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Ein integriertes analoges Netzwerk fur die Bildverarbeitung- Ein wichtiger Schritt in der
elektronischen Bildverarbeitung ist die Kantendetektion. Im Rahmen dieser Doktorarbeit wurde
dafur ein Mikrochip entworfen und getestet. Er wurde in ei@®OS-Technologie (complemen-

tary metal oxide semiconductor) gefertigt und verarbeited Bilder mit einer GréRRe ver666
Bildpunkten in wenigen Mikrosekunden. Die Berechnungen werden dabei parallel in einem
analogen Netzwerk aus speziellen Bauelementen ausgefuhrt, die die linearen Eigenschaften von
Widerstdnden mit dem nichtlinearen Verhalten einer Sicherung kombinieren. lesestive fuses
genannten Schaltungselemente wurden in einer Weise implementiert, die sich sowohl durch gerin-
gen Platzbedarf als auch durch Robustheit gegentiber den bei der Halbleiterherstellung unvermeid-
lichen Schwankungen der Bauteilparameter auszeichnet.

An integrated analog network for image processing An important step of electronic image
processing is edge detection. Within the scope of this Ph.D. thesis a microchip was developed and
tested for this purpose. Realized in a complementary metal oxide semicondamoS) tech-

nology it is capable of handling images with a size of666 pixels in a few microseconds. The
processing is done in parallel by an analog network of special components which are combining
the linear behavior of a resistor with the nonlinear one of a fuse. Those circuits, padigid/e

fuses, have been implemented in a way that is outstanding in terms of area usage and robustness
against the unavoidable parameter fluctuations of semiconductor manufacturing processes.
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Introduction

Being visually handicapped or blind is a severe limitation for the life of the affected people. Tech-
nology can help to make many things easier. In recent years even the replacement of the lost sight
seems no longer impossible but is still many years away from practical usage. A technical assis-
tance that could be available much sooner is the transfer of visual information to another sensory
channel of human beings. Hearing and touch are the favorite alternative pathways to the brain.

This work was motivated by the need for a fast and portable image processing system. Such a
system can be used as a front-end either for acoustic or tactile vision substitution systems that work
not only indoors but in natural environments, too. This thesis is part of a project developing such
a system based on the sense of to{MEI96]. The image sensor is a black-and-wh@soO$-
camera with logarithmic response and integrated fixed pattern noise correction small enough to
be head-mounted, for example at some blind eyeglasses. It has some prerequisites for image
processing built in, being able to output arbitrary regions of the picture at selectable resolutions
[LOO98, LO0O99] The logarithmic response curve of the camera together with a dynamic range of
about 6 decades help to identify image structures under very different illumination cofditions

In a traditional approach an analog-to-digital convert#®bC) would produce a digital data
stream from the analog camera signal. This would be stored in a memory and processed by a
linear filter operator like the Sobel or Kirsch operatfktE95-1] before binarisatioffKLE95-2].

Power and space consumption should be minimized for portability, but not at the cost of speed.
For this reason a new approach has been chosen for the mentioned tasks. The camera output is
directly fed into an analog processing array for edge detection and noise suppressiaDD#e

chip (EDge Detection Array). ThigLSI® microchip converts the analog gray scale picture into a
binary edge image with a method callesistive fuse technique. It is based on a novel switched
capacitor §Q) circuit developed in this thesis.

With the camera and th&DDA chip, a front-end for an active vision system exists. After
acquiring and processing the image in a coarse resolution, interesting parts can be subsequently
analyzed at higher detail levels. This thesis focuses oeD®@A chip. The algorithm it uses, its
design and the results from the final silicon are presented in the following chapters.

In chapter 1 the resistive fuse algorithm and its theoretical background are explained in detail.
The switched capacitor realization of the algorithm is presented. A numerical simulation has been
developed to evaluate the algorithm and check the results fromiLiBeimplementation.

1Complementary Metal Oxide Semiconductor. Todays most commonly used semiconductor manufacturing process.

2If the same structure is viewed under two different illumination levels with a linear camera, the ratios between the
graylevels are preserved whereas a logarithmic image sensor keeps the differences constant. In hardware implementa-
tions subtractions are usually less costly than divisions making a logarithmic sensor an advantage.

3Very Large Scale Integration



2 INTRODUCTION

Based on thesC circuit a mixed-signalCMOS microchip has been designed. Its implemen-
tation is described in chapter 2. It covers the analog network as well as the necessary circuitry
needed for/O, clock generation and control. Analog circuits are more sensitive to device vari-
ations than digital ones. Therefore the layout plays a crucial part in optimizing the performance
like reducing the fixed-pattern noise for example. The layout techniques and their usage are also
shown in chapter 2.

Despite being a prototype theDDA chip contains the necessary circuitry for integrating it
into the final portable vision system. Consequently the test setup described in chapter 3 uses only
technologies that fit in such a system. BRGA does the interfacing tBDDA, connected via the
PCP bus to a microprocessor. The analog measurements are done by an intagratechapter
3 covers also aspects of the software used for testing. Like the hardware it is designed to be reused
in the final system to control the image processing components.

Real world images and artificial test pictures have been used to measure the performance of
EDDA. Chapter 4 shows the results. Image noise suppression and the chip’s own fixed pattern
noise are important aspects, as well as speed and power consumption.

“Field Programmable Gate Array
SPersonal Computer Interconnect



Chapter 1

Resistive Fuse Networks

This chapter introduces resistive fuse networks. It is explained how they are
formed by adding nonlinear behavior to linear resistive networks. Their ability
for edge detection and noise suppression is investigated. A novel switched
capacitor circuit is shown as an implementation of a resistive fuse network
suitable for VLS integration. At the end of this chapter a numerical simulation
is presented used to visualize the behavior of the network and to verify the SC
circuit.

1.1 Edge Detection

In the field of early visioh edge detection plays a prominent role. This step is one of the first
performed in the retina of a vertebrate eye that correlates the outputs of a multitude of sensory
cells. It is done in many ways by the different neurons, each of them being specialized for certain
patterns. As in the biological model there is no simple definition for the structure callsfjiam
electronic image processing systems. In general a discontinuity in the gray scale image is called
an edge if it can be distinguished somehow from the background noise and reaches a certain size
and level. In real world sceneries, with plants or a far away background for example, most of the
noise is generated by structures smaller than the resolution of the camera but not small enough
to produce a similar mean value in neighboring pixels. Only by looking at a uniformly painted
wall, which is not a likely situation, the noise of the camera will dominate. A priori a statistical
distribution function for the kind of noise the edge detection system has to cope with is not known
because it depends on the scenery. In the case of irregular textures or unwanted small details it
may not even exist. To solve this problem adaptive filtering could be used.

On a large scale this can be done by the image processing system at a whole. It can change the
camera resolution or tune the parameters of individual parts like the edge detection filter. This kind
of feedback loop will work only if the individual parts of the image processing system self adapt to
the input image at least good enough to be able to generate the error information for the feedback.

The termearly vision refers to the first steps performed by an image processing system which operate on the
two-dimensional image data to extract local features like orientation or texture.

3
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Figure 1.1: One-dimensional resistive network, is the resistance to ground af the resis-
tance between the network nodes.

A good starting point, for example, would be looking at the whole image in low resolution while
configuring the edge detection to suppress small structures. The coarse lines detected in this step
could be used as an orientation after switching to higher detail levels. Adaptive filtering on a small
scale means that the amount of smoothing along and orthogonal to an edge is different.

The prerequisites for a useful edge detection algorithm are:

e easy to parameterize (especially the edge threshold)
e adaptive noise suppression

e use of spatial correlations

e reduction of image information

e conservation of 'important’ features

Any algorithm of this kind needs to look at the surrounding of each pixel boundary to decide if
there is an edge or not. This leads to a high level of short range information exchange making
it well suited for fully parallel implementations. If an analog solution is desired the restrictions
imposed byLSI design rule§GEI90-1] make additional constraints necessary:

e direct information exchange only between the nearest (at most the next-but-one) neighbors
of a pixel to keep routing costs low

e low precision requirements (about 1 %)
e low per pixel complexity to reduce area usage

An edge detection method fulfilling all these conditions is the resistive fuse approach that will be
explained in the next section.

1.2 The Resistive Fuse Concept

1.2.1 Linear Resistive Networks

Figure 1.1 shows a one-dimensional resistive network. Neighboring nodes are linked via the re-
sistors R while each B connects the node to ground. For the continuous case, i.e. t&king
resistance and/RRy as conductivity per unit length the voltage at nadequals

=]

V(z)=V(0e T (1.1)
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Figure 1.2: Top: Resistive network with voltage sources. Bottoi(0) # 0. The exponential
decay of the node voltages can be seen.

with the characteristic length
R
]=./=2 1.2
7 (1.2)
and the initial voltagé’ (0) atz = 0. In the discrete case the unitiofhanges from a length to
a node index.. The equation fo#/(n) is [MEA89]:

V(n) =V (0)y" (1.3)
1 1 1
A comparison between both cases yigldsN98]:
_1 1 1

Typical values of as used in this thesis lie in a range from 2 to 6. This results in a deviation of
about 0.3% from the exponential decay for the worst discrete easel(andl = 2). In figure

1.2 the network is combined with voltage sources to input a pattern at the nodes. The sources do
not alter neither the exponential behavior of the network nor its characteristic length because the
resistance of an ideal voltage source is zero (it does not ch@jhg&he equivalent conductance

of a semi-infinite network, as depicted by the dashed line in figure 1.2 for example, is:

1—~ 1 R 1
Gin = = 1 — 1.6
"R, \j RnRy ( + 4Rg> 2Ry (1.6)
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- -l
SA e
— I
3 |
() |
_V I _V %) |
o1‘°f | off 2 ! fuse voltage [V]
| [ [ -
| Vori Vo
1
| \\
1 /‘:(‘ ! \
|- * '
fuse-like behavior resistor-like behavior

Figure 1.3: Characteristic curve of a resistive fuse for two different threshold voltdgeand
Vof'. If the voltage across the fuse exceddg or Vo', respectively, the current drops to zero.

Using this effective conductivity for each of the two semi-infinite networks merging at a node, the
node voltagd’ can be expressed by the source voltage

1 1
=) =1 —
2GinRyg+1 VAalZ+1

The right part was derived by substituting equation 1.2 in 1.6. The bottom half of figure 1.2 shows
the resulting node voltages if a source signal is applied at node zero. If an arbitrary input pattern
is used, the principle of superposiicallows to calculate the node voltage from the single input
responses.

Resistive networks are well suited as smoothing filters. They have the exponential decay
necessary to keep the region of influence sufficiently under control. Although there are reasons to
prefer a Gaussian shape for a smoothing filtenay not be worth the additional implementation
complexity [KOB91].

1% (1.7)

1.2.2 Nonlinear Resistors

In contrast to smoothing noisy areas, an enhancement is needed at those parts of the image repre-
senting edges. Usually this involves some kind of spatial derivation of the gray value sequence.
If only two adjacent pixels are considered, this is reduced to taking the difference between them.
For a stable response, a threshold must be applied to the derivative suppressing everything below a
certain level. In the resistive fuse network this is the elementary step of edge detection that is done
at every node, too. The idea behind it is as follows: based on a resistive network, the connecting
resistorsR, are not longer ordinary resistor, but act like fuses in series with the original resistors.
Figure 1.3 shows the characteristic curve of this so caksuitive fuse. As long as the voltage

across it is smaller thalg, it behaves like a linear resistor. Wi is exceeded, the resistance
becomes infinite, i.e. the fuse is 'blown’. Therefore the maximum current can be adjusted by the
parametel . Contrary to an ordinary fuse, this process is completely reversible.

2This is true as long as the resistors are linear.

30ne reason for this is the invariance of the gauss function under the Fourier transformation. That means its behavior
in the spatial and frequency domain is SimilakE93-1]

4The additional complexity most likely increases the area needed for a network c@lL81 anplementation. This
reduces the number of network cells per area.
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Figure 1.4: Response of a resistive fuse network to a single sou(@gwith [ = 2. If AV is larger
thanV o the fuses connected to node O will blow.

) Rn 1 V< Vo

Figure 1.4 depicts the response of a network with resistive fuses to a single source v(Mjades

long as the maximum difference between the individual nddéss smaller thari;s it behaves

like an ordinary resistive network and the node values are governed by equations 1.3, 1.4 and
1.7. If Vi is decreased belodV the two fuses next to the source at node zero will reach their
threshold values and blow. This separates the network in three parts: two semi-infinite networks
with no input signals anymore, thus all their nodes drifting to ground, and one isolated source
driving node zero to the full input value @{0). Now the ratio between node zero and node one

or minus one, respectively, has increased fi6(0)(1— ) to »(0). If V' is expressed in terms of

v this hysteresis betweekl/ of the continuous and the interrupted network becomes:

o AV tuse blown _V 42+1
single AVuse ok 1—v

(1.9)

In the above example with= 2 this amounts tdsjnge = 10.6. To switch the fuses back oW
must be increased more than tenfold.

Figure 1.5 shows the same network again, but instead of a single source all sources with index
n < 1 are at voltagé’;,, those withn > 1 are zero. This corresponds to an edge in one dimension.
As long asV i is large enough to keep all fuses in their linear region, the ratiélofto i, is
exactly the same ag to v in equation 1.7. IV is selected to be smaller th&V/, the center
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Figure 1.5: Response of a resistive fuse netwotk=2) to an edge input. The voltage sources
enclosed by the dotted lines are at the same value. The source voltage jumps,ftormero
between node 0 and node 1AV exceedd/o the fuse between these nodes will blow.

fuse will blow and the network divides into two halves. The node voltage difference between them
is Vin. The hysteresis in this case amounts to

hedge: V 412 + 1 (110)

With [ = 2 this results inhegge= 4.1. Comparison oksingle aNdhedgeleads to:

hsingle _ 1 (1 11)
hedge 1—7

Supposed that these different input patterns get combined, decrégginil make the edge fuse

blow at aﬁ higher voltage than the fuses next to the single source. By this way the resistive
fuse network is able to distinguish objects by their size using only local comparisons. The voltage
differences across the fuses are smaller for isolated input signals than for more extended ones. If
a blown fuse is used as an edge indicator, by redutyzghe edges from larger objects will be
detected first. The level of a single source mus{—_’eehigher to produce an edge output at the
sameV i level than a spatial correlated group. In table 1.1 numerical values are listed for the
discussed equations in dependency of the characteristic |Iengfith increasing the suppression

of small structureqf—7 gets stronger. Also the ratio between node and source vo[tages+1)
decreases. This sets a limit fioin any implementation, because voltage resolution and noise level
must also be improved.
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o~
=

1
| V| &
0.451 0.38| 1.6
0.24) 0.61| 2.6
0.12] 0.78| 4.5

10 0.05| 0.91| 10.5

AN P

Table 1.1: Numerical values for different characteristic lengths.
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Figure 1.6: The two most commonly used topologies for a discrete resistive network in two
dimensions. Left: square, right: hexagon&l.denotes the resistance between neighboring nodes.
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1.2.3 Two-Dimensional Resistive Networks

In two dimensions an exact solution is known for the continuous casgvi®as9]. The discrete
network is replaced by a resistive sheet with a resistangeobins per square and a conductivity

to groundo per unit area. The equation for the radial decay of a source signal at the origin is the
modified Bessel function, Kp:

V(r) = VoKo(ar) (1.12)
with 1
a=7= Vpo (1.13)

Because of the divergence of the Bessel function at radii, 1§ is not the value atvr = O but

atar ~ 0.458 whereKy = 1. Unlike the one-dimensional case there is more than one possibility

for a discrete network in two dimensions. Figure 1.6 shows the two most commonly used resistor
topologies, hexagonal and square. Usually the hexagonal is considered as the better one, because it
is closer to the rotational symmetry of the continuous resistive sheet. On the other hand it is harder
to realize inVLSI techniques and combined with resistive fuses, more fuses per image pixel are
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Figure 1.7: Comparison of discrete and continuous case in two dimensions.

needed. This makes the array roughly 3/2 larger than the square one at a given resolution. Also
most commercialy available image sensors are using rectangular geometry, making it harder to
connect them to ahexagonal instead of asquare network. Because area saving isamajor constraint
for integrated circuits the square network was chosen for this thesis. The resistors between each
node and ground, Ry, are omitted for clarity in figure 1.6. Compared to the one-dimensional
discrete network the number of network resistors R, per node has doubled. Considering a square
with n. nodes, nR,, is the resistance along one path, n paths lie in paralel. This results in an
effective resistance of R, independent of the size n of the square. Thus the resistance per square
is R, and the formula for the characteristic length stays the same as for the one-dimensional
discrete network:
Ry

[ = R (1.14)
In figure 1.7 the discrete square network is compared to the continuous one for [ = 2 and asingle
source a the origin. The discrete network data was generated by a numerical simulation devel-
oped within the scope of this thesis. It uses the same discrete time approach as the switched
capacitor circuit described in section 1.3.1. Therefore it is explained afterwards in section 1.4.
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The normalized node voltage is plotted versus the node number along a straight cut through the
two-dimensiona array. The discrete network has a rotational symmetry only for angles that are
multiples of 90°. For this reason two different cuts are plotted. The one marked with ’a’ is aong
the connecting resistors, 'b’ has an angle of 45 to'a . For comparison with the preceding section
the one-dimensional case is also included. The deviation from the continuous case is higher for
direction b’ than for 'a. Also the signal declines faster in two dimensions than in one because it
spreads across an area instead of aline, i.e. the signal 1oss to ground increases with 7 instead of
r. In the simulation of the two-dimensional network the source voltage is 10.8 times higher than
the resulting node voltage. This is more than twice the source/node ratio of the one-dimensional
case.

1.2.4 Edge Detection with Two-Dimensional Resistive Fuse Networks

To detect edges in two dimensions, the network resistors R, are replaced with resistive fuses, Rryse
and anindividual sourceisadded at each node to input two-dimensional picturesinto the array (3
gets renamed to Ryixe to reflect this change). Figure 1.8 depicts this network structure. For the re-
sistive fuse an implementation with standard electronic building blocks is shown. Two operational
amplifiers with gain one calculate the difference between the left and right node voltages. Each
comparator (operational amplifier with gain oo) will close the switch to RByg if this difference is
smaller than V. Together the switches form alogica and: current will flow only if [ —r < Vg
and r — | < Vi, thus realizing the characteristic curve of the resistive fuse (see figure 1.3). The
edge output reflects the state of the fuse: if any of the switchesis open it switchesto alogical one,
signaling ablown fuse.

Figure 1.9 shows more details about the behavior of the two-dimensional network. At the
bottom the image data are depicted, consisting of a half-plane to the left, a straight line in the
middle and a single point near the right edge. The horizontal cut through this point is drawn
above, with the node voltage on the ordinate. The dark pixels are mapped to a source voltage of
0, the bright ones to 1. If the fuses are blown all node levels will be equal to the according source
voltages else the voltage reduction caused by the network smoothing will be different depending
on the size of the structure.

In Figure 1.9 all the fuses are either blown or intact. For image processing applications Vs is
selected in away that ablown fuse represents an edge in the source image. 1nthe mentioned figure
for example the single point could be suppressed by adjusting Vi to 0.1. In figure 1.10 the image
consists of a dark bar against a bright background. At the upper half Gaussian distributed noise
with a sigma of 25% in respect to the bar-to-background ratio is added. The two small images
at the top show the node voltages. The left one represents the case that all fuses are blown. The
right one depicts a Vs adjustment which smoothes the noise but keeps the edges of the bar. In
the diagram below cuts are plotted for both cases. For reference it contains also a cut through
the noise-free node image. Figure 1.11 shows the histograms of both situations. The smoothing
process reduces the width of the peaks and separates them.

To close this section the effect of aresistive fuse network on areal world scenery is displayed.
A photograph of astreet is used asinput pattern. It is depicted at the top of figure 1.12. Theimage
in the middle shows the node voltages for a Vi level of about 1/60 of the total dynamic range
of the source data. At the bottom the blown fuses are printed as short black lines along the pixel
boundaries. They apparently represent the edges of the picture. In the node image the smoothing
process in the areas between the blown fusesisvisible. It gives the image a’ painted’ appearance.
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Figure 1.8: Cutout of a square resistive fuse network. The solid boxes show the circuit diagrams
for afuse and apixel. The dashed box depicts one elementary cell consisting of two fuses and one
pixel.
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Figure 1.9: Smoothing of differently sized structuresin atwo-dimensional network. At the bottom
acutout of the sourceimageis shown. The node voltages in the graph show the network’s response
to this image (along the cut depicted by the black box) for the two cases that all fuses are either
blown (dashed line) or intact (solid line). It can be seen that the maximum node voltage difference

for the case that the fuses are intact is correlated with the spatial size of the according image
structure.
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node voltage [V]

_1 . I . I . I
0 20 40 60

node index

Figure 1.10: Noise suppression capabilities of the resistive fuse network. Two different node
voltage images are shown at the top. In the bottom half of each image all fuses are blown, i.e. the
node voltages reflect the source ones. The black bar isat 0V and the surrounding at 1 V. In the top
half noise has been added to the source image. In theimage on the right the noise is reduced by the
smoothing action of the resistive fuse network while the edges of the bar are preserved. The graph

shows the node voltages for both cases together with the source image aong the cuts depicted by
the black boxes.
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Figure 1.11: Histograms of the node voltages of the previous figure. Solid line: left image, all
fuses are blown; dashed line: right image, fuses are partially blown (the histograms contain only
the values from the top half of each image).
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Figure 1.12: Real wold photograph processed by a resistive-fuse network. From top to bottom:
original image, node image and blown fuses. The resolution is 384 x 288 pixel.
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1.3 The Switched Capacitor Resistive Fuse Circuit

The major goa of this thesis was the analog realization of a resistive fuse network in a standard
CMOS process in away that alows the exploitation of the constant shrinking feature sizes caused
by the rapid advances in semiconductor technology. If the array structure from figure 1.8 wasto be
implemented in afully parallel analog way, atransistor level circuit must be developed for the fuse
and the pixel voltage source. In addition to the design rules of the semiconductor manufacturing
process three mgjor constraints must be met: low area usage, low power consumption and low
fixed pattern noise’. Clearly the direct realization of the circuit in figure 1.8 does not comply well
with the area constraint. Eight operational amplifiers are needed for the two fuses that belong
to every input pixel. In addition there are no linear resistors with a high resistance per area in
standard CMOS processes. In the AMS 0.6 um process used for this thesis [AMS98-1, AMS98-2]
the poly layer has atypical resistance of 33 Q/LY. If the current through the pixel resistor should
be limited to 10 A at a source voltage of 1V, it needs 3030 squares which consume at least an
area of 70x70 un? 8. To keep both area and power consumption low active resistors are needed,
either by using the ohmic region of the transistor characteristic curve or by switching capacitors
[GEI90-2)].

In [YU92, HAR89] continuous time implementations of resistive fuse circuits are presented.
They use between 7 and 33 MOS transistors to build a single fuse. While the fuses with less
transistors are good in terms of area, they are more sensitive to common mode variations and the
linearity of their resistance is not very good. To keep the power consumption low those circuits
usually work in weak inversion. This makes them more sensitive to threshold voltage variations
caused by device mismatch than circuits biased in strong inversiod. Another disadvantage of
continuous time implementations is their dependence on transistor properties, making it difficult
to transfer those circuits to smaller feature-size processes. In the deep submicron range transistor
properties change strongly with oxide thickness and doping concentrations, especially for mini-
mum sized devices where short channel effects become dominant.

Another design goal in this thesis was the capability to read out edge information digitally
from the resistive fuse array. Ascan be seen in figure 1.12 the information that afuseisblown, i.e.
if the voltage acrossit is larger than Vg or not, can be used as an indicator for an edge between
the two nodes connected by that fuse. This is depicted symbolically by the NAND gate in figure
1.8. The continuous time circuits do not produce this information directly. If Vg is reached, the
current through the fuse drops but it is still necessary to measure analog quantities to decide if it
is blown or not.

SFixed pattern noise is the spatia fluctuation in a periodic circuit like a camera or a resistive array consisting
of many identical pixels. Due to the limited accuracy of the semiconductor manufacturing process device-to-device
variations exist. Thefinal pixel-to-pixel deviations are mostly the sum of a multitude of small uncorrelated device-level
fluctuations. This makes it possible to treat them like normal distributed noise. Instead of varying with time, they vary
with the location on the wafer. After manufacturing this pattern is stable for every chip, hence the term fixed pattern
noise.

SAustriaMikro Systeme International AG

Theresi stivity of alayer isgiven in Q/0O by the chip manufacturer since the resistance of a square-shaped resistor
isindependent of itssize.

8Thisis twice the area that the complete circuit, asit isimplemented in the EDDA chip, occupies.

%In weak inversion, i.e. the subthreshold region where 0 < Vgs < V', the drain current is proportional to
e(VGs—VT)/nVt instead of (Vgs— V1) in strong inversion [GEI90-3).
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Figure 1.13: Circuit diagram of the switched capacitor fuse.

Therefore the approach realized in this thesis is not a continuous time one, it is based on
switched capacitor techniques (SC) instead. Besides having the ability to implement accurate
resistors with high resistances and low area usage, SC-circuits offer the ability to store values for
short periods of time. This feature is used to reduce the number of operational amplifiers per fuse
from four to one by performing some tasks sequentialy in time.

1.3.1 Operation Principle

Figure 1.13 shows the circuit diagram of aresistive fuse as it has been developed in the scope of
this thesis. Two pixels and one fuse circuit are drawn. The details of the analog storage and the
readout part are omitted for simplicity. They will be covered in section 2.2. The pixel storage
capacitor Cs and the following buffer represent the pixel voltage source. The nodes labeled with
other cells are connected to the three remaining neighbors of each pixel, as depicted below the
arrows. Theresistive fuse is shown in the middle, consisting of aresistor and a sense amplifier.
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Figure 1.14: Timing of ¢1-¢3 and V¢mp. One network cycle is shown. It is divided into two
phases with different Ve polarity.

The SC-resistor of the fuse is formed by G, and Cy, together with the surrounding switches.
The sense amplifier is a specia kind of clocked comparator [GEI90-4, PRI95], using three non-
overlapping clock signals ¢ to ¢3. Its core is build by the transistors M1 to M4. They are
connected as a static latch (two cross coupled inverters). Two switches isolate it from the power
supply lines Vpp and ground if ¢, isinactive (low). With ¢; charge can be transferred from the
inputs onto the internal nodes SA and SA. This charge is stored on the gate-capacitances of M 1-
M4 and the V cmp coupling capacitors Cy, making the node voltages reflect the input voltages. By
applying power (with ¢,) the voltage difference between SA and SA is amplified up to Vpp and
ground. The third clock phase ¢3 connects the nodes of the sense amplifier to a pair of global
signals, called Vo and Vou. They are serving two different purposes. First they are both set to
the precharge voltage to clear the sense amplifier. The second usage is to readout the state of the
sense amplifier after it has made a decision. Thisis covered later in section 2.2.4.

Figure 1.14 shows the edge detection timing. The network cycleis split into two phases, each
consisting of a single cycle of the non-overlapping clock signals ¢, ¢, and ¢3. The difference
between phase 1 and phase 2 isthe polarity of the differential Vomp signals. Vemp — Vemp changes
from Vg to —Voir. The node voltages are compared against this difference.

At the beginning of each phase, after ¢3, both nodes of the sense amplifier are at Viprecharge
level. It is chosen to be approximately one transistor threshold voltage higher than the lowest hode
voltage. Since the fuse resistor switches are NMOS pass transistors, this ensures that no current
flows after precharging the sense amplifiers. The momentary network node voltages are stored on
the node capacitors Ci,.

Each phase starts with ¢;. The charge on the left and right node capacitors G, (Q;, Q) is
distributed between the gate capacitances of the sense amplifier (G) and the Ve capacitor C,.
The differential input voltage of the sense amplifier AV = Vg — Vs becomes (Csa = Cg+ Cy,
Qsa= Csa- Vprecharge):

_Q+0n rtQa Q-G
Ch+Cxa Ch+Ca Ch+Cx

Thisisindependent of both the precharge voltage and any common node voltage level.

AV

(1.15)
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After ¢1 Vemp changes from ground to Vit or vice versa, depending on the phase (see figure
1.14), Vemp is the complement, changing from Vs to ground in phase 1. For the capacitive
divider formed by Cy and C'y the charge sum at the common node cannot change if it is isolated.
Therefore the charges at both capacitors must be equal:

|4 C
Aoff = —2 = v 1.17
off = 37+ Cot Cu (1.17)

Using this result the new differential input voltage for the sense amplifier AV can be cal cul ated:

V off in phase 1

—Veo  inphase 2 (1.18)

AV = AV + 2\ - {

The factor of two stems from the fact that the total change in Vemp — Vemp istwo times Vg (both
V emp @nd Vemp change by V). In phase 1 AV gets enlarged, in phase 2 it is reduced.

