UNIVERSITY OF SOUTHAMPTON

Interconnection Schemes for Wafer Scale

Reconfigurable Orthogonal Cellular Array

by

Rosli Bin Haji Mahat

1986



UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE

DEPARTMENT OF ELECTRONICS AND INFORMATION ENGINEERING

Master of Philosophy

INTERCONNECTION SCHEMES FOR WAFER SCALE
RECONF IGURABLE ORTHOGONAL CELLULAR ARRAY

by Rosli Bin Haji Mahat

Three schemes for configuring a functional, wafer-scale two-dimensional
orthogonal cellular array are presented. The functional array is to be
configured on a physical array of good and bad cells by using
programmable gates on the intercellular connection lines. The yields
for the three schemes were obtained from computer simulations of the
configuration of the functional array by the three schemes. The aim is
not just for high array yield but also for high cell utilisation. The
yields obtained were found to be better than the yields obtained from
other available interconnection schemes. With 80 % cell yield, an array
yield of 96 % was obtained with 75 % cell redundancy for one of the
schemes. Its cell utilisation was 55 %. For one of the schemes, the
design of the control element for the configuration of the
interconnections is also presented. Several modifications to the
interconnection schemes were also tested. The extra row modification
was found to improve the yields of the three schemes. The extra bypass
line modification was found to reduce the drop in yields when the

length of the interconnection lines was restricted.
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Chapter 1

INTRCDUCTION

One area of electronics that is being actively studied is Wafer Scale
Integration (WSI). The development of WSI from Very Large Scale
Integration (VLSI) is discussed in the first section. A design
suitable for WSI is cellular array circuits. Cf interest in this
thesis is the interconnection among the cells in the cellular array
The vérious methods of forming the interconnection are discussed in
sectionsv1.2 and 1.3. The objectives of this thesis are discussed in

section 1.4,
1.1 DEVELGPMENT CF WAFER SCALE INTEGRATICN

A trend in the development of Very Large Scale Integration (VLSI) is
to increase the size and the density of a chip by putting more
circuitry onto the chip. There is not just the adventage of a reduced

packaging and assembling cost, but also of having higher reliability

and better performance,

With large chips, the amount of interchip connection can be reduced
Some of the off-chip connections for zn assembly of smaller chips are
replaced by on-chip connections in the large chip. On-chip connection
is more efficient and more reliable than off-chip connection There is
less delay, less noise and less power loss in the on-chip connection
than in the off-chip connection. Futhermore, the space occupied by one

big chip is smaller than that occupied by the assembly of the smeller



chips.,

As the chip is made bigger, the limit to its size would be the size of
the wafer slice on which the chip is fabricated. A new area of study
called Wafer Scale Integration (WSI) is opened for ‘chips' of about
the size of the wafer. lMany theoretical studies and prototypes have
been done for WSI since the mid-1¢60's [Mang8la,Mang&lb,MclotH, Moorgl,

Moor85b].

Problems that are already difficult at the VLSI level, become more
complicated at the WSI level. The testing and packaging of the WSI
chip is ﬁore difficult and more expensive than for the VLSI chip.
Eecause of its larger area, defects are more likely to be formed on
the WSI chip than on the VLSI chip., Therefore, a WSI chip is more
likely to be defective than a VLSI chip Even to design and to produce
a prototype of a WSI chip is more tedious more expensive and takes a
longer time. However, the advantage of having & fast, highly reliable

device could overcome these disadvantages and makes WSI desirable.

The packaging for & WSI chip has to satisfy three mzin requirements.
Firstly, it must be able to accommodzte the large WSI chip. The size
of a WSI chip could be up to more than 50 cm2. Sfecondly, the packaging
must be zble to asccommodzte the high number of I1/0 leads. The common
dual-in-line package (DIP) or chip carrier are inadequate. New
packagings such as the pin-grid array need to be developed so as to be
able to handle the high number of leads for WSI [Bowl85, Neugtlil.
Thirdly, the packaging must also be able to dissipate the heat
generated by the WSI chip. Air cooling may no longer be adequate for

the WSI chip. Cooling using water or even a refrigerant needs to be

ny



considered [Blod&3, John&h, Pelt83].

As the area of a chip increases, defects are more likely to be formed
on the chip. Therefore, the probebility of the chip being defective
also increases [Bert83,Step€3]. This lpss of chips could be reduced by
designing the chip in blocks or cells, KRedundant cells are added to
the design. Any cell containing defects would be disconnected from the

other cells and replaced by one of the redundant cells.

inother problem that arises with increased density and increased size
of thé chip is the increased difficulty in testing the chip. This is
because of the difficulty in accessing and testing the various parts
of the chip. This problem could be simplified if the chip has been

design into cells. It is easier to test each cell one at a time than

to test the whole chip at once.

From the sbove two rezsons, it can be seen that WEl is more suitable
for circuits with repetitive cellular arrays such as memory and
processor arrays than for random logic circuit. The testing and repair
of defects are easier for the cellular arrays. Redundant cells are
added to the cellular array so that any defective part of the chip cen
be isolated by disconnecting the cell with the defect from the array
and replacing the cell with one of the redundant cells., A cellular
array would also help to simplify the designing and the laying-out of

the chip.

So far in this section, it has been shown that there are various
difficulties in implementing WSI. Some of these difficulties can be

reduced by designing the WSI circuit in a cellular array but the cost

(O}



of processing, testing and packaging @ WSI chip is still high as
compared to the cost for a single VLSI chip. lowever, severzl VLS1
chips are required in order to have the same computational capability
as a WSI chip. Therefore, a major part of the cost for the W31 chip
could be offset. Combining this with the fact that a WSI chip is more
reliable and can operate at a faster speed than an assembly of VLSI
chips, WSI is highly suitable for fast, high-volume data processing
such as high density memory, systolic computation and iméege

processing.

Many of the work in WSI has been in memory design [Bars77, Egawé0,
Elme77,Hunt76,Hsia7¢,Kita80]. This is because of the relatively simple

design and simple intercellular connection for memory.

Beside memory, WSI is also suitable for array or parallel processing
where several identiczl processors are utilised &t one time. The
processors may be connected in & linear or & two~dimensional &array.
Many schemes has been tried for the linezr processor array [AubuT9,
Finn77,Fuss82,Mann77,Varmg3]. In the linear &array, each processor is
connected to two other processors. A processor would processes data it
received from one processor and passes the result to the other

processor.

In a two-dimensional zrray, the processors are required to be
connected to three or more other processors. It is more difficult to
implement because of the increased difficulty in designing and

configuring the interconnections among the cells,

In this thesis, the interconnection schemes for two-dimensional



orthogonal celluler array are studied. An example of this type of
array is shown in figure 1.1. In this array, each cell has four
interconnection lines to its four nearest neighbours. An example of
the configuration of a functional orthogonal arrzy is shown in figure
1.2. The functional array of good cells is configured on a physiczl
array of good and bad cells, The configured array is the array

obtained after the configuration has been done.

W
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Figure 1.1. A 4X4 two-dimemsional orthogonal
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Figure 1.2. Configuration of a 2X2Z functional array
on a 3X3 physical array of good ([])
and bad (B ) cells.
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1.2  NCN-VCLATILE INTERCCNKECTION REPAIR TECHNIGQUES

An important aspect in designing & configurzble cellular array is the
designing of the interconnections among the cells. An interconnection
scheme must be able to form the connection between two good cells and
alsc to totally isolate any bad or unused cells. Various methods have
been developed to form the interconnections among the cells [AubuTg,
Mang8lb,Mangllic,boorfl, Siewt2]. These verious methods are discussed in

this and in the next sections.

Early studies of intercelluler conncctions have used discretionary
wiring to form the interconnection [Bars77,Calh72,lathk67,Petr67]. In
this method, the required interconnections among the cells are made by
using additional levels of customised metalisation after the cells

have been probe-tested.

There are two mein drawbecks to discretionary wiring. Firstly, the
metalisation and other processing steps after probe~testing must be
fault-free and must not introduce new defects on the wafer. Secondly,
each wafer needs a tailor-made mask for metalisation. This is very
expensive. Recent development in electron beam lithography has reduced
this problem by providing & direct write capability on the wafer but

the repzir job is still tedious {Berg85,Llonl85,Frie84].

In other repair techniques, near-~complete intercellular connections
are lzid out on the wafer during the processing. lhe required array is
then formed by connecting and/or breaking the interconnections after
the cells has been tested. These can be done by using laser bean,

electron beam, high current or reprogrammeble gates, Among these



methods, only the reprogrammable gstes is volatile. Kepairs using

reprogrammable gates are discussed in the next section.

In the laser technique, laser beam is used to make or to cut the
interconnections [Chapf5,Cave83, Johngl, loguél, Posa8l,Raff83]. The
laser beam can make links by heating a high resistance polysilicon
into a low resistance connections [Minz82], or by welding the metal
connections [Chapfs,Schu7t,Wwugz]. To break the links, the laser beam
is used to cut across the interconnection lines. Chips using this
technique are probe~tested and repaired at the finished but still

unpackaged stage.

