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A bstract

I describe a redundancy mechanism, known as associative ternary CAM redundancy, 

tha t is able to repair single cell, row, column or cluster faults by mapping a com

mon pool of redundant memory to replace these defective regions. This is achieved 

by accessing a ternary content addressable memory, containing addresses of faulty 

regions, in parallel with the main memory.

Associative redundancy is completely transparent to the DRAM, allowing full 

regular operation and no reduction in frequency. Also, there is no increase in area 

over conventional row and column redundancy or extra fabrication steps.

Yield modeling shows that, in a 1-Gbit DRAM, associative redundancy performs 

better than conventional redundancies in most cases. A fault model comprised of 

single cell, row, column and cluster failures shows tha t associative redundancy can 

handle over 20 times greater fault densities at 50% equivalent yield.
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In the Kamigata area they have a sort of tiered lunchbox 
they use for a single day when flower viewing.

Upon returning, they throw them away, trampling them underfoot. 
The end is important in all things.

Yamamoto Tsunetome, Hagakure
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To Keiko.
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Chapter 1

Introduction

Dynamic Random Access Memories (DRAM) accounted for 11% of the entire semi

conductor market in 2002 [11], This is about $15.5 billion dollars. In order for a 

DRAM to be sold, it must be operating at 100% of its specified capacity. All of the 

storage cells must be functioning correctly. W ith millions of storage cells on a single 

DRAM die, this is an impressive feat. In order to lower the number of nearly per

fect memory ICs that will be thrown out and to raise yields, memory manufacturers 

employ redundancy and, occasionally, error correction.

In the RAM world, redundancy almost always means row and column redun

dancy. In this thesis, I propose an alternate redundancy method using a ternary 

content addressable memory (CAM) to watch for and redirect addresses of bad 

storage cells. The ternary CAM allows single cells, columns, rows and rectangular 

groupings of cells to be marked as bad and electrically replaced. This gives a large 

amount of flexibility in marking bad areas, either reducing the area required for 

redundancy, thereby shrinking die size and reducing cost [12] or permitting earlier 

production of fully functional chips while defect rates are still high.

This redundancy scheme can be applied to all semiconductor memories with 

binary addressing. I develop this scheme and analyze its performance applied to 

DRAM. I have chosen DRAM since it is a common and representative memory 

type. Also, the benefits of new redundancy methods should be especially significant 

in the highest density memories, which are DRAMs.

1
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Chapter 2 discusses pertinent background on DRAMs, yield, redundancy schemes 

and CAMs. In Chapter 3, I outline the redundancy scheme, propose two imple

mentations and discuss considerations for integrating the scheme into conventional 

DRAM fabrication processes. In Chapter 4, die yields for various classes of faults 

are estimated. I compare the two proposed ternary CAM redundancy methods’ 

handling of the faults with previous redundancy methods using effective yield as a 

metric. Critical path timing of the two proposed methods are investigated in Chap

ter 5. Chapter 6 concludes with a summary of results and suggestions for future 

work.

2
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Chapter 2

Background

2.1 S em icon d u ctor M em ories

Semiconductor memories can be divided into two main classes: volatile and non

volatile, as shown in Figure 2.1. Volatile memories, such as SRAMs and DRAMs 

lose their contents when power is lost. Conversely, non-volatile memories, such as 

flash, electrically erasable and programmable read only memories (E2PROM), elec

trically programmable read only memories (EPROM), read only memoriess (ROM), 

ferroelectric RAM (FeRAM), magnetic RAM (MRAM) and phase-change memories 

(PCM) retain their contents, even when power is not applied.

All of the solid-state memories shown in Figure 2.1 are random access. This 

means tha t any bit can be accessed in any order with the same access time. Of the 

memories, DRAM has the lowest cost per bit because of its density. Although flash

semiconductor

PCM

volatile non-volatile
MRAM

EEPRO M

FeRAM
Dynamic

(DRAM )
Static
(SR A M )

EPROM
FlashROM

Figure 2.1: Taxonomy of solid-state memories 
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2.2 The D RAM  Market

approaches and sometimes exceeds DRAM in bit density, it requires extra processing 

steps and more comprehensive testing requirements, both of which increase its cost 

above tha t of DRAM.

2.2 T h e D R A M  M arket

The DRAM market is a high volume, low profit margin, commodity business where 

every cent saved is important. The goal of this thesis is to match or improve yields 

at less cost, thereby improving manufacturers’ profit.

DRAM manufacturers have to be able to supply the market at the right time 

with the right devices [8], At this time, the highest volume device is the 256-Mbit 

DRAM, with the 1-Gbit DRAM quickly gaining market acceptance. The cost of the 

DRAM IC is determined by several factors:

D esign  Effort Due to the high volume of DRAM ICs shipped, these costs are less 

im portant as they are a one-time cost amortized over all ICs shipped.

Silicon A rea Based on the technology and production, a price per area of processed 

silicon can be calculated [8].

P roduction  Y ield  Because DRAMs tend to be the first devices fabricated in a 

smaller feature size, production yield is a significant contributor to the cost. 

They also use their own process, different from the more common logic pro

cesses.

Packaging C ost The costs of the package itself and the packaging process are 

relatively high. Minimizing the number of defective DRAMs being packaged 

will reduce costs [8].

Test C osts DRAMs must be 100% functionally correct to be sold. W ith larger 

storage capacities, a proportionally larger time is required to test the dies. 

Test related costs are increasing.

4
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2.3 D R A M  Architecture

word-line

<D _ access transistor
C T T storage node

2

-n cell capacitor

—  cellplate

(a)

Figure 2.2: Basic DRAM cell

2.3 D R A M  A rch itectu re

A random access memory must provide a continuous address space of fully func

tioning cells tha t can be read and written. Every cell must also meet all timing 

constraints. In order to provide this, DRAM manufacturers use redundant bit-lines 

and word-lines to replace any faults within the array, so that the sold DRAM chips 

appear to provide a full-capacity continuous space of functioning cells [7],

The 1T1C (one transistor, one capacitor) DRAM has become ubiquitous because 

it can be implemented in a smaller area than any other memory cell type. The cell 

uses a single capacitor to store a certain amount of electrical charge tha t represents 

its bit. The charge representing the bit can be sensed by comparing the voltage 

difference between the storage node voltage and a mid-range reference voltage. A 

single MOS transistor is used to connect and disconnect the storage capacitor from 

other circuits. A typical cell is shown in Figure 2.2a.

In order to read the data stored in a cell, the bit-line is pre-charged to then 

the word-line is asserted to turn  on the access transistor. The charge on the cell 

capacitor is shared with the charge of the bit-line, causing a slight change in bit-line 

voltage. This slight change (up or down) is sensed by a sense amplifier to determine 

what bit value was stored.

Because the charge on the capacitor is shared, the voltage signal on the storage 

node is greatly attenuated, and so, the value must be rewritten after it is read. Also, 

due to leakage currents, the data must be periodically refreshed. Refresh is provided

5
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2 Row and Column Redundancy
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Figure 2.3: Block diagram of a typical DRAM [1]

by sense and write amplifiers attached to each pair of bit-lines.

A typical DRAM architecture, such as the one shown in Figure 2.3, consists of 

a refresh controller and counter, row and column address buffers, input and output 

data buffers, clock generators and other circuits.

2.4  R ow  and C olum n R ed u n d an cy

Redundancy has been used in DRAM designs since the 256-Kbit generation to im

prove yield by providing spare components tha t can be used to replace faulty ones 

[13]. In the case of semiconductor memories, redundancy means providing rows 

and columns of extra memory cells on the die tha t can be electrically swapped for 

bad ones [14]. Unfortunately, redundancy increases access and cycle times, power
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2-4 Row and Column Redundancy

dissipation, IC area and requires design modifications [15]. These downsides are 

justified because redundancy reduces the cost per bit in large capacity memories, 

increases the memory bit capacity in immature processes and aids in providing fully 

functional parts in low volume productions. Smaller die sizes also reduce cost per 

bit, so the first point can sometimes be at cross-purposes. Excessive redundancy 

can also become a yield limiting factor in m ature processes [15] (beyond a limit, 

where the reliability increase is balanced by the reliability loss due to the inflated 

number of elements in the memory, a reliability decrease (nuisance) appears).

Redundancy is achieved by having extra columns and rows of memory cells on 

the die. Originally, if a row or column was not 100% operational, it could be swapped 

out by way of a selection mechanism, such as a laser-blown fuse. In the abstract, 

the laser acts as, and can be replaced by, a non-volatile programmable memory. As 

feature sizes shrunk, the size of conventional fuses became prohibitively large. They 

could not be sufficiently shrunk and still enable a laser to be focused on them. This 

led to redundant sections of rows or columns, usually all rows or columns attached 

to one address decoder, still controlled by fuses. Puses have their own reliability 

problems. Openings blown by lasers in the passivation layer can cause moisture 

contamination, relocation of blown fuse material can cause stresses in other layers 

of the die and partially blown fuses can cause poor reliability [14]. An alternative 

is to use programmable non-volatile memory in place of fuses.

