0 AC 3.5V DC {VCM} 

V2 2 0 AC 2.5V DC {VCM} 

**** supplies cind biases **•* 

V99 99 0 2.5V 
Vbias 4 0 DC {VB} 
VDD 5 0 5V 

CL 3 99 {CL} 
RL 3 99 {RL} 

.PARAM CC=5P 

.PARAM CL=35P 

.PARAM RL=50 

.PARAM VCM=2.5V 

.PARAM VB=2.5V 

*ANALYSIS 

.STEP PARAM VB 2.4 2.6 -05 
DC V2 0 5 .01 
WATCH DC V(3) 
WATCH TRAN V(3) 
.TRAN .IPS 1.2US 
WATCH AC V(3) 
AC DEC 100 1 le8 
.TF V(3) VI 
PROBE 
OP 
END 



APPENDIX C 

PSPICE SOURCE FILE FOR THE ANALOG 

MULTIPLIER 

* ANALOG MULTIPLIER WITH SINGLE-ENDED VOLTAGE OUTPUT * 

.OPTION NOECHO nomod 

.MODEL CMOSN NMOS LEVEL=2 PHI=0.700000 TOX=4.2400E-08 
+ XJ=0.200000U TPG=1 

+ VT0=0.8184 DELTA=4.0370E+00 LD=3.4300E-07 KP=4.5103E-05 
+ U0=553.8 UEXP=1.2310E-01 UCRIT=9.6810E+04 RSH=1.4910E-01 
+ GAMMA=0.5799 NSUB=6.7190E+15 NFS=1.0890E+11 VMAX=5.9760E+04 
+ LAMBDA=3.3160E-02 LAMBDA=3.3160E-02 CGD0=4.1902E-10 
+ CGS0=4.1902E-10 CGB0=3.4911E-10 CJ=1.2010E-04 MJ=0.6285 
+ CJSW=4.7113E-10 MJSW=0.3275 PB=0.800000 
* Weff = Wdrawn - Delta_W 
* The suggested Delta_W is 1.5426E-08 
.MODEL CMOSP PMOS LEVEL=2 PHI=0.700000 TOX=4.2400E-08 
+ XJ=0.200000U TPG=-1 
+ VTO=-0.9477 DELTA=4.6250E+00 LD=3.6240E-07 KP=1.6761E-05 
+ U0=205.8 UEXP=2.8980E-01 UCRIT=8.3070E+04 RSH=1.1050E-01 
+ GAMMA=0.6899 NSUB=9.5090E+15 NFS=1.lOOOE+11 VMAX=9.9990E+05 
+ LAMBDA=4.6050E-02 LAMBDA=4.6050E-02 CGDD=4.4272E-10 
+ CGSO=4.4272E-10 CGB0=3.9342E-10 CJ=3.0933E-04 MJ=0.6176 
+ CJSW=2.8778E-10 MJSW=0.4045 PB=0.800000 

* Weff = Wdrawn - Delta_W 
* The suggested Delta_W is -3.0100E-07 

* VI V2 V3 V4 lol Io2 VDD 

.SUBCKT MULT 1 2 3 4 16 18 9 

•ATTENUATORS 

MAI 0 1 5 9 CMOSP W=4U L=4U 
MBl 5 1 9 9 CMOSP W=4U L=4U 
MA2 9 2 7 0 CMOSN W=4U L=4U 
MB2 7 2 0 0 CMOSN W=4U L=4U 
MA3 0 3 6 9 CMOSP W=4U L=4U 
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MB3 6 3 9 9 CMOSP W=4U L=4U 
MA4 9 4 8 0 CMOSN W=4U L=4U 
MB4 8 4 0 0 CMOSN W=4U L=4U 

•MULTIPLIERS 

MNl 9 5 11 0 CMOSN W=24U L=4U 
MPl 16 7 11 9 CMOSP W=64U L=4U 
MN2 9 6 12 0 CMOSN W=24U L=4U 
MP2 16 8 12 9 CMOSP W=64U L=4U 
MN3 9 6 13 0 CMOSN W=24U L=4U 
MP3 18 7 13 9 CMOSP W=64U L=4U 
MN4 9 5 14 0 CMOSN W=24U L=4U 
MP4 18 8 14 9 CMOSP W=64U L=4U 
.ENDS MULT 