Lnother method to make or break the connections is to use electron
beam [Mang8i4b,Mang8lic,Shav83]., Unlike the laser beam, the electron
beam has an inner body heating capability. Hence it can be used to
heat points within the wafer that are away from the surface [Mang8ibl,
The laser beam can only be used for region that is within about 1/pm
of the surface. Therefore, the adventage of using the electron beam is
that the repair sites can be anywhere within the wafer whereas the
repair sites for the lzser beam must be near the surface. A big
disadvantage of using the electron beam is that the repair operation
must be done in a vacuum. This would increased the repair time and

cost of the wafer.

Beside the disadvantage of requiring & beam generating system, the
lzser and the electron beam techniques require additional hardware for
precision beam positioning. A method that does not require as much
test equipments as both these techniques is the high current

technique. The high current can be used to blow up fusible links



[Lanc83, Spawf2, StopE5]. It can also be used to change the physical
characteristic of polysilicon to make links [Line82,Mano82]. The
voltage used for the repair is about 11-20 volts. An adventage of this
method is that the testing and programming can be done after the WSl
chip has been packaged when new defects are unlikely to be introduced.
However, additional space on the wafer is required for the high

current control transitors and supply lines,
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1.3  RECONFIGURABLE INTERCONNECTION REPAIR TECHNIQUE

All the repair techniques in the previous section are non-volatile.
The interconnections cannot be changed after the configuration has
been done. A reconfigurable repair technique is to use reprogrammable
gates [Aubu79,Catt81,Finn77,Fuss82,Hed182,Hsia79]. On-chip control
elements are used to set the gates on the interconnection lines. The
interconnection may later be reconfigured to overcome defects that may
occur during the lifetime of the wafer or to change to a different

cellular array.

In this technique, the control elements must be fault-tolerant in
order for the right configuration to be done. Thus, considerable area
of the wafer is taken up by the control elements. Compared with the
other repair techniques, this method requires the most area overhead
for the control logic. On the other hand, this method does not require
any expensive or bulky test and repair equipments as in the other

repair methods.

One of the simplest reconfigurable interconnection scheme for two-
dimensional orthogonal array was tried by Manning [Mann75,Mann77]. A
configuration using this scheme is shown in figure 1.3. A switching
element and a processing element is associated with each cell. Each
cell can be connected directly to its four nearest neighbours. The
cell can also be used as a bridge to connect any two of its four
nearest neighbours but with the loss of the processing capability of
the cell. This scheme requires a high cell yield and a high amount of
redundancy. To form a 16X16 array of good cells, an array with a high

cell yield of 97.5 % would still need a redundancy‘of 144 7.

11




Hedlund proposed seversal schemes for the BElue CHiP (Configurable
Highly Parallel) computer [Hed1£2,Hed184]. Cne of the schemes is shown
in figure 1.4, With numerous switches and connection lines, several
interconnecting paths can be formed between any two cells. This allows
for not just the orthogonal array but also for other types of arrays
to be formed. A problem with this design is the difficulty in
configuring the interconnection because of the high number of choice
for the interconnection between any two cells. There is also the long
delay on the interconnection lines beczuse of the numerous switches

involved.

To limit the length of the interconnection lines and also to simplify
the programming, Hedlund used & two-level hierarchy for the orthogonal
array. The array is divided into blocks of cells. After configuration
has been done within each block, the blocks are then connected
together to form the required zrray. To produce & 16X16 functional
array with 65 % cell yield, the best array yield is obtained by having
2 9XS¢ array of blocks with 3XU cells each. A 2X2 array of good cells
is configured in each blocks. Among the blocks that are able to

produce the required array, a 8X8& block array is then formed.

fanning and Hedlund used redundant rows and redundant columns for
their schemes. In this study, this type of redundancy is called the
two-dimensional redundency. Generally, configuration of the functional
array on array with two-dimensional redundancy is more difficult than
on array with one-dimensional redundancy. With one-dimensional
redundancy, an array can only has either redundant rows or redundant
columns of cells. The initial strategy for the interconnection schemes

of this thesis is to use the one-dimensional redundancy. It may not

12



have a high level of connectability among the cells but the

configuration of the functional array would be relzatively simple.

The one-dimensional redundancy was tried by a group at the Milan
Polytechnic, Italy [Samif3]. In their schemes, redundent columns of
cells are used. Cne of their schemes is shown in figure 1.5. For the
column connection, each cell can be connected to one of three cells in
the row just above it and to another one of three cells in the row

just below it.

The pfogramming of the interconnection is done by the two multiplexers
and two iink controls for each cell. The programming allows for only
one bad cell per row. Therefore, only one redundant column is
necessary. Another scheme has two redundant columns which allow for
two bad cells per row, but it requires much more interconnection and
control lines among the cells. Instead of three choices, each cell can
be connected to any one of five cells in the rows above or below it.
Because of the limited allowances for defective cells per row, Lhese
two schemes are suitable only for array with very high cell yield.
Even with cell yield of 95 4, the array yield of 15X15 array is only

about 50 ¢ with the two-redundant-column scheme.

Another scheme for one-~dimensional redundancy is tried by Evens,
McCanny and VWood [Even85]. In their scheme, redundeant rows of cells
are used. For the row connection, each cell is to be connected to one
of three cells in each of the two columns that is just to the right

and just to the left of the cell.

The control elements of each cell uses 12 control lines to communicate

13



with its six nearest neighbours as shown in figure 1.6. The
programming of the interconnection is based on the ‘request! (REQ) and
‘zvailsble' (AVAIL) signals from the neighbouring cells and on the
result of the self-testing of the cell. Because there is no limit on
the number of defective cells in the array, this scheme is able to
give a higher array yield than the schemes of Milan Polytechnic and
can also be used for array with lower cell yield. It cean form a 1CX1C

array with 65 % cell yield by using 22 redundant rows.

14
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1.4 OBJECTIVES OF THESIS

From the first section, it can be seen that WSI could be superior over
VLSI for fast, reliable, high volume processing. The main reasons that
have prevented wide~spread use of WSI have been low yield and high

production cost [Moor85b].

In this thesis, ways of improving the yield by using interconnection
schemes with high connectability and easy programming are studied.
There are various types of array configuration that could be studied.
Howevér, this thesis will be restricted to the two-dimensional
orthogonal array like the one shown in figure 1.1. There have already

been numerous studies into the linear one~dimensional array.

The objective of this thesis is to develop a suitable interconnection
scheme for the orthorgonal cellular arrayi This is done by using

computer simulation to test three interconnection schemes and also to
test some modified versions of the three schemes. The aim is not just

for high array yield but also for high cell utilisation.

The interconnection schemes to be studied in this thesis are shown in
the next chapter. The yield simulations of the schemes are done in
chapter 3. A summary of the results and the area for future research
are discussed in chapter 4. A more detailed comparision of the
expected yield of the various schemes described in section 1.3 and of

the various schemes used in this study is also shown in chapter 4.
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Chapter 2

INTERCCNNECTICN SCHEMES FCR CRTHOGONAL ARRAY

In this chapter, three interconnection schemes for two--dimensional
orthogonal cellular array are presented. The physical description of
the interconnection schemes are shown in section 2.1. The methods of
testing the cells are discussed in section 2.2. The various steps in
the configuration of the functional array are described in section
2.2, Section 2.4 describes in detail the working of the control

element for one of the schemes.

2.1 INTERCCNNECTICN SCHEMES

In the interconnection schemes to be investigated, redundant columns
of cells are used. Fach interconnection scheme consists of two parts,
one for column configuration and the other for row configuration. A
row configuration scheme is used to connect together the required
number of good cells in each row of the physical array. The column
configuration scheme is used to connect one good cell from each row in
order to form the column of good cells for the functional array. In
this study, three column configuration schemes with the same row
configuration scheme were tested. Initial studies of these schemes

have shown promising results [Burg82,Kent83,Moorg5za].

A simple row configuration scheme is shown as scheme 1 in figure
2.1(2). Each cell has three gates. A good cell is connected by opening

the two gates on its sides. To bypass the cell, these two gates are

20



closed and the third gate on the bypass line is opened.

Scheme 1 is vulnerable to single point defect on the interconnection
lines. This fault could render the whole row unusable. An alternative
scheme is shown as scheme 2 in figure 2.1(b). This scheme is
functionally identicsl to scheme 1 but has an increased fault

tolerance. Two input are required for the control of each gate.

Even though it has more gates per cell than scheme 1, scheme 2 uses
one less gate on the connection between any two cells. For a
connection with N bypassed cells, scheme 1 requires N+2 gates whereas
scheme 2 requires only N+1 gates. In this study, the row configuration

~

of scheme 2 is used.

There are three designs used for the column configuration schemes. The
simplest design is shown as scheme A in figure £.2. Two cells in the
same column are connected by opening the two gates between them and
closing the two adjacent gstes on the column shifting line. The column
cen be shifted left or right by opening the corresponding gate on the
column shifting line, and closing the gates to the cells to be

bypassed.