In [7], the yield of an 16-Mbit and a 1-Gbit DRAM are discussed. The average 

number of defects at 50% yield and 50% equivalent yield (normalized yield to the 

area of a DRAM without redundancy) are used to compare redundancy effectiveness 

in terms of the number of recoverable defects. These values are shown in Table 2.1.

The data shows tha t row and column redundancy work together synergistically. 

T hat is, the effects of row and column redundancy together are more than the sum 

of their effects individually. This is because multiple errors along one row or column 

can be repaired with a single replacement.

Up to 90% of memory failures are single-bit failures [16]. This implies that,

7
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2.5 Error Correcting Codes

Memory Redundancy 50% Yield 50% Equivalent Percent Area
Yield Overhead

Column Only 28 28 1.54
16-Mbit Row Only 79 79 0.58

Row and Column 234 233 2.10
Column Only 28.5 28.5 0.098

1-Gbit Row Only 430 430 0.78
Row and Column 705 705 0.82

Table 2.1: Average number of sustainable memory cell defects at a 50% Yield/E
quivalent Yield with Row and Column Redundancy [7]

without error correction, a 99.9% good row or column of memory can, and will be, 

swapped out because of one bad cell.

2.5 Error C orrecting  C odes

Error correction employs redundancy of a different type. It is usually employed to 

reduce the effects of soft errors, however, it can be used to eliminate the effects of 

a single faulty cell (hard error) in a word. When a word is written to the memory, 

check bits are calculated and stored along with it. The check bits can be as simple as 

a parity code, which can detect, but not repair, a single bit error in the stored word, 

however, more often it is a Hamming code. The most common type of Hamming 

code in semiconductor memories can detect two bit errors and correct a single bit 

error [7],

All error correcting codes work by recalculating the check bits when the word is 

read from the memory array. The newly calculated check bits are compared with 

the stored check bits, usually by taking the bitwise XOR [7], and syndrome bits 

are obtained. The syndrome bits may indicate whether an error has occurred and 

possibly where.

Table 2.2, when compared to Table 2.1, shows the average number of recoverable 

defects at 50% yield and 50% equivalent yield (yield normalized to the area of 

a memory without redundancy) for error correction codes in 16-Mbit and 1-Gbit 

DRAMs. These are 128 data bit, 9 check bit and 512 data bit, 11 check bit Hamming

8
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2.6 Defects, Faults and Yield

Memory Redundancy 50% Yield 50% Equivalent 
Yield

Percent Area 
Overhead

16-Mbit ECC Only 428 407 6.57
1-Gbit ECC Only 1707 1680 2.1

Table 2.2: Average number of sustainable memory cell defects at a 50% Yield
quivalent Yield with Error Correcting Codes [7]

Memory Redundancy 50% Yield 50% Equivalent 
Yield

Percent Area 
Overhead

16-Mbit ECC, Row and
Column 8027

7977 10.41

1-Gbit ECC, Row aud ^  
Column 54751 4.94

Table 2.3: Average number of sustainable defects at a 50% Yield/Equivalent Yield 
with multiple redundancy [7]

codes, respectively. Error correction is much more effective than row and column 

redundancy in this example, but uses more area. This effectiveness is in part because 

up to 90% of memory failures are single-bit [16]. This implies tha t with column and 

row redundancy, most of the replaced rows and columns contain only a single error. 

Error correction is much more effective in dealing with random, single errors. This 

also implies tha t the co-ordinated use of column and row redundancy and error 

correction will have a very high synergy. Column and row redundancy can be used 

to address the 10% of clustered, column and row errors, while error correction is 

used to address the 90% of single bit errors. The data in Table 2.3 shows tha t this 

is indeed the case.

2.6 D efec ts , Faults and Y ield

Yield is the ratio of fully operating integrated circuit dies to the total number of 

dies fabricated. Yield loss is caused by faults, which are in turn  caused by defects. 

This relationship is shown in Figure 2.4. The solid lines indicate the faults which 

are more likely caused by specific defect types. Dashed-lines indicate less likely 

possibilities. Defects can be broken up into five classes [8]:

9
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2.6 Defects, Faults and Yield

IC failure

Structural
faults

Performance faults

Hard performance 
fault

Soft performance 
fault

Local Local Global Local Global

Local GlobalSpot
Defects Lateral Vertical

Geometrical effects Electrical
Effects

Defects

Figure 2.4: IC manufacturing process defects and relationships with IC faults [2]

Wafer D efects These are usually the result of contaminants and micro-cracks.

H um an Errors Although automation is reducing the human factor, scratches, pol

lutants and process mistakes still do happen.

Equipm ent Failure Equipment failure is the main defect mechanism in modern 

manufacturing [8], For the most part, these defect mechanisms are similar 

to human errors, however, incorrectly tuned equipment also often leads to 

systematic defect behaviour.

Environm ental Im pact This is typically caused by airborne contaminants such 

as dust.

Process Instab ilities Temperature and pressure gradients can cause uneven de

position, etching or oxidation.

Statistica l V ariations Similar effect as process instabilities, resulting in variations 

in dopant atom concentrations, oxide thicknesses, etc.

10
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2.6 Defects, Faults and Yield

Relative Defect Density
Layer Extra Conductive Material Missing Conductive Material

Metal 1 0 0 1

Polysilicon 50 1

Thick oxide 2 5
Gate oxide 2 0 -

Doped area 1 1

Table 2.4: Typical relative defect densities for a CMOS process [8 ]

These defect mechanisms can lead to global or local defects. Global defects occur 

over a large area and tend to be caused by more systematic mechanisms such as 

mask misalignment, line registration errors or differing implant levels. They tend 

to result more often in parametric faults. Local defects influence only a small area 

and tend to be caused by dust, contaminants, scratches, cracks or pinholes in the 

thin gate oxides of transistors and capacitors. In other words, a local defect is a 

certain amount of extra or missing material tha t may cause a difference between the 

designed and implemented electrical structures [8 ]. They tend to result in functional 

faults.

In a DRAM, global defects affect the entire IC, resulting in parametric faults such 

as timing failures. For the most part, these effects are not repairable by redundancy. 

These chips must either be rejected or sold at lower speeds. Hence, global defects are 

not considered in this thesis. Local defects result in specific functional unit failures, 

many of which can be mitigated using redundancy.

Local defects have three main characteristics: density, size distribution and clus

tering behaviour. These parameters change between layers and process steps. Man

ufacturers closely guard this data; however, Table 2.4 shows approximate relative 

defect densities between CMOS layers.

The size of the defects will have a significant impact on their final effects. The 

Ferris-Prabhu distribution [17] is often used to describe the probability density func

tion for defect sizes. This probability function is shown in Figure 2.5. The inde

pendent variable is multiples of A, where 2A is the minimum feature size of the

11
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2.6 Defects, Faults and Yield
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Figure 2.5: Typical defect size distribution function [3]

technology. There are two reasons for the sharp increase of smaller defects. First, 

any mechanism tha t creates large defects is likely to create many small defects at 

the same time. Second, the ambient air is continuously filtered, so most particles 

larger than a specific threshold will be removed.

Defects also tend to cluster instead of having a completely random spatial dis

tribution on a wafer. Quantitative explanations are unknown, however, many defect 

mechanisms, such as edge handling sensitivity, micro-cracks and equipment distur

bance, give an intuitive explanation for the existence of clustering [8 ]. Clustering 

does not cause a significant electrical effect, but can be significant when calculating 

yield based on defect data.

The importance of a defect is determined by whether or not it affects the be

haviour of an IC [3]. If it affects the IC ’s behaviour, it causes a fault. Basically, 

a fault is the measurable effect of a defect. Several abstraction levels are defined 

for faults. More common ones are shown in Table 2.5. In this thesis, the system 

level fault model is focused on, specifically faults of the memory core or faults that 

can be mapped onto memory core faults. These would be cell, row, column and 

cell cluster faults, plus address decoder, word-line driver, sense-amplifier or other 

faults tha t manifest themselves as faults of groups of cells and can be eliminated by

12

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



2.6 Defects, Faults and Yield

Abstraction Fault Types
Engineering Architectural Blocks
System Behavioral Modules
Logic Functional Gates
Circuit Electrical Devices
Symbolic Geometrical Primitives
Physical Process Incongruities

Table 2.5: Fault Modeling Abstraction

redundancy.

