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ABSTRACT

It has recently been shown that for very large chips, especially those with some incorporated redundancy, the chip’s
floorplan may affect its yield. When selecting a floorplan, the designer should, therefore, consider the expected yield
in addition to the traditional objectives such as area, performance, and routing complexity.

This paper studies the two seemingly unrelated objectives of routing complexity minimization and yield maxi-
mization, and justifies the need for a trade-off analysis when determining the floorplan. We will focus on the analysis
of large memory ICs with redundant modules, for which several alternative floorplans may exist.
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1. INTRODUCTION

In the floorplanning stage of the chip design, the relative position of the building blocks (mmodules) of the chip is
determined. In the case of a microprocessor, these building blocks include data cache, instruction cache, instruction
decode unit, fixed-point arithmetic unit, and alike. In the case of memory ICs the building blocks include the basic
memory sub-arrays and various redundant circuits.

The selected floorplan should depend on the preferred mutual position of the modules, which, if wiring length is
concerned, is determined by the number of nets that connect them. Modules that have a large number of common
nets should be placed as close as possible in order to reduce the total wiring length, which in turn may reduce
the chip area. This would also result in a high performance design by reducing the communication delays among
the modules. Unfortunately, the problem of finding the floorplan with the minimal wiring is, in the general case,
NP-complete. Consequently, various heuristic algorithms for solving it have been proposed and are currently being
used (see for example,??). .

Until recently, the expected yield of the chip was rarely considered when selecting a floorplan for an IC. This is
justified if the chip is either small or has a defect distribution which can be accurately described by the Compound
Poisson yield model with large area clustering (i.e., the size of the defect clusters is larger than the size of the chip).
For such chips, the selected floorplan has no effect on the projected yield of the designed chip.

" With the recent introduction of integrated circuits with a total area of 2em? and up, ignoring the yield during the
floorplanning stage is no longer justified. These large area ICs usually consist of different types of modules and may
have some incorporated redundancy. We have shown* that if such chips are hit by medium sized defect clusters, then
changes in the floorplan can greatly affect their projected yield. We have further shown that the optimal expected
yield highly depends upon the position of the redundant modules relative to the primary modules. Since the relative
position of the primary and redundant modules will undoubtedly affect the length of the wires connecting them,
there is a need to carefully study the relationship between the objectives of wiring cost minimization and yield
maximization, and explore the possible trade-offs between the two.

In the above mentioned paper?! we have also shown that there are two types of ICs for which the projected yield
may be affected by the floorplan. In the first type, the individual modules in the chip have substantially different
device densities, leading to very different sensitivities to manufacturing defects. Most current microprocessors are
of this type since they include very dense modules like data and instruction cache on one hand, and very sparse
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modules like instruction decoder, on the other hand. In the second type, the IC contains several spare modules to be
used upon the failure (due to manufacturing defects) of a primary module. Memory ICs, especially very large ones,
tend to contain redundant modules, and thus fall into the second category.

In another paper’ we analyzed the relationship between the yield and wiring objectives for the first type of ICs
and illustrated our results through an example of a 64-bit microprocessor. The most important conclusion drawn
from this study was that even if the wiring cost is considered to be of utmost importance, the yield can still be
maximized within the set of floorplans with the minimal wiring length or very close to it. The main goal of this
paper is to study the same relationship between the yield and wiring objectives for the second type of ICs, which
includes some of the more recent designs of memory chips.

This paper is organized as follows. In Section 2 we provide a simple example of the relationship between the chip
floorplan, its projected yield, and its wiring cost. In Section 3 we analyze the trade-offs between the two objectives
for an actual memory chip, and Section 4 concludes the paper.

2. A SIMPLE EXAMPLE

To illustrate the possible trade-offs between the yield and the wiring cost for a chip with redundancy, consider the
following example of a chip which consists of nine modules, Ky, K, K3, L1, Lz, L3z, M;, M, and Ms, where two
modules of each type (K;, L; and M;) are sufficient for the proper operation of the chip. The three topologically
distinct floorplans for this chip are depicted in Figure 1.

Ky || Ly || My K || L || M K || L || M

Ko || La || M2 Ko || Lo |} My My || K2 || L2

Kz || Lz || M3 Mz || Ka|l Ls Ly | | M5 || K3
floorplan {a} floorplan (&) floorplan (c)

Figure 1. Three floorplans of a 3 x 3 array.

To estimate the expected yield of this chip, we use the negative binomial fault distribution with medium-sized
clusters.> Under this model, the chip is divided into disjoint ares called “blocks”, where the faults in each block
have a negative binomial distribution and the faults in different blocks are statistically independent. Intuitively, the
blocks are areas on the chip in which the defect clusters are enclosed. The size of the defect blocks is not known
in advance, but can be estimated given a defect map.® Clearly, if the blocks are very small or very large relatively
to the chip size, all three floorplans will have the same yield. Similarly, if the blocks are horizontal, the projected
yield is the same for all floorplans. If, on the other hand, the blocks are vertical, the different floorplans will have
significantly different yields, as shown below.