With ¢, the sense amplifier is activated and if AV’ > 0, V g will go to Vpp and Vg to ground.
This connects Cj; to the left and Cj to the right node. If AV’ < 0 the output will be inverted,
connecting Cj to the right and Cj, to the left. Table 1.2 shows all four possible combinations of
AV’ and phase. The forth one does not occur if Vit > 0. If |AV] islarger than the second addend
of equation 1.18, the capacitors C; and C}, will get connected to the same side in both phases,
disabling any charge transport across the fuse. In the other case Vemp and Vemp dominate the
sense amplifier, making it switch to one side in phase 1 and to the other in phase 2. Thisleads to
Caand Cy acting like a SC-resistor connecting the two nodes. Figure 1.15 illustrates this behavior
for the case that the left node voltage is larger than the right one, i.e. AV > 0. At the top part the
fuse resistor is shown for a blown fuse, at the bottom the fuse is intact. Phase 1 is depicted left,
phase 2 right. The sign of AV’ determines whether Vg, will go to Vpp or ground. If the signis
the same in phase 1 and phase 2, the sense amplifier switches both times to the same side. (g
gets charged to the voltage of the left node, (4, to the one of the right. If the voltage difference
between the nodes is small, the sign of AV’ depends only on the phase, i.e. 2\ Voff > |AV] in
both phases. In this case the capacitors are dternately connected either to the left or the right node,
forming a SC-resistor.

The pixel capacitor and four fuse capacitors are connected in parallel after the sense amplifiers
have made their decision. The new node voltage (Vioge) is stored on C', for the next phase. The
actual phase ends with ¢3. The sense amplifier gets precharged by connecting both nodes to the
Vout/Vout lines, which are held at Vprecharge during the whole cycle. This disconnects C; and C'y
from both nodes.

1.3.2 Fuseand Source Resistors

The effective resistance of the fuse resistor can be calculated as follows:
_Q_
Tt = i AV node(Ca+ Ch) feycle (1.19)

Riuse = AV node _ 1 _ 1
use Tt (Ca+Cb)feyde  2Cafcycle

(1.20)
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AV’ Ca fuse nodes
phasel phase2 | phasel phase2
<0 <0 right right | blown r>l
>0 >0 left left blown I>r
>0 <0 left right ok |l — 7| < 22XtV oif
<0 >0 right left does not happen

Table 1.2: Different AV’ combinations and resulting states of the fuse.

phase 1 | phase 2
; * 1:\4— ; * 1:\4—
g | el ] cal
o 1 1
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s o f e
G v P V. Vv P vV
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Figure 1.15; Illustration of the two different states of the fuse. Top: fuse blown, no current flows
from one side to the other, Bottom: fuse ok, charge is transported across the capacitors.
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Figure 1.16: Two voltages sources act in parallel due to the sense amplifier capacitances.

where AV noqe is the node voltage difference and feycie is the network cycle frequency (one cycle
consists out of phase 1 and phase 2). Since C; and C, are equal, C;+ Cp was substituted by 2C5.
The pixel resistor is clocked by ¢ and ¢», thus its clock frequency is 2 feyge:

1
2f CycIeCp

The characteristic length of the SC-capacitor square resistive fuse array is therefore:

Rpixel C
l=| 2=, [22 1.22
Rfuse Cp ( )

This equation holds as long as Cp, > Cs. If thisis not the case the effective pixel capacitance
becomes C\' = Cp+ Cx and the characteristic length decreases. Figure 1.16 shows how the
precharged sense amplifier capacitances ¢, and C'gy act like a second voltage source in parallel to
the pixel voltage source. By using Kirchhoff’s laws the node voltage can be calcul ated:

Ryixel = (1.21)

V hode — Vinput . Vprecharge - Vinput

1.23
Ryixel Rpixel + Rsa (1.23)
Vnode = Asavprecharge‘f‘ Vinput(l - Asa) (1-24)

with R
Ny = vpoixd 1.25
=" Rpixe + Ra (1.25)

Substituting 1/ fC for R yields:
Cy+Cy

Adg= —2 ¥V 1.26
27 Cp+Cy+Cy (1.26)

Two conclusions can be drawn out of this: first, by changing Vprecharge the node voltage gets shifted
by AsaV precharge @1d second, the input voltage range of the sense amplifier is reduced by a factor
of Asa. This affects any area-conserving implementation of this circuit in silicon because (5 and

C\ cannot be kept < C,.
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1.3.3 Temporal Behavior

Thereason why C; and C}, are separate is hot afundamental one. They could be replaced by asin-
gle capacitor Chye With a capacitance of 2C; to build the fuse without changing the characteristic
length. This would save two switches. However the usage of two capacitors has one big advan-
tage: it makes the sense amplifier circuit symmetric with respect to the nodes. In ¢ this becomes
important because the charge from the pixel capacitor ¢, and the four neighboring fuse capacitors
is shared at the node. If a single capacitor is used per fuse, Vhoge Would not only depend on the
different Qruse; but also on the number of sense amplifiers which have switched their capacitor to
the side facing the node under consideration (side SA in the following equations):

Qn+ Qp+ X1 OsaiQruses

Vhode = (2.27)
e Ot Cp+ Cruse Y 1-10sai
The sense amplifier output vector Og,; is defined by:
] 1 if Vg =Vpp and Vg, = ground
Osi = { 0 if Vs =ground and Ve = Vpp (1.28)
For two capacitors C, and C}, the V poge €Quation is:
4
ol O 4 (1— , .
Vnode — Qn + Qp + Zl—l(OsaZQaZ + ( OsaZ)le) (129)

Cn+ Cp+4C,

In comparison to eq.1.27 the denominator is now independent of (;, i.e. the node capacitance
is constant. Especially if a fuse is blown this avoids permanent differences in the total node
capacitance between adjacent nodes. Every time the input voltage for a pixel changes the fuse
resistor capacitance 2C; must be charged to the new node voltage. This takes several cycles since
[ > 1implies Cp < C, (seeeq.1.22). Using two capacitors for the fuse resistor makes this number
independent of the fuse state. Thereby the switched capacitor array gets atime-constant z¢ that
can be derived from the following eguation for the node voltage in the continuous case:

ot
Vnode = Vp|xe| (1 — € RpiXd(Cn+4Ca) > (130)

Substituting Rpixe by €9.1.21 yields:

2f Wclecp

Viode = Vpixe (1— e ' Ontaca >

2Cp
= Viyixe (1— e"“/C'eOn+40a> (1.31)
 oyde

With neyces being the number of cycles elapsed since ¢ = 0.

Ch+4Cs 2C, 5
TSC 20, Co ) (1.33)
The right part uses the fact that (;; < 4C,. Figure 1.17 shows the temporal behavior of the
SC resistive fuse network. The input patterns are the same as those in figure 1.9. Instead of
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Figure 1.17: The input data of figure 1.9 again, this time processed by the SC-fuse network. At
the beginning all fuses were blown. After Vo was decreased to 0.01 V, 36 network cycles have
been executed. For every forth cycle the node voltages are drawn above.

changing the input voltages, Vi was decreased by a step large enough to make all fuses switch
from resistive to off. Cy, is2/5 of Cy, which isarealistic value for a VLSI-implementation. The
characterigtic length [ is still 2 and according to eq.1.33 ¢ = 8. The solid line depicts the initial
state of the network with al the fusesin their resistive domain. Snapshots of the node voltages are
plotted every forth network cycle after the fuses have been switched off (dashed lines). It can be
seen that at the 8th cycle (second dashed line) the node voltages have reached 1 — e ~ 63% of
their final voltage levels in accordance with eq.1.32.
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1.4 Simulation of the SC Resistive Fuse Networ k

A simulation algorithm has been developed to verify the behavior of the switched capacitor fuse.
It can be aso used to produce a numerical solution for the two-dimensional square resistive fuse
network and can be adapted to other network topologies as well. Its base concept is the use of the
charge conservation technique for the capacitors connected by closed switches. If k capacitors are
linked in parallel the resulting charge ¢} for each capacitor C; is:

k
i1 Qi
%

i=1Ci

Qi =ViC; = Ci (1.34)

with @; representing the charge on C; before closing the switches. For the different phases of
the network cycle the capacitors ;. ,, must be appropriately chosen. In ¢» the sense amplifier

output determines if the fuse capacitor C; or C', gets connected to a certain node. In fact the sense
amplifier action is simulated by selecting either C; or C} depending on the voltage difference
between SA and SA. If apixel or precharge voltage source are to be connected to a capacitor, it
will be charged to the according voltage.

Simulation Algorithm

The simulation agorithm can be implemented in any procedural programming language like ' C’
or 'Pascal’. Inthis paragraph it isformulated in a pseudo code using only assignments, denoted by
;=" and general program flow statements like 'for...to’ and’if...then’ that can be found in many
programming languages. Comments are preceded by '//’. Array elements are identified by indices
printed in italics.

The following two-dimensional arrays are used to store the actual charge on the different capaci-
tors:

prya anya Q5a4mya Qa\/mya va:cya Qahxya Qbhmy: UAS [l . Xarray],
y E [1- . -Yarra)/]

Xaray and Y grg are the number of pixelsin the x- and y-direction. The indices z and y denote
one elementary cell consisting out of a source pixel (¢}, ), one node capacitor (Qn,,) and two
fuses connecting the node to the z + 1 (Ganhgys Qbhgy) AN Y + 1 (Qavay, Qbvay) CElls. The sense
amplifier capacitances Q; of the four neighboring fuses are combined to one capacitance (..,
per node. This can be done because every sense amplifier is precharged to the same voltage before
it is connected to the node in ¢;. They are connected in parallel regarding the node.

Other Variables:

se[-1,1] signof Vgmp, phase 1: 1, phase 2:-1
v actual node voltage

q temporary charge value

output of comparators (t=top, r=right, b=bottom, 1=left)
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Constants:

Ca

CP

Cn

Csa
Cs
Cnod%um
Cnetsum

Qoff

CHAPTER 1. RESISTIVE FUSE NETWORKS

capacitance of one fuse capacitor

pixel capacitor

node capacitor

total capacitance of a sense amplifier node SA or SA

=4Cy

= Csu+Ch

= 4C3+Cp+Ch

= 2iiCsa Vo Change in Qg caused by Vs (see eq.1.17)

Vingy - ©€[1... Xaray], ¥y €[1...Yarag] source voltages

The algorithm consists of the simulation loop that executes one network cycle and a subroutine
called 'Close()’ to calculate equation 1.29 and update the fuse and node capacitors.

Simulation loop:
for s:=1to-1step-2begin //loop over both phases
ll¢1 (includes ¢3)
for y := 110 Xara begin
for x := 110 Xargy begin

Qstzy'= CsaaVprecharge  //Precharge sense amplifiers (¢z)

Oizy =0 Vi /lclear all sense amplifier outputs (¢3)
pry = CpVingy //close pixel switch
v ‘= (Qstzy + @nzy)/Crodesum  //New node voltage
Qsa4:vy:: vC's
any == vCh
end x
endy
I

for y := 110 Xaray — 1 begin
for z ;= 1t0 Xaray — 1 begin

q-= Qsa4:vy + sQoff

//determine comparator outputs

if ¢ < Qsaag y+1then Oy, =1
ese Ob:v,y+l =1

if ¢ < Qsaagi1,then Opyyy =1
else O|:L‘+1,y =1

call Close()

end x
call Closg()

endy

for z 1= 110 Xarqy call Close()

ends
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Close() subroutine:
/[calculate charge sumq
q.= Qnmy + mey
q:=q+ Otmbeme + (1 - Otxy)Qavg;y
q:=q+ Or;prbhmy + (1_ Ol':vy)Qahzy
/lavoid |eft and bottom edge of network
ify>1theng:=q+ ObzbeVm,yfl"i_ (1_ Obm,y)Qa\lm,yfl
ifz>1thenqgi=q+ lebeh:v—l,y + (1_ Olm,y)Qahx—l,y
//compute new node voltage
if y=21and z = 1then v := q/(Chetsum — 2C%)
elseif y=1o0r z = 1then v := q¢/(Chatsum — Ca)
else v := q/Chetsum

/lupdate fuse capacitors
q = 'UCa
if Otxy then Qbey =q elseQaV:vy =q
if Ormy then Qbhxy =q elseQahmy =q
if y > 1then
if Obmy then Qme,yfl =q elseQavI,y—l =q
if x> 1then
if ley then Qbhmfl,y =qelse Qahmfl,y =q
//lupdate node capacitor
any =vChq

In the simulation loop’s ¢ part the sense amplifier input voltages are calculated for each node.
In ¢, they are compared to their top and right neighbors taking into account the Vs voltage and
the phase. If the sense amplifier switches to the SA side the according Q,, will be set to one.
Otherwise Oj, 1, Or Oj, 41 @€ used to store that the sense amplifier's SA sideis a Vpp. By
this way Oi,,, contains the valid sense ampifier data for all neighbors of every pixel after the z-
and y-loops have finished. No special care must be taken for the network edges where the pixels
do not have all their four fuses. Only the Close() subroutine must take this into account. For the
bottom row it must not add the charge from the bottom neighbors, for example. The denominator
of eg.1.29 isalso different for the edge pixel, making it necessary to reduce the capacitance by one
ortwo Cyatz =1and/or y =1.

The edge information can be extracted from the simulation by comparing the Q,,, and Oy, values
in both phases with table 1.2.

Simulation of the SC-fuse

With thisalgorithm the datafor the two-dimensional square network was cal culated in the previous
sections. Table 1.3 shows the values used for the different capacitances. Besides (&, they are of
the same order of magnitude asinthe VLSl implementation. With (4, ideal the effects of the sense
amplifier capacitance, as calculated in eq.1.24, are supressed. If ¢ (see eq.1.17) is kept constant,
any decrease in Cy Will only reduce Mgy, C's real isthe value that Cy, will have if redlized in a
CMOS process, ie. Csa ~ Cp. In section 4.3.3 the measurements of the EDDA chip are compared
to the simulation.
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| Ca Gy Cn Cgideal Cgreal
capacitance [fF] | 250 625 100  10°° 50

Table 1.3: Capacitor values used to produce the results for the two-dimensiona square network
in this chapter.

Numerical solutionsfor the continuous-time networ k

If C'sais selected to be afew orders of magnitude smaller than G, C, and C', the simulation can
also be used to calculate a numerical solution of the continuous-time resistive fuse network. For
a steady-state input the accuracy depends on the number of cycles performed by the simulation
and the numerical precision of the binary representation of the variables and constants. If standard
single precision floating point numbers® are used the simulation needs 16.67sc cycles to exploit
their precisiont!. Thisis due to the exponential convergence of the array node voltages (see sec-
tion 1.3.3).

10The)/ cover the range from 3.4- 10 *® t0 3.4-10% usi ng 24 bits for the mantissa and 8 hits for the exponent.

_ Ioyde
Hp2 — ¢ 7 = ngyge = —7sclog2 24 x 16.67c




Chapter 2

| mplementation

This chapter describes the VLS implementation of the SC resistive fuse net-
work. Starting with the single network cell - consisting of the pixel and fuse
circuits - the different parts of the EDDA chip are explained in detail. Addi-
tional topics are the interplay of the individual circuits and the timing of the
clock signals in the distinct operational modes. At the end of this chapter the
important aspects of the chip’s layout are shown. It closes with a die photo-

graph.

2.1 Chip Overview

The EDDA chip is based on the resistive fuse network as it has been presented in the previous
chapter. The image is stored in the pixel circuits. The node voltages and the state of the fuses can
be read out from the network. An integrated digital control logic generates the clock signals
needed for the SC circuits. The EDDA chip was implemented in the AMS 0.6 um process
[AMS98-1, AMS98-2]. It operates from a single supply voltage Vpp of 5 volt. Figure 2.1 shows
a block diagram of the whole chip. An array of 66 x 66 elementary cells, each consisting of one
pixel and two fuses, form the analog core. They are based on the SC resistive fuse technique.
Below the bottom row the clock drivers for the individual columns are located. On the right each
array row isterminated by a readout sense amplifier, on the left by a storage amplifier. To select
individual columns for 1/0, a shift register runs in parallel to the clock driver row to enable or
disable certain clock signals by column.

Readout data gets multiplexed on an eight bit bus running from top to bottom right from
the readout amplifiers. The analog input data is stored in one sample-and-hold (S&H) stage per
column. Thisis controlled by a shift register, depicted on the |eft side of the storage cellsin figure
2.1. The storage amplifiers transfer the contents of the S&H capacitors into the array column-by-
column.

LAustriaMikro Systeme International AG
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Figure 2.1 Block diagram of the EDDA chip.

The digital control section is drawn at the bottom of figure 2.1. It contains a sequencer to
produce the different clock signals. Its program is stored in a static RAM, shown to the left of the
control block. A bidirectional synchronous bus connects the digital part of EDDA to the outside
world. The sequencer clock and the bus clock are derived from the externa clock input by a
phase-locked-loop (PLL). The clock multiplier for the internal sequencer clock canbe 1, 2, 3 or 4.

At the lower left corner of the array the switches for the Vi voltage are located. They change
the polarity of the V¢mp signals according to the phase of the clock cycle (see figure 1.14). The
node voltages can be read out through an analog output, buffered by an integrated amplifier (upper
left). The desired cell is selected by the row and column shift registers.

2.2 TheElementary Network Cell

The operation principle of the SC fuse and pixel circuits have been explained in chapter 1.3.1.
This section goes into the details of their functionality and timing. The elementary cell of the
network consists of one pixel and two fuses. The cell has an analog input to store the pixel source
information as well as an analog output to read out the node voltage. Every signa that enters
or leaves the array cell can be connected to a shared line, except the network connections to the
neighbors. By arranging the cells in rows and columns a resistive fuse network is formed. In
figure 2.2 these main parts of an array element are shown. The network node line is drawn as a
thick cross centered between the blocks connecting to it. The fuses separate the node from the
neighboring ones in the top and right direction. The node capacitor ¢, like every capacitor in

the array, isimplemented by atransistor with a common drain and source connection. This avoids
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Figure 2.2: Schematic diagram of an elementary cell of the network. The pixel and fuse circuitry
are shown as blocks only. Their schematics are depicted in the following figures. The numbers
next to the capacitor Cp, and the transistors M1 and M2 are the drawn width and length (W/L) of
the gatein pm.
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Figure 2.3: Cutout of the array to illustrate the different kinds of global signals. Clk1, clk2p, clk2,
clk2, clk3 and clr are abbreviated as’ clocks' in the previous figure.

the need for an extra process step to generate dual-poly capacitors. The capacitance per area is
even higher for a MOS-capacitor, because the gate-oxide is the thinnest oxide in the process, thus
possessing the largest Coy2. Considering the C-V characteristics of such a capacitor the linear
range with maximum capacitance lies in-between V1 and Vpp [GEI90-5]. By using either NMOS
or PMOS field effect transistors (FET) voltages up to Vpp or down to ground respectively can be
used. The exact width to length ratio (W/L) is determined by layout considerations (see 2.6). The
total capacity is calculated by adding up the channel, gate-bulk and gate-drain/source capacities.
In case of C}, the channel counts for 95% of the total capacity. PMOS capacitors are better suited
for sensitive signals since they are isolated from the substrate noise by an n-well.

Figure 2.3 illustrates the connection scheme of the network. The bias, Vemp and m signals
are common to al array elements. The clock signals clk1, clk2p, clk2, clk2 and clr are also the
same within the network, but individually buffered in each column. The horizontal and vertical

2In the AMS 0.6 ;um process Coox =2.76 fF/um? compared to 0.86 fF/um? for the poly1/poly2 capacitor. Thisis
roughly 1/3 of the MOS-capacitor.
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Figure 2.4: Schematic diagram of the pixel. Transistors connected by a dashed arrow should
match. If anumber isgiven in front of the W/L ratio, the transistor consists of multiple gates.

Vout @d Vo lines are shared between one row of cells. Clk3, read, write and write connect one
array column.

In the lower right of figure 2.2 the readout circuit is shown consisting of transistors M1 and
M2. M1isconnected as asource follower [GEI90-6]. Thereisonly oneload resistor shared among
al array pixels. It islocated in the output amplifier and the desired pixel is connected to it by
the combination of M2 - thereby selecting the column - and atransistor choosing the appropriate
array row. The readout signal uses the horizontal Vg line. The readout of the node voltage is
non-destructive and can be performed at any time when the Vg line is not driven by the fuse or
the precharge circuits.

22.1 Pixe

The schematic of apixel is depicted in figure 2.4. C; together with M1 and M2 form the voltage
source. The source follower M1 provides the necessary current to charge the pixel capacitor
Cp. The speed and the quiescent current of this stage are controlled by the gate voltage of M2,
connected to the global bias line. The voltage drop of the M 1/M2 stage sets the upper limit for the
node voltage. At abias voltage of 1V itisabout 3.2 V. The quiescent current of the pixel source
follower isthe only static current flowing in the network. Thus by setting the bias voltage to zero
static power consumption is reduced to the leakage currents. (§ must be an NMQOS transistor

because the input voltage of M1 can reach Vop — Vi pmos ~4.2 V.

To store avoltage on Cs the write signal must switch on M3. It isaPMOS transistor to keep its
|V sl voltage sufficiently high across the total input range of M1/M2. The linearity of the source
follower is degraded by the body-effect and the slope of the I-V characteristic of M2. Also thereis
amismatch between M1 and M2 of different pixels. The minimum size transistor in the AMS 0.6
wm process hasaW/L of 0.8/0.6. Theratios chosen for M1 and M2 are larger than that to improve
matching and linearity. Thisisfar from enough to suppress the fixed pattern noise completely but
areaisamajor constraint. To enhance the precision of the voltage source without increasing area
usage the pixel source follower is part of a feedback loop. Operational amplifiers at the end of
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each row compare the output signal Vsurce Of M1 with the desired source voltage and change Vi

accordingly. M5 enables this feedback. Its exact W/L is not critical and therefore minimum size.
Only alow channel resistance is needed because it has to drive the capacitance of the line back
to the feedback amplifier. Due to the dynamic range of Viyree from 0.4 to 3.2 V this makes an

NMOS device necessary. The write signal therefore needs an active-high counterpart: write. ¥y,

and V guree Use the vertical Vou/V oy pair. All pixels of one column of the array can be written
simultaneously.

The critical moment in the operation of the feedback loop is when the write signal becomes
inactive. The gate-source capacitance of M3 injects charge into the storage node. The amount of
charge transferred depends on the gate voltage swing which is 5V for the digital control signals
like write and write. Charge conservation techniques give the following voltage change for the
storage node:

Cesms
AVsg=—""Vi, 2.1
S CS+CGSM3 inject M3 ( )
Using minimum size W/L values for M3 and assuming a constant Css = Cesmax°.
.95 fF
AV 0.9 5V=324+12mV (2.2)

~ 146 fF+ 0.95 fF

Theerror isthe uncertainty of the drawn width/length of the transistor as given by the manufacturer
[AMS98-3]. Thisis aworst case error, usualy only encountered by devices on different wafers.
The effective error will be much smaller if the devices are in proximity to each other. This has
been achieved by using the dummy transistof M4 to compensate for the charge injection of M3.
The inverted write signal, write, has been already necessary for M3. It is no longer the matching
between transistors in different array elements but the matching of M3 to M4 that dominates the
charge injection variation between different pixels. To improve this matching M3 is split into two
transistors making the resulting layout of M3 and M4 more insensitive to process gradients (see
2.6).

M6, M7 and Cp, form the SC pixel resistor. Clk1 is active in ¢, clk2p in ¢, (the exact
relationship is explained in 2.2.3). M6 and M7 are split into two gates for better matching. This
shall avoid node voltage errors due to charge injection. AV, k1 is compensated by AV, C|k2p5.
M8 is used to decrease the power consumption of the circuit. It is enabled by clk3 (activein ).
At this moment clk2p is inactive and clk1 not yet high. Thus the time interval for charging ¢ is
¢3+ 1 instead of only ¢, and the output impedance of the source follower can be increased by a
factor of 2 (assuming clock phases of equal length). As can be seen from the equation of a MOS
source follower’s small signal output resistance [GEI90-6],

1 Ly
rout N ——— = | ML 23
M gt 2KnWwmilp m1 (23)

reducing oyt by afactor of two leads to a current of Ip m1/4-

3Thevol tage independent terms of Cgs, like the gate-source overlap capacitance, are getting larger compared to the
voltage dependent channel capacitance if minimum size geometries are used, making the assumption justified.

4A dummy transistor is a transistor whose drain and source are connected to the node that should be compensated
and whose gate is driven by the inverted clock. Its charge injection cancels that of the switch transistor if it has half
the width. The advantage compared to a transmission gate is the area saving since there is no need for complementary
devices.

SIn fact M7 also adds AV to the node capacitor Cn, but this gets cancelled when clk2p changes to low again.
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Figure 2.5: Schematic diagram of the fuse.
222 Fuse

Thefuse circuit is shown in figure 2.5. M1 to M6 form a symmetric sense amplifier. It consists of
two cross coupled inverters M /M2 and M3/M4. They can be connected to Vpp and ground by M5
and M6. If clk2 and clk2 are inactive, the gates of M1 to M4 float. Charge can be transmitted onto
them by either M7/M8 or M13/M14. If power is applied via M5/M6 the sense amplifier switches
to one of its two stable states: Vsa = Vpp and Vsa = ground (state SA) or Vsa = ground and
Vsa = Vpp (state SA). The state entered depends on the gate voltages of M1/M2 and M3/M4.
The matching between M1/M3 and M2/M4 determines the offset of the sense amplifier. To keep
it low, M1 to M4 are larger than the other transistors (W/L = 8/2) and have split gates for a better
matching layout. The input switches M11 and M 12 use the same technique to avoid differences
in their charge injection resulting in a differential voltage error on the sense amplifier inputs and
thereby a Vs offset. The AV, caused by them cancels at the end of clkl. The Venp/Vemp
coupling capacitors Cy are NMOS transistors. The fuse resistor consists of C; and Cy, together
with the NMOS transistors M9 to M12.

The sense amplifier is cleared by precharging it with an external voltage. Vo and Vo are
connected to the precharge voltage source (see section 2.3.2). Clk3 enables charge transfer across
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M13 and M14 until Vsa = Vsa = Vprechage- 10 keep the voltage error between Vsa and Vsa
small a PMOS transistor M15 has been added to short-circuit both sense amplifier halves. This
mechanism also reduces the current across the Vou/V ou lines® and makes it independent from the
former fuse state. The cIr clock signal enables M15. If the network is operated as described in
chapter 1 clr will be equal to theinverted clk3 signal (clk3). The usage of aPMOStransistor cancels
the charge injection of the NMOS switches M 13 and M 14 reducing Vsa — Vsa to @ minimum.

The pixel and fuse circuits are optimized for low area usage and speed. All network switches
are NMOS transistors instead of transmission gates. This makes it necessary to use layout tech-
niques suppressing charge injection differences between transistors that should match. The node
voltage range is also limited to about Vpp — 1.5V to keep Vgs sufficiently high and thereby the
channel resistance low. For the network capacitors this is an advantage because the they must be
PMOS transistors to cope with a voltage range extending closer to ground than 15p. Thusthey can
be kept in a separate n-well with very low impedance Vpp connections isolating them from the
switching noise injected into the substrate by the total of the clocked components of the network.

The lower limit of the dynamic range has its roots in the fuse circuit. The (; capacitors are
of the NMOS type. Thisis due to the fact that for narrow transistors the matching of NMOS-FETS
is better than that of PMOS (in [AMS94] a width error larger by a factor of 2.6 for PMOS than
for NMOS is reported. Similar values can be found in [DRO99]). The mismatch of ¢; introduces
a scaling factor to Vi that differs from fuse to fuse. Another advantage is that Vi can be
referenced to ground. The C-V characteristic of G, sets the lower limit of the sense amplifier
voltage to Vs + V1. Below that A\qs (See 1.17) depends on the sense amplifier voltage since G
is no longer voltage independent. The charge sharing between the node capacitor and the sense
amplifier reduces the effective voltage swing on the gates of M1 to M4. In addition it is shifted by
the precharge voltage. According to section 1.3.1 the sense amplifier voltage ¥a isequal to (Csa
isthe total sense amplifier capacitance):

Qn+ Qsa
Chn+Csa
Va C’n + VprechargeCSA
Ch+Csa
= >\nVn + (1 - An)Vprecharge (2-4)

with X\, being the ratio between Vga and Vp:

VSA o Cn
Vn - Cn+CSA

= \n ~ 0.80 (2.5)

Table 2.1 lists the numeric capacitance values of the different capacitors of the network circuit.
A new oneisintroduced: G, isthetotal capacitance of the Vsa wire to ground. The small values
of Cy and Cy make it necessary to include the wiring capacitance in the total sense amplifier
capacitance: Csa = Cy + Cy+ Cy. The numerical value of )\, was calculated with these numbers.
V'sa has aso an upper limit with respect to Vy,:

Vea < Vamin+ Vi, Vi~ 0.78V (2.6)

bSince 66 fuses share the Vout/Vout lines the current can become quite large. To make things worse it is aso
dependent of the edge pattern. Every fusein the row can be either at state SA or SA when clk3 isenabled. By connecting
them to a common wire a cross-coupling between different fuses may occur if the impedance of the precharge source
is not low enough and M 15 is omitted.
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|G| |G lo ]G
[fF] [ 305 | 67 | 246 | 30| 10| 21
Mot | e | An | 1
016|048 | 0.8 155

Table 2.1: Capacitor values and derived parameters of the VLSl implementation of the two-
dimensional sguare network. The typical process parameter values of channel, gate-source/drain
overlap and gate-bulk overlap capacitance have been used to calculate each table entry. ¢ isthe
wire (parasitic) capacitance of the fuse. )t and As have been defined in equation 1.17 or 1.24
respectively, [ isthe characteristic length of the network.