The presence of a fault decreases yield. Yield models are used to estimate yield 

and to characterize a design’s sensitivity to defects. Yield models can be character

ized according to their fidelity, complexity and dimensionality [18]. Fidelity is the 

accuracy with which yield can be predicted compared to the actual fabricated yield; 

complexity is the accuracy in predicting yield loss mechanisms, and dimensionality 

is the number of features used in the model. These features are [3]:

• IC area

• Defect density

• Spatial distribution of defects on wafer (clustering)

• Defect size distributions

• Global disturbances on wafers

• Layout information

• Technological process information

I use the binomial model for all yield calculations [8 ]. This model takes into 

account the IC area, defect density and defect size distribution. It is a simplistic 

model tha t tends to give pessimistic yield estimates [8 ], For the purpose of this 

thesis, fidelity and complexity are not very relevant since the yield model is used 

to compare redundancy schemes assuming they are manufactured with the same

13
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2.7 Content Addressable Memories

technology process under the same conditions. As mentioned earlier, global distur

bances are considered “die-killers” and will not be considered. The binomial yield 

model has the basic form:

Y  = e~AcDo (2 .1 )

where A c is the critical area and D 0 is the defect density. The critical area is the 

area of a design susceptible to defects of a certain size. The critical area depends 

on the size of the defect. For example, a defect could be some extra metal of a 

certain size that could cause a bridge fault. Only those areas where wires or other 

components are close enough together to be bridged are critical.

2.7  C on ten t A dd ressab le  M em ories

This thesis takes a narrower view of what is traditionally considered a content 

addressable memory, or CAM. For the purpose of this work, a CAM refers to a 

compare array. The compare array along with its associated data array is referred 

to as an “associative memory.”

An associative memory determines its addressing based on already stored data, 

rather than an address location [4]. For example, an associative memory storing 

colours would return “blue” for “sky” or “purple” for “eggplant.” To perform this 

association, an associative memory is composed of two parts: a compare array (the 

CAM) and a data array, as shown in Figure 2.6. The compare array compares 

incoming data with all of its entries in parallel. If a match is found, a “hit” occurs 

and a word-line in the data array is activated. The data array operates identically 

to a conventional random access memory, however, the word-lines are controlled by 

the compare array instead of address decoders. In some cases, more than one hit 

in the compare array may be possible and arbitration logic is typically included to 

select which one word-line of the data array to activate. Alternatively, logic can 

be added to prevent multiple identical entries from being written, thus preventing 

multiple matches.

The CAM array operates by comparing, in parallel, incoming data with every

14
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2 . 7  Content Addressable M emories
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Figure 2.6: Associative memory CAM and data arrays [4]
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Figure 2.7: Compare function for each CAM row entry [4]

entry it has stored. Functionally, this occurs by performing an XOR operation for 

each bit and feeding the output into a wide NOR gate. If any bit does not match, 

the XOR output goes to “1” and the NOR output goes to “0” indicating a mismatch 

for that entry. This is shown in Figure 2.7.

The XOR operation is built as an integral part of each cell and the wide NOR 

gate makes use of dynamic logic. Figure 2.8 shows a static CAM cell with the built- 

in XOR operation. Any type of random access memory cell can be modified for 

compare operations. The match line connects to all cells in the entry and, in most 

implementations, is pre-charged high before a compare operation. If any bit in the

15
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2.1 Content Addressable M emories
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Figure 2.8: SRAM-based CAM cell

entry does not match, it is pulled low, providing the functionality of the wide NOR 

gate from Figure 2.7.

A CAM cell may also be dynamic. Like a dynamic RAM cell, the dynamic CAM 

cell must be periodically refreshed to retain its stored value. Also, like the dynamic 

RAM, it requires many fewer transistors than its static variant, and is therefore, 

much more dense and cost effective. A schematic is shown in Figure 2.9.

A ternary CAM (tCAM) operates like a regular binary CAM, but can also store 

a don’t care value. If a cell contains a don’t care, it will return a match for either 

compared value. The tCAM operates by using two connected 1-bit storage cells, as 

shown in Figure 2.9. The CAM cell has three states, stored on its two storage nodes 

as follows:

0 1  (data =  0 ) 
1 0  (data = 1 ) 
0 0  (don’t care)

It also is possible to store a “11” value, however, then that cell will always return 

a non-match. This may be useful for marking tha t there is no data in tha t specific

CAM word.

16
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2.8 Associative Repair
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Figure 2.9: DRAM-based ternary CAM cell [5]

2.8 A sso c ia tiv e  R epair

Associative repair operates by accessing a CAM in parallel with the memory array. 

If the addressed location contains a fault, the faulty address is matched in the CAM 

and the data from the associated data array is placed onto the data pins in place of 

the data from the regular memory array.

Associative repair has several advantages over other repair mechanisms. It has 

completely transparent operation because the replacement memory is much smaller 

and has an access time on the order of a tenth of the main memory [15]. Also, all 

entries in the CAM are compared in parallel, so these two added together do not 

add any significant overhead to the DRAM access time. The CAM and replacement 

memory are small so have little power consumption compared to the main memory 

and together have approximately a 5% area overhead [15].

Associative repair operates as shown in Figure 2.10. An incoming memory ad

dress is sent to the CAM and the main memory in parallel. If the CAM matches 

an address, it may shut off (depending on the implementation) access to the main 

memory while the secondary memory is accessed.

Associative redundancies seem to have first appeared in radiation hardened 

SRAMs for space applications [19, 20], The first occurrence was an iterative ap

proach where the memory array was split into equal size blocks [19]. If a block 

contains a fault, any accesses within that block are redirected to another memory.
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2.8 Associative Repair
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Figure 2.10: Associative repair memory block diagram

The bits tha t address the block are replaced, using the associative memory, with bits 

to address an equal size block in the redundant memory. This redundant memory 

can also be split into smaller blocks tha t are replaced, and so forth.

Another scheme for radiation hardened SRAMs, known as associative cache re

dundancy, was proposed independently several years later. This scheme uses a CAM 

to store the entire address and replaces single words [20]. The associated data array 

contains the replaced words.

Two researchers, Jien-Chung Lo and Jung H. Kim, have discussed the possible 

cache memory mapping schemes: fully associative, direct-mapped, associative set 

and associative multiple, in [21]. Unlike the iterative approach mentioned above, 

their approach uses triple modular redundancy (TMR) to guarantee tha t the com

pare array matches correctly. Each scheme operates as would be expected from 

memory hierarchies and cache design. It was found tha t the fully associative ap

proach is the most expensive due to the wider match array, but does allow for less 

CAM entries because any entry is free to map any location in the primary mem

ory address space. Direct-mapped and associative multiple (without TMR) require

18
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2.8 Associative Repair

approximately the same amount of hardware complexity, however, direct-mapping 

offers no flexibility for replacement because once a tag address in fixed in the CAM, 

no more repair is possible for the memory locations with the same tag. Associative 

multiple (multiple copies of direct-mapped) yields better spare memory utilization 

for cluster memory cell failures. They determined tha t the set associative scheme is 

the most cost-effective approach.
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Chapter 3

Ternary C A M  R edundancy

3.1 O verview

Ternary CAM redundancy/repair operates in much the same way as binary associa

tive repair, as discussed in Section 2.8; however, the addition of the ternary CAM’s 

don’t care state enables compression of certain groups of words with bad cells. As 

with associative redundancy, words are replaced because they are the smallest ad

dressable quanta of data in a memory. Consider the 8  row by 8  word memories 

shown in Figure 3.1. Words with bad bits are shown in grey. CAM entries for 

marking the bad bits are shown below the memories.

As can be seen, a single word in the CAM can be used to mark large, regular 

groupings of words with faulty cells in the main memory. It is even possible, in 

rare cases, tha t bad, non-contiguous groupings of words could be marked. Although 

groupings of bad words will not often fall nicely along easily marked addresses, using 

Gray code to address words does mitigate this problem somewhat. The row and 

column parts of the address each increase in Gray code order instead of a linear 

progression. This can be achieved by simply re-ordering the lines output from the 

row and column decoders. Notice that the entire address is not considered to be a 

Gray code; the row and column components in the address form a set of two Gray 

code values.

The Gray code property of having only a single bit differing between adjacent 

addresses ensures tha t any area tha t is two steps wide can be marked with a single

21
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22

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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entry using a don’t care. If the grids in Figure 3.1 were numbered using regular 

binary addresses, cases (b) and (e) would require either two CAM entries or the 

marking of a larger area than necessary. However, bad areas larger than two steps 

wide, such as grouping (i), can still cause problems.

Modifying the column and row decoders in the DRAM so tha t addresses increase 

using a Gray code should not impact any functionality, such as the ability to do 

page mode. Instead of words being transferred in order (in terms of location), they 

will instead be pulled in a more “random” order. Since, addresses are sent by the 

memory controller, even during page transfers and other high speed operations, the 

location of subsequent addresses should not be a concern. An alternative is to leave 

the primary addresses as usual, but Gray encode incoming addresses as they enter 

the redundant path. Now the redundancy mechanism will have a “virtual” address 

tha t it matches on to replace words in physical primary memory addresses.

