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Abstract

A primary goal in microelectronic systems progress is the achievement of yet higher
levels of functional integration. Today this is being addressed from two different per-
spectives: Firstly, introducing more circuitry onto the chips themselves and; secondly,
packaging the chips in higher performance media.

Wafer-Scale Integration (WSI), whereby the chip assumes the size of a wafer, is
one goal that combines elements from both of these perspectives. A purely advanced
packaging approach is Hybrid Wafer-Scale Integration (HWSI), or silicon on silicon
thin film hybrids. Both of these approaches offer many potential advantages, in terms
of speed, reliability, power consumption, packaging density and cost. The potential
advantages, as well as the disadvantages, are discussed in detail before a review of
current WSI and HWSI projects is presented.

Currently one factor that limits chip size growth are the defects incurred in the
production of any integrated circuit. Defect tolerance provides the means to overcome
this imitation and is particularly important for the achievement of WSI.

A critical point in evaluating approaches to defect tolerance for VLSI, WSI and
Ultra Large Scale Intcgration (ULSI) is the yield model used. A correct yield model
allows the type and amount of the optimal level of defect tolerance to be determined.
A yield model is presented here that takes account of both clustering and the influence
of the reconfigurable interconnect. Two different approaches are presented which
would be used for different modeling applications: yield, and expected number of
connected processors. The latter form has a number of advantages. The model is
applied to a VLSI signal processing chip, and to a generalized chip, to determine the
kind of chip structures that can best benefit from defect tolerance. It is found that
in order to benefit from defect tolerance regular structures covering more than 20%
to 30% of the chip are required. The yield model is also applied in a consideration of
granularity effects on wafcr-scale arrays. As a result of this discussion on granularity
a new metric is suggested for evaluating array element architectures.

Using this model as a basis, a number of alternative approaches to WSI are pre-
sented and evaluated. After a review of existing approaches, during which a suitable
classification system is introduced, a new approach, called the “frame” approach is
introduced. The frame scheme is aimed at the WSI implementation of 2D arrays,
containing reasonably large elements. The design and implementation of WSI and
HWSI examples of the “frame” scheme are presented. Practical lessons learnt about

implementing WSI and HWSI designs are also discussed.
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Finally a detailed comparison of different approaches to implementing 2D arrays
in WSI is undertaken. The relative merits of the frame scheme are affirmed in this
section. Examples are presented that demonstrate the relative advantages and disad-
vantages of the various approaches, indicating the important points to be considered

when designing wafer scale arrays.

il
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Chapter 1
Introduction

The introduction of fault tolerance into VLSI gives a number of potential advantages:
1. The economic advantage of yield enhancement for large VLSI (or ULSI') chips.

2. The system advantage of being able to fabricate chips larger than currently
economically possible. The ultimate goal here is making chips the size of wafers,
or Wafer Scale Integration (WSI).

3. The lifetime advantage of being able to make systems that do not require phys-
ical repair. (Physical repair being defined here as repair requiring physical

replacement of components.)

The first two of these are achieved by introducing a capacity for tolerating the
failures that arise from manufacturing defects. This category of fault tolerance tech-
niques are better referred to as Defect Tolerance. The requirements for defect toler-
ance in WSI are somewhat more stringent than those for smaller chips as the wafer
vield would be zero without these techniques. Defect tolerance can be defined as
[Saucier, 1986]:

A defect tolerant circuit is a circuit which meets its user’s requirements
(functional and parametric specifications) despite the presence of end of

manufacturing defects.

The achievement of an increase in system life expectancy (the third possible ad-
vantage above) implies either a capability to tolerate field failures as they occur, or
to electronically, preferably automatically, effect a repair. The first capability results

in a htghly reliable system that has a long Mean Time Between Failure (MTBF) or

1Ultra Large Scale Integration [Meindl, 1984]
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a high probability of surviving a mission. The second capability results in a highly
available system which is down for repair the minimum amount of time possible. All
of these fall under the scope of the definition of fault tolerant systems, depending on

the system’s requirements [Avizienis & Laprie, 1986]:

Fault Tolerance: How to provide, by redundancy, service complying with

the specification in spite of faults having occurred or occurring.

Achieving ultrahigh reliability is generally a more difficult task than achieving
high availability or defect tolerance. High reliability implies that errors are detected
and corrected as they occur whilst the other two capabilities imply a test and repair
function only. Furthermore, achieving high availability requires a capacity for field
test and repair or reconfiguration. Field reconfiguration is not a requirement for
defect tolerance.

The results of research reported in this thesis is mainly concerned with techniques
applicable to Defect Tolerance. Particular reference is given to Wafer-Scale Integra-
tion, though the details of defcct tolerance techniques for VL.SI and ULSI chips are
also discussed extensively.

Fault tolerance for ultra-high reliability will not be discussed in this thesis. Ultra-
high reliability can be achieved using techniques that are extensions of the approaches
to defect tolerance about to be discussed. Though these techniques are extensions
of the defect tolerance approaches to be discussed (and these approaches can often
be used to achieve ultrahigh reliability) they would only be used in special situa-
tions. The main reasons are that (1) other sources of low reliability are usually more
significant, and {2) few situations justify the considerable effort and expense required.

Although defect tolerance is critical to its achievement, it is important to realize
that WSI is as much a statement in packaging as in increasing chip integration.
Mainstream VLSI packaging has essentially remained static to the point where the
communications bandwidth on-chip has become more than an order of magnitude
better than that can be achieved between chips [Katevenis, 1983]. WSI can be seen

as one packaging alternative that overcomes this problem relatively economically.

1.1 Research Outline

In order to design for defect tolerance one needs both suitable models, to describe
the fault situation, and suitable techniques, to ‘repair’ the faults. The main object of

the research work reported on in this thesis was to produce such models and apply

2
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them to two classes of defect tolerance problems to determine the relative tradeoffs
in the applicable techniques. Particular consideration was given to the determination
and comparison of approaches to mesh arrays. The defect tolerant design of a VLSI
chip has also been the subject of some attention.

In this thesis the following results from this research program are presented:

e An accurate yield model is presented for modeling defect tolerant arrays (Sec-

tion 3.6.) This model offers three major contributions:

1. It uses an accurate function to model the distribution of defects amongst

PTOCEsSsOrs.

2. The model comes in two forms:- yield; and expected number of processors.

These forms are useful in different applications, as discussed in Section 3.6.

3. A method is presented for accounting for wiring faults in reconfigurable
arrays (Section 3.10.) Previously most workers cither ignored the possibil-
ity of wiring faults or exaggerated their effect by assuming they all were
fatal.

The model was also extended to take account of faults clustering in processors.

e The yicld model was applied to the design of a defect tolerant chip to determine
its optimal redundancy (Section 3.7.)

¢ The yield model was also applied to some general cases of defect tolerant chips
and wafers (Sections 3.8 and 3.9.) These studies demonstrated when defect

tolerance can be usefully applied and indicated some of the trade-offs involved.

¢ A yield simulator was written and used to determine critical areas of chips. Its

design and usefulness is discussed in Sections 3.6 and 3.11.

¢ Taxonomies are suggested for the different techniques that can be applied to the
problem of reconfiguring linear and mesh arrays (Chapter 4.) These taxonomies

were found useful when comparing the different reconfiguration methods.

e Particular attention is given to maximizing the speed at which WSI mesh arrays
operate. A list of suitable techniques is given in Section 4.8. The application

of some of these techniques is discussed in Chapters 5 and 6.

¢ Appropriate metrics for comparing redundancy schemes were developed (Sec-
tion 4.4 and Chapter 6.)
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e A new scheme for reconfiguring mesh arrays was designed and fabricated. The
details of the scheme, its design, and lessons learnt during its production are pre-
sented in Chapter 5. Particular attention was paid to optimizing the scheme’s
speed. Models were developed to determine the speed of a reconfigurable in-

terconnect.

e The different redundancy approaches for mesh connected arrays were compared
on the basis of utilization, speed and yield for a number of case studies. This
work is described in Chapter 6. The case studies in particular indicated the rel-
ative desirable properties of the various approaches. As a result of these studies
a number of new approaches to reconfiguring mesh arrays were formulated. A
number of new hierarchical approaches are suggested and compared in Section
6.3. T'wo new approaches, aimed at maximizing speed, are suggested in Section
6.5.

Before procecding to report the results of this research, as background material,
the relative merits of WSI will be discussed in this chapter, and the current world
status of WSI projects will be treated in the next. The subject of yield modeling
will be reviewed at the beginning of Chapter 3. A summary of existing applicable
techniques for the wafer scale integration of mesh, and other, arrays will be presented
in part of Chapter 4 and at the start of Chapter 6.

1.2 Advanced Packaging Technologies

The are many factors driving the search for advanced packaging and intcrconnect

technologies:

e The “substrate gap” [Knausenberger & Schaper, 1984] in interconnect capabil-
ity between Silicon and Printed Circuit Boards (PCBs).

e The cost savings that can be incurred by reducing the power required by on-
chip drivers to drive off-chip interconnect. This has been exacerbated by the
movement of mainstream IC technology to CMOS, with its lower driving capa-
bility.

e The growing mismatch between in-chip wiring density/performance and inter-
chip wiring density/performance. In achieving VLSI most of the system is

actually packaged in the IC medium whereas previously, with LSI and MSI,
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Figure 1.1: Substrate efficiency

most of the system was packaged in the PCB medium. With the majority of
the system packaged in the high performance medium the mismatch becomes

more noticeable.

W.H. Knausenberger and L.W. Schaper of AT&T coined the term “substrate
gap” when they considered the substrate efficiency of various interconnect substrates
[Knausenberger & Schaper, 1984]. “Substrate efficiency” refers to how much active
silicon can be placed on a given substrate. They defined a substrate efficiency figure

of merit F':

active silicon area
= (1.1)
total substrate area

They then plotted the interconnection capability, defined as the length of wire that
can be placed in an area of substrate against this percentage. This plot is duplicated
in Figure 1.1 and there the wiring density vs. active circuit density gap is self
apparent.

Taking this and other data, Messner has produced results that confirm this con-
cept of a “substrate gap” [Messner, 1987]. As well as following interconnection den-
sity vs. active density arguments he determined the cost density relationships for
various interconnection technologies. In constructing this model he described a cost

per unit length of interconnect “price bulge”, as illustrated in Figure 1.2.
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Figure 1.2: Cost-density relationships for different interconnect media.
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Packaging Approach Power | Size/ Cost Overall
x Delay | Wezght Figure of Merit

Printed Wiring Board 1.00 1.00 1.00 1.00

Thick Film Multi-Layer 1.08 0.42 1.02 0.46

on Ceramic

Ceramic Multi-Layer 0.34 0.20 0.65 0.044

Hybrid

Thin Film Single- 0.19 0.14 0.60 0.016

Sided Multi Layer

Hybrid

Wafer Scale Int. 0.10 0.09 0.46 0.0041

Thin Film Double- 0.08 0.07 0.44 0.0025

Sided Multi Layer

Hybrid

Table 1.1: Comparison of Packages Figures of Merit

The “price bulge” occurs above the constant price per interconnect line of
0.2 cents/inch. Messner suggested that it was only because ICs and double sided
PCBs were on this line that they were the primary media used in mass market con-
sumer products. From this graph it can be seen that developing new interconnect
media using silicon or ceramic hybrids are likely to return more cost benefit than the
continual development of ever more expensive multilayer PCBs.

Neugebauer has compared a number of different packaging choices for a system
with an operating speed of 100MHz [Neugebauer, 1984]. Doing this he determined
some rough figures of merit for various important factors, which are repeated in
Table 1.1. The main factor in determining the figures for Power x Delay and Cost
were the extra driver power requirements for maintaining 100MHz. The cost figure
was derived from the assumption that the main packaging cost of a system was
determined by the cooling and power supply requirements.

Scaling worsens thesc problems. It is well known that on-chip interconnect speeds
do not scale proportionally to on-chip feature sizes [Meindl, 1984]. Local intercon-
nection speeds remain constant with scaling whilst long distance interconnections get

worse as die sizes increase and line widths decrease. This same effect will impact inter
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chip communications as well. Thus the power costs of driving inter chip connections
will get proportionally worse with scaling unless lower capacitance connections are
introduced.

Viewed as a transmisston line, conventional PCB interconnects perform quite well
with a bandwidth of around 250MHz [Ambekar et al., 1987,Rainal, 1979] and propa-
gation delays of better than 190 ps/inch [Deierling, 1987). In fact, as a transmission
line, it performs better than silicon or ceramic based interconnect due to its lower
substrate dielectric constant [Chong & McEnroe, 1985]. The substrate gap arises on
density, cost and power considerations, rather than pure speed.

Until recently high speed system packages have generally been produced using
expensive combinations of low gate count LSI chips and ultracompact packaging
[Blodgett & Barbour, 1982] [Watari, 1987]. However as the functionality and speed
of CMOS increases there will be a growing need for high speed packaging for these
VLSI technologies. As can be seen in Table 1.1 the thin film interconnect technologies
of WSI and thin film hybrids have more merit than the more traditional thick film
technologies for high speed VLSI and ULSI.

1.3 Potential Benefits of WSI

The potential benefits of WSI, particularly when compared with conventional systems
approaches, are listed below in decreasing order of importance. Where appropriate,

comparison will also be made with other thin film approaches.

1.3.1 Size and Weight

The integration of several million transistors onto a single wafer leads to an obvious
size and weight advantage. For example in the ESPRIT 824 project [Ivey, 1987] a
SIMD WSI array has been developed that achieves a scale of integration in which
a single wafer replaces ten boards of conventional chips. The reduced cooling and
power supply requirements of a WSI system [Neugebauer, 1984] contributes towards
smaller size and lower weight. The aerospace industry can, in particular, benefit
from products with these advantages. Other thin film packaging approaches can be

similarly placed for size and weight.
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1.3.2 Reliability

The reliability advantages of WSI are clear and substantial also. A study of Naval
Avionics systems failures [Robinson & Sauve, 1977] indicated that:

1. IC components were involved in less than twe percent of all avionics failures.

2. Approximately sizty percent of all avionics failures were attributable to connec-

tor and cabling failure.

3. Twenty-Five percent of the failures were caused by maintenance and test pro-

cedures.
4. Thirteen percent were due to overstress and abuse of system components.

Although avionics is a physically harsh environment the conclusion can still be
drawn that the most significant contribution new packaging techniques can make to
improved systems reliability is to reduce the number of physical connectors required
[Chaturvedi, 1988]. WSI achieves this to a significant degree indeed.

This conclusion can also be drawn from other sources using data gathered from
telecommunications applications. There it has been found that the IC failure rate
is roughly independent of the number of gates per chip [Hoover, Jr. et al., 1987]. A
typical rate may be 50 FIT (failures in 10° hours) On the other hand the failure rate
of external interconnections is directly proportional to their number at approximately
0.05 FIT per interconnection. In [Hoover, Jr. et al., 1987] it was concluded that a
10 times increase in the number of gates per IC results in a roughly similar increase
in reliability for a constant sized system. (The FIT rates quoted are approximate
only as they are influenced heavily by environment. For example, IC failure rates
increase by a factor of two for every 10°C [Mahalingam, 1985]. The failure rate for
package connections depends largely on the number of thermal cycles the connections
go through. For example, a 40 pin leadless chip carrier can withstand between 2,000
and 5,000 thermal cycles between failures for 1 watt dissipation [Deierling, 1987].)

It would be expected that WSI would maintain this advantage over hybrid tech-
nologies. No figures are as yet available on the reliability of solder bump and other
advanced hybrid connection technologies. IBM’s thermal conduction modules, which
employ solder bump techniques on LSI chips, are reputedly very reliable however.

WSI may also result in a higher availability than other packaging approaches.
Many of the techniques used to implement defect tolerance are capable of being

repeated later to effect a ficld rcpair if so desired. This may not seem important
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given the two percent figure in point 1 above but does have an impact when one
considers burn-in failures. Typically more ICs fail during burn-in than during their
first five ycars of operation [Little, 1986]. This means that any re-repair capacity
results in some economic advantage.

Not only may the reconfigurability of WSI lead to higher burn-in survivability and
higher reliability but, depending on the actual implementation, it may also result in
reduced maintenance costs. As the repair process is highly automated, repair turn-

around would be shorter and higher availability would be the result.

1.3.3 Reduced Power Requirements

As mentioned in section 1.2 substantially reduced power would be required by WSI
drivers. However the power density of such systems could be higher thus creating
a different heat dissipation problem possibly requiring advanced cooling techniques.

Other thin film packaging techniques would be similarly placed.

1.3.4 Performance

There is significant potential for performance enhancement due to the lower capac-
itance and higher density of connections available. This potential may be reduced
however when the overhcads required to achieve the necessary defect tolerance are
included. It would be expected that thin film hybrids would enjoy a similar advan-
tage.

1.3.5 Production Costs

Reductions in production costs stem from reduced packaging, power supply and cool-
ing needs. Any possible reduction may vary on a project by project basis however.
For example, extra costs may be introduced in handling higher cooling density re-
quirements. Costs may also be incurred in unusual areas such as in carrying out the
reconfiguration steps required.

An additional cost factor is the development cost. It may be usual that a WSI
product would have a smaller market volume than many VLSI products and thus
the already {probably higher) development cost must be amortized over a smaller
production run.

The processing costs of thin film hybrids would be expected to be higher than for
other packaging approaches.

10
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A rough cost comparison of populating a board with VLSI components com-
pared with producing a WSI product with a similar capability is given in Figure
1.3. The costs of manufacturing and packaging the VLSI components are taken from
[Dicken, 1988]. The manufacturing and Quality Assurance costs are based on an
Australian manufacturer’s experience?. The wafer scale costs for testing and recon-
figuration are estimates. In the example taken from [Dicken, 1988] each wafer yielded
56 working dies on average (calculated as the wafer cost divided by the die cost.) It is
assumed for the wafer scale case that each wafer yields a number of processors with a
similar functionality. The basis for this assumption is the reasonable expectation that
the increase in functionality resulting from the extra area gained from the loss of the
pads and inter-die kerfs is precisely matched by the area lost to the reconfiguration
wiring and those processors that can’t be included in the array due to limitations
in the reconfiguration wiring’s flexibility. It is further assumed, pessimistically, that
the packaging and assembly costs are together twenty times worse than that of a
single die and the testing and screening cost is the same as the wafer cut into die.
These costs depend a lot on the details of the function being implemented. It is
also assumed that the reconfiguration step costs the same as the testing step. It
would be expected that a similar level of equipment and time would be involved in
both of these steps. The bottom line i1s that the WSI based product ships at about
one-third of the cost of the equivalent conventionally packaged product. This is not
too dissimilar to the cost comparison calculated for Table 1.1. Neugebauer’s method
for determining cost was largely based on the assumption that supplying power and
dissipating the resultant heat was the major cost component. In Figure 1.3 actual

production costs are considered and simple cooling requirements are assumed.

1.4 Difficulties to be Overcome to achieve WSI

A typical wafer would be expected to contain 100 or so defects manifesting themselves
as faults. The main problem to be solved in achieving WSI is to introduce sufficient
defect tolerance to handle this number of faults.

Architecturally, this is a sizable constraint. Usually, the accepted solution is to
fabricate an array of similar elements with a large number of spares. The object is
to reconfigure these spares into and out of the system to get a working wafer. Some

form of Reconfiguration Scheme is required to do this and this introduces a silicon

2Transponder Australia

11
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area and performance overhead. Judging the effects of these overheads and trading
them off against the efficiencies of reconfiguration schemes will be examined for mesh
arrays in Chapter 6.

Other problems that may create difficulty for a WSI product include:

¢ Possibly higher heat dissipation density requiring special packaging techniques;

Possibly very high pin out count, again requiring special packaging;

Increased design and development time;

Smaller production runs;

Difficult on-wafer power distribution and electromigration;

Increased signal noise and crosstalk.

1.5 Hybrid WSI

As indicated in Table 1.1 thin film hybrids offer many of the advantages of WSI.
Furthermore thin film hybrids do not suffer from the architectural limitations outlined
in Section 1.4. One class of hybrid that has become of increasing interest in recent
times are hybrids with silicon as their substrate. Given their closeness to WSI the
techniques used to produce these hybrids are often referred to as Hybrid Wafer Scale
Integration (HWSI), though the “H” may sometimes be dropped.

Silicon hybrids offer a number of advantages over ceramic hybrids or advanced PC
boards [Lyman, 1987]. Using well established IC processing techniques, the silicon
substrate can easily accommodate 10 to 25um conductors compared with the 75um
conductors of most advanced PC boards or ceramic hybrids. This could reduce the
interconnect area to less than 1/10 that of standard boards or hybrids.

With shorter wiring runs parasitic inductance and capacitance would be reduced.
Also passive elements such as bypass capacitors and terminating resistors can be
fabricated on the substrate.

Silicon hybrids also have the important advantage that the thermal coefficients
of expansion of the substrate and mounted chips are the same. This results in sig-
nificantly reduced mechanical thermal stresses. This is particularly advantageous for
operating at liquid nitrogen temperatures. Here the performance of CMOS parts

exceeds that of bipolar parts at room temperature [Johnson, 1984].

13
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However higher IC densities can lead to higher thermal dissipation densities. For-
tunately silicon is a good conductor of heat and it is easy to glue metal or silicon

carbide heat sinks to the substrate, thus alleviating this potential problem.

1.6 Three Dimensional Packaging

The concept of placing subsystems on silicon wafers leads naturally to the idea of
forming complete systems in this medium. Walfers could be connected through the
edges only. However if the wafers could be stacked and inter—wafer communication
made possible through the stack significant advantages may be gained. The con-
cept of, and current projects in, three dimensional packaging and three dimensional

communications will be discussed in Section 2.4.

14
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Chapter 2

World Status of WSI

The concept of wafer scale integration is an attractive one and has been around for
almost as long as ICs have. However it wasn’t until the late 1970s that the practical
limitations of WSI were appreciated and appropriate methodologies developed. This
chapter presents a brief history of WSI followed by a summary of major WSI projects.
Only projects resulting in, or intending to result in, actual wafers or large area chips
will be described.

Current Hybrid WSI projects and current investigations into three dimensional

packaging will also be presented.

2.1 History of WSI

The history of WSI can be divided into three periods:

1964-1970 In thesc carly days of WSI (even before the name had been coined!) the
intention was to carry out the transition from SSI to MSI and possibly even LSI
in a single step. The technological means for doing this were largely developed
at Texas Instruments [Lathrop et al., 1967]. They developed the technique of
discretionary wiring (where a unique final wiring pattern was produced for each
wafer) as the means for reconfiguring the wafer after probe testing. The cost
however of making a unique mask for each wafer precluded commercialization

of the concept. Little work was carried out in this area until 1977.

1977-1984 The rcnaissance of WSI started in 1977/78 with three important pa-
pers that re-awoke interest in the area [Finilla & Love, 1977} [Manning, 1977)
[Aubusson & Catt, 1978]. In his paper, Aubusson coined the phrase “Wafer

15
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Scale Integration”. In the early 1980s there were several attempts at devel-
oping wafer scale products, the most notable of which was Trilogy’s attempt
to put an IBM 3081 processor on an ECL wafer [Peltzer, 1983]. Although un-
successful, they provided much insight into the understanding of some of the
problems associated with this technology. There were also a lot of academic

rescarch on the subject of WSI during this period.

1984 This period, which is continuing today, marks the maturation of WSI technol-
ogy. In particular several projects have been initiated which cope realistically
with the limitations of WSI. Several researchers have also pursued investiga-
tions into the possibility of Hybrid WSI (silicon on silicon hybrids) as a means
of achieving some of WSI’s advantages whilst avoiding the constraints required
for full WSIL.

2.2 Major WSI Projects

Listed below are the major WSI projects, past and present, that have reached my
attention. Projects that have resulted in little published information will of course
be missing from this list. For example, IBM has been reported several times as
having some form of WSI effort [Cole, 1985][ICC, 1987] but have never announced
any details. Only projects that resulted in the fabrication of some representative

device will be described.

Discretionary Wiring Techniques

The first attempt at WSI was developed largely at Texas Instruments and eventually
produced wafers [Lathrop et al., 1967]. The discretionary wiring technique involves
making a unique mask for each wafer that can be used to connect together those
circuits that work. Unfortunately, though many wafers worked, the cost of making a
unique mask for almost every wafer hindered the concept from becoming a commercial
reality. A methodology was devcloped to reduce the number of unique masks required
[Calhoun, 1969] [Calhoun & MacNamee, 1972] but this approach was still insufficient

to achieve commercial practicability.
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Memory and Large Chip Efforts: NTT

Nippon Telephone and Telegraph has had a long interest in defect tolerance
techniques. Three memory WSI wafers were fabricated in the late 1970s and
the early 1980s [Kitano et al., 1980][Egawa et al., 1980] [Ueko et al., 1984]. More
recently they have designed and fabricated a 37mm by 2lmm sorting chip
[Tsuda & Satoh, 1987].

WSI Processor: Trilogy

In the early 1980s Trilogy attempted to put an IBM 3081 CPU onto an ECL wafer
[Peltzer, 1983] [Amdahl, 1984]. Unfortunately, the effort met with failure primarily
as a result of a combination of technical difficulties. Trilogy was trying out a new
design methodology while bringing up a new process line at the same time. In
attempting to do all of this at once they found the combination of achieving an
appropriate balance between high defect counts, maintaining sufficient redundancy
for an economic wafer yield, and achieving high speeds beyond the technical resources
of the company [Jones, 1987} [Fischetti, 1984)].

Nevertheless Trilogy still believes that they would have succeeded in the end
though the extra effort and delay would most likely have made their product unprof-
itable [Fischetti, 1984].

VHSIC Phase 2 and TRW

The U.S. Department of Defence’s Very High Speed Integrated Circuit (VHSIC)
program has entered its second phase where the aim is to obtain a 20 fold performance
improvement over the Phase-1 microcircuits [Klass, 1986]. It is intended that this
performance improvement be obtained by decreasing the minimum feature size to
0.5um, increasing the speed to 100MHz and increasing the circuit density to to over
100,000 gates for 9mm square chips.

Two of the VHSIC Phase-2 contractors, IBM and Honeywell, aim to achieve these
objectives by fabricating 9mm square CMOS or TTL chips and packaging the chips on
small (100mm or less) ceramic hybrid boards. (Honeywell also has a separate silicon
hybrid program.) TRW, on the other hand, is taking a more aggressive approach
and fabricating 36mm square “superchips” in TTL and CMOS to achieve their goals
[Ele, 1986]. A list of the superchips is given in Table 2.1. Each superchip is either

one quarter or one third of a complete wafer.
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Chip Type | Process | total | usable | chip size | yield | power status
devices | devices (in.) % (W)
(M) | (M)

FFT bipolar | 3.9 2.2 |14by14| 38 |7.8-16.7 | optional

2 Mb CMOS | 27.9 188 |1.4byl4| 50 4 funded
four port

SRAM

Signal CMOS | 27.9 98 |14byl4| 29 7.9 funded

Processor

Data CMOS | 34.7 21.7 | 14by 18| 20 8.5 optional

Processor

Associative | CMOS | 10.1 7.1 14by 14| 45 9.5 optional
Processor

Convolver | bipolar 10 6.2 1.4 by 1.8 | 42 14.5 funded

Correlator

Table 2.1: TRW’s superchip set

Unfortunately processing problems have so far prevented TRW from accomplish-
ing their initial superchip aims. It was originally intended that E-beam techniques
would be used to provide trench isolation in their 0.5um CMOS process. However
they were never able to do this repeatably so their aims had to be scaled down
[Waller, 1988]. Instead of fabricating a 27.9 million transistor CMOS signal proces-
sor a 4 million transistor processor has instead been fabricated on a 1.3 in. by 1 in.
die. The two designs are essentially the same except that the latter has no on-board
RAM.

TRW has not released details of the defect tolerance techniques employed but
it appears that the nonreplicated modules are using Triple Modular Redundancy
(TMR) and the replicated modules have spares that can be configured in via ‘soft’
reprogrammable switches. The use of soft switches for reconfiguration means that the

system can also be reconfigured in the field. These techniques bring the anticipated
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yields up from an estimated 10% (with an expected 200 to 250 defects per square
centimeter) to the figures given in Table 2.1.

The elements of the superchip set are all self testing with the test circuits occupy-
ing from 18% to 25% of the total chip area. The remainder of the difference between
“usable devices” and “total devices” 1s probably used for spares.

Even with the heat densities indicated in Table 2.1 no packaging problems are

anticipated.

WSI Disk

Formerly known as Sinclair Research [Inf, 1984], Anamartic’s plans are to concentrate
on what they perceive to be a market for WSI memory components.

It has long been recognized that between primary memory and disk memory
there exist large gaps in terms of access time and cost per bit. Bubble memories were
developed in an attempt to fill this gap. Anamartic perceive WSI based memories as
succeeding here [Wilkinson, 1987).

Their studies have shown that a WSI based disk replacement unit would be
cheaper than one based on conventional DRAM chip/PCB mount technology and
would be more compact than one based on high density hybrid packaging techniques.
Thus they see their WSI memories as providing a very high density memory unit that
is more compact than primary memory whilst being faster and more reliable than
disk memory. For compatibility they have made the interface to the WSI system look
like a disk interface.

So far the company has fabricated a number of prototype wafers
[Jesshope & Moore, 1986], which they will be enhancing with additional funding
[Ele, 1987].

The company sees another possible market in applications where highly robust

secondary memories are required.

RVLSI Program

A technologically orientated WSI program has been on-going at MIT’s Lincoln Lab-
oratories for several years with U.S. Department of Defence funding. The program
has been orientated at bringing into service techniques for restructuring wafers using
laser fuses and antifuses.