Since Vesmg = Vaa — Vj, the fuse resistor switches M9 to M12 will start to conduct if eq. 2.6 is
violated’. This limit is also valid for Virecharge beCause eq.2.6 must be observed not only in ¢
but also in ¢3 where Vsa = Vprecharge: Vamin IS the smaller one of the voltages from both nodes
connected to the fuse. If the fuse is blown and V; min is the voltage of the node connected to the
Vsa Side of the sense amplifier there is no correlation between Vi, and Vi min. Therefore Vi min
must be equal to the minimum node voltage of any node, i.e. the lower node voltage limit of the
network. Expressing Vsa in eq.2.6 by eq.2.4 gives a second inequation for Vprecharge:

>\nVn min+ (1 - An)Vprecharge < Vamn+Vr (2-7)
V
Vorecharge < Vamin+ 1 T)\ (2.8)
— An
Sncel—\s<land V5 >0:
V1
Vprecharge < Vamin+ V1 < Vamin+ ﬁ (2-9)
—An
The maximum Vrecharge IS therefore:
Vprecharge max = Vamin+ V1 (2-10)
Equation 1.24 expresses the relationship between V; min and Vp min:
Vamin= vaprecharge max + (1 - Asa) Vp min (2-11)

By substituting eq.2.10 for 1, min the maximum precharge voltage can be written in terms of the
minimum pixel voltage V, min and constants:

Vprecharge max — VT = vaprecharge max 1 (1 - Asa) Vp min (2-12)
VT
Vprecharge max — Vp min+ ﬁ ~ Vp min+ 15V (2-13)
— Asa

"The sub-threshold current flowing before Vga — Vi reaches V4 is too small to change the charge on Ca or Cy
significantly on the time-scale of the network. With Vs = 500 mV the RC' time constant of Ca is more than 1 ms
compared to operating frequencies greater than 10 MHz.
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For the right part the numbers from table 2.1 have been used. The minimum sense amplifier
voltage Vsa min for agiven Vprecharge = Vprecharge max @d expressed in terms of V; min is (following
from eg.2.4 and eq.1.24):

VSA mn = AnVamin+ (1— An)Vprecharge max
>\n (AwVprecharge max + (1 - Asa) Vp min)
+(1 - >\n) Vprecharge max

v
= )\n ()\sa (mein+ ﬁ) + (1— )\sa)Vp min>
|z
+(1—An) (mein-f—ﬁa)
1- 20+
= Vomin+ VT%%‘ ~ Vpmin+0.88V (2.14)
— Asa

Using this result the maximum V5 value can be calculated as it depends on the minimum pixel
voltage (Voff max + V1 = Vsa min):

Andsa—Ant+ Az

V off max = mein+VT 1_
— Asa

If Vs is kept smaller than Vst mex Aot remains constant. The formerly stated V5 min of 0.8 V
means an effective voltage swing of

AVsp = Aot Vit = )xoff(Vp min— 9.6mV) = 0.13V (2.16)

at the gates of MI/M2 and M3/M4. If Virecharge IS Selected smaller than Vorecharge max the Voff range
decreases. Using the numbers of table 2.1.

V off max = 0-42Vp min + 0. 58Vprecharge V7 (2-17)

To get an impression of the Vi values necessary for edge detection Vg max Can be compared
to Vo as used in figure 1.12. In the edge image Vi has been 1/60 of the total dynamic range,
dsaa = 0 and A\ = 1. Starting off with an input voltage range of 0.8 to 3.2 V Vi for the VLSI
implementation can be calcul ated:

1 (1-\g)(3.2—0.8)V

Voff = @ )\off

~0.13V (2.18)

Comparing thisto the Vst max result from eq.2.15, 0.79 V, thereis enough safety margin to account
for the threshold voltage variations of the manufacturing process. Considering ¥ variations as
reported in [AMS94] or [LOV98], the mismatch between adjacent array elements is expected to
lie in the range of 15 to 20 mV. This changes Wyrecharge max fOr a maximum of 40 mV. Worst case
process parameter variations are about 100 mV. By adjusting Vrecharge max t0 take the worst case
aswell asthe mismatch into account, Vgt max iS still 0.7 V.

223 Timing

Figure 2.6 illustrates the timing of the network clock signals. In section 1.3.1 the clock signals
have been named ¢1, ¢» and ¢3. Inthe VLSI circuit thereis only adirect correspondence between
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Figure 2.6: Timerelationship of the six clock signals. A standard network cycle is shown.

clkl and ¢1. The functionality of ¢, and ¢3 is taken over by multiple clock signals. Clk2 and
clk2p are active-high (they control NMOS switches) while clk2 is active-low (M5 isa PMOS-FET).
Clk2p controls the pixel resistor, clk2 and clk2 the fuse and thereby the network resistor. Clk3
enables the NMOS precharge switches, clr the PMOS transistor M 15 that short-circuits the sense
amplifier in ¢3. Infigure 2.6 astandard network cycleisdepicted. ' Standard’ in this context means
the SC resistive fuse circuit is emulating the continuous time network as it has been explained in
section 1.3.1: one cycle consists of two phases, with four subdivisions each. The different clock
signals are activated in the order of ¢ to ¢3, between ¢1 and ¢» one time slot is used to invert the
Vemp and Vmp Signals.

By controlling clk2p independently of clk2/clk2 the characteristic length of the array can be
changed. In eq.1.22 the characteristic length was calculated with the assumption that the cycle
frequency fcyae isthe same for the fuse and the pixel. Rewriting it without cancelling down fycle,

I.e. fuse 7 fpixel, QIVES:
Rypixe ffuseCa
1= pixel _ 2.19
\/Rfuse fpixele ( )

It is possible to decrease fpixe by omitting clk2p during certain cycles. If it isleft out = times per
second, fpixel iSreduced to fpixe — , iNcreasing I. By thisway every I' > [ can be selected:

;@ﬁ—:Jﬁ n,meN,n>m (2.20)
m

fpixe — T

In m from n cycles clk2p is activated together with clk2. If [ was to be doubled for example,
n/m = 4 and clk2p must be high every fourth cycle. Clk2p can be activated in both phases of the
cycle. In principle it is possible to leave it out in one phase only to change | but this would make
the phases differing from each other. Therefore it seems better to implement the clk2p patterns at
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cycle boundaries, i.e. clk2p is either active in both phases or inactive, it does not change within
the cycle.

Decreasing [ by omitting clk2/clk2 during ¢» is also possible. Since the node will be isolated
if the fuse is not activated this does not change the ratio of fyse to fpixe. The pixel resistor charges
the node capacitor C\, for alonger time instead. In the limit it can reach the pixel voltage. With ¢
being the number of clk2p cycles elapsed without clk2/clk2, the node voltage can be calculated as
follows (see appendix D):

Vini = Vo(1=Xip) + AV o (2.21)
Anp is defined as:
Ch
Anp = 2.22
"= G (222)

The larger ¢ is, the closer Vi,; comes to V;,. Thisis similar to having alarger Cj, thus decreasing
l. For i — oo the effective Cp, becomes as large as Cy,. This setsalower limit for /1

/4 [Cp
— =4/—=~0.5 2.23
<l>min Cn ( )

¢3 uses two clock signals: clk3 and clr. In the standard cycle timing they are the complement of
each other. While they are active the Vou/V out lines are held at Vprecharge OUtside of the array.

2.24 Edge Readout

One of the outstanding features of the SC implementation of the resistive fuse principle is the abil-
ity to read out the digital edge information directly without using additional power. As explained
in the previous sections the combination of the sense amplifier states of two consecutive phases
determinesif the fuseis blown or not (seetable 1.2). To read out the edgesit istherefore necessary
to transmit the state of the sense amplifier out of the array.

There are two different ways the sense amplifier states for both phases can be read out:

Column-by-column The data of both phasesis read out column-by-column. This mode changes
the standard timing only slightly and reads out one column per network cycle.

Burst The data of one phase is read out for the whole array before the next phase begins. With
the burst mode the total of fuses can be read out in one network cycle.

Column-by-column readout

Thetiming of the column-by-column readout mode is based on the standard timing. Infigure 2.3 it
has been shown that clk3 isnot aglobal but acolumn signal. Figure 2.7 depicts the readout timing
for two adjacent columns, n and n + 1. The Vo and Vo lines connect one row of cells. With
the precharge signal they get connected to the precharge voltage source. Unlike in the standard
timing precharge is not always active.

After ¢, the sense amplifier has switched to one state, either SA or SA. Since M5 and M6
are disabled it is not actively driven anymore. The information is stored capacitive. Due to the
increased Vgs voltage of either M1/M4 (state SA) or M2/M3 (state SA) the capacity is much
larger than Cy in table 2.1. The channel capacity of 45 fF adds to each side. Likein a DRAM the

8Dynamic Random Access Memory
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Figure 2.7: Column-by-column readout timing. Clk3 is depicted for column n and n+ 1. Vi
and V oyt Show the output voltages of an example row.

charge stored on the sense amplifier is read out directly by connecting the sense amplifier to 14
and Vo in clk3. Thisis done as usual by M13 and M14. The differences to the standard timing
are:

e Only one column gets the clk3 signal.

e The precharge voltage source is not activated. The Vo and V o lines have been precharged
in the previous phase and are floating now.

e Theclr signal is not asserted.

By this way the charge on the sense amplifier and on the Vou/V ot linesis shared. As can be seen
in figure 2.7 this changes Vo t0 V precharge + |AV out|- The sign of AV o depends on the side the
storage amplifier has switched to. Vo, changes to Vprecharge + |AV out|. AV out @d AV oy can be
calculated as follows:

C
AVout = CQZTQZCCM (Vw— Vprecharge) (2-24)
Csp is the capacitance of the charged sense amplifier, i.e. the sense amplifier after ¢. Coy iS

the total capacitance of the Vit line as seen by the sense amplifier. It is about 3 pF with 66 array
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elements connected in arow®. Taking the difference between AV, and AV o givesthe differential
output voltage Vgisrout:

Viitfout = AVout - AVout = A T~ (Vsa - Vprecharge - (@_ Vprecharge))

Since |Vea— V| = Vpp this reduces to:

(2.26)

C 1 state SA
Viiffout = =2 VDD'{

Csp + Cout —1 stateSA
N———
~ 170 mV

Thiscan bereliably detected in the row readout circuitry outside the array (see 2.3.2). Thiscalcula
tion has assumed voltage independent capacitances. Thisisvalid for (i since the voltage change
AV oy is small. Different from that Cyp gets reduced to Cy if the sense amplifier is discharged.
This happens at Virecharge — V71 < Vaa < Virecharge + V. If this is taken into account |Vittout| Will
be reduced to 148 mV. The expected error due to the uncertainty in the absolute value of 3y is
larger since Cout Varies with Virecharge™® and process variations't. Considering the worst case the
readout amplifier must have a sensitivity of about 100 mV or better.

After the readout amplifier has sampled Vjisou the precharge voltage is switched on together
with the clk3 and clr signals of al columns. This ends the actual phase of the cycle like in the
standard timing and precharges the sense amplifiers. The precharge signal stays active until clk3
islow again to make sure that the Vou/V out lines are precharged for the next read cycle aswell. If
it was to be deactivated together with clk3 the charge injection of M13 and M 14 will change .
Since a dlight difference between M 13 and M 14 is multiplied by the number of cellsin arow this
would introduce a voltage difference between Vo and Vgt

In the next phase the readout cycle repeats with different V¢, polarity. After phase 2 the
information necessary to determine the fuse state has been gathered by the readout circuit for
column n. The fuse states for column n + 1 are read out in the next cycle. The only difference
is the point in time clk3 is activated for the individual columns. The readout amplifier samples
Vaitfout Trom that column whose output transistors are enabled before clr and precharge become
active.

The readout circuitry is able to store the fuse state data of one column. It is possible to mix
standard network cycles with column-by-column readout cycles. By this way the network can run
continuously while the readout circuitry transfers the edge data out of the chip. If the column
storage isfree, the next cycle will be areadout one. If not, standard network cycles are performed.

Burst readout

Burst mode readout uses ¢3 to transfer the state of all sense amplifiers out of the array. This
is illustrated in Figure 2.8. After ¢» of phase 1 clk3 of each column is activated once. The

9t isthe sum of the capacitances of the metal wiring, the drain-bulk junctions of M 13 and M 14 (x 66), the gate-drain
overlap of M13 and M 14 (x 66), the readout-amplifier input and the precharge voltage switch.
OThisis caused by the voltage dependent drain-bulk junction capacitance.
"Metal capacitances have worst case errors up to =+ 50 %.
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Figure 2.8: Burst readout timing. Clk3 is shown for column 1, 2 and 66. The ones in-between
have been omitted for clarity. The complete array is read out in the depicted cycle.

readout takes place by charge sharing between Vou/V o @nd the sense amplifier, as described in

the previous section. The differential voltage on the Vou/V ot lines is cleared by the precharge

signal. Afterwards the next column’s clk3 signal gets high. If all 66 columns are read out, clr will

be asserted and the next phase starts. The same pattern is repeated in phase 2 to acquire the sense
amplifier states for the inverted 1zmp voltages as well.

The burst mode has the advantage of taking a’snapshot’ of the sense amplifier states. The node
voltages cannot change between the readout of the different columns because clk2 stays inactive.
It is possible to monitor every change in the network by performing only burst readout cycles.
The downside is the need to buffer the phase 1 edge data for the complete array before the second
half can be read out in phase 2. 132 bits per column must be transferred out of the array. For 66
columns a storage capacity of 8712 bits is necessary. If the data transmission to this memory is
not fast enough wait-states have to be inserted between adjacent clk3 signals.

2.3 Row and Column Circuits

After the previous section has covered the network cellsin detail, this section focuses on the analog
and digital support circuitry located at the edges of the array. They provide the different clock and
control signals needed by the array elements as well asthe analog 1/0.
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Figure 2.9: EDDA block diagram. The column circuits are highlighted.

2.3.1 Column Clock Driver Circuits

The column signals are shown in figure 2.3: read, write, write and clk3 are used to select asingle
column of the array*2. The clock signals clk1, clk2p, clk2, cIk2 and cIr are logically the same for
al the columns but eectrically individual. In figure 2.9 the column circuits are highlighted. They
consist of one row of identical cells. Each cell is connected to one array column. Global signals
from the digital control part are running in parallel to the cell-row providing the master clock and
control signals. Figure 2.10 depicts the schematic diagram of a column driver cell. At the top the
clock drivers are shown. The global signals have the letter 'g’ prefixed. The numbers inside the
gates and inverters are the PMOS and NMOS widths. The gate length is always 0.6 ym.

The flipflops (FF) of all the column cells form an array wide shift register. They are standard
d-type flipflops with a zero hold time and complementary outputs Q and Q. The signal at the
d-input (D) is stored with the raising edge of the clock signal (C) . Csout is connected to csin
of its right neighbor. The first column gets it csin signal from the digital control logic who aso
generates the clock (csclk) and the reset (Csres) signals. By shifting a one-bit through the register
every column can be selected. Thelogic for the clk3 signal takes two inputs: gclk3 and gclk3read.
The gclk3read signal activates only the clk3 line for the selected column, i.e. the one with its FF's
Q-output high. If gclk3 is high al the clk3 lines of the array will be activated. The global read
and write enable signals, gread and gwrite, are combined with the Q-output by alogical NAND to
generate the column read/write signals (write = Q NOR gwrite).

Since there is no need for the fast selection of a certain column (besides the next one) the
usage of ashift register instead of an address decoder is of advantage. It makesit possible to select

12Read: node vol tage readout, write/write: source voltage storage, clk3: fuse state readout
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Figure 2.10: Schematic diagram of the column circuits.

write

more than a single column at once. This allows to copy sense amplifier states from one column
to another for example. Even though this might not be useful for the resistive fuse network it
establishes experimental possibilities.

The large inverters have 40/20 m wide transistors. They can deliver enough current to drive
one array column with a maximum rise/fall time of 1.5/1 ns3. Thisis 5.7/5 times the width of a
single drive strength output from the AMS 0.6 um digital standard cell library. Since the charge
carrier mobility of the PMOSisonly 1/3 compared to the NMOS in this process a60/20 ratio would
have been necessary to get equal rise and fall timed*. Thiswould have increased the capacitance
of the global clock lines by 33 % as well as the column cell area. The total speed increase would
have been 20 %. Therefore the standard cell library’s ratio of PMOS to NMOS gate widths of 1.75
was only slightly increased to 2 for the column drivers. The read, write and write signals are not
as speed critical asthe clocks. Thus standard drive strength suffices.

2.3.2 Row Readout and Storage Circuits

As can be seen in figure 2.3 there are two pairs of signals for each array row: horizontal Vou/V out

and vertical Vou/Vou. They are used for the analog as well as the digital (fuse states) 1/0. The
terms horizontal and vertical refer to the fuses which use the according Vou/V oyt lines. Both pairs

connect the array cells of one row.

13The rise/fall time is the time it takes for the output to change from V1 to Vpp-V1 or from Vpp-V1 to V,
respectively.

The drain current is proportional to the transconductance parameter K' = uxCox. While Cox is the same for
NMOS and PMOS devices the electron mobility jn is three times the hole mobility pp.
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Figure 2.11: EDDA block diagram. The fuse state readout and precharge circuits are highlighted.

Fuse state readout and precharge

In figure 2.11 the fuse state readout and precharge circuits are highlighted. To each array row
belongs one readout cell. Inthe schematic diagram, shownin figure 2.12, the four row signals have
been drawn on the left. Each pair connects to two sense amplifiers (SA): the vertical Vou/V out tO
SA1 and SA3, the horizontal to SA2 and SA4.

Precharge switch There are two precharge switches. M1 to M4 and M5 to M8. As can be seen
by the W/L ratio M1-M4 are 10 timeslarger than M5to M8. Pcon (precharge on) enables the large
one, rpcon (readout precharge on) the small one. Only NMOS transistors are used as Vprecharge max

issmaller than 2.5V (see eg.2.13). Thelarge switch is used to provide the precharge voltage to the
fuses in the timing modes where clk3 is asserted for all the array columns at once. These modes
are the standard and the column-by-column readout timing. The on-resistance of M1 to M4 islow
enough to provide the current necessary to precharge al the fuses in one row. In readout mode
they have to be enabled and disabled once per phase, i.e. twice every cycle. The sum of their
gate capacitances is about 11 pF, thus an energy of 275 p3° is needed for the precharge switch in

every phase. In burst readout mode the fuses are precharged column-by-column. This increases
the power consumption of M1 to M4 by a factor of 66 per phase. But the on-resistance of the
switch can be much larger in burst mode than in column-by-column readout mode since in each
precharge cycle clk3 is activated for one column only. Therefore a small precharge switch M5 to

15The energy needed to charge a capacitor C to avoltage V is CV2. Half of this energy is dissipated by the charging
resistor, the other half when the capacitor is discharged. The total energy is lost (converted to heat in the transistors’
channels). Thus the power consumption per cycleis CV2.



2.3. ROW AND COLUMN CIRCUITS 47

Vour @

vertical

(o]

v e o - -
M1 }‘0—{ M3 M5 }‘0—{ M7
o—drclk2a rclk2b D—o
v » drclk2a  rclk2b > T
precharge drclkla rclklb —
M2 }‘0—{ M4 M6 }—0—{ M8 SA4
-
i in

MU1

2 g|¢

5 Vou ¢ . ERClE

S 20 2 =

g 0.6 0.6

° VOUI . L L
'Y a
c c > Ke}
g 8 s 3
< =3 bank A bank B 2]

Figure 2.12: Schematic diagram of the fuse state readout and the precharge switches (M1-M8).

M8 is connected in parallel to the large one, reducing power consumption by afactor of 10. The
wire capacitance of the pcon or rpcon line is about 700 fF. This is the same order of magnitude
than the capacitance reduction achieved by further decreasing the transistor width from 2 ;m to
the process limit of 0.8 um. But this will increase the maximum charge injection error and the
worst case on-resistance, therefore 2 ym has been chosen as a compromise.

The precharge voltage input Vprecharge IS directly connected to an input pad of the chip.

Readout sense amplifiers The purpose of the readout sense amplifiers is to restore the differ-
ential fuse output signal Vgisrou: 10 the full Vpp level. They also hold this information until it is
transferred to the digital section. The sense amplifiers are divided in two groups: bank A (SA1and
SA2) - using rclkla, rclk2a and rclk2a - and bank B (SA3 and SA4) which is controlled by rclk1b,
rclk2b and rclk2b. These clock signals are common for all readout cells. In column-by-column
readout mode bank A stores the data from phase 1, bank B from phase 2. Both banks together
contain the edge data of one array column. In burst readout mode the sense amplifier banks are
filled alternately. Thereby the data from one bank can be read out while the other bank stores the
fuseinformation. The schematic diagram of the sense amplifier is shown in figure 2.13. The core
circuit - consisting of M1 to M8 - is the same as the fuse sense amplifier. The clocking scheme
is similar, besides that ¢3 has been merged with ¢; (rclkl). This is possible because the input
lines (in, in are connected to Vout/Vour) are at V precharge When rclkl gets activated. M7 and M8
will be switched on with rclk1, thereby precharging the gates of M1 to M4. In and in change to
V orecharge = V ditfout/ 2 after clk3 has activated the outputs of the fuse sense amplifiers. Since rclk1
is still high M1 to M4 follow the potential on Vou/Vout. With ¢, (rclk2, rclk2) M7 and M8 are
switched off and power is applied to the sense amplifier by M5 and M6 thus amplifying Vjisout tO
Vpp. Thistiming isillustrated in figure 2.14.

One half of the sense amplifier - the drains of M1 and M2 - is connected to the input of a
clocked inverter (M9 to M12). Its clock inputs are connected to rclk2/rclk2 and it drives the sense
amplifier output Q. Its purpose is to isolate the sense amplifier nodes from the output wire ca-
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Figure 2.13: Schematic diagram of the readout sense amplifier. The dashed arrows depict match-
ing transistors.

pacitance in ¢1. The gate capacitances of M9 and M 12 are minimized to keep the sense amplifier
capacitance symmetric. M10 and M 11 are necessary to prevent any current flow through the in-
verter if rclkl is active and the gate voltage iS Viprecharge: This would cause a quiescent current
flowing through M9 and M 12 since neither of them is shutoff completely. The symmetric realiza-
tion of the inverter (instead of using the usual PMOS/'NMOS gate width ratio) helps to cancel the
charge injection of M10 and M11 when rclk2 changes.

After the sense amplifier has made its decision it actslike astatic latch. Sincerclklislow itis
isolated from Vou/V oue and the edge readout can continue with the other bank of sense amplifiers.
The edge datais stored aslong as rclk2 is active.

Output multiplexing The two banks of sense amplifiers store the edge information for one
column (in column-by-column readout mode). Circuits for further processing can be integrated
directly next to them. Thereby they can utilize the full data rate of about 550 MByte/&(in burst
readout mode). The EDDA chip - asit is presented in this thesis - has been designed to evaluate
the SC resistive fuse network concept. It does not contain additional image processing hardware
yet. Therefore the data stored in the readout sense amplifiers can be read out via the synchronous
bus serving as the external interface of the chip. Itswidth is 8 bit. Parallel to the row readout cells
8 data lines form the output bus for the edge data. The row cells are grouped in 8 clusters, each
containing 8 cells connected to the output bus by tristate drivers (IN1 in figure 2.12). The cells of
acluster share acommon output enable signal enouty (enable output of cluster no. y). Since there
are 66 rows, the outermost rows form a 9th cluster containing only two cells.

BThisisthe product of the amount of data read out in parallel - 132 bit - and areadout cycle time of 30 ns.
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Figure 2.14: Timing of the readout sense amplifier clock signals in column-by-column readout
mode. CIk3 is shown for an arbitrary column. With rclkla/rclk2a phase 1 data is stored (Qa),
phase 2 data (Qb) with rclk1b/rclk2b respectively.

The four bits of arow readout cell - horizontal bank A/B and vertical bank A/B - are switched
by a 4-to-1 multiplexer (MUX1) to the output driver IN1. Two global select signals, selhv (select
horizontal/vertical) and selab (select bank A/B) determine which sense amplifier output Q isfed to
the cell output outx, where z represents the bit number inside the cluster. To avoid floating inputs
at themultiplexer if norclk2 lineisactive, M9 and M 10 connect two of theinputs to ground’. The
output tristate driver is a clocked inverter circuit. It has double drive strength (14/8) and therefore
fourfold gate widths'®. To reduce the capacitive loading of the enouty lines they are buffered by
single drive strength inverters (IN2).

Analog readout and storage

In figure 2.15 the analog readout and storage circuits are highlighted. Like the digital readout they
connect to the Vu/V oy lines of the array rows. Their schematic diagram is depicted in figure
2.16. The horizontal V4 is unused. The node voltage readout is done via Voy. The vertical

Vout!Vou pair connects the storage amplifier A1 to the network. The row-select flipflop selects
the row for storage and readout. Like the column-select FF the flipflops of al rows form a shift

YThisis not necessary for the remaining two inputs because they are disabled if selab and selhv are low.
18|n this circuit two transistors are connected in series between the output and Vpp or ground, respectively. To
achieve double drive-strength their gates must have four times the standard width.
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Figure 2.15: EDDA block diagram. The analog readout and storage circuits are highlighted.
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register with a common clock (rsclk) and reset (rsres). The FF at the bottom gets its input (rsin)
from the digital control. The output (rsout) is connected to its top neighbor. The shift register has
the advantage that both single and multiple rows can be selected.

Nodevoltage readout Transistors M8 and M9 do the readout multiplexing. Each network node
has a source follower to output the node voltage. In readout mode - when gread/gread are active -
the source followers of one array column are connected to the horizontal Vo lines (see 2.2). The

row is selected by M9 which getsits gate voltage from the Q output of the row select FF. Both M8
and M9 have ahigh W/L to reduce their on-resistance. Thereby it is much smaller than the output
impedance of the source follower itself. This keeps the voltage drop across M8 and M9 small and
avoids row-by-row fixed pattern noise due to variations in M8 or M9 between different rows. In
[LOV98] a Ips mismatch of less than one percent (o(Alps)/Ips) was measured for comparable

devices. Thislimits the fixed pattern noise caused by M8 and M9 to about 1 mV (10).

M8 isolates Vo from M9 if the node voltage readout is off. This allows the sampling of new
analog data without disturbing the horizontal output lines. Otherwise the gate-drain capacitance
of M9 would inject charge on Vo When the FF toggles. Digital readout and the sample-and-hold

(S&H) of the analog input data can work at the same time.

Input voltage storage The analog input uses a two level storage scheme. It is illustrated in
figure 2.17. The chip’s analog input Vi, is connected to every row storage cell. The capacitor G,
will store Vi, if itsrow is selected. Out of the array columns one is selected for write. The pixel
source followers of that column are connected to the row storage amplifiers. The combination of
storage amplifier and pixel source follower resembles a unity gain buffer since the pixel output is
fed back to the negative input termina of the operational amplifier. By this way the voltage drop
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across the source follower gets compensated. As this calibration is done individually for each
pixel, it also suppresses pixel-by-pixel variations.

The storage amplifier Al isafolded cascode type [GEI90-7, GRA93, LAK94-1]. It has an output
voltage swing of nearly Vpp to ground and is capable of driving the capacitive load of the Vo
line - which is about 3 pF - without any frequency compensation. The simulated slew rate is 3.4
V/us under this loading condition. Its low frequency gain is about 500. The simulated voltage
error of the complete feedback loop is-3.8 mV at Vi, =04V and 26 mV a Vi, = 3 V. Thisis
a compromise between low area usage and low power consumption on one side and speed on the
other. The complete amplifier needs not more than 30 ;A (including bias generation). Since this
current is wasted if the global write signal (gwrite/gwrite) is inactive, the amplifier has an enable
input. If it is low the bias circuit is disabled and power consumption drops to leakage current
levels.

As can be seen in the schematic (figure 2.16) the global write signals will also disconnect Al
from the vertical Vou/V out pair - viatransistors M1 and M2 - if they are inactive. This avoids any
unbalanced capacitive loading on the output lines during digital readout caused by the disabled
amplifier. Their on-resistance is much smaller than the output resistance of A1 and the pixel
source follower. Since the output voltage of Al is 1.2 to 1.5 volts higher (depending on the pixel
bias voltage) than Vi, M1isaPMOS-FET.