An improved design is shown as scheme B in figure 2.3. Unlike scheme
A, it is possible to connect a good cell to the functional array in
scheme B when the cell above or below it is connected to another
functional column. There are two routes for connecting two cells in
the same physical column. This czn be done by opening the two gates on
either the left or the right side of the diamond-shaped network. To

shift physical column, one of these four gates is opened depending on

21



the direction of shift and the cell to be connected. To bypass a
physical column, the centre gate is opened and all the other four

gates are closed.

Further improvement to scheme E can be made by having two column

bypass lines as shown by scheme C in figure 2.4. It works in the same
way as scheme E but with an increased connectability among the cells
from the double bypass lines. The interconnection line can be shifted

from one bypass line to the other when required.

Figure 2.5 shows the functional arrays configured on physical arrays
with the same defective cells by the three schemes. In term of cell
utilisation for the functionzl array, scheme B is better than scheme A
with scheme C being the best since it can configure the most number of

columns.

Beside the three interconnection schemes already presented, several

modified versions of the schemes were also tested. These modified

schemes are described in section 3.3.

22



O

3
2 3
O —é ~(O—

(a) Scheme 1

173

(b) Scheme 2

Figure 2.1 Two schemes for row configuration.

23



Column Shifting Line
® O A O &
@ O O
@ O
Column Shifting Line
® e e +
O O ®

Figure 2.2 Column configuration scheme A.

24



Columné&uftln¢l‘lne

Q

Column¢8hlftlng Line

Figure 2.3 Column configuration scheme B.

25



S

(O C
@
Shifting Lines
@ O
Q (O Q) (J
O Q O O
O (J
Q)

Shifting Lines
Q)
O @ @

Figure 2.4 Column configuration scheme C.

26



Scheme A

Scheme B

— &

Scheme C

Figure 2.5 Column configuration by schemes A, B and C
on a physical array of good and bad cells.

27



2.2 TESTING CF CELLS

When configuring the intercellular connections, some of the cells in
the physical array are required to be tested. The testing includes the
testing of the condition of the cells and also of the connection
between the cells. There are two approaches that can be taken for
testing the cells. The cells can be tested either externally or

locally within the array.

In external testing, the test elements are loczted outside the
physical array. Communication lines between the test elements and
cells have to be lzid out. Since every cell would need access to &
test element, the area overhead for the communication lines is
tremendous. There is also the difficulty in laying-out these lines on
the wafer. External testing is more azppropriate for small size array

or where the cost of the test element is high.

An approach more appropriate for a large size array is self-testing
[Prad80, Somafl,Will82). Each cell would have its own test element.

Even though a self-testing array requires more test elements, there
are no long communication lines as in the externazl testing. In this

study, the self-testing approach is taken.

Testing of each devices in each cells is unpractical &nd almost
impossible. A more suitable method of testing the cells is to test for
the correct functioning of the cells. A cell is tested by observing
its output after a string of data have been input into the cell. The
output of the cell is then compared for compatibility with the input.

Any uncompatibility between the input and output would meznt a
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possible defect within the cell. The test sequence is selected such
that it covers all the possible defects within the wafer. Therefore, a
preliminary study of the possible defects within the cells must be

done before the test sequence can be made.



CCNFIGURATION OF FUNCTIONAL ARRAY

L

<.

Figure 2.6 shows the three mzin components of a self-testing cell. The
processing element (PE) is the main processor which receives,
processes and distributes data within the functional array. The
configuration of the interconnections for each cell is done by its
control element (CE). The function of the test element (TE) is to test
the PE and the inter-PE connections for defects. Signsls B and G are
used for the setting of the gates on the inter-PE lines for scheme A

as shown in figure 2.7.

The configuration of the interconnection for a PE by its CE is based
on the information received from the CE's of its top, bottom and left
neighbours, and from the result of testing of the PE by its TE. The
configuration also depends on the state of the cell. There are six

states which the cell cen be in. These states are @

1) Free (F)

This is the initiél state of the cell. It has not been selected
nor tested for the functional array. Its inter-PE connections
have not yet been set. Depending on the instructions received,
an F-state cell can change into waiting (W), testing (T) or

bypassed untested (U) states. Signals B and C sre both false.

2) Waiting (W)

The cell is waiting for the start of the next test cycle after
which it will change to the testing (T) state. There cen be
only one V-state cell in each row at any one time. A W-state

cell cen also change to the bypassed untested (U) state on the



instructions it receives before the start of the next test

cycle. Signals B and G are still false.

3) Testing (T)

The PE is testec if the cell is in the lW-state at the start of
2 test cycle. The PE is also tested if the cell is in F-state
and its left neighbour has been tested bad (B-state). The
result from the testing would put the cell either in the

connected good (G) or bypassed bad (B) state. Signals B and G

are still false.

4) Connected Good (G)

This is one of the three final states of the cell. The fine&l
states are G, B and U. The PE has been tested good &nd is to
form part of the functional array. Signal G is true but E is

false.

5) Bypassed Bad (E)
The PE has been tested bad and cannot be used in the functioneal
array. The PE is to be disconnected from the other PE's. Signal

B is true but G is false.

€) Eypassed Untested (U)

An F-state or W-state cell can be changed to this state by its
CE depending on informations from the neighbouring cells. The
PE is bypassed because no connection could be made into the
functional array eventhough the PE may be good. Both signals B

and G are false.



At the start of the configuration, all the cells in the physiceal array
are in the F-state except for those in the left-most column which are
in the W-state. The functional array is formed column by column,

starting from the left in a series of test cycles.

During each test cycle, one column for the functional array is formed
by connecting the left-most available good PE in each row. At the
start of each test cycle, a 'start testing' (START) signal is fed into
21l the CE's in the physical array. This would initiate the testing of
the PE's of W-state cells. There can be only one W-state cell in each

row at the start of the test cycle.

If a PE is found to be bad, a true B signal is given out. The cell is
put in the B-state and its PE is bypassed. The true B signeal is also
fed into the CE of its next right neighbour. The next right PE 1is
tested immediately on the receipt of the true E signal without waiting
for the START signal. If this PE is found to be bad, the selection is
repeated to the next right PE until & good PE is found. Therefore,
each test cycle may include the testing of several bad PE's but of

-

only one good PE in each row.

After a PE has been tested good, its CE will give out a true G signal.
This will connect the PE into the functional array. The CE will also
give out a 'test during next cycle' (TNCY) signal to the next right

cell in order to set the W-state cell for the next test cycle.

For scheme A, the PE that is directly above or below a cell that
becomes G or E-state during the current test cycle cannot be used &s

waiting cells for the next test cycle. A cell on reaching one of these
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two states will give out a 'unavailable'! (UNAV) signal to the top and
bottom neighbours. If the cell becomes U-state during the current test
cycle, the UNAV signal is delayed until the next test cycle. This is
because its top and bottom neighbours could be used as waiting cells

for the next test cycle but not for the test cycles following that.

For scheme B, the UNAV signal is given only when the PE is bypassed (B
or U-state). The UNAV signal from a U~state cell is also delayed until
the next test cycle as in scheme A. Unlike in scheme A, the cells
above and below a G-state cell can be used as the waiting cell for the
next test cycle. For scheme C, the UNAV signal is also given out when
the cell is in the B or U-state but the signal is delayed. For UNAV
from a B-state cell, it is delayed until the next test cycle. For UNAV

from a U-state cell, it is delayed until after the next test cycle.

If an F-state cell received a TNCY signal from its left neighbour but
did not received any UNAV signal from its top or bottom neighbour,
then the cell will change to the W-state. On the other hand, if it
received a INCY signal from its left neighbour and also a UNAV signal
from its top or bottom neighbour, then the PE is bypassed untested.
The CE of the U-state cell will then give out a TINCY signal to the

next CE on the right.

The various changes of state of the cell are illustrated in table 2. 1.
It shows the values of the input before the change of state and also
the values of the output after the change of state. Before the cell

reaches one of the three final states, no output is given out.
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Figure 2.6 Main components of a self-testing cell for

a reconfigurable orthogonal array.
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2.4 CCNTROL ELEMENT

The logic design of the control element of cell (x,y) for scheme A 1is
shown in figure 2.8. It has been drawn for simplicity in explaining
the functioning of the CE and not for any particular process
technology. A more appropriate IC design is shown in figure 2.9. The
CR and the AND gates of figure 2.8 has been replaced by NCR and NAND

gates in figure 2.6.

Refering back to figure 2.8, the testing of a W-state PE is initiated
by an input to the test element (TE) from CR2. At the beginning of
each test cycle, a true START pulse is fed into all the cells in the
array. The main control for the start of testing of the PE is AND1.
The testing is to start when TKCY(x,y-1) and START are true; while
UNAV(x+1,y) and UNAV(x-1,y) are false. NOR is used so that a final
state PE is not retested. The testing of the PE can also be initiated
by a true B(x,y-1) input into an F-state cell. This is controlled by
ANDZ. After the testing is completed, a true GOCD or & true EAD signal
is given out by the TE depending on the result of the testing. The
output is permanent and is meintained even after the configuration has

been completed.