* 

* V- V+ Vo Vbl VDD 
.SUBCKT OPIV 1 2 3 5 4 

Ml 12 1 7 4 CMOSP W=160U L=2U 
M2 11 2 7 4 CMOSP W=160U L=2U 
M3 7 6 4 4 CMOSP W=32U L=2U 
M4 6 6 4 4 CMOSP W=32U L=2U 

*P-type stacked current mirror 

M6 8 8 4 4 CMOSP W=32U L=2U 
M7 9 8 4 4 CMOSP W=32U L=2U 
M8 10 10 8 4 CMOSP W=32U L=2U 
M9 3 10 9 4 CMOSP W=32U L=2U 

*N-type stacked current mirror 

MIO 10 10 11 0 CMOSN W=12U L=2U 
Mil 3 10 12 0 CMOSN W=12U L=2U 
M12 11 11 0 0 CMOSN W=12U L=2U 
M13 12 11 0 0 CMOSN W=12U L=2U 

•transistor used as current source 
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M5 6 5 0 0 CMOSN W=7U L=7U 
.ENDS OPIV 

* VI V2 V3 V4 lol Io2 VDD 
XI 1 2 2 4 5 6 7 MULT 

* V- V+ Vo Vbl VDD 

X2 9 5 11 8 7 OPIV 
X3 10 6 12 8 7 OPIV 
X4 13 14 15 8 7 OPIV 

RAl 5 0 {RA} 
RA2 6 0 {RA} 
RBI 11 13 {RB} 
RB2 12 14 {RB} 
RCl 13 15 {RC} 
RC2 14 99 {RC} 
Rl 9 11 {K*R} 
R2 9 10 {R} 
R3 10 12 {K*R} 

* shifter 

Ml 7 15 16 0 CMOSN W=512U L=2U 
M2 16 8 0 0 CMOSN W=8U L=2U 

VDD 7 0 DC 5V 
Vbias 8 0 DC 2.5V 
V99 99 0 DC 2.5V 
V2 2 0 DC 2.5V 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

VX 1 0 DC {VX} PWLCOUS {4-VX} 3US {VX} 6US {4-VX} 9US {VX} 

+ 12US {4-VX} 15US {VX}) 
VX 1 0 DC {VX} PWLCOUS 3V 750NS 3V 752NS {VX} 

+1468NS {VX} 1470NS 3V 1500NS 3V) 

,VX 1 0 DC {VX} AC 2.5V PULSE({VX} IV ONS 2NS 2NS 1.5US 3US) 

VY 4 0 DC {VY} AC 2.5V ;SIN(2.5 1.5 500K) 
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.PARAM VX=1V 

.PARAM VY=1V 

.PARAM K=.l 

.PARAM RA=4K 

.PARAM RB=40K 

.PARAM RC=1MEG 

.PARAM R=40K 

.STEP PARAM VX 1 3 .5 

;.DC PARAM VY 1 4 .05 PARAM VX 1 4 .5 

.TRAN IPS 15US 

.PROBE 

.OP 

.END 



APPENDIX D 

PSPICE SOURCE FILE FOR THE ANALOG 

MEMORY CELL 

* MEMORY CELL * 

.OPTION NOECHO NOMOD 

•MODEL CMOSN NMOS LEVEL=2 PHI=0.700000 TOX=4.2400E-08 

+ XJ=0.200000U TPG=1 
+ VTO=0.8184 DELTA=4.0370E+00 LD=3.4300E-07 KP=4.5103E-05 
+ UD=553.8 UEXP=1.2310E-01 UCRIT=9.6810E+04 RSH=1.4910E-01 
+ GAMMA=0.5799 NSUB=6.7190E+15 NFS=1.0890E+11 VMAX=5.9760E+04 
+ LAMBDA=3.3160E-02 LAMBDA=3.3160E-02 CGD0=4.1902E-10 
+ CGS0=4.1902E-10 CGBO=3.4911E-10 CJ=1.2010E-04 MJ=0.6285 
+ CJSW=4.7113E-10 MJSW=0.3275 PB=0.800000 
* Weff = Wdrawn - Delta.W 
* The suggested Delta_W is 1.5426E-08 
.MODEL CMOSP PMOS LEVEL=2 PHI=0.700000 TOX=4.2400E-08 
+ XJ=0.200000U TPG=-1 
+ VT0=-0.9477 DELTA=4.6250E+00 LD=3.6240E-07 KP=1.6761E-05 
+ U0=205.8 UEXP=2.8980E-01 UCRIT=8.3070E+04 RSH=1.1050E-01 
+ GAMMA=0.6899 NSUB=9.5090E+15 NFS=1.lOOOE+11 VMAX=9.9990E+05 
+ LAMBDA=4.6050E-02 LAMBDA=4.6050E-02 CGD0=4.4272E-10 
+ CGS0=4.4272E-10 CGB0=3.9342E-10 CJ=3.0933E-04 MJ=0.6176 
+ CJSW=2.8778E-10 MJSW=0.4045 PB=0.800000 
* Weff = Wdrawn - Delta_W 
* The suggested Delta.W is -3.0100E-07 