The S&H circuit consists of Cj, together with M5 and M6. They form a transmission gate
connecting Vi, to the storage capacitor Cj, if the row select FF's Q-output is high. The symmetric
transmission gate minimizes charge injection. In addition G, is rather large, its capacitance of
approximately 4.4 pF reduces the worst case voltage error due to row-to-row mismatch in M5
and M6 clearly below 1 mV. Like the network capacitors G, is also a PMOS transistor to cover
the input voltage range. Its n-well is isolated from the other circuitry and tied to Vpp by alow
impedance connection.

M3 and M4 form a second transmission gate. Its purpose is the speed-up of the feedback
loop and the suppression of voltage errors due to the amplifier's input capacitance. It connects
the negative input terminal of Al to Vj,. By this way the input stage of Al as well as the Vit
line are precharged to nearly their final voltage (since the gain of Al is about 500 the differential
input voltage after the feedback loop has settled to Vi, is only afew millivolts). If the negative
input terminal is not to be precharged to Vi, the feedback loop would change its voltage until
both inputs are at nearly equal potential. This can imply a maximum voltage shift of more than
2 volts at the negative input (as large as the total dynamic range of 1i,). Since this changes the
common source voltage (Vsurce) Of A1's PMOS input transistors the gate-drain voltage of the
positive input’s transistor changes by AVps = AV source (Since Cip holds its gate at Vin). Theinput
capacitance of A1is 200 fF. Compared to Gy, this results in avoltage error of 44 mV/AVps. The
precharging of the negative input solves this problem. After the feedback loop has settled Vource
isthe same as before, i.e. AVps = 0.

The pixel source follower is the slowest part of the feedback loop. Making it as fast as Al
would strongly increase the chip’s power consumption. Also it is not possible to increase only
the bias of the selected column because the voltage drop between the storage capacitor & and
the pixel output voltage is bias-dependent. This is overcome by M3 and M4. By precharging
Vou toits fina voltage the pixel source follower must only deliver the current for small voltage
corrections instead of those covering the full dynamic range.

M7 bypasses the storage amplifier Al. First thisisfor testing the analog storage circuitry. For
example it is possible to measure the voltage drop of the pixel source follower by comparing the
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Figure 2.18: EDDA block diagram. The Vs inputs and switches as well as the analog readout
buffer are highlighted.

node voltage with or without A1. Second it makes it possible to input a differential voltage to the
sense amplifiers - either of the fuses or the row-readout - connected to the vertical output lines.
This is done by first precharging Vou and Vo While storing Vprecharge = AV test ON the Cip's of
al rows. By activating bypass Vo changes accordingly. Thereby the voltage resolution and the
input offset distribution of the sense amplifiers can be measured.

2.4 Global Analog1/O

This section covers the analog circuitry common to the whole array, i.e. not organized in rows or
columns. As can be seen in figure 2.18 that includes the analog output amplifier and the switches
for the fuses’ Vemp and Vemp inputs.

24.1 Comparator Voltage Switch

The purpose of the comparator voltage switch is to reverse the polarity of the global Vemp and
Vemp Signals. Figure 2.19 shows its schematic diagram. Two single-pole/double-throw analog
switches are build from two transmission gates each. M1/M2 and M3/M4 are activated in phase
1 of the array element’s clock cycle, connecting + Vot to Vemp and —V ot t0 Vemp. M5/M6 and
M7/M8 are their phase 2 counterpart: + Vst iStied to Vemp and — Vs t0 Viemp. The phase 1 and
phase 2 clock signals must be non-overlapping to avoid a short-circuit of the Vs voltage source.
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Figure 2.19: Schematic diagram of the comparator voltage switch. M1 to M8 have a W/L of
40/0.6.

2.4.2 Output Amplifier

The output amplifier buffers the analog node voltage readout signals. It provides a low output
impedance and is connected to an output pad of the chip. It also contains the common load
transistor for the total of the network’s node voltage source followers. This NMOS transistor has
aW/L of 200/5 to ensure a good linearity. Its gate is connected to an input pad, thus the readout
current can be adjusted. This bias voltage is also used to control the current of the output stage of
the buffer. A current mirror ensures that its quiescent current is 20 times higher than that of the
node voltage source follower.

The output amplifier has been simulated®® with an off-chip load capacitance of 50 pF. With
current settings of 33 pA (node readout) and 0.723 mA (output stage) the output voltage settles to
1 % within 500 nsfor the rising or 350 nsfor the falling edge of the input signal. The bias voltage
was 3.8 V. A node voltage swing from 0.8 to 2.6 V was used as the input signaf°, resulting in
an output amplitude of 1.2 V. If the bias voltage is increased to 4 V the current is reduced to
approximately 1/10. 1 % settling timesare 3.5 and 1.1 us.

2.5 Digital Control and I/O

At the bottom of figure 2.20 the digital control section is shown, consisting of three distinct cir-
cuits: RAM, PLL and clock sequencer. The RAM and the PLL are full custom circuits whereas
the clock sequencer logic has been written mostly in the hardware description language Verilog
[CDS97-1]. Thefinal circuit was synthesized by the Synergy logic synthesizer software [CDS97-2]
using the AMS 0.6 um standard cell library [AMS98-4] as target. The asynchronous part was
directly entered as a schematic since it contains combinatorial feedback loops which can not be
generated by Synergy.

19The Spectre circuit simulator from Cadence has been used for the transient and the AC analysis of the circuits used
in the EDDA chip.

20Referring to eq.1.24 thisis the node voltage limit for a Vprecharge range from 1.2t0 2V and Vi, between 0.4 and
32V.
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Figure 2.20: EDDA block diagram. The digital control part - consisting of clock sequencer, RAM
and PLL - ishighlighted.

25.1 Clock Sequencer

The main functionality of the clock sequencer is the generation of the 19 non-overlapping clock
signals of EDDA. It aso includes the logic for the eight bit bi-directional bus connecting the
chip to external circuits. The timing diagrams in the previous sections (2.6, 2.7, 2.8, 2.14) use
a timescale where every signal changes on a 10 ns boundary. This is an idealization. 10 ns per
clock is the maximum speed the clock circuits have been designed for. If some of the process
parameters are worse than their typica mean values it may be necessary to slow down certain
clocks. Also it is possible that extending the duration of some signals leads to less noise and
better analog accuracy. Furthermore it may be interesting to change the timing for experimental
purposes, atering the characteristic length for example. For these reasons the sequence of the
clock signals is not hardwired but freely programmable. A digital sequencer circuit executes a
series of ingtructions stored in an on-chip memory. Those instructions are either load operations,
transferring a clock pattern from the RAM to an output register, or flow control statements coding
for conditional jumps. Appendix C describes theindividual sequencer instructions and the internal
registers of EDDA.

Since the EDDA chip has been designed for a maximum clock speed of 100 MHz the instruc-
tion decoder must be either simple or pipelined. A pipelined sequencer will add a penalty of one or
more cycles - depending on the pipeline depth - to every jump. This could be reduced by a branch
prediction logic but only at the expense of an increased complexity of the sequencer circuit. The
additional power consumption of such a solution was the reason to implement the clock sequencer
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Figure 2.21: Block diagram of the digital control circuit. For the address and data busses the
number of bitsis drawn next to them.

without pipelining. The clock sequencer is subdivided into several functiona blocks. They are
depicted in figure 2.21.

The RAM is 84 words deep, with separate input and output ports. The width of a data word
is 16 bit. It is optimized for speed. Thisis done by integrating an output driver in every bit cell.
The address to output time is less than 2 ns. Its implementation is fully static, i.e. the power
consumption will be zero (neglecting leakage currents) if there are no input signal transitions. The
area occupied by one bit cell is 186 un?. Appendix A covers the implementation and the layout
of the RAM in detail.

The RAM output is connected to the different registers of the sequencer as well as the instruc-
tion decoder. Each data word contains one instruction. Depending on the individual instruction, a
part of the RAM word is used as immediate data for one of the registers. For each clock cycle the
decoder decides which registers have to be updated.

The different sequencer registers have the following tasks:

address counter The address counter stores the RAM address of the actual instruction. In the
case that a conditiona jump istrueit is loaded with the new address. If no jump has taken
place the address counter increments the actual address to point to the next instruction.
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clock register The clock register stores the actual state of the 14 independent non-overlapping
clock signals. The remaining 5 clocks can be derived from them. At the output of this
register they are not yet non-overlapping. This is ensured by an asynchronous circuit that
delays the active edges? of theindividual clocks for an adjustable time. The outputs of these
delay circuits have three-times the standard drive-strength. The clocks signals for which this
is not enough have additional buffers with 16 times drive capability inserted. These heavily
loaded clocks are the global array clocks (see section 2.3.1) as well as the clocks for the
large precharge switch (section 2.3.2).

stroberegister This register stores output signals only for one clock cycle. This eliminates the
need for a second instruction to reset them. Strobe signals are the shift register clock and
reset signals for example.

moderegister In the mode register miscellaneous control bits - like the global read and write
signals - are stored.

loop register The four loop registers serve simultaneously the purpose of an AL3? and ageneral
purpose register bank. Each can be loaded with an arbitrary 7 bit value. Their zero-output is
used as ajump condition in certain instructions. Depending on the exact kind of instruction
they are decremented either if the jump takes place or not. By this way up to four nested
loops can be constructed. Another instruction that makes usage of a loop register is the
delay command that loads one of the loop registers with a delay value and then inhibits the
incrementation of the address register until the loop register value has reached zero.

The bus interface unit handles the peripheral bus protocol. It also contains some configuration
registersthat control the action of the clock sequencer and the delay circuit for the non-overlapping
clocks. The RAM data (RD) register is used to store the first half of the 16 bit RAM data words as
the peripheral busisonly 8 bits wide. The data written into the RAM appears immediately on the
RAM output lines. Every sequencer register can be accessed by this way. Viathe bus interface the
address counter can be written directly. Another function of it isthe selection of the digital readout
cluster (see section 2.3.2). The eight bit digital readout data is routed through the interface to the
peripheral bus. The digital readout can be synchronized to the sequencer by handshake signals.

25.2 Generation of the Non-Overlapping Clocks

In a complex and distributed SC circuit like the resistive fuse network there are more than two
clocks that must not overlap each other. In EDDA 19 clock signals are concerned. The usual
solution - to inhibit one clock signal until the other oneisinactive[GEI90-8] - isimpractical because
some of the clocks have additional buffers distributed along the array. 1t would be necessary to fed
their outputs back to the clock generator. Also it is difficult to determine the voltage level at which
aclock signal can be considered inactive®. This depends on the circuits connected to it. For the
NMOS pass transistors this voltage depends on their source potential. If the gate voltage becomes
smaller than Vs — V1 (neglecting the bulk effect) they cease to conduct.

21The active edge depends on the polarity of the clock signal. If it is active-high the rising edge will be the active
one, for an active-low signal it will be the falling edge.

2 Arithmetic Logical Unit

2The switched capacitor circuits controlled by the clock signals are level-sensitive, not edge-sensitive like the syn-
chronous registers.
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Figure 2.22: Schematic diagram of the circuit used to generate 19 non-overlapping clock signals.
The numbers inside the components are the rel ative drive strength compared to the unit inverter of
the AMSdigital standard cell library.

Some of the 19 clocks are allowed to overlap with certain other ones, but not with all of
them. Additionally there are clocks that must be active while others are changing. For example
in column-by-column readout mode the gclk3read signal must not overlap gclk2 and gclkl but
should stay active while clk3 changes from low to high.

The circuit used in EDDA to generate the non-overlapping clocks therefore does not depend
on the clock outputs. Instead it delays the active edge of any clock signal for a certain amount of
time. Thisdelay can be adjusted for every individual chip and sequencer program to minimize the
time at which no clock is active.

Figure 2.22 shows the schematic diagram of this circuit. It is based on an asynchronous RS-
flipflop FF2 in series with the output of the synchronous clock register FF1. The sequencer clock is
delayed and inhibits the set-input of FF2. Thus an active (FF2 is set) clock output is not influenced
by the delay any more. Also no delay is added to the reset-input of FF2. The delayed clock
generation circuit is needed only once. It consists of a chain of dow buffers, DB1 to DB15. The
slowest buffer from the standard cell library has adelay of 0.13 nsif it is connected in series. To
avoid the high power consumption of multiple fast buffers a new standard cell has been designed:
the delay buffer (DB). It consists of two inverters. Thefirst one hasits W/L reduced by afactor of
3 compared to the unit inverter. Thisresultsin atypical delay of 0.4 nsfor the complete buffer (if
it is part of adelay buffer chain). The length of the delay chain is selected by the tristate-inverters
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Figure 2.23: Timing of two example clock signals A and B. At the top the normal and the de-
layed sequencer clocks are shown. Below them the outputs of the synchronous clock register and
the asynchronous RS-FF are depicted for both clocks. While the clock register outputs change
simultaneously with the sequencer clock the final clock signals are non-overlapping.

11 to 116. One of them is enabled by the 1-of-16 decoder. A delay value from O to 15 delay
buffers can be chosen. 117 is an output buffer for the delayed sequencer clock signal. Figure 2.23
illustrates the timing of this circuit.

EDDA contains 15 of these gated RS-FFs. Each clock register bit uses one except of the Vs
polarity bit that is connected to two RS-FFs. By thisway the four control signals of the comparator
voltage switch can be generated from one bit coding for the phase (see section 2.4.1). Since the
individual clock outputs are complementary the same circuit can be used for active-high or active-
low as well as complementary clock signals while the clock register bits are always active-high.
By clearing the clock register all the clock signals become inactive. Thisis automatically done by
the power-on reset to ensure that the analog circuits are inactive until a valid sequencer program
is loaded and executed.

25.3 Main Clock Generation

The sequencer clock is generated by aPLL circuit. This makesit easy to connect to the peripheral
bus since the bus frequency can be lower than the sequencer clock. The PLL multiplies the signal
from the external clock input by afactor of 2, 3 or 4. It isalso possible to bypassthe PLL, using the
external clock both asthe sequencer and the bus clock. The PLL circuit is described in appendix B.
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Figure 2.24: Timing of the peripheral bus of EDDA. The bus modes are abbreviated as follows:
write address. waddr, write data: wdata and read data: read. The small arrows symbolize the
changeover of the data drivers.

25.4 External Signals
Peripheral bus

The peripheral bus of EDDA is a bidirectional eight bit bus synchronous to the bus clock. An
external bus master initiates read or write cycles. Write cycles are distinguished between address
and data writes. If EDDA is not able to complete a data transfer in one cycle it will insert wait
cycles. The maximum transmission speed is equal to the bus clock (in bytes/s). The bus uses the
following signals:

Busmode Two bits encode the bus mode. These are inputs of EDDA. They determine the kind of
bus cycle:

Idle Theidle mode signals that no new requests areinitiated in this cycle.
Write Address Initiates an address write cycle.

Write Data Initiates a data write cycle.

Read Data Initiates adata read cycle.

Ready Handshake signal from EDDA. If it is high the actual cycle has been completed by EDDA.

Data Eight bidirectional data lines. If no read requests are pending the data bus is in a high-
impedance state. It is driven by the bus master if the bus mode changes fromidle or read to
write. After EDDA has received aread command it starts driving the data bus.

Figure 2.24 illustrates the peripheral bus timing. During write cycles the data is transmitted to-
gether with the bus mode. EDDA can complete every write command without waits. If the bus
mode codes for a read command the data gets valid after the next clock edge. If multiple bytes
should be read the next read command must be issued by the bus master before the data of the
first one was received. If the data is not ready EDDA can delay the read cycle by negating the
ready signal. An eventualy pending read command is executed after the delayed read cycle has
been completed. In the example shown in the figure the third read command can not be completed
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without wait. Thus EDDA sets ready to zero after it has sampled the third read. The bus master
issues the fourth read since it has not yet received the inactive ready signal. EDDA ignores this
read command. The bus master does not increase its internal transfer counter until the ready line
has returned to one. When it receives this condition it reads byte three from the data bus. Since
EDDA has no further wait requests the bus master sets the bus mode to idle after it has issued read
command five.

If the bus mode changes from write to read the data bus is idle for one cycle. Thistime is
needed to change the direction of the data bus drivers. After the last read cycle the bus master
must wait one clock before issuing awrite command and enabling its data drivers.

Analog camer a connection

If an analog camera s connected to EDDA the sequencer program that stores the analog input data
must know the beginning of a frame, aline and a pixel. If the program knows the resolution of
the image and the timing of the camera it will be adequate to signal the beginning of a new frame
only. If the camera uses a time-base that is not synchronized with the bus clock of EDDA it is
better to transmit a pixel clock together with the analog image. EDDA has two digital outputs and
one input for handshaking with asynchronous image sources. If the image data is synchronous to
the peripheral bus is is sufficient to start the sequencer program at the correct time via a normal
bus write cycle.

The handshake input of EDDA is synchronized to the sequencer clock and can be included in
the condition of a jump instruction. The outputs are part of the strobe register, thus a handshake
pulse needs only one sequencer instruction. They can beindividually changed to standard register
behavior if a permanent output is desired.

2.6 Layout

The layout of the circuits described in the previous sections plays an important role for the per-
formance of the EDDA chip. The area and speed optimization of the network cells makes them
sensitive to parasitic capacitances. The capacitors used in the circuits are very small. The capaci-
tive coupling between clock and signal wires can noticeably change the internal voltages. Of equal
importance is the matching of the components both locally and globally. An example for com-
ponents that should match locally are the sense amplifier inputs. Any matching error introduces
a differential offset voltage. Transistor variations between different array elements may lead to
non-uniformities in network parameters like )y for example.

2.6.1 Matching Considerations

Thereare several guidelines that hel p to reduce matching errors[AMS94, DRO99, LOV 98, LAK94-2]:

Orientation and surrounding If two transistors should match the most important thing isto cre-
ate them identically. The orientation of their channels and the direction of the currents
flowing through them must be the same. Also their surrounding should be as similar as
possible. Thisis most important for the drain and source regions, but every other difference
in substrate doping in immediate vicinity may introduce deviations. If capacitive coupling
is also considered the neighboring metal and poly traces should be created equally. Metal
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traces running across the gates may introduce an additional electrical field in the channel
(depending on their potential). If it is not possible to avoid them at al they should be of the
same shape and on the same potential for all devices. Also the highest possible layer should
be used, i.e. the one most distant from the channel. In arepetitive structure like the resistive
fuse network the individual elements are al copies of the same layout. Therefore only the
cells at the edges have a different surrounding. By adding a frame of dummy cells to the
array this can be solved. Another possibility isto ignore the outputs of the outermost cells,
i.e. the array is designed larger by two in each dimension.

Large devices Thereisal/v/W L dependency of the mismatch (either V7 or 5?*) caused by de-
vice geometry variations. For short channel devices(i.e. L < 1) itisevenworse, especially
for 8. Therefore short channel transistors should be avoided for critical analog circuits like
the sense amplifiers or the readout source followers. The gate-capacitance also varies with
the channel geometry introducing a charge injection error, i.e. the charge injection differs
for equal devices. Increasing their size enlarges the absolute charge injection but reduces
not only the relative but also the absolute difference. Since only the error caused by ran-
dom geometry variations reduces by 1//W L care must be taken to avoid other errors (see
below).

Minimum distance The closer two components are to each other, the lower the effects of global
process gradients and temperature variations.

Sametemperature Matching transistors should be placed on the same isotherm of the chip to
avoid temperature differences.

Multiple equal devices If transistors with different W/L ratios should match a unit device must
be designed from which both matching devices can be built. To get a ratio of 7 to 2 for
example 9 unit transistors are used.

Common centroid layout To match transistors with the same W/L ratio it is aso useful to split
them in multiple small ones. With more transistors a layout with a common centroid ge-
ometry is possible. Global errors are averaged out. This can vastly reduce the influence of
process parameter gradients. It isimportant to remember that the configuration must also be
symmetric with respect to the channel current directions. Either there is only one current di-
rection for all transistors or - for an interdigit layout - the channel orientation is alternating,
but with the same number of gates per direction for each transistor.

Preferring NMOS-FETs The main source of V errors are bulk doping level variations. Since
the threshold voltage adjustment of PMOS transistors needs more ion-implantation steps,
PMOS match worse than NMOS.

Charge cancelation The charge injection of switches can be reduced by adding a second clock
signal with the opposite phase and connect it to the signal with the same capacitance. This
can be done either by using equally sized NMOS and PMOS transistors - forming atransmis-
sion gate - or by adding atransistor of the same type as the switch transistor to the critical
node. Usualy this dummy transistor has half the width of the switch and both its drain and
source are connected to the node.

245 = K,% :)U‘COX%
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2.6.2 Array Element Layout

Figure 2.25 shows the layout drawing of the array element. It is shown as a part of the complete
network. The size of an array element is57 x 48.5 unt. The clock signals are routed vertically
and close to each other. This reduces the parasitic coupling between the clocks and the analog
circuitry at the expense of an increased coupling between the clocks themselves. To the left of
the clocks the fuse circuits are placed. Vertical and horizontal fuses are aternating. To avoid
differences between them their layouts are as identical as possible. The only differences are the
network connections, since the vertical fuse connects to the top and the horizontal to the right
neighbor of the array element.

To the left of the clock column the pixel and node circuits are located. At the top the pixel
source follower can be seen (MLU/M2 in fig. 2.4). Below it the storage capacitor (g is drawn.
The storage switch (M3/M4 in fig. 2.4) is build of one transistor with split gates and a dummy
transistor in the center to achieve at least a minimum of common centroid geometry in the limited
area available. To avoid capacitive coupling from the nearby clock traces (§ is covered by metal 1
connected to ground. The pixel capacitor C;, the node capacitor C, and the fuse capacitors
C4/Cy are located in the middle between the clock channel and the fuse circuits. They share an
n-well together with the storage and readout circuits but isolated from the fuses. Since storage and
readout are inactive in normal network operation this does not increase the noise level. The 15p
connection of the n-well has alow resistance (6 Q from the middle of the array to the edge power
busses) and low noise level since the fuses have separate power and ground connections. Only the
quiescent current of the pixel source follower must be supplied by it.

Below C', the readout source follower (MUM2 in fig. 2.2) is located. To reduce matching
errors the active transistor is relative large with a channel length of 2 ym to avoid short channel
matching degradation. Its surrounding and orientation are the same for each array element. The
transistors forming the C, switch (M6/M7 in fig. 2.4) must have the same charge injection to
avoid pixel voltage deviations between different cells. Therefore their split gate common centroid
configuration. The small diffusion area protruding out of the bottom transistor is the counterpart
of the diffusion trace connecting the top device to ;. The output resistance of the pixel source
follower isolates the pixel Vpp and ground lines from the switching noise of M6 to M8 (fig. 2.4).

Fuse layout

In figure 2.26 the layout of a fuse is magnified. To the right the G and C}, capacitors can be
seen. As mentioned before the Vpp and ground traces running above the capacitors on metal3 do
not supply the fuse. Its power lines are shown in the middle (fuse ground and fuse pp). The
transistors that switch on the sense amplifier power (M5/ M6 in fig. 2.5) will inject charge onto
them if clk2/clk2 toggles. Thiswill lead to asignificant high frequency switching noise. Therefore
the substrate is connected to the pixel ground instead of the fuse ground to avoid noise injection
viathe substrate contacts.

The central latch of the sense amplifier consists of two cross coupled inverters driving the SA
and SA nodes. Since their matching is crucial for the EDDA performance they occupy a large
portion of the fuses area. Their layout style is aso common centroid with two gates per transistor.
The PMOS-FETs (ML/M3infig. 2.5) are at the top of the dashed boxes, the NMOS (M2/M4) at the
bottom. They are not covered by metall at al and only a fraction of them is covered by metal 2.
For area reasons it was not possible to avoid the metal 3 power busses running across them. Since
their potential is constant it is compensated by the charge that flows onto the gatesin ¢.
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and the right depict the boundaries to the neighboring cells. A legend for the different layers can

be found in appendix E. The visible areais 69 x 52 pnf.
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Figure 2.26: Layout drawing of the horizontal fuse. The visible areais 53 x 25 uni. For alayer
legend see appendix E.

The input switches (M7/M8 in fig. 2.5) are directly below the sense amplifier. Their layout
has the same symmetry. Since they are smaller they are equally covered by the metal3 power
lines. Therefore any influence of them on the gate-channel capacitance leads to the same amount
of charge injection at the SA and the SA side. To the left of the sense amplifier the switches (M9
to M12) for the C, and C', capacitors can be seen. Since each fuse capacitor is much larger than
the capacitance of the sense amplifier the voltage error due to the charge injection of M9 to M12
is accordingly smaller than that of the input switch. Each network node is surrounded by four
fuses. Thus four transistors are connected in parallel. This reduces the charge injection error due
to statistical geometry fluctuations by afactor of two.

2.6.3 EDDA Layout

The layout drawing of the complete EDDA chip is shown in figure 2.27. A photograph of it is
depicted in figure 2.28. The largest part of the chip is occupied by the array of resistive fuse cells.
It is enclosed by aring of wide Vpp and ground traces, labeled as power busses in the figure.
The substrate area beneath them is used for PMOS blocking capacitors. Their total capacitance
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is 1.5 nF. They act as a fast local charge reservoir for the high transient currents needed by the
array in the moment when all the sense amplifiers are activated in ¢». Thereby the switching
noise on the analog power supply lines gets reduced. The column clock drivers are located below
the resistive fuse array in one row paralel to the array elements. By this way the transistors in
each sense amplifier are always on the same isothermal line regarding the substrate temperature
gradient caused by the clock drivers. They have their own power bus which includes also blocking
capacitors with atotal capacitance of 0.5 nF. In the case of the clock drivers these capacitors are
essential. The maximum transient current needed to drive clk1 is 700 mA> with a slope of 30
A/usin contrast to an average current of 24 mA in normal network operation at 100 MHz.

Between the clock driver power lines and the bond pads the different parts of the control logic
can be seen: the PLL, the RAM and the standard cell block containing the clock sequencer and the
bus interface. The remaining analog circuits are located on the right of the array: row readout and
storage, the output amplifier and the Vemp switch. The analog signals, including the analog power
supply, use the bond pads to the left and the right, whereas the ones for the peripheral bus and the
digital power supply reside at the bottom of the chip. To keep the substrate noise low the substrate
contacts of the standard cells and the other digital circuits are not connected with ground but use a
separate net for this purpose instead. It has a bond pad of its own.

Thisvalue is based on asimulation includi ng the total capacitive load of the clock line.
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Figure 2.27: Layout drawing of the complete EDDA chip. Thedie sizeis4.4 x 4.3 mnf.
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Figure 2.28: Die photograph of the EDDA chip. The bond wires connecting the chip to the
package can be seen as black shadows (due to the illumination).



Chapter 3

Test Setup

This chapter explains the test environment for the evaluation of the EDDA chip.
At first it shows the hardware components used, including their mechanical
setup. The programmable logic array that controls theEDDA chipisintroduced
afterwards. The different levels of software - ranging from the graphical user
interface down to the hardware access - are described in the second part of
this chapter.

3.1 Hardware

The test setup for EDDA must be able to generate the necessary digital and analog input signal
patterns and measure and store the output of the chip. Therefore a mixed signal test environment
with the following capahilities is heeded:

e Generation of the bus clock. The frequency should be adjustable to measure the speed limit
and frequency dependence of EDDA.

e A digital 1/0O that can be connected to the external bus of EDDA. It must be able to supply
the chip with the necessary sequencer programs. It should communicate with it to be aware
of the state of the program. If an edge readout is part of the sequencer program it must read
the edge data that EDDA transmits and store them for further evaluation.

e Anaog outputs for the generation of the analog data input, bias and Vi voltages. The
analog output must ssimulate a cameraimage. It should be synchronous to the digital 1/0O. It
is also desirable to have an arbitrary Vo waveform. Thereby it is possible to measure the
network’s response to a changing Vs voltage. 1t might be that better edge detection results
can be obtained by using a certain Vs waveform instead of a constant Vi level.

e An analog input to measure the node voltages. It is necessary to digitize and store those
values to compare them with the edge data. This analog readout must also be synchronous
to the digital 1/0.