The control for a PE to be bypassed untested (U-state) is AND2. This
is when TNCY(x,y-1) is true with either UNAV(x+1,y) or UNAV(x-1,y)

being true. A true output from NOTZ2 is used to verify that the cell is

not already in the G or E-states.

When a cell is in any one of the final states, the signal UNAV(x,y) is

given out. This is done by CR€ which is controlled by OR3 and ANDKL.

Loy
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OR5 is used to delay the true output of AND4 from a U-state cell until
the start of the next test cycle. This is because the cells above and

below a U-state cell can be a waiting cell for the next test cycle but

not for the following test cycles.

The gate ORY is used to control the ortput TNCY(x,y). The output is
true when the cell is either in the G or U-state. A G-state cell would
also produced a true G(x,y). The output E(x,y) is true when the cell

is in the B-state.
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Chapter 3
YIELD SIMULATIONS

The interconnection schemes that have been presented in chapter two
were evaluated using computer simulations. The functional arrays were
configured on physical arrays with different amount of defective
cells. The way in which the defective cells were distributed in the
physical arrays is discussed in section 3.1. The results of the yield
simulétions of the interconnection schemes are presented in section
3.2. Some modifications of the interconnection schemes were also |
tested. The results of the yield simulations of the modified schemes

are presented in section 3.3.
Z.1 WAFER DEFECTS

The model for the cellular array with some defective cells can be made
by studying the defect distribution on a real wafer. Defects on a
wafer consist of various types, and cause various degree of damage to

the wafer [Mang8la,Pelt83,Stap80].

Large scale defects which effect large area of the wafer are generally
fatal and unrepairable. This type of defect are mainly caused by
incorrect processing or missalignment of the photomasks. It also
includes scratched, chipped or broken wafer. However, this type of

defect is not very common.

The more common type of defect is point defect. This includes shorts,
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broken connections, and also spikes and pinholes in the verious layers
of the wafer. Point defects are commonly caused by dirt from the

enviroment which gets onto the wafer or the photomask.

Point defects are generally distributed randomly throughout the wafer,
but there is also a tendency for them to cluster. A cause for defect
clustering may be aggregate of dirt that has collected during
processing [Stap&3]. When shaken loose, these clump of particles would

form a cloud which would later settled on the wafer.

Peside defect clustering, there is also non-uniformity of the defect
distribution in the radial direction. It has been found that there is
a higher number of defects at the edge of the wafer than at the centre
[Paz77,Yana72]. Some of the reasons for the radial variation are
electrostatic attraction of the dirt to the edge of the wafer, radial

temparature variation and bad handling of the wafer.

It has also been found that there can be a slight increase in defect
density at the centre of the wafer [Perl81]. The increase in defect

density could be caused by the resist being thicker at the centre of
the wafer. An example from IC chip production which illustrates this

type of variation is shown in figure 3.1.

It is difficult to produce a model which correctly reproduces the
joint-effect of random defect distribution, defect clustering and
radial defect variation. For a simple model, two assumptions can be
made. Firstly, it is assumed that parts of the wafer other than the
processing elements (PE's) zre fault-free. These fault-free parts

includes the control elements, the test elements, the interconnection
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lines and the various interconnection gates. Generally, the area
occupied by these components are small as compared with the area of
the PE's. The yield of fault-free cell with the PE and other
components together can be expected to be only slightly lower than the
yield of good PE alone. However, a detailed comparision of the layout
area and of the defect distribution in the various components of each
interconnection schemes should be done in future in order to do a more

accurate modelling of the yield.

The second assumption is that the defective PE's are randomly
distributed throughout the wafer. Each PE in the physical array would
have the same probability of being defective. The effect of defect
clustering and radial defect variation are not considered because of
non-availebility of experimental data from processing of WSI chips.
However, this second assumption can still be valid if the following

additional assumptions are made.

All the PE's are assumed to be located in a central region of the
wafer that is about half‘the size of the wafer. Looking at figure 3.1,
the radial variation of defective PE within this region is small and
assumed to be negligible. As for defect cluster, it is assumed that
the size of the cluster is small as compared with the size of the PE.
It would be unlikely for the defect cluster to cause a cluster of

defective PE's.

43



100
80
n
o
o
Nl
Q
o 60
>
o
D
o
U]
Uy
Q
go]
S
40
>
%)
o
-
-
0
©
Ne)
O
I
W 20
Q
M
+ 0]
o %)
) e
] E3
0

Radial Position

Figure 3.1 Radial variation in the probability of
being defective for IC chips on a wafer.

(From Perl81l)

44



3.2 YIELD SIMULATIONS COF THE BASIC SCHEMES

The yields for the various interconnection schemes were obtained from
computer simulations of the configuration of the functional array
using the various schemes. The interconnection schemes used were the
three column configuration schemes A, B and C with row configuration
scheme 2. The algorithm for the configuration using the three schemes
is shown in appendix I. This includes the flow chart and the full
program for the configurations. First, a physical array of good and
bad cells is formed. This is done by using a pseudorandom number
generator which generates numbers between 0.0 and 100.0. For & given
cell yield of Y %, a cell is good if the number generated for it is

less than or equal to Y. Ctherwise, the cell is bad.

After the physical array has been formed, the functional array is then
configured on the physical array. Columns of functional cells are
formed one by one starting from the left side of the physical array.
Starting from the top of the array, the left-most available good cell

in each row is chosen for each functional column.

In this thesis, the yield for a particular interconnection scheme was
obtained by doing 1000 simulations of the configuration of a 16X16
functional array using the particular scheme. The size of the array on
which the configurations were done was chosen such that there were

more than enough redundant columns for all the configurations.

For each simulation, the size of the configured array was recorded.
The yield for a particular physical array size was obtained by

counting the number of configured array with size less or equal to the
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particular array size. The number obtained is then divided by 10 to

give the percentage for the array yield.

Another value given together with the array yield as the results of
the yield simulaztions is the cell utilisation. The cell utilisation is
defineé as the percentage of the total number of cells used in the
configured arrays out of the total number of cells in both the

configured and unconfigurable arrays. It is calculated from the array

yield by using the equation:

U = YF/P

where U is the cell utilisation, Y is the array yield, F is the number
of cells in the functional array, and P is the number of cells in the

physiczl array.

A scheme with a high array yield is not good if its cell utilisation
is low. This is because low utilisation means a high amount of
redundancy is used. Therefore, the best yield does not necessary mean
the highest array yield but does mean the highest cell utilisation.
Throughout this thesis, the terms 'best yield' and 'highest cell

utilisation' are treated as synonymous,

The results for the yield simulation of the three basic schemes are
shown in figures 3.2 and 3.3 for cell yields of €5 and 95 %
respectively. The figures show the array yield and the cell
utilisation at various physical array sizes. The different array sizes
are shown as the percentage of redundancy in the physical arrays.
Table 3.1 lists the array size, array yield and cell utilisation of

the best yield for each scheme at different cell yield.
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As has been suggested earlier, the interconnection schemes C produced
the best yield. This is followed by scheme B and then by scheme A.
Looking at the result in table 3.1, the difference in yield of scheme
E and C becomes less with increasing cell yield. At very high cell
yield, scheme B is almost as good as scheme C. The yield for scheme A

is much poorer than for scheme B even at very high cell yield.
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Figure 3.2 Array yield and cell utilisation of schemes
A, B and C as a function of the amount of
cell redundancy in a physical array with
65 % cell yield.
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Cell _ Array. Array Cell
Yield Scheme Size Yield Utilisation
65 A 16X52 98 30
65 B 16X43 95 35
65 C 16X38 95 40
80 A 16X36 96 43
80 B 16X30 95 51
80 C 16X28 96 55
95 A 16X24 97 65
95 B 16X20 95 76
95 C 16X20 97 77
Table 3.1 Size and yield of array producing the

highest cell utilisation of the various
schemes at different cell yield.
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3.3 YIELD SIMULATIONS CF MODIFIED SCHEMES

Several modifications to the three basic interconnection schemes were
also tested. These modifications were used in order to try to improve
the yields of the basic schemes and also to try to limit the length of

the intercellular connections.

As they are, the basic interconnection schemes do not put any limit on
the length of the interconnection lines. Long interconnection lines
would have huge delay, not just from the long length but also from the
high number of gates on the lines. The delay on an interconnection
line is roughly proportional to the square of the number of gates on
the line. There are several ways of reducing the delay such as by
adding buffers on the line but the best reduction that could be
obtained is to reduce the proportionality factor to the number of
gates on the line. Therefore, there must be limits on the length of
the interconnection lines and on the number of gates in order to limit

the delay.

The number of gates on the interconnection lines can be restricted by
limiting the number of PE's being bypassed. For an inter-PE connection
line with N bypassed PE's, the number of gates on the interconnection
line is N+1. This is true for all the configuration schemes where N is
greater than 2 except for the column configuration scheme A which
requires N+2 gates. Additional control circuit would be required to
keep track of the number of PE's being bypassed. The simulations of
the configurations with this modification were done by modifying the

algorithm in appendix I to record the number of bypassed PE's.
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When limiting the number of gates on the interconnection lines, the
array yield can be expected to be reduced. This reduction can be seen
in figure 3.4. It is the result from 1000 simulations of the

configuration using scheme B at 80 % cell yield. The limits used were

5 and 8 gates.