Suppose the chip consists of three vertical blocks of size three modules each, with an average of A faults per
module and a clustering parameter of @. For each of the three floorplans, the yield of the chip is calculated as the
probability that at least two of the K, at least two of the L, and at least two of the M; modules are fault-free.
Using the negative binomial distribution, the probability that n modules located in the same block will be fault-free,
denoted by yn, is given by

¥n = [L+nra]™® 1)

Based on combinatorial considerations (i.e., the inclusion and exclusion formula), the yield of floorplan (a), Y(a), is
equal tof

Y(a) = (3y2 ~ 2y3)° (2)
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Figure 2. The yield of the three floorplans.

Again, based on combinatorics, the yield of floorplan (&), Y (b), is
Y(b) = (251 — dy2 + 243)(252 — ya)ys + (2 — 492 + 2p3) (12 — wa)ys

+(2y2 — 23)(2y2 — ¥3)® + (2y1 — 4y2 + 2y3)(y2 — ya)ys
+{2y2 — y3)(2y1 — y2)ys + 2y — Iy2 + ya)y2ys

and after algebraic simplification
Y (b) = 18y1y2y3 ~ 12133 — 42y3ys + 36yay3 + 93 — 8y3 (3)
Similarly, for the yield of floorplan (c), Y (c), we obtain
Y{c) = yalys + (By2 — 3ya)y1 + By — 6y2 + 3ya)yz + (1 — 331 + 3y2 — ¥3)ys]

+(3y2 — 3ys){yays + (22 — 2y3)ya + (11 — 292 + ya)us]
+(y1 — 2y2 + y3)lyays + (¥2 — y3)ys) + (1 — 3yt + 3yz — ys)y5
which can be simplified to

Y{(c) = 18y1y2ys — 184n1y3 — 36y2ys + 36yay3 + 693 + 3y3 — 8y3 (4)

It can be easily shown that for any values of A and &, Y (a) <Y (b)) < Y (¢). To demonstrate this point, we
calculated the yield of the three floorplans, using the negative binomial model with a = (.25, several values of A,
and vertical defect clusters. The results are depicted in Figure 2, and the advantage of floorplan () is evident.

An intuitive justification for floorplan (¢} having the highest yield is that it guarantees the separation between the
primary modules and their spares for almost any size and shape of the defect clusters, whether they are horizontal
or vertical. This results in a higher yield, since it is less likely that the same cluster will hit both the module and
its spare, killing the chip. Thus, if maximizing the yield is the main consideration, floorplan (¢} should be preferred
over {a) and (b).

However, the three floorplans have different wiring lengths, and this criterion should be taken intc account as
well when selecting a floorplan. To calculate the total wiring length for a given floorplan we introduce the following
notation. Denote a floorplan by a permutation (n1,...,ng) of the integers (1,...,9). Denote by D;; the distance



between modules ¢ and j, and by N;; the number of nets connecting modules i and j (i,j = 1,...,9). Then W, the
wiring cost for a given floorplan, is

9 9

W =33 DiyNnn (5)

i=] j=1

For Dj; we use the rectilinear (Manhattan) distance between the centers of the two modules  and j, i.e.,
Dyj = (| — =] + |y — y;|) where (x4, 7:) and (z;,%;) are the coordinates of the centers of { and j, respectively.
Thus, for the 323 chip,

/0 1 2 1 2 3 2 3 4)
101212323
2 103 21 43 2
1 23012123
D=2 12101 2 1 2
3 21210 3 21
2 341 2 3 01 2
323 212101
\4 3 2 3 2121 0)

Suppose the matrix N is given by

(0 16 16 32 16 16 32 16 16 \
16 0 16 16 32 16 16 32 16
16 16 0 16 16 32 16 16 32
32 16 16 0 16 16 32 16 16
NY=] 16 32 16 16 0 16 16 32 16
16 16 32 16 16 0 16 16 32
32 16 16 32 16 16 0 16 16
16 32 16 16 32 16 16 0 16
\ 16 16 32 16 16 32 16 16 0 |

Then, based on Equation 5,
Wia) = 1344, W{b)=1472, W(c)= 1536

Floorplan (a) has the lowest wiring cost, (b) is second, and (c} is the worst with regard to this criterion. Figure 3
depicts the three combinations of the yield and wiring cost, and there is clearly a conflict between the two. One of
the points can be selected according to the relative importance of the two criteria.

If, on the other hand, the matrix N is given by

[0 32 32 16 32 32 16 32 32 \
32 0 32 32 16 32 32 16 32
32 32 0 32 32 16 32 32 16
16 32 32 0 32 32 16 32 32
N@—-| 32 16 32 32 0 32 32 16 32
32 32 16 32 32 0 32 32 16
16 32 32 16 32 32 0 32 32
32 16 32 32 16 32 32 0 32
\ 32 32 16 32 32 16 32 32 0 )

Then,
W(a) = 2112, W(b) = 1984, W{e) = 1920

As can be seen in Figure 3, both criteria agree and floorplan (c) is the one to be selected.
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Figure 3. Wiring cost vs. yield for the three floorplans.