69
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Thisis similar to the hardware needed to use the EDDA chip in an image processing environment.
The main difference is that the analog input signal will not be simulated but produced by a rea
camera instead. Since the generation of a test image can be done by the same digital-to-analog
converter (DAC) than the V¢ waveform generation the analog part is nearly the same for the
evaluation of the EDDA chip as for its usage in image processing applications. To be able to
reuse the design of the digital hardware a concept based on industrial standards and commercially
available components has been chosen: a Xilinx XC4028X [XIL97] field programmable gate array
(FPGA) is connected via a PCI-bridge to the PCIt bus. EDDA and the A/D as well as the D/A

converters are controlled by the Xilinx. This has the following advantages:

e Thetest logic can be entirely written in a hardware description language and is fully syn-
chronous to the EDDA bus clock. Therefore it can be implemented in different FPGAs with
minor modifications’.

e The maximum bandwidth of PCI is 132 Mbyte/s (at a clock frequency of 33 MHz and a
bus width of 32 bits). Thisis equal to 60k edge images per second and about three time the
maximum data rate achievable with EDDA running at a bus clock of 40 MHz. Therefore the
PCI bus will not be a bottleneck neither in testing nor in image processing as long as burst
transfers® are used.

e Asawidely accepted industrial standard PCI can be found in desktop computers as well as
in miniaturized single board computers like those conforming to the PC104-plus standard.
These PC* compatible systems measure less than 10 x 10 cn? and are well suited for
portable image processing systems

e The PCI-to-FPGA bridge® contains the necessary FIFOS' to use a clock that is asynchronous
to the PCI clock without speed penalty. Frequencies up to 40 MHz are allowed at the FPGA
side. Together with a programmable frequency synthesizer the EDDA bus clock can be
freely adjusted.

3.1.1 Componentsof the Test System

Figure 3.1 shows the block diagram of the test system. At the top the host computer is drawn. For
the measurements this has been a standard IBM compatible computer based on an Intel Pentium I1
CPU8. Since the rest of the test environment is connected to the host via the PCI bus a system with

! personal Computer Interconnect. The specification of the PCI standard can be found in [PCI95]

2VHDL has been used in this case. It is a hardware description language comparable to Verilog-XL. The |IEEE
standard can be found at [VHD97].

3A PCI burst transfer reduces the overhead of bus arbitration and addressi ng. Multiple data cycles are performed
after one address cycle.

#In this thesis the notion "personal computer’ is used for the descendants of the original IBM-AT computer. These
include all the systems with an Intel x86 or eguivalent microprocessor that are compatible to the Microsoft Windows or
Linux operating systems.

5They aso include the energy saving features of modern PCs, i.e. they can be put in suspend mode. The PCI busis
also power efficient since it does not use resistive termination.

5The part used is a PC19080 from PLX Technologies.

’First In First Out

8Central Processi ng Unit. The exact configuration was a 233 MHz Intel Pentium Il CPU on an Intel LX mainboard
(66 MHz frontside bus) with 128 Mbytes SDRAM.



3.1. HARDWARE 71

general purpose computer

' microEnable |
! ‘ PCI bridge PLX PCI9080 I
: :
| I
| |
| I
| |
| I
| RAM PLL clock |
' | 512 KByte <:> FPGA Xilinx XC4028X clock| ¢ | Synthesizer| |
| 32t ICD2051 ||
.. - -~ __ o~ L |
Co g""ﬂ"""ﬂ"""ﬁ"" ~ |EDDA interface |
: § board!

I
| camera B fast DAC slow DAC ADC .
' £ AP l
|(—<§:, . :
SEnl ' |
:% : Al A2 |
15 !
12 g c1 c2 !
'f:_‘-._-tll_ Ly L B TH N R N ,

peripheral bus

handshake
analog input

camera
Vprecharge
output bias
pixel bias

m

W)

O

>
analog output

Figure 3.1: Block diagram of the test system used for the evaluation of the EDDA chip. The
components enclosed by the upper dashed box are located on the microEnable card. The lower
one contains the circuits that interface with EDDA’s ports (mounted on the EDDA interface board).
The signals of the camera connector are shown inside the dotted rectangle.
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Figure 3.2: Mechanica setup of the different printed circuit boards used for the evaluation of
EDDA (top view with respect to the host computer’s mainboard). The EDDA chip is plugged into
the EDDA carrier board which is connected to the EDDA interface board through the rear cover
of the computer’s case. The interface board is located on top of the microEnable via the CMC
connectors. The microEnable itself is plugged into one of the mainboard’s PCI slots.

Figure 3.3: Photograph of the EDDA carrier board.
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Figure 3.4: Photograph of the EDDA interface board on top of the microEnable card, which is
plugged into the host computer’s mainboard.

adifferent CPU could also be used. The PCI bridge, the Xilinx FPGA and the clock frequency syn-
thesizer are located on a commercially available PC expansion card, called microEnable [M1C99].
It d'soincludes 512 Kbytes of static RAM that can be accessed by the FPGA. The microEnable pro-
vides adot for acMC® daughterboard. It uses two CMC connectors that carry 64 general purpose
I/0 signals of the Xilinx. The analog components are located on the EDDA interface board. This
board has been designed for the evaluation of the EDDA chip and fits into the CMC connectors.
The CMC standard defines an 1/0 space on the CMC board. On the microEnable the CMC card is
located in away that this I/O region is accessible from the rear side of the computer case.

The EDDA-dieitself is packaged in a68 pin PLCC? at first which is then plugged into a socket
on asmall card. This EDDA carrier board can be connected to the EDDA interface card from the
rear of the host computer. Thereby the EDDA chip can be exchanged without switching off the
power of the computer or opening its case. Figure 3.2 illustrates this mechanical setup. Figure 3.3
shows a photo of the EDDA carrier board and the EDDA interface board on top of the microEnable
card can be seen in figure 3.4.

The EDDA interface board contains the following analog circuits:

Fast DAC A 16 hit digital-to-analog converter capable of 30 MS/s (million samples per second)
produces the analog input and the Vs voltages. Its output voltage range is 0 to 5V, the
LSB corresponds to only 80 V. The £V inputs of EDDA are connected asymmetrically:
—Voif to GND and +V o5 to Vis. The Vi voltage is buffered by an operational amplifier
A1l (seefigure 3.1) that is capable of driving the capacitance C1. This capacitor is necessary
to block the high transient currents when the comparator voltage switch changes the polarity
of Viemp. Its value depends on the amplifier used as Al and the bandwidth of the desired
Ve Signal. In the test setup it has been 2.2 nF. The analog input can be switched between
the output of the fast DAC and the camera input.

9Common Mezzanine Card. A standard for small add-on cards [CMC95]. It covers the mechanical aspects and the
power and clock signals.

10p)atic Leadless Chip Carrier. A chip package that can be either soldered directly onto a printed circuit board or
combined with a socket.
1| east Significant Bit
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Slow DAC Thistriple 8 bit digital-to-analog converter has an output voltage range of 0to 5V with
a LSB of 20 mV. It is used to generate the analog input voltages that stay constant while
an EDDA program is running: the pixel bias, the output amplifier bias and the precharge
voltage. The latter is buffered by A2 and blocked by a capacitor C2 (2 nF) to stabilize

V precharge-

ADC The analog-to-digital converter samples the analog output voltage at a rate of 1 MHz with
8 bits of resolution. Itsinput voltage range can be adjusted to cover exactly EDDA’S output
voltage range.

Analog power supply Multiple integrated voltage regulators together with RC-filters provide the
analog power supply for EDDA and the analog components on the interface board. This
isolates the sensitive components from the digital switching noise. Asan input they use the
+ 12V that are provided at the PCI connectors.

The digital bus of EDDA, the DACs and the ADC are connected to general purpose I/Os of the
Xilinx FPGA via the CMC connectors of the microEnable board. The output of the frequency
synthesizer chip isused as EDDA’s bus clock and as FPGA clock.

3.1.2 ProgrammableLogic Array

The functionality of the FPGA is determined by the VHDL code used to program it. The source
code must be converted into a netlist containing only library elements. This has been done with
Synopsys, a commercialy available logic synthesizer software [SYN98]. The binary data file -
called the bitstream - necessary to configure the FPGA is generated from the netlist by the ’place-
and-route’ software from Xilinx (called M1). It isloaded viathe PCI businto the FPGA. Different
bitstream files can be stored in the host computer and used alternately since the upload time is
only 74 ms'?. In an image processing system the FPGA can be used as a co-processor that does
not only control the EDDA chip but does some post-processing of the edge data as well. For the
evaluation of EDDA a VHDL code has been developed that contains the core functionality for the
usage of the EDDA chip. It needs about 30 % of the configurable logic resources of the FPGA.
Therefore multiple FPGA configurations with different data processing extensions of that core may
be present in an image processing system.

The FPGA controls the complete test sequence. The RAM that is connected to it stores the
input image, the Vi waveform, the EDDA sequencer programs as well as the results from the
readout of the digital edge data and the anal og node voltages that have been digitized by the ADC.
After the host computer has filled the RAM with the input data the complete image processing
cycle runs automatically under the control of the FPGA. It reads the RAM data and transfer it to
EDDA and the fast DAC. It also monitors the EDDA sequencer and stores EDDA’s output. When it
has finished the host can read back the results out of the RAM. By this way the timing of the host
computer does not matter and there is no need for areal-time operating system.

The basic structure of the VHDL code is similar to that of the digital control of EDDA (see
section 2.5.1): a sequencer reads instructions out of the RAM, decodes them and writes their
immediate data to the appropriate output register. Additionally the FPGA sequencer can read data
from EDDA and the ADC. A data word from the RAM is 32 bits wide. One word is used per

12T his value was measured on the test system with the program ’config.c’ from SiliconSoftware, the manufacturer of
the microEnable.
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instruction. Since both input ports are only 8 bits wide, 4 data bytes are packed together before
they are written as one word into the RAM. To be able to access the RAM simultaneously from the
PCI bridge and the sequencer’s read and write channels an arbitration logic isincluded in the VHDL
code that emulates atriple ported RAM. The read instructions can read up to 254 bytes at once,
doing the handshake with EDDA automatically. For the Vi waveform generation the instruction
that writes avalue to the fast DAC has abuild-in delay capability. The number of EDDA bus clock
cycles before the DAC value is written into the output register is aso part of the instruction word.
This reduces the number of instructions necessary for waveforms that do not need the full speed
of the sequencer (it runs with the EDDA bus clock frequency).

The following FPGA sequencer programs are typically used, each in conjunction with the appro-
priate EDDA code:

1. Load aprogram into the EDDA RAM

2. Load atest picture or a cameraimage into EDDA

3. Generate a Vot waveform while EDDA performs standard network cycles
4. Read out the edge information (usually with burst readout)

5. Read out the analog node voltages

They are executed in the same order as they appear in thelist. At position two there are in fact two
different programs. Which oneis used depends on the kind of input desired. If the EDDA programs
used fit together into the 84 words of RAM they can be loaded once at the beginning. The start
address of the appropriate EDDA program must then be loaded into the address register of EDDA
at the start of the FPGA program. If the EDDA programs do not fit they can be individually |oaded
by the FPGA sequencer before the actual program is started. The selected FPGA programs must
be concatenated by jump instructions to execute multiple programs automatically. For debugging
purposes every program can be started individually via PCI. It is also possible to communicate
with the EDDA chip, the ADC and the DACs by ordinary PCI read or write cycles.

3.2 Software

3.2.1 Visor Program

The operating system used on the host computer was Windows NT 4.0 from Microsoft. The
test software has been written in C++2 and can be divided into two parts: a program for the
evaluation of image processing algorithms - called the Visor program - and the EDDA maodule
for it. Visor uses a graphical user interface written with the object windows library (OwWL) from
Inprise*. Its development had begun in 1996 (by the author of this thesis) but it has been strongly
enhanced in the scope of this thesis. It was originally written for the simulation and test of a
CMOS camerathat used adaption in the time-domain [SCH97]. For this reason the Visor program
is suited for analyzing image sequences. The concept of this software is a tree of C++ objects,

13For an excellent introduction to the programming language C++ see [CPP98g]
4 nprise was formerly known as Borland and the OWL library was part of the Borland C++ integrated development
environment. Both products are discontinued at the time of this writing.
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called filter modules, that hierarchically process an input image sequence. The root of this tree
gets periodically called to process the actual frame. Its output is used as input for the module in
the next level of the tree. By this way different modules can be directly compared at every level
of the image processing tree. The input image can come either from an external source - like a
cameraor via TCP/IP™® - or it is simulated internally by moving avirtual camera across a bitmap.
The image data are interpreted as grayscale images with 8 bit/pixel. The resolution of the filter
modules is arbitrary'® and can aso be changed inside the tree by inserting an appropriate scaling
module.

The filter module classes are derived from a common superclass that includes the standard func-
tionality of every module;

e the graphical user interface including the automatic generation of parameter dialogs
e the parameter storage and retrieval
e the image data interface to the modules in higher and lower tree levels.

e the synchronized recording of the output of an arbitrary set of modules that can be stored in
the file system and played back later

The derived subclasses need to supply only the image processing function itself. The simplest
possible case would be a direct copy of the input image into the output image. Standard filter
modules include linear and nonlinear spatial filters, a module for binarization and more complex
edge enhancement filters like the Deriche [MEN99] as well as modules for the generation of his-
tograms and cuts for example. The EDDA module is also a filter subclass, implementing the
resistive network filter operation. Whether it uses the ssimulation (see section 1.4) or the real chip
can be selected by the user.

Figure 3.5 shows an example screenshot of the Visor program. It illustrates the comparison
of the outputs from the simulation and the real EDDA chip. The input image, depicted in the
window titled ’ SimVisor’, wastaken with the logarithmic camera (seeintroduction). Fivewindows
represent filter modules: testpic, eddasim, eddachip, cut and histo. Each filter module can have
one or more associated parameter selection windows. The window ' Edda parameters belongs to
the EDDA filter module’ eddachip’. The button labeled ' chip’ inthefirst line selects the real EDDA
chip for the image processing of the module. The parameter selection windows are constructed at
runtime from descriptions contained in each filter module. They can be customized by the user.

The Visor program depends strongly on the OWL library which is only available for the Mi-
crosoft Windows operating system. Even though it would be possible to switch from OWL to a
platform independent library like Troll Tech’s QT for example it might not be desirable to use a
graphical user interface at all with a portable image processing system. Therefore the complete
functionality of the EDDA algorithm and the access to the hardware of the test setup and the
EDDA chip itself have been hidden inside an own class hierarchy based only on standard C++’
together with the C++ standard library [JOS96], especialy the standard template library (STL).
The EDDA module of the Visor program instantiates an EDDA object and provides the mapping of
the elements of the graphical user interface onto the appropriate methods of this class.

15 Transport Control Protocol/Internet Protocol. Lowest protocol levels of the Internet.

B)sis only limited by the resources of the computer and the fact that 16 bit integers are used for the x- and y-
coordinates.

YTheinternational standard for the C++ programming language is |SO/IEC 14882
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Figure 3.5. Example screenshot of the Visor program. The following windows are shown:
"SimVisor': Main window of the Visor program. It shows the actual input image and the posi-
tion of the virtual camera. 'testpic’: Shows the image taken with the virtual camera. 'eddasim’:
Edges and node voltages produced by the resistive fuse simulation. 'eddachip’: The output of
the real EDDA chip. 'Edda parameters': a parameter selection window belonging to the eddachip
window. 'cut’: Cut through the gray level image of the eddachip window. ’histo’: histogram of
the eddachip image.
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Member function | Description

Setpixel | Stores the input image of the network. Converts graylevels to volt-
ages.
Getnodes | Reads the node voltages. Converts voltages to graylevels.

Run | Executes network cycles. One of its arguments is a reference to a
vector®of floats, defining the Vo waveform. The number of ele-
ments in this vector determines the number of network cycles. The
last cycle can be aburst edge readout. TEdda provides avirtual func-
tion to retrieve the storage address of the edge data afterwards.

Table 3.1: Pure virtual member functions defined by the TEdda class that encapsulate the func-
tionality of the resistive fuse network and must be defined in any derived class.

3.2.2 EDDA Classes

The base class of any EDDA class hierarchy is called TEdda® and provides the methods (i.e. the
member functions) needed to use the SC resistive fuse network. It isan abstract class? that defines
only the interface for the two classes that are derived from it:

TEddachip Usesthe EDDA chip to perform the network operation. Therefore it only supports a
resolution of 64 x 64 pixel. To avoid edge effects the outermost row of pixels is set to a
common gray level (the chip has 66 x 66 network cells).

TEddasim Implements the simulation algorithm for the SC resistive fuse network and supports
arbitrary resolutions. It aso uses one extra row of network cells around the edges of the

array.

Table 3.1 liststhe virtual member functions of the TEdda class that encapsul ate the functionality of
the resistive fuse network. The conversion between graylevels and voltages is done automatically
by the functions that store or retrieve source or node voltages, respectively. The function that
sets the voltages for the minimum (black) and maximum (white) graylevel and the conversion
functions itself are part of the TEdda class and not listed in the table (they are not virtual). TEdda
contains also some functions for the error handling.

TEddasim and TEddachip use a completely different code to process an image. TEddasim
stores the input voltages in an array variable and will use them as source voltages for the simula-
tion if the Run-function is called. TEddachip creates an FPGA program to transfer the input image
into the EDDA chip. If Run is called, this program is linked together with the programs for the
Voff generation and - if selected - the edge and node readout. The FPGA sequencer is then started
and the image is processed without any software intervention. The functions for the readout of
the edges and node voltages return the values that have been already transferred out of EDDA by
the FPGA and stored in the RAM on the microEnable board. The TEddachip class adds additional
member functions to TEdda that are needed to set the hardware parameters and administer the

18The preceding capital ' T’ is an abbreviation for type.
19A class with one ore more pure virtual functionsis an abstract class. No objects can be created of an abstract class.
2The term *vector’ refersto the STL vector class.
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different EDDA and FPGA programs. The EDDA filter module provides the link between these
functions and the graphical parameter dialogs that are part of the Visor program. This separation
between the graphical user interface and the image processing functionality of the different de-
scendants of TEdda makes it possible to reuse nearly all of the source code that controls EDDA in
a portable image processing system.

There is no software restriction concerning the number of EDDA modules. If the hardware is
provided, i.e. if multiple microEnable boards are installed, more than one TEddachip class can be
used. Thenumber of TEddasim instantiations is not limited. Therefore the results of the simulation
and the chip or multiple simulations with different parameters can be directly compared within the
Visor software.

3.2.3 Hardware Encapsulation

The TEddachip class uses a custom class hierarchy to encapsulate the access to the different hard-
ware modules used in the test setup. It has aso been developed in this thesis and its use is not
restricted to the control of the EDDA hardware setup only. The base class is called TAccess, since
its descendants administer the access to the hardware. The ideais to instantiate one TAccess ob-
ject for every part of the hardware that can store information or - to express it the other way round
- whose actual state may depend on its history, i.e. what has been written to it before. The data
flow between those parts is represented by read and write functions. Their internal organization
is mapped onto an address space. The addresses are part of the read and write function calls.
Since there may be functionalities that do not fit into the read and write framework, any class
that inherits from TAccess can define additional functions to fulfill the needs of their associated
hardware. The TAReg class, for example, adds functions to control a sequencer. Classes derived
from TAReg, that represent hardware containing sequencer functionality like TAEddareg, redefine
those functions by using the appropriate read and write calls to program the hardware.

The TAccess objects are organized as atree. The TAccess object at the root of this tree repre-
sents the hardware modul e that acts as the interface between the computer and the other parts of the
hardware. It contains links to all the TAccess objects that represent those components connected
to the first module. In the case of the EDDA test setup the root of the TAccess tree is the class
representing the microEnable board together with the FPGA. The second level is formed by the
FPGA registers’? and several objects representing parts of the RAM of the microEnable. Each
FPGA sequencer program and the buffers for the readout of the edge data and the node voltages
have their associated objects. Figure 3.6 shows the complete TAccess object tree as it is used by
the TEddachip class to control the hardware of the EDDA test setup. The C++ class hierarchy of
TAccess and its descendants is depicted in figure 3.7. It is aso listed in table 3.2. Two distinct
hierarchies are used: the C++ hierarchy and the linkage of the individual TAccess instantiations in
the TAccess object tree. While the former is based on modeling from the general to the concrete
(from am arbitrary RAM to the EDDA RAM for example) the latter is based on the electrical signal
flow.

Every TAccess class knows the address mapping and the interface of the hardware it represents.
For example the TAEdda class knows that EDDA contains registers that are 8 bits wide and aRAM
that uses 16 data bits. A write access to the internal RAM is done via the external bus of EDDA.
The first cycle transfers the 8 bit address, the second and third one half of the 16 bit data each.

2The FPGA uses several registers that are accessible viathe PCI bridge to provide a programming interface for its
internal functions.
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Figure 3.6: Communication structure of the TAccess objects encapsulating the hardware accesses
in TEddachip. The number of TAProg instantiations depends on the number of EDDA or FPGA
programs used, respectively.

TAReg TAEdda TAccRam
TAEddareg TAFpgareg TAEddaram TAFpga TAProg

Figure 3.7: Graphical representation of the C++ class hierarchy of TAccess and its descendants.
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classname | baseclass | represented hardware object(s)

TAccess none | Common base class.

TAEdda | TAccess | Provides the access to the internal registers and the RAM
of EDDA viathe FPGA-EDDA bus.

TAReg | TAccess | Abstract model of a configuration register space including
ageneralized sequencer control.

TAEddareg TAReg | The EDDA register space.
TAFpgareg TAReg | The FPGA register space, including the ADC and the DACs.

TAccRam | TAccess | Canrepresent an arbitrary RAM, includes tracking of mem-
ory usage by providing member functions to allocate and
free memory regions.

TAEddaram | TAccRam | Represents the EDDA RAM.

TAFpga | TAccRam | Controlsthe configuration of the FPGA, the selection of the
clock synthesizer frequency and the RAM on the microEn-
able board.

TARam | TAccess | An abstract representation of an allocated memory region.
A TARam class needs a parent (in the TAccess tree) that is
a descendant of TAccRam, since it dynamically allocates
the memory region it represents from this class.

TAProg TARam | Administers a sequencer program, i.e. stores the text rep-
resentation in the computers main memory as well as the
tranglated binary image in the EDDA- or FPGA-RAM. It
includes the assembler for the sequencer programs and a
mechanism to pass arguments from the C++ code to the
programs.

Table 3.2: List of the classes derived from TAccess that are used for the control of the EDDA test
setup.

It also knows that EDDA stores the address, therefore it is not necessary to transfer the address
twice if the same register is accessed repeatedly. To access the EDDA chip via a read/write call
the TAEdda class must know away to tell the class representing the FPGA side of the external bus
of EDDA - TAFpgareg - to initiate those bus cycles. Thisisthe only information that needs to be
shared between two TAccess classes in the tree. For standard tasks this is done by the specification
of addresses. TAFpgareg defines addresses that execute both an address cycle and a data cycle on
the EDDA bus (if used in the read/write calls). In the same way the TEddaram class knows the
base address of the EDDA RAM and translates a read/write to the RAM (with no base offset) to
the correct address for the EDDA bus. It represents the RAM while TAEdda encapsulates the bus
interface logic inside the EDDA chip (TAEddareg controls the sequencer and the configuration
registers).

If one word is written to the EDDA RAM the following sequence of write calls will be performed
(z is the address inside the EDDA RAM and y the data to be written). The word call above an
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arrow means that an object calls the write function of its parent in the object tree. Since TAccess
isapolymorphic type, i.e. Wit e() and Read() arevirtual functions, the calling class does not
need to know the exact type of its parent:

TAEddaram.write(z,y) -2 TAEddawrite(z’ := z+base address of EDDA RAM,y)

TAEdda.write(z', ) <l TAFpgareg.write(X, :=EDDA address cycle,2)
TAFpgareg.write(X,; :=EDDA data cycle,ly :=lower byte of y)
TAFpgareg.write( X, :=EDDA data cycle,uy :=upper byte of )

TAFpgareg.write(X,,z') =% TFpgawrite(X’, := X,+FPGA register base,2’)

TAFpgareg.write(X,, ly) =% TFpgawrite(X’, := X,+FPGA register base,ly)

TAFpgareg.write( Xy, uy) —= TFpgawrite(X ! = X 4+FPGA register base,uy)

TFpgawrite(X], ') % i croEnabl ebase[ X!] =«

TFpgawrite(X, ly) % microEnabl ebase[ X!] =1y

TFpgawrite(X), uy) m cr oEnabl ebase[ X!] = uy

|

)
8

St

|

The abbreviation 'C stat.” above an arrow means C language statement. TFpga is the root of
the TAccess tree. It is the only class accessing hardware directly. M cr oEnabl ebase is the
base address of the memory region the PCI bridge chip has been mapped to. It is defined as:
unsi gned | ong *m cr oEnabl ebase. After initialization this chip translates PCI cyclesto
local bus cyclestransparently for the software. Therefore it can be directly accessed by C language
statements. To access the EDDA RAM viaa TARam object, the address must be translated severa
times. In the above example the different steps are:

1. TAEddaram adds the base address of the EDDA RAM to the desired address; = — #.

2. TAEdda generates three EDDA bus cycles. The address becomes part of the data. X, and
X are the new addresses used, coding for the address and data cycles on the EDDA bus.

3. TAFpgareg adds the base address of the register space inside the FPGA to the actual address:
X — X'

4. TAFpga does the real hardware access using the microEnable base address together with
X'

The read/write calls are executed in the opposite direction as the hardware data flow. This method
uses adistinct class for every address or data translation necessary. The appropriate TAccess class
is constructed by redefining the read and write functions doing this translation. Each part of the
hardware has its corresponding class derived from TAccess, containing only the code needed to
access this particular part. No information about the other hardware is needed except its own
addresses as defined by its parent node in the TAccess object tree. The TAccess base class defines
also the error handling using C++ exceptions and the management of flags encoding the hardware
dtate, i.e. if itisinitialized, if the data in the TAccess class is up to date with the contents of the
hardware registers or not etc.

The big advantage of the local structure of the information flow is that parts of the hardware
can be changed without having to modifiy more than the TAccess classes directly concerned with
it. If the microEnable board is exchanged against another PCI interface only afew lines of source
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code must be reprogrammed in the TFpga class. The TAccess object tree is build at runtime
by passing the parent address to the constructor of each TAccess class. Therefore an exchange
of hardware components could be done while the program is running. This may be useful for
example to exchange the type of camera used in an image processing system. Another possibility
isto insert a TAccess class that logs the hardware accesses at every node in the tree.

The generation of the sequencer programsisanother example for the usefulness of the modular
concept. The FPGA sequencer can generate the EDDA address and data cycles automatically. If the
TAProg classis used as parent of the Edda class instead of TFpgareg the read and write cycles will
be recorded as a sequencer program that can be executed later. By thisway it is possible to test an
EDDA programming sequence first by doing each access with the CPU and transferring it later to
the FPGA sequencer without having to write any new code. The TAProg class is an example for
the dynamic hardware representation possible with the TAccess classes. The TARam class (the
base of TAProg in the class hierarchy) represents a part of the RAM of its parent in the tree. If
the source code of the sequencer program changes TAProg will trandate it again. If its size has
changed the old memory will be freed and a new block will be alocated. Thus the RAM region
represented by this TAProg instantiation has changed.

The obvious disadvantage of the TAccess concept is that multiple calls of virtual functions
are necessary for each read/write transfer. On fast systems (like the Pentium Il used in the EDDA
evaluation) thisis no major concern if only CPU speed is considered. But the structure of modern
bus architectures like PCI makes it necessary to perform hardware transfers with larger blocks of
data instead of single words to exploit their potential performance. Therefore TAccess defines
also block read and write functions. In the base class these are mapped onto loops of single word
read/write calls. Every class that needs fast datatransfer can redefine these block transfer functions
(TFpgafor example to allow fast RAM access) but it is not necessary to do this work for TAccess
descendants that are only accessed for configuration or initialization (e.g. TFpgareg, since every
fast EDDA access is done by the sequencer, which programs and data are accessed via TFpga).
The user of a TAccess class does not need to know whether the block functions are redefined by
this particular class because the implementation from the base class will be automatically used
otherwise.
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Chapter 4

M easur ements

The evaluation of the manufactured EDDA chips is described in this chapter.
The results from the measurements of the dynamic range and the temporal and
fixed pattern noise of the individual parts of the array elements (e.g. the pixel
or the sense amplifier) are reported in the first part. The second part studies
the behavior of the resistive fuse network as a single entity using test images as
well asreal world photographs. The dynamic range, the fixed pattern noise, the
characteristic length and the power consumption of the network are eval uated.

4.1 Initial Tests

The EDDA chips have been delivered by the manufacturer AMS as unpackaged dies. Therefore
the first step - after an optical inspection - was to package them. 68 pin ceramic PLCC packages
have been used. The pad for the substrate contacts is bonded directly into the cavity which is
connected to the ground of the EDDA carrier board by multiple bond wires and package contacts.
After closing the lid of the package the first test was to measure the resistance between the 1pp
and ground pins of the analog and the digital supply inputs. If no short-circuit was found EDDA
was plugged into its socket on the carrier board which subsequently was connected to the interface
board.

All of the measurements described in this chapter have been made with the TEddachip filter
module of the Visor software. The first test performed by it is a RAM-test. It is automatically
executed every time the EDDA chip isinitialized. Therefore the correct function of EDDAs digital
bus and part of itsinternal digital logic isensured. Thetest uses arandom pattern generated by the
pseudo random number generator of the C standard library (r and() ) to fill the RAM. To make
sure that every test uses a new pattern the initial seed value for ther and() function is derived
from the system time.