Another way of indirectly limiting the interconnection length is to
use the two-level hierarchy as tried by Hedlund [Hed182]. The physical
array is divided into smaller blocks of cells. A small functional
array is formed within each blocks. The whole functional array is then
formed by connecting the small functional array together. The limit on
the interconnection length is set by the size of the blocks. No
circuit is required to control the length of the interconnection lines
but additional circuit would be required for the inter-block

connection.

The array sizes used for the two-level hierarchy modification were 2X2
cells in 8X8 blocks, U4X4 cells in UXH4 blocks and 8X8 cells in 2X2
blocks. For each blocks, 1000 simulation were made for each scheme at
65 % cell yield. In each simulation, the number of redundant columns
in the configured block was recorded. From this result, the block
yield can then be obtained. The wafer yield was then obtained by

raising the block yield to the number of blocks in the physical array.

The yield obtained for scheme B at 65 % cell yield with the two-level
hierarchy modification is shown in table 3.2. It lists the array size,
the array yield and cell utilisation of the best yield. The yield

obtained is poorer than the yield obtained with the basic scheme.

Smaller sized block was found to produce lower cell utilisation.
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Examples of the configurations using the three basic interconnection
schemes at 80 % cell yield evg shown in appendix I. Two useful features
can be seen from the examples. Firstly, it can be seen that most of the
long interconnection lines are from the PE's in the right-most
functional column to the right edge of the array. The delay on these
1ines could be reduced if the PE's were given direct access to the
edge. Secondly, among these long interconnection lines, the length of
the lines for the top few rows and bottom few rows are usually longer
than the length for the other rows. The long lines for the top few and
bottom few rows could be reduced by removing some of the ceils in the

top and bottom right corners of the physical array.

To allow for the PE's in the right-most functional column to have
direct access to the right edge, an extra bypass line is added to the
row configuration scheme. A trial of this modification was made by
modifying the row configuration scheme 2. The modified scheme is showh
in figure 3.5. Five of the PE's can be connected directly to the extra
bypass line such that the number of gates on the interconnection lines
for these PE's to the right edge is just two. The extra bypass line

also reduces by five the number of gates on the interconnection lines

to the right edge for the other PE's in the row.

The yield with the highest cell utilisation obtained using the extra
bypass line modification is shown in table 3.3. It is compared with
the yield obtained without the extra bypass line modification and also
with the yield obtained with the basic scheme. At a high cell yield of
95 %, there is no difference in the cell utilisation among the various

modifications since the number of bypassed cells is small.
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The difference in yield becomes more significant at lower cell yield.
Limiting the interconnection length does greatly reduced the yield.
The extra bypass line modification helps to increase the yield but not

as high as when without the interconnection length limitation.

Another modification is to remove a few PE's from the top right and
the bottom right corners of the physical array. This is to take
advantage of the fact that the right-most functional cells in the top
few and bottom few rows have longer interconnection lines to the right
edge of the array than those of the other rows. Therefore, the PE's at
the top right and at the bottom right corners of the physical array
are seldom connected into the functional array. Simulations were done
on physical arrays with one, three and six cells removed from the two
corners. The result for this modification is shown in table 3.4. Mo
significant change in yield was found for this modification when only
one or three cells were removed from the corners. However, the yield

was reduced when six cells were removed from the corners.

Another modification that was tried was to extend the one-level
redundancy of the basic interconnection schemes to two~-level
redundancy by adding redundant rows of PE's. A row bypass scheme is
used to bypass any unrequired rows. In this way, functional rows with
long interconnection lines or functional rows that require more PE's
than there are available in the physical rows, can be bypassed and not
connected to the functional array. Furthermore, rows with defects on
the interconnection lines, in the control elements or in the test

elements can also be bypassed.

The results for the redundant rows modification are shown in tables
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3.5 and 3.6. The number of redundant rows tested were one, two, three
and four. The tables show that the redundant row modification does
improved the yield. The best yield for each schemes were obtained by

having just one extra row. Even with two or three redundant rows, the

yields obtained were better than the yields for the basic schemes.

A1l of the above simulations used arrays with randomly distributed
defective PE's. The last set of simulations tried was to test physical
arrays with cluster of defective PE's. It was tried in order to

observe the effect of defect clusters on the yield.

No model was available for the formation of an array with defect
clustering. A model was developed based on the fact that a cell would
have a high probability of being defective if it has a high number of
defective neighbours. To form an array of a required cell yield with
defect clustering, a randomly distributed array with half the defect
probability is first formed. Some of the good cells are then changed
to bad according to the number of bad cells among their eight nearest
neighbours such that the overall probability of having a good cell is
equivalent to the required cell yield. A positive linear relationship
is assumed between the probability of change from good to bad and the

number of bad neighbours.

The algorithm for the formation of an array using this kind of
distribution is shown in appendix II. A more detailed explanation of
the formation of the physical array with defect cluster and an example
of such array are also presented in appendix II. Eventhough there is
no experimental data to support the model, the physical array formed

does have more clusters of defective cells than the random defect
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distribution. The result for the simulations using this defect
distribution is shown in table 3.7. The yields obtained for the basic
schemes using this distribution is slightly lower than the yield
obtained using the random distribution. The different in yield becomes

greater when the number of gates limitation is imposed on the

simulations.
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Figure 3.4  Array yield (AY) and cell utilisation (CU)
of scheme B at 80 7 cell yield with 5 and
8 gates limitation, and with unlimited

number of gate.
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No. of Block Array Cell

Scheme Block Size Yield Util.
A 2%2 8X27 92 27
4¥4 4X17 98 23

8X8 2X10 94 19

B 2X2 8X24 94 31
4X4 4X14 91 26

8X8 2%10 99 20

C 2X2 8X22 94 34
4X4 4LX14 94 27

8X8 2X10 99 20

‘Table 3.2 Yields of the various schemes with two-

level hierarchical modification at

65 % cell yield.
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Cell

Array Array Cell

Modification Yield Size Yield Util.
5 gates limit 80 16X24 20 13
95 16X20 98 78
8 gates limit 65 16X34 20 9
80 16X26 68 42
95 16X20 98 78
Extra bypass line 80 16X26 49 30
with 5 gates limit 95 16X20 98 78
Extra bypass line 65 16X37 54 23
with 8 gates limit 80 16X28 90 52
95 16X20 98 78
Unlimited number 65 16X42 96 37
of gates 80 16X29 95 52
(No modification) 95 16X20 98 78

Table 3.3 Yields for scheme B at various cell yields

with the number of gates limitation and with

the extra bypass line modification.
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Unlimited gate

5 gates limit

Array |[Array| Cell Array |Array|Cell
Shape of corner Size Yield| Utild Size Yield | Util.
16X29 95 53 16X25 26 17

L*\ 16X29 95 53 16X25 26 17

L] 16X30 97 53 16X25 22 15
_“——m_Lﬂl“l_] 16X30 97 51 16X26 17 11

Table 3.4

various corner modifications.
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No. of Array Array Cell
Scheme TOWS Size Yield Util.
A 16 16X52 98 30
17 17X46 96 31
18 18X45 96 30
19 19X45 96 29
20 20X43 94 28
B 16 16X43 95 35
17 17X38 94 37
18 18X37 94 36
19 19X37 94 34
20 20X36 95 34
C 16 16X38 95 40
17 17X32 93 44
18 18X32 97 43
19 19X32 97 41
20 20X29 92 41

Table 3.5 Yields of the various schemes with extra row

modification at 65 7 cell yield.
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No. of Array Array Cell
Scheme YOwWS Size Yield Util.
A 16 16X24 97 65

17 17X23 98 64
18 18X22 95 61
19 19X22 95 58
20 20X22 97 56
B 16 16X20 95 76
17 17X19 98 78
18 18X18 95 75
19 19X18 95 71
20 20X18 98 70
C 16 16X20 97 77
17 17X18 96 80
18 18X18 99 78
19 19X18 99 74
20 20X17 98 74

Table 3.6 Yield of various schemes with extra row

modification at 95 % cell yield.
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Random Dist. Clustering Dist.
Cell Array |Array| Cell Array |Array| Cell
Scheme |Yield Size |Yield}|Util. Size Yield|Util.
A 95 16X24 97 65 16X24 97 65
80 16X36 96 43 16X36 95 42
B 95 16X20 95 76 16X21 98 75
80 16X30 95 51 16X31 96 50
C 95 16X20 97 77 16X20 95 76
80 16X28 96 55 16X28 94 54
B with 95 16X20 98 78 16X21 98 74
5 gates 80 16X24 20 13 16X24 9 6
limit
Table 3.7 Comparision of yields obtained using the

random defect distribution and using the

clustering defect distribution.
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Chapter 4

DISCUSSION AND CONCLUSION

The results from the yield simulations of the various interconnection
schemes are summerised in section 4.1. Possible area for future
research which would complement the study in this thesis is dicussed
in section 4.2. Some final concluding statements are presented in

section 4.3.