In the Restructurable VLSI (RVLSI) program reconfiguration is performed by

laser programming of an interconnection network laid out between processing el-
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ements. Initially the processing elements are not connected. After testing, fuses
are blown and antifuse joins created in order to obtain a desired final connection
pattern [Raffel, 1986] [Anderson, 1986). The original fuses and antifuses required
extra processing steps above those in normal fabrication lines [Wyatt et al., 1984]
[Chapman, 1986] and have proven to be highly reliable. However the program now
has designed a lower performance laser antifuse that does not require additional pro-
cessing steps [Chapman et al., 1987].

The program has produced a number of wafers for signal processing appli-
cations which were mainly intended as technology demonstrators {Rhodes, 1986]
[Gaverick & Picrce, 1983] [Raffel et al., 1985] [Mann & Rhodes, 1986]. More re-

cently the group has branched into the fabrication of neural networks.

2.2.1 ESPRIT 824 Program

This program is an European Economic Community funded venture into Wafer Scale
Integration. Funded to the level of approximately $US4.4M, with the industrial
affiliates providing half of their own funding, this project spans four countries, six
institutions and involves about 30 workers [Trilhe & Saucier, 1987].

In all of the proposed wafers, connections are to be made between working ele-
ments using CMOS transmission gates. Various technologies for programming these

gates which are under investigation include:

1. Floating Gate FETs. E-beam programmed floating gate FETs are considered
an attractive technology because of their high density and reprogrammability

[Girard et al., 1987].

2. Laser fuses. The cutting of aluminium and polysilicon lines is a technique that

leads to highly reliable open switches.

3. Serially programmed latches. The switches are programmed by serially fed in

commands.

On many modern fabrication lines wafers are produced by stepping a scaled mask
(usually containing a 10x magnified pattern) across the wafer. This creates a po-
tential problem for a wafer scale part as it is desirable that some areas of the wafer
have different masks than others, in particular around the periphery where the pads
are. In the ESPRIT project this is solved by placing a sct of unconnected pad drivers
around the edge of the repeated 1:10 mask. A final 1:1 lower density wafer-wide
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aluminium masking step is used to place the required peripheral pads and connect
the required pad drivers only.

Another serious problem facing a wafer scale designer is that of distributing
the required power over thin film aluminium without significant voltage drops and
metal migration. One possible solution being investigated is the formation of a
low cost, low resistance copper pattern on top of the passivation layer of the wafer
[Barrett et al., 1986] [Barrett, 1987].

Three WSI designs are being planned for this project, namely a static RAM, a
SIMD array and a defect tolerant microprocessor [Trilhe & Saucier, 1987].

4.5 Mbit static RAM

This RAM will be implemented in a four inch 1.25m CMOS process like the other
two projects. Unlike the Anamartic disk replacement it is logically organized as a

conventional memory with 16 address lines.

SIMD Array

Intended mainly for image processing applications the aim of this project is to produce
a 128 by 128 array of bit serial 30MHz Processing Elements (PEs) on a single wafer
[Ivey et al., 1987]. This wafer has the capacity to replace 10 boards of conventional
chips. An intcresting facet of this scheme is that it will use a electron beam machine
to test as well as to program the floating gates. Electron beam testing is normally
considered uneconomic for VLSI design because of the excessive testing time required.
However in this case the testing time is substantially reduced by using signature
analysis, with all of the PE’s signatures being produced in parallel, and then using
the E-beam tester to read these otherwise difficult to access signatures. The E-beam
tester, which is based on a scanning electron microscope, is then used to test the
connections in parallel.

Each PE of the array consists of a serial adder/subtractor, two 64 bit RAMs and

steering logic.

Large chip Microprocessor Based System

The motivation for this project is to develop a means for building large systems on
a single large chip by (1) providing a set of building blocks, the primary block being
a defect tolerant microprocessor [Genestier et al., 1986], and (2) providing a flexible

interconnect in the form of a sea of gates. From these a microprocessor system that
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can be dynamically reconfigured to meet changing requirements is produced. By pro-

viding different mixes of predefined building blocks a broad range of microprocessor

based ASICs can be quickly developed.

WSI Associative String Processor: Brunel University

The WSI Associative String Processor (WASP) is intended to be a wafer scale exam-
ple of a homogeneous, reconfigurable and programmable, fine-grain parallel process-
ing architecture [Lea, 1987][Lea, 1986] based on associative memories.

The basic architecture of the WASP is a sct of Associative String Processor sub-
strings that can be flexibly interconnected into full string processors. Each ASP
substring can be programmed scparately so that the whole machine can operate
either in SIMD, SISIMD or MISIMD mode. Each substring consists of a set of As-
sociative Processor Elcments (APE) which operate in SIMD mode and can also be
flexibly interconnected. Each APE consists of registers, a comparator, and control,

communication and processing logic.

MNOS Transistors: McDonald Douglas

McDonald Douglas has had an interest in WSI since 1971 [Hsia et al., 1979] and
though nothing has been published since 1979 some continued attention appears to
have been focused on military applications. Hsia’s technological approach to WSI
was to usc the nonvolatile MNOS (metal-nitride-oxide) transistor for reconfiguration.
The MNOQOS transistor is similar to the MOS transistor except that the gate oxide
layer is replaced by a silicon nitride layer over a thinner silicon dioxide layer. By
applying a moderately high voltage to the gate (about 25 volts) the silicon dioxide

layer becomes permanently conductive through the trapping of charge carriers.

ALVEY WSI Program

This British project funded with about $US2.2M of government funds and matching
industry funds is mainly intended as a means to fund various connected lines of

research. The primary participants in this project are [Moore, 1987]:
e GEC,
e Plessey,

e ICL,
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e Brunel University,

with Oxford and Southampton Universities being minor participants.

The main emphasis of this program is on Systolic Processing, with the industrial
affiliates reportably having relatively little intercst in full WSI. GEC has interests
in the automated synthesis of Systolic Arrays. Plcssey i1s developing a super Digital
Signal Processor. ICL is experimenting with silicon hybrids. Brunel is using the
project to continue funding on WASP,

Oxford University has several small research projects in process and is collabo-
rating with GEC. Southampton University has brought up its own I*L line and has
fabricated a wafer scale memory on it [Bentley & Jesshope, 1986].

Other WSI projects

Micron Technology has announced a project to produce a 4Mb CMOS DRAM by
clustering four 1Mb parts onto large single chips, and using Hamming codes to handle
defective bits [Ele, 1985b).

In 1985 Inova Microelectronics Corp. announced that it intended to build 256-K
static RAMs onto single pieces of silicon by using 8 interconnected 64-K SRAMs
[Bennett, 1985]. Their redundancy technique allowed half or fully working 64-K
“cells” to be interconnected to form the 256-K parts. The parts were packaged in
regular 28 pin DII’s and it was predicted that they would have an access time of 55
ns. This will gave them four times the density of the then conventional 64-K RAMs
and twice the speed of more recent 256-KK SRAMs.

ITT Corp is another company working on what it calls “Large Area Integration”
[Ele, 1985a]. However instead of aiming at the memory market a group in Shelton,
Connecticut, is building a large chip cellular array processor based on bit-slice tech-
nology. Similar in architecture to Goodyear’s MPP supercomputer or ICL’s ple, the
cellular array processor uses bit-parallel rather than bit-serial elements. These cle-
ments can be configured into separate, variable word-length blocks. Defect tolerance
is handled by the switching of signals around defective elcments.

GTE laboratories have investigated implementing multiple pipeline serial proces-
sors in WSI [Fried, 1984].

AT&T Bell Laboratories have an interest in Wafer Scale Integration as part of a
larger novel packaging project [Franzon et al., 1987| [Franzon & Tewksbury, 1987].

Purdue University has carried out research aimed at exploring the possibility of

placing an array of configurable highly parallel processors (CHiPs) [Snyder, 1982] on a
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Figure 2.1: Cross section of Mosaic’s silicon circuit board

single wafer [Hedlund, 1982] [Hedlund & Snyder, 1984]. Reconfiguration was carried
out by programmable switches which could be used both for defect tolerance and
for achieving different interconnect patterns. ICs containing the CHiP processor and

some switches were fabricated but the study is essentially complete [Hedlund, 1987].

2.3 Major Hybrid WSI Projects

As discussed in Chapter 1, Hybrid WSI, or silicon on silicon hybrids, retain many of

the benefits of pure WSI whilst avoiding some of its problems.

Mosaic’s Hybrid Wafers

Currently Mosaic Systems Inc. has in manufacture a hybrid silicon product that is
essentially an electrically programmed silicon circuit board [Bogdan, 1987]. Versions
of these boards are currently commercially available.

A cross section of the hybrid board is illustrated in Figure 2.1. It consists of four

4

metal layers beneath a “sea of bonding pads”. The first two metal layers form the
VDD and VSS planes. The next two layers form a matrix of orthogonal, parallel lines
separated by amorphous silicon antifuses. These antifuses can be short circuited by
high (20V) voltages but remain open circuited at normal switching voltages.
Electrically any formed line acts as a lossy transmission line with impressive delay
characteristics. With their Series 2000 lines, the circuit does not require any special
placement considerations if delays of no less than 2ns are acccptable. With their

Series 3000 lines delays down to 350ps are possible with no special placements and
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smaller delays can be achieved by considering placement carefully. As the lines are
lossy they require no terminating impedances.

Currently the Universally Programmable Silicon Circuit Boards (Unipro SCBs),
as they are known, are fabricated in one inch square sizes for the mass market. Three
inch square wafer boards are also available. On the one inch boards 2758 0.12mm
square signal pads are provided at a 0.3mm pitch. This allows high pinout ICs to be
accommodated easily.

One prototype product already announced is a 1.1 Mbit static RAM being de-
veloped by Westinghouse Electric Co. for testing in a military project [EPP, 1987].
Consisting of seventeen 64Kbit SRAMs and seven buffer ICs, this module is built on
two one inch SCBs and is packaged in a quad width flat pack.

Mosaic’s SCBs have the particular advantage that high performance prototypes

can be quickly turned around, the board configuration process taking only two hours.

Advanced VLSI Packaging Technology: AT&T Bell Labora-

tories

Standing for Advanced VLSI Packaging, AT&T’s AVP Technology is based around
a highly doped silicon wafer on which layers of conductors and dielectrics are cus-
tomized. The AVP wafers consist of copper power and ground planes, three copper
signal layers and a top layer of surface mount pads. Polyamide dielectrics separate
the signal layers to reduce capacitance.

Signal line widths and spacings of 10pm are used giving low noise and low capac-
itance interconnections [Giffcls et al., 1987]. These interconnections are designed to
achicve a 50§ characteristic impedance [Lyman, 1987]. It has becn estimated that
the AVP wafers will be able to operate at frequencies above 50 MHz synchronously
[Bartlett et al., 1987] and up to 100 MHz asynchronously. Speeds of 45MHz have
been demonstrated [Colbry et al., 1987].

The IC dies are flip mounted onto the wafer surface. Solder bumps or gold contacts
are used to form the connections between the chip and the substrate. Flip mounting
reduces the capacitance and inductance in comparison with lcaded connections.

Two example subsystems have been built using this technology. The first was a
1.0 inch by 3.0 inch substrate for the three chip set WE32100 32 bit microprocessor.
The advanced packaging increased the operating frequency by a factor of three and
decreased the required board space by a factor of seven over conventional packaging
[Lyman, 1987].
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The second is a 256 input by 256 output nonblocking crosspoint switch
[Colbry et al., 1987]. The switch consists of twenty four 6mm by 3.3mm 1pm CMOS
ICs flip bonded onto an AVP wafer. Each IC contained 166 I/O pads. The switch
dissipates 15 Watts and runs at 45 MHz. It was calculated that the conventionally
packaged equivalent system would have dissipated 192 Watts due to the larger drivers
thus required. Providing full size pads would have resulted in a 30% area growth for
the chips involved. Additionally routing the huge amount of wiring required would

have been very difficult.

Wafer Transmission Module

Developed at Rensselaer Polytechnic Institute (RPI), the Wafer Transmission Module
(WTM) is a hybrid wafer approach based on high speed thick film transmission lines
[Donlan et al., 1986]. The structure contains two interconnection and two power
layers onto which IC dies are mounted by wire bond, flip mount or TAB bonding
techniques. The WTMs experience a high yield due to the use of thick films and
conservative design rules. In addition it is possible to repair many wafer defects
using electron or focused ion beam techniques [Lin et al., 1986).

The WTMs can be made as three or four inch square wafers. The three inch
wafer can mount 16 chips and has 120 I/QO pins. The four inch wafer can mount 37
ICs and has 276 pins. Wiring channels are provided between the chip sites. Wiring
delays may vary between sub-ns and 3ns depending on the connection length.

In cooperation with Tektronix, an example high performance system has been
built using the WTM approach [Greub et al., 1987]. Referred to as a Fast Reduced
Instruction Set Computer (FRISC), it utilizes advanced silicon bipolar differential
logic ICs with 66ps gate delays. Containing 14,500 gates, the FRISC architecture is
realized with 11 dies mounted on a 3.4 cm square hybrid and dissipates 40W. An
operating frequency of better than 125MHz and a pipelined instruction rate in excess
of 125 MIPS are expected with worst case wafer interconnect delays being 70 ps for

12mm conncctions.

High Density Hybrid Wafer Connections

Based in Grenoble, France, LETI has developed a hybrid wafer module with a num-
ber of interesting differences [Nicolas, 1987]. Technologically the project has three

interesting aspects:
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1. A dry process for creating high density microbumps for flip chip bonding.
LETIS’s microbumps can achieve densities of 400 bumps/cm? compared with
densities of 50 bumps/cm? achievable with traditional technologies. Their mi-
crobump technology also requires a smaller capital investment than other ap-

proaches.

2. Through-wafer vias formed by laser drilling. This allows through the wafer

connections for power and signal lines.

3. A high density multicontact edge connector has been developed for connection
to these wafers. The contact pitch can be fixed between 0.3 and 1.27 mm with

up to 600 contacts in one connector.

LETT’s philosophy on in-wafer interconnect is to use chip type fine geometry lines
for short connections and thicker, faster lines for long connections over low dielectric

insulators.

Active substrate hybrid wafers

The concept of the active substrate hybrid wafer is to fabricate the wafer as a pro-
grammable interconnection system on to which ICs are bonded [Franzon et al., 1987]
[Wooley et al., 1987]. An active substrate would allow the construction of a repro-
grammable system that could respond to different user needs as well as possibly to
failures. The active substrate could also be used to provide a high speed implemen-
tation of the system “glue”.

To achicve high speeds bipolar devices would be preferred for the active substrate

but examples have been built using CMOS substrates for the purpose of this thesis.

Other HWSI Projects

Hitachi have used a similar approach to the AVP approach to form a 7 ns, 128 Kbit
ECL RAM in a 14.2mm by 25mm module [Lyman, 1987]. Eight RAMs and one
logic chip are flip mounted onto a double layer metal silicon substrate which is then
attached to a silicon carbide ceramic heatsink. The substrate is then mounted in a
96 lead flat pack.

A group at the Alabama Microelectronics Science and Technology Center of
Auburn University are developing a silicon hybrid technique that involves placing
the ICs in etched holes in the wafer [Lyman, 1986). The ICs are dropped in whilst
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the wafer, with IC, is placed against an optically flat surface. The IC is then glued
in place by a polyamide binder. The end result yields steps on the wafer-binder-IC
surface of less than 2um. A second layer metal process is then used to connect the
ICs with the first layer metal interconnect already on the wafer.

Honeywell have developed silicon substrate techniques based on two layer alu-
minium interconnect fabrication technology and a flip chip solder bump surface con-

nection technology [Huang et al., 1983].

2.4 Three Dimensional Packaging

Theoretically, pure three dimensional VLSI systems have significant advantages over
two dimensional systems [Rosenberg, 1983b).

In a practical sense too the prospect of three dimensional packaging and three
dimensional communications through the package would be expected to lead to a
number of advantages. Many WSI and HWSI boards will contain more functionality
than is usually present on a conventional PCB. Restricting communications to the
edges only may overly constrain system connectivity. Furthermore many algorithms
and architectures would map more efficiently onto systems with three connection
dimensions rather than two.

Communicating in the third dimension is not without problems however. The
surface area and power requirements of the connections will be at least an order of
magnitude larger than the requirements of the connections placed in the first two

dimensions.

Microbridge Connections

Hughes Research Laboratories have developed a 3D wafer structure based on a mi-

crobridge connector as illustrated in Figure 2.2 [Grinberg et al., 1984].

Physically the microbridge consists of an aluminium bridge, raised 2.5 ym above
the surface of the wafer, connected to an aluminium feedthrough that passes through
the wafer. The area required is about 0.5 mm squarc but the surface under and
around the bridge can be used for circuitry. In the proposed architecture each cell
will fit within the area provided by the square defined by the diagonal formed by the
bridge.

The compliant spring type structure created by using a raised bridge allows con-

tact to be maintained over the expected range of wafer warping. This separation
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Figure 2.2: Microbridge connector structure developed by Hughes.

from the array surface also results in a low capacitance. No studies have been carried
out on the reliability of the connection.

Hughes is building a 3-D signal and image processor based on this technology
using the architecture given in Figure 2.3. The processor is intended for handling
two dimensional problems. It consists of a 128 by 128 two dimensional array of bit
serial processing elements, each element being formed by vertical connection of sub-
components through the wafer stack. Each wafer in the stack contains one type of
component only, which when combined with the components on the other wafers,
forms the PE. A data bus runs vertically through the stack connecting the PE com-
ponents over the microbridge connections.

Processors are built out of five components types: memory, accumulators, repli-
cator planes (for the transmission of global variables), counters and comparators.
Each is fabricated as a WSI array of identical components. Only the memory and
replicator wafers have in wafer connections between neighbouring elements.

Redundancy is of course required for reasonable wafer yields. This has been
achieved by duplicating the PE at each microbridge site and connecting one of the
survivors (or one of the neighbour’s survivors, depending on the particular scheme)
to each vertical bus line.

It is intended that the 3-D processor will operate at a speed of 10MHz. This is
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Figure 2.3: Basic structure of Hughes 3D computer

fast enough to enable a 256 x 256 matrix multiply to be carried out in 12.0 ms at
an effective instruction rate of 10* mops.

Power dissipation was seen as a potential problem. It was reduced by by using
CMOS exclusively, operating at a frequency of only 10MHz and having an architec-
ture that uses only 2.5 functional planes per bus cycle. As a result no special cooling

techniques are required.

Through the Wafer Optical Interconnect

As silicon is transparent at wavelengths above 1.1um, AT&T Bell Laboratories have
developed another solution to the 3D interconnect problem that uses free space optics
[Hornak et al., 1986] [Hornak & Tewksbury, 1987].

Optics provides quite a different medium for communications than electronics.
When compared to electronics, optical communications are characterized by very
high speeds (up to 200MHz), larger driver and receiver sizes, a higher power con-
sumption, and possibly a longer latency, depending on the received power. Size,
power consumption and latency have tended to prevent optics from being used for
planar on-chip interconnect. However when compared with electrical connections be-

tween wafers they become attractive, particularly when reliability, repairability, data
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Figure 2.4: Through the wafer free space optical interconnect

rate and size are considered.

The concept being experimentally tested at AT&T Bell Laboratories is illustrated
in Figure 2.4. In this arrangement, the optical sources are formed from an array of
InGaAs/P 1x12 LEDs and the receiver is a matching p-i-n array. The linear array
spacing is 250um, which is about the same as regular bonding pads. To improve
the optical coupling and reduce the crosstalk between the non-directionally radiating
LEDs a “lens” array of Fresnel zone plates 1s placed between the emitters and sources.

Because the source and receciver are physically close (about 1mm) the optical
signal at the receiver is strong enough that a low latency can be achieved, when
compared with fibre-optic systems. High throughputs can also be obtained, though
at the expense of high power requirements with 100mA of current being required to
operate each source at top speed.

There is considerable scope however to reduce the power consumption by using a
split and modulated central light source rather than multiple point sources. In the
short term higher power density can be handled by circulating an appropriate coolant
through the spacer. However it is anticipated that in early applications interconnect
density will largely be limited by heat dissipation limitations.

Optical communications forms the core of the stacked wafer module as illustrated
in Figure 2.5. The wafer stacks themselves can be joined together with 100 line/inch
microcables connected through silicon micro-groove etched connectors.

A mesh-connected multicomputer architecture has been proposed for this tech-

nology as illustrated in Figure 2.6.
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Chapter 3

Yield Modeling

3.1 Faults 1n Silicon

Physical failures in integrated circuits can be broadly divided into three classes
[Abraham & Agarwal, 1986,Mangir, 1984]:

1. Failures induced during chip die fabrication;
2. Failures induced during packaging;

3. Failures that become apparent during ficld operation, due mainly to wear out

mechanisms.

These classes are interrelated to some extent. In particular, defects introduced during
fabrication or packaging may not manifest themselves as faults until some period of
field operation has passed.

For chips most failures are manufacturing related. For example one large NMOS

product experienced the following failure rates [Little, 1980]:
e 40% of the dies failed initial probe test after manufacturing;
o 0.5% - 3% of the packaged parts failed during burn-in;
e 0.01% of parts failed during shipping;
o 1% of parts failed during a 10 year product life.

The percentage of parts that pass the initial probe test of the unpackaged and
unseparated dies is referrced to as the Yield. Yield related failures manifest themselves

in one of two forms [Mangir, 1984]:

34

Petitioner Samsung Ex-1031, 0050



e structural failures,
¢ performance failures.

Structural failures manifest themselves as a failure to meet functional specifications.
Performance failures manifest themselves as a failure to meet speed or power require-
ments or as complete failure.

Defects come as either point defects, area defects or line defects. Not all defects
result in failures, depending on where they fall. Approximately 60% of the yield loss
on most lines is due to point defects. Approximately 30% of wafer defects come from
the chemicals and the water used in the process [Dicken, 1988]. Point defects tend
to result in structural failures and vary in size from sub-micron to over 100um. Area
defects cover large areas of the wafer and tend to be associated with performance
failures. Line defects usually result from poor handling and are generally avoidable.

Defects can arise from a number of sources:

1. Photolithographic Defects.

Photolithographic defects result from extra or missing patterns introduced
when the lithographic masks are used to generate the layout on the silicon. The
main cause of photolithographic defects are air-borne or chemical-borne parti-
cles either adhering to the masks or to the wafers. Photolithographic defects
are usually point defects and result in faults such as missing or extra metal pat-
terns (leading to opens and shorts respectively.) Oxide pinholes are also caused
by photolithographic defects. The main remedy for reducing photolithographic

defect counts is a cleaner room. Automation can help in achieving this.

2. Process Control Errors.

Defects can also result from process steps apart from photolithographic
steps. During crystal growth, crystal defects may result in structural failures
while chemical inclusions may act as recombination and generation centres and
degrade performance. Contamination results in performance failures as do im-

proper doping profiles and thin film errors.

Packaging related failures include lack of a hermetic seal, bonding failures, thermal
coefficient mismatches, and lack of thermal dissipation paths resulting in mechanical
stresses due to thermal expansion.

Field operation or reliability, as opposed to yield, failures exhibit failure rates that

follow the well known reliability “bathtub curve”. A typical failure rate bathtub curve
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showing dominant reliability concerns and remedies for these concerns is reproduced
from [Woods, 1986] in Figure 3.1. In general, yields and infant mortality rates tend to
track each other as both are determined primarily by defect levels. Thus any effort to
improve yield tends also to improve infant mortality rates. The relationship between
yield and reliability is not quite as strong. For example, features that improve the
yield of the metalization step may result in an earlier onset of electromigration failures
[Woods, 1986].

Temperature considerations are also important if one is to consider reliability
trends. As chips become denser, and the number of pins remains almost constant,
chip power density will increase without a corresponding decrease in the thermal
resistance to a heat sink. As reliability is seriously degraded by higher temperatures,
more complex cooling techniques, such as direct die attachment and liquid or gaseous
coolants, will become more important. Voltage scaling can of course be used to
alleviate this.

Given the complexity of physical failure mechanisms in silicon circuits a very
important issue is how to develop fault models that are both easy to use for the
purpose of generating test vectors and also reflect the impact of the vast majority of
physical failure mechanisms. A discussion of this problem is beyond the scope of this

thesis.

3.2 Non Fault Tolerant Yield Models

Yield modeling concerns itself most with what the process engineer is trying to avoid
— defects! This makes the formulation of satisfactory yield models difficult. However
yield models play an important role in the semiconductor industry in three important

ways:

1. Wafer Probe Analys:s.

The aim of Wafer Probe Analysis is to provide a tool to the process engineer
to enable yield improvement. By quantitatively modeling actual device yield

the major yield detractors can be more readily identified [Stapper et al., 1982].

2. Device Yield Prediction.

Accurate device yield prediction enables most efficient use of a production
line, particularly one producing a range of products. Yield prediction also en-

ables one to determine product costings in advance, perhaps so as to make prod-
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Figure 3.1: Reliability failure rate bathtub curve.
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uct range choices and to determine ultimate capabilities, in particular largest

economic chip size [Moore, 1970,Murphy, 1964].

3. Technology Yield Prediction.

The object of technology yield prediction is to forecast the yield effect
of making changes to a process line. Examples include design rule optimiza-
tion and adding additional steps {Ipri & Sarace, 1977] [Turley & Herman, 1974]
[Ipri, 1980].

Defect maps show two distinct defect types: aree defects and point defects. As
these two types are very noticeably different it has traditionally been accepted,
and found useful, to model yield by an equation of the form [Stapper et al., 1983]
[Paz & Lawson, 1977] [Mallory et al., 1983] [Ham, 1978]:

Y =Y5f(Do, A, a), (3.1)
where
Yo = (1 - fraction of wafer suffering from area defects only)
or Gross yield,
f(Do, A,a) = fraction of chips on wafer lost due to random defects,

Dy = average random defect density,

A = chip area susceptible to defects (or critical area),

a = measure of spread of defect density, D,

often fixed by the yield equation,

If random defects were purely (ie. homogeneously) random then the random
defect yield would be a Poisson distribution and the probability of there being no
defects in an area A would be:

Y = Ype D04, (3.2)

However so called random defects have definitc nonhomogeneous densities. Defect
densities vary substantially between wafers and between different areas on a wafer. It
has generally been observed that yields are a lot higher in the central half of the wafer
than in the outer half of the wafer. A slight decrease in yield just in the centre of the
wafer has also been observed. The yield ratio between edge and non-edge chip sites
may even be as high as three or four to one [Yanagawa, 1969]. Furthermore it has

been found that defects have a tendency to cluster in both small (ie. O(100y)) and
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large (ie. over several chip sites) clusters. An example of clustering on a wafer is illus-
trated in Figure 3.2. With defects being distributed non-randomly, Poisson statistics
becomes inapplicable. Even in the early days of LSI it was found that predictions
made using Equation 3.2 proved to be overly pessimistic [Murphy, 1964,Moore, 1970).
It was hoped that in the VLSI era defects would become purely random, due to im-
proved process control, but this has not occurred [Stapper, 1986b)].

It has also been noted that observed fault distributions do not follow Poisson
statistics. Poisson statistics would require that the distribution of the number of
defects, k, in a given area, A, follow [Stapper, 1973]:

P(X =k)= e*DoA(—D—z‘!i)f, (3.3)

with a variance equal to the mean. However it has been found that actual distribu-
tions measured on product lines have variance to mean ratios of anywhere between
4 and several 100 [Stapper, 1986b].

Murphy was the first to suggest that this deficiency in Poisson statistics could be
handled by using compound Poisson statistics [Murphy, 1964]. He suggested com-
pounding Poisson statistics with a distribution for D, f(D):

Y = /O " ¢ PAf(D)dD. (3.4)

He cvaluated this for two forms of f(D): the rectangular and triangular (which
was intended to approximate Gaussian) distributions. These are given, with results
obtained by using other distributions, in Table 3.1. Murphy’s law, based on the
triangular distribution, remained in use at Bell Laboratories and Western Electric,
as well as on other process lines, until at least well into the 1970’s.

The use of an exponential form for f(D) was first suggested by Seeds [Seeds, 1967].
The resultant yield formula was later derived by Price using a different set of assump-
tions [Price, 1970].

Stapper proposed using a Gamma distribution for f(D) [Stapper, 1973] based on
a suggestion first published in [Okabe et al., 1972]. Stapper successfully fitted the
resultant distribution function for the number of faults per wafer to a series of test
wafers. The resultant yield equation,

1

Y = Y ,
®(1+ DoA/a)>

(3.5)

has been 1n use at several IBM facilities, as well as other fabrication lines, since its

introduction. Successful fit of this equation to experimental data has been reported
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sd = ¢ = standard deviation

Distribution of D Y/Y, =
e~ Dod (Poisson)
0 Dy D
_—DgA
(-—1 BOAO )2 (Murphy)
1—6—2D0A
-D 2Dy A
0 2D
Exponential
N 1
1+DA
. >
0 Dg
Gaussian
sd %e(_DoA+<’2_go_i)x
0 Dy
_L1(B=Dgy2
e ) {1+ erf[ (2 ~ o DoA)]}

d2
54 Gamma
1 »-
Do
o Dya-1 07926
VE(QDG e
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(14 DpA/a)

Table 3.1: Yield formula for different defect density distributions
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several times [Okabe et al., 1972] [Turley & Herman, 1974] [Paz & Lawson, 1977]
[Dingwall, 1968], which is significant considering how little data is published in this
usually proprietary area.