The chip had to pass a functional test with the sequencer programs used for the resistive net-
work operation. It was checked by using some test pictures and qualitatively evaluating the edge
and node voltage images. Only fully functional chips have been selected for further quantitative
measurements. In the following two sections one of these chips has been used. The last section of
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this chapter shows comparisons between different chips. The outermost pixel row of EDDA is not
included in the measurements, i.e. only the inner square of 64 x 64 pixels is considered as active
area.

It was not possible to fully evaluate the high frequency behavior of the chips because of two
problems that showed up:

e The FPGA was not able to run the necessary VHDL program faster than at 22 MHz. Since
the maximum PLL multiplier is four, the highest frequency used for the evaluation of the
network was therefore 88 MHz. The PLL itself was able to generate 160 MHz with each of
the three chips tested. This was measured by setting the FPGA frequency to 40 MHz after
initializing the EDDA chip. The maximum sequencer clock speed was tested similarly. A
test program that toggles a camera handshake output was loaded and afterwards the clock
frequency was increased until the output signal vanishes. At 100 MHz each of the three test
chips still worked. The limit was about 105 to 110 MHz.

e The phase of the PLL output signal started to get instable if data was read from the digital
bus of EDDA. This manifests in setup and hold time violations leading to read errors. The
highest frequency where edge images could be read back has been 60 MHz. This was
the frequency used for the real image tests at the end of this chapter. To avoid errors in
quantitative measurements the PLL was disabled by setting the multiplier to one which
bypasses the PLL. The reason for this instability is adesign error. The digital power supply
of the PLL is connected to the same bond pads as the power of the digital output buffers. The
phase detector’s power gets disturbed every time the output buffers draw current to output
some value.

4.2 Performanceof the Array Elements

4.2.1 Large Signal Behavior of the Pixel Source Followersand the Output Buffer

The first measurement serves two purposes. first to check the linearity of the node readout source
followers across their dynamic range and second to measure the gain at a given bias voltage to
be able to calculate the internal node voltages from the analog output values. For this purpose
aramp pattern is stored in the chip. Figure 4.1 shows its profile and summarizes the parameters
used. The voltage range of 0.8 to 2.4 is larger than the node voltage range in normal operation.
Although the pixel source follower output voltage range is about 0.4 to 3.2 V the influence of the
precharged sense amplifier reduces the node voltage range (see eg. 1.24) to less than that used in
this measurement. All pixelsin acolumn have the same input voltage. Therefore non-uniformities
of the storage amplifiers and the analog readout switches located in the row circuits are averaged.
Their mean value influences every column in the same way. If the row circuits introduce any
nonlinearities into the characteristic curves of the readout and pixel source followers this will be
measured, but not the fixed pattern noise of these circuits.

To be able to read out the pixel source followers directly by the node readout source followers
a sequencer program is needed that enables only clk3 and clk2p. This ensures that the node is
isolated from their neighbors (since clk2/clk2 are inactive) and from the sense amplifiers (clkl
inactive) but connected to the pixel source follower. The test program keeps clk3 and clk2p high
while reading out all the pixels. To suppress temporal noise the sequence of storing the ramp and
reading out the node voltages is repeated 200 times.
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Figure 4.1: Input voltage ramp (left) and parameters (right) used to measure the linearity of the
source followers.

This measurement results in 4096 x 200 data points. The mean values are calculated for each
column and alinear regression is carried out with the remaining 64 values. The correlation coeffi-
cient is 0.99997 and the root mean square error 2.65 mV. The resulting gain of the readout source
follower and the analog output buffer is 0.70. The readout bias voltage is kept constant in the
following measurements. Any analog output voltage can be converted into their according node
voltage:

Vnode = 1.43- V output — 1.358V 4.1

4.2.2 Noiseof the Analog Storage and Readout Circuits

There are two kinds of noise that are examined in this section: spatia (fixed pattern) and temporal.
The configuration with clk3 and clk2p activated during the readout is the one with the lowest
number of noise sources involved. The array is not clocked, thus the substrate noise level should
be low. Sources for fixed pattern noise are the row storage amplifier, the pixel storage switches,
the readout source followers and the row and pixel readout switches. The sense amplifiers and the
network resistors are completely disabled. The major sources for temporal noise are not located
in the EDDA chip itself but in the analog test setup. Digital noise from the host computer couples
into the analog input and output connections and the power supply lines.

Theinput voltage was set to 1.6 V and all the pixels were stored and read back 200 times (with
10 frames/second). To determine the temporal noise the standard deviation o of each pixel’s 200
data points has been calculated. The mean value of the 4096 o values is 0.76 mV. The width of
the o distribution 55 1V. For the fixed pattern noise the temporal mean values of the pixels have
been computed. A histogram of the deviation of these values from their common mean is shown
infigure 4.2. Theresulting o is5.44 mV.

The noise of the ADC was measured with EDDA switched off. For this purpose the clock signal
for the EDDA and the outputs of the FPGA that control the digital bus are put into a high ohmic
state. All the internal clock signals are disabled. The full scale range of the ADC was 1 V. The
EDDA output was preamplified by afactor of 10. Therefore the LSB of the ADC corresponded to
391 pV. Thiswas the configuration for al the noise measurements in this chapter. Measurements
across the full dynamic range of EDDA were carried out without the preamplifier. 200 frames were
recorded. The output voltage of EDDA’s analog output buffer in this case was 2.9 V and the mean
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Figure 4.2: Histogram of the deviations of the readout voltage from its mean value for the 4096
pixels without any clock signals applied to the network. The root mean square is 5.44 mV. The
input voltage was 1.6 V.

value of the ADC was 109.23 counts. The standard deviation of the 200 x 4096 data pointsis 1.022
LSB or 401 pV.

Fixed pattern noise

To analyze how the fixed pattern noise is composed, the row and column mean values have been
calculated. They are plotted in figure 4.3. It can be seen that the row variations are larger than the
column ones. A global drift is superimposed on the local variations. To compensate this drift a
linear regression has been carried out for both curves. The resulting standard deviation is 2.38 mV
for the rows versus a column value of 1.23 mV. The standard deviation of the row mean values can
be interpreted as being composed of the pixel errors and the fixed pattern noise of the row circuits.
Since there are no analog circuits that can introduce a significant column-by-column fixed pattern

Thefixed pattern noise is composed of Gaussian distributed variations, caused by the sum of the local inaccuracies
of the different process steps, and spatially correlated deviations due to the imperfect control of the process parameters
on the wafer scale. The latter are less interfering in the EDDA chip since the resistive fuse network works on the base
of local differences.
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Figure 4.3: Comparison of row and column variations of the node readout voltage.

noise the known standard deviation of the columns can be used instead of the unknown one of the
rows. With this assumption the standard deviation of the row circuits can be calculated:

Orow circuits = \/U rows2 — Ocaol umns2 = 2.04mV (4-2)

Each pixel contains two sources of fixed pattern noise. To measure the errors of the pixel
storage switch and the readout source followers separately a different configuration of the network
isneeded. Thereisthe possibility to read out the common precharge voltage of al sense amplifiers
individually at each pixel. Thus the output of the readout source followers becomes independent
of the pixel circuits. Clk1, clk3, clr and the precharge switch are activated together without the
clk2/clk2/clk2p signals. This makes a connection between the readout source follower and the
precharge voltage input of EDDA via three NMOS pass transistors. The only problem is that the
analog readout needs one of the Vg lines and therefore the precharge switch and clk3 must be
deactivated before the readout starts. The nodes are still connected to each other via the sense
amplifiers as long as clr stays active but are floating at large. 200 frames have been recorded in
this way with Vigrecharge @ 1.6 V. The standard deviation of the pixels’ tempora mean values is
4.74 mV. Comparing this value with figure 4.2 shows that the major part of the fixed pattern noise
is caused by the pixel source followers. Thisis aconsequence of the fact that they are not needed
for the edge detection operation of the array and therefore have been implemented on a small
silicon area without any methods to reduce their fixed pattern noise besides transistor size. The
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error caused by the analog storage circuits can be calculated according to equation 4.2
O analog storage circuits = V 5.442 — 4742 mV = 2.67 mV (4.3)

This can be verified by taking the difference of the data points from both measurements. The
standard deviation of this new data set is 2.61 mV. Thisis in accordance with eg. 4.3. To isolate
the contribution of the pixel storage switches the respective row mean value has been subtracted
from each pixel in the new data set. The standard deviation of the resulting data pointsis 1.08 mV.
After subtracting the column instead of the row mean values it is 2.50 mV. This shows that there
are also some column correlations in the data. Most likely thisis the result of the globa gradient
superimposed on the random pixel variations.

The subtraction of the row averages does not only suppress the row-wise correlations in the
data but also further reduces the width of the original distribution for statistical reasons. The
standard deviation oyeqyt Of the data resulting from such a subtraction is:

Oresult = \/ Utruez - (Trowsz (4-4)

otrue 1S the - unknown - standard deviation of the data and gqs the standard deviation of all the
64 row mean values. For 64 rows of spatially uncorrelated data gqws is always equal to:

1
Orows — ﬁ,a true

Therefore oyrue Can be calculated from oyegt as follows:

1 /63
Oresult = \/Utrue2 - 6—40true2 = agtrue (4-6)

Since this correction isbelow 1 % it isignored throughout this section.

The column variations are caused mostly by the node readout source followers. From the
anal og storage circuits only the row variations produced by the storage amplifiers have asignificant
contribution to the fixed pattern noise. Figure 4.4 shows a comparison between both cases. The
row mean values are depicted on the left, the column ones on the right. In both graphs the dotted
curve was measured with the pixel voltage sources as input and the solid one with the precharge
voltage, respectively. Each curve is centered around their mean value and the voltages have been
converted into the internal node voltages by equation 4.1. It can be seen that the column curves
are nearly identical while the row traces show the additional variations caused by the storage
amplifiers. The row variations in the case without the analog storage circuits are not different
from the column ones. To compensate the global drift a linear regression has been carried out
for the four curves. The root mean squares of the dashed curves are 3.4 mV (rows) and 1.8 mV
(columns), of the solid ones 1.8 and 1.7 mV, respectively. The fact that there is no significant
difference between the row and column rms in the measurement using the precharge voltage as
input is an experimental verification that the variation of the voltage drop across the row readout
switches isbelow 1 mV (see section 2.3.2).

(4.5)

Chargeinjection

The absolute node voltage difference between both measurements (cal culated from the mean value
of al pixels) is 37.4 mV. Thisis caused by the charge injection of the transistors that connect the
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Figure 4.4: Comparison of row and column variations. The dotted curves are measured with the
pixel voltage sources, the solid ones with the precharge voltage as input signal. The mean values
of the source follower signals perpendicular to the direction plotted on the x-axes are shown in
the graphs. The four curves are shifted and scaled in away that their mean value is zero and their
amplitude represents the internal node voltage deviation from this mean.

sense amplifiers to the Vg lines (M13 and M14 in figure 2.5). As mentioned before they must
be switched off when the readout starts. The differences in the charge injection between the
individual transistors are measured with a modified sequencer program: Before the readout starts
clr is deactivated prior to clk3. Therefore the nodes are isolated from each other. Four sense
amplifiers are connected to each node and the charge injection of four transistors adds up at the
readout source follower. The precharge voltage was 1.6 V and 200 images have been recorded.
The temporal mean values of the pixels are calculated. The mean value of the total of the pixels
is subtracted from each data point. The same has been done with the data taken with clr active.
Afterwards both data sets are subtracted from each other. The remaining standard deviation is
2.06 mV. Thisisthe error caused by four transistors, the width of the distribution of the individual
transistor’s errors is smaller by a factor of v/# of transistors, i.e. 1.03 mV. To check this indirect
method the data with clr active has been measured a second time on a different day. They were
processed in the same way (subtracted form the original data set with cIr active). This resulted in
astandard deviation of 178 uV.

The charge injection variation caused by the transistors activated by clkl (M7 and M8 in fig-
ure 2.5) can be measured alike. The sequencer program switches off clk1 before disconnecting
the sense amplifier from the V;: lines. The total change of the node voltage caused by the charge
injection is 84.9 mV. The difference to the value of M13/M14 is explained by the different tran-
sistor sizes and the smaller capacitance. If clk3 is deactivated the node and one side of four sense
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amplifiers will be connected. In the case of clkl only the node capacitance remains. The stan-
dard deviation of the charge injection error is2.03 mV, i.e. 1.015 mV for the individual transistor.
Expressed in percent of the total charge injection the error of M13/M14 is 4.8 % and of M7/M8
9.1 %. To compare the absolute charge injection error of both transistors the different capacitances
must be taken into account. Since they can not be measured directly only an approximation based
on the layout values can be made. The node capacitance is almost equal to four times one sense
amplifier half, thus the charge injection error of M7/M8 must be divided by two. Therefore the
absolute size of the charge injection error will be reduced by a factor of two if the transistor is
increased from a W/L of 0.8/0.6 to 2/0.8.

4.2.3 Dynamic Range of the Clocked Network

For the previous measurements the network has not been clocked repeatedly. In this section the
standard network timing is used but the sense amplifiers do not get a clk2/clk2 signal. This keeps
the switches for the capacitors C; and C), closed (see fig. 2.5) and isolates the nodes from each
other. Due to the precharged sense amplifier the node voltage is reduced by A, according to eq.
1.24. This has been verified by using the graylevel ramp shown in figure 4.1 again. The input
voltage range has been extended from O to 4 V. The bias voltages are the same as before: 1 V
for the pixel and 3.98 V for the readout source followers. The precharge voltage has been set to
1.4V and V4 to 0 V. The sequencer clock frequency will be 20 MHz if not stated otherwise. 100
network cycles were executed before the node voltages have been read out. This was repeated
200 times and the temporal mean values were calculated. Figure 4.5 shows the node voltage as
afunction of the input voltage. The results of four different measurements are drawn. The upper
solid trace shows the Vprecharge dependence of the node voltage. The lower one was recorded with
the parameters stated above. In the case of the trace marked with circles the clock frequency was
increased to 88 MHz and the last one - denoted by rhombi - was measured with an increased pixel
bias voltage of 1.2 V. The three curves with the same precharge voltage are nearly identical within
an input voltage range up to 3 V. The higher pixel bias voltage limits the dynamic range of the
pixel source follower since the higher current leads to an increased gate-source voltage. It must
be subtracted from the maximum output voltage of the storage amplifier - whichisabout 5V - to
get the upper limit of the pixel source follower’s output voltage. The lower limit of 0.4 V isthe
same for the three curves. It is caused by the storage switch PMOS transistor (M3 in fig. 2.4). The
bulk effect rises its threshold voltage above 1.3 V. The opposite is true for the NMOS pixel source
follower. At a source voltage below 0.5 V the bulk effect vanishes. This reduces the necessary
input voltage. At 0.4V the input voltage falls below the threshold voltage of the storage switch.
This sets the lower limit of the input voltage.

The parameter \s; has been calculated from the data in the input voltage interval from 0.4 to
3.2V (lower solid curve). The slope of this curve isequal to 1 — A,. A linear regression has been
carried out to calculate A, = 0.612. According to eq. 1.24 the node voltage axis intercept should
be equal t0 AsaV precharge- The result from the regression is 0.876 V and XV precharge = 0.857 V in
good accordance. To verify eq. 1.24 the measurement with Viyecharge = 1.8 V has been analyzed
in the same way, resulting in Mg = 0.607. The calculated intercept is 0.607 x 1.8 V= 1.093 V,
compared to a measured one of 1.096 V. The root mean square error of the regression was 1.6 mV
in the first and 2.4 mV in the second case.



4.2. PERFORMANCE OF THE ARRAY ELEMENTS 93

2.5

node voltage [V]

=
o

1 2 3 4

input voltage [V]

Figure 4.5: Analog input voltage versus node voltage. Four cases are shown: Vprecharge = 1.8 V
(top solid), Vprecharge = 1.4 V (solid), clock = 88 MHz (dashed, circles) and pixel bias voltage =
1.2 V (dashed, diamonds). If not stated otherwise the clock frequency is 20 MHz, the pixel bias
1V and V precharge 1.4 V.

4.2.4 Fixed Pattern Noise of the Clocked Networ k

The fixed pattern noise of the clocked network was measured for the following four different
operation conditions:

1. The clock cycleis composed of clkl, clk2p and clk3/clr.

2. Asabove, but clk2/clk2 are also activated.

3. Standard network timing as described in section 2.2.3 with Vi = 0.1 V.
4. Asabove, but Vg =0 V.

The input voltage was 1.8 V, the clock frequency 20 MHz and the precharge voltage 1.4 V. The
Vo Voltage of 0.1V is high enough to ensure that al the resistive fuses are in their linear region
while at Vi = 0V the fixed pattern noise of the sense amplifiers and the pixels makes nearly all
the fuses blow. They would only stay intact if the difference between two neighboring pixels be-
came smaller than the temporal noise seen by the respective sense amplifier. Thisisunlikely since
the fixed pattern noise is more than ten times larger than the temporal fluctuations. A problem
showed up during this measurements. As soon as clk2 and clk2 are used together with the other
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Figure 4.6: Node readout voltage versus row number for different clock frequencies. Solid trace:
clock frequency is 20 MHz and clk2/clk2 are inactive. Dashed: standard network operation with
20 MHz. Solid with circles: as before, but with 40 MHz. The input voltage is 1.8 V.

clocks a gradient can be observed in the data. The higher the clock frequency the more the node
values are reduced towards higher row numbers. Figure 4.6 shows the row mean values for three
different configurations. The solid trace is the data from the network without clk2/clk2 at 20 MHz,
the dashed one uses the standard network timing (at 20 MHz) and the one marked by circles was
measured with a clock frequency of 40 MHz. The orientation of the rows on the EDDA chip isin
such a way that the column clock drivers are located below row 63, i.e. on the right side of the
curvesinthefigure. Thisfact, together with the frequency and clock signal dependence, may lead
to the conclusion that the power dissipation of the clock drivers produces a temperature gradient
in the row direction of the chip that affects the node readout source followers. The hole mobility
in the channe of this PMOS transistors increases with temperature. This reduces the gate-source
voltage necessary to sink the current sourced by the readout current source. Since this is com-
mon for al the pixels its temperature influences only the common offset voltage of all the pixel.
Therefore the source voltage of the readout source follower decreases with temperature. Figure
4.7 shows a gray scale representation of the pixel data from the measurement at 40 MHz. The
gradient in the row direction and the fixed pattern noise can be seen. The input source followers
in the pixels are not affected from this. They are comprised of two transistors that are located on
a common line orthogonal to the gradient. Their temperature dependence cancels (at least in first
order).
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Figure4.7: Gray scaleimage of the node readout voltages. The clock frequency has been 40 MHz.
Black pixels correspond to a readout voltage of 2.2 V, white to 2.3 V. The clock drivers that cause
the temperature gradient are located on the right.

To compensate this thermal gradient the row mean values have been subtracted from the mea-
sured data. Figure 4.8 shows histograms of both the original data (solid line) and the corrected
ones for the fourth case of the list above. Converted from readout to node voltage the rms are
12.2 mV and 6.9 mV. The drift towards lower pixel values can be seen in the origina data. A
Gaussian fit has been carried out with the compensated data. It is shown as a dashed curve in the
figure. The fitted width is 6.7 mV in good correspondence to the rms calculated from the data
directly. The corrected results for the cases one to three are similar and listed in table 4.1. The dif-
ference between the uncorrected root mean square of number one and the remaining three casesis
due to the temperature gradient caused by the clock drivers. If only four clocks are used the power
dissipation of the clock drivers is not high enough to produce a significant temperature gradient
across the chip. The quiescent currents of the pixel source followers determine the temperature of
the chip in this case, and they are evenly spread across the array.

The fixed pattern noise of the analog readout does not matter at all for the edge detection
performance. The total fixed pattern noise of the network circuits without the analog readout is:

O network = \/O'ail cIocks2 — Oanalog readout2 =2.8mV. 4.7)
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Figure 4.8: Histogram of the node voltage deviations for the 4096 pixels with clock signals ap-
plied to the network. The histogram depicted by the solid line is not corrected for the thermal
gradient superimposed on the pixel variations. Itsrmsis 12.2 mV while the width of the corrected
oneis 6.9 mV. The dashed curve shows a Gaussian fit with o = 6.7 mV.

no.

rmsorig. [mV]

rms corr. [mV]

clocks and parameters

A OWDNPRP

7.3
11.0
12.2
12.2

6.5
6.3
6.3
6.9

clk1, clk2p and clk3/clr

clk2/clk2
al, Vg =0.1V
al, Vg =0V

Table 4.1: rmsresults of the fixed pattern noise measurements of the clocked network.
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T4l clocks IS taken from the fourth row of table 4.1 and oanalog readout 1S the measured standard devi-
ation of the readout source followers using the precharge voltage as input. The row mean values
have also been subtracted from the readout source follower data before gnaog readout has been
calculated.

4.25 Fixed Pattern Noise of the Sense Amplifiers

The previous section dealt with the dynamic range and the noise of the analog storage and readout
as well as the different switches contained in the resistive fuse and pixel circuits. The fuse has
not been used yet. For the performance of the resistive fuse network the offsets of the fuse circuit
are of mgjor importance. They are composed from the offsets of the sense amplifiers (transistors
M1/M2 and M3/M4 in figure 2.5) and the variations of the C, capacitors.

Distribution of the static offsets of the sense amplifiers

The sense amplifier offsets can be measured by using the Vou and Vo lines together with clk3
to input adifferential voltage. Usually they will be both set to Virecharge if the precharge switch is
activated. By the mean of an extratransistor it is possible to pass the analog input voltage onto the
vertical Vo lin€?. The offset distribution of the vertical sense amplifiers has been measured with
a specia sequencer program that first activates clk3 and precharge to set the sense amplifiers to
V precharge- Afterwards precharge is disabled and the vertical Vot line is set to Viprecharge + V offset-
At last clk3 is switched off and clk2/clk2 are activated. One half of a burst readout cycle is used
to read back the sense amplifier states, i.e. phase2 is omitted. The clock frequency was 10 MHz.
To make sure that only the static offsets were measured and every possible dynamic effect was
suppressed the precharge voltage has been applied for 100 ps and the analog input voltage for
2 us.

Figure 4.9 shows the results. Vrecharge has been 1.6 V. The offset voltage was swept from
V precharge — 50 MV 10 V precharge + 50 mV in steps of 0.5 mV. 50 measurements have been carried
out at each offset voltage, totaling in 41- 1 sense amplifier state bits. The number of amplifiers
that have switched to their high active side (Vsa = Vpp) were calculated for each measurement.
The mean value of the 50 measurements per offset voltage is plotted versus Vis. The error bars
represent the standard deviations of the 50 data points. At the left side, at offset voltages smaller
than -20 mV every sense amplifier switches to the low active side (Vsa =GND). With increasing
offset value the number of amplifiers that flipped gets larger. At an offset value of zero half the
amplifiers switch to the high active side. If the offset isincreased beyond 20 mV the total of 4096
sense amplifiers have switched that way.

The resulting curve is the integral of a Gaussian distribution, since at a given Vs al the
sense amplifiers with an offset voltage smaller than Vs« have switched to the same side. There-
fore the slope at the point of inflection is proportional to the width o of the offset voltage distribu-
tion. The Error function has been fitted against the data to evaluate o. The Error function erf(z) is
defined as the integral of the Gaussian distribution:

erf(z) = % /0 g (4.8)

2M7infi gure 2.16 bypasses the analog storage amplifier in the row storage circuit. The global write signal stays
deactivated and the row shift register isfilled with high-bits to enable the analog input transmission gate of every row.
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Figure 4.9: Number of sense amplifiers that have switched to their high active side versus their
differential input voltage. The dashed line shows the Error function fitted to the measured data.
The common-mode voltage was 1.6 V.

The data has been fitted against the function f(z) = 2048 - erf((z — 4)/A1) + 2048 to get the
parameters Ag and A;. The dashed curve shows the result. It can be seen that it isin very good
accordance to the measured data. The x-axis has been shifted to 4 which isequal to Vprecharge- A1

isequal to v/2o due to the definition of erf(z). Theresulting o is 5.87 mV. The same measurement
has been carried out again with different common-mode input voltages Vprecharge a 1.4 V and

25 V. Table 4.2 summarizes the results. A significant part of this error is due to the charge
injection variation of the clk3 transistors and not caused by the sense amplifier itself. The width
of their expected error distribution is 2.9 mV (see section 4.2.2). In the third column of table 4.2
this value has been subtracted from the measured data to obtain the width of the sense amplifier
offset distribution.

Aoff Measurement

The C\, capacitors in the sense amplifier form a capacitive divider together with the total capaci-
tance of the sense amplifier circuitry. Thisratio s can be measured by applying afixed differ-
ential input voltage A V' to the sense amplifiers and varying V. What side the sense amplifier
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common-mode voltage [V] | omeasured [MV] | 0 sense amplifier [MV]
1.4 6.0 53
1.6 5.7 49
2.0 5.8 50
24 6.1 54

Table 4.2: Width of the offset distribution of the sense amplifiers.

switches to is governed by the following equation (see section 1.3.1, eg. 1.18)
AV = 20V off — AV (4.9

If AV’ is positive, Vg will go to Vpp. AV is generated by storing a chess board pattern in the
anal og storage capacitors of the pixels. Thereby AV is positive for one half of the sense amplifiers.
The sequencer program used for this measurement enables both clk2p and clk1 to pass this pattern
onto the sense amplifiers gates. The polarity of Veyp is reversed next. Thus the sense amplifier
voltage AV changes to AV’. Afterwards clk2/clk2 are activated and the sense amplifier states
are read back. For small V¢ values al the sense amplifiers switch to their low active side. As
2Xif V off cOmes near AV more and more sense amplifiers start to switch to their high active side.
At high V4 values one half of them has switched to this side. The other half - with negative AV
- will not switch if Vg isincreased. The errors of both the C, capacitances as well as the sense
amplifiers determine the slope of this transition. As described in the previous paragraph it can be
approximated by the Error function to calculate the point where 2V off = AV and the width of
the offset distribution.

The measurement has been carried out six times with different common-mode input voltages,
ranging from 1.25to 2.5 V. The differential input voltage has been 30 mV. Figure 4.10 shows aplot
of the number of sense amplifierswith positive AV’ versusthe Vi value for the six measurements.
The maximum number of sense amplifiersis 62 = 3844 since the sense amplifiersin the outermost
row - of the 64 x 64 array - do not get the correct input pattern due to their location at the edge
of the array and therefore are not counted. The dashed curve depicts the fitted Error function for
2 V. The error bars are the standard deviation of the 25 data points taken at each V5 voltage.
For common-mode voltages smaller than 1.25 V the capacitance of the (, capacitors becomes
strongly voltage dependent because the transistor channel begins to vanish and the gate-channel
capacitance drops. This effect can be seen for the 1.25 V curve. Since Vg must be subtracted
from the common-mode voltage the C, capacitance decreases for increasing V. Therefore Ao
is shifted to a lower value and the curve is danted to the right. Beyond 2.5 V the output voltage
range of the pixel source followers is exceeded and no reliable results could be obtained.

The Aot Values calculated from the fit results as well as the o of the fuse circuit derived from
the measured Vi distribution are shown in figure 4.11. The large increase in o at 1.25V isa
direct consequence of the strong voltage dependence of G, because the Error function does not
fit well to the slanted curve. The voltage dependence of Xz can be explained by the sum of the
following effects:

e (', increases with the common-mode voltage.

e Drain/source-bulk junction capacitances increase (PMOS) or decrease (NMOS) with the
common-mode voltage.
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Figure 4.10: Number of sense amplifiers that have switched to their high active side versus the
Vo Voltage. The dashed line shows the Error function fitted to the measured data. The common-
mode voltages corresponding to the different curves are depicted next to them. The differential
input voltage was 30 mV in all cases.

e Accumulation mode capacitances of the negatively biased NMOS transistors gate-drain/
source capacitances (those transistors that are switched off by clk1, clk2 and clk3) increase
with the common-mode voltage [VIT98, BEH92] whereas the accumulation capacitance of
the PMOS transistors switched off by clr and clk2 decreases, but to a lesser extend since
their negative bias is stronger in the common-mode voltage range measured.

This measurement has been verified at a common-mode voltage of 2V in two ways:

1. It wasrepeated with a sequencer clock of 40 and 60 MHz. The My deviation was 1.3 % and
1.5 % respectively whereas the o difference was below 0.2 %.

2. The chess board pattern was reversed. Thus the other half of the sense amplifiers was
examined. The )\ deviation was 0.12 % and the o difference 0.7 %.
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Figure 4.11: Ay and the width o of the sense amplifier offset distribution for different common-
mode voltages.

4.3 Performance of the Resistive Fuse Networ k

The previous sections showed how the individual parts of the array perform, especially their dy-
namic range and their fixed pattern noise have been evaluated. This section covers the dynamic
performance of the resistive fuse network, i.e. the interplay of all the components. The sequencer
programs are the same as those used for the edge detection operation.