In [12], I discussed the possibility of adding XOR terms for marking groups of 

faulty cells tha t do not fall along conveniently markable addresses. Most of the 

usefulness of employing XOR terms is eliminated by the single-bit difference in 

Gray code. The elimination of XOR terms simplifies the logic and shrinks the area 

required for the redundancy scheme, so the trade-off is justified. Large groupings of 

bad words, such as case (i) will have to be split across multiple CAM entries.

Two possible methods of storing data from bad words are discussed in the fol

lowing sections. I call these associative indirect and associative direct ternary CAM 

redundancy.

3.2 A sso c ia tiv e  Indirect

The associative indirect variant is the slower of the two designs, but it is more 

flexible in terms of fault coverage and requires fewer entries in the CAM array for 

the same number of replacements.

This variant is composed of four main components, plus several multiplexers. 

The components are the associative memory, bit selector, adder and secondary (re-
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Figure 3.2: Associative indirect tCAM redundancy block diagram

dundant) memory. A block diagram is shown in Figure 3.2.

The associative memory is non-volatile or loaded from non-volatile storage and 

programmed based on manufacturing test data. The compare array is ternary and 

contains addresses of faulty cells in the main memory core. Whenever possible, 

don’t care bits are used to reduce the number of CAM entries. The associated 

data array contains two or three values. The first is the optional section number. 

Modern DRAMs tend to split the storage of words into multiple sections. The 

section number allows only faulty sub-words to be stored, instead of the entire 

word, reducing memory requirements. For example, the 1-Gbit DRAM discussed 

later is a 32Mb x 32 device. It is composed of four banks with two sections each. 

Each section in the bank stores half of the 32 bit word. The chance of both halves 

being faulty is minuscule. Therefore, only the 16 bits from one section need be 

replaced. Note tha t this introduces the restriction that, unless there is a redundant 

path for each section, all parts of a word cannot be replaced. The multiplexer at 

the top of the diagram selects which portion of the word is stored in the redundant 

memory array. A similar set of multiplexers at the bottom reconstruct the data
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b : mo k : mo ■ mj" • m2 • m 3 •
c : mo • mi I : mo ■ m f• m 2 -m3 ■ m j• ms
d : Trio • mi ■ m 2 m : mo ■ m\ ■ m 2

e : mo • m i • m2 • m3 n : mo • m i • m2 • m3
/  : mo • m l • m 2 ■ m 3 • m4 o : mo • m 1 • m2 ■ m3 • ^ 4

g : m o  ■ m f  ■ m 2 ■ m 3  • m j  - m s  p  : mo ■ m i  • m 2  • m 3 ■ m j  • m s
h : mo ■ mi q : mo ■ mi ■ m 2 ■ m 3

i : mo ■ m i ■ m2 r  : mo • m i • m2 • m3 • m4
j  : mo • mT • m j  • m 3 s : mo ■ m i ■ m2 ■ m3 ■ m l  • m s

Figure 3.3: Cross-bar shifter with switch equations (Associative Indirect).

word from the stored and working main memory portions.

The second value in the associated data array is a base memory address for the 

redundant memory. The third value is a mask of the don’t care bits (if the address 

stored in the CAM is 01X1X0, the mask will contain 0 0 1 0 1 0 ) .

The next component is a bit selector. The selector’s job is to extract the bits 

marked as don’t care from an incoming memory address. It does this by ANDing 

the don’t care mask with the incoming address then moving the masked bits to the 

lowest significant bits. For example, assume that the address 0 1 1 1 0 0  is sent in. It 

matches with the 01X1X0 CAM entry. The mask value of 0 0 1 0 1 0  is sent to the 

selector which outputs an offset of 0 0 0 0 1 0 .  The least significant ‘1 0 ’ are the input 

address bits corresponding to the two don’t care bits in the mask.

The simplest, and fastest selector is a cross-bar. A cross-bar with a six-bit 

address (main memory) and a T b it offset is shown in Figure 3.3. Each of the letters 

‘6 ’ through ‘s ’ represents a switch controlled by the equation on the right side of the 

figure. The lm ’ values represent the mask bits stored in the associative memory’s 

data array.

The third component adds the produced offset with the base address stored in 

the associated data array. This produces the address of the replaced word in the 

redundant memory. Although, at first glance, the requirement for an adder may 

seem to make the associative indirect method very slow, in fact, the adder can be 

as simple as an OR gate for each shifter output bit. The CAM programmer has 

full control of where in the secondary memory to place redundant words. Careful
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placement of redundant groupings will greatly reduce the required adder logic. The 

base for single word failures can be placed anywhere in the secondary memory array. 

The base for double word failures can be placed at any even address. The base for 

four-word failure clusters should point to any address tha t is a multiple of four. And 

so on. This ensures that there will never be a carry-out signal as at least one of 

each pair of bits entering the adder will be a zero.

The m a tc h  signal indicates whether an incoming address matches an entry in 

the CAM array. If so, it can turn  off access to the main memory and set the output 

multiplexer so tha t data is sent from the redundant memory instead of the main 

memory. The section value will place the correct portion of a word in the correct 

place (if sub-words are being stored), or determine which portion of the word should 

be stored in the redundant memory.

Associative indirect redundancy has the advantage of having a dense redundant 

memory with all stored words consolidated together. This makes it easy for the 

redundant memory to be shrunk as the DRAM process matures and defect densities 

decrease and still keep the increased yield for a small number of defects.

3.3 A sso c ia tiv e  D irect

I developed the associative direct variant before I decided to use a no-carry adder in 

the associative indirect method. I believed there was a possibility tha t associative 

indirect would not be fast enough to complete its operations in the necessary DRAM 

access time. Chapter 5 will show that my concern was unfounded.

Associative direct ternary CAM redundancy sacrifices flexibility and some fault 

coverage for greater speed by removing the adder and redundant DRAM access.

An associative direct redundancy block diagram is shown in Figure 3.4. It is 

composed of an associative memory, a bit selector and several multiplexers.

The compare array of the associative memory is identical to the associative 

indirect case. It is ternary and matches on the addresses of faulty cells. The one 

difference is tha t the number of don’t care bits is limited. The design in Figure 3.4
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Figure 3.4: Associative direct tCAM redundancy block diagram

is limited to two don’t cares. However, the associated data array is quite different. 

Each word line has two parts, a non-volatile part and a volatile part. The non

volatile part (programmed along the the match array entries during manufacturing 

test) holds the section number and don’t care mask. Both of these are identical to 

the associative indirect case. The difference is the volatile part. This contains a 

certain number of spaces for storing data words; four in the design I analyzed. This 

is why the number of don’t care bits is limited to two. If there were to be eight 

places for words, up to three don’t care bits would be allowed.

The bit selector operates exactly as before; however, it only outputs one bit for 

each allowed don’t care bit. These bits select which of the word locations are written 

to or read from.

The top multiplexer in the diagram selects the sub-word to be stored. The large 

demultiplexer underneath it places it in the correct word. The bottom  multiplexer 

selects which word (or sub-word) is read.
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b : mo
c : mo • mi
d, : mo • mT • m2
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j  : m o ■ m l  • m 2 ■ m 3
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g : m o  ■ m f  • r a j  • m 3  • m j  • m s

Figure 3.5: Cross-bar shifter with switch equations (Associative Direct).

For small faulty clusters, the associative direct method works well with Gray 

code addressing, especially for faults tha t render a 2  x 2  grouping of cells inoperable. 

The need for adder circuitry is also removed. Unfortunately, this method can be 

very inefficient in terms of secondary method usage because, as mentioned earlier, 

up to 90% of memory failures are single bit failures [16]. Only the first word storage 

area in the data array will be used in most cases, leading to a much larger CAM 

than in the associative indirect case.

3 .4  M u ltip le  C olum n A ccess

A common trait of modern DRAMs is tha t row and column addresses share the 

same pins. This reduces the pin count and allows high speed operations such as 

page mode where multiple columns are accessed per row access. In this case, each 

column is held open until a subsequent column address appears [13],

This offers a challenge and an opportunity to associative redundancy schemes. 

The simple solution is to have the CAM treat each new column address as an 

individual memory access. This is fairly expensive in terms of power dissipation 

because each match line has to be pre-charged for each new input address, and 

most, if not all, will be discharged without being used.

I propose a more effective solution by splitting the match array into two, as shown 

in Figure 3.6. After the /RAS signal is asserted , the first match array compares the 

row address. After the /CAS signal is asserted, only those entries which matched 

after the /RAS signal will be pre-charged and used in the comparison. The figure 

shows three of the row entries matching (grey match lines). Therefore, only these

28

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3.5 DDR Concerns and Set Associativity

Row
Match
Array

Column

Match
Array

Figure 3.6: Splitting the match array to handle page mode and reduce power con
sumption

three lines are pre-charged in the column array.

Splitting the match array allows multiple column accesses per row access for 

page mode and avoids the wasteful power consumption of charging then discharging 

all of the match lines every cycle. If, for example, the row address is changed once 

for every four column addresses, on average, the power dissipation will be nearly 

quartered, even before including the effects of halving the number of cells connected 

to each match line.