3. ANALYSIS OF A MEMORY IC

A new approach for incorporating defect-tolerance into memory ICs has been proposed and implemented at Sam-
sung.!! This is a hybrid design which combines the traditional row and column redundancy with several redundant
sub-arrays. The main reason for this hybrid design is that the higher density of the new sub-micron memory ICs
drastically increases the yield loss due to chip-kill defects, e.g., defects in core circuits like sense amplifiers and line
drivers.®1%11 The conventional technique using spare rows and columns is incapable of dealing with such defects,
and the entire sub-array must be replaced. The purpose of the redundant sub-arrays in the Samsung memory IC is
to replace those primary memory sub-arrays hit by chip-kill faults.

The designed chip is a 1 Gbit memory which includes eight maits of size 128 Mbit each and eight redundant blocks
of size 1 Mbit each (see Figure 4). Each redundant block consists of four basic 256 Kbit arrays and has additional
eight spare rows and four spare columns (see Figure 5). The purpose of the spare rows and columns is to increase
the probability that the redundant block is operational and can be used for replacing a block with chip-kill faults.

|
Mat 0 Mat 2 [ Mat 4 Mat 6
|
RB RB RB RB “ RRB RB RB RB
|
Mat 1 Mat 3 I Mat 5 Mat 7
|

Figure 4. A 1 Gbit chip with eight mats of size 128Mbit each and eight redundant blocks (RB) of size 1Mbit each.

Each mat consists of 512 basic arrays of size 256 Kbit and has 32 spare rows and 32 spare columns. However,
these spare rows and columns cannot be used to replace every defective row or column in the entire mat. Four spare
rows are allocated to a 16 Mbit portion of the mat and eight spare columns are allocated to a 32 Mbit portion of the
mat.

The yield of this new design of a memory chip was analyzed in® and compared to that of the traditional design
with only row and column redundancy. This analysis demonstrated the benefits of some amount of block redundancy.



8 redundant rows

_ _ _ _’ _ — _r 4 — _ _4_..T 1 redundant column

Figure 5. A redundant block including four 256 Kbit arrays, eight redundant rows and four redundant columns.
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Figure 6. The yield of two redundancy schemes.

The increase in the yield is much higher than the 2% area increase required for the redundant blocks. Further analysis
in® has shown that column redundancy is still beneficial even when redundant blocks are incorporated, and that the
optimal number of such redundant columns is independent of the number of spare blocks.

The analysis in this paper concentrates on chip-kill faults, and as such, deals only with the placement of the
redundant blocks. In the current design, the chip is divided into two halves, each with four mats and four redundant
blocks (RBs), where a RB can replace any faulty block in the same half-chip. In an alternative floorplan, all four
RBs in one half of the chip serve as spares for the mats in the second half. This is expected to increase the yield,
since the mat and its spares will not be hit by the same cluster of defects, but the wiring length for this floorplan
is clearly higher. Another possible solution which will increase both the yield and the wiring length by a smaller
amount is to have two out of the four RBs as spares for one half-chip and the other two as spares for the other half.
Other floorplans which can be considered are for a design with sixteen RBs. In this case, the alternatives are to
identify 0, 2, 4 or 8 as spares for the same half in which they are located, and the rest as spares for the mats in the
second half.

To compare the different floorplans, we used as yield model the negative binomial model, with an average of A
faults per block {1 Mbit), a.clustering parameter «, and defect clusters with approximately the size of one eighth of
a chip (128 Mbits). We first compared the yield, for several values of A and a = 0.25, of the designs with eight RBs
and with sixteen RBs. The results appear in Figure 6, and as expected, the yield of the chip with sixteen spares
is significantly higher. We then compared the yield of the three different floorplans with eight RBs, and the five
different floorplans with sixteen RBs. The percentages of yield improvement, compared to the original design, are
depicted in Figure 7. As this figure shows, the more spares are separated from the modules that they are replacing,
the higher the yield. To determine whether the increase in yield is worth the increase in wiring cost, we first estimated
the length of the wires connecting the redundant blocks to the mats for which they act as spares. Figure 8 shows the
percentage of yield increase versus the cost of wiring the redundant blocks (which is only a small percentage of the
total wiring cost for the entire chip). This figure shows by how much the yield can increase if the designer is willing
to allow the wiring cost to increase slightly.
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Figure 8. Yield improvement vs. wiring cost for the different floorplans (the number of RBs on the other half of
the chip is marked).



4. CONCLUSION

We have analyzed in this paper two distinct objectives in floorplanning, namely, total wiring length minimization
and yield maximization. We focused on designs which include redundant modules. For such designs, separating the
spares from their primary modules is beneficial for yield enhancement, but may have an adverse effect on the wiring
cost. Since in some cases such a separation may reduce the wiring costs, a detailed analysis should be performed for
each design to determine the best floorplan for both criteria.

We demonstrated through an example of a memory IC how a tradeoff between the often conflicting objectives

can be performed. We showed that an improvement in yield is possible with a limited increase in the wiring length.
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