4,1 SUMMARY OF RESULTS

Three schemes for configuring an orthogonal array of functional
processing elements (PE's) were presented. The functional array was
configured on a physical array consisting of good and bad PE's. For
simplicity, only the columns were shifted during the configuration of
the functional array. There was no shifting of rows and thus, the
number of rows was the same in the physical and the functional arrays.
Therefore, only redundant columns of cells were required. Another
strategy used was to have the schemes capable of configuring long
interconnection lines among the PE's. In this way, a PE can be

connected to a wide choice of PE's.

The result of computer simulations of the yields obtained using the
three schemes is shown in table 4.1. It shows the array size and the
array yield which produce the highest cell utilisation for each scheme
and at different cell yields. The yielqs are also compared with the

results from other currently available interconnection schemes
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[Evan85, Hed182,Mann75, Sami83]. The yields for Evans' and Sami's
schemes were derived from the graphical results presented by them. It
is clear from the table that the three schemes are capable of
producing better yields than or at least comparable yields with the

other schemes.

Among the various interconnection schemes, Hedlund's scheme has the
highest degree of connectability. However, its yield is low because of
the difficulty in configuring the interconnections. Hedlund used the
two-level hierarchy to simplify the configuration by dividing the
functional array into several smaller sub-arrays. This modification
requires a high number of redundant cells and thus, a lower cell

utilisation.

On the other hand, Sami's schemes which have easy configuration, have
low connectability among the PE's. This produces a much lower yield.
Therefore, the right balance between high connectability and easy
configuration is required in order for an interconnection scheme to

have a good yield.

The only scheme that is able to produce a comparable yield with the
three schemes is the scheme of Evans et al. This scheme also follow
the strategy of using one-dimensional redundancy for easy programming.
However, the amount of connectability among the cells is slightly less
for Evans' scheme than for scheme b. Its yield is expected to be

slightly less than the yield for scheme B.

Table 4.1 also shows that there were differences in yield among the

three schemes been studied. Scheme C produced the highest yield and
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this was followed by scheme B and then by scheme A. At high cell
yield, the yield of scheme B is almost as good as the yield of scheme
C. Scheme B could be better than scheme C when the bigger area for the
control elements and for the interconnection lines of scheme C is

considered. The difference in yield between scheme A and B is wide

even at high cell yield.

Beside the three basic schemes, various modifications of the schemes
were also tested. These modifications were tried in order to find ways
of improving the yield and also of limiting the interconnection length
without reducing the yield too much. One modification was also tried

to simulate the effect of high defect clustering.

The length of the interconnection line may be required to be limited
due to excessive delay on long interconnection line. When this
requirement was imposed, the yield was found to be reduced. A way to
improve on the reduced yield is to use extra bypass line modification
on the row configuration scheme. This allows for the PE's in the last
few columns to the right to have direct access to the right edge. This
produced a higher yield but not as high as when without the

interconnection length limitation.

However, it is found that there is not much differences in yield
between the basic schemes and the above modifications at high cell
yield. This can be seen in table 3.3. The number of bad cells is small
at high cell yield and thus, the number of bypassed cells is also
small. Therefore, it is not necessary to have any modification to

1imit the interconnection length when the cell yield is high.
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Another modification called the hierarchical modification which can
indirectly limit the interconnection length by the size of its sub-
arrays was also tried. This modification also produced a reduced
yield. The best yield for the modification was found when the sub-
array physical size was big. This meant that there were long
interconnection lines within the sub-array. This can be seen from the
large number of redundant columns required for the sub-array, as shown
in table 3.2. Therefore, the hierarchical modification does not help

to 1limit the interconnection length.

A modification that can improve the yield of the basic schemes is the
extra row modification. It was found that the yields for all the three
schemes can be improved by having a few redundant rows of cells. The

best yields were obtained by having just one redundant row.

Another modification that was tried was the corner modification. A few
cells from the top-right and bottom-right corners of the physical
array were removed. No significant change in yield was found when only
a few cells were removed from the corner. When more cells were

removed, the yield was found to be reduced.

A theoretical model has also been developed to test for defect
clustering. It showed slight reduction in yield from that obtained
with random defect distribution. Eventhough the defect clustering
model may not be accurate, it did showed that a lower yield could be

expected when a true model for the defect distribution on the wafer

has been developed.
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Functional| Cell Array Array Cell
Scheme Array Yield Size Yield Util.

Scheme A 16X16 65 16X52 98 30
80 16X36 96 43

95 16X24 97 65

97.5 16X21 95 72

98.5 16X20 96 77

Scheme B 16X16 65 16X53 95 35
80 16X30 95 51

95 16X20 95 76

97.5 16X19 98 83

98.5 16X18 96 85

Scheme C 16X16 65 16X38 95 40
80 16X28 96 55

95 16X20 97 77

97.5 16X19 98 83

98.5 16X18 96 85

Evans' 10X10 65 10X32 100 32
80 10X19 100 53

95 10X12 100 83

Hedlund's 16X16 65 (3X4)(9X9) 97 25
Sami's 15X15 95 15X17 43 42
97.5 15X17 92 81

98.5 15X17 98 86

Manning's 16X16 97.5 25X25 100 41
98.5 20X20 100 64

Table 4.1 Comparision of the yields of schemes A, B and C
with some currently available interconnection

schemes.
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SUGGESTIONS FOR FUTURE WCRK

In section 2.4, the control element (CE) for scheme A has been
presented. Eventhough the CE functions correctly as an individual
cell, no simulation of the working of the CE's in an array has been
done. What has been done were 'paper and pencil' simulations of small
arrays of less than ten cells. Computer simulations for bigger size
array are needed to be done in order to be sure of the correct

functioning of the CE's.

Another area to be looked at is the control elements for scheme B and
C. A CE that could set the states of the cells can be easily made by
slight modification of the CE of scheme A. However, the difficult part
is in programming the gates on the interconnection lines. This
difficulty in designing the CE's for schemes B and C has been due to

the higher number of gates in these schemes than in scheme A.

When the designs for the control elements of all the three schemes are
avalaible, a better comparision of the schemes can be made. The area
of the control elements and the interconnection lines can be taken

into account when evaluating the array yield and the cell utilisation.

Two modifications for the interconnection schemes has been found to
improve the yield. These are the extra bypass line and extra row
modifications. Circuit designs for the implementation of these
modifications are needed to be done. The effect of the extra

circuitary on the yield also needs to be studied.

Most of the simulations done used random defect distribution as model
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for the real array of good and bad PE's. Eventhough other theoretical
studies of WSI cellular array also used this model, a more realistic
approach would be to use a model which takes defect clustering and
radial defect variation into account. A model with defect clustering
was tried in this study. The yield obtained was found to be lower than
the yield obtained using random defect distribution. Eventhough there
is no experimental support for the model, it does show that a lower

yield is to be expected when a more realistic defect model is used.

Another area for future study is to find ways of implementing a global
interéonnection for the array. The global interconnection is to be
used for the clock and the power supply to the cells. It could also be
used to access each cell directly from outside the array for any

instruction or data.

There was not much attention being given to the processing element
(PE) in this thesis. The design for the processing element should be
considered in future study. When this is done, the layout of the
processing, control and £esting elements can then be made. A prototype

of a wafer scale reconfigurable orthogonal cellular array can then be

developed.
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4,3 CONCLUSION

Three designs has been presented for the intercellular connection of a
reconfigurable two-dimensional orthogonal cellular array. For one of
the schemes, a detailed study into the configuration of a functional
array and into the design for its control element has been done. The
yield simulations for the three schemes has been done by using
computer simulations of the configuration of a functional array by the

various schemes.

The three schemes been studied were labeled as schemes A, B and C.
Scheme C was found to produce the best yield with scheme B being
second best. For schemes B and C, the difference in yield became
smaller with higher cell yield. When the effect of the more complex
design in scheme C is considered, scheme B could be better than scheme
C at high cell yield of about 80 % or more. The yield for scheme A was

much lower as compared with the other schemes even at high cell yield.

The yield of the three schemes can be improved further by adding a few
redundant rows of cells. The highest improvement could be obtained by
adding just one redundant row. A scheme needs to be developed for the

row bypass.

The length of the intercellular connection may be required to be
restricted in order to reduce the delay on the interconnection lines.
When this condition was imposed, the yields for the various schemes
were reduced. The amount of yield reduction can be reduced by giving
cells in the right-most few columns of the physical array direct

access to the right edge of the array.
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The results also shows the effectiveness of the strategy used in
making the interconnection. With one-~dimensional redundancy, a simple,
orderly method of selection of the cells for the functional array is
obtained. The selection of cells and the programming of the
interconnection would be more difficult for two-dimensional redundancy
eventhough there may be a larger selection of possible

interconnections.