Some authors have objected to Murphy’s conjecture that a continuous Proba-
bility Distribution Function (PDF') can be assigned to the defect density. In par-
ticular Hu has argued quite vehemently that the defect density distribution is best
described as non-continuous. He points at clustering as being a major reason for this
[Hu, 1979, Hu, 1984]. Hu claims that using compound Poisson statistics results in op-
timistic yield predictions, particularly for VLSI chips. Thus, Hu suggests, yield can
only be determined by dividing each wafer into regions, determining the average de-
fect density for each region, applying Poisson statistics to each region and summating
the results. Other authors to suggest that this, or a similar, approach is preferred in-
clude Warner [Warner, 1974,Warner, 1981} and Hemmert [Hemmert, 1981]. Hu fails
to suggest a method for securing the necessary data for this very detailed yield model.
This would require considerable effort.

Other spatial approaches to yield modeling have also been discussed.
Gupta has suggested that variations in defect density be modeled by ra-
dial and angular distributions (thus ignoring wafer to wafer variations)
[Gupta & Lathrop, 1972,Gupta et al., 1974]. Warner and Hemmert suggested a
“window method” of prediction, where yield predictions are made on the assumption
that chip failure rates for smaller chips can by mapped, on an area basis, onto larger
chips by treating these larger chips as groups, or (pancd) windows, of the smaller
ones. The obvious difficulty of this approach is that small chips will generally have a
larger percentage area, particularly in the pads, that is relatively empty and thus less
susceptible to defects. This will result in underestimates of yield. Further objections
to these approaches can be found in [Stapper, 1975,Stapper, 1981].

In practice however Stapper does indicate that several fabrication plants do model
yield by dividing wafers into two, three or five regions, applying Poisson statistics to
each region [Stapper, 1985]. However representing f(D) by a continuous function,
namely a Gamma function, can be shown to be consistent with this regionalizing
[Stapper, 1976] [Paz & Lawson, 1977] [Stapper, 1985]. These references show that
by using a Gamma distribution for f(D), regional and wafer to wafer variations in
defect density are properly accounted for. In [Stapper, 1986b] it was also shown that
the effects of clustering are also correctly handled by using a Gamma distribution. In
fact the clustering of defects and the variation in clusters between regions and wafers,

particularly the wafer to wafer variations, are the main cause of the inadequacy of
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Poisson statistics.
Stapper [Stapper, 1986b] has suggested that Equation 3.5:
1

Y =Y, 3.6
(1 + ADo/a)” (36)
should be replaced by: )
= : 3.7
(1 + ADo/a)“ ( )

with a being a function of area A, for redundancy calculations. Y, can be removed
from the yield equation because the largest contribution to large area defects can
be treated as, or often are, large clusters. Thus Y, can be removed by appropriately
setting Do and &. a becomes a function of A so that larger areas are correctly handled.
This makes defect tolerant yield modeling more straightforward. When modeling for
redundancy, in fine grain circuits, (Stapper’s main fault tolerant interests are in high
density DRAMS) it does not directly matter whether a defect is part of a cluster or
not as each defect will affect one circuit only and require the introduction of just one
spare. This may not be true however for coarse grain circuits as small clusters of
several defects could result in one faulty circuit only. It may be the case that as the
grain size of redundant circuits approaches that of ICs, declustering through the use
of a ¥, factor may again become appropriate. Fault tolerant yield modeling will be
discussed in detailed in the next section.

Typical values for the parameters Dy and o are difficult to obtain due to their
proprietary nature. In [Moore & Day, 1984] it was stated that for a 2um line Dy
should not exceed 0.1 defects/mm®. Typical values for « lie in the range from
0.25 to 4 depending on the defect mechanism [Stapper et al., 1980,Stapper, 1986a],
with @ = 1 being a good approximation for for most defect types at IBM factories
[Stapper, 1985]. As a product line matures it is found that the yield improves, Dy
decreases and a decreases indicating fewer, more highly clustered defects.

Despite all this work on analytic yield models many foundries still find empirical
models more satisfactory. Equation 3.5 was used by Dingwall [Dingwall, 1968)] and
TRW [Warner, 1981], with @ = 3 before Stapper placed it on an analytic footing.
Other foundries have used equation 3.5 simply because it tends to provide a good fit
on an empirical basis.

An empirical model of the form

Y = VDo (3.8)

has been used by Moore and others at Intel [Moore, 1970, Warner, 1981]. IBM has
also used similar models with different fractional powers [Stapper et al., 1983]. Other
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foundries have also reported its use. NCR has used a yield model consisting of a
weighted average of Murphy’s and Seed’s models [Gulett, 1981].

Another empirical model was given in [Hurst, 1985

1 — e~(4/40) o
Y = —A/—AO—— x 100% (3.9)
where A, is the wafer area per defect which may be taken as (1985 figures) 1 x 107 um?

for bipolar technology, and 2 x 107 um? for MOS technology.
In practice it is certainly the case that companies will use the yield model that
correlates best with their actual experience. However a model with a purely empirical
basis is of no use to the fault tolerant yield modeler as a fault distribution is required.

Discussion will continue using analytic models only.

3.3 Fault Tolerant Yield Modeling

Fault tolerant yield modeling allows one to determine the level of spares required in
a product. The most elemental approach would be to use Binomial statistics. ze. If,

for a chip containing M circuits each of yield Y}, the non redundant yield Y is,
Y = YM, (3.10)

then the addition of R redundant circuits or spares would increase the yield to
[Chen, 1969,Tammaru & Angell, 1967]

R
_ (M +R)!  (MtR-n);1 i yn
Y = n§=o: T TR (1-Y)™ (3.11)

This approach assumes that the average number of defects is the same in each circuit
and thus will be highly over-optimistic in practice.
In general, the correct expression for determining fault tolerant yield is derived

from a form like

Y = > Pr(z defects]Pr{z defects being fixable], (3.12)

z=0
where the first probability Prz defects] is calculated from the defect statistics and
the second probability Pr[z defects being fixable] is determined by the the properties
of the scheme used to implement fault tolerance.

If the device is made up of more than one module type then the yield would be
expressed as (for the two module example)

Y = >3 Pr[i defects in module type 1]Pr(j defects in module type 2]

1=0 j=0

x Pr(fixing device with defect distribution (z, 7)] (3.13)
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In both of the above equations the last probability, Pr[fixable], is a function of two
other probability distributions, the expected number of failed modules as a function
of the number of defects, and the probability of being able to fix the device with this
number of failed modules. Expressions for these will be given later.

The first probability, Pr[z defects], is a property of the yield model used. For a
Poisson distribution the probability distribution function (PDF') of getting = defects
is 5
DoA e—DoA_

!

P(X =2)= (3.14)

Using this in Equation 3.12, with appropriate assumptions would result in equation
3.11.

For the situation where the Poisson distribution is compounded by a Gamma
function the probability of getting z defects in a chip of area A is

v Dz +a)(DoAla)®
G S ! @)(1 + DoA/a)ot=

(3.15)

where I'(z) is the Gamnma function.
A review of how this model can be applied to fault tolerant chip memories will

be discussed in the next section.

3.4 Fault Tolerant Chip Memories

In fault tolerant chip memories redundancy is provided through spare rows and spare
columns in the memory array. As the individual cells are so small it is reasonable
to assume that each defect falls in a different cell. A detailed description of how to
model fault tolerant yiclds in DRAMs is given in [Stapper et al., 1980].

As a simpler case, and as a prelude to Section 3.7, the case for static RAMs will
be described here. It would be expected that each fault would manifest itself in one

of four ways:
1. Single cell failure;
2. Row failure (row address line or address decoder);
3. Column failure (bit line or sense amplifier or column decoder if present);

4. Chip kill failure (fault is not repairable by provided redundancy. eg. clocks,

power distribution, pads, ctc.)
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Due to the small size of the cells in higher density circuits, such as DRAMs, multiple
cell and multiple column and row failures would also be common in these circuits. In
current SRAMs yield simulations have shown these to be relatively unlikely due to
the larger size of the cells. Each of these four failures 1-4 above would have a critical
area associated with them: A..n, Arow, Acot and Ay respectively. The total critical
area would be A = Acent + Arow + Acot + Akin. The probability of getting 7 single
cell failures, j row failures and k column failures would be given by
F'i+j+k+a)
I'(a)
(e
(1 + DoA/a)itithk+a
. (DoAcenn)' (DoArow) (DoAcor)
ity lk!

P(i,5,k) =

(3.16)

The yield can then be determined by adding up the respective P(z, j, k)s over fixable
combinations of failures. For example if the memory had one spare row and one spare

column the yield would be
Y = P(000)+ P(100)+ P(200)+ P(010)+ P(110)+ P(011)+ P(001)+ P(101) (3.17)

Stapper [Stapper, 1982] noted that it wasn’t until one reached the scale of 256k
DRAMs that it was necessary to consider dividing the defects into their component
types (metallization, diffusion, pinhole etc.) and using a yield equation based on the

form (ignoring redundancy)

M
Y =Y, H (1 4+ AnDom/am)e™ ™™ (3.18)

m:l
where A,, is the critical area sensitive to defects of type m, Dy,, is the mean defect
density of defect type m, and a,, is its clustering parameter.
The concepts used for modeling fault tolerant memory yield can be extended to

yield modeling for processor arrays.

3.5 Yield Modeling for Processor Arrays

Yield modeling for fault tolerant memories only had the aim of determining the ap-
propriate level of redundancy, the method of introducing that redundancy generally
being via spare rows and columns (with perhaps the use of spare blocks.) For proces-

sor arrays however the elements are larger and organized differently so more complex
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schemes for providing redundancy are required. These schemes usually involve a re-
configuration step using extra wiring provided in the array. Thus here the aims are
a little broader in that the yield model may be used to decide upon a redundancy
approach as well as the amount of redundancy required.

Thus the model should consider three additional effects:

1. The replicated cells are larger so there is a non zero probability of two or more

defects occurring in the same cell;

2. Often all the spares cannot be used to replace a faulty unit. ie. The array

cannot always be reconfigured to make effective use of spares;

3. The wiring used to enable reconfiguration is itself prone to defects and thus

needs to be considered in calculating the yield.

Typically only one approach, based on yield, is discussed. In the research being
reported on here it has been found that there are two approaches that can be useful
when investigating different aspects of expected fabrication line output for processor

arrays, particularly wafer scale arrays:

1. Yield.

The first approach is to determine the expected yield of an array requiring
P working elements with an additional R spares provided, making a total of
N elements fabricated. This would be the most common approach to redun-
dant array modeling. Yield modeling would be used to determine one of three

objectives:

(a) The number of spares required to optimize the yield of a product requiring
P processors. This would thus determine N = P 4 R and the required die

size.

(b) When a full wafer is used the total number of processors N is fixed. The
nature of the product may require that P be known. For example the
application software may require this. In this case the yield model is

required so as to determine for what value of P the maximum yield is
obtained.

(c) The wafer to wafer spread in the number of defects per wafer is usually
higher than the sprcad within any onc wafer, so the resultant spread in

the distribution of the number of processors that survive on a wafer may
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be quite high. With this situation it would be more reasonable to aim
at producing a product with a range of P, possibly a number of discrete
values. A yield model would be used to determine the most suitable values
that could be expected. In memory products these are often referred to as
“partial products” [Stapper et al., 1980]. Considering this spread, it may

be best to take approach 2 below at least for evaluation purposes.

2. Ezpected number of PEs.

At least for the purposes of comparing architectures and fault tolerance
schemes a better approach than 1(c) above would be to calculate the average
expected number of Processing Elements (PEs) in the final arrays. It may be
desirable to exclude low yielding wafers from this calculation as they would most
likely be uneconomic to package. The primary difference between this approach
and 1(c) above, for a practical product, is that a continuum of PE numbers is
acceptable here whereas in the above approach only certain numbers of PEs
per wafer are acceptable. This form of calculation also better reflects the actual
situation. In many applications a wide range of array sizes are acceptable. As
there is a significant spread in the number of defects per wafer, a product range

that can handle this spread will be preferable.

3.5.1 Yield Formulation

The expressions for yield will be developed first, the expression for the expected
number of PEs being an extension of that for yicld.

From equation 3.12, using equation 3.15 for the defect distribution, the yield
of an array of N identical PEs, R of which are spare would be expressed as
[Koren & Breuer, 1984} [Franzon, 1986b]

T(k+a)  (1/a)  (DoAmes)

= P 3.19
,2 [(a) (1+DoA/a)+e Kl . (E20)
where
A = total critical area susceptible to defects
A,..¢ = critical area of replaceable modules only
P.yvr = Probability of successful repair with k defects
Pinr can be expressed as
min(k,R)
Piwvr= Y, QuNCinr (3.20)
1=1
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where

C;vr = Probability of fixing the array with j faulty PEs and R spares
Qi;nv = Probability of k£ defects being distributed in j faulty modules

The C;ngr term represents the ability of the reconfiguration scheme to be able to
repair the array with j < R faulty PEs present. It is either determined analytically for
simple arrays or estimated through Monte Carlo simulation. It should also normally
account for the less than perfect fault coverage of the testing scheme used to determine
which PEs are faulty.

The original formulation of Qjny [Mangir, 1984] had some inaccuracy so a new
form will be presented here. Under the assumption that a defect is equally likely to
fall anywhere on the array (clustering will be considered in Section 3.5.3) the Qy;n

term can be expressed in the form [Franzon, 1985,Franzon, 1986b]

LN 1
Qrin = O; E}(T)W (3.21)
where 8; is a parameter obtained recursively by
Or; = 70k-1,; + 60r_1,;-1, with starting conditions (3.22)
011 = 1, and
b; = Ofork<l,j<lorj>k

A result of these expressions is that 6;; = 1 for £ = j. Additionally it is observed
that

Qiin=0forj>Nandj<1 (3.23)
The derivation of this form of @Qy;n proceeds as follows [Franzon, 1985] (dropping the
N subscript for convenience):

With N modules present if 1 defect falls within these modules (producing a fault)
then the probability of producing 1 faulty module is obviously

Qu =1 (3.24)
If a second defect falls then
Q21 = Pr[2nd defect falls in same module as first]
1
- (3.25)
Q22 = Pr[2nd defect falls in a different module]
= ESt (3.26)
= .
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For a third defect one obtains

Qn = QX
Pr[3rd defect falling in same module again]
LRY
= () (3.27)
Qa2 = QX
Pr{3rd defect falling into one of two already defective modules]
+Qa1 X
Pr[3rd defect falling into a non faulty module]
2,,N-1 N-11
- &HEDH+
3. N-1
= (=) (3.28)
Qs = QX
Pr[3rd defect falling in a fault free module]
N-1,N-2
= EhyE2h (329)
(3.30)
continuing in a similar fashion
Qi = ()
a = (\37)@a
13
= (N) (3.31)
2 N-1
Qe = (-N)Q32+(’—N—)Q31
7T, ,N-1
= Gt (332)
3 N -2
Quz = (N)st +( N )Q32
6 ,N—-2 N-1
N-3
Qas = ( N )Qsa
N-3 N-2 N-1
(3.35)

Higher order expressions for Qx;n can be obtained similarly.
The product part of Equation 3.21 arises naturally from the terms involving N

that appear in obtaining these expressions. The coefficient ;; arises from the ob-
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Served recurrence
Qk,j = JQr-1; + Qr-1,j1 (3.36)

with appropriate boundary conditions.

3.5.2 Expected Number of PEs

The expression for calculating the expected number of surviving PEs E(P) in an

array is given by:
N

E(P) = Y iP.(i) (3.37)

i=1
~ where N is the number of PEs in the array, and P,(z) is the probability of ¢« PEs

being connected into the array:
N
Pi) = 3. CT(). (3.39)
=t

C;; is the conditional probability of a maximum of ¢ PEs being connectable into an
array where j of the PEs are good, and T'(j) is the probability of j PEs being good.
C;; can be determined by Monte Carlo simulation of the particular fault tolerance

scheme. T'(7) is given by

T() = i Qk,N—jnPr(k faults) (3.39)

k=0

where Q¢ n_j,n is the probability that k faults produces (N —j) faulty PEs as given by
Equation 3.21, and Pr[k faults| is the probability of k faults and is given in Equation
3.15. Substitution of Equation 3.39 into Equation 3.38 and Equation 3.37 gives

N N o
E(P) = Z t Z C;j Z Qk‘N_j‘NPT[k faults] (3.40)
k=0

=1 j=t

Since C;; = 0 for j < ¢ equation 3.38 can also be written as

Pi) = Y. G4T() (3.41)

Furthermore an important parameter that is related to C;; is the Utilization U which
is defined as that percentage of good PEs that can be effectively used by the fault

tolerant array, or
. E(@ N ;iCy;
() = 28 - 2
J J

(3.42)
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Equation 3.40 can then be written as

N
1y CyT(5)

=1

N
Z :Ci;T(7)

=1

JU()T(5) (3.43)

E(P) =

I it

I
Mz

ta,
Il
b

which is easier to calculate as accurately determining U(j) requires fewer Monte Carlo
simulations than determining C;; does. For ease of summation on a computer E(P)

is best expressed as

E(P)= E Pr(k faults] E Qen_iNiU(7) (3.44)

=1
and the summation over k can be terminated at 2N in practice without loss of

accuracy due to the small contribution of higher terms.

3.5.3 Effects of Clustering

The expression developed for @4y in Equation 3.21 assumes that defects do not
cluster. ie. that the probability of an additional defect falling within an area, already

contalning say x defects, is proportional to the arca S only, or
Pz + 1 defects|z defects] = ¢S (3.45)

where ¢ is a constant and S is the area under consideration. It has been shown
[Stapper, 1984b] that the yield Equation 3.5 could be derived from an assumption
introducing a form of clustering. The assumption was that the probability of finding

a defect in an incremental arca AS is given by
Pr(1,AS|z,S] = (c + bz)AS (3.46)

where z is the number of defects in the neighbouring area § and b is a parameter

reflecting the level of clustering. This produced the required yield formula with
a=c/b (3.47)

verifying a’s role as a clustering parameter. An adaptation of Equation 3.46 is used

here to provide a method of including the effects of clustering in Qy;n-
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Now it is very difficult to apply a clustering parameter of this form to obtain new
expressions for Q;n as the derivation of these expressions did not keep track of the
number of defects z already in each PE.

Instead the effects of clustering can be introduced into Q4;n by keeping track of
the average number of clustered faults in each PE, k/j. Thus the probability of an
additional fault clustering, with k faults already clustered into j cells, is enhanced
by an additional bz/c factor:

bk
(clustered)Qi41,5N = (1 + Z;) (unclustered)Q@y41 ;N (3.48)

ie. @ gets replaced when k > j with:

k-1)/;
(clustered)Qy ;N = (1 + -(-——)/]) X (unclustered)@y ; v X (Normalizing Factor)
«@
(3.49)
the normalizing factor being required to satisfy the requirement for Q;n that

N

> Qriv =1 (3.50)

J=1

As the average level of clustering over all clustered and non-clustered faults is
used this would turn out to be an underestimate. A more accurate expression for
the influence of clustering is probably not worth developing as the effect of using
equation 3.49 to gain the required results, instead of Equation 3.21, was found to be

typically less than 3%.

3.5.4 Comparison with other fault tolerant yield formula

Two previous authors [Mangir, 1984,Koren & Pradhan, 1985] have attempted to ob-
tain a yield expression for fault tolerant arrays of PEs. Both however produced
expressions for Qjn that did not satisfy Equation 3.50. Since then however Koren

has obtained a new correct form for Q4;n [Koren & Pradhan, 1986]:

Quin = g(_nl ( | ;YN s ) [JN;T (3.51)

where ( I = ;YN = > = W_Iﬁlﬁ]—), is the multinomial coefficient.
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3.6 Critical Area Determination

3.6.1 Purpose of Critical Area Determination

Any yield expression requires two inputs: defect statistics, in the form of Dy, «, and
Yo; and the Critical Area A subject to defects of the device being modeled. The
former can be obtained from defect monitors [Lukaszek et al., 1986,Buehler, 1985] or
(more commonly) from product data. The area is often taken as the die area which
of course may be inaccurate as different products have different layout densities. To
account for this the notion of critical area or susceptible area was suggested, ze. the
chip area that is critically affected by or is susceptible to defects.

The simplest approximate method for calculating critical area is to calculate the
die area and subtract the area consumed by the pads (which can be assumed to be
relatively defect free) and the white space area (extensive regions with no circuitry
or wiring.) Another, slightly more accurate method would be to calculate the total
mask area, te. the total area covered by metalization, diffusion or polysilicon.

These simplified methods are suitable for most yield calculations. However there
are some situations where more accurate critical area figures are required. In par-
ticular any yield monitoring work, especially for process design, requires accurate
critical area determination (though care should be taken to ensure that the resul-
tant defect statistics can be usced with other critical area calculation approaches that
are employed in the products.) Some fault tolerant designs require accurate critical
arca calculation, especially high density DRAMs [Stapper et al., 1980]. The detailed

prediction of product yields may also require more detailed critical area calculations.

3.6.2 General Methodologies and Related Work

Different defect types have varied impacts on the critical area of a chip. Photolitho-
graphic defects arise when dust and other particles produce either missing or extra
patterns, resulting in opens or shorts respectively. Some examples are given in Fig-
ure 3.3. Critical area dctermination for photolithographic defects require conductor
spacing data as well as conductor width data. Pinhole defects, on the other hand,
can only occur in the areas of the relevant oxides that separate two conductive layers.
Thus the critical area for pinhole defects is simply the relevant oxide areas.

Critical area determination for photolithographic defects is approached by first
assuming that defects are circular in shape with a determined size distribution. The

size distribution is normally assumed to take a 1/x* form for defect diameter y above
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Open fault (missing metalization) no fault

/ N

I

Close fault (extra metalization) no fauit

Figure 3.3: Examples of photolithographic defects

a certain threshold as illustrated in Figure 3.4. This distribution was determined
from a long series of observations at IBM plants [Stapper, 1984a]. However there
is no guarantee that this distribution will remain the same as devices are scaled to

sub-micron limits [Ferris-Prabhu, 1988].

The first step is to obtain the critical area as a function A(x) of defect size x,
and then integratc this with the defect size distribution. For simple structures A(x)
can be determined analytically. For more complex structures Monte Carlo simulation
or an estimation technique is required. With the Monte Carlo simulation technique
defects are placed randomly on a layout and the percentage of defects of each size
that result in faults are determined. This percentage is multiplied by the area to give
A(x). This approach has been explored by this author and independently by Walker
[Walker, 1986] [Walker & Director, 1986]. The same method has also been used by
Stapper to determine memory yields [Stapper et al., 1980].

The analytic approach can only be used exactly for simple and regular structures
such as parallel lines. For example the critical area for a long conductor of width w

and length L is given by [Stapper, 1983]

Alx) = 0 for0<=x<=w (3.52)
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Frequency § 2
i]-2a
A
X0 Defect Size, X
Figure 3.4: Defect Size Distribution
Alx) = L(x—w) for w <= x <= oo. (3.53)

Then, referring to the defect distribution in Figure 3.4, if xo < w the critical area

At 1s given by

Agie = /w o':’z‘l(x)P(x)dx (3.54)

= /00 L(x — w)%dx. (3.55)

w

where P(x) = g% is the probability of the defect taking size x. Critical areas for
other simple structures, and further discussion on this approach, can be found in
[Stapper, 1984a] [Ferris-Prabhu, 1985b] [Ferris-Prabhu, 1985a).

Maly attempted to extend the analytic approach to more complex structures by
approximating each leaf cell by a set of parallel lines of different widths and spacings
referred to as a “Virtual Artwork” [Maly, 1985].

In [Chen & Strojwas, 1987] another estimation technique to determine the critical
area for more complex structures is described. This technique involves scanning the
cells to determine defect effects and, like most estimation techniques, is faster than
Monte-Carlo simulation.

It should be noted that in order to use detailed critical area results in a design

the defect density of each layer must be known separately.
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The Monte Carlo simulation approach for determining A.,; is often referred to
as yield simulation [Walker, 1986]. Section 3.7 will discuss the defect tolerant design
of a 200,000 transistor chip. Before presenting the details of that design, the yield
simulator that was developed for determining its critical areas will be briefly dis-
cussed. Section 3.11 will discuss results concerning the general applicability of yield

simulation techniques to defect tolerant chip design.

3.6.3 Critical Area Determination for the Transform and Fil-
ter Brick

A yield simulator was developed primarily with the aim of determining the optimal
redundancy for the Transform and Filter Brick (TFB), a 200,000 transistor signal
processing device designed at the University of Adelaide [Eshraghian et al., 1985].
TFB’s floorplan is given in Figure 3.5.

The yield simulator used the Monte Carlo simulation approach as described above.
The 2um design was parsed into memory on a 0.5um grid and then circular defects
of various sizes were placed on this grid. The arca covered by the defect was then
tested for faults. The percentage of defects that resulted in faults, for a particular
defect size then determines the critical area A(x), as the same percentage of total

arca.

3.7 Determination of Optimal Redundancy for

TFB

The Transform and Filter Brick (TFB) is a 200,000 transistor, CMOQS, pro-
gram controlled, parallel arithmetic processor for signal processing applications
[Eshraghian et al., 1985]. It is designed to perform a target set of real time signal
processing tasks such as correlation, convolution, adaptive and nonadaptive filtering,
and Fast Fourier Transforms, the latter at a predicted speed of 800,000 butterflies
per second. With such a large number of transistors the expected yield would be
low. Thus any yield increase arising from redundancy would be most welcome! From
a consideration of the floorplan the following redundancy schemes become possible

candidates for implementation:

1. The provision of two spare ALUs on the ring bus.
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Figure 3.5: Floorplan for the Transform and Filter Brick
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2. Each ALU is actually made up of identical replicated cells. A spare cell could
be provided to each ALU for redundancy.

3. Each data memory consists of an array of 32 x 16 static memory cells. Redun-

dancy could be achieved through the provision of spare rows and/or columns.

4. The control store is also a static RAM consisting of 128 words, each containing

63 bits. Spare rows and columns could also be used here to increase yield.

Before calculating the yield improvement it is also important to consider the

possible detrimental side effects of providing redundancy:

1. Additional test procedures may be required to isolate the fault, rather than

just present a go/nogo answer.

2. Some means must be provided to switch in the spares as required. The tra-
ditional DRAM techniques mvolving the use of laser or other fuses were un-
available to the designers so this was achieved through the use of latches and
CMOS transmission gates. These circuits will introduce additional delays into
the data paths.

3. Additional control circuitry is required to program in the redundancy.
4. Additional design time is required to implement all of these.

5. For redundancy schemcs such as 1 above the resultant floorplan efficiency must
also be considered. For example, the provision of only one spare ALU is clcarly

not a viable option as it results in an asymmetrical floorplan.

A figure of merit F'M, accounting for both the improved yield and increased silicon

area, was calculated for all of the above redundancy approaches [Mangir, 1984]:

FM - Yredundant Anon_redundant (3.56)
Aedundant Ynon_redundant

Evaluation of the first redundancy option, provision of spare ALUs, showed no
advantage (ze. F'M < 1) due to the large amount of extra silicon area required to

handlc perhaps only one fault.
Each ALU consisted of 6 identical cells, each of approximately 0.5 mm? in area.
The provision of a single spare cell resulted in a total FM to the whole chip of less
than 1.1 and would have introduced considerable design complexity, and thus was

not used.
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The data memory, with a total area of about 1.3 mm? is a 32 row by 16 bit SRAM.
Provision of a spare row gave resulted in a total FM for the chip of 1.1. Although
implementation of this approach was straightforward, the method was not proceeded

with as the observed benefits were marginal.

3.7.1 Fault Tolerant Control Store

Consideration was given to providing spare rows and columns for the control store. If
an attempt is made to address a bad row a spare row decoder would disable normal
addressing and cause the spare row to be accessed instcad. Column redundancy
would be implemented by a column switching network below the base of the RAM.
From this description it is evident that the delay and area penalties associated with
the provision of sparing would grow faster for the provision of extra spare columus
than for rows.

The yield formula that best describes this situation is given by

[Stapper et al., 1980]
VYV = E P(ijk), (3.57)
fixable combinations

where P(ijk) is the probability of having : failed single cells, j failed complete columns
and k failed complete rows:

F(Z +] + k + 0’) (1/a)i+j+k (-D(]Aceﬂ)i(DOAcal)j(DOAraw)k

LCLYS I(a) (1 + (DoAgal)f ) Fitksa HH

(3.58)
Aot 1s the critical arca of the whole chip. As the yield simulator would have taken far
too long to run on the whole chip this was taken as the total non-empty silicon area.
Aco 15 the critical area of the columns including the sense amplifiers and the critical
areas in the cells associated with whole column failures, ze. the bit lines. A, is the
critical area of the rows including address decoders and memory word lines. A is
the critical area of the memory cells minus bit lines and word lines. The summation
variable, “fixable combinations”, in Equation 3.57 rcfers to the combinations of ¢
failed single cells, 7 failed columns, and k failed rows that can be tolerated given the
number of spares present. For example with one spare row and one spare column,
the fixable combinations of (%, j, k) are (2,0,0), (1,1,0), (1,0,1), (0,1,1), (1,0,0),
(0,1,0) and (0,0,1). Any fault falling outside the rows and columns of the memory
results in a complete chip failure.
The critical areas of the word and bit lines in a cell are not simply the mask areas

of those lines. Instead they were determined by running the yield simulator on a
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single cell under three different conditions. First with no changes, second with only
the bit lines removed and, third with only the word lines removed. It was found that
about 20% of the critical area was due to the bit lines and the effect of the word lines
was negligible.

The yield simulator was only used to determine these percentages. The actual
arcas were calculated from the raw silicon area consumed, thus avoiding the require-
ment of using the yicld simulator on the larger cells.

The required areas cxpressed as a percentage of total memory area A,,., were

determined as:

Attt = 0.55Amem (3.59)
A = 0.19Amem (3.60)
Arow = 0.25Amem (3.61)

where A,.., was calculated to be 11.8mm? and the total chip area Ay, was calculated
as 38.34mm?.