4.3.1 Dynamic Range and Precharge Voltage Selection

After a certain clock frequency has been selected three parameters remain that must be adjusted:
the minimum and maximum input voltages and the precharge voltage. If they are set the only value
that will be changed while the EDDA chip isused isthe Vi voltage that determines the edge level.
Figure 4.12 shows the test picture that is used to determine good settings for the three parameters
by visual inspection of the edge image. It is divided in three independent parts, arranged from
left to right. On the left the bottom end of the input voltage range is evaluated. The black bar
liesinside a graylevel ramp. With each row it decreases by 0.4 % until it reaches 0. To mark this
point the gray levels below are set to 100 %. In the middle of the test image the same pattern
is repeated for a gray bar (50 %) and on the right a white bar is used. The quality of the edge
detection is determined by the minimum contrast the network is able to detect. In an idea case it
would detect the boundary between the black bar and the background all the way down close to
zero if the the edge threshold is just above the 0.4 % per row. On the right of figure 4.12 the result
of a simulation using the test image as input is shown. There are edges between the grayscale
ramps and the constant regions down to a minimum contrast of about 1 %. The real chip does not
get so far.

To adjust the parameters for the EDDA chip they are changed until the minimum contrast level
detected is the same in al the three regions and as low as possible with respect to the noise that
starts to show up at small Vi levels. Also the noise level should be the same in the three parts.
Figure 4.13 shows different edge images to illustrate this process. At the top row agood setting is
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Figure 4.12; Left: Test image to adjust the precharge voltage and the dynamic range of the input
signal. The gray levels are given in percent of the input voltage range. Right: Simulated node
voltages and edges for the test image.

shown that is also used through the following sections. Vit is decreased from left to right and it
can be seen that the minimum detectable contrast gets lower but the picture also becomes noisier.
The second row shows how the precharge voltage Virecharge differently affects the noise levels
in the dark and bright regions of the test picture. The reason for this is the nonlinearity of A
measured in the previous section. To reduce the effect of this nonlinearity the dynamic range can
be reduced. This has been done for the images of the bottom row. The input voltage range has
been reduced to 1 V from 2.5 V. It can be observed that in fact the differences between the three
regions are less than before. Otherwise this is accompanied by an increase in the overal noise
level.

4.3.2 Fixed Pattern Noise of the Resistive Fuse Networ k

The fixed pattern noise (fpn) sets an upper limit to the signal-to-noise ratio of the resistive fuse
network. It can not be measured by using a chess board pattern and reducing Vg like it has

been done in the previous section since the network operation introduces correlations between
neighboring nodes. If no edge is present the smoothing effect of the network would change the
differences between adjacent nodes from their desired values given by the chess board pattern.
Therefore the input pattern has been omitted at all to measure the fixed pattern noise. If al the
pixels are set to the same value and Vi is reduced gradually the number of edges will increase
from zero to the total number of sense amplifiers. This is caused by the fixed pattern noise of
the fuse circuits. The non-uniformities of the analog storage and the switches inside the pixel are
strongly reduced by the averaging effect of the resistive network. Figure 4.14 shows the resulting
curve for an input voltage of 1.75 V. The clock frequency was 10 MHz. Vi was decreased in

1 mV steps. The edges are read out 25 times with 50 network cycles between each readout cycle
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Figure 4.13: Edge images generated by the resistive fuse network using the test image shown in
the previous figure as input. In each row one parameter, depicted below the edge image, is varied
while the others are held constant. First row (from left to right): with decreasing V¢ the edges
extend further along the different graylevel ramps but the noise also increases. Second row: at
different precharge voltages the nonlinearity of )y causes different noise levels in each of the
three image parts. Third row: by reducing the input voltage range the effect of the nonlinearity
decreases at the expense of an overall increase in the noise level.
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Figure 4.14: Number of edges versus Vs voltage that are detected with a constant input voltage
of 1.75 V.

(the burst readout was used). The error bars represent the standard deviation of the 25 data points.
The precharge voltage was 1.53 V.

For low V o5 values the progression of the number-of-edges curve resembles the Error function.
If Vi crosses the threshold set by the offsets of the sense amplifier and ¢, capacitors of one
individual fuse circuit this edge will be counted for every lower Vi voltage as well, i.e. the
error distribution isintegrated over Vi resulting in the Error function if a Gaussian distribution is
assumed. Thisisno longer true if the number of edges reaches alevel where the fuses that are not
yet blown are influenced by their neighbors that already did. The method chosen to get the o of
the offset distribution is therefore to fit the Error function to only a part of the data limited by the
edge number. A value of 10 % has been chosen, these are 0.1- 2- 66 = 720 edges. The resulting
o is16.6 mV. This value must be compared to the total dynamic range of the input signal to get
the signal-to-fpn ratio.

This has been done by applying a pattern with a defined signal-to-background ratio to the
resistive fuse network and changing Vs while recording the number of edges. If the voltage
difference on the sense amplifier inputs caused by Vi is sufficiently higher than that produced
by the input pattern no fuses are blown, i.e. no edges are detected. If Vi is small the contrary
situation will be present: al fuses along theinput pattern are blown and the boundary of the pattern
is shown in the edge image. Figure 4.15 shows the square used as the input pattern. The length of
itsedgeis 17 pixels. The background voltageis0.31 V lower than the squareitself. Thisis 1/8th of
the total dynamic range of 2.5V used in this measurement. It isimportant that the shape istotally
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ck [MHz] | otpn [MV] | Vo || mean value [mV] | sdev [mV] | signal-to-fpn ratio [dB]
10 16.6 down 144 6.5 36.8
” ” up 232 11.0 41.0
60 334 down 339 7.1 38.2
” ” up 390 0.6 394

Table 4.3: Signal-to-fixed-pattern-noise ratio for two different clock frequencies.

enclosed by edges in the case of alow Vi voltage to make sure that no smoothing takes place
between the figure and its background. In figure 4.15 the cases with low and high V5 voltages

are shown on the left and the right. Below them the measured node voltages along a cut through
the middle of the squares are shown. An example for an intermediate Vi level is depicted by the

image in the center of the top row. About half of the fuses are blown, located mainly in two edge
segments. Thisisthe effect of the spatial correlation of the resistive fuse network. If the first fuse
blows in an otherwise intact edge the voltage difference across the remaining edge segments is
reduced for the neighbors of the blown fuse. Therefore the next fuse that blows will be likely one
of these neighbors.

Figure 4.16 shows how the number of edges change with Vi, Vo was incremented or
decremented in 1 mV steps, respectively. This is depicted by the arrows above and below the
according curves. Each point is the mean value of 25 measurements at the same Vs value and
their standard deviation is represented by the error bars (only shown for the solid curve). The
background input voltage was 1.6 V and the rest of the setup has not been changed from that used
in the previous section. The different curves (solid, dashed and gray) represent three different
measurements where the position of the square in the array was changed. The slope of the curves
is caused by the fixed pattern noise. In anideal network each curve would resemble astep function.
The irregularity of the curves is caused by the spatial correlations between the network elements.
To get each point of inflection afit to the Error function was used and the mean value of the results
of these fits were calculated for increasing and decreasing V. The results are shown in table 4.3.
The signal-to-fpn ratic® for the case of increasing Vs isthe one that compares the unaltered input
voltage to the fixed pattern noise - it istherefore the maximum signal-to-noise ratio the EDDA chip
will achieve if an input signal is applied that covers the total dynamic range of the input voltages.
Table 4.3 contains also the results of a second set of measurements that have been carried out
with a clock frequency of 60 MHz. It can be seen that all the Vi voltages are shifted to higher
values compared with the measurements at 10 MHz. The reason for that is the on-resistance of
the comparator voltage switch (see section 2.4.1). It is too high to charge the ¢ capacitors to
their new value in the 17 ns a clock period lasts at 60 MHz. If an additional walit state is inserted
between ¢ and ¢, the voltages observed are close to those seen at 10 MHz.

3The signal-to-fpn ratio (SNRpn) is calculated by the following formula: SNRypn = 20log W“g‘fiﬁ‘““e with the
mean values from table 4.3 as Vit mean value and opn as described in the previous paragraph.
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Figure 4.15. Gray scale image of the node voltages combined with the edge image for three
different Vo voltages (top) and horizontal cuts through the middle of the left and the right image
(bottom). The input pattern was a square with 17 x 17 pixel.
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Figure4.16: Number of edges versus Vs voltage. Theinput pattern isthe same asin the previous
figure. The different curves (solid, dashed, gray) represent three different locations of the square
in the input image. The arrows depict the direction of the Vg steps.
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4.3.3 Network Operation
Detecting differently sized structures

In section 1.2.4 the two dimensional network has been simulated to show its edge detection prop-
erties. Animportant aspect isthat the voltage reduction caused by the smoothing process depends
on the spatial size of the according structure. This was verified for the EDDA chip as well. The
input image was similar to that used in section 1.2.4. It is shown in figure 4.17. Since the size of
the image is constrained to 64 x 64 pixels some provisions must be made to avoid edge effects.
The line in the middle does not reach the edges of the array. For the rectangle on the left only
the leftmost part touches the edge. The response of the network to that image is shown in figure
4.18. It shows the node readout voltages along the cut marked by the arrows in figure 4.17. The
fluctuations are mostly caused by the fixed-pattern-noise of the node readout source followers (see
section 4.2.2). Both curves have been measured with the same Vi value. For the solid curve
V off has been decreased from alarger value to its final value while for the dashed one it has been
increased from zero. If, in case of the dashed curve, Vq had been decreased further the fuses
at the edge of the rectangle would have blown first since there is the largest difference between
neighboring fuses. The next one would have been the line and the single point is detected at |ast.

An example of the influence of the Vi progression on the edge image isillustrated in figure
4.19. The source image is acutout of aphotograph showing the metal framework beneath abridge
in front of the sky. The Vi curve is either increasing from zero to Veng Or decreasing from
2-Vend 10 Veng. In both cases Vg has been 170 mV. The other EDDA settings are the same
as in the previous section. It can be seen that the edge image shown in the upper right corner is
full of edges at those regions of the image where small sized structures and parts of the sky are
alternating. These fuses are blown from the beginning and Vg is not high enough to overcome
the node voltage differences in these parts of the image. If Vi is decreased from a higher level
towards Veng these small structures are smoothed by the resistive network operation before Vs
reaches Veng. Like the three patterns in figure 4.18 this means a stronger reduction in the node
voltage differences for the smaller than for the larger structures of the metal framework of the
bridge. Therefore if Vi reaches Vg it will be small enough to make the fuses at the larger
structures blow, but not those at the smaller ones. If Vg is set to a constant level - Vong - and
the network is activated after several milliseconds of inactivity, it will be the same effect as if W
is reduced suddenly from ahigh level to Viong Since the subthreshold currents of the fuse resistor
switches have equalized the node voltage differences. Therefore none of the fusesis blown during
thefirst clock cycles.
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Figure 4.17. Test image used to measure the response of the resistive fuse network to three dif-
ferently sized structures. A cut along the line depicted by the arrows is shown in the next figure.
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Figure 4.18: Example of the network operation using the image from the previous figure. The
dotted line shows the measured node readout voltage while all fuses are ok. The solid one shows
the case where the fuses at the edges of the structures are blown.
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Figure 4.19: Influence of the V5 progression on the resulting edge image. The input image is
shown on the left. Above and below it the Vi curve is depicted. For increasing Vs the edge
image is shown in the upper right corner, for decreasing in the lower right, respectively.
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Characteristic length

To measure the characteristic length of the array an input image containing only one bright pixel
in front of a uniform background was used. Vi was adjusted in a way that all the fuses are

ok and the array acts like an uninterrupted resistive network. In section 1.2.3 it was shown that
the resulting node voltages resemble the modified Bessel function of order zero: Fg. Since the

dynamic range of Vi will not be high enough to keep the fuses intact if an input pattern utilizes
the full dynamic range between adjacent pixels the ratio of the single test pixel to the background
was limited to 1.2 V (about one half of the total dynamic range). Since the smoothing of this input
signal leads to a node voltage reduction of a factor of 5 to 10, depending on the characteristic
length, and the node voltage is further reduced by X; (see eq. 1.24) the resulting node voltage

range is only about 100 mV. The fixed pattern noise of the readout source followers gets clearly
visiblein thisregion. Therefore the readout voltages have been recorded 50 times with and without
the source pixel. The mean values of both data sets were subtracted from each other. Figure 4.20
shows the resulting node voltages along a horizontal cut through the array. The node voltages are
normalized to their maximum value. The left case shows the standard network timing. The curve
on the right uses a modified timing that increases the characteristic length by omitting clk2p from
every second network cycle (for both phases). Theinput voltage was 2.5V in this case.

To determine the characteristic length [ the Bessel function i was fitted to the data except of
the peak value, where Ky diverges. The fit results are shown as dashed curves in the graphs. Eq.
1.12 was used to calculate [. For the left case! = 1.2 and for theright [ = 2.0. Thisis smaller than
the [ expected from the ratio of the pixel to fuse resistors if the layout values of the capacitances
Cp and C4/C, are considered (see section 2.2). The relative increase of the effective ¢, caused
by parasitic capacitances is much larger than for Gi/C, since Cp is very small (= 70 pF). This
decreases the value of the SC pixel resistor and thereby the characteristic length. The right curve
proves that | can be changed by periodically omitting the clock for the pixel resistor. The higher
noise level is due to the fact that the maximum node voltage in the right graph was only 60% of
that in the left one. The signal reduction caused by the smoothing is 3.2 times stronger than in the
right case.

Power consumption

The power consumption was measured while executing standard network cycles using the gray
scale test image as input (see section 4.3.1) in an endless loop. The digital and analog power
supplies were measured separately. Tables 4.4 and 4.5 summarize the results for the different
clock frequencies and bias voltage settings. The analog supply current was independent of the
clock frequency. For the digital supply current the PLL multiplier and the bus frequency are
stated. The sequencer clock isthe product of both.
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Figure 4.20: Smoothing of a single pixel’s signal by the resistive fuse network shown for two
different network timings. On the left the standard network timing has been used while on the
right the clk2p signal has been omitted from every second network cycle. The dashed curves show
afit of the Bessel function Ky to the measured data excluding the interval from -1 to 1.

pixel biagV] | readout biagV] || current [mA]

bus clock [MHZ] | PLL mul. || current [mA] 1 3.96 7.7

10 1 9 0 3.96 2.7

20 1 12 0 5 2.1

10 3 12 0.96 3.96 45

15 3 14 1.04 3.96 8.6

15 4 15 1.08 3.96 10.9

22 4 19 112 3.96 13.7

Table 4.4: Digital supply currents. Table 4.5: Anaog supply currents.
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parameter value parameter value
bus clock 15 MHz pixel bias 1V
PLL mul. 4 readout bias 396V
input data rate 3 MHz input voltage range 05-3V
analog readout rate | 0.6 MHz precharge voltage 15V
edge readout rate | 15 MByte/s network cycles 10 + 1 readout

Table 4.6: EDDA parameters as used in the figures 4.21, 4.22 and 4.23.

4.3.4 ExamplePictures

Figure 4.21 shows an example image* and the results of the processing by the EDDA chip. Ta-
ble 4.6 summarizes the electrical parameters used. The standard network timing as described in
section 2.2.3 was used. After 10 network cycles one burst readout cycle is performed to get the
edge image before the node voltages are read out. Thetotal processing time per imagewas 1.7 us.
The different Vi voltages used are depicted below the edge images. Vs was held constant

throughout the image processing.

Noise suppression

Due to the selective smoothing in the regions between the blown fuses the resistive fuse network
is insensitive to noise as long as it exhibits no spatial correlations. Figures 4.22 and 4.23 show
the response of EDDA to different noise levels in the input image. The example picture from the
previous section was used again. Gaussian distributed noise was added. Three different noise
levels were used: 2.5, 5 and 10 %. These percentages stand for the ratio of the width o of the
distribution to the total dynamic range of the input signal. Since the parameters are also the same
as in the previous section the o values of the noise expressed in volts are: 63 mV, 125 mV and
250 mV. The different V¢ values used are stated below the according images.

It can be seen that the edge images at lower Vi values are more sensitive to the added noise
than those at higher values. At higher Vi voltages a smaller part of the noise induced pixel-to-
pixel differences fals below the edge threshold, i.e. more of them are smoothed by the resistive
network operation. The node voltage images show that the EDDA chip preserves the edges while
suppressing the noise in-between. For the 10 % noise the source image has been also processed
by a5 x 5 Gaussian filter matrix [JAE93-2]. While its smoothing effect is comparable to that of the
resistive network the edges are totally blurred while the EDDA chips preserves at least the strong
ones.

“The image shows a part of a picture taken from [HBV99).
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Figure 4.21: Example image processed by the EDDA chip.
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Figure 4.22: Noise suppression by the EDDA chip. Gaussian distributed noise was added to the
input image. The width of the noise distribution is 2.5 % of the total dynamic range of the upper
source image and 5 % of the lower one.
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Figure 4.23: Noise suppression by the EDDA chip. The width of the noise distribution was 10 %
of the total dynamic range of the input image. The noisy input image was aso processed by a
5 x 5 Gaussian filter matrix for comparison.
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Figure 4.24: Edge image in response to the gray scale test image shown in figure 4.12.

4.4 ResultsFrom a Second Chip

A second die has been examined. Figure 4.24 shows its response to the gray scale calibration
image shown in figure 4.12. The clock frequency was 15 MHz and 20 network cycles have been
executed. The input voltage range was still 0.5 to 3 V. The optimum precharge voltage was 1.36 V.
This is about 100 mV lower than it has been for the first chip with these parameters. The fixed
pattern noise of the standard network operation was measured for 10 and 60 MHz by the method
described in section 4.3.2. The results are 39.4 and 40.3 dB. Thisis in good accordance to the
values of the first chip: 41.0 and 39.4 dB.

A series of example pictures has been processed by the second chip. It isshown in the figures
4.25 and 4.26. The clock frequency has been 15 MHz and the precharge voltage 1.43 V. Vi has
been individually adjusted for each of the images.
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Figure 4.25. Example pictures. The gray scale input image is shown on the left, the edge image
on theright. From top to bottom: rear wheel of abicycle, sailing boat, rim and tire of a car.
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Figure 4.26: Example pictures continued. From top to bottom: pair of scissors, fire extinguisher,
chair in front of desk.



Discussion

Before the final EDDA chip was tested it was not clear if the fixed pattern noise would be low
enough for real world applications. With a measured rms of about 7 bit it certainly can be used
but adigital implementation will perform better. The advantages of the analog system areits high
speed due to the fully parallel network operation and its low power consumption. A specialized
digital solution at the same speed would use much more silicon area, especidly if it was to be
implemented in a comparable process technology. An FPGA implementation of this agorithm
would be possible but it is very unlikely to be an improvement in terms of area or speed compared
to adigital ASIC>.

If the image processing system is build around a powerful CPU the edge detection can be
carried out in software. Intel, for example, states an execution time of 15.8 clocks/pixel for a5 x 5
L aplacian [JAE93-3] with hand-optimized assembler code using the multimedia extensions (MMX)
on aPentium Il CPU [INT99]. This amounts to 300 usfor a66 x 66 pixels 8 bit gray scale image
with a 233 MHz CPU. The floating point version of the Laplacian needs 1.3 ms, the same time
as the integer agorithm without MMX. The 'C implementation of the resistive fuse algorithm
(see section 1.4) is rather ow compared to these numbers: 160 ms for 10 network cycles. This
implementation usesf | oat asthe datatype and is not specialy optimized for speed. The power
consumption of a Pentium Il CPU makes its usage in a portable system difficult (especidly if a
battery life of more than afew hours is desired).

One dternative is the StrongARM processor [SAR99]. This chip consumes only 240 mwW
while delivering 150 Dhrystone 2.1 Mip$ in its latest revision (the SA1110). A Pentium |1 with
233 MHz achieves about 660 Dhrystone 2.1 Mips. An optimized Laplacian on the StrongARM
CPU can be expected to last about 6 ms, 10 cycles of the EDDA simulation (translated to integer
arithmetic) about 700 ms. Compared to the EDDA chip, which consumes about 125 mW at 60
MHz and needs 1.6 s for 10 cycles, the analog solution is still 4- 1§ up to 4- 10° times faster.
The StrongArm microprocessor is manufactured in a 0.35 um technology and contains 2.5- 16
transistors while EDDA uses about 200000 transistors in a 0.6 m process. It is possible to im-
plement the EDDA circuit with atenfold increase in the number of the array elements. It would
also take advantage of the smaller feature size of a 0.35 um technology since the transistors used
as switches can be scaled down and the capacitance per unit area of the gate oxideis larger dueto
its reduced thickness. This would increase the speed advantage at least tenfold. Since the higher
transconductance of the transistors allows a higher clock frequency it could be even more.

The actual version of the logarithmic CMOS camera (see introduction) delivers 384 x 288 pix-
els, 25 times the EDDA resolution. A microprocessor solution based on the StrongARM could

SApplication Specific Integrated Circuit
5The Dhrystone Mips are defined as the result of the Dhrystone benchmark program divided by the VAX 11/780's
Dhrystone value of 1757. The most recent version number of the Dhrystone benchmark is 2.1 [DHR99].
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process a maximum of 6.6 images/s (based on the estimation of the Laplacian’s execution time).
This means that the CPU subsystem is totally occupied by the edge detection in a real time ap-
plication. So even at a moderate resolution a low-power CPU is not fast enough to do the edge
detection in software together with the other tasks that the main CPU of a portable image process-
ing system should perform, for example the further processing of the edge data and the formatting
of the results for an output device. A dedicated image processing front end is needed in any case.
This makes the analog solution very attractive, since it is fast enough, does not add much to the
power budget (since this is most likely dominated by the system CPU) and could make an A/D
converter redundant.

To use the speed advantage of the EDDA chip the image 1/0 must be able to cope with the
speed of the resistive fuse array. Thisis not the case for the prototype presented in this thesis. The
input data rate is limited to about 10 MHz and the edge readout rate to 60 MHz (if a sufficiently
fast FPGA is used for the EDDA bus interface). With these limitations - and considering the
overhead for multiplexing the larger camera image onto the resistive fuse array by assuming an
overlap between the image parts of 5 pixels - the actual EDDA chip can process 70 images/s. The
1/0O overhead is nearly 30000 %. There were mainly two reasons why no faster 1/0 interface has
been integrated: firgt, it seemed not sensible to invest time and money in those circuits as long
as it was not known if the analog core would work reasonably. Second, an 1/O interface should
be adapted to the circuits it has to communicate with. Those were not specified at the time the
EDDA prototype was developed. Only the camera design was available, and its analog output
rate is limited to 8 MHz. Therefore the EDDA core has been designed with high speed in mind
(fast digital readout, high nominal clock speed, parallel 1/0) while the external interface was not
optimized for speed, but rather for simplicity and testability.

With the results of the measurements at 60 MHz in mind (see section 4.3.4) the EDDA chip
seems to be better suited for very high speed applications (more than 1000 frames/s) than for the
medium speed computer vision tasks (around 50 frames/s) it has been originally designed for. This
turned out during the design process and was considered as a very interesting operational areafor
analog VLSI systems, since it is occupied by high-end (and high power consumption) multi-chip
digital systems at the present time. There are two possibilities to create an edge detection system
able to run at frame rates in the range of 100 kHz with the EDDA core:

e Thetransfer of the analog input data is done from both sides of the array at the same time
by severa double buffered high-speed multiplexers. With four inputs at 100 MHz the time
to load an analog image would be decreased to 10 us.

¢ Active photo sensorsin CMOS technology are directly integrated into the array. The actualy
implemented analog storage could be reused to do an offset calibration for the individual
image sensors. At sufficiently high illumination levels frame rates of 1 MHz should be
possible. Obvioudly this solution is more difficult to implement than the one mentioned
above. Also the resolution is limited by the resolution of the EDDA array while the usage
of ahigh speed camera with freely addressable pixels still allows to map different parts of a
larger image onto the resistive fuse array.

The output could be enhanced much easier. Since the digital edge datais stored in the row readout
circuits in paralel any fast digital interface can be put next to the row readout. The most simple
solution would be to widen the peripheral bus of EDDA to 32 or 64 bits without changing anything
else. Readout speeds of 3 ys are possible with a sequencer clock frequency of 60 MHz. Another



121

interesting approach isto put a certain degree of logic next to the row readout to process the edge
data on-chip. The detection of movements or the vectorization of the edge image are possible
applications. The evaluation of the EDDA chip has shown that the analog SC circuits tolerate the
noise generated by the high speed digital circuits. Therefore the integration of a digital image
processing logic or more complex bus interfaces (for example high-speed serial or PCI) should be
possible.

At the time the EDDA chip was designed, the noise suppression capability was not realized.
Therefore the analog node voltage readout was only implemented for evaluation of the chip. Itis
slow (about 2 MHz maximum) compared to the analog input or the edge readout and adds fixed
pattern noise at alevel of about -45 dB to the analog signal. It ispossible to implement a correlated
double sampling technique by connecting the source follower input to a reference potential (for
example the pixel bias voltage) before the node capacitor isread out. The difference between both
measurements is then used as the output signal, thus suppressing the offset variations. Also the
speed can be improved by the usage of row-wise readout amplifiers and two banks of sample-and-
hold stages. Thiswould increase the analog output data rate by afactor of 64 (the number of rows
to be read out) without changing the individual readout current since all the source followers of
one column are used in parallel.

The example pictures of the previous chapter have been processed at a constant Vs level”. In
this case the resistive fuse network reaches an equilibrium state which does not change anymore by
further network cycles. It ispossible that atime-varying Vqs; progression - where the network does
not reach an equilibrium - improves the edge detection. This may be worthwhile to examine with a
heuristic method like a genetic algorithm. The EDDA chip isagood candidate for the optimization
of hardware parameters by such a method since a certain setup can be quickly evaluated, alowing
a large number of iterations of the algorithm per second. Also the analysis of image sequences
without clearing the node capacitors between the individual images may reveal interesting results,
since the edge pattern of the previous image influences the actual one.

The analog precision will be improved if the common mode voltage dependence of the fuse’s
Voit input can be reduced. This should be investigated in further revisions of the EDDA chip. By
combining the edge data at different Vi levels it should be also possible to enhance the quality
of the edge information.

The EDDA chip shows that it is possible to do highly parallel analog computation in away it
can compete with digital solutions in terms of power consumption and speed. It isimportant that
the methods used in the anal og circuits make use of the advantages of modern sub-micron process
technologies. Therefore it benefits in the same way from smaller feature sizes than digital circuits
do. Thisis not the case for the mgjority of the continuous time analog implementations that rely
more on the transistors’ characteristic curves. Obviously the EDDA chip is hot as accurate as a
digital implementation might be and there are only limited possibilities for trading speed against
precision, which can be easily done in adigita circuit. Most promising for future work seems to
be the further optimization of the EDDA chip for high-speed, low-power applications since it is
unlikely that a digital concept will perform better in this area. It may be a useful building block
in an active vision system for mobile robots or - with integrated photo sensors - for fast positional
measurement systems.

"The node capacitor voltages have been equalized by the subthreshold currents before.
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Appendix A

RAM

The static RAM that stores the sequencer program consists of the following functional blocks,
showninfigure A.1:

e The bit cell array that contains 1344 cells, organized as 42 columns of 32 bits each.
e The address decoder to select one of the 42 columns

e Theread/write driver circuit that combines the global read and write signals with the output
of the address decoder to activate the read or write line of the selected column.

e The input/output multiplexers and drivers array that contains multiplexers to reduce the
output bus width from 32 to 16 bits and to route the 16 bit input data to the appropriate bit
lines of the array.

The total area occupied by these circuits is 0.33 mnf. The RAM is optimized for a minimum

address-to-data delay. 1t must be less than 2 ns to ensure the correct sequencer operation at 100
MHz. To achieve a minimum column to output delay each bit cell contains an own hit line driver.
Figure A.2 shows the schematic diagram of one bit cell. The storage latch isbuild by the inverters
11 and 12. 13 is the readout driver, enabled by the column read signals (the inverted read signal
is not shown in the block diagram). A single NMOS pass transistor M1 serves as the write gate.
The transistor sizes of 12 are selected in away that its NMOS is particularly weak. This will be
necessary if alogical high should be stored in the cell. M1 must be stronger, i.e. its on-resistance
must be lower, than the NMOS of 12. But while the gate-source voltage of 12 isequal to 1pp unless

11 switches it gets reduced for M1 with the increasing voltage at the input of 11. The gate-source
voltage of M1 is reduced by 50 %, increasing its on-resistance approximately by a factor of 4.
Thisis reflected by the W/L ratios of both transistors to make sure that a high bit can be reliably
written to the cell. The on-resistance of M1 islessthan 20 % of that of 12’s NMOS transistor. This
aso includes a security margin to compensate for the transistor mismatch.