3.5 D D R  C oncerns and Set A sso c ia tiv ity

A significant portion of commodity synchronous DRAMs are now DDR. DDR stands 

for “Double D ata Rate,” meaning that data is transm itted to and from the DRAM 

on both the rising and falling edges of the clock signal.

As described, it is difficult for ternary CAM redundancy to operate quickly 

enough for more than a conventional, single data-rate DRAM (see Chapter 5 for 

timing simulations). The solution is to move to a set associative design. This gives 

a separate redundant path for even and odd column address acceses, allowing DDR 

frequencies to be reached. It is also possible to share the row match array between
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Figure 3.7: Ternary flash CAM cell configuration

sets, leaving the column match component to be set associative.

3.6 Im p lem en ta tion  T echnology

Any implementations chosen for the components of the ternary CAM redundant

mechanism must be compatible with DRAM processing technology. There are three 

reasons for this; adding processing will require additional masks, additional masks 

will require production changes, and, as noted in Section 2.6, increasing the number 

of processing steps can increase defect densities. The first two increase manufactur

ing complexity, increasing cost, and the last decreases yield, also increasing cost.

The redundancy scheme implementation should be as compact as possible to 

reduce area overhead, once again, leading to reduced cost. The CAM array and, 

in the case of the associative indirect method, the associated data array should be 

non-volatile.

Achieving process compatibility and compactness is trivial for the redundant 

memory array. Non-volatility is not a concern, so a DRAM array can be used. 

If access speed is an issue, SRAM technology may be employed as the redundant 

(secondary) memory instead; however, this should not be an issue as the shorter 

bit-lines and word-lines in the small DRAM array lead to much faster access.

A compact and non-volatile ternary CAM cell is demonstrated in [22], The cell 

is composed of two floating gate transistors as shown in Figure 3.7. The threshold 

voltage of each transistor is programed to be either under 5  Vdd or much over 

Vd d - For a compare operation, each compare data line is set at either Vss or Vd d ,
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Figure 3.8: Twin ploy-silicon thin-film transistor memory cell [6 ] a. Cross section 
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Figure 3.9: Planar non-volatile ternary CAM cell

depending on the value of the data bit being searched for.

Although combined flash-DRAM processes are available, it is unlikely tha t they 

are available in commodity DRAMs. Hence, the extra processing steps to produce 

the required floating gate are undesirable. Instead, a floating gate planar device, as 

in Figure 3.8 can be constructed. It is composed of two transistors, where the gates 

of the two transistors are connected to form the floating gate, while the source and 

drain of the larger transistor are connected to form the control gate [6 ], The cell 

is programmed and erased by Fowler-Nordheim tunneling through the gate oxide 

of the small transistor. This happens through the smaller transistor because the 

smaller gate leads to less capacitance and a higher voltage difference. The planar 

devices can be connected to form a non-volatile ternary CAM as in Figure 3.9.
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Chapter 4

Y ield  C om parison

4.1 T h e Y ie ld  M od el

As mentioned in Section 2.6, the binomial yield model will be used for all calculations 

in this thesis. This has the basic form:

Y  = e~AcD° (4.1)

where A c is the critical area (area susceptible to defects of a certain size) and D 0 is 

the defect density. The quantity A cDa can be simplified to A, the average number 

of faults, leading to:

Y  = e~x (4.2)

This yield model will be combined with various fault models to predict yields and

compare redundancy schemes. Single cell, row and column and cluster fault models

will be discussed in depth. Faults in the periphery and in redundancy circuitry will 

be covered briefly.

Although this is a simplistic model, and there are much more accurate models, 

this model is used because it does not account for clustering. Clustering is usually 

considered a benefit because it more accurately models the behaviour of single cell 

faults. This behaviour probably also extends to cluster faults, but it is unclear if 

and how this mechanism occurs with row and column failures. In order to keep the 

treatm ent of all considered fault types equal, the simplistic binomial model, which 

does not include clustering of faults, is used.
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Single cell faults are faults that affect individual memory cells. These can be 

due to defects in the access transistors, substrate defects affecting the capacitor 

structure, or even problems with the address decoders not allowing access to certain 

cells. Row and column faults can be caused by defects in the bit or word-lines 

or problems with the sense amplifiers, word-line drivers or address decoders. Since 

these faults should be independent, row and column faults will be treated separately. 

Clusters may be caused by large defects affecting several cells, defects in the bit or 

word lines (causing clusters at the far ends), defects in sub-bit-lines and others.

All yield equations and plots for the four fault models can be found in Appendix

C.

4.2 E quivalent Y ie ld

There is more to the cost equation than just the effectiveness of the redundant 

system. After all, triple modular redundancy (TMR) is an extremely effective yield 

mechanism used in many mission critical systems. Unfortunately, TM R has at least 

a 200% area overhead. This is simply not cost effective for conventional, everyday 

use. Silicon and packaging costs are also very relevant at the commodity volumes 

of DRAMs.

Equivalent yield is the yield of a DRAM normalized to the area of a DRAM 

with no redundancy. Estimates for overheads of conventional redundancy methods 

are calculated in Appendix B. The overhead of associative direct ternary CAM 

redundancy depends on the number of entries, while the overhead of associative 

indirect ternary CAM redundancy depends on the number of entries and the size of 

the secondary memory array.

A normalized average fault density, expressed as faults per die containing no 

redundancy, is used as the independent variable for all plots in the following sec

tions. The number of cells, rows and columns in a DRAM change depending on the 

redundancy mechanism. Therefore, for a given fault density, the absolute number 

of faults per die will be different. To simplify the presentation of the data, the
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average number of faults per die on the z-axis is normalized to a DRAM with no 

redundancy.

4.2.1 Overhead of Ternary CAM  Redundancy

The planar EEPROM devices discussed in Section 3.6 and [6 ] do not have area 

information available. However, a similar single-poly EPROM device is discussed in 

[23], This EPROM cell is 22 /am by 54 p  in a 3- p  process.

The IBM 16-Mbit DRAM was produced in a 0.5- p  process [9], By scaling the 

EPROM cell directly, it can be assumed that in a 0.5-/7771 process, a flash cell will be 

approximately eight times the size of a DRAM cell, while a ternary CAM cell will 

be approximately 16 times the size of a DRAM cell. Scaling to the 0.16-/am process 

used in the Samsung 1-Gbit DRAM [10], a flash cell is approximately 10 times the 

area of tha t of a DRAM cell while a ternary CAM cell is approximately double that. 

Values of 8  and 16 times, for flash and ternary CAM cells, respectively, will be used 

for both DRAMs studied.

The associative direct redundant path contains the CAM entry, the section num

ber and don’t care mask in flash and, in this case, four words in conventional DRAM. 

There are also the bit selector and multiplexers. There must be one multiplexer for 

each section. Each must multiplex five words down to one. A five-to-one pass- 

transistor multiplexer can be constructed from eight transistors, an area of approx

imately 8  cells. This loads to a redundancy area of:

j4.ovr — v  ■ N oam  X [baddr ■ {Ac AM + A  flash) +  bsec ■ A  flash +  4 bword ■ Acell}

T A Selector V A rnux

= Acell [4u • NcAM^baddr ~b 2bsec bworci) T T  -p 8 N s • bword] (^-3)

where v  is the wiring overhead, A c  a m , A f iash, A ceu, A seiector and A mux are the 

areas of a CAM cell, flash cell, DRAM cell, the bit selector and the multiplexers, 

respectively. N c a m  is the number of CAM entries, bacidr, bsec and bword are the 

numbers of bits in an address, the number of bits to specify the section and the
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number of bits in a word, respectively. N s is the number of sections a word is split

16-Mbit DRAM, N s is four while T  is 69, while for the 1-Gbit DRAM, N s is two 

while T  is 273. This assumes tha t a cross-bar shifter takes up the area of one cell 

for each cross-bar.

The associative indirect path contains the CAM entry, section number, secondary 

memory pointer and don’t care mask in flash, plus the secondary memory array. 

There is also a bit selector, adder and multiplexer. Assuming tha t the maximum 

replaceable area is 64 x 64 words, then the selector will have twelve outputs. This is 

198 transistors for the 16-Mbit DRAM and 234 transistors for the 1-Gbit DRAM. 

Twelve adders (OR gates) are required, resulting in 48 transistors. The multiplexer’s 

are two-to-one, requiring two pass transistors each. This totals to 262 transistors 

for the 16-Mbit DRAM and 378 transistors for the 1-Gbit DRAM. The area of the 

redundancy mechanism is:

A ovr = V {N cAM [baddr ' {Ac AM + Af[ash) +  ( 6 sec + bre d.) A f l ash]

where N red is the size of the redundant memory in words and Ere(i is for the overhead 

of the sense amplifiers and other periphery circuitry in the redundant memory. This 

is assumed to be 0.67, an approximate average of the cell efficiencies calculated in 

Appendix B.