Figures of merit for various redundancy schemes were determined for a variety
of conditions: «, the clustering parameter, was varied between 0.5 and 4; Dy, the
average defect density, was varied between 0.05 de fects/mm? and 0.5 defects/mm?;
and the percentage arcas for A, A and A,,, were varied by up to a factor of 2.
A sample set of results can be found in Figure 3.6.

The final choice on level of redundancy was largely independent of the varia-
tions in parameters described above (though the actual figures of merit were quite
dependent on & and Dy.) Generally that the provision of one spare row and one
spare column substantially improved the yield, with any further sparing providing
small incremental improvements only. As the complexity of introducing more than
one spare column was comparatively quite high it was decided to introduce only one

spare column and four spare rows, an area overhead for the memory of 5%.

3.8 Granularity and Defect Tolerant Chips

The introduction of redundancy into this non-regular chip did not have a high return,
at least in terms of an improved yield. To get the most out of any redundancy, ideally,
one should have a small replicated cell which constitutes the bulk of the device. In
the case of TFB, 8064 cells covered a third of the chip area and yet the best yield
improvement factor was only 1.5. For structures like the ALU where there were only

an order of 10 cells, covering about one tenth of the chip’s critical area, a Figure of
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Figure 3.6: Figures of Merit (FM) vs. the number of spare columns and rows in the
control store, for the whole chip with parameters: Dy = 0.10 defects/mm?. a = 2.
Acett = 0.55Amemy Acot = 0.194,16m, Arow = 0.25A01-
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Merit of only about 1.1 could be achieved. Given the considerable design effort and
delay penalty that would be required to achieve the yield improvement it was decided
not to provide any spares to such structures. Duplicating whole structures, such as
ALUs, was clearly detrimental to improving yields.

To verify the above discussion the effects of defect tolerance on a more general
chip was studied. The general chip had an area of 100 mm? and contained one
array which consumed somewhcre between 10% and 100% of the chip and contained
repeated identical elements of size somewhere between 0.1 mm? and 1 mm?. The

optimal Figure of Merit FF'M,

K‘edundunt Anon—redundant

FM = (3.62)

= b
Aredu,'ndant Ynon—‘redundant

was determined for a numnber of cases within the bounds just specified. These results
are plotted in Figures 3.7 to 3.12 for three different defect densities. Equation 3.19
was used to determine these results with the assumption that all of the provided

spares could be used if required ie. Cyjy = 1.

From these plots it is evident that the main factor affecting the Figure of Merit
(FM) is the percentage of chip area that is devoted to an array. In comparison the FM
was extremely insensitive to the grain (element) size of the array. Given the combined
performance and “extra cffort” penalty of say 10% for introducing defect tolerance
then a FM of 1.1 or better is required before fault tolerance can be considered. This
requires that 20% or more of the chip be devoted to an array structure of some form
in order for defect tolerance to be considered useful. The results are consistent across
the full range of defect densities considered. As varying defect density is equivalent
to varying area in the opposite fashion (it is the product of arca and density AD,
that is used in the yield equations) then this result also applics to a corresponding
range of chip areas also.

The total chip arca, including spares, is plotted for the Dy = 0.05 defects/mm?
case in Figure 3.13. Except for the 100% array cases with large grained elements
the area overhead for spares required to achieve an optimal FM was gencrally small.

Similar results were obtained for the other cases of Dy.

3.9 Granularity in Wafer Scale Arrays

The effect of granularity on redundancy decisions is just as important in wafer scale

arrays as it is in chips. Gencrally the higher the granularity the higher the fault
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area = 100 sq mm, DO = 0.02 per sqg mm

2.32 1

FM

1.69 1

1.06 *

Figure 3.7: Figure of Merit FM vs. replicated element size, and the % of the chip

area covered by the array containing this element. (D = 0.02 defects/mm?).
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area = 100 sq mm, DO = 0.02 per sqg mm

FM

1.37

Figure 3.8: Figure of Merit F'M vs. replicated element size, and the % of the chip
area covered by the array containing this element. (D, = 0.02 defects/mm2 and

larger element size range).
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Figure 3.9: Figure of Merit FM vs. replicated element size, and the % of the chip

area covered by the array containing this element. (Dy = 0.05 defects/mm?).
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area = 100 sgq mm, DO = 0.03 per sq mm

4.89 -

3.39 1

FM

2.30 1

£.00 -

Figure 3.10: Figure of Merit FM vs. replicated element size, and the % of the chip
area covered by the array containing this element. (Do = 0.05 defects/mm2 and

larger element size range).
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area = 100 sq mm, D0 = 0.10 per sq mm

Figure 3.11: Figure of Merit FM vs. replicated element size, and the % of the chip

area covered by the array containing this element. (Do = 0.10 defects/mm?).
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area = 100 sq mm,

7.86 -

3.37
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1.00 -

DO

0.10 per sq mm

Figure 3.12: Figure of Merit FM vs. replicated element size, and the % of the chip

area covered by the array containing this element. (Dy = 0.10 defects/mm? and

larger element size range).
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Figure 3.13: Actual area required to achieve optimal Figures of Merit for

Dy = 0.05 defects/mm? case.
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tolerant yield that can be expected. By using the smallest PE size possible both the
raw PE yield is maximized and, as any fault takes out only the area of a single cell,
silicon utilization is maximized. (This result is tempered somewhat by the effect of
the overhead required for reconfiguration. This overhead may dictate that cells should
be grouped into super cells for the purpose of reconfiguration [Moore & Day, 1984].)

Bit-serial architectures tend naturally to result in small PEs and in fact have
a lot of advantages for VLSI implementation [Denyer & Renshaw, 1985]. Most bit-
serial architectures however are hard-wired for a particular class of operations. To
achieve programmability the PE will usually have to be larger. For example even
though the PE in Lyon’s MSSP is nominally bit-serial it still occupies a 5 mm square
chip [Lyon, 1984). In order to achieve the required multi-functioned programmable
flexibility the PE was organized as three bit-serial functional units grouped around
a 64 word memory.

Concentrated programmable control generally requires less silicon than dis-
tributed control. This is because many programmable functions, such as flow control,
affect all functional units, but arc only implemented in one control unit in a central-
ized approach. Thus for programmable SIMD machines, and even more so for MIMD
machines, the natural tendency would be to have large PEs so that control can be
centralized. Matching the size of the control unit, as far as the floor plan is con-
ccrned, may often result in using bit-parallel rather than bit-serial arithmetic units.
An example is the TFB floorplan. Going to four bit serial ALUs would result in the
control store consuming over 90% of the silicon area. If more than four bit-serial
units were used then design of cfficient control distribution and data flow would be
much more difficult.

Speed requirements may also dictate the use bit-parallel processors. Bit-parallel
arithmetic units have lower latencies, an often desirable property.

Thus there is a minor conflict here. A move to WSI requires small PEs for yield
purposes, whilst architectural requirements may call for large PEs. The conflict is
readily resolved however by realizing that the architecture that may result in the most
efficient utilization of silicon as far as a single PE in an array processor is concerned
may not be the architecture that results in the most efficient silicon utilization of a
whole wafer device.

One concept that provides some measure of this tradeoff is that of area utilization,
defined as that fraction of the silicon area that is used in the final reconfigured array
[Koren & Breuer, 1984]. This measure will be used when reconfiguration schemes are

compared in Chapter 6. Howcver for the discussion here it 1s not quite the measure
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wanted. It measures total area, not total functionality. As an illustration of the yield
effects of granularity on total functionality consider the concept of partitioning.
Imagine the (unrealistic) situation where TFB was being considered for WSL. As
diagonal microcode is used in TFB, with separate microcode fields for each ALU
and Data Memory, it would be possible to consider replacing each TFB unit with
four sub-units, or quadrants. Certain control functions would have to be duplicated
in each sub-unit and more wiring would to be required thus introducing an area

overhead,
W x Asub.pe — APE

Apg
where W is the number of sub-PEs formed by partitioning, A,,,_pg is the area

Area Overhead = (3.63)

of a sub-PE and Apg is the original PE area. In other situations where there is
no replication within the PE it may be possible to split the PE into two or more
different element types, individually reconfigurable, or consider another smaller PE
architecture that may not be as efficient at the required task as the original PE. In
this latter case the area overhead would be replaced by a performance overhead per
surviving PE.

Two different situations arise:

1. Expanding Area. The total array area may be adjusted so as to maximize the
FM for each individual case. This would be applicable to arrays that are built

as large chips rather than complete wafers.
2. Constant Area. This would apply to complete wafer scale arrays.

Figures of Merit for both of these approaches are given in Figures 3.14 to 3.17 for

the following base cases (indicated with respective optimal redundancies):
1. An array of 45 PEs of area 50 mm?, 25 of which are redundant.
2. An array of 33 PEs of arca 10 mm?, 13 of which are redundant.

The parameters for the yield equation were: Dy = 0.05 defects /mm2 and a = 1.

3.10 Modeling Interconnect Yield in Reconfig-

urable Circuits

A fault in the inter-PE wiring or in the control circuits that govern reconfiguration

can have an effect ranging from none at all to complete array failure depending on
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Figure 3.15: Effect of partitioning on the FM: Constant area, App = 50 mm?
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Figure 3.16: Effect of partitioning on the F'M: Expanding area, Apg = 10 mm?
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Figure 3.17: Effect of partitioning on the FM: Constant area, Apg = 10 mm?
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its location. Some previous studies have assumed that any wiring fault will lead
to complete array failure [Mangir, 1984]. This overstates the impact of the area
devoted to reconfigurable wiring on yield. More commonly it is assumed that the
wiring contains no faults at all. In this section the cffect of wiring faults will be
introduced into the above model by assuming that wiring faults only fall into one of

the four following cases [Franzon, 1986b]:
1. The wiring fault can be treated as a fault in one associated PE;
2. The wiring fault leads to complete array failure (“array kill”);
3. The wiring fault produces no effect at all;

4. The wiring fault can be treated as a fault affecting a predetermined number of
PEs.

The first effect can be modeled by adding the wiring area to the PE area; the
second by adding area to the array area; and the third by adding no area at all, as
far as the yield model is concerned. The fourth effect has to be handled by adding
parameters to the model. The justifications for choosing these categories are as

follows:

1. Many faults, particularly for near neighbour only connections, result in limiting
access to one PE only. If the fault 1s in the connecting wire then access is limited
from one direction only. If the fault is in the reconfiguration controller then all
access to the PE is most likely denied. Some such controller faults may limit
access to several PEs. Additionally a fault resulting in the removal of onec PE
may result in the removal of several PEs from the array. This would happen,
for example, when no further replacement PEs are available for that row and
a whole column has to be removed. This last effect is handled automatically
by using the Utilization term U or C;; in the yield equation, and thus does not

need to be included here.

2. Many wires, such as power and clock lines, are distributed over the whole array
and a failurc in these will usually result in an array kill. In addition, in many
reconfiguration schemes a fault in some of the interconnect may result in an
array kill. Generally it is desirable to minimize the array kill area. Another
possible contribution to the array kill area is the extra hardwarc added to

control the reconfiguration step. This is particularly the case for self-configuring
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arrays. (Evans and McWhirter [Evans & McWhirter, 1986] have suggested a

means of reducing this effect for Evan’s reconfiguration scheme.)

3. Except for the simplest reconfiguration schemes, most of the inter-PE wires
provided are not used because they are included to enable redundancy and

thus many wiring faults result in no effect.

4. The final case may arise from situations where a row or column is affected by
a single failure. For example, in many arrays an interdigited comb pattern is
used for distributing power and clocks. A failure in one of the comb fingers will
mean that on average half of the associated row or column is lost. Note that this
is not necessarily the case in all arrays. In [Franzon & Tewksbury, 1987] the
power and clock distribution can withstand one failure in each column. Some

interconnect failures can also result in the complete loss of a row or column.

The fourth case cannot be adequately handled by adjusting A,.q but is best
covered by introducing A,,, and/or A.,; as was done for the memory case. For

example, in the case where row failures are possible the yield expression becomes:

2 & T(k+1+a) (1/a)+ (Do Amod)*(DoArow)

s ,E,,; T(a) (14 DoA/a)k+te AT Puave  (364)
where ot
Punr = Jz=:1 mZ:I QriNQimNzCimnr (3.65)
and
A = total critical area
Ano.q = critical area of modules only
A, = critical area that causes complete row failure
Do = average defect density
k' = number of defects in modules A, .4
| = number of defects in A,

Pynr = Probability of successful repair with (k, ) failures
7 = number of module failures
m = number of complete row failures

Qrin = Probability of k defects being distributed in

7 faulty modules
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Qimn,,, = Probability of [ defects being distributed in
m faulty rows
Cimnn = Probability of fixing the array with j faulty

modules and m faulty rows

To calculate the expected number of PEs the easiest method is to subtract the
expected number lost due to row/column failures from the expression calculated
in Section 3.5.2. The expected loss for the situation where there is a row failure
mechanism would be

0o Nrow
L(P) = ZPr[l row defects] Z Qlm Neow™Vr(m) (3.66)
=1 m=1

where [ is the number of row faults, Pr[lrowdefects] is the probability of I row
defects, m is the number of faulty rows and V,(m) is that percentage of total PEs
lost due to the faulty rows. N,,, is the number of rows. The expectation number
obtained by subtracting L(P) from E(P) calculated in Section 3.5.2 will be a slight
underestimate due to a small amount of duplicity between PEs lost due to failed rows
and PEs lost due to failed individual PEs.

For a power failure in an interdigitated, non-fault tolerant power distribution
scheme, if the loss of part of a row can be effectively contained to that row, V,(m) =
Neat/2, where N, is the number of columns and thus the number of PEs in a row.
ie. half of the PEs in a row will be lost on average. For the scheme that will be
analyzed below power and clocks would not be fed along a row because loss of power
in part of one row means that approximately the same portion of all the other rows
will be unusable. Partial loss of column would most likely mean the utilization loss
of most of a column and thus V,(m) would be larger than N_,/2 in this case, the
exact figure being determinable through Monte Carlo simulation.

As an example of how to determine figures for categories 1-3 above consider the
mesh array reconfiguration scheme given in Figure 3.18. In this scheme a mesh is
mapped onto a faulty array by bypassing faulty PEs within each row and by steering
the columns around these faulty PEs. The contributions of wiring arca to the different
areas required for yield calculations are determined as follows:

The array kill area is

A= A2+ A1 -UY) (3.67)

where the wiring areas A; are determined by reference to Figure 3.19, Y is the yield of
the PEs, and U is the utilization of the PEs. The contribution of A, is determined by
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Figure 3.18: Mesh array reconfiguration scheme showing (a) all the wiring, and (b)

an example with faults.
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N contributes to PE area (1)

BN contributes to fatal area (2)

mweese  part of this area contributes to PE area
remainder has no effect (3)

mmmm part of this area contributes to fatal area
remainder has no effect (4)

E== part of this area contributes to fatal area
remainder has no effect (5)

Figure 3.19: Contribution of wiring areas to yield areas.
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consideration of what percentage of these arcas are actually required in a reconfigured
array. The areas A; of course refers to wiring area over the whole array, not just the

wiring area around each PE. The PE area is
1
App = A1 + AsUY + §A3UY. (3.68)

In this casc only 3UY of the wiring area Aj; is used (note UY N PEs are used, where
N is the number of PEs in the array.)

As you can see above Ay and Apg are adjusted simply by adding that wiring
area actually required.

Using these terms for area in a yield calculation results in a self referential equation
(the individual PE yield Y is required to determine the utilization U and thus the
array yield or E(P).) This is not a major problem however as the wiring areas
involved are relatively small and approximate values of ¥ and U can be determined
fairly readily. If more accuracy is required then the calculation can be iterated.

Examples of the effect of wiring yield on considering different approaches to WSI

will be discussed in a later chapter.

3.11 Place of Yield Simulation in Defect Tolerant
Design

Spares were provided for the control memory of TFB in the form of extra rows and
columns. The mechanism used to switch in these spares was essentially to bypass
those rows and columns containing faults. This is quite appropriate for a mem-
ory as complete row or column failure s quite likely. For other structures using
larger cells, such as computational units, complete row and column failures are less
likely and thus other reconfiguration mechanisms are more suitable [Franzon, 1986a]
[Moore & Day, 1984]. Also a slightly different yield equation, reflecting the different
repair mechanism, is more suitable, as discussed in the previous section.

In the control memory each cell contributed to all three of the defect tolerant
areas, A, Arow and Ay, required by the yield model. It was for this reason that
the use of a yield simulator was considered. As it turns out the memory used in this
example is not of sufficient density to require this level of detail of calculation for
the determination of optimal redundancy. From the literature {Stapper et al., 1980]
it appears that it isn’t until RAM sizes of 64k bits are reached that detailed critical

area calculations are required.
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Yield simulation is also most likely not required for redundancy determination
for other types of reconfigurable arrays (examples of reconfigurable linear arrays are
presented in [Moore & Day, 1984], whilst examples of reconfigurable mesh connected
arrays are presented in [Franzon, 1986a]. With usually only one type of cell present,
determining the exact critical area of this cell for defect tolerant applications is most
likely unnecessary.

Comimunications and the replacement of faulty cells by spare cells in this type
of array is carried out by some form of steerable interconnect. Multiple connection
paths need to be provided to each cell so that replacement can be carried out in a
flexible manner.

A yield simulator may sometimes be profitably employed to determine the relative
critical areas of the interconnect that cause each of these class of failures so that their
effect can be employed in the yield model [Franzon, 1986b]. The area of the inter-
connect that causes whole chip failures is a very crucial area as overall yield is very
sensitive to it. In fact all effort should be applied to ensure this area is kept as small
as possible by either making it less vulnerable to defects through improved layout,
or using defect tolerance techniques on the interconnect. Koren uses yield simulation
techniques to show that the latter is generally preferable {Koren et al., 1988].

We will now go on to look at the various approaches available for making large
chip or full wafer arrays of processing elements, before proceeding to analyze these

approaches using the models just presented.

81

Petitioner Samsung Ex-1031, 0097



Chapter 4

Redundancy Techniques for Wafer
Scale Arrays

4.1 Redundancy through Reconfiguration

Due to the large number of defects present, without redundancy any WSI product
would have zero yield. To achieve a uscful yield a large degree of yield enhancement
is required. This is best achieved by covering most of the wafer with an array struc-
ture as a large number of spares are required. More irregular architectures can only
bencfit from Triple Modular Redundancy (TMR) or N Module Redundancy {NMR)
approaches, as discussed below, and these, are far from ideal defect tolerant tech-
niques for WSI. There are many approaches to implementing defect tolerant arrays

and taking cues from fault tolerant computing, these include:

1. Triple Modular Redundancy (TMR).

With TMR each Processing Element (PE) is replaced by three PEs and
a voter (Figure 4.1.) The majority vote on the three PEs’ outputs forms the
accepted result. No testing step is required. This way one faulty PE can be
handled automatically. With NMR a majority vote is carried out on N PEs.

2. Local Sparing.

Each PE is provided with local spares. The resulting structure looks similar
to TMR except that the Voter V is replaced by a Chooser C that tests the PEs
and chooses which will be connected. Spares are not sharcd between PEs.
Testing must be carried out to ascertain as to which PE will be used. If a

failure is detected in this PE then onc of its spares is employed in its place.
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3. Temporal Redundancy.

In temporal redundancy a faulty PE is replaced by spare cycles on a neigh-
bouring PE. Examples can be found in [Kuhn, 1983] [Negrini et al., 1985] and
[Sami & Stefanelli, 1984]. Figﬁre 4.2 shows an example where the normal duty
cycle of each PE is 50%. This type of redundancy is only useful in cases where

neighbouring PEs do have spare cycles, as in many systolic arrays.

4. Global Sparing and Redundaency through Reconfiguration.

The whole array is provided with a set of spare PEs (see Figure 4.3.) These
PEs are switched in as required to replace faulty units. Some Reconfiguration
Scheme must be provided to allow this switching to take place. Formulating this
reconfiguration scheme involves satisfying and considering a numnber of trade-
offs. The “original” and “spare” PEs are often not explicitly labeled, ecvery PE
qualifying as both.

A basic comparison of the last three approaches above is given as a plot of utilization
versus the percentage of PEs that are faulty in Figure 4.4. Since TMR would have a
lower utilization than local sparing it is not included. These results were obtained ei-
ther by carrying out a Monte Carlo simulation of the different redundancy approaches
or by taking the relevant author’s results. It is immediately evident that the last ap-
proach, global sparing and reconfiguration will usually be the only approach worth
considering for achieving defect tolerance. In calculating the utilization of the tem-
poral redundancy approach the raw results were multiplied by 50% to account for
the loss of having to run the PEs at a 50% duty cycle. However, as mentioned, often
this may be inherent in the array design. In these cases temporal redundancy may

be as useful as global sparing.

4.2 Reconfiguration Technologies

In order to use globally provided spares a global reconfiguration step must take
place. This entails choosing and switching of alternate connection paths. A variety

of technologics have been proposed for this process:

o Discretionary Wiring. A final custom layer (or layers) of metal are added to

the wafer after testing the PEs.
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Figure 4.2: A temporal redundancy approach to implementing a fault tolerant array.
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(a) Reconfigurable Array
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(b) Reconfigured Array

Figure 4.3: Example of a global redundancy approach to implementing a fault toler-

ant array.
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Figure 4.4: Comparison of utilization for different redundancy approaches.

o ‘Hard’ Fuse and Join Technigques. Enecrgy is applied to connections on the

wafer after testing to either create new connections (join connections) or to

break existing ones (fuses.)

o ‘Soft’ Configurable Switched Interconnect. Normal circuit switches are used to

steer the connections as required.

A form of discretionary wiring was actually the first approach ever considered for WSI
[Lathrop et al., 1967]. In this approach a final custom metalization step is carried out
for each wafer after probe testing. Unfortunately the expense of providing a custom
mask for each wafer outweighed any potential cost benefit of WSI, thus preventing
further exploitation of this technique. Part of this cost is in the wafers that must be
rejected because of faults in the final custom metalization. An approach that reduced
the number of masks required was tried but eventually not pursued [Calhoun, 1969]
[Calhoun & MacNamee, 1972].

More recent work at Rensselacr Polytechnic Institute has resulted in
another discretionary wiring approach that results in a high yield inter-
connect process [Donlan et al., 1986] [Donlan et al., 1985b] [Donlan et al., 1985a]
[Taylor et al., 1985]. By using an E-beam machine to pattern the resist and a thick
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film lift-off process to form microtransmission lines on the wafer they achieve reason-
able throughputs (30 wafers per hour) and a high wiring yield. This yield has been
further improved by the use of focused ion beam repair techniques [Lin et al., 1986].
By using LC mode microtransmission lines rather than regular metal lines with thin-
ner oxides high inter-PE communication speeds can be achieved (of the order of 2ns
for 5cm lines [Donlan et al., 1985a).) These techniques are however aimed more at
hybrid wafer scale integration rather than at purely monolithic wafer scale integra-
tion.

Another discretionary wiring approach that has been developed is that of laying
copper tracks on top of the passivation layer to provide low resistance interconnects
[Barrett, 1987][Barrett et al., 1986]). Currently wet etching techniques are used to
produce 3pm thick, 10pm wide lines or 20pm thick bumps. Ion etching techniques
can be used to reduce line widths down to 3um, though at reduced yields. Laser
photodeposition is also being investigated. The main applications are seen in the
on-wafer distribution of power and the laying of long signal lines, such as clock lines.
A limited form of discretionary wiring for reconfiguration is being considered, in the
form creating small distance permanent shorts between aluminium signal lines.

Many fuse techniques have been developed by high density memory manufactur-
ers [Moore, 1986]. Most commonly these techniques involve the electrical or laser
activation of polysilicon fuses. Fuse/join techniques can be applied to defect tolerant

applications by using one of two approaches (Figure 4.5):

A. The signal paths are programmed directly by forcing joins or opens. (ze. ‘Hard’
configured.)

B. The signal paths are switched by normal MOS switches but these switches are
programmed by circuits whose detailed function is determined by fuses and

joins. (ze. ‘Hard’ programmed ‘soft’ configured.)

Approach B can be useful in a variety situations. If the unblown fuses or created joins
have a higher resistance or lower reliability than normal MOS switches then approach
B is useful. Approach B can also be used to reduce the number of programming
steps. For example, if multiple paths are switched then with approach B only one
programming step can program all these paths, whilst with approach A one step
would be required for each path. The number of programming steps can be reduced
further if the reconfiguration algorithm allows a small number of bits to be decoded
for the programming of a large number of gates. The reconfiguration approach to be

described in Chapter 5 serves as an example of this.
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Figure 4.5: Two approaches to using fuse/join techniques.
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Figure 4.6: Comparison of fuse only and fuse/join techniques for linear arrays.

Lascr fusing of metal lines is a straightforward and reliable fusing technique that
can be used for either approach. If no join technique is available then approach B
should be considered. An example of the relative number of steps that would be
required to use approach A for a fuse & join technique compared with approach A
for a fuse only technique is given in Figure 4.6. A fuse only technique requires four
steps for each and every PE, whilst a fuse & join technique requires four steps only for
every PE that has to be bypassed. This difference could save considerable processing
time during the programming of a wafer scale array.

Laser fuse and join techniques have been developed in MIT’s RVLSI program
[Raffel, 1986]. Their fuse technique involves a simple lasing of a metal line. Two laser
join techniques have been developed. In the first, a special process is used to create
a sandwich consisting of an amorphous silicon layer between two metal layers, that
upon laser heating forms a reliable, low impedance (2.52) join [Wyatt et al., 1984]
[Chapman, 1986]. Worst case delays times with these lines are about 5ns for 40mm
of line. A fuse technique that is compatible with standard CMOS processing has also
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been developed {Chapman et al., 1987] [J. Canter et al., 1986]. With this technique
two implants, separated by 4um, experience dopant migration when heated by a laser
giving rise to a short in the diffusion layer. This results in a 16um join with about 752
of resistance. Typically current architectures require thousands of processing steps
and many laser processing stations would be required to keep up with the throughput
of a typical fabrication line. Development is too early to estimate the cost impact of
this.

Other join techniques involve the permanent turning-on of a field effect transistor.
As this would result in a somewhat uncertain channel resistance these join techniques
are best used for approach B. MNOS field oxide techniques [Hsia et al., 1979] or
5V EPROM techniques [Gupta et al., 1982] can be used to create permanently pro-
grammed switches. Floating gate FETs can be programmed as shorts by implanting
a charge in the channel with an E-beam [Girard et al., 1987).

Both of these “hard-wiring” techniques introduce several new potential problems

though:

1. A longer lead time is required in order to obtain and set up the required equip-

ment.
2. Extra processing steps are required, introducing additional cost.

3. Faults discovered during burn-in or in-field use cannot be handled.

These limitations have lead to many researchers choosing a soft-programmed ap-
proach where the signals are steered via normal switches (typically CMOS transmis-
sion gates) and the programming is performed by reading from an off-wafer program

store. This introduces new difficulties however:

1. Compared with approach A above, any connection is likely to have a higher
resistance, with a 2.5um CMOS transmission gate having a resistance of about
3.5k§2 typically. This substantially increases the RC product delay and thus
potentially reduces the speed. Approach B also requires the introduction of

high resistance switches in the path.

2. In both the soft configured approach and the hard wired approach B a switched

network is likely to have more area overhead due to the programming switches.

3. Switch configurations have to be read in from off wafer during power up. This
introduces an initialization delay and a further area overhead when compared

with approach B.
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Figure 4.7: Range of architecture topologies and their suitability for WSI

4.3 Architectures for WSI

A possible general classification of the range of architecture topologies available is
given in Figure 4.7. These topologies are arranged from left to right in an order
indicating their potential application to WSI, those on the left being considered the
most suitable. Furthermore these left most architectures would be most suited to soft
configured WSI as they have the least intrinsic wiring and switching overhead. This
suggested ordering arises because (i) generally arrays containing a single repeated
element is an casier structure to provide spares for, and (i1) less richly interconnected
structures are more amenable to reconfiguration, requiring less reconfiguration area
overhead.

Architectures that have been seriously considered for WSI include one dimen-
sional and two dimensional arrays, tree architectures and irregular architectures. It
is the genecral consensus however that current defect levels are too high for reasonable

redundancy schemes to be implemented for irregular architectures [Newman, 1985].
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4.4 Tradeoffs in Redundancy Schemes

In designing any electronic piece of equipment the basic aim is to achieve the partic-
ular computational task at minimum cost. The cost comes from a variety of sources.
In VLSI and WSI the three major cost contributors are the cost of producing the
silicon part, the costs associated with testing it and the costs of packaging it. There
is some element of tradeoff between these. Testability costs can be reduced by giving
over silicon area to testability features. Packaging is mainly a function of final envi-
ronment, pin count and heat dissipation requirements. These first two are relatively
independent of silicon area for WSI. The last however is greatly dependent on clock
speed, particularly for CMOS. It may be desirable to use additional silicon area, in
the form of more processing elements, to reduce clock speed so that special heat
dissipation requirements can be kept down.

For many array problems a linear speed-up in solution time is gained with the
addition of extra processors. Thus any number of processors can be used to form the
array, the total area being the main factor determining fabrication costs. Furthermore
it is assumed that this cost increases with silicon area linearly. If this is the situation
then the best processor design is the one that achieves the minimum product of
area X time, where the area and time are those totals required to solve a particular
problem.

For a wafer-scale array the area/time tradeoff is a little more complex. The final

choice of PE and redundancy scheme is the one that maximizes
Array yield x Areapg x PE speed
Area’totu.l

(4.)