This thesis has shown the feasiblity of the three interconnection
schemes for configuring a functional orthogonal array. From computer
simulations, the yield for the three schemes can be expected to be
higher than the other currently available interconnection schemes.
More studies are needed to be done in order for a more precise

comparision of the various interconnection schemes.
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Appendix I

: Algorithm for the configuration of functional

array using schemes A, B and C.

Produce physical

array J(NROW,NCOL)

Y

X=1
Y=1

START123(n) = 1, for n=1 to NROW

Y

STAT = START123(X)

STAT = STAT + 1

Al

CONF123(X,Y) = STAT

Y

Reset STAT123(X)

and STAT123(X-1)

X+ 1

No

Yes

e
]

Y + 1

No

Yes

Array

No

STAT = NCOL

Yes ¥

Array

unconfigured

k K/gnd

configured
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PROGRAM ABC

This program configures (NROW x NROW) functional arrays
from a (NROW x NCOL) physical array with NYP cell yield,
using schemes A, B and C. The programming 1is done on
the University of Southampton ICL 2976.

INTEGER J(16,35),CONF1(16,16),CONF2(16,16),CONF3(16,16),
*STAT,STAT1(16)/16*1/,STAT2(16)/16*1/,STAT3(16)/16*1/,X,Y
DATA NO,N1,MAX1,MAX2,MAX3/5%0/

NCOL=35

NROW=16

NYP=80

This produces an array with NROW rows and NCOL columns,

and containing randomly distributed good and bad cells.

0 is for bad cell and 1 is for good cell. The probability
of each cell being good is NYP %. GOS5CBF and GOSDAF are
pseudorandom number generators in library NAGF1. GOSDAF (A, B)
produces a number between A and B.

CALL GO5CBF(1)

DO 50 M=1, NROW, 1

DO 40 N=1,NCOL,1

IR=INT (GOSDAF (0.0, 100.0))
J(M,N)=0

IF (IR.LE.NYP) J(M,N)=1
N1=N1+J (M, N)

NO= (NROW*NCOL )N 1

PRINT 45, (J(M,K),K=1,NCOL, 1)
FORMAT(/40(I1,2X))

CONTINUE

PRINT 60,N1,NO

FORMAT(//'NO. OF GOOD CELLS = ',I3,20X,'NO. OF BAD CELLS = ',I3)

This is the configuration using scheme A. CONF 1(x,y) records
the column number of the location in the physical array of
the functional cell (x,y). STAT1(x) is the column number of
the waiting cell in row x.

DO 130 Y=1,16,1

DO 130 X=1,16,1

DO 100 STAT=STAT1(X),NCOL, 1

IF (J(X,STAT).EQ.1) GOTO 110

CONTINUE

GOTO 160

CONF 1(X, Y)=STAT

STAT1(X)=STAT+1

IF (X.EQ.1) GOTO 130

IF (STAT1(X).GT.STAT1(X=1)) STAT1(X~1)=STAT1(X)
IF (STAT1(X).LE.CONF1((X~1),Y)) STAT1(X)=CONF1((X~1),Y)+1
CONTINUE

DO 150 X=1,16,1

PRINT 140, (CONF1(X,Y),¥=1,16,1)

FORMAT (/16(I2,3X))

IF (CONF1(X,16).GT.MAX1) MAX1=CONF1(X, 16)
CONTINUE
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160
170

a0 0

200

210

230

250
260
270

eNeNeNesESES

300

310

330

350
360
370

PRINT 170,MAX1
FORMAT (/'RECONFIGURATION BY SCHEME A'/
®'MAX, NO. OF COLUMNS = ',I2)

This is the configuration using scheme B. CONF2(x,y) records
the column number of the location in the physical array of
the functional cell (x,y). STAT2(x) is the column number of
the waiting cell in row x.

DO 230 Y=1,16,1

DO 230 X=1,16,1

DO 200 STAT=STAT2(X),NCOL, 1

IF (J(X,STAT).EQ.1) GOTO 210

CONTINUE

GOTO 260

CONF2(X,Y)=STAT

STAT2(X)=STAT+1

IF (X.EQ.1) GOTO 230

IF (CONF2(X,Y).GT.STAT2(X~1)) STAT2(X~1)=CONF2(X,Y)
IF (STAT2(X).LT.CONF2((X-1),Y)) STAT2(X)=CONF2((X-1),Y)
CONTINUE

DO 250 X=1,16,1

PRINT 140, (CONF2(X,Y),Y=1,16,1)

IF (CONF2(X,16).GT.MAX2) MAX2=CONF2(X,16)

CONTINUE

PRINT 270,MAX2

FORMAT (/'RECONFIGURATION BY SCHEME B'/
%'MAX. NO. OF COLUMNS = ',I2)

This is the configuration using scheme C. CONF3(x,y) records
the column number of the location in the physical array of
the functional cell (x,y). STAT3(x) is the column number of
the waiting cell in row x.

DO 330 Y=1, 16,1

DO 330 X=1,16,1

DO 300 STAT=STAT3(X),NCOL,1

IF (J(X,STAT).EQ.1) GOTO 310

CONTINUE

GOTO 360

CONF3(X, Y)=STAT

STAT3(X)=STAT+1

IF ((Y.EQ.1).O0R.(X.EQ.1)) GOTO 330

IF (STAT3(X-1).LT.CONF3(X,(Y=1))) STAT3(X-1)=CONF3(X, (Y-1))
IF (STAT3(X).LT.CONF3((X-1),(¥-1))) STAT3(X)=CONF3((X~1),(Y-1))
CONTINUE

DO 350 X=1,16,1

PRINT 140, (CONF3(X,Y),Y¥=1,16,1)

IF (CONF3(X, 16).GT.MAX3) MAX3=CONF3(X, 16)
CONTINUE

PRINT 370,MAX3

FORMAT (/'RECONF IGURATION BY SCHEME C'/
¥1MAX., NO. OF COLUMNS = ',I2)

STOP

END
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Figure I.1 Physical array with random defect
distribution formed with 80 % cell yield.
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Figure 1.2 Columns for 16X16 functional array

configured using scheme A.
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Figure 1.3

Columns for 16X16 functional array

configured using scheme B.
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Figure 1.4 Columns for 16X16 functional array

configured using scheme C.
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Appendix II : Algorithm for the formation of cellular array

with Y % cell yield and with defect clustering.

Required probability of good cell : Y/100
Required probability of bad cell : (100-Y)/100

First, an array with half the required
defect probability is formed.

Probability of bad cell : B : (100-Y)/200
Probability of good cell : G : (100+Y)/200

Next, the defect probability is increased to (100-Y)/100
by changing some of the good cells to bad according

to the number of bad neighbours.

Total probability of changing good cells to bad : B
Number of observed neighbours of each good cell : 8
Probability of a good cell having n bad neighbours

and (8-n) good neighbours : 81 gn G8--n G
n!(8-n)!

Probability of a good cell with n bad neighbours

being change to bad : (n+1)X
.. Total probability of any good cell being change to bad :
8
zi (n+1)X 8 B G9—n = B
n!(8-n)!
n=0
o 81 n-2 10-n 8
n (100-Y) (100+Y) = 200
jz (n-1)1(9-n)! X
n=1
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From the above equation, the value of X can then be found.
For a good cell with n bad neighbours, it is changed to
bad if a number generated for it is less than (n+1)X.

Otherwise the cell will remain good.
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PROGRAM CLUSTER

This program produces an array with NROW rows and NCOL columns,
and containing good and bad cells. Some of the bad cells are

made to cluster together. The overall probability for a good

cell is CY %. GOSCBF and GOSDAF are pseudorandom number generators
in file NAGF1. GOSDAF(A,B) produces a number between A and B.

This program is run on the University of Southampton ICL 2976.

INTEGER J(16,35),JK(18,37),X,Y
NO=0

N1=0

CALL GOSCBF(0)

NROW=16

NCOL =35

€CY=80.0

DO 20 X=1,(NROW+2),1

DO 20 Y=1,(NCOL+2),1

A=GO5DAF (0.0, 1.0)

JK(X,Y)ZO

IF (A.LE.((100+CY)/200)) JK(X,Y)=1
CONTINUE

SUM=0.0

FAC=1.0

po 10 I=1,9,1
SUM:SUM+I*FAC*((TOO—CY)**(I»2))*((100+CY)**(10~I))
FAC=FAC*(9-I)/1

XP=2.56E 18/SUM

DO 50 X=1,NROW, 1

DO 30 Y=1,NCOL, 1

IF (JK((X+1),(Y+1)).NE.O) GOTO 23
J(X,¥Y)=0

GOTO 28

NBAD=9

DO 25 IX=X,(X+2),1

DO 25 IY=Y,(Y+2),1
NBAD=NBAD-JK(IX, IY)

CONTINUE

B=GOSDAF (0.0, 1.0)

J(X,Y)=1

IF (B.LT.((NBAD+1)*XP)) J(X,Y)=0
IF (J(X,Y).EQ.1) N1=N1+1

IF (J(X,Y).EQ.0) NO=NO+1
CONTINUE

PRINT 45, (J(X,K),K=1,NCOL)
FORMAT(/35(I1,2X))

CONTINUE

PRINT 60,N1,NO

FORMAT(//'NO. OF GOOD CELLS = ',I3,20X,'NO. CF BAD CELLS = ',13)
STOP

END
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Abstract —This paper describes schemes for introducing fault-tolerance into a two-dimensional orthogonal
array of cells with nearest neighbour communication paths. The schemes are designed to tolerate a large
number of faults and are therefore applicable to the yield-enhancement of large-area VLSI circuits.
Simulation results are presented which show the superiority of the schemes over previous proposals and
indicate that the nearest neighbour interconnections need not be a barrier to the desirable goal of
integrating an array computer onto a whole-wafer circuit.