Both of the area equations make the conservative assumption tha t the area 

required for the periphery is proportional to the number of memory cells on the die. 

It is more likely tha t the periphery area is fixed.

For both DRAMs, three amounts of CAM entries for each of the associative 

repair mechanisms will be used to compare effective yield. In all cases, the wiring 

overhead, v, is assumed to be 1.02 (2%). This is the same wiring overhead as

into and T  is the number of transistors in the selector and multiplexers. For the

T A selector T A adder 4” Â■mux

A cell  ■ V W c A M ^ b a d d r  +  ^sec + bre d ) +

+ T  +  2N s ■ bword] (4.4)
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Host memory CAM Redundant Red. mem. overhead
size (bits) entries Address bits size (bits) (%)

2K - - 3.91
16M 6 K - - 11.73

Associative 8.5K - - 16.62
Direct 73K - - 3.10

1 G 100K - - 4.24
124K - - 5.26
1.6K 15 32K 3.96

16M 4.5K 17 128K 11.60
Associative 6.9K 15 32K 16.51

Indirect 6 6 K 15 512K 3.08
1 G 72K 19 8 M 4.23

76K 2 0 16M 5.23

Table 4.1: Selected sizes of associative redundancy schemes for comparison

assumed in [7], The overheads for these will be approximately equal to the overheads 

of the conventional memory schemes (see Appendix B). For associative indirect 

redundancy, I chose to have the number of bits in the redundant memory always be 

a power of two. This is not a necessity, but it does constrain the possible choices of 

the number of CAM entries. The chosen amounts are shown in Table 4.1.

4.2.2 IBM  16-M bit D R A M

The three amounts of CAM entries for associative direct ternary CAM redundancies 

were chosen so that the area overhead came out to approximately the same as the 

three conventional redundancies. This works out to 2K, 6 K and 8.5K CAM entries, 

giving the same overheads as row and column, ECC and row and column with ECC 

redundancy, respectively. For associative indirect ternary CAM redundancies, the 

amounts of CAM entries and the size of the redundant memory array were chosen in 

an attem pt to maximize yield under all four fault models, giving 1.6K CAM entries 

with 15 bits, 4.5K with 17 bits and 6.9K with 15 bits for row and column, ECC and 

row and column with ECC redundancies, respectively. Plots for equivalent yield 

versus fault density for the four fault models are shown in Figures 4.1 through 4.4. 

The associative direct redundancy method performs very well for single cell and
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cluster faults. W ith 2K CAM entries, associative direct redundancy can handle 8.5 

times more single cell faults than row and column redundancy and 5.4 times more 

single cell faults than ECC redundancy for 50% equivalent yield. W ith 8.5K CAM 

entries, 1.05 times more faults per cell can be handled than row and column with 

ECC redundancy.

An interesting effect is seen for ternary CAM redundancies when dealing with 

failing columns. All of the other fault types show constant yield/equivalent yield 

until a threshold is crossed, followed by a quick drop to zero (or not so quick in 

the cluster fault case). W ith column faults, the yield/equivalent yield drops linearly 

until the threshold, where it drops off quickly as expected. The reason for this is 

tha t failures in the redundancy mechanism are included in all of the fault models. 

This effect is only seen with column failures because they are the only fault type that 

seriously affect the performance of the redundancy method. Other types of failures 

can be handled gracefully, but with the current design, a column failure may render 

the entire redundancy mechanism inoperable. The probability of a column failure 

rendering the entire redundancy mechanism inoperable is proportional to the fault 

density, leading to the linear decrease in yield, as shown in Figure 4.3.

For cluster faults, associative direct with 2K entries can handle 2.4 times more 

faults than row and column redundancy, 930 times more faults than ECC and 1.9 

times more faults than row and column redundancy with ECC to achieve a 50% 

equivalent yield.

Unfortunately, associative direct ternary CAM redundancy does not perform as 

well for row and column faults. Only with prohibitive area overhead can associative 

direct redundancy improve on the performance of row and column redundancy for 

row or column failures. On the other hand, associative direct redundancy does 

perform satisfactorily well compared to ECC.

For single cell faults, the number of faults tha t can be handled by associative 

redundancies is proportional to the number of CAM entries. Hence, it is not sur

prising tha t the chosen sizes for associative indirect redundancy do not perform as

38

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



4-2 Equivalent Yield

well as the associative direct redundancies of the same area overhead. The graphs 

would be very different if the size of the redundant memory array had been sacri

ficed to make room for more CAM entries. The 1.6K CAM entry associative indirect 

redundancy with 32K of redundant memory still outperforms row and column and 

ECC redundancies. Unfortunately, 6.9K entries is not enough to outperform row 

and column redundancy with ECC.

For cluster faults, the relationship between the fault density and the number 

of CAM entries is more nebulous. The size of the redundant memory array also 

plays an im portant part. Both the 1.6K and 4.5K associative indirect redundancies 

outperform the associative direct redundancies of the same area. However, the 6.9K 

associative indirect redundancy is starved by its comparatively small redundant 

memory. Conversely, the large 128-Kbit redundant memory coupled with 4.6K of 

entries performs extremely well.

Associative indirect redundancy does not struggle as much as associative direct 

with the row or column failures. Contrary to single cell faults, the number of faults 

tha t can be handled is more affected by the size of the redundant memory. In this 

model, most of the CAM entries are vacant. Unsurprisingly then, the 4.5K case with 

the large 128-Kbit redundant memory performs extremely well. Even the smaller 

1.6K entries with 32 Kbit case outperforms all of the conventional redundancies. 

For a 50% equivalent yield, the 1.6K CAM case can handle about 1.6 times more 

faults per row or 1 . 8  times more faults per column than both row and column and 

row and column redundancy with ECC.

4 .2 .3  S a m su n g  1 -G b it D R A M

To match the overheads of conventional redundancies, associative direct redundan

cies with 73K, 100K and 124K CAM entries and associative indirect redundancies 

with 6 6 K entries and 15 address bits, 72K entries and 19 bits and 76K and 20 bits 

are studied. These correspond to row and column, ECC and row and column with 

ECC redundancy overheads.
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Figure 4.1: Equivalent yield of a 16-Mbit DRAM for a single cell fault model for 
conventional and associative redundancies.
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Figure 4.2: Equivalent yield of a 16-Mbit DRAM for a row fault model for conven
tional and associative redundancies.
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4-2 Equivalent Yield
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Figure 4.3: Equivalent yield of a 16-Mbit DRAM for a column fault model for 
conventional and associative redundancies.
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4-2 Equivalent Yield
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Figure 4.4: Equivalent yield of a 16-Mbit DRAM for a cluster fault model for 
conventional and associative redundancies.
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1 .̂2 Equivalent Yield

All three associative direct cases surpass the performance of conventional redun

dancies for single cell and cluster faults. The smallest, with 73K entries achieves 

50% equivalent yield with 53, 45 and 0.96 times more single cell faults than row and 

column, ECC and row and column with ECC redundancies, respectively. Although 

row and column redundancy with ECC slightly outperforms a 73K entry associa

tive direct design, it does with 2.1% more area overhead. W ith cluster faults, the 

performance of associative redundancies depends on whether the DRAM employs 

contiguous or interleaved words. For contiguous words, the 50% equivalent yield 

point is achieved with 10, 19230 and 8  times more cluster faults. For interleaved 

words, 4.6, 8641, 3.6 times more cluster faults for row and column, ECC and row 

and column with ECC redundancies, respectively, can be handled and still achieve 

50% equivalent yield.

For row and column faults, the outcome is similar to tha t of the 16-Mbit DRAM. 

Associative direct ternary CAM redundancy cannot achieve the performance of row 

and column redundancy. All three associative direct cases achieve greater than 75% 

of the 50% equivalent yield point of row and column redundancy for row faults, 

but only about one third of the column faults. The effect of column failures on the 

redundancy mechanism is still visible, but much less prominent.

The smallest associative indirect case, with 6 6 K CAM entries, is still large 

enough to perform comparably to all conventional redundancies for single cell and 

cluster faults. For single cell faults, it reaches 50% equivalent yield with 47, 41 and 

0.87 times more faults than the three conventional redundancies. For cluster faults 

in both, contiguous and interleaved word DRAMs, these numbers are 0.84, 1538 and 

0 . 6 6  times more faults.

W ith row faults, the 512-Kbit redundant memory of the 6 6 K entry case is not 

large enough to pose a challenge for conventional row and column or row and column 

with ECC redundancies. Increasing the redundant memory to 8  Mbits solves this. 

The 72K entry with 19 address bits case reaches 50% equivalent yield with 1.2 

times more row faults than both row and column and row and column with ECC
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Jt .3 Inferences

redundancies.