E(P) x Areapy x PE speed

Areatotal
where Array yield and E(P) are determined as appropriate using the expressions

(4.2)

derived for them in Chapter 3, Areapg is the area a PE, PE speed is the speed at
which the PE can operate, and Arca,,g is the total array area. This is the same as

minimizing area X time except the functional degradation of usable area is accounted
for by the factor E(W' This factor is the area utilization measure suggested
total

by Koren [Koren & Breuer, 1984].

Factors which affect this tradeoff include:
e PF area.

PE arca directly impacts yield. The effect of this tradeoff was discussed in
Chapter 3.
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o Area Overhead of Reconfiguration Scheme.

The area overhcad subtracts directly from the space available for the pro-
cessing elements. It also leads to some level of yield reduction as given by the

equations in Chapter 3.

o Utilization of the PEs by the Reconfiguration Scheme.

Improving the utilization achievable by the reconfiguration scheme results
in a direct improvement of array yield. This utilization increase is generally

only achievable at the expense of arca overhead however.

o Area Overhead of Other Array Constructs.

It is also required that some array area be made available to power and
clock distribution, and testability and controllability features. Unless special
effort is taken, the area of these may contribute to the array kill area for yield
purposes. It is absolutely essential to minimize the array kill area in order to

keep the yield up.

o Delays in the Reconfigured Connections.

When switches are used to reconfigure the connections a communications
delay 1s introduced. This delay may degrade the speed of the array. There are
a number of approaches available for improving this delay, at a cost in area.
These will be discussed briefly in Section 4.8.

As mentioned above, there are other cost factors beside area and speed. Good
testability features are critical for successful wafer-scale arrays as reconfiguration is
based solely on the outcome of these tests. A factor for fault coverage is included in
the yield equations given in the previous chapter. The time and equipment required
to reconfigure the array is another cost factor. The time is partially influenced by the
complexity of the reconfiguration scheme. A more complex reconfiguration scheme is
likely to have a higher utilization and thus a higher yield. The equipment requirement

is largely determined by the reconfiguration technology used.

4.5 Linear Arrays

A proposed taxonomy of linear fault tolerant arrays is given in Figure 4.8. Formally
the problem of producing a wafer-scale linear array becomes that of mapping a 1-D

graph onto a 2-D graph containing faulty nodes and links. As an extra dimension
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is present a large amount of flexibility is available to the array designer. Because of
this linear arrays are generally considered the most suitable structure for wafer-scale
integration.

The simplest approach is to ignore the second dimension and embed the chain
in a linear structure. Point to point local interconnect (LI) connections or general
switched bypass using global interconnections (GI) can be used.

By using point to point connections, LI schemes avoid the problem of additional
delays through chains of switches. However for each new point to point connec-
tion an additional switch is required on the input and output of the PE. The sim-
plest LI chain schemes requires two inputs and two outputs per PE (Figure 4.9)
[Finnila & Love, 1978] [Moore & Day, 1984]. When embedded in a two dimensional
mesh four inputs and four outputs are required per PE in the case of a square mesh
[Manning, 1977] and six inputs and outputs are required in the case of a hexago-
nally connected mesh. Nearest neighbour 2-D schemes can result in a higher utiliza-
tion of good PEs, though complex reconfiguration algorithms are required. Simpler,
but lower utilization, algorithms have been developed for the problem of embed-
ding a lincar array in a mesh [Aubusson & Catt, 1978] [MacDonald & Neish, 1982]
[Aubusson & Gledhill, 1978]. However using these algorithms results in a lower uti-
lization. The array yields of some LI chain schemes and the chip usage (%good x
utilization) of an efficient 2-D scheme is reproduced from [Moore & Day, 1984] in
Figure 4.10. Nevertheless, because of the ease with which it can be programmed in
a distributed fashion, the “Catt spiral” [Aubusson & Catt, 1978] is enjoying some
commercial success [Jesshope & Moore, 1986]. The utilization of the Catt spiral
can be improved upon if connections arc allowed to double back over themselves
[Fussel & Varman, 1982][Chamberlain, 1984].

100% utilization can be achieved with the linear GI scheme. The cost comes
in the form of long bypass chains, of length O(lgN), that can appear after recon-
figuration [Rosenberg, 1983a] [Leighton & Leiserson, 1985] {Greene & Gamal, 1984].
These long chains, with one switch being introduced for each bypassed PE, may
introduce considerable delays. These chains can be shortened, at the expense of uti-
lization, by allowing short cuts between rows so that sections of rows can be bypassed
immediately [Rosenberg, 1984].

In a 2D GI approach all of the PEs can be used with a longest connection dis-
tance of O(+/IlglN). Alternatively the longest connection distance can be reduced
to O(1) if only a fraction of the good PEs are required [Greene & Gamal, 1984]
[Leighton & Leiserson, 1985].
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Figure 4.8: Taxonomy of methods used to form fault tolerant linear arrays.
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An elegant solution, in which the lincar array 1s embedded in a binary tree struc-
ture, was presented in [Bhatt & Leiserson, 1982]. Again however the longest connec-
tion is of length O(lgN). This result is guaranteed for all arrays as the root must
always be traversed at some stage.

As a general rule reconfiguration schemes for linear arrays can achieve close to
100% utilization without an inordinate impact on speecd or area overhcad, at least as

when compared with mesh arrays.

4.6 Mesh Arrays

Two dimensional arrays are often the best means for mapping a problem onto silicon.
For many applications they are a natural architecture, for example in image process-
ing problems. Matrix operations are also best carried out on 2-D arrays, whether
hexagonal or mesh, for the same reason. An equivalent linear array (or more likely set
of arrays) with the same functionality and speed would often be a lot larger in area.
Dynamic programming and sorting are also functions that can be carried out effi-
ciently on mesh structures. It is expected that the next generation of multicomputers
will be based on mesh networks [Athas & Seitz, 1988].

The drawback of WSI mesh arrays, compared with linear arrays, is that more
complex reconfiguration approaches are needed to achieve similar levels of utilization.
This results in lower yields for greater wiring overhead areas.

A taxonomy of interconnect reconfiguration approaches to mesh arrays is given
in Figure 4.11. Examples of these approaches, with comparison results will be given
in Chapter 6.

4.7 Tree Structures

Implementing a fault-tolerant tree structure requires even a greater number of recon-
figuring links than are required for mesh arrays. For this reason comparatively little
work has been done in this area. However trees, particularly binary trees, are an im-
portant computational structurc lending themselves naturally to the efficient solution
of problems such as sorting and searching. Because they have a shorter node to node
communications latency than mesh arrays, many multiprocessor structures have been
proposed that use tree structures. Thus it is important to investigate possibilities 1n

this area. As will be seen however most fault tolerant tree structures with sufficient
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Figure 4.11: Taxonomy of approaches to interconnect reconfiguration of mesh arrays.
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Figure 4.12: First level redundancy approach to implementing fault tolerant trees.

spares for consideration for WSI require many long additional communication paths
for implementation. This introduces additional arca and delay time costs.
Four basic approaches have been suggested for implementing fault tolerant tree

structures:

1. Level Redundancy.

If all nodes are PEs then spares can be provided at each level of the processor
array [Raghavendra et al., 1983]. Alternatively, spares can be provided at just
the lower level if all of the parent nodes are switches {Harden & Strader, 1988].
This of course makes the correct functioning of the parent switches critical to
the correct functioning of the array. These two approaches are illustrated in

Figures 4.12 and 4.13 respectively.

2. Modular Redundancy.

A module is a two-level subtrce with one spare node and switches
that allow this spare to replace any of the other nodes in the tree

[Hassan & Agarwal, 1986]. A fault free tree can then be built out of these

modules.

3. Subtree Orientated Fault Tolerance (SOFT) Approach.

In the SOFT approach spare nodes are distributed at the bottom of

the trec and brother nodes are connected, as illustrated in Figure 4.14
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Figure 4.13: Level redundancy on one (PE) level only.

|Lowrie & Fuchs, 1987]. Up to 50% sparing is possible. However many of the
parent nodes, particularly near the top of the tree, don’t acquire any fault

tolerance from this approach.

4. Bussed Sparing.

A bus structure is added to the binary tree that allows replacement of any
node with any spare. The spares are all connected to the main trunk of the bus
as illustrated in Figure 4.15 [Howells & Agarwal, 1988].

Detailed comparison of these approaches won’t be carried out here. For more
dctails see the relevant papers, particularly [Howells & Agarwal, 1988]. The main
common element to note with all of these approaches, when compared with fault
tolecrant mesh and linear structures, is that the introduction of fault tolerance to

binary tree structures introduces the following negative attributes:

¢ Several structures have a large non-fault-tolerant core, usually at the root of

the tree. This would decrease wafer yield.

e All structures introduce long links going through many switches. Compared
with mesh arrays, this results in longer and slower switched paths and greater

wiring overhead.
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Figure 4.14: SOFT approach to fault tolerant trees
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Figure 4.15: Bussed sparing approach to tree fault-tolerance.
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4.8 Maximizing the Speed of a Wafer-Scale Array

Most reconfigured lines act as RC delay lines. If the reconfiguration is carried out
using laser fuses, referred to as a “hard” reconfiguration technology, the switch re-
sistance is normally of the order of 1-100f2. On the other hand if normal CMOS
transmission gate switches are used, as is the case with most WSI approaches, resis-
tances of the order of 1k or more are introduced. This “soft” configuration approach
of using CMOS switches is preferred by many researchers because it requires a lower
technology investment and allows for field reconfiguration. There are three basic
approaches that can be used to minimize the inter-PE communications delay, or

alternatively, minimize its effect:

1. Employ fewer switches in the inter-PE path.

This can be done generally at the expense of either utilization and/or in-
creased wiring area. LI schemes, as a rule, use fewer switches per path than GI
schemes but at the expense of both of these extra costs. The optimal solution

can be sought by evaluating the yield x aree x time metric for each approach.

2. Increase the sizes of switches and drivers.

Larger switches and drivers have lower resistances and thus result in de-
creased delays. Interspersing drivers in the switched paths may also result in

decreased delays. An array using this approach is discussed 1n the next chapter.

3. Communicate asynchronously.

If the PEs only communicate on say one clock cycle out of four, which can
be relatively common in many array structures, then asynchronous communi-
cations, of up to this time delay, can be used between PEs. (eg. If each PE is
doing one butterfly in an FF'T, each butterfly would actually take many clock
cycles to complete and by staggering computation times many cycle communi-

cations can take place without affecting throughput.)

4. Pipelined Communications.

By placing a rcgister at each switch the inter-PE communications can be
pipelined so that the throughput can be maintained at the expense of latency
and increased switch area [Kung & Lam, 1984]. This is relatively straightfor-
ward for linear arrays but is more difficult for mesh arrays where the inter-PE

delay has to be the same for each path. An example is illustrated in Figure
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Figure 4.16: Pipelining the interconnect can be used to maintain throughput.

4.16. Katevenis and Blatt suggested that the capacitive lines themselves can be
used as the storage elements in a pipelined scheme [Katevenis & Blatt, 1985].
They also suggested that if communications is not required on each clock cycle

then connections can be multiplexed on the same line.

5. Use of a BiCMQOS Process.

This allows fast bipolar switches to be used for the interconnect and com-

pact, low power CMOS switches to be used for the functional units.

4.9 Conclusions

Redundancy for WSI is best achieved by restricting the architecture to an array,
and providing global spares that can be used by first reconfiguring the interconnect
between the processing elements. A number of techniques can be used to provide
a reconfigurable interconnect. “Hard” techmiques, such as laser fusing and joining,
require special equipment and can not be used to repair in service failures. “Soft”
techniques, using transistor based switches, avoid both of these drawbacks but may
result in low communication speeds. Methods are available to surmount this problem
if necessary.

Linear arrays are the best architecture for WSI because they have the least in-

terconnect. A taxonomy for linearly connected arrays is suggested above. Mesh
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connected arrays are the next best architecture in general. The remainder of this

thesis shall be primarily restricted to the discussion of defect tolerant mesh arrays.
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Chapter 5

‘Chip Frame’ Scheme for
Reconfigurable Mesh-Connected
Arrays

5.1 Introduction

Reconfiguration schemes for the wafer-scale integration (WSI) of regular arrays of
computation cells use additional data paths and switching circuitry to bypass faulty
cells and connect functional cells into a working array. Both the granularity (e.g.
area or number of logic gates) of individual cells and the width (i.e. number of data
bits transferred in parallel} of data paths between cells strongly impact upon the area
and circuitry overhead associated with array reconfiguration. Fine-grain cells (with
higher individual cell yields) and serial data paths (minimizing area overhead and
throughput rate degradation due to reconfiguration paths and switches) have so far
been favored to obtain practical WSI arrays which approach the capabilities of ideal
(fault-frec and without reconfiguration) WSI arrays.

However, there are many applications requiring large-grain cells to obtain the
highest achievable local computing rate and requiring wide data paths to achieve max-
imum communication rates between cells. The “chip frame” scheme discussed here
was motivated by the problem of implementing a high-performance, mesh-connected
data communications environment [Tewksbury & Hornak, 1987] for a massively par-
allel mesh-connected computing system.

The network nodes in this application are (distributed) intelligent routing and

control functions requiring arcas comparable to VLSI IC’s. However, design and
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Figure 5.1: FIR Filter Section with Fixed, Preloaded Coeflicients for Testbed Array

analysis of the functional behavior of such a distributed control communication func-
tion is a complex problem, extending beyond the basic issues of concern in WSI
realization of arrays of large-grain cells. For experimental evaluation of such WSI
issues, it was decided to initially implement a reconfigurable mesh-connected array
whose cells are parallel data, pipelined FIR filter sections [Tewksbury et al., 1987]
rather than mesh network routing cells. The FIR filter section, shown schemati-
cally in Figure 5.1, had already been designed and fabricated by Hatamian and Cash
[Hatamian & Cash, 1987] in the 2.5um CMOS technology targeted for the reconfig-
uration chip frame. Simple examination of the bit-level data paths in Figure 5.1
shows that, even though portions of an FIR filter section may be faulty, there are
likely to be some bit-level paths which will function correctly. Since the individual
bit lines of a parallel data path are treated the same by the reconfiguration scheme,
the performance degradation due to reconfiguration can be evaluated using individ-
ual bit-level lines, even though some cells may have internal faults. Furthermore,
the highly pipelined FIR filter section is internally dominated by short data paths
between register stages, achieving high internal throughput rates of about 80 MHz,
well beyond the throughput rate expected on the longer reconfiguration paths. The
reconfigured paths then are the speed limiting paths, allowing clear evaluation of
the speed degradation under various reconfiguration states. For such reasons, the
FIR filter sections provide a convenient testbed array cell for the evaluations pursued
here.

In general, ideal WSI realizations of large-grain cells will suffer from low cell yields,
causing a considerable area overhead and significant speed degradation when aug-
mented for reconfiguration. However, in the case of large-grain cells, a better reference
for comparison is probably a conventional realization, with packaged cell functions in-

terconnected on a printed wiring board. Such a realization itself introduces poor area
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utilization (i.e. actual chip area is small relative to the printed wiring board area) and
typically exhibits a speed degradation between cells relative to the achievable on-chip
speeds. From this vantage point, WSI rcalization of large-grain cell arrays may be
attractive despite the high area overhead and speed degradation relative to an ideal
WSI reference. Should low cell yields impose too severe a restriction, a pseudo-WSI
approach [Franzon et al., 1987][Tewksbury & Hornak, 1987] here called hybrid-WSI
(HWSI) may be useful. HWSI mounts unpackaged VLSI IC’s on a wafer-size silicon
integrated substrate (containing, in addition to passive interconnections, line drivers,
test circuitry, and other small-scale communication circuitry). The project described
here implements a monolithic array of cells on one half of a silicon wafer and a HWSI
circuit board on the other half of the wafer [Franzon & Tewksbury, 1987]. This re-
flects our interest in stacked, wafer-level modules (WSI or HWSI layers, depending
on compatibility with WSI) [Franzon et al., 1987).

5.2 Reconfiguration Scheme

Mesh-connected arrays of identical large-grain cells with wide parallel data paths

between cells impose at least two major constraints on the reconfiguration scheme:

1. Relatively low (<50%) cell yields and rclatively small array sizes (e.g. less than
about 15x 15} favors high usage (“utilization”) of functional cells in constructing

a working array (eg. [Franzon, 1986b].)

2. Wide data paths favor a minimum number of extra switches and connections

added for reconfiguration.

This section will describe how the design for the “Chip-Frame” approach arose out

of a consideration of these, and other, factors.

5.2.1 Approaches to Fault Tolerance

A number of tradeoffs are made in choosing any fault tolerant scheme. As most
schemes involve reconfiguration of the interconnect between processing elements the
technology with which this is to be done must first be decided. Then it is necessary
to choose the topology of interconnect that forms the basis of the fault tolerant
array. This section briefly reviews various approaches to fault tolerance for WSI and

indicates how this scheme arose from consideration of these options.
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Figure 5.2: Row-oriented reconfiguration (with pass-transistor based switches)

It was decided to use conventional production technologies as much as possible.
Thus a soft-switching reconfiguration scheme, using non-permanent switches was
employed. Another reason soft switching is used, rather than make-link and break-
link techniques, is because the latter do not save appreciable area, provide no in-field
reliability enhancement potential and involve special processing techniques. The
attendant disadvantage is however that the switches are volatile.

A comparison of different fault tolerant schemes for mesh architectures can be
found in [Franzon, 1986a]. From a comparison of different fault tolerant schemes for
mesh architectures [Franzon, 1986a] (see Chapter 6 also), it was shown that the use
of external switches to reconfigure the data paths was generally preferable to the
use of switches internal to the PEs. Internal switches limit the PE to connections
with nearest neighbours only. An important figure of comparison, in demonstrating
this, was that of “average PE utilization”, which was defined as that percentage of
functional PEs that can be used in an array, for a particular PE yield.

One topology employing external switches that was particularly successful,
in terms of utilization, over a wide range of PE yields was first described in
[Moore & Mahat, 1985] and is illustrated in Figure 5.2. Here it can be seen that
the scheme employs two lines of bypass between each row and two additional lines
between each column. The array is reconfigured by organizing the columns through
the vertical, diagonal and horizontal column bypass lines and then organizing the
rows along each physical row bypassing unused PEs as appropriate. The main limi-

tation with this scheme, particularly in the yield area of interest (PE yields of about
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50%), is that the utilization of good PEs is limited by the row with the least number
of functioning PEs. That is because each column has to use one elcment from each
row and thus the number of columns is potentially limited by the row with the least
number of functioning PEs. Even adding extra horizontal column bypass lines does
not improve the utilization of good PEs significantly.

Another problem is that the “hard core” of circuits that must work for the array
to function is quite large. Because the logical rows map directly onto the physical
rows all of the row lines and the row steering logic must work for the array to work.
This sizable “hard core” can be a significant yield detractor [Franzon, 1986b). Thus
the basic improvement made here was the addition of lines to allow the steering of
rows off the original rows. This necessitated the provision of vertical bypass for the
column lines as well. This was done by providing two segmented ring buses for each
PE, one bus for the horizontal or row lines, and another for the vertical or column
lines. This, along with the switching topology, is shown in Figure 5.3. Note that the
total number of lines placed between the columns and rows has now been effectively
doubled over the row orientated scheme just discussed. In addition the number of
switches required to steer each bit has been quadrupled from 7 to 28. A further
important enhancement suggested is in the way that the diagonals are handled. It
was pointed out that the crossing diagonal connections, are never used simultaneously
and thus could be replaced by the simpler Manhattan connections seen in Figure 5.3.
An overall view of how the scheme looks, laid out as a mesh, is given in Figure 5.4. An

example of how reconfiguration takes place around the frames is shown in Figure 5.5.

Memory and control is provided at each PE site to determine which two of the
eight external connections to each ring bus is used, how the ring bus is segmented
and whether it is connected to the PE or not.

In the scheme presented here the “hard core” of circuits that are critical to correct
functionality is reduced to a barc minimum. This was achieved by the following

means:

¢ Allowing the logical rows of the connected array to be routed amongst different
physical rows means that faulty bypass circuits can themselves be bypasscd as
well. As faults often cluster, a PE fault may also be accompanied by a nearby

fault in the bypass so this “bypassing the bypass” is quite important.

o As the logic controlling the bypass is local to cach PE, a fault here can be
bypassed just as easily.
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CHIP

Figure 5.4: Mesh-Connected Cell Array with reconfiguration Frame per Cell

¢ The power and clock connections are a major contribution to the “hard core” of
the wafer that must work. These have been made defect tolerant also. Basically,
sufficient redundancy is provided in these lines so that they can physically be
restructured, by laser cutting, once faults are detected. The layout of the fault

tolerant power rails is illustrated in Figure 5.6.

Another scheme that has been proposed using switches that are entirely external
to the PE is illustrated in Figure 5.7 [Hedlund, 1982]. With this approach the switches
are not even loosely associated with the PEs, as has been suggested here, and this
could have been expected to lead to greater area usage efficiencies. There are several

factors that would indicate that this is not the case.

e At first sight it would appear that as this scheme requires only two lines per
inter-PE channel the overall area overhead would be reduced. However the
switches required are far more complex than the ones required for the frame
scheme, with each switch having at least 7, if not 9 or more connection states.
This sort of switch would consume considerable silicon area. In fact each 8 bit

switch requires an area of 250 by 250 lambda [Hedlund, 1982].

e Unlike the frame scheme the control of the switches is not localized around each
PE. This introduces considerable extra complexity in the control logic and the

reconfiguration strategy, leading to several problems:

— Each switch has to be fully controlled through states set in a memory.

The amount of memory required works out to at least 32 bits per PE,
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compared with 13 bits required in the frame scheme. Feeding this amount
of memory would thus be a proportionately larger problem and making
this feed mechanism fault tolerant would become more necessary. This

fault tolerance would consume more area again.

— As the data routing is completely separate to the PEs the formulation
of the reconfiguration scheme becomes a more difficult problem. In
[Hedlund, 1982] a simple hierarchical scheme is suggested where the ar-
ray is divided into blocks of 12 PEs of which only 4 are required. By
taking this simple approach efficient utilization of surviving PEs is ob-
tained only for a narrow range of PE yields. More complex divide
and conquer approaches, based on graph theoretic considerations, have
been suggested that provide better utilizations for this type of structure
[Greene & Gamal, 1984][Leighton & Leiserson, 1985], but the actual com-
putation of array configurations would still be a difficult task as complex

pattern recognition steps are required.

— The completely generalized switches may make array testing a more diffi-

cult problem.

A more detailed description of the frame scheme will now be provided.

5.2.1.1 Detailed Scheme Description

Each interconnection line and switch shown represents N lines and switches for the
N-bit, parallel data path. The frame basically provides two data path rings around
the cell. Segmentation switches isolate particular segments of the ring to connect
data incident at one ring port to another ring port. Access switches provide either
cell-to-frame or frame-to-frame connections at each external port of the frame. The
connectivity of the frame is quite flexible, despite 1ts apparent simplicity. Any of
the 8 edge links can be used for the required up/down/left /right bypass connections,
providing a total of 70 possible frame reconfiguration states, with about half of these
states being useful. Although only 7 bits of control information are needed to specify
one of 70 states, it is more eflicient to directly specify the state of each side of the
frame. This greatly reduces the complexity of the control state decoding logic at the
modest cost of adding a few more flip-flops to store control state information. In
Figure 5.8, three control bits are used per side and a single bit specifies whether the

internal cell is functional, giving a total of 13 control bits per frame. These control
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Figure 5.8: Programmable Control of Reconfiguration State.

bits are loaded serially, as illustrated in Figure 5.9 for the whole wafer, adding slightly
to the “hard core” circuitry on the wafer.

Although the chip frame is designed to be consistent with the mesh-connected
communications network function discussed earlier, the FIR filter sections actually
used are connected in serial chains. The reconfiguration states allow reasonably good
interconnection of such serial chains by connecting the FIR filter section’s inputs to
both the left and top frame edges and the section’s outputs to both the right and
bottom frame edges.

Ideally the data paths would be bidirectional. However the large-grain cells in-
troduce relatively long bypass interconnections (even for a single cell bypass.) To
maintain throughput rates, line drivers must be provided along the interconnection
paths, establishing a line directiouality.

The flexibility inherent in the scheme is best illustrated by looking at the set of
bus configurations allowed. Figures 5.10 to 5.13 give the full set of bus configurations
for the vertical ring bus, the horizontal ring bus having a similar set of (rotated)
configurations. Control signals U0 to U7 and DO to DT indicate which connections
are considered active for connecting the “Up” PE (ie. the logical vertically preceding
PE) and the “Down” PE (or the logical vertically succeeding PE), as illustrated in
Figure 5.14. The signal “Co” indicates whether the PE is connected (Co = 1) or
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Figure 5.9: Programming the Wafer-Scale Array.
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being bypassed (Co = 0.)

5.3 Global Reconfiguration in Response to Faults

Due to the flexibility provided, no simple algorithm can be given for global reconfig-
uration in response to faults.

Certainly there is a tradeoff between the complexity of the computation required
to reconfigure the array and the utilization of the good processing elements. For
example, the thrust of [Hedlund, 1982] was the choice of a relatively simple recon-
figuration approach thus resulting in a lower than optimal good PE utilization, but
handling the complexity problem.

On the other hand to do a full search of all the possible reconfiguration choices
for an optimum would be prohibitive, even for a small array. Fortunately this search
space can be significantly reduced, on average, by conducting a depth first search

with the following considerations allowing for considerable pruning of the search:

¢ An important design factor for a WSI array is the speed with which it can
operate. A speed limiter which has to be reduced as much as possible is the
inter-PE delay through the wires and switches of the links. Every PE bypassed
adds significantly to this delay. Thus, for performance reasons, the maximum
number of PEs that can by bypassed by any inter PE link must be fixed. The
bypass is kept to a distance of one for arrays with up to about 30% of PEs
faulty and increased after that point is reached. This requirement also results
in a reduction of the search space for possible solutions. However it also might
mean that no solution is possible for certain fault patterns. In these cases speed

can be traded off for utilization, if this is acceptable.

e If the optimum solution is desired then the whole scarch space must be covered.
However if one is willing to accept a slightly less than optimal solution then
such a solution can often be found amongst the first few possibilities searched.
The criterion for accepting such a solution can be based on an acceptance level
of the utilization achieved for good processors. This acceptance level would be

determined by two factors:

1. Experience gained from reconfigurations performed on arrays with similar

fault levels and fault patterns.

2. Results obtained from earlier full depth searches of this search space.
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Figure 5.10: Allowed vertical bus configurations (Figure 1 of 4).
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Figure 5.11: Allowed vertical bus configurations (Figure 2 of 4).
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Figure 5.12: Allowed vertical bus configurations (Figure 3 of 4).
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Figure 5.13: Allowed vertical bus configurations (Figure 4 of 4).
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Figure 5.15: Example of a configured linear array.

O

Thus at the beginning of the search the acceptance level will be set from ex-
perience gained with similar fault patterns. This level will be adjusted as the
search proceeds to reflect the ease or difficulty with which the rules are finding

valid constructions of appropriate size.

With this pruned depth first search strategy it should be possible to find “good”

faulty array solutions without resorting to excessive search times or simple artifices.

5.3.1 Global Reconfiguration in Response to Faults for 1D
Arrays

The first architecture to be implemented takes the form of a linear array. An example
of a reconfigured one dimensional array embedded in this redundancy scheme is
given in Figure 5.15. It is not claimed that this scheme provides the best means
for configuring one dimensional arrays however it does display some merit. A linear
array was chosen for the initial implementation due to the iminediate availability of
a verified PE mask design.

With reference to Figure 5.15 the rules used for constraining the search space to

find a reasonable solution can be readily visualized:
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1. To minimize inter-PE delays and thus keep the speed to a reasonable level only

one bypass is allowed between used PEs.

2. The order in which possible successive PEs are chosen are determined by the

following preferences:
o Use a left to right succession of PEs whenever possible.
e Choose a PE closest to the origin PE within the above constraints.

Using these rules a prioritized search tree can be generated that is best searched

in the depth first pattern described previously.

5.3.2 Global Reconfiguration in Response to Faults - Mesh
Arrays

Reconfiguration of mesh connected arrays in the presence of faults incurs an extra
constraint that makes the procedure more difficult. Because there are more ways of
assigning PEs to logical positions in the mesh the unconstrained search space is much
larger than it is for linear arrays.

The rules to be used to constrain the search space are similar in nature to those
used for linear arrays. Figure 5.16 gives an example of an array reconfigured with

the following rules to constrain the search:

1. The maximum bypass, both vertical and horizontal, is one PE for low failure

rates, increasing for higher rates.

2. The order of choosing successive PEs to fill the search tree’s branches is deter-
mined through a measure of minimal distance to the origin PE and the PE’s

parents, within the constraints of rule 1 above.

3. As the search tree is descended the array is grown from the starting point in a

fashion so as to retain its two dimensional structure.

5.3.2.1 Scheme Utilization

Figure 5.17 shows the utilization (fraction of functional cells able to be configured
into a mesh array) vs % PEs faulty, illustrating the good performance of the frame

for low yield cells.
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Figure 5.16: Example of a configured mesh connected array.

5.4 Throughput Rate Optimization

The segmentation and access switches of the frame are implemented as simple trans-
mission gates. In the ON state, they insert a significant series resistance into the data
paths. Although that resistance can be decreased using large width-to-length ratios,
this increases the switch capacitance and increases the area required for each switch.
Between switches, significant line capacitance (and, for narrow lines, significant line
resistance) are inscrted into the data paths.

Switch and line resistance and capacitance then introduce significant RC delays
along data paths, whereas the ideal WSI reference would avoid reconfiguration paths
and switches (introducing only the line resistance and capacitance).