* V- V+ Vo Vbl VDD 

.SUBCKT OPMEMO 1 2 3 5 4 

Ml 12 1 7 4 CMOSP W=160U L=2U 
M2 11 2 7 4 CMOSP W=160U L=2U 
M3 7 6 4 4 CMOSP W=32U L=2U 
M4 6 6 4 4 CMOSP W=32U L=2U 

*P-type stacked current mirror 
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M6 8 8 4 4 CMOSP W=32U L=2U 
M7 9 8 4 4 CMOSP W=32U L=2U 
M8 10 10 8 4 CMOSP W=32U L=2U 
M9 3 10 9 4 CMOSP W=32U L=2U 

*N-type stacked current mirror 

MIO 10 10 11 0 CMOSN W=12U L=2U 
Mil 3 10 12 0 CMOSN W=12U L=2U 
M12 11 11 0 0 CMOSN W=12U L=2U 
M13 12 11 0 0 CMOSN W=12U L=2U 

•transistor used as current source 

M5 6 5 0 0 CMOSN W=9U L=9U 

.ENDS OPMEMO 

* IN OUT CLK VDD 
.SUBCKT SWITCH 1 2 3 5 

M50 2 4 1 0 CMOSN W=4U L=2U 
M20 1 3 2 5 CMOSP W=5U L=2U 
M51 4 3 0 0 CMOSN W=16U L=2U 
M21 4 3 5 5 CMOSP W=21U L=2U 

.ENDS SWITCH 

* memory cell description * 

* Vin Vout Vbias IN OUT W R RST VDD VC VB 
.SUBCKT MEMORY 1 2 9 IN OUT W R RST 8 7 5 

Rin 1 0 {rin} 

XI 1 3 PHI.IN 8 SWITCH 
X2 3 2 PHI.OUT 8 SWITCH 
X3 4 7 PHI_W 8 SWITCH 
X4 4 6 PHI_R 8 SWITCH 
X5 6 2 PHI_RST 8 SWITCH 
X6 6 5 2 9 8 OPMEMO 
CS 3 4 0.5PF 
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.ENDS MEMORY 

* Vin Vout Vbias IN OUT W R RST VDD VC VB 

XI 1 2 4 IN OUT W R RST 5 3 3 MEMORY 

* supply and biases * 

VDD 5 0 DC 5V 
Vbias 4 0 DC 2.5V 
Vref 3 0 2.5V 

* input and clocks * 

lin 0 1 {lin} 

Vin PHI.IN 0 DC OV AC OV PULSE(5V OV ONS 2NS 2NS 750NS 1125NS) 
Vout PHI.OUT 0 DC OV AC OV PULSE(OV 5V ONS 2NS 2NS 750NS 1125NS) 
Vw PHI_W 0 DC OV AC OV PULSE(5V OV ONS 2NS 2NS 15NS 1125NS) 
Vr PHI_R 0 DC OV AC OV PULSE(OV 5V ONS 2NS 2NS 750NS 1125NS) 
Vrst PHI_RST 0 DC OV AC OV PWL(ONS OV 750NS OV 752NS 5V 1093NS 5V 
1095NS OV 
+1125NS OV) 

.PARAM Iin=27.15MA 

.PARAM RIN=32 

•ANALYSIS 

.STEP PARAM lin 27.15MA SOMA 10.57MA 

.WATCH TRAN V(l) V(2) 

.TRAN .IPS 1.5US 

.PROBE 

.OP 

.END 
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