None of the associative indirect ternary CAM redundancies offer much com

petition to row and column and row and column with ECC redundancies for row 

or column failures. The cases studied simply do not have large enough redundant 

memories. A case with 22 address bits, would drastically change this picture.

4.3  In ferences

From this the previous section, several conclusions can be reached.

ECC is only effective for single cell and column faults. It cannot deal with 

more than one fault in a codeword. It should also be slightly more effective in 

interleaved DRAMs. For ECC, Only DRAMs with contiguous words were modeled. 

A contiguous DRAM stores all of the bits of a word together in adjacent cells along 

a word-line. An interleaved DRAM stores all of the bits from the same bit position 

in a word in adjacent cells. Because of this, it is much less likely tha t a cluster fault 

will affect two cells from the same codeword, thereby improving the effectiveness of 

ECC repair.

The overhead of ECC when coupled with row and column redundancy is not 

worth it for most fault types, however, the large performance increase offered for 

single cell faults makes this option very attractive.

When dealing with cluster faults, the effectiveness of the associative redundan

cies is somewhat reduced for interleaved DRAMs. This is because associative re

dundancies are a word-replacement scheme. W ith interleaving, words are split up, 

causing a cluster to affect a greater number of words, meaning more words require 

replacement.

Associative direct ternary CAM redundancy performs very well for single cell and 

cluster faults. Unfortunately, redundant memory is wasted when replacing single 

words. This wasted memory cannot be used for another fault. When dealing with 

row failures, associative direct redundancy performs nearly as well as a conventional 

redundancy of a comparable area, but this redundancy method is not well suited to
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Figure 4.5: Equivalent yield of a 1-Gbit DRAM for a single cell fault model for 
conventional and associative redundancies.
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Figure 4.6: Equivalent yield of a 1-Gbit DRAM for a row fault model for conventional 
and associative redundancies.
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Figure 4.8: Equivalent yield of a 1-Gbit DRAM for a cluster fault model for con
ventional and associative redundancies.
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4-4 4  Combined Fault Model

dealing with column failures.

Associative indirect ternary CAM redundancy offers a large amount of flexibility 

in tailoring the redundancy to the predominant failure type. In addition, only the 

amount of redundant memory needed to replace failing word portions is used. The 

rest can be used for another failure, theoretically, reducing the area overhead.

The equivalent yield plots show that, for the most part, it is advantageous to 

maximize the size of the redundant memory at the cost of CAM entries.

This would indicate tha t the best choice for a 16-Mbit DRAM is to have 1.1K 

CAM entries and 18 address bits. This has an area overhead of 4.06%, less than 

row and column redundancy, and allows more faults to 50% equivalent yield than 

row and column redundancy for all fault types. It is only out-performed by row and 

column with ECC redundancy for single cell faults, a solution tha t occupies 12.43% 

more area.

For the 1-Gbit DRAM, such a trade-off is more difficult to find. An associative 

indirect redundancy with 2K entries and 22 bits will exceed the performance of 

row and column redundancy in all cases. Unfortunately, it has an overhead of 

6.28%, even greater than that of row and column with ECC redundancy. The best 

trade-off at a comparable overhead to row and column redundancy is 32K CAM 

entries with 20 bits. At 3.10% overhead, the number of faults tha t can be handled 

by all conventional redundancies at 50% equivalent yield is exceeded for row and 

cluster failures. The number of faults handled by row and column redundancy is 

also exceeded for single cell faults. This associative indirect redundancy size can 

also handle approximately five sixths of the column faults tha t row and column 

redundancy can.

4 .4  A  C om bined  Fault M od el

In Section 4.2, I compared the performance of the three conventional redundancies 

and my two associative redundancies using four different fault models. Unfortu

nately, these faults do not occur independently. In a real fabrication process, all

50

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



4-4 A Combined, Fault Model

four types of faults will occur on the die. In order to investigate this, performance 

will be compared with a combined fault model. Using the inferences from Section 

4.3, I have chosen the best all-round sizes at the same overhead as row and column 

redundancy for my two redundancy methods in the two DRAMs. For the 16-Mbit 

DRAM, this is a 2K entry associative direct tCAM redundancy and a 1.1K entry 

with a 256-Kbit redundant DRAM associative indirect tCAM redundancy. The 1-

Gbit DRAM will have 73K entry associative direct and 32K entry with 16-Mbit

redundant DRAM associative indirect tCAM redundancies.

The four fault types are independent, requiring four independent variables and 

one dependent variable for the yield. Not only is this computationally prohibitive: 

it is difficult to display the data in a meaningful manner. Instead, I have chosen to 

fix the ratios of the four fault densities. The number of single cell and cluster faults 

per cell are equal. Individual fault densities are calculated as follows:

2 F
X = 4 b + R  + C  4̂ '5')

F  (4-6)4 b + R  + C

X 4 b + R  + C  ^
2 F

i b  = ---------------  (4.8)
Ab + R  + C  K 1

where A is the number of single cell faults per cell, p is the number of row failures per 

row, x is the number of column failures per column and i p  is the number of cluster 

faults per cell. The values b, R  and C  are the number of bits, row and columns, 

respectively, in a die without redundancy. The value F  is the number of normalized 

faults per die. The ratios of the four fault types can be trivially adjusted in the 

equations in Appendix C.5.

This ratio of fault densities does not correspond to a real process. In fact, it is 

unlikely tha t the ratios of fault types will remain fixed as the fault density increases. 

It may be likely tha t there is a correlation between single cell and cluster faults, but 

no such relationship exists for row and column failures. The following data is for a 

completely arbitrary combination of faults.
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Figure 4.9: Equivalent yield of a 16-Mbit DRAM with various redundancy methods 
for a combined fault model

4 .4 .1  IB M  1 6 -M b it D R A M

The 2K entry associative direct scheme has an overhead of 4.73 /am, or 3.91%. The 

1.1K entry with 256-Kbit redundant memory associative indirect scheme has an 

overhead of 4.91 /tm, or 4.06%. Equivalent yields are shown in Figure 4.9.

The plot shows that for this ratio of faults, when there are less than about 80 

faults (40 single cell, 40 cluster, 0.019 row and 0.0096 column faults per die), row 

and column redundancy offers the best performance. Above this amount, associative 

indirect is a better choice.

The ternary CAM redundancy plot lines are not smooth. This is because the 

portions of the CAM entries used for each fault type are calculated by computer 

algorithm. Non-linearities and jumps are caused by the algorithm shifting CAM 

entries between fault types.
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Figure 4.10: Equivalent yield of a 1-Gbit DRAM with various redundancy methods 
for a combined fault model

4.4.2 Sam sung 1-Gbit D R A M

Both the 73K entry associative direct scheme and the 32K entry with 16-Mbit 

redundant DRAM associative indirect scheme have an overhead of 17.11 m m 2, or 

3.10%. Equivalent yields are shown in Figure 4.10.

The equivalent yield plot is quite different for a 1-Gbit DRAM where there is 

greater area for entries and redundant words. Except for a very narrow range, both 

associative redundant schemes are superior to conventional redundancies for this 

mix of faults.

The plot lines for the ternary CAM associative redundancy methods are much 

smoother in the 1-Gbit DRAM than the 16-Mbit one. This is because the yield 

calculations were run several times with adjustments to the algorithm coefficients. 

D ata from each run was then pieced together to give the best yield at every fault 

density, resulting in a much smoother curve.

53

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



A Combined Fault Model

54

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 5

S ystem  M odelling, D esign  &c 
Sim ulation

5.1 T h e C ritical P a th

In this chapter, I show tha t ternary CAM redundancy can operate at DRAM page 

speeds. The critical path of a design is the path within the design tha t dictates the 

smallest cycle time at which an entire design can run. It can also be thought of 

as the worst-case delay over all possible input patterns [24]. In DRAM, the critical 

path is the time from the column-access strobe signal lowering to the time when the 

data appears on the output pins or when the data is written into the cells.

Synchronous DRAM latencies are specified with three numbers of the format x- 

y-z. For instance 3-2-2 is a common specification. The numbers signify the number 

of cycles for CAS latency, the RAS-to-CAS delay and the RAS pre-charge time [25]. 

The CAS latency is the number of cycles necessary for data to appear on the output 

pins after the /CAS signal pin is activated. RAS-to-CAS delay is the number of 

cycles tha t must be waited after activation of the /RAS pin before activating the 

/CAS pin. RAS delay is the number of cycles tha t must be waited after /RAS pin 

deactivations and activations.

W ith 3-2-2, there is a five cycle (3+2) delay from the activation of the /RAS 

signal. W ith the most relaxed timing, during a read operation, ternary CAM re

dundancy must have data available within five cycles. However, multiple /CAS 

activations may occur for every /RAS activation. This means tha t data must be
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5.2 Modeling and Simulation

available within three cycles. Current SDRAMs operate at speeds up to 200 MHz. 

To be employed in these DRAMs, ternary CAM redundancy must have a critical 

path of less than 15 ns.