To minimize such RC delays, the three schemes for addition of distributed drivers
shown in Figure 5.18 were considered. The delay performance was evaluated using
(1) ADVICE (an AT&T Bell Laboratories version of SPICE), (2) a simple lumped
RC delay model using a switched resistance gate model [Carter & Guise, 1983] and
(3) an “complex” RC model with a more accurate gate delay model [Horowitz, 1983).

Using the same model parameters, calculations using the RC models were within

10-20% of the ADVICE simulation results. The delay evaluations were performed
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while varying the driver sizes (channel width/length ratio) and the transmission gate
sizes (again channel width/length ratio). These analyses predict that the driver
- distribution shown in Figure 5.18c, with drivers placed on paths between frames
provides the minimum delays. For the 2.5um CMOS technology and model parame-
ters, minimum delay was obtained for driver width/length = 20 and pass transistor
width/length = 15. This choice was also found to be area-delay optimal as well as
having a reasonably low power dissipation.

With this choice of distribution of drivers and array, throughput rate should be
about 40 MHz, about half the internal throughput rate of the FIR filter sections.

Details of this study will now be presented.

5.4.1 RC Model

An example of a length of reconfigured interconnect and its equivalent RC model is
given in Figure 5.19. If metal lines are used exclusively then the metal line resistance,
Rmlm, and capacitance, Cmlm, can be treated as lumped components instead of as
distributed components, without much loss in accuracy. In fact the line resistance is
so small, when compared with other resistances in the line, that it can be ignored
altogether. The delay time, defined as the time required for the output voltage
to reach 60% of its final value can be given by [Carter & Guise, 1983] (referring to
Figure 5.19):

3 3
T4 = Rl(Cl + Cg + 03) + E Z R,‘Cj (51)

t=1j5 =1
It has been suggested however that this simple RC model, though useful for modeling
interconnect, is inadequate for active circuitry [Horowitz, 1983]. Horowitz suggested

a more suitable model for describing the driving component delay:

e = J(RInV,)? + 2(1 — V,)TiaTym (5.2)
where (referring to Figure 5.20):

Tr = Rgate Cload

-1
Tgm = G Cloa.d

TMgate
Tin = R'prevCprev
Vi = normalized switching voltage (normally 0.5)

74 represents the time required the gate to switch from an input of V, to an output

ofl1 — V,.
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Figure 5.19: A length of reconfigurable interconnect and its equivalent RC model.
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Figure 5.20: Modified circuit model for a gate with a rising input.

These two models - the “simple” RC model, and the “complex” RC model with

modified driver delay will be used to investigate different driver distribution options.

5.4.2 WSI Driver Proposals

The different WSI driver proposals were given in Figure 5.18. In order to achieve a
good balance between speed and fault tolerance it was decided that the maximum
bypass allowed would be around one processing element only. Thus, by comparing
different bypass cases, the worst case delay can be shown to be the case illustrated
in Figure 5.21(a).

The details of the RC delay equations for each of the four driver arrangements
are given in Appendix A.

These four arrangements were evaluated, using both RC models, for a number of
values of driver size, sd, and transmission gate size, st, and the results are plotted
in Figures 5.24 through to 5.31 given at the end of this chapter. Some care should
be taken when comparing these figures as the scales differ on some. The frequencies
were determined simply as 1/7; and thus represent upper values only. A step at
sd = 32 may be noticed in several of the plots. This arises from a decision that
the driver size would increase from stages = 2 to stages = 3 when the final stage
reached the size, sd = 32. The application of these models with this rule suggests
that two stages should be retained for some sd > 32. The ratio between successive

stages was fixed in all cascs to 4 : 1 on the basis of the analysis in [Lewis, 1984].
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Figure 5.21: Derivation of worst case delay (Case (a)) for 1 PE bypass.
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sd | st | freq: Case 1 | freq: Case 2 | freq: Case 3 | freq: Case 4
20 | 10 39.9 26.20
20 | 15 41.6

20| 20 30.73 40.50 41.43 24.50
20 | 30 22.28
20 | 40 28.40 35.89 35.56 20.27
20 | 60 26.50 30.38 30.00

20 | 80 23.30 25.99 25.70

40 | 20 35.82 39.14 39.15

40 | 40 37.72 38.64 39.00

40 | 60 36.40 36.04 34.99

40 | 80 34.36 33.11 32.38

60 | 20 37.61 42.52 43.47

60 | 40 41.06 43.86 44.00

60 | 60 40.68 42.07 42.00

60 | 80 39.37 39.86 38.97

80 | 20 38.15 43.29 44.00

80 | 40 42.32 45.76 44 .88

80 | 60 42.63 44.68 43.42

80 | 80 41.77 42.86 41.72

Table 5.1: ADVICE Results: Driver and transmission gate size vs. frequency (MHz)

5.4.2.1 ADVICE Results

A large number of points were also determined using ADVICE simulations. For
consistency 74 was defined as the delay between the input reaching 60% of its final
value and the output reaching 60% of its final value. The results are plotted, along
with interpolated points for easy viewing, in Figures 5.32 to 5.34 given at the end of
this chapter. The determined values are also given in Table 5.1. Again the frequency
was taken as 1/75. The step previously observed at sd = 32 is evident in some of
these plots though it 1s not as prominent, partially due to the fewer points actually

determined. However 1t verifies the RC model result in a general manner.

5.4.3 Discussion of Modeling Results

Similar trends were discovered with the application of each of the three modeling

approaches:

1. Speed increases monotonically with driver size.
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2. For any particular driver size an optimum transmission gate size exists.

3. This optimum transmission gate size is about the same for each modeling ap-

proach.

4. A better choice could be made on the driver size at which to change from two
to three stages. As a two stage driver was the final choice closer investigation

of this was not necessary.

5. The general shapes of the RC model and ADVICE model surfaces obtained

bear more than a superficial resemblance in each case,

The results predicted by the three models can disagree by up to 20%, with the
results obtained from the complex RC model generally being slightly more consistent
with the ADVICE results than those of the simple RC model.

One problem with the RC models was the difficulty experienced in determining
appropriate resistance values. The capacitance values can be obtained simply from
the ADVICE parameters but the resistance parameters were obtained by measuring
the on-resistance of the transmission gates in an ADVICE simulation. This resistance
value is of coursc an approximation as transistors are non-linear devices.

In order to obtain a better set of resistance parameters an attempt was made to
fit the simple RC model to the ADVICE results. This attempt was abandoned when
the resulting fitted resistances came out to be negative! Additional calculations were
made using different resistance values again with no significant changes in the relative
results.

Overall however, for broad brush calculations, it can still be hypothesised that an
RC modeling approach is satisfactory as it indicated the trends fairly accurately in

this case.

5.4.3.1 Choice of Approach and Area-Time Optimality

The conclusions that can be drawn from both the ADVICE simulations and the RC
model calculations are fairly similar. Case 4, the fully buffered ring case, provides
the worst performance of the four suggested driver distributions. For the same driver
and transmission gate size, case 3 (inter-PE buffers) gives the best result but only by
a small margin.

However each design has different numbers of drivers and transmission gates so
a more suitable basis for choosing the best design may be to consider the area-delay

product.
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If the area of a size=20 driver or transimission gate is taken as 20 units then the

area requirements of Cases 1 to 3 are:

Case 1: 2sd + 28st. One full size driver is placed at the two outputs of the PE and

each transmission gate in the ring is full size.

Case 2: 10sd + 36st. There are eight full size drivers in the ring bus and two full

size PE output drivers. All 36 transmission gates are full size.

Case 3: 8sd + 28st. Each PE has eight drivers around each edge of its own (the
other eight belong to neighbouring PEs) and 28 full size transmission gates.
The driver input transmission gates on each side are not counted as full size

and neither are the output drivers of the PE itself.

Using these figures as the area and the ADVICE delay results, area-delay products
were calculated and are given in Table 5.2. Case 3, sd = 20, st = 15 provides a
good choice both on the basis of absolute speed and total area. However if the driver
size, sd, was increased further in Case 1, the same results can be achieved with a big
driver and small transmission gates. Nevertheless the Case 3 result was the one used

in the actual design.

5.4.3.2 Power Dissipation

As well as area, another “cost factor” to be considered is the extra power required by
these large drivers. This will be determined, for comnparison purposes, by calculating
the power needed to switch the total capacitance in any one line at the required
speed. In doing this resistive losses are ignored. Though significant, the resistive
losses are not as large as the switching power requirements and thus can be ignored
for present purposes. Thus the power can be calculated from the product CV?f
where C is the total capacitance in a single bypass line from original source to final
destination. Assuming f = 40M Hz and using the capacitance values for a choice of

sd and st that would result in this speed (except for case 4 which cannot in actual
fact reach 40MHz) we obtain:

Casc 1: Power = 21.6 mW per line
Case 2: Power = 34.1 mW per line
Case 3: Power = 24.9 mW per line

Casec 4: Power = 17.25 mW per line

Case 3 arises as a reasonable choice.
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sd | st | AT: Case 1 | AT: Case 2 | AT: Case 3
20 | 10 11
20| 15 14
20| 20 20 22 17
20| 40 41 46 36
20 | 60 65 78 61
20 | 80 98 118 93
40 | 20 18 28 22
40 | 40 32 48 37
40 | 60 48 71 o7
40 | 80 67 99 79
60 | 20 18 31 24
60 | 40 30 46 36
60 | 60 44 66 51
60 | 80 60 87 70
80 | 20 16 35 27
80| 40 80 49 39
80 | 60 43 66 53
80 | 80 57 69 69

Table 5.2: Area x Declay products for the first three cases
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5.4.4 Conclusions

In conclusion:

1. Case 3 was the best choice as far as speed and area-delay and almost the best

choice as far as minimizing power consumption.

2. The conclusions drawn from the RC model results were the same as those drawn
with the ADVICE model. The RC model provided an adequate description for

comparison purposes.

3. Adding complexity to the RC model did not significantly impact the accuracy
of the RC model results.

Though Case 3 was the actual optimal result for speed and area-delay, Case 1
was good enough, with large enough source drivers, to warrant consideration. It is
estimated that Case 1 might well be the optimal choice for smaller processing element

sizes.

5.5 Fault Detection and Isolation

The problem of fault detection/isolation of reconfigurable WSI circuits is simplified
by separately testing the array cells and the cell interconnection paths. Once the cell
interconnections are verified, testing of the individual cells of the array is relatively
straightforward. However, given the large number of configuration states of the chip
frame, verification of the correct functioning of all states of all frames (with some
states requiring that data pass through the enclosed cell) becomes quite difficult.
Testing the array solely from a limited number of connections to the outer edge of
the array will generally be difficult.

The most straightforward way to overcome this problem is to provide a means of
observation internal to the array. In the chip frame a set of probe pads have been
provided between the PE and the frame itself. A control state that disconnects the
frame from the cell allows each cell to be tested. These pads can also be used to test
inter-PE paths, either to other pads or to the array edge. Initial testing of the array

would then involve the following general sequence of test steps:

1. Power-up the array under gradually increasing current limited power supply
conditions to determine whether there are any power/ground short conditions

(and to perhaps localize and repair such shorts).
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2. Using a probe card and the cell test mode (i.e. cell disconnected from frame),

test each array cell to locate faulty cells.

3. Given the set of faulty cells, determine and test the desired reconfiguration

state of each frame.

This can be done in one of two ways. The required paths can be explic-
itly tested by using the probe pads at each end. Alternatively, and perhaps
more practically, the peripheral pads at the array edges can be probed to test
connected paths through the internals of the array. As the PEs have been pre-
viously tested, and are arithmetic in nature, they can be set up to pass data

through unchanged and thus test the interconnect.

4. If the desired state is found to be faulty, then select and test a new reconfigu-

ration state.

The addition of internal test sites and a control state to isolate cell inputs from

the frame provides a convenient approach to initial testing of the array.

5.6 Implementation

The monolithic WSI array using reconfiguration chip frames and the HWSI array of
reconfiguration frames (onto which unpackaged FIR filter section IC’s are flip-chip
mounted) were designed using the MULGA VLSI CAD tools [Weste, 1981]. Both
schemes are implemented on a common wafer (se. in the style of a multi-project
- wafer), the monolithic WSI array occupying one half of the wafer and the HWSI
array occupying the other half. The layout of one monolithic WSI array site is shown
in Figure 5.22. Each reconfigurable site is relatively large (about 11mm by 11 mm)
with considerable white space. The wasted white space originated from (1) the wide
chip frame required to achieve 30-bit wide data paths along with associated drivers
and transmission gates, and (2) limitations imposed by the symbolic CAD design
tools. Use of the conventional VLSI IC tools in the WSI project described here
uncovered a number of limitations, several of which were resolved with the help of
the MULGA designers. Others, however, were more severe.

In the MULGA design environment cells are specified symbolically, compacted to
form mask layout and then routed to the pads using an automatic channel router.
The design presented here was too large to compact as one super module, so pieces

of the frame had to compacted separately and then connected to each other and the
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PE, or flip mount, using the channel router. These frames then had to be routed
to each other and the PE, or flip mount, using a channel routing step. Compaction
before connection prevented the layout from being constructed so that pieces could
simply abut each other. The channel router was also limited because it was designed
for the job of routing to a chip pad frame only. Together these limitations resulted in
considerable wasted space in the final layout. Many iterations had to be performed
on the design to attempt to reduce this wasted space as much as possible.

After construction of the half wafers there were further problems in the extraction
and simulation of the design. The construction of the extractor meant that only part
of the design could be extracted. Only switch level simulation could be performed
on this extracted netlist. These problems apply as much to large chips as they do to
WSEI devices.

Though the ease of symbolic design was appreciated in the earlier stages, a mask
level design tool, or a compaction tool that allowed the spacial specification of some
mask features, would have becn useful. As discovered (and quickly supplicd) the
computer being used to run the CAD tools should have as much primary memory
and swap space as possible. Almost a Gigabyte of disk space was required to store the
intermediate files required. Parallel simulation tools are essential for the verification
of such large structures [Ackland et al., 1986]. Unfortunately the extractor available
at the time prevented successful simulation on such a parallel simulator.

A microphotograph of the complete wafers as manufactured is given in Figure 5.23.
As mentioned above, the empty space inside the pads arises due to limitations of the
channel router used. The chips around the edge are test sites or the FIR filter chips
required for flip mounting on the HWSI wafers. Leaving blank silicon space on a

wafer can create fabrication problems and had to be avoided.

5.7 Summary

The “frame” scheme provides a different approach to the reconfiguration of mesh
arrays with a significant number of faulty PEs. The design and implementation of
the scheme has been described. In the next chapter it will be comparcd with a
number of other approaches to the reconfiguration of mesh arrays. There it will be
shown that the frame scheme performs well when compared with other schemes that

achieve a similar level of utilization.
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Figure 5.22: [Next Page] Mask-Level Schematic of Monolithic WSI Array Site.

Figure 5.23: [Page after next] Microphotograph of fabricated wafers showing WSI
and HWSI halves. The empty space and additional chip sites seen are explained in
the text.
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Figure 5.24: Speed vs. driver and transmission gate size. Case (1) Non buffered.

Simple RC model.
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Figure 5.25: Specd vs. driver and transmission gate size. Case (1) Non buffered.

Complex RC modecl.
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Figure 5.26: Speed vs. driver and transmission gate size. Case (2) Bypass Drivers.
Simple RC model.
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Figure 5.27: Speed vs. driver and transmission gate size. Case (2) Bypass drivers.
Complex RC model.
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Figure 5.28: Speed vs. driver and transmission gate size. Case (3) Inter-PE buffers.
Simple RC model.

145

Petitioner Samsung Ex-1031, 0163



Petitioner Samsun g Ex-1031, 0164



Freq. of Op.

Figure 5.30: Speed vs. driver and transmission gate size. Case (4) Fully buffered.
Simple RC model.
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Figure 5.32: Speed vs. driver and transmission gate size. Case (1) Non-buffered.
ADVICE results.
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Figure 5.33: Speed vs. driver and transmission gate size. Case (2) Bypass drivers.
ADVICE results.
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Figure 5.34: Speed vs. driver and transmission gate size. Case (3) Inter-PE buffers.
ADVICE results.
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Chapter 6

Comparing Redundancy

Approaches for Mesh Arrays

6.1 Comparison Metrics

In Section 4.4 it was stated that when implementing an architecture requiring defect

tolerance, the choice should be made so as to maximize either the

Yield x Areapg X Speed

(6.1)

Areayoiql

product or the
E(P) x Areapr x Speed

Areayptal

(6.2)

product, depending on the application. (Areapg is the functional area of each PE,
Areay,rq is the total area of the array, including interconnect.) For applications where
the product requires a fixed number of processing elements the Yield based expression
is more appropriate. This would usually be the situation for large scale chips. For
many WSI applications the E(P) based expression would be more appropriate. It
would often make economic sense for a wafer scale product to allow for the production
of parts with different numbers of processing elements. This i1s simply because the
wafers generally have very different numbers of defects.

As discussed in Chapter 3, to use defect tolerant techniques profitably for large
chips or for WSI arrays, a substantial area of the device must be covered by an array
containing a single type of processing element.

The PE size has a significant effect on the Yield x Area or E(P) x Area component.
The influence of PE size on either of these expressions is a tradeoff between the following

factors:
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1. The minimum PE size required for performing the set task.

For some tasks this may be a single bit adder, for others a reasonable sized

control unit may be required in addition to arithmetic type units and memory.

2. The degree to which functionality per unit area increases with PE size.

If functionality per unit area increases quickly with PE size then larger PE
sizes would be preferable. For products with a small control overhead (usually
associated with limited programmability) functionality per unit area does not
change much when one goes from single bit PEs to two bit PEs. For tasks where
the PE requires a reasonable sized control unit increasing PE size and functional-
ity may increasing the functionality per unit area as the control overhead fraction

is decreased.

3. The area overhead required for the reconfiguration scheme.

Silicon area spent on reconfiguration is area lost to functionality. The area
overhead depends on the scheme used, the size of the interconnection switches
employed and the number of bits that are required to be communicated. Faults

in the wiring area may also lead to a reduced yield.

4. The percentage of the wafer area still usable after defects.

Other factors aside, this suggests making the PEs as small as possible (so
that a single defect requires the removal of the smallest amount of device area.)
Consideration of factors 2 and 3 above work against this to suggest an increase

in PE area. Factor 1 determines the minimum PE size.

5. The relationship between PE yield and PE utilization.

E(P) is directly proportional to PE utilization and array yield is also related.
For PE yields below about 80% the impact of the reconfiguration scheme on the
utilization and E(P) or array yield is quite significant.
6. The effect of wiring on PE utilization.

This is largely a function of the reconfiguration scheme used as well as the
details of the implementation of the power and clock nets. A method for handling

this was presented in Chapter 3.

Most of these factors depend to a large degree on the details of the function being

implemented, and thus are generalizable only to a limited extent. Determining the
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best point of trade-off between all these area factors can be determined by looking
at the area utilization measure %ﬁ? [Koren & Breuer, 1984]. This measure is
defined as that percentage of the array that is used for computation and thus reflects
the interplay of the factors described above.

The speed of a defect tolerant processor array can be limited either by the speed
of the processing element, or the speed of the communications allowed by the inter-
connect wiring. The last may depend solely on the amount of wiring and the number
of switches between the connected PEs, or it may be determined by the nature of the
communications implemented, as described in Section 4.8. (eg. Multi clock cycle mes-
sages or pipelined interconnect.) As the PE size increases it would usually be the case
that the PE speed would decrease. Simultaneously to this, the percentage of PEs that
are faulty would increase and the length and speed of the interconnect would decrease.
The rate of decrease of interconnect speed with increasing PE size is likely to be faster
than the rate of decrease of the PE speed. Aside from this little can be said about the
speed components of the above metrics without knowing details about the function to

be implemented.

6.2 Classification of Mesh Arrays

A taxonomy of interconnect reconfiguration approaches to mesh arrays is given in Fig-
ure 6.1. Row bypass schemes are the simplest approach (Figure 6.2) but result in a low
utilization. Another simplistic approach is to use good PEs as purely bypass elements,
bypassing an entire row and column for each failed PE (Figure 6.3.) This approach
results in the lowest PE usage of any scheme and thus would not usually be used for
yield enhancement of WSI arrays. Bypassing bad PEs within a row and then steer-
ing the columns around the bad PEs, as illustrated in Figure 6.4, achieves reasonable
utilizations without too much overhead. Two approaches are illustrated. With LI (Lo-
cal Interconnect — point to point connections only) connected columns each PE can
only be vertically connected to the three PEs below it. With GI (Global Interconnect —
switched connections) connected columns extra bypass is provided to enable connection
to any PE in the row below. An example of such an approach using LI columns was pre-
sented by Evans [Evans, 1985]. Evans also describes a distributed algorithm that can be
used to reconfigure the array. A similar approach has also been used independently by
Marwood and Clarke to produce a field reconfigurable array [Marwood & Clarke, 1985]
and at McGill University [Pateras & Rajski, 1988]. A hierarchical test strategy for this

array was presented in [Evans & McWhirter, 1986]. The utilization can be increased
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Figure 6.1: Taxonomiy of approaches to interconnect reconfiguration of mesh arrays.
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by using a GI strategy to steer the columns [Moore & Mahat, 1985).

As a general rule, a reconfiguration scheme based on LI connections results in a
lower utilization than schemes based on Gl connections with similar levels of wiring
overhead. On the other hand LI switched connections will be faster because they’ll
have fewer switches per connection. Additionally LI based schemes tend to have a
higher tolerance to interconnection faults as the connections are not shared. A number
of primarily LI connection based schemes have been suggested. What is perhaps the
simplest example is illustrated in Figure 6.5 which also uses CE (Connecting Element —
using working PEs as bypass) based bypasses as appropriate [Negrini et al., 1985). The
type of algorithm that is usually applied to LI and LI-like schemes is described here as
a 2-D perturbation algorithm. This description is used because the final PE locations
are perturbations on their fault-free locations, the possible number of perturbations
being a small number only.

Another interesting approach using LI based fault tolerance is to place spares in the
interstices between the normally used PEs, as shown in Figure 6.6. Each spare can then
be used to replace any of its connected neighbours [Singh, 1985]. Singh also discusses
interstitial options using fewer spares, that could be applied to higher yielding PEs.
One complication with this scheme however is the wiring complexity required around
each PE to allow the use of spares on all four sides of that PE.

A number of primarily LI based schemes have been proposed by workers at the
Politecnico di Milano. They have proposed two basic interconnection structures and
a number of distributed perturbation reconfiguration algorithms based on these struc-
tures. All of their reconfiguration strategies are aimed at reconfiguring an array with
at most only one spare row and one spare column. The strategies are essentially LI in
that only certain sets of PEs are allowed to be connected. Because of this, the max-
imum number of spares that can be usefully employed are 2N+1 spares for an NxN
required array size. The relative richness of the interconnect provided allows for a high
utilization of these spares. Due to the small number of spares allowed these schemes
are best used for producing defect tolerant chips and not wafer-scale devices.

The first structure is based on the use of multiplexers [Sami & Stefanelli, 1983]
[Sami & Stefanelli, 1986]. A schematic layout of the “direct reconfiguration layout”,
as it is called by the authors, is reproduced from [Sami & Stefanelli, 1986] in Figure
6.7. This structure allows for direct vertical connections, direct horizontal connections,
and some limited horizontal bypass, as illustrated in Figure 6.8.

Higher spare utilizations can be achieved by using switches rather than multiplex-
ers [Sami & Stefanelli, 1986] [Gentile et al., 1984]. Several distributed reconfiguration
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Figure 6.4: Approaches to bypassing within rows, combined with column steering.

159

Petitioner Samsung Ex-1031, 0177



CE & LI
Connections

(b) Example of a reconfigured 3 x 2 array

Figure 6.5: An example of a 2-D perturbation scheme based on LI and CE switches.
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Figure 6.7: Schematic Layout of direct-reconfiguration structure. (reproduced from
[Sami and Stefanelli, 1986] (c)IEEE)
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algorithms that make effective use of the 2N+1 spares provided are also presented in
these references. This structure, showing allowable logical neighbours, is given in Fig-
ure 6.9. In [Gentile et al., 1984] a circuit layout developed for this approach is also
described.

The most flexible approach to reconfiguring fault tolerant mesh arrays is to provide
the array with a rich matrix of GI lines connected by general switches. This approach
however does attract the penalties of a larger area overhead and the requirement for
more complex reconfiguration strategies to ensure effective use of the extra flexibility.

Conceptually there are two ways to approach the organization of generally switched
schemes. With the channel approach (Figure 6.10) the switches and GI con-
nections form a number of channels between the rows and columns of the PEs
[Hedlund, 1982] [Hedlund & Snyder, 1984]. Reconfiguration takes place by forming
connections through those rows. Examples are given in Figures 6.11 and 6.12. The
assignment of connections to channels and the setting of the switches is determined
for the whole array, off the array in a centralized manner. The RVLSI program (see
Sections 2.3 and 4.2) uses a channel approach to describe and reconfigure its arrays.

Reconfiguration strategies for the channel approach may vary. If so desired the
full complexity of the problem can be avoided by using a hierarchical approach. With
the hierarchical approach the PEs are organized into blocks. Reconfiguration consists
of two steps then. First the connections within the blocks are reconfigured so as to
form sub-arrays of the desired size. These sub-arrays are then connected to form the
complete array [Hedlund, 1985] [Wang et al., 1987). This approach does not result in
an oplimum utilization.

The complexity of optimally reconfiguring a channel based wafer can be approached
analytically. In [Leighton & Leiserson, 1985] and [Greene & Gamal, 1984] the VLSI
complexity (in terms of bounds on area, channel width and delay) of the reconfiguration
problem is considered and bounds on utilization and connection length are determined.
Generalized forms of divide and conquer algorithms that could be used to reconfigure
arrays with 100% utilization (given a suitable channel width) are also presented.

In the frame approach, channels are configured slightly differently. Here the GI
interconnects are specifically associated with particular PEs, rather than being treated
as a cofnpletely separate entity (Figure 6.13.) An example of an array reconfigured
using the frame approach is given in Figure 6.14. This association allows for easier
programming of the switches, with less programming overhead, and better speed op-
timization as there are fewer switches used overall. On the other hand, the wiring

area overhead is higher than with the channel approach. An example of a frame based
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Figure 6.11: Example of a reconfigured array using the channel approach (single chan-

nel width.)

solution was given in the previous chapter.

6.3 Comparison of Mesh Redundancy Approaches

6.3.1 Monte Carlo Simulation

With the Monte Carlo method, the required quantities are determined by observing
a suitably constructed random process [Buslenko et al., 1966]. By using a computer a
large number of samples can be taken and a result determined to any required degree
of accuracy.

For example, to determine the expectation z = M¢ of a random variable £, N-fold
samples of the value of £ can be taken in a series of independent tests: £1,€z,...,&N.

The mean value is then
L+&+--+in

N

£ =

According to the law of large numbers
EnMe=13 (6.4)

with a probability as close to 1 as required for sufficiently large N.
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Figure 6.12: Example of a reconfigured array using the channel approach (double
channel width.)
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Figure 6.13: I'rame approach to all-GI connected array reconfiguration.
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The error between £ and z = M¢ si given by

653% (6.5)

where the variance o2 is N oo
2 _ L (& —€)
== =

This can be used to determine the number of samples N required. If after S samples

o

(6-6)

the error is 5 and an error of éy is required then an estimate of the minimum number
of samples required to achieve this is given by
ds

N =5z

)2, (6.7)

The Monte Carlo Method was used to determine utilization as a function of the
number of faulty PEs for a variety of reconfiguration schemes. For cach Monte Carlo
step a pattern of faulty PEs was randomly produced. The appropriate reconfiguration
algorithm was then applied to this fault pattern to determine either if (1) a prop-
erly configured array could be produced, or (2) what maximum size array could be
configured, as appropriate depending on the particular reconfiguration scheme being
studied.

6.3.2 Utilization Comparisons

A direct comparison of the three most basic (whilst useful) schemes for reconfiguring
WSI mesh arrays in the presence of faults are presented in Figure 6.15. The schemes
compared are the in-line row schemes given in Figure 6.4, the combined CE/LI scheme
of Figure 6.5 and the best possible in-line rows scheme. In this last (hypothetical)
scheme any good processor in a row can be used. This is included so as to ascertain
the value of increasing the level of column steerability of the GI columns/in-line row
approach (by adding extra horizontal column shift configuration lines.) The row bypass
(Figure 6.2) and connecting element bypass (Figure 6.3) schemes are not included
here because their utilization drops drastically for arrays with more than 10% faulty
elements. For example, the row bypass approach achieves a utilization of 40% when
10% of PEs are faulty and a utilization of only 10% when 20% of PEs are faulty.
Interstitial redundancy, an LI-like scheme, [Singh, 1985] (Figure 6.6 shows an exam-
ple with 100% redundancy) can produce superior utilizations to the GI column/in-line
row scheme. Utilization results with different levels of redundancy are shown in [igure
6.16. R=150% interstitial redundancy produces a superior result when the percentage
of faulty PEs is between about 30% and 50%. For R=200% this range is from 40%

170

Petitioner Samsung Ex-1031, 0188



Utilizatlion

4a.

19Q PEs

GTI celumns/In—!ine rows

[EETe—, LI col umng/In— |l irne rows
————a CE & LT comnactions

........ Optimal cols/Irn—1 ina rows

-

7 PEs foulty

Figure 6.15: Comparison of the in-line row schemes and a combined CE/LI scheme.
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Figure 6.16: Utilization of Interstitial Redundancy. R is the level of redundancy.
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to 70%. The switching complexity of this approach can be significantly higher than
for the previously mentioned schemes though. For the R=200% case each PE has to
have the capacity to be connectable to nineteen potential neighbours on all four sides.
Singh doesn’t describe the connection scheme that would allow this but its complexity
will obviously be significant. In fact its actual implementation would most likely be
more GI than LI simply to reduce the number of connections required.