I3 isimplemented as clocked inverter. It is able to drive the bit line and the buffer in the output
multiplexer in less than 1 ns. The output multiplexer consists of two clocked inverters, selecting
the even or odd Q output of the ram array according to address bit 0. Both outputs are connected
to a common driver, implemented as an inverter with fourfold drive strength. Thus the RAM
output can be directly routed into the standard cell logic without any additional buffers. The write
multiplexer uses transmission gates to connect the input data bus to the even or odd input lines of
the bit cell array.
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Figure A.1: Block diagram of the RAM.
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Figure A.2: Schematic diagram of the bit cell. For 12 the WI/L ratios of both its PMOS (above)
and NMOS (below) transistors are given.
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Since the date hold inverter 12 is very weak the bit cell flips if M1 is activated and the input
data line is floating at the opposite voltage level. Therefore the input lines that are not used are
connected to their respective outputs by transmission gates located in the input multiplexer during
awrite access.

The address decoder needs complementary address inputs. Each columns select consists of a
six input NAND gate. Its inputs are connected to the combination of low and high-active address
lines that corresponds to the column address. For example column 25 uses the pattern A5-A4-
A3-A2-A1-A0. Thetransistor widths are chosen in away that the column decoder delay is nearly
symmetric to ensures that the last column is as fast turned off as the new oneis activated.

Thelayout plot of the RAM isshown infigure A.3. An enlarged cutout of thisplot is displayed
in figure A.4. One bit cell is marked by the dashed rectangle. To save area the odd rows and
columns are mirrored along their X and Y-axis respectively. By this way some of the metal traces
and the substrate and n-well contacts can be shared between neighboring cell$. The substrate
contacts have a separate ground net to avoid noise injection into the substrate.

The digital RAM circuit does not suffer from the increased device mismatch caused by this symmetry operations
since the signals from one cell are not related to those from others. The device variations caused by rotating and
mirroring are not large enough to change the logic level thresholds of the cells significantly.
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Figure A.3: Layout plot of the RAM. The area shown is 855 x 385 pnf.
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Figure A.4: Cutout of the bit cell array. One cell measures 18.6 x 10 un?. For alayer legend see
appendix E.



Appendix B

Phase L ocked L oop

This appendix covers the phase-locked loop (PLL) circuit that generates the sequencer clock.
Its design is based on the 'classical digital PLL’ as it is explained in [BES97]. The different
building blocks have been redesigned to be suited for VLSI integration. The PLL needs no external
components and operates from the same single 5 V supply as the rest of the EDDA chip does. For
reasons of power supply noise suppression it also utilizes different bond pads for the analog and
the digital circuits'. Figure B.1 shows a block diagram of the PLL. The arrows depict the flow of
control information in the loop. Solid arrowheads are digital control signals, i.e. the information
is coded in the frequency or the pulse width, while the hollow ones represent analog signals where
the information is coded in the current or the voltage. The different parts of the control loop have
the following functions:

Voltage controlled oscillator (VCO) The VCO generates the high frequency clock signal fsc.
The output frequency is controlled by the control voltage Vosc.

VCO divider fog is divided by the clock multiplier of the PLL. It can be adjusted to 2, 3 or 4.
The VCO divider also contains circuitry to ensure that the phase of the divided bus clock
and the sequencer clock isequal.

Phase-frequency detector (PFD) The PFD compares the phase of the bus clock with the external
clock and generates error signals, called up and down depending on the direction of the
required frequency correction, if the phase of the bus clock lags or precedes the external
clock. The length of the pulses is proportional to the phase difference.

charge pump The up and down signals are converted to current pulses of opposite direction by
the charge pump.

Loop filter The current pulses of the charge pump are integrated by the loop filter to produce the
Vosc control voltage for the VCO. Thefilter capacitor and the filter resistor can be digitally
adjusted (this is denoted by the diagonal arrows).

The clock buffers are not part of the PLL loop but they are integrated in the PLL circuitry. The
bypass input switches between the PLL generated clock signals and the external clock input. The
switches are built from two clocked inverters with triple drive strength while the main clock buffers

L1t shares these bond pads with the analog and digital power supply nets of the other EDDA circuits.
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Figure B.1: Block diagram of the PLL.

areinverters with 24fold drive capability. They drive the global sequencer and bus clock lines. The
digital circuits, i.e. the VCO divider and the PFD, are implemented with the AMS standard cells
while the analog circuits are full custom designs.

VCO

Figure B.2 showsthe schematic diagram of theVCO. It consists of two parts: the voltage controlled
oscillator itself (upper half) and the output buffer that converts the differential analog signal from
the VCO to a digital one with a 50 % duty cycle (lower half). The VCO is a three stage ring
oscillator. Each stage consists of an operational transconductance amplifier with its differential
output connected to the input of the adjacent stage. Between stage 3 and stage 1 the signal is
inverted by swapping the differential output signals of stage 3 before connecting them to stage
1. This makes the circuit oscillate because the output signal is fed back to the input with a 180

phase rotation. The speed of each stage depends only on the bias voltage of the current source
transistor since the output load is equal to the constant input capacitance of the next stage. Figure
B.3 shows a Spectre simulation of the ring oscillator at Vo = 3.5 V. It can be seen that the phase
shift between the stages is 60°, compensating together the external shift of 180. The period of

the oscillation is 5.3 ns and the amplitude ranges from 1to 1.2 V. At 100 MHz Vog is 1.7 V and

the amplitude is reduced to 400 mV. At this frequency each stage draws 70 pA. The lower limit
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Figure B.5: Simplified schematic diagram of the VCO divider.

of the oscillator is around 30 MHz. The amplitude is below 100 mV at this frequency. If Vo

is reduced further the output buffer will not be able to restore the oscillator signal to the full 5V
level any more. The frequency is proportional to the Vi voltage until the upper frequency limit
isreached. Figure B.4 shows the voltage-frequency curve taken from simulation data at different
Vs levels. The result of a linear regression is shown as solid line for the data points below
2.5 V. The frequency gain of the oscillator is 112 MHz/V. The reset transistor was necessary for
the simulation since the algorithm used starts the transient analysis from the dc operating point
values. Thisis just the unstable equilibrium point of the oscillator circuit. Since any amount of
noise destroys the equilibrium condition this problem is not present in the real circuit but the reset
transistor was kept for testing purposes.

The output buffer restores the low voltage differential output signal of the ring oscillator to
the full voltage swing of 5V necessary to drive the following digital stages. It consists of a two
stage differential amplifier. The first stage is an ordinary differential input stage with a current-
mirror load, converting the differential oscillator signal to a single-ended one. It is constantly
biased because the ring oscillator has the advantageous property that its output amplitude rises with
increasing frequency, thus compensating for the constant gain-bandwidth product of the output
buffer. The second stage is a high gain inverting amplifier that is AC-coupled to the first stage to
remove any common-mode components from the oscillator signal. It is biased by a high-ohmic
feedback build from two long transistors used in their ohmic region if no input signal is applied
to the amplifier. The width ratio of the PMOS to the NMOS is similar to that used in the digita
standard cell library. Together with the feedback this ensures that the amplifier is symmetric and
the output signal has a 50 % duty cycle across the whole frequency range of the oscillator. The
coupling capacitor is built from a metal1-2-3 sandwich structure since it must be linear at small
voltages. This can not be achieved by a gate-channel capacitance. The whole circuit uses only
800 nA at 100 MHz. Thisis an advantage of the ring oscillator compared to an inverter delay
chain that uses the full voltage swing in each stage.

VCO divider

Thehigh frequency output signal of thevCO must be divided by the desired PLL clock multiplier to
get thereference signal for the phase detector. IntheVCO divider thisis done with the synchronous
state machine shown in figure B.5. The state bits are stored in FF1 and FF2. The state transition
logic generates the different clock sequences depending on the state of the two input lines mulO
and mull which select the multiplier. It also produces the output signal for the bus clock flipflop
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Figure B.6: Schematic diagram of the phase-frequency detector.

FF3. To make sure that the phase of the sequencer clock is equal to that of the bus clock areplica
flipflop (RFF) has been built by modifying the flipflop standard cell used for FF3 in away that the
clock-to-output delay stays the same but the output signal mirrors the clock input. It has no data
input any more. The simulated delay between the bus and the sequencer clock output was 28 ps
for the rising edge (which is the active one) and 230 ps for the falling one. The purpose of the
input buffer BUF isto increase the slope of fos: to minimize the clock jitter between FF3 and RFF

and to reduce the power consumption of all the flipflops.

Phase-frequency detector

The most commonly used phase detector of a digital PLL is the phase-frequency detector (PFD)
shown in figure B.6. In contrast to the EXOR or the edge-triggered JK-flipflop the PFD does not
only respond to the phase but also to the frequency error between its input signals. Therefore it
offers an unlimited pull-in range [BES97-2]. Thisis very beneficia in the case of the EDDA chip
whereit should be possible to change the input frequency at any timé. The PFD has three different

output states: inactive, up and down (inactive means that neither up nor down are active). If the
rising edge of the variable clock input is seen and the outputs are both inactive, down is activated.
If arising edge occurs on the reference input and down is already active, the NAND gate NA3,
connected to the Q outputs of FF1 and FF2, will reset both flipflops. If the reference signal is seen
with down inactive, up is activated until the flipflops are reset by arising edge of the variable clock
input. Thetriple input NAND gates NA1 and NA2 ensure that either up or down are active, but not
both.

The delay buffers DB1 and DB2 make sure that the duration of the reset pulse is long enough
for the flipflops. The connection from the output of NA3 to NA1 and NA2 aso exists for timing
reasons only. It inhibits the up and down outputs for the delay of NA3 after the flipflops have been
reseted. This avoids short spikes at an output if an edge and the reset pulse arrive at the according
flipflop at the same time. To avoid glitches if both edges are synchronous the Q outputs, which
are the slower ones, are used for activation and the Q outputs for inhibition. Also the three inputs
of the NAND gate have dlightly different input-to-output delays and the Q output is connected to

2|tsdrawback isthat it does not allow missi ng edges in the reference signal like the EXOR or the JK-flipflop do. This
forbids its usage in data recovery applications.
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Figure B.7: Schematic diagram of the charge pump.

the slowest while Q is connected to the fastest one. This ensures that the output of the PFD is
glitch-free while maintaining a dead-time below +300 ps$ and using only standard cell$.

Charge pump and loop filter

The charge pump must transform the voltage pul ses from the PFD into current ones. The minimum
pulse length generated by the PFD can be below 200 ps. This leads to the problem that the
charge transferred via the gate-drain capacitance of atransistor quickly becomes larger than that
flowing through the channel while it is switched on. To compensate this charge injection dummy
transistors are used. Figure B.7 shows the schematic diagram of the charge pump. The current
source transistors M1 and M2 are enabled by M4 and M6. To avoid a high current pulse in the
moment they are switched on the dummy transistors M3 and M5 are activated a little bit earlier.
Thisis ensured in the PFD by always generating the signal for M4 and M6 by inverting that of
M3 and M5. They are also 50 % wider. Since both their drain and source regions are connected
to the sources of M3 and M5 respectively their charge injection is approximately three times
higher. Figure B.8 shows an example of a short charge pulse at the output of the charge pump
(connected to the RC loop filter). The delay between the reference and the variable clock was
500 ps. The charge transferred with this pulse is Q = It = 6.5A-300 ps = 2- 10 1°C (using
a rectangle approximation) compared to the charge injection of M4: @Q = VC =5V-14fF =
7-10~15C. This shows that the compensation scheme works very well. The current is controlled
by the bias transistors M7 to M9. M7 and M1 as well as M2 and M9 form current mirrors.
Therefore the current is the same for up and down pulses despite the fact that the NMOS and the
PMOS transistors have equal sizes. This is necessary to make sure that the capacitances are the
same for the up and down path to keep the charge pump symmetric. The nominal current is about
6 uA (with the "typical mean’ simulation parameters for the devices).

Theloop filter isasimple RC filter as depicted in figure B.1. The effective size of the capacitor
can be selected by digital switches between 0 and 49 pF in 7 pF steps. The capacitors are realized

3The maximum time interval between the two input signals that does not produce an output pulse.
4With the exception of the delay buffers. They are modified standard cell buffers made slower by lengthening the
transistors channels.
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Figure B.8: Example charge pulse I,y generated by the charge pump.

as PMOS transistors. The resistor is also digital adjustable. Its resistance ranges from 0 to 60 kQ
(in 4 kQ steps). It isimplemented by n-well resistors. The gate signals of the switches for the
capacitors and resistors are buffered by inverters to suppress the digital noise that might be on the
select lines coming from the digital control section of EDDA. By changing the RC time constant of
the filter it is possible to compensate device variations, especially in the bias circuit of the charge

pump.

L ayout

Figure B.9 shows a layout plot of the PLL circuit. The area used is only 0.07 mn?. The digital
part can be seen on the right side, enclosed by awide guard ring. The loop filter capacitors occupy
the largest area of the analog part. The metal sandwich capacitor between the stages of the VCO
output buffer uses also a significant amount of the area (due to the small specific capacitance per
area between the metal layers).
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Appendix C

Programming the EDDA-chip

C.1 Registers

The bus interface unit of the EDDA chip decodes the following addresses:

address(hex) || r/w | width name function
0| rw 5 CR control register
14 rw 7 PLLFILTER | PLL loop filter
2 rw 4 PLLCR PLL control register
3 rw 8 DELAY non-overlapped delay control
41 rw 8 ENCNT edge readout cluster select
51 r 8 EDOUT edge readout data
6 r 7 CNTOUT | loop counter O
71 r 8 RADR sequencer address counter
80 || rw 16 RAMO RAM word 0
D3| rw 16 RAMS83 RAM word 83

Since the width of the RAM exceeds the 8 bit width of the peripheral bus of EDDA two subsequent
data cycles are used for writing or reading aword of the RAM. Each address cycle resets the byte
count to the low-byte. The first data cycle within the RAM address range sets it to the high-byte.
The second data cycle sets it back to the low-byte. The ram address transferred by an address
cycleis stored in the sequencer address counter register.

Register definitions
Control register (CR, address 0):

D7 | D6 | D5| D4 | D3| D2 | D1 | DO
- - - | strobe | sig| anc| de | ae

Reset value: 0
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ae The address enable bit alows the sequencer instruction decoder to update the address
counter. Usually this bit is used to start the sequencer.

de The data enable bit alows the sequencer instruction decoder to update any output
register. A sequencer program can be tested by enabling ae without de. By enabling
de without ae it is possible to directly write to an output register through the RAM
by setting the sequencer address to any ram address and writing the desired com-
mand to that address. Thisimmediately executes the command without changing the
sequencer address.

ainc Automatically increments the address counter after any read/write access to it.
Speeds up program loading by 50-%.

sig Handshake signal to the sequencer. Can be included in conditional jump instructions.

strobe  The strobe bit can be only written. After a one has been written to it, the sig bit is
inverted for one bus clock cycle. This allows strobed signals with both logic levels.

PLL loop filter register (PLLFILTER, address 1):

D7 | D6 D5 D4 D3 D2 D1 DO
- lecsel2|csell|cselO| rsel 3| rsel2| rsell| rsel O

Reset value: csel=4, rsel=8

csel 2-0  Capacitance selection of the PLL loop filter. C=csdl- 7pF.
rsel 2-0 Resistance selection of the PLL loop filter. R=rsel-4kQ.

PLL control register (PLLCR, address 2):

D7 | D6 | D5 | D4 | D3 D2 D1 DO
- - - - | pllres | pllbypass | plimul 1| plimul O

Reset value: plires=0, pllbypass=1, plimul=2

plimul 1-0 PLL multiplier. 1 and 2 both select a multiplier of 2, 3 equalsto 3 and 0 selects 4.
pllbypass DisablesPLL.
plires PLL VCO reset.

Both PLL registers have a special reset mechanism. If one of the bus mode inputs of EDDA isheld
low while areset signal is applied the registers are not set to their default values but maintain their
current contents instead.

Non-overlapped delay control register (DELAY, address 3):

D7 D6 D5 D4 D3 D2 D1 DO
selaux1l 1 | sedlaux1 0| selauxO 1| selauxO0| deld3| deld2| deld1l| deldO
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Reset value: selaux1=0, selaux0=0, deld=4

deld 3-0 Non-overlapped clock delay.
selaux01-0  Auxiliary output O selection:
sdax0| 3 | 2 1 | o
signa | off(0) | clk1| busclock | ss7
selaux11-0  Auxiliary output 1 selection:
sdaxl| 3 | 2 1 | 0
signd | off(0) | clk2 | sequencer clock | ss8

The auxiliary outputs can be used as programmable handshake outputs if they are set to output ss
7 or ss 8 respectively. These are bitsin the strobe signal register (see next section). They can also
be programmed to monitor the PLL outputs (bus clock and sequencer clock) or the non-overlapped
array clock signals clkl1 and clk2.

Edgereadout cluster select register (ENCNT, address 4):

D7 D6 D5 | D4 D3 D2 D1 DO
rsout | csout | ss7 | ss6| encnt3| encnt2| encnt1| encnt O

Reset value: encnt=8

encnt 3-0  Output enable counter for the edge readout cluster selection. It can be read and
written directly but isis also automatically updated after one byte of the edge data
has been read out. In this case it automatically wraps around from 7 to 0. The
values from 8 to 15 disable al the clusters.

ss7-6 Read only. They reflect the state of the strobe signal register bits 7 and 6.

csout Read only. Reflects the state of the column shift register output. If it is high the
last column is selected.

rsout Read only. Reflects the state of the row shift register output. If it is high the last
row is selected.

Edgereadout data (EDOUT, address 5):

D7 | D6 | D5 | D4 | b3 | b2 | D1 | DO
ed7 | ed6|ed5| edd4| ed3| ed2| edl| edO

ed 7-0 Read only. Data from the actually selected cluster. Which one of the four sense
amplifier outputs of each row circuit is selected depends on the bits 5 and 6 of the
miscellaneous signals register (see next section).



138 APPENDIX C. PROGRAMMING THE EDDA-CHIP

Loop register 0 (CNTOUT, address 6):

D7 D6 D5 D4 D3 D2 D1 DO
- ent0O6 | entOS5 | ent04 | ent0O3| entO2| entO1| cnt0O

cnt0 6-0 Read only. Reflects the actual state of loop register 0. This register can be used to
monitor a sequencer program.

Sequencer addressregister (RADR, address 7):

D7 D6 D5 D4 D3 D2 D1 DO
sndr | radr6 | radr5 | radr4 | radr3| radr2| radr1| radr O

radr 6-0 Read only. Read back of the address counter of the sequencer.

sndr Read only. Reflects the output of the flipflop that synchronizes the 'next data ready
handshake’ input signal.

C.2 Sequencer

The sequencer instructions of the EDDA chip are encoded in the upper 4 bits of the RAM word.
The lower 12 bits contain the immediate data of the instruction. The only exception is the 'load
fast clocks' command, which has an immediate datafield of 14 bits. The following table lists the
encoding of all the sequencer commands:

mnemonic || encoding name function

LFC 00xx load fast clocks |oads non-overlapped clocks register

LMS 0100 load misc signals loads miscellaneous signals register

LSS 0101 load strobe signals loads strobe signals register

LLR 0110 load loop register loads one of the four loop registers

JPz 1000 jump zero or condition | jumpsif loop register zero or condition
true (without count)

JPN 1001 jump not zero jumps if loop register not zero, if zero,
waits for condition true

DLE 1010 delay with end condition | loads delay register and counts to zero,
if zero, waits for condition true

DLL 1011 delay with loop condition | loads delay register and counts if con-
dition true until zero

JPS 1100 jump shift register jumps if shift register condition true

JPF 1101 jump flags jumpsif flag condition true

If an instruction is encountered that is undefined, i.e. not listed in the table above, the sequencer
stops execution. By changing the sequencer address counter it can be restarted.
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Sequencer load instructions

Load fast clocks (LFC):

The non-overlapped clock register isloaded with the lower 14 bits of the instruction word. All the
bits are high active with respect to the non-overlapped logic. If one bit is changed from zero to one
in this register the according output edge will be delayed by the non-overlapped delay, no matter
whether the clock signal is high or low active. If the bit is cleared no delay is added to the signal.

D15 | D14 | b13 | D12 D11 D10 D9 D8
0 0 vc | rclk2b | rclklb | rclk2a| rclkla| clir

D7 D6 D5 D4 D3 D2 | D1 | DO
pcon | rpcon | clk3 | clk3read | clk2p | clk2| clk2| clkl

vC State of the comparator voltage (Vemp) Switch (see section 2.4.1). Thisis
the only exception from the rule stated above. If the vc bit is changed the
non-overlapped delay is aways applied to the activating signals of the Voyp
switch.

rclk2b, rclklb,  Clock signals for the row readout sense amplifiers (see section 2.3.2).
rclk2a, rclkla

clr, clk3, Clock signals to the column clock buffers (see section 2.3.1).
clk3read, clk2p,

clk2, ck2, ckl

pcon, rpcon Precharge switch signals (see section 2.3.2).

Load misc signals (LMS):
The miscellaneous signals register is loaded with the lower 7 bits of the instruction word.

D15 | D14 | D13 | D12 | D11 | D10 | D9 | D8
0 1 0 0 - - - -

D7 | D6 D5 | D4 D3 D2 D1 DO
- | selhv | selab | en8 | bypass| gwritesa| gwrite| gread

selhv, selab Row readout sense amplifier select for the edge readout. Selab selects bank
aor b, selhv the horizontal or vertical edge data (see section 2.3.2).

en8 This bit enables the ninth readout cluster (the one that contains only 2 bits:
row O and row 65).

bypass, gwritesa Globa write enable for the row storage amplifiers and activation of their
bypass transistors (see section 2.3.2).

gwrite, gread Global read and write enable signals for the column clock buffers (see sec-
tion 2.3.1.
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Load strobe signals (LSS):
The strobe signals register is loaded with the lower 11 bits of the instruction word. Most of the
bitsin this register are strobe bits, i.e. they are not stored, but trigger some action.

D15 | D14 | D13 | b12 | D11 D10 D9 D8
0 1 0 1 - strobe 8 | strobe7 | ss8

D7 | D6 D5 D4 D3 D2 D1 | DO
ss7 | ss6 | csclk | rsclk | csres| rsres| csin| rsin

strobe 8, Ss7 and ss 8 areflag bits that can be used for handshaking between the sequencer

strobe 7, and external hardware if the according auxiliary output is enabled. If strobe 7 or

ss8,s57 strobe 8 are set to one, ss 7 or ss 8 are cleared automatically with the sequencer
clock, i.e. they are only high for one clock cycle. If strobe 7/8 islow, ss7/8isa
normal register bit.

ss6 Ss 6 is for the edge readout handshake. It is set by a sequencer program after it
has transferred edge data into the row readout sense amplifiers. This signals the
bus interface that a read access to the edge readout data register can be accom-
plished without waits. After 8 reads ss 6 is automatically cleared. The next read
access must wait until the next data is ready and ss 6 is set to one again by the
sequencer. The sequencer itself can monitor the ss6 bit if it wants to know if the
row readout sense amplifiers have been read out.

csclk, rsclk Column/row shift clock. Strobe bits that generate one clock for the column or
row shift register.

csres, rsres  Column/row shift register reset. Strobe bits that clear the column or row shift
register.

csin, rsin Column/row shift register serial in. Strobe bits that clock a one bit into the first
shift register cell if written together with csclk or rsclk high.

Load loop reg (LLR):

The selected loop register is loaded with the lower 7 bits of the instruction word. The sequencer
contains four independent loop register. They are 7 bits wide. Each loop register has a zero output
that is included in the condition of the flow control instructions. If atest for a loop register is
performed it will be automatically decremented by one until it has reached zero (except for JPZ,
see below).

D15 | D14 | D13 | b12 | D11 | D10 | D9 | D8
0 1 1 0 Irl | IrO - -

D7 | D6 | D5 | D4 | D3 | D2 | D1 | DO
- |lc6|lcb|lc4|1c3|lc2|lcl]| IcO

Ir -0  Number of the selected loop register.
[c6-0  Loop count that isloaded into the selected loop register.
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Sequencer flow control instructions

Theflow control of the sequencer is based on various conditional jump and delay instructions. The
delay instructions halt the address incrementation until their condition is fulfilled while the jump
instructions can load a hew address into the sequencer’s address counter. Most of the flow control
instructions use the following condition together with the loop registers zero signal:

seqcond = (mask 2 AND sndr) OR (mask 1 AND sndr) OR (mask O AND sig)

sndr, sndr  Inverted and normal next data ready handshake input synchronized to the se-
quencer clock. Either polarity or edge of the handshake input can be used in
the sequencer program. Edges can be detected by two consecutive flow control
instructions.

sig The handshake signal bit from the control register.

mask 2-0  Condition mask included in the instruction word. If both mask2 and maskl are
high the condition depends only on the zero signdl, i.e. the handshake signals are
turned off.

Delay with end condition (DLE) and delay with loop condition (DLL):

D15 | D14 | D13 D12 D11 | D10 D9 D8
1 0 1 | O(DLE)/A(DLL) | Ir1 | IrO | mask2| mask 1

D7 D6 | D5 | D4 | D3 | D2 | D1 | DO
maskO | Ilc6|lc5|lc4|lc3|Ic2| lcl]| IcO

Ir 1-0 Number of the selected loop register.
mask 2-0  The mask for the handshake signals.
Ic 6-0 Loop count that is loaded into the selected loop register. The number of loops

performed isIc+2.

The DLE instruction tests for ’zero[Ir] AND segcond’ while the DLL instruction decrements the
loop register only if seqcond is true. In both cases the program flow is delayed for at least [c+2
clocks.

Jump zero or condition (JPZ) and jump not zero (JPN):

D15 | D14 | D13 D12 D11 | D10 D9 D8
1 0 0 | O(PZ)/L(IPN) | Irl | IrO| mask2| mask 1

D7 D6 D5 D4 D3 D2 D1 DO
mask 0 | dadr6 | dadr5| dadr 4| dadr 3| dadr 2| dadr 1| dadr O
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Ir 1-0 Number of the selected loop register.
mask 2-0 The mask for the handshake signals.
dadr 6-0 Destination address for the jump.

The JPN instruction will load dadr into the sequencer address counter if 'zero[lr]=true’, if not,
it will wait until seqcond=true to increment the address counter to point at the next instruction
and decrement the selected loop register by one. With JPN a’{---} whi | e() ’ loop can be con-
structed. JPZ isused as akind of 'br eak’ statement, i.e. to exit from aloop. It carries out the
jump if "zero[Ir] OR seqcond’ and does not decrement the loop register at all.

Jump shift register (JPS) and jump flags (JPF):

D15 | D14 | D13 D12 D11 D10 D9 D8
1 1 0 | O(IPS)/L(IPF) | mask 3| mask 2| mask 1| mask O

D7 D6 D5 D4 D3 D2 D1 DO
- | dadr6 | dadr5| dadr4 | dadr 3| dadr 2| dadr 1| dadr O

mask 3-0 Mask for the jump condition.
JPS:’ (mask 3 AND Tsout) OR (mask 2 AND rsout) OR (mask 1 AND ¢sout) OR (mask
0 AND csout)’
JPF:’ (mask 3 AND ss7) OR (mask 2 AND ss 7) OR (mask 1 AND ss 6) OR (mask 0O
AND ss 6)’

dadr 6-0 Destination address for the jump.

These instructions will load dadr into the address counter if their respective condition is true. If
not, the address counter will be incremented to point at the next instruction.
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Calculation of the node voltage 14, In
case of a deactivated fuse

If the fuse is deactivated by omitting clk2/clk2 during ¢ the characteristic length I decreases. In
this case the nodeisisolated and the pixel resistor charges the node capacitor ¢y to the pixel value.
\sa iSignored for the sake of simplicity. Thefirst time clk2p is high without clk2/clk2 changes Q)

from Qng to Qn1:

in = Aanp + Aanno (Dl)
with A, defined as:
Cn
Ap= —— D.2
np Cn n Cp ( )
Thisisalso true for the step 7 + 1:
@nit1 = Anp@p + AnpQni (D.3)

Since V', must converge towards V, for large < and be equal Vg for 7 = 0 the following approach
can be made:

Qn 1—00 Qp
Vai=— = Vy=-—== D.4
" C, PTGy (-4
Ch i i
Qni = EQp(l—V )+ @no (D.5)
p
Substituting this into eq.D.3:
Ch i+l il Ch ; ;
EQp(l— YT+ Qno = AnpQp + AanQp(l— ")+ AnpY' @no (D.6)
p p

This can be rewritten with corresponding terms above each other:

Cn Cn 7 i
Cpr Y Cprv +77' @no
C C i i
= (Anp—f— >\np6n> Qp - AonnQp’Y + >\np’7 no (D.7)
p p
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Since App + Anp%; = %; acomparison of the coefficients shows that v = ), solves the equation.

G i ]
Qni = Qo1 = Nig) + XpQno (D9
p

Dividing by Cj, gives the equivalent equation for the voltages:

Vi = V(1= M) + AoV no (D.9)
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