INTRODUCTION

An increasingly popular architecture for high speed
image processing and other computationally intensive
problems is a rectangular array of single-bit pro-
cessors with four nearest neighbour interconnections
as illustrated in Fig. 1 [1-6]. Simple gating within the
processors can couple pairs of interconnections
together to give diagonal routing so that this network
permits all processors simultaneously to access data
from any one of their eight nearest neighbours [4]. At
the present state of the art, VLSI circuits can be
fabricated with around 32 or 64 processors per chip so
that a typical application with perhaps a 16 x 16 ora
64 % 64 processor array would require the intercon-
nection of between 4 and 128 identical chips. In
addition each processor has its own memory and this
may cause as much asa five-fold increase in the silicon
area used.

The production of larger chips would have
advantages in terms of higher speed and lower power
consumption as well as requiring 2 physically smaller
volume. In the limit it may be feasible to build a
complete array computer on a whole-wafer circuit.
The usual limit to chip size is the increasingly poor
yield but this limit can be raised by the use of fault-
tolerant design techniques.

Although it is possible to probe test every cell (one
processor plus memory) and wire together the
working ones this is a very expensive procedure even
with the recent progress in laser fusing and welding
[7}. A more likely route to economic wafer-scale
integration would seem to be a Jogically controlled
configuration, but simple approaches such as by-
passing a faulty row or column [8] are not applicable
to the relatively large number of defects expected. The
problem is far from trivial and the first published
study of it produced rather discouraging results [91:
Manning's approach requires that the yield of each
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cell exceed 97.5% in order that the average wafer with
25 % 25 cells can be configured into a 16 x 16 working
array (a 1449 overhead of redundant cells). The
inefficiency of this approach reflects the use of a high
proportion of cells solely as switches.

More recently [10] Hedlund examined the problem
of mapping the CHiP reconfigurable computer onto 2
whole-wafer. The CHiP computer is essentially a two-
dimensional grid but the inclusion of extensive
switching between cells (Fig. 2a) allows it to be con-
figured in a variety of architectures, Hedlund supple-
ments these switches (Fig. 2b) to permit the formation
of 2 x 2 sub-arrays of good cells in 3 x 4-cell blocks of
the grid and places the blocks in a hierarchical frame-
work. Hedlund predicts that a 65% cell yield is
sufficient to allow a wafer of 9x9 blocks to be con-
figured as a 16 x 16 working array with a 96.5%, yield,
but this works out at a staggering 280 % overhead of
redundant cells.
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Fig. 1. An array of cells with four nearest neighbour inter-
connections.
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Fig. 2. Mapping the CHIiP computer onto a defective wafer.
(a) The CHIP array. (b) Supplemented grid.

This paper examines the problem of placing
switches specifically to configure cells into a
rectangular array of working cells and produces much
more encouraging results. For example, with Scheme
B, Fig. 11 shows that for a 95 %; cell yield an overhead
of just 159 redundant cells is sufficient to permit the
average wafer to be configured as a 16 x 16 array and
Fig. 9 shows that a 65 % cell yield can lead to 2 96.5 %
wafer yield with an overhead of just 170 % redundant
cells.

CONFIGURATION SCHEMES

The configuration schemes investigated were
chosen for their effectiveness and for their ease of
use. The basic concept behind them is very simple:
firstly a rectangular array of cells is laid out; then
row configuration switches are placed to permit defec-
tive cells to be bypassed and the remaining cells in
each row to be chained together; finally column
configuration switches are placed between adjacent

Fig. 3. Row configuration scheme.
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Fig. 4. Alternative row configuration scheme to avoid single
point failure mode.

columns to permit the column communication paths
to be shifted to take in a working cell from every row.

The basic row configuration circuit is shown in Fig,
3. Each cell has three gates, a working cell is connected
into this chain by opening the two gates on either side
and a defective cell is bypassed by opening the third
gate in the bypass line instead. In this way adjacent
cells can be connected via just two gates and each
defective cell that is bypassed adds just one further
gate to the communication path. Because the circuit is
vulnerable to a single short circuit defect at the con-
junction of every three gates, an alternative circuit has
also been considered as shown in Fig. 4. This performs
the same function as the simple circuit of Fig. 3 but
avoids the vulnerability to single point defects.
Predictably the switch area increases and hence also
does the probability of some switching fault occurring.
Nevertheless the switches are still easy to control and
a maximum of two additional gates is added to any
communication path.

Connecting together the rows to form a fully
connected array is a slightly more difficult problem
and we have considered three alternatives. The
simplest circuit is shown as Scheme A in Fig. 5. Two
working cells in the same column are connected by

Column | shifting line

Colurnn | shifting  line

O—

!

l T

Fig. 5. Column configuration scheme A.




Processor array

shifting line

E g\ Columr)\\shxfnng
| :

Fig, 6. Column configuration scheme B.
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Line

opening the two gates between them and closing the
two adjacent gates on the column shifting line. The
column can be shifted left or right by opening one of
the gates on the column switching line and closing the
gates to the cells to be bypassed. One disadvantage of
this simple scheme is that whenever the column
shifting line is used, two cells are discarded, one of
which may be fault-free.

Column shifting lines
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Fig. 7. Column configuration scheme C.
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Fig. 8. Configuration of the same defective array using
schemes A, Band C.

An alternative circuit to overcome this problem of
losing good cells is shown as Scheme B in Fig. 6. With
this circuit, it is still possible to use a cell even when
the cell above it is connected to another column. To
connect two cells in the same column, the two gates on
either the right or the left are opened. To shift this
column, only one of these gates is opened depending
on the direction of shift. To perform a double column
shift the center gate is opened and all the other four
gates closed.

A further refinement is shown as Scheme Cin Fig. 7.
Here there are two lines for column shifting so that
even double shifts can be made without the necessity
of discarding cells.

Figure 8 shows how the three schemes configure the
same defective array. For this particular array,
Scheme A can utilize only two columns, but Scheme B
three columns and Scheme C four columns.
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Fig. 9. Yield of wafer with individual cell yield of 65 9% using
the three column configuration schemes.
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Fig. 10. Yield of wafer with individual cell yield of 90 % using
the three column configuration schemes.

SIMULATION RESULTS

These three schemes have been tested to evaluate
their effectiveness in forming an array of 16 x 16 good
cells. For simplicity a uniform random distribution of
defects has been assumed. Monte Carlo simulation
with 500 trials at cell yields of 65 %, 90 % and 959 are
given in Figs 9, 10 and 11 which illustrate the expected
yield as a function of the overhead of redundant cells.
All three schemes perform substantially better than
previous approaches. On balance Scheme B appears
to represent the best value performing significantly
better than Scheme A in all cases. Scheme C offers a
much lower return for its increase in complexity but
begins to look more attractive at very low cell yields.

Typically, Scheme B produces about 959 wafer
yield with an overhead of just 43 % when the cell yield
is 90 %, or with an overhead of just 165 %% when the cell
yield is 65 %,
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{ 1 1 1 i I
o} 10 20 30 40 50 60
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Fig. 11. Yield of wafer with individual cell yield of 95 %, using
the three column configuration schemes.
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DISCUSSION

We have presented results which we believe demon-
strate that it is feasible to design fault-tolerance into a
rectangular array of processors to permit larger than
average VLSI chips to be produced economically. A
number of important practical aspects have been
ignored however and are the subject of our current
studies.

The effects of defects in the configuration circuitry
have not been thoroughly investigated. For a typical
cell containing a single-bit processor and memory we
expect the configuration circuitry (Scheme B) to
occupy no more than 49, of the cell area. It is then
certainly necessary to avoid all single-point failure
modes as discussed above (Fig. 4). The approach is
still vulnerable to certain combinations of faults on the
row switching circuit however, and to defects affecting
large areas of a wafer. We do not believe that these
represent a significant problem but possible improve-
ments would be the use of relaxed design rules for the
configuration circuits or else the use of a hierarchical
configuration scheme.

We have assumed that the switches will be con-
trolled by local latches and are currently investigating
the best way of testing the wafer and of distributing
the configuration control.

Any real system will have other interconnections
between cells, at least power, ground and clock and
probably some control lines too. These are essentially
easier to deal with because they need not be specific to
a particular cell, but are nevertheless not trivial
problems in a whole-wafer design.

Acknowledgements—We are grateful to Neil Burgess and
Phil Kent for their initial studies of this problem.
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