As can be seen, amongst the schemes compared so far, the GI columns/in-line rows
approach results in a generally superior utilization. The use of switched GI intercon-
nect rather than direct LI interconnect brings a clear utilization advantage. The only
costs are an cxtra line within each row and a more complex reconfiguration algorithm.
The extra complexity of the reconfiguration algorithm rules out the possibility of the
reconfiguration step being carried out by hardware internal to the array, as is often
suggested for the LI columns approach. This is not such a disadvantage as it may
seem however, because, for the WSI case, if no special precautions are taken this hard-
ware can contribute significantly to the array kill area Ay and scriously impact yield,
as described in Chapter 3. In [Evans & McWhirter, 1986] a method is presented for
overcoming this problem for self-organizing LI column arrays.

To further increase utilization requires the use of all-GI connected schemes. These
allow the steerage of rows as well as columns around faulty PEs. A large number
of various all-GI connccted schemes were simulated by hand (as automating the task
requires considerable effort) and the resuits are given in Figure 6.17. The all-GI schemes
consistently produce utilization figures better than 70%, with the double channel and
frame approaches providing a utilization of around 90% for this size array.

One major disadvantage however of these GI schemes is the complexity involved
in determining an optimal reconfiguration. Generally it seems that the only solution
is too carry out a heuristically guided depth first search to determine PE connectivity
and then use a routing step to map the required connections onto the wires provided.
Such a set of tools have been written to reconfigure the RVLSI wafers, which use a
channel approach [Anderson, 1986]. A divide and conquer approach can also be used
for certain arrays [Leighton & Leiserson, 1985].

Another approach, that has been suggested as a solution to reducing the complexity
of carrying out this reconfiguration step, is to perform the assignment in a hierarchi-
cal fashion. This has been suggested by Hedlund [Hedlund & Snyder, 1984] and Su
[Wang et al., 1987]. In Hedlund’s original approach the PEs are grouped into logical
blocks of twelve. Each block is tested to determine if there are four working PEs

present. If each block in a column of blocks has four working PEs then all those blocks
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Figure 6.17: Utilization comparison of different all-GI connected approaches.
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Figure 6.18: Utilization vs. % of PEs faulty for a number of variations on Hedlund’s
hierarchical scheme. The labels refer to the number of PEs that are considered spare
in each block of 12 PEs.

are used. If any of the blocks don’t have four working PISs then the whole column of
blocks is bypassed. A number of variations arc of course possible on this approach.
The most obvious one is to vary the number of PEs allocated as spares in each block.
Utilization with a varying number of PEs is given in Figure 6.18. Hedlund’s arrays have
exactly the same basic physical structure as the double channel all-GI arrays illustrated
earlier. Though greatly simplifying the reconfiguration step, utilization is reduced by
between 20% and 30% by adopting ihis hierarchical reconfiguration strategy, rather
than tackling the full complexity.

Another possible variation is to improve the manner in which blocks that do not
have the required number of working ’Es are handled. Rather than bypassing a whole
column for each such bad block a more efficient method could be used, such as applying

the GI column/in-line row scheme to the blocks. The utilization that can be achieved
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Figure 6.19: Utilization achieved by combining the hierarchical approach with the

GI-column/in-line row reconfiguration scheme for the blocks.

using this approach is given in Figure 6.19. The only difference between these plots and
the previous plots in Figure 6.18 is that the right hand declining tails of the new plots
are higher. The optimal points have not changed as at these points there are usually no
bad blocks. Thus doing this only brings a limited return. The double channel physical
structure could be retained for this approach as the inter-block channels are sufficient
to embed a GI columns/in-line row scheme. So this enhancement comes at no cost.
Another possible enhancement is to dynamically change the size of the block, and
the number of working PEs required in the block to obtain an optimum utilization.
This approach retains the 2 channel structure of Hedlund’s original array and does give
some yield advantage. In more detail, the scheme works by scanning the array from left
to right considering blocks of fixed height (3 PEs high, as before), but of variable width,

and with a variable number of good PEs being required from each block. (The number
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Figure 6.20: Utilization of hierarchical scheme using varied width columns.

of PEs to be used is kept to an even number however so as to ensure routability of the
final result.) A number of widths and PE numbers are considered until the optimum
usage of PEs is obtained for that variable width column. Consideration is then moved
to the next column. As shown in Figure 6.20 this results in an generally improved
utilization over the fixed column width and combined hierarchical approaches at no
cost at all. Its biggest advantage however is that the utilization plot is not peaky. As
discussed before the number of defects per wafer can vary significantly between wafers.
Thus to most efficiently use all the arrays produced a consistently high utilization is
preferred, and a peaky utilization result does not provide this. This is assuming that
a range of product sizes can be used. The interstitial redundancy scheme also suffers
from this limitation of producing an optimum utilization only for a restricted range of
% PEs faulty.

It is worth noting that some suggested hierarchical schemes (eg. such as in
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[Wang et al., 1987]) use a different reconfiguration structure between blocks to the
structure used within them. By fixing the block size in the hardware the possible
application of dynamically changing the block size is prevented. The benefit of such
schemes though could be that the number of switches in a connection path may be
reduced when compared with the approaches being presentcd here. However no-one
has presented such a scheme.

Another enhancement, that will not be explored here, is the sharing of PEs between
blocks. Like the variable sparing enhancement this will most likely mainly affect the
tails of the distributions in Figure 6.18 rather than raise the utilization peaks.

It is evident in all of the utilization plots above that the graphs arc not monoton-
ically smooth. The reason is that the possible array sizes are quantized to a sub-set
of the non prime numbers. This sub-set differs with the scheme under investigation.
For any of the in-line schemes the number of connected PEs must be a multiple of
the number of rows. For the all-GI schemes, the number of PEs used tend to have
numerical factors that are not very dissimilar in value. As the number of good PEs
available decrease the number of PEs used tend to jump between these quanta in a

non continuous fashion.

6.3.2.1 Effect of array size

What confidence do we have that the results presented above track for array sizes other
than the ones presented? To test for this effect some schemes were simulated with a
number of different array sizes.

Figure 6.21 shows the eflect of array size on utilization results of the In-line rows/LI
columns approach. Here the difference can be up to 20%.

In the interstitial redundancy approach utilization decreased by over 10% when the
array size was quadrupled [Singh, 1985].

It would be expected that Hedlund’s hierarchical scheme would suffer a slightly
decreased utilization as the number of rows of blocks is increased and a constant uti-
lization as the number of columns of blocks is changed. Its hierarchical nature results
in the latter, whilst the fact that a single unusable block leads to the loss of the whole
column naturally leads to the former conclusion.

In order to maintain a constant utilization for the all-GI channel appreach arrays, it
is necessary to increase the channel width at the rate of O(lglgN), as N increases, where
N is the number of PEs in the unreconfigured array [Leighton & Leiserson, 1985]. The

similarity between the channel approach and the frame approach suggests that the
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Figure 6.21: Effect of array size on utilization of in-line rows/LI columns scheme.
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utilization of the latter will also degrade with increasing N unless additional frames

are added at this rate.

6.3.2.2 Effect of Clustering

Clustering enters the modcls discussed here in three ways:

1. In the base yield model the o parameter reflects the level of clustering as discussed
in Chapter 3. The presence of clustering results in a greater variance in defect

densities between wafers and chips than if clustering were not present.

2. In obtaining a fault tolerant yield model the probability distribution between the
number of faults and the number of laulty PEs can be adjusted to take account
of the presence of clustering. This was discussed in Section 3.5.3 where its effect

was shown to be minimal.

3. The utilization U (or Ci;ygr) can be affected by clustering. A higher probability
of there being neighbouring faulty ’Es may change these figures.

This section discusses the effect of the last point.
The sensitivity of the utilization results to clustering was determined by simulating

reconfiguration of faulty arrays under two separate assumptions:
1. The assignment of faulty PEs to array locations was purely random.

2. There was a finite probability the adjacent PEs were faulty.ch other. This prob-
ability was set here at the high figure of 0.8. In the Monte Carlo simulation, as
faulty PEs were assigned to array locations, a probability of 0.8 was assigned to

the possibility of that faulty PE being placed adjacent to the last faulty PE.

The first assumption was used in determining the utilization figures given above. Re-
sults under the second assumption are compared with the first here. These comparisons
are given in Figures 6.22 to 6.27.

No scheme’s ulilization improves under these clustering conditions. However, the
degradation of the in-line and all-GI schemes is not as bad as it is for the others. The
degradation of utilization under clustering conditions is worst for Hedlund’s scheme
because if a cluster of faults falls in a block then the whole column of blocks may be
lost. The dynamic hierarchical approach degrades less under clustering assumptions

than the fixed block size hierarchical approach.
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Figure 6.22: Utilization of the CE & LI connections only scheme under assumptions of

clustering and no clustering.
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Figure 6.23: Utilization of the in-line rows/LI columns scheme under assumptions of

clustering and no clustering.
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Figure 6.24: Utilization of the in-line rows/GI columns scheme under assumptions of

clustering and no clustering.
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Figure 6.25: Utilization of Hedlund’s scheme under assumptions of clustering and no

clustering.
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Figure 6.26: Utilization of the dynamically varied block size hierarchical scheme under

assumptions of clustering and no clustering.
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Figure 6.27: Utilization of all-GI schemes under assumptions of clustering and no

clustering.
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6.3.3 Speed Comparisons

The speed of a WSI processor array depends on a variety of factors:

1. Implementation Technology. This refers to both the IC fabrication technology as
well as the technology used to implement reconfiguration. Most of this section will
be devoted to speed comparisons based on implementation in a CMOS process
with CMOS switches being used to route reconfigured lines. This is actually the
worst case but it is an important case, as it is the most widely available technology
for WSI implementation. Use of hard fusing/joining technologies can sometimes
bring substantial speed improvements at the expense of a loss of post-processing
flexibility and longer lead time and cost. This was discussed in detail in Chapter
4. The use of a BICMOS process to produce bipolar switches for reconfiguration

routing offers a lot of promise for improving speeds.

2. Number of switches in the switched path. (To be referred to as switch length.)
This is mainly a function of the reconfiguration scheme used, though it will vary

with the number of faulty PEs present.

3. Length of interconnect in switched path. This depends primarily on the size of

the PE, and secondarily on the type of reconfiguration scheme being used.

4. Usage of schemes to increase speed. These were discussed in Chapter 4 and an
example was given in Chapter 5. These depend on the application as well as the

particular reconfiguration scheme being used.

In general the worst path length for a particular number of faults is not always the
same. For example consider the graph in Figure 6.28. Here the relative frequencies
of different maximum switch lengths are plotted against the percentage PEs that are
faulty for the in-line rows set of schemes.

The distribution of maximum path lengths is quite sharply peaked, particularly for
lower levels of faults. This means that if speed is important the reconfigured arrays
with the longest switch lengths can be rejected, without significantly impacting yield
and utilization. For higher levels of faults, where the peak is not quite as sharp, it is
possible to make some tradeoff between speed and utilization.

Both of these effects can be seen by referring to the 50% PE fault distribution curve
in Figure 6.28. For this array, with 100 PEs, the longest possible switch length is 11
switches (the bypass for an in-line scheme is the consists of one switch for each PE

bypassed plus one switch at each end; thus the longest bypass in a 10 x 10 array is 11
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Figure 6.28: Relative frequencies of maximum switch lengths, in terms of number of
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switches — 9 bypassed PEs + one switch at each end.) This also corresponded to the
longest switched path out of all the samples taken. However if the worst 4% of the
reconfigured arrays are rejecled then the longest switched path is only 9 switches. This
has a less than 4% effect on utilization because the now rejected arrays also contain
the fewest PEs. This illustrates the first effect.

If still better performance is required the distribution is flat enough to allow one
to use the second effect. By rcjecting the worst 18% of arrays the maximum switch
length becomes 8. Rejecting 44% of the reconfigured arrays reduces this length to 6.
This corresponds to a 23% speed improvement over a maximum length of 9 but only
reduces utilization by about 15% (from 45% to 30%.)

The switch lengths about to be presented were determined with the extreme longest
paths rejected (ie. taking account of the first effect above.) The switch lengths for the
in-line rows/GI columns scheme are given in Figure 6.29.

The number of switches required in the longest switched path can be determined
readily for other schemes. In the LI/CE scheme the longest switch length contains four
switches:— one at each end and two for a CE in the middle. For Hedlund’s hierarchical
scheme the longest chain is generally eighteen switches, this being the longest possible
chain that can be formed in the process of connecting four ’Es within a block of twelve.
Naturally the case where a whole column is bypassed will produce a deterioration -
26 switches or worse. However such cases are rare if the utilization is at its optimum
point on its utilization vs. % PEs faulty plot.

Switch lengths for the all-GI scheme arc plotted in Figure 6.30 for the non-clustered
case and Figure 6.31 for the clustered fault case. It can be seen from these results, as
well as Figure 6.27 showing utilization, that the Frame approach achieves utilizations
roughly similar to those achieved by the double channel approach, whilst the switch
lengths are shorter than those of the single channel approach. The trade off is however
that the I'rame scheme uses twice as many wires as the double channel approach.

These all-GI plots were produced for 8x8 (64 PEs) arrays. A result presented in
[Leighton & T.eiserson, 1985] states that to maintain a constant utilization for channel
approach arrays the number of switches in the longest connecting wire must grow at
a rate of at least Q(y/TgN) where N is the number of PEs in the array. Given the
stmilarity in complexity between the frame approach and the channel approach it is
assumed that this result would also apply to the frame approach.

It will also be assumed that this minimum growth rate can also be applied to the
in-line rows schemes, though the rate of growth appears to be faster for PE fault rates

above 60%. At these large fault rates most of each row is bypassed and thus the switch
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Figure 6.31: Number of switches in longest path for all-GI schemes — clustered faults.
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length grows as the row length grows - O(v/N).

A length of switched interconnect can be reduced to a lumped RC equivalent (see
Chapter 5 and Figure 6.32). As the resistance of the metal interconnects is negligible
compared with the resistance of the switches, a simple expression for the path delay

would be:
NJ‘-II NSW

1a = RClowm + D, Y RiC; (6.8)

i=1 j=i
where R; is the resistance of a switch, C; is the combined capacitance of a switch’s
input and output stages and the metal interconnect, and N,,, is the number of switches.
R, is the driving source resistance and Cyqr is the sum of all the Cj.

As described in Chapter 5, the sizes of the switches can be varied to increase
the speed, and in some cases (notably the frame approach) extra drivers can also be
inserted. This of course is at the expense of additional switching area overhead.

An approximate optimum can be determined by ignoring /#; and assuming that the
C; are all equal. Then as the switch size S is increased, R; decreascs as r/S whilst
C; increases as ¢ + kS, where r, ¢ and k are constants. Equation 6.8 can then be

approximated by
c+ kS

74 = Nor 5 (6.9)
where
NJW N!w
No=3 31 (6.10)
=1 j=1

The optimum of this expression occurs when

S:%(lﬂ/H%)- (6.11)

For 2.5pum technology,

¢ =~ 2x107*, Farad (6.12)
k=~ 7x107" Farad (6.13)
rox 2k (6.14)

where [, is the length of metal interconnect between switches.

Using these approximations the optimum switch size was determined for different
combinations of inter-switch wiring length and number of switches in the path. These
optimum speeds are plotted in Figure 6.33. The optimum speed was found to be
independent of the inter-switch wiring length. The switch size S associated with the

optimum speed however was always found to be 10,000 or more! Fortunately near
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optimum speeds can be achieved using much smaller switch sizes. Figure 6.34 shows
the speeds achieved for switch size S = 10.

As can be seen in-this figurc the speed is relatively independent of the inter-switch
wiring length. Thus these results can be used as a rough guide for comparing the
speeds of different schemes with different maximum switch numbers, the different and
varying inter-switch lengths producing only a small variation in communications speed
when compared to the number of switches.

Combining the rough calculations presented in Figure 6.33 with the results pre-
sented earlicr for switch lengths, the relative communications speeds of the different
schemes can be calculated. These are presented in Figure 6.35. Here only the num-
ber of switches in the longest switched path is accounted for, the differing lengths of
interconnect between the switches in different schemes being ignored. (The results
given in Figure 6.34 indicate that the error in this assumption is small.) Clearly the
in-line rows variants and the frame approach enjoy some advantage when it comes to
communications speed.

Of course the speed of a processor array may be limited by the speed of the processor
rather than the interconnect. In the technology used to calculate these rough results
the fastest processors have a speed of about 80MHz. Special techniques were required

to achieve this however and speeds of 40MHz or less are common.

6.4 Overall Comparison of Different Scheme Sam-

ples

A summary of the scheme utilizations and optimum speeds, along with their product
is given in Table 6.1 for different levels of PE fault rate. (“Cols” means “Columns”
in all of these tables.) Care should be taken in drawing conclusions from this table as
the speeds are very roughly calculated and the speed of the connected PE will often be
slower than the speed of the reconfigured connections. llowever these figures clearly
indicate the ascendancy of the more basic schemes for lower PE fault rates and a
preference towards all-GI schemes at higher rates.

The schemes compared in Table 6.1 were chosen because they are representational
of the wider variety of schemes available. From the utilization plots some of them are
also considered as being the best choice of schemes available or, from the literature,
the most popular. The LI columns/in-linc rows scheme is perhaps the most popular in

the literature, followed closely by the channel approach schemes. The CE/LI scheme
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Scheme: CE/LI | LI cols/ | GI cols/ | Hedlund | Single | Double | Frame
in-line | in-line Channel | Channel
LOWS rows
20% faulty PEs
Utilization(%): 44 56 68 76 T2 90 92
Speed (MHz): | 330 | 190 190 40 120 60 170
Speed x Util.: 146 106 130 30 86 54 156
40% faulty PEs
Utilization(%): 13 24 49 52 74 88 86
Speed (MHz): | 330 | 130 130 40 60 30 90
Speed x Util.: 43 31 64 21 44 26 77
60% faully PEs
Utilization (%): 2 5 36 53 68 94 82
Specd (MIIz): | 330 15 45 20 50 20 15
Speed x Util.: 7 2 16 11 34 19 37

Table 6.1: Comparison of Utilization and optimum communications speed at different

failure rates.
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is included to give a comparison with an all LI scheme. The GI columns/in-line rows
and the Frame schemes are included because of their good utilizations.

Clearly however the advantage goes to smaller PEs, with lower fault rates. At a
20% fault rate the frame, CE/LI and GI columns/in-line rows schemes produce the best
Speed x Utilization figures. Table 6.1 doesn’t tell the whole story however because it
doesn’t take account of the area overhead, particularly the switch area overhecad that
would be required to achicve the optimal specds given.

Table 6.2 summarizes the approximate area overhead impacts of these reconfigu-
ration schemes. The A,;,. figure indicates the area overhead for each PE in terms
of the number of channel units A, required. One channel unit is the area taken by
one bus width of wiring running along one edge of the PE. The PEs are assumed to
be square. The A,y column indicates the area of the switch overhead per PE in
terms of the number of transmission gate switches times their unit size As. Here these
two area contributions are considered independent. In actual practice they would be
tightly inter-related and the total area overhead may easily be greater than that of
these two areas added together. This would be layoul dependent. The effect of the
wiring and switch area overheads on yield is also discussed in this table. In terms of
the yield model presented in Chapter 3, the relevant contributions of this overhead to
the module area A,,,4, wafer kill area Ay, or otherwise 1s indicated. In this column
A econ relers to the total area overhead required for reconfiguration.

The effect of the wiring overheads on yield related areas have only been worked
oul approximately, though the methodology is based on that presented in Chapter 3.
For the CE/LI scheme approximately % of the reconfiguration area is actually used by
each PE and thus contributes to the wiring area. The expressions for the in-line rows
scheme’s yield areas are appreximations of those presented in Chapter 3. The single
channel case is sell explanatory. For the double channel scheme approximately just
more than ¢ of the wiring provided is used. For the frame scheme, typically a fault
anywhere in about half a frame prevents that frame from being used, and thus denies
access to the enclosed PE.

To make a direct comparison of the elfect of wiring overhead on reconfiguration
scheme choice, detailed assumptions would have to made about the PE size, communi-
cations bus-width, switch size and reconfiguration scheme layout and thus is best only
done on a case by case basis. In general it is worth noting that A, increases at the rate
of /Apg where Apg is the PE area and Ag is constant with changing PE size. Thus
the larger area overheads of the all-GI schemes, particularly the frame scheme, have a

lower yield impact as the PE size increases. Naturally as the PE size increases its fault
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Scheme Avire | Aswitch Wiring impact on yield

CE/LI 6A. | 14As | Ayoq increased by approx. %Amon

LI columns/in-line rows | 4A. 4As | Awn increased by approx. %A,econ,

1
_Arecon.

Anmoq increased by approx. z

GI columns/in-line rows | 5A, 5As | Agn increased by approx. %Arecon,

Amod increased by approx %Amon

Single Channel 2A. | 12As | Every faulty channel prevents access to
two PEs.

Double Channel 4A. | 32As | Anmos increased by approx. & A,ccon

Frame 8A, | 24As | Amod increased by approx. %A,econ

Table 6.2: Area effects of reconfiguration wiring and switching overhead.
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rate increases also.

To sample the choices available to the array designer a few approximate calculations
of E(P) under different conditions are given in Table 6.3 for schemes using switches
of size=5, and in Table 6.4 for schemes using size=1 switches. All calculations assume
that the total available area, excluding that required for power distribution, is 100 mm
by 100 mm and that the communicating bus width is four bits with an interwire pitch
of 6um. For a 2.5um technology it was calculated that the size=5 switches would
occupy an area of approximately 375pum? and the size=1 switches would occupy an

area of approximately 110pm?

. Using the areas given in Table 6.2 and assuming no
layout inefficiencies (ée. Awire + Aswiten forms the complete area overhead) the arca

overheads per PE fabricated were calculated as follows: Size=5 switches:

CE/LL: 0.144Wpg + 21 mm? (6.15)
LI columns/in-line rows: 0.096Wpg + 6 mm? (6.16)
GI columns/in-line rows: 0.12Wpg + 7.5 mm? (6.17)
Single Channel: 0.048Wpg + 18 mm? (6.18)
Double Channel: 0.096Wpg + 48 mm?® (6.19)
Frame: 0.192Wpg + 36 mm? (6.20)

Size=1 switches:
CE/LL 0.144Wpg + 1.54 mm? (6.21)
LI columns/in-line rows: 0.096Wpg + 0.44 mm? (6.22)
GI columns/in-line rows: 0.12Wpg + 0.55 mm? (6.23)
Single Channel: 0.048Wpg + 1.32 mun? (6.24)
Double Channel: 0.096Wpg + 3.52 mm? (6.25)
Frame: 0.192Wpg + 2.64 mm? (6.26)

where Wpg is the length of one side of the PE.

To simplify the calculations E(P) was approximated as
E(P) = % of PEs that are good x Utilization x Number of PEs fabricated (6.27)

where the number of PEs fabricated was calculated with the wiring area accounted for,

and the PE yield was calculated approximately as

1
Yre

g = 17 DoA (6.28)
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Scheme Arecon/PE Ntotal E(P) }/kill Etot(P) Uarca = E%)ﬁ:ﬁ
Pl area = 25 sq. mm
CE/LI 21.7 mm’ | 214 9 0.0225
LI cols/in-line rows | 6.84 mm? | 318 | 35 |0.06 2 0.0875
GI cols/in-line rows | 8.1 mm? | 302 76 | 0.06 4 0.19
Single Channel 18.24 mm? | 231 47 0.1175
Double Channel 48.5 mm? | 136 63 0.1575
Frame 37 mm? 161 59 0.1475
Ply area = 51) sq. mm
CE/LI 22 mm* 68 0 0.0
LI cols/in-line rows | 6.68 mm? | 176 2 |0.10 0 0.01
GI cols/in-line rows | 8.35 mm? | 171 26 |0.10 2 0.13
Single Channel 18.3 mm? | 146 27 0.135
Double Channel 48.7 mm?* | 101 36 0.18
Frame 37.4 mm? | 114 30 0.15

Table 6.3: E(P) of 100 mm square arrays with different reconfiguration schemes. Dy =
0.03 defects/mm?. Switch size is 5.

where A,, is the PE area plus that percentage of the wiring area per PE that impacts
Ammoad as given in Table 6.2. For the single channel approach the contribution of A,ccon
to A,oq was taken as 2A4,...,. This does not accurately reflect the correct handling of
this situation as described in Chapter 3 but will serve as a suitable approximation for
our immediate purposes.

The calculations for E(P) were thus determined and are given in Tables 6.3 and 6.4.
D, was taken as 0.03 defects/mm?. The last two columns in the tables take account
of the contribution of reconfiguration wiring and switching area to the array kill area,
as per Table 6.2. Yi; is the yield of arrays that work at all. Ey(P) = E(P) X Yi.
From these results a strong case can be made for making the in-row configuration
wiring in the in-row schemes defect tolerant, for example as illustrated in Figure 6.36.
The additional overhead that would be introduced by doing this is minimal and the
resultant F(P) would be close to those indicated in the E(P) column of these tables.

The area utilization measure (the fraction of the area that is effectively used after
reconfiguration) is also given in these tables.

The speed for each situation just described was calculated using the approximate
method presented in Section 6.3.3. The number of switches required was determined

from the results presented in that section. The switch length for in-line rows schemes
was scaled as \/ln(N)/\/ln(100) over the switch length for the 10x10 array. For the all-
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Scheme Arecon/PE Ntotal E(P) }/kill Etot(P). Uarea. = EXAL:%?:_E
Pl area = 1 sq. mm
CE/LI 1.68 mm?* | 3726 | 2891 0.2891
LI cols/in-line rows | 0.536 mm? | 6510 | 5683 | 0.04 | 227 0.5683
GI cols/in-line rows | 0.67 mm?® | 5988 | 5228 | 0.04 209 0.5228
Single Channel 1.37 mm? | 4222 | 4095 0.4095
Double Channel 3.62 mm? | 2166 | 2101 0.2101
Frame 2.83 mm? | 2610 | 2427 0.2427
I’ly area = 4 sq. mm
Cl/LI 1.83 mm* | 1715 | 916 0.3664
LI cols/in-line rows | 0.632 mm? | 2159 | 1345 | 0.09 | 121 0.538
GI cols/in-line rows | 0.79 mm? | 2087 | 1481 | 0.09 | 133 0.5924
Single Channel 1.41 mm? | 1846 | 1164 0.4656
Double Channel 3.71 mm? | 1297 | 1039 0.4156
Frame 3.02 mm? | 1423 | 1003 0.4012
Ple area = 9 sq. mm
CE/LI 1.97 mm*® | 911 284 0.2556
In cols/in-line rows | 0.728 mm? | 1028 | 531 | 0.15 80 0.4779
GI cols/in-line rows | 0.91 mm? | 1009 | 628 | 0.15 94 0.5652
Single Channel 1.46 mm?® | 955 | 537 0.4833
Double Channel 3.81 mm? | 781 | 542 0.4878
Frame 3.22 mm? | 818 547 0.4923
Pl area = 25 sq. mm
CE/LI 2.26 mm?’ | 367 28 0.07
LI cols/in-line rows | 0.92 mm? | 385 50 | 0.27 13 0.125
GI cols/in-line rows | 1.15 mm? | 382 | 135 | 0.27 36 0.3375
Single Channel 1.56 mm? | 376 200 0.5
Double Channel 4.0 mm? 344 | 232 0.58
Frame 3.6 mm? 350 | 224 0.56

Table 6.4: E(P) of 100 mm square arrays with different reconfiguration schemes. Dy =
0.03 defects/mm?. Switch size is 1.

Figure 6.36: Improving in-line row schemes’ effectiveness by making the row reconfig-

uration wiring itself defect tolerant.
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GI schemes the switch length was scaled as \/l n(N)/ \/ In(64) as a multiple of the switch
length results for the 8x8 array presented in Section 6.3.3. The schemes presented
have a varying distance between switches. Instead of taking account of these varying
distances explicitly an average inter switch distance was assumed. These distances
were: SWpg for the CE/LI scheme; Wpg for the in-line rows schemes; Wpg/2 for
the single channel scheme; Wpg /4 for the double channel scheme; and Wpg /3 for the
Frame scheme. The calculated speeds, along with E(P), and E(P) X Apg X speed are
presented in Table 6.5 for size=5 switched schemes and Tables 6.6 and 6.7 for size=1
switched schemes. The A,,:,; factor used in Equation 6.2 is constant and is thus left
out in these tables.

The speed of the interconnect may not always limit the speed of the array. For
example, the PEs may be slower, or it may be possible to allow communications to
take place over several clock cycles. Exira rows have been added to these tables to
reflect this. The rows labeled “(PE speed)” reflect the situation where the PE is slower
than the interconnect. Two situations are given :- a very fast PE (for the generation
of technology being represented) of speed 80MHz, and a typically fast PE of speed
50MHz. It may also be possible for the array to operate at speeds faster than the
interconnect allows under single clock phase communications. If multiple clock cycle
or asynchronous communications are possible then the array speed may be faster. This
is represented in the rows labeled “(speed-up)”.

General conclusions should only be drawn from the trends presented in these tables
with caution, as the results are drawn from specific samples only and are also rough

calculations. The sources of error in these calculations are:

1. The use of an approximate equation for determining E(P).

By calculating the the percentage of PEs that are faulty using a simple yield
expression Lhe beneficial effects that defect clustering give to the yields of large
area devices are ignored. The difference in the number of defects per wafer
belween wafers would tend to benefit E(P) as low defect wafers would have a
higher utilization than higher defect wafers. As this is true for the CE/LI and in-

line row schemes these would benefit more from this fact than the all-GI schemes.

2. The difference in utilization with array size is ignored.

Generally utilization decreases with array size. As the all-GI arrays have
fewer PEs than the other schemes then these schemes would benefit more from
this, particularly for small PE sizes. In addition the utilization of the CE/LI
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Scheme Speed (MHz) | E(P) | E(P) x Apg X Speed
Apg = 25 mm?
CLF/LI 272 9 61,200
(PE limit) 50 11,250
LI cols/in-line rows 31 35 27,125
(speed-up) 50 43,750
GI cols/in-line rows 31 76 58,900
(speed-up) 50 95,000
Single Channel 20 47 23,500
(speed-up) 50 58,750
Double Channel 16 63 25,200
(speed-up) 50 78,750
Frame 40 59 59,000
(speed-up) 50 73,750
APE =50 mm“’
CT/TT 184 0 0
LI cols/in-line rows 10 2 10,00
(speed-up) 50 5,000
GI cols/in-line rows 10 26 13,000
(speed-up) 50 65,000
Single Channel 16 27 21,600
(speed-up) 50 67,500
Double Channel 9 36 16,000
(speed-up) 50 90,000
Frame 20 30 30,000
(speed-up) 50 75,000 ]

Table 6.5: Comparison of different schemes with switch size=5.
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Scheme Speed (MHz) | E(P) | E(P) x Apg X Speed
APE =1 IIlIIlZ
CE/LI 305 2891 881,755
(PE limit) 80 231,120
(PE limit) 50 144,550
LI cols/in-line rows 250 5683 1,420,750
(PE limit) 80 454,640
(PE limit) 50 284,150
GI cols/in-line rows 250 5228 1,307,000
(PE limit) 80 418,240
(PE limit) 50 261,400
Single Channel 305 4095 1,249,000
(PE limit) 80 327,600
(PE limit) 50 204,750
Double Channel 160 2101 336,160
(PE limit) 80 168,000
(PE limit) 50 105,000
Frame 150 2427 364,050
(PE limit) 80 194,160
(PE limit) 50 121,350
APE =4 IIlIIlz

CE/LI 190 916 696,160
(PE limit) 80 293,120
(PE limit) 50 183,200
LI cols/in-line rows 50 1345 269,000
GI cols/in-line rows 50 1481 296,200
Single Channel 20 1164 93,120
(speed-up) 50 232,800
Double Channel 12 1039 41,560
(speed-up) 50 207,800
Frame 40 1003 100,300
(speed-up) 50 200,600

Table 6.6: Comparison of different schemes with switch size= 1.
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Scheme Speed (MHz) | E(P) | E(P) x Apg X Speed
ApE =9 mr?

CI/T 108 234 276,000
(PE limit) 80 204,480
(PE limit) 50 127,800
LI cols/in-line rows 25 531 119,475
(speed-up) 50 238,950
GI cols/in-line rows 25 628 141,300
(speed-up) 50 282,600
Single Channel 16 537 77,328
(speed-up) 50 241,650
Double Channel 18 628 101,736
(speed-up) 50 282,600
Frame 31 547 152,613
(speed-up) 50 246,150

Apg =25 mm”
CE/T] 89 28 62,300
(PE limit) 50 35,000
LI cols/in-line rows 7 50 8,750
(speed-up) 50 62,500
GI cols/in-line rows 7 135 23,625
(speed-up) 50 168,750
Single Channel 6 200 30,000
(speed-up) 50 250,000
Double Channel 3 232 17,400
(speed-up) 50 290,000
Frame 6 224 33,600
(speed-up) 50 280,000

Table 6.7: Comparison of different schemes with switch size=1.
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scheme would be severely down on the numbers assumed as the number of PEs

is increased. This is not reflected in the tables.

3. Approximate method of calculating speed.

Experience from the ADVICE simulations discussed in Chapter 5 indicate
that the speeds calculated here are high. They would be expected to be uniformly
high. So this affects the speed figures by only a constant factor. However, the
attendant scaling down in the E(P) x Apg x Speed figures would tend to make

these figures favour the slower schemes more.

4. The difference in switch length with array size.

An attempt was made to adjust the switch length on the basis of array size.
Though the factors used have a logical basis, the accuracy of the resultant switch

lengths used is difficult to ascertain.

Nevertheless certain trends are evident and are worth commenting upon:

Every scheme had a E(P) x Apg X Speed figure calculated for it for at a speed of
50MHz. These figures are thus proportional to the area utilization measure mentioned
in Section 6.1 and calculated in Tables 6.3 and 6.4. The best area utilization is 0.59
for the the GI columns/in-line rows scheme with Apg = 4mm?. The next best are 0.58
for the double channel scheme with Apg = 25mm? (switch size = 1), and 0.56 for the
frame scheme at Apg = 25mm?, the GI columns/in-line rows scheme for Apg = 9mm?

2

and the LI columns/in-line rows scheme at Apg = 1lmm?*. This ordering of results

rcflects two {actors:

1. The reconfiguration wiring overhead is quite large rclative to the PE areas for
Apr = 1 mm? thus making the area utilization for this size PE poor. Larger PEs

were required to efficiently utilize the area.

2. The GI columns/in-line rows scheme produced better area utilization for lower
PE failure rates, while the double channel and frame approaches produced better
utilization for higher PE failure rates. The approximate PE failure rates for
the cases illustrated were: 3% for Apg = 1 mm?; 10% for App = 4 mm?;
20% for Apg = 9 mm?; 45% for Apg = 25 mm?;and 65% for Apg = 50 mm?.
This merely reflects the higher utilizations achievable by the all-GI schemes at
higher PE failure rates. At these higher rates the relative area overheads of the

reconfiguration schemes are reduced also.
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Naturally the area utilization figures for the switch size=5 results are much lower due
to the larger area overhead of the bigger switches.

In the size= 1 case examples the area utilization was maintainable across a wide
range of PE sizes. This is slightly surprising as the area utilization may have been
expected to fall with increasing PE fault rate. This result arose because of the high
utilizations achievable with the all-GI schemes. As the PE size grew their relative area
overhead diminished and these schemes could be used productively. This is in slight
contrast with the partitioning result of Chapter 3 which effectively stated that func-
tional utilization increased with smaller PE sizes. This latter result assumed a constant
utilization with PE size and fault rate, thus making it a result more suitably applied
to linear arrays or any other structure that maintains a fairly constant utilization.

As a comparison consider normally diced chips. The combined width of two sets of
pads and the inter die sawing kerf varies between Imm and 1.5mm. Combined with the
yields mentioned above this would produce area utilization measures of Ugpen = 0.29
for Apg = 4mm?, U,req = 0.35 for App = 9mm?, and U, = 0.33 for Apr = 25mm?.
Obviously the area utilizations achieved through WSI mesh arrays are often much
higher than that achieved through normal chip production techniques.

The area utilizations that can be achieved using linear arrays can be much higher
though. As mentioned in Chapter 4, linear arrays can achieve 100% utilization for a
lower area overhead than any of the schemes here. With these conditions area utiliza-
tions of 0.8 or better are easily possible.

Comparison of the E(P) X Apg x Speed factors, taking achievable communications
speed into account, shows the LI columns/in-line rows scheme for Apg = 1 mm? to be
the best scheme. However an array speed of 250MHz is unrealizable so the lower speed
figures should be looked at. Considering this, the GI columns/in-line rows scheme
for Apg = 4 mm? again achieves the best result, with the LI columns/in-line rows

2 coming a close second. If larger PEs are required, or the

scheme for Apg = lmm
other schemes used, then the results achievable are much worse, at best half of the GI
columns/in-line rows for Apgz = 4mm? result. As the PEs get larger and/or the all-GI
schemes are used, the number of switches in the connccted paths increases slowly and
the speed of these paths decreases dramatically, thus producing this result. However
it should be stressed that the speed calculations presented in these tables are perhaps
the least accurate of all the factors considered.

For PEs larger than 4mm? speeds of a maximum of 50MHz are most likely. For
these PE areas the frame scheme produces the best result for Apg = 9mm? and a close

2

second best result for Apg = 25mm®. The single channel approach also produces a
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good result for Apg = 25mm?.

It is worth noting however that out of the three all-GI schemes the Frame scheme
produces E(P) x Areapg X Speed factors that are always better than the other two,
due to its combination of high utilization and a rclatively low number of switches.
The cost comes in the form of at least twice as many wires as required by the other
two all-GI schemes. In the reconfiguration area overhead equations presented earlier
in this section more of the reconfiguration area overhead came from the switches than
from the wires. All of this suggests that the best reconfiguration approach would be
one that maintains a high utilization (60% - 80%) whilst minimizing the number of
switches, both in terms of their total number but also in terms of the number in a
switched path. The number of wires required by the scheme does not have the same
impact. The limited utilizations achieved by the CE/LI and the in-line row approaches
indicates that such a scheme must retain an all-GI nature in order to achieve this level
of utilization.

Comparison of Tables 6.5 and 6.7 indicate that the F(P) X Apg x speed factors get
worse as the transistor sizes are scaled for improved speed. This arises because the area
increase required by these larger transistors is greater than the speed increase gained.
This larger reconfiguration area also negatively impacts PE failure rates, through its
contribution to A,,.q4 in the yield equation. Note however that the speed figures for the
frame scheme do not include the beneficial effects of intermediate drivers, as discussed
in Chapter 5. There it was shown that the introduction of these drivers increased
the speed by about 30%. The area overhead was increased to a little more than that
required by the double channel approach. Assume that the extra area overhead reduces
Nitorat t0 95% of those of the double channel approach, as given in Table 6.3. Then E(P)
becomes 47 for Apg = 25mm?, and 25 for Apg = 50mm? and E(P) x Apg x Speed
becomes 30,500 for Apg = 25mm?, and 32,500 for Apg = 50mm?. These represent
about an 7% improvement on the results in Table 6.5, which unfortunately still does

not bring it up to the levels achievable fore size=1 switches.

6.5 Improved Schemes

Improving on the area utilization results of the previous section would be difficult.
However many of the PE speeds could use a substantial improvement, particularly for
large PE sizes. The best way to achieve this is by decreasing the switch lengths of the
connected paths, even if it means an increase in the switch and wiring area overhead.

Going by the tables above, the GI columns/in-line rows scheme is a reasonably
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0 — Transmission Gate
- Switch

Figure 6.37: GI columns/in-line rows scheme modification to improve speed.

all round successful scheme, as long as the in-line rows connections are made defect
tolerant. As this requires extra bypass lines anyway, it should be possible to use fewer
switches in these additional bypass lines so as to reduce the total number of switches in
any connection. If this is done to the horizontal bypass, then it will also have to done
to the vertical column steering lines, as illustrated in Figure 6.37. Doing this should
approximately double the speed of the array, whilst only slightly increasing the area
overhead and slightly improving the utilization.

The all-GI approaches were successful for larger PE sizes and failure rates. However
the high number of switches in any switched path seriously affected system speeds.
One suggestion that can be used to increase this speed is illustrated, for the vertical
connections only, in Figure 6.38. The area overhead is eight wires and 32 switches per
PE (the corner connection essentially comes for free in any layout) which is higher than
the overhead for the double channel approach. Its utilization would be similar to those
achievable by the double channel approach and thus its area utilization measure would
be similar also. However its speed will be up to 50% faster than the speeds achievable
by the single channel and frame approaches, making its E(P) X Apg X Speed figures
better than any other all-GI approach.
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Chapter 7

Conclusions

7.1 Defect Tolerance and Advanced Packaging

The main aim of fault tolerant VLSI is to incrcase the current size of economically
viable integrated circuits through the use of defect tolerant structures. Wafer Scale
Integration (WSI) is the extreme of this process. However in many respects WSI
is as much a statement in packaging as in chip size. This 1s because, with current
defect levels, WSI is best used to implement extremely regular arrays. Thus no new
architectures can arise by moving to WSI, just a new mecans of packaging old ones.

A number of potential advantages can be realized in this medium. These are
increased reliability, increased spced, increased packaging density, decreased cost,
and decreased power consumption.

Another means of obtaining several of these improvements, without the con-
straints introduced on architecture is by using Hybrid WSI. By packaging VLSI and
other parts as a silicon on silicon wafer it is anticipated that improvements can be
made in speed and power consumption, and hopefully cost and reliability, at least
when compared with other high density packaging techniques. Introducing WSI and
HWSI packaging media also allows one to consider the prospect of three dimensional
packaging, with a stack of wafers being interconnected through their interiors.

Achieving the final objective of either defect tolerant VLSI or full WSI requires

the satisfaction of many enabling objectives:

1. A yield model must be developed that is suitable for describing these media;
2. A mechanism must be introduced allowing the reconfiguration of the parts;

3. A testing procedure must be established that achieves a high fault coverage of

those circuits for which spares have been provided; and
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4. Novel solutions may be required for a number of more routine problems, such
as the satisfactory distribution of power and clocks on the wafer surface, the
removal of heat if the power density is high, and possibly the integration of

such a high pin count “chip” into a system.

In this thesis considerable emphasis was given to presenting solutions that lead to
the achievement of the first two enablers above. The last two points were not given
detailed consideration, but were at least addressed for the WSI and HWSI parts that

were designed and produced to serve as examples of such systems.

7.2 Yield Modeling for Fault Tolerant VLSI and
WSI

How does one decide when one should use defect tolerance and what methods should
be applied? These decisions can only be made with the aid of accurate and useful
yield models.

Application of defect tolerance to chips is approached in this thesis through a
specific and a generalized case study. In the specific case study, a VLSI chip was
analyzed to determine where defect tolerance can effectively be applied. Despite the
existence on this chip of a number of candidate structures that could have used defect
tolerance, only one structure was able to benefit from these techniques.

The generalized case study was tackled with the intention of producing a rule
of thumb about what level of granularity is required before defect tolerance can be
usefully applied. It was found that the percentage of chip area devoted to an array
structure was a more important criterion for the suitability of defect tolerance than
the actual granularity of that structure. A broad range of examples were evaluated.
From these it was found that 20% — 30% of a VLSI or ULSI chip should be covered by
a regular structure before consideration should be given to applying defect tolerance
techniques to that structure. Given the increasing interest in using defect tolerance
for ULSI chip yield improvement this is an important limitation, precluding many
architecturcs from the potential benefits, but also indicating many more that could
benefit.

A yield model is presented for the analysis of fault-tolerant, particularly wafer-
scale, arrays. Two important extensions are made to the model. Firstly it was
reformulated so as to calculate the expected number of PEs E(P) that can be con-

nected into a wafer-scale array. This form is often more relevant to the WSI case, is
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more useful for comparison and can be easier to calculate.

Secondly a methodology for accounting for wiring defects in a wafer-scale array
has also been presented. It was shown that this accounting can change conclusions
reached about the relative worth of vartous redundancy schemes. It is a significant
improvement on the previous approaches of either assuming the interconnect to be
defect free, or assuming that any interconnect fault results in array failure.

The relationship between granularity and yicld is discussed for wafer-scale arrays.
This relationship introduces new complexitics into making architectural decisions
about the processing elements that go into the array. An example is given by con-
sidering the possible benefits that can be gained by partitioning a proposed array
architecture into smaller clements. In non-fault tolerant applications, array element
architectures can be evaluated by using a Area X Time metric. For wafer-scale arrays

a Area X Time X Yield metric is suggested as being more appropriate.

7.3 Making WSI and HWSI Parts Using the

Frame Scheme

The frame scheme for reconfiguring mesh arrays demonstrates a particular trade off
in reconfiguration schemes and as such offers a number of advantages. In particular
it offers a number of advantages over the channel approach to reconfiguring mesh
arrays for a lot of cases.

It maintains as high a utilization as any similar scheme, whilst achieving a higher
communications speed. A high speed is reached by two mechanisms. Firstly, fewer
switches are required for any PE to PE connection, and secondly, the nature of
the scheme allows intermediate drivers to be used. The trade off is that more area
overhead is required to achieve the same level of utilization.

The “frame scheme” is so named because reconfiguration is achieved through inti-
mate association of a frame with each PE. This is in contrast with most reconfigura-
tion schemes that logically separate the PEs from the interconnect. This means that
intermediate drivers can be placed in such a way as to increase the communications
speed as compared with similar non frame approaches. It also means that control
of a group of switches can be centralized on each frame. This reduces the program-
ming overhead of the array. For non-frame approaches, if no distributed algorithm
for control exists, then each switch must be individually programmed. For the frame

approach however the possible switch configurations are known in advance, meaning
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that the frame can be programmed by selecting the appropriate configuration rather
than selecting the statc of each individual switch. A decoder is then applied to the
configuration choice to actually program the switches.

WSI and HWSI examples of the frame scheme were fabricated using an FIR
filter as the processing element. Both were implemented on the same wafer, with the
monolithic WSI array occupying one half of the wafer and the HWSI array occupying
the other half. Difficulties were experienced that arose both from the size of the
project in terms of the number of transistors and also the particular requirements of
a WSI project. With such a large number of transistors present the CAD tools were
stretched to their limits. Circuit extraction would have taken over several days of
computer time if the whole circuit was extracted but due to its regular nature only
partial extraction was required. Similarly only switch level simulation was possible.
The projects were constructed by laying out the parts symbolically, compacting them,
and then assermnbling them with a channel router. This high level of automation

resulted in a loss of control over the layout and thus a somewhat mefficient layout.

7.4 Comparison Studies of Fault Tolerant Mesh
Arrays

With an average of about 100 faults per wafer a large number of spares arc required
to achieve Wafer-Scale Intergration. This level of sparing can be best achieved by
limiting the WSI architecture to an array architecture. The spares are best used
by just fabricating an array of processing elements together with a reconfigurable
interconnect, so that good processing elements only are connected. How does one de-
cide what processing element architecture and reconfigurable interconnect approach
should be used? The answers are actually interdependent.

If the target application gives a linear speed-up in solution time with the addition
of processors then the best combination of PE design and scheme is the one which

maximizes
E(P)} x Areapg X speed

(7.1)

Areaygal.

where the factor E(%.M is the area utilization measure, as defined by Koren.
total
The speed would be constrained either by the PE or the interconnect.
If the target application does not give a linear speed-up with the addition of pro-

cessors then the PE design would be constrained to one that achieved the maximum
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functionality, and the interconnect design would be one that achieved maximum area
utilization whilst giving a sufficient speed.

The array architecture is also a critical factor. Linear arrays are far more suited
to WSI than any other architecture. The examples used in Chapter 6 showed that
linear arrays can achieve at least a 1.5 times better area utilization than mesh ar-
rays and diced and packaged chips. However there are many applications where the
communications demand necessitates the use of the more richly interconnected mesh
array rather than a linear array. Mesh arrays can also achieve better area utilization
than diced and packaged chips.

In the case examples evaluated, the area utilization was maintained across a wide
range of PE sizes. Thus, for the range of examples considered, the fact that a PE
will be used in a defect tolerant array can be ignored when considering the design of
that PE. This ignores the detrimental effects on speed that large PEs and higher PE
failure rates can have.

Speed is accounted for by considering the E(P)xAreapg xSpeed metric. On this
basis, out of the examples evaluated, the best reconfiguration schemes were the
LI columns/in-linc rows scheme for the smallest PEs, the GI columns/in-line rows
scheme for medium size PEs and the double channel and frame followed closely by
the single channel for large PEs. However these results don’t consider either the
possibility of the PE limiting the speed or the possibility of using a mechanism to

effectively increase the speed of the interconnect. Techniques to do this include:

1. Use of schemes with fewer switches between PEs.

At the end of Chapter 6 some such schemes were suggested. Generally more
area overhead is required to do this. Modest gains in speed and E(P) x Apg X

speed can be achieved though.

2. Use “hard” (fast) switches, such as laser fuses and joins.

The interconnect configured for the RVLSI program normally achieves com-
munications speed faster than 20MHz, though special process steps are required
for these joins. Higher resistance joins can also be formed from structures avail-
able on a normal CMOS fabrication line. These joins are still faster however
than CMQOS switches of the same size and thus can be profitably used instead
of these switches in the reconfiguration schemes investigated in Chapter 6. Ef-
fort should be made to minimize the number of joins required, particularly the

number of joins required in a single path, for speed, area and economy reasons.
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3. Use of larger faster switches and intermediate drivers.

These can achieve a useful increase in speed only at the expense of a sig-

nificant decrease in area utilization.

4. Use of a BiCMOS process to form bipolar switches.

This sounds very promising (achieving ECL switch speeds with CMOS den-
sity) but without process details it is difficult to evaluate.

5. Use of intermediate latches to pipeline the interconnect.

This assumes that the extra communication latency is not a problem. How-
ever it seems a very promising solution, at the cost of the extra area required
for the bidirectional latches. A problem that has to be solved for mesh arrays
is that of synchronization :— either by equating all the pipeline lengths, or by

accounting for their differing lengths.

All of the schemes considered in the evaluated examples have a mainly GI nature
(General Interconnect — connections through a general switched network.) Schemes
with a mainly LI (Local Interconnect — point to point only) nature achieve too low
a utilization with too much overhead to be universally successful.

One option with the all GI schemes, is to configure them using a hierarchical
algorithm. This greatly simplifies the complexity of reconfiguring these types of
arrays. A hierarchy is achieved by grouping the PEs into blocks and applying different
reconfiguration techniques inside and outside of these blocks. This can be done
using one homogeneous all GI structure or by using different switch structures inside
and outside of the blocks. The former is preferred not only because it is easier to
design, but also because a flexible hierarchical scheme can be applied to it to improve
the utilization. Such a scheme is suggested, and shown to be superior, in Chapter
6. However even with these enhancements hierarchical schemes return up to 20%
- 30% lower utilizations when compared with tackling the full complexity of the
reconfiguration problem.

As a result of the examples evaluated in Chapter 6 suggestions can be made as
to how to produce better mesh reconfiguration schemes. From these examples it was

found that:
¢ The number of switches in a switched path dramatically impacts the speed;

¢ The area overhead of the switches is much higher than the area overhead of the

wires;
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e Any reconfiguration area that contributes to the chip kill area can lead to a

drastically reduce overall yield.

‘With these points in mind a couple of improved schemes are suggested at the end of
Chapter 6. These are an adaptation of the GI columns/in-line rows scheme, and an
adaptation of the frame scheme.

By using the correct mix of techniques described above it is quite possible to
produce WSI mesh arrays that achieve better silicon utilization than their diced chip
counterparts, as well as having lower packaging costs, higher reliability and a smaller
system volume. Speed can be maintained or even improved on the PCB mounted

equivalent at the same time, depending on the application.

7.5 Future Work

WSI can bring a lot of advantages to array based systems. The techniques required to
realize these advantages are to the most part fairly well understood. The main effort
that is needed now is the design and construction of practical systems. In the process
of solving these real problems the scheme parameters detcrmined in Chapter 6 can be
further refined. This would allow a more accurate comparison of scheme approaches.
If necessary, new reconfiguration schemes could be developed for the application along
the lines suggested towards the end of Chapter 6. Together this work will quickly
produce a library of knowledge about various schemes indicating their area overheads
and speed parameters. Also details of the yield model, accounting for wiring, can be
confirmed and extended. This library of knowledge can be used by futurc designers
to quickly, and decidely, design WSI products.

Not all of the techniques applicable are completely understood yet. The apph-
cation of BICMOS to WSI is an area yet to be explored at all. The production of
pipelined reconfiguration schemes to increase speed at the expense of latency is a very
promising idea that can use refinement. These, and other, speed gaining techniques

need to be well understood if large PE mesh arrays are to be produced.
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Appendix A

Delay Models

The full RC and modified RC delay equations for each of these cases are given below.

Case 1 (Drive at source only)
The delay taug for the simple RC model is

1 = (stages — 1) ReCp + 4ReCg) + ReCop
+ TRGCM/Sd + 22RGCD3t/Sd
+ RTg(ZSCM + 77CDSt)/5t (Al)

The meanings of all the symbols are given at the end of this appendix. The delay

taugs for the complex RC model is

T2 = (stages — 1)\/0.48122@(09 + 4Cg)® + 0.5((Cp + 4Cg)*/Gum)Re

N 0.4826(Cpsd + TChy + 22Cpst)?
+0.5(CDSd +7Cy + QQCDSt)/GM(CD + 4CG)RG

R
—TC(28Cys + T7Cpst) (A.2)

+st

where all the symbols have the same meaning as above except that Gjas is the

transconductance I,,,/Vi, of an inverter.

Case 2 (2 drivers in ring bus)

a1 = 2(stages — 1)(RcCp + 4ReCg)
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+ 28 (20psd + 0w + 22Cpst + Co)

+ Rs_”-’;f"(mcM + 48Cpst + 3Cg) (A.3)

Td2 = (stages - 1)\/048Ré(CD + 4CG)2 + 05((CD + 4CG)2/GM)RG

N 0.48%4(Cpsd + 3Cm + 9Cpst)?
+05(CD3d + 3Cy + QCDSt)(CD + 40@)%

Rre

st

+ (GCM + 15Cpst + 3CG)

R
+ (stages — 1)/0.48R%(Cp + 4C5)* + 05((Cp + 4Ca)") 5=
M

N 0.482%(Cpsd + 13Cpst + 4Cip?
+0.5(Cpsd + 4Cy + 13Cpst)(Cp + 4Ceie
+ R—T‘i(locM + 33Cpst) (A.4)

st

Case 3 (inter PE drivers)

a1 = 3(stages — 1)(RcCp + 4RsCq)
R
+ ;dﬁ(scpsd + 7Cym + 21Cpst + 3C¢)
R
+ SLtG(mCM + 35Cpst +5C¢) (A.5)
ra = 3(stages — 1),J048RL(Cp + 4Ca) + 05(Cp + 400)2)-%
N 0.485%(Cpsd + 2Cm + 6Cpst + Cg)’
\ +05(CDSd + 2CM + GCDSt + Cg)(CD + 40@)%
N 0.4852(Cpsd + 3Cy + 8Cpst + Cg)?
\ +0.5(CDSd + 3Cy + 8Cpst + Cg)(CD + 40@)%
N 0.4882(Cpsd + 2Cy + TCpst)?
\ +0.5(CDSd + 2Cpm + 7CDSt)(CD + 4CG)gAG/1-
R
+ g(mcM + 35Cpst + 3Cg) (A.6)
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Case 4 (Fully buffered rings)

taa = 9(stages — 1)(ReCp + 4RzCg)
R
+ ?ji'(gcpsd + 45Cy + 26Cpst + 9Cq)
R
+ -51;2(4.5(5, + 17Cpst + 9C¢) (A.7)
2 2 2RG'
Tdy = 9(stages — 1) 048RG(CD + 40(;) + 05(CD + 4CG) C—;;
N 0.48%5(Cpsd + 0.5Cy + 2Cpst + Cg)*
+0.5(CDSd + 0.5Cy + 2Cpst + CG)(CD + 40@)%
+92 0.435%’%(003(1 + 0.5Cn + 6Cpst + Cg)z
+ 0.5(CDSd + 0.5Cy + 6Cpst + Cg)(CD + 4CG)%
R
+ T11;‘:‘(4.50,‘,, + 17Cpst + 9Cg) (A.8)

where

sd = gate size of final driver stage (width/length)

st = gate size of transmission gatc (width/length)

Rs = on resistance of minimum size gate in the driver
Rre = on resistance of minimum size transmission gate
Cc = input capacitance of minimum size inverter

Cp = output capacitance of minimum size inverter

Cym = capacitance of unit length (here 10000/mum) metal line

The actual values for these parameters were extracted from the ADVICE model
for this process. Rg was obtained by measuring the average ON resistance of a
transmission gate under ADVICE. As Cp involves both area and edge effects a value

was used that gives a good result for a large range of transistor sizes and is thus not
quite the true minimum.
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Appendix B

Published Papers

K. Eshraghian, R.C. Bryant, A. Dickinson, D.S. Fensom, P.D. Franzon, M.T. Pope,
J.E. Rockliff, and G. Zyner. The Transform and Filter Brick: A new archi-
tecture for signal processing. VLSI 85, Tokyo Japan, pages 129-138, August,
1985.

P.D. Franzon. Yield modeling for fault tolerant VLSI. In W. Moore, A. McCabe and
R. Urquhart, editors, Systolic Arrays, papers presented at the first international
workshop on systolic arrays, Ozford, England, pages 207-216, Adam Hilger,
Bristol and Boston, 1986.

L.A. Hornak, S.K. Tewksbury, M. Hatamian, A. Ligtenberg, B. Sugla, and P. Fran-
zon. Through-wafer optical interconnects for multi-wafer Wafer-Scale inte-
grated architectures. In SPIE 86, San Dicgo California, August, 1986.

P.D. Franzon. Interconnect strategies for fault tolerant 2D VLSI arrays. In ICCD-
86, pages 230-234, October, 1986.

S.K. Tewksbury, M. Hatamian, P. Franzon, L.A. Hornak, C.A. Siller, Jr., and V.B.
Lawrence, FIR filters for high sample rate applications. IEEE Communications,
July, 1987.

P. Franzon, M. Hatamian, L.A. Hornak, T. Little, and S.K. Tewksbury, Fundamen-
tal interconnection issues. ATHT Technical Journal, pages 13-30, September,
1987.

P. Franzon and S.K. Tewksbury. ‘Chip Frame’ scheme for reconfigurable mesh-

connected arrays. In Wafer Scale Integration II: International workshop on
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Wafer Scale Integration, Uzbridge England, Elsevier Science Publishers B.V.
(North Holland), September, 1987.

P.D. Franzon and K. Eshraghian. Achieving ULSI through defect tolerance. To
appear in Int. J. of Computer Aided VLSI Design., Spring, 1989.
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