In order to determine whether reaching this critical path delay is possible, I 

created two models of the associative indirect method. The first, a VHDL model, 

was created to determine the design’s functionality. A VHDL test-bench wrapper 

was written. The second model is a schematic in the Cadence tool-set. This was 

used to determine timing. Unfortunately, an extracted layout is not possible due to 

the unavailability of a DRAM process.

5.2 M o d elin g  and S im ulation

I created a VHDL model in order to simulate the functionality of my associative 

indirect design. A full simulation, using the CAM and redundant memory sizes 

determined at the end of the last chapter, is not necessary for this purpose and 

would take a prohibitively long time for a full simulation. Instead, I assumed a 

16x4 bit memory in two banks with half of the memory word stored in each bank. 

The CAMs were given 8  entries and the redundant memory 16 entries (16x2 bits). 

Although this is excessively large compared to the size of the main memory, it allows 

for a very high percentage of faults, giving a more complete functional simulation. 

The offset (see Section 3.2) was set to 3 bits, allowing a maximum fault size of eight 

memory cells.

The VHDL model was created with 10 files as shown in Figure 5.1. The most 

prevalent objects denote regular VHDL files, while the other two denote VHDL 

packages. Standard packages are not included in this figure. The components all 

correspond to components in Figure 3.2. The file nc_adder.vhdl corresponds to the 

adder while decode.vhdl and red_array.vhdl form the secondary memory.

The three files dealing with memory were written behaviorally. This is because 

flash and DRAM devices are difficult to create in VHDL and are not synthesizable. 

In fact, the flash devices are described as ROMs. This is valid because the flash
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Figure 5.1: VHDL model source file organization

devices are expected to be programmed during manufacturing test, and not by the 

user. The txt_util.vhdl package is a small collection of functions used to convert 

between VHDL types for reading and writing data files. In this case, the functions 

are used to load the ROMs (flash).

Two of the components, the bit selector and decoder, are very regular compo

nents tha t depend on the sizes of other components. Unfortunately, this regularity is 

not expressible with the VHDL g en era te  iterator due to the many combinations of 

the input signals. Instead, I wrote a Ruby script to produce the VHDL descriptions 

[26], The VHDL and Ruby files can be found in Appendix E.

The test-bench is composed of two files, plus the associative indirect model files, 

as shown in Figure 5.2. The lfsr_generic.vhdl file is from a university course in ASIC 

design [27], In this case, the txt_util.vhdl package is used to record the generated 

input to and output from the model. The VHDL source can be found in Appendix 

F.

The VHDL simulation showed that my design is functional and can handle page 

operations.
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Figure 5.2: VHDL testbench source file organization

5.3 S ch em atic  and S im ulation

In order to determine if my redundancy method is fast enough to include in com

modity DRAM, I performed timing simulations based on schematics in Cadence. 

Preparation of the schematics was done in three stages. The first was a direct port 

of the functional VHDL mini-design to a schematic. The second stage consisted of 

scaling the schematic up to 32K CAM entries with 25 address bits per entry and 

20 bits of secondary address space. I estimated capacitances and resistances of the 

long metal lines in the memory arrays and added these loads to the design for the 

third stage.

Simulation was done with TSMC’s CM OSpl8  180-nm technology. This is a logic 

process, therefore, comparisons with DRAMs implemented in memory processes is 

somewhat suspect. Memory processes are optimized for density while logic processes 

are optimized for speed. The Samsung 1-Gbit DRAM I ’ve used for comparison 

is implemented in a 0.16-^m technology [10]. The 2002 International Technology 

Roadmap for Semiconductors states that current DRAM production is at 0.10-/urn 

[28]. The smaller feature sizes should give the DRAMs a speed advantage, therefore, 

if my design performs favorably at 0.18 jum, it should also perform well enough after 

a process shrink and switch to a DRAM process.

I automated the conversion from VHDL to schematic as much as possible. The 

two RTL components, the bit selector and non-carry adder, where synthesized in 

Synopsys and imported into Cadence. This could not be done with the behavioral 

memory elements. However, the memory elements are very regular, making it easy

58

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



5.3 Schematic and Simulation

for me to create SKILL code that would generate the match and data arrays from 

input files [29], The SKILL code, after capacitive and resistive loads are added, is 

included in Appendix G.

Timing and control circuitry was created manually. These do not have equiva

lents in VHDL. This circuitry is for pre-charge signals and timing signals, ensuring 

tha t pre-charging lines are not shorted to ground and tha t operations occur in the 

correct order.

In Section 3.4, I explain how and why only column match-lines whose associ

ated row match-line already matched are pre-charged on the /CAS signal. Unfortu

nately, due to timing constraints, the associated data array cannot be pre-charged 

only if a column matched. Instead, the data array is pre-charged along with the 

column-match array on /CAS if there was a match in the row-match array. This 

is undesirable due to power consumption, but a satisfactory compromise since it is 

not pre-charged on every DRAM access and only discharged if necessary.

The direct port of the mini functional design was carried out in order to deter

mine if my schematics were functional. Although the timing data is not very useful, 

it shows an upper bound of 825 MHz with a CAS latency of 2 (provided a 2x16 bit 

DRAM with an access time of 1.21 ns can be found).

Scaling the mini-design to the full 34200 entries was obviously not practical. 

Instead, the design was kept at eight entries and the capacitive load of the other 

34192 entries was calculated and added. Because I was only scaling the design, 

resistances were not estimated at this time. Simulations showed tha t with this 

many entries, the match-line pre-charge transistors could not be turned on fast 

enough. Therefore, I split the design into 32 IK  entry components. Even so, I had 

to lengthen the duration of the pre-charge signal. Row match-line pre-charge now 

occurs in 400 ps and the row-match operation takes 1.92 ns. Due to the higher 

capacitance of the OR gates enabling column match-line pre-charge, this pre-charge 

is slightly slower at 450 ps.

Although the associated data array could be pre-charged more than quickly
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5.3 Schematic and Simulation

enough, with 1024 cells attached to each bit-line, the small cell transistors could not 

pull down the bit-lines fast enough. I split each 1024 entry data array into four 256 

entry arrays. Now the data lines could be pulled down fast enough, plus this offers 

greater control over pre-charging the data arrays and an easy match-line arbitration 

logic. Only data arrays attached to rows tha t matched need to be pre-charged, thus 

saving power.

Match-line arbitration logic is frequently used in CAMs to ensure that, if more 

than one entry matches the incoming data, only one associated data is accessed. In 

associative redundancy, this can occur in cases where a single cell belongs to two fault 

types, such as a faulty row crossing a faulty column. My original design assumed 

this would be taken care of by splitting up groups of faulty cells, ensuring tha t no 

two match-lines would ever match, during programming of the flash devices after 

manufacturing test. Instead, the encoding of the four match signals from each of the 

data arrays into a two bit multiplexer select ensures tha t only one data signal will 

be chosen, provided that the two or more matched signals are in the same group of 

1024 CAM entries, but in different groups of 256. As before, this constraint, along 

with a cell being present in not more than four faults (an extremely rare, if not 

impossible, case) can be ensured by the programming equipment.

I made one more major design decision. Samsung’s 1-Gbit DRAM consists of 

four banks of 256 Mbits [10]. One of the advantages of associative redundancy is 

tha t it is a pooled redundancy, able to replace any faulty cells anywhere on the die. 

Although a significant area can be recovered by removing conventional redundancy 

methods from a DRAM, it is dubious whether or not this area can be collected into 

a single area large enough for 32K CAM entries and a 16-Mbit dynamic memory. 

Instead, I opted for a four-way set associative design with one set per bank. This 

better reflects the way associative redundancy would be used in DDR or DDR- 

II memory and allows for the use of four smaller, and therefore faster, redundant 

memories instead of one larger one at the cost of some yield. I still performed the 

simulations with 25 address bits and 20 secondary memory address bits instead of
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5.3 Schematic and Simulation

Length
(a™)

R esista n ce /□
(n /o )

R esistan ce/cell
( S I )

Compare Line 
(m etal 1)

1.08 0.078 0.366

M atch Line 
(m etal 2)

5.21 0.076 1.41

Length over Length over Capacitance Capacitance Capacitance
active poly to  active to  poly /c e ll
(/mi) ( H (fF) (fF) (fF)

Compare Line 
(m etal 1)

0.89 0.19 0.246 0.249 0.266

M atch Line 
(m etal 2)

3.84 1.37 0.218 0.219 1.14

Table 5.1: Capacitive and resistive loads for memory arrays

the 23 and 18 tha t should have been used for a four-way design.

The simulation showed that this design has a RAS-to-CAS latency of 1.9 ns 

and a maximum frequency of 268 MHz. A 256K xl6 bit redundant DRAM with an 

access time of 3.5 ns would allow for a CAS latency of 2 cycles.

Adding the estimated capacitive and resistive loads slowed the RAS-to-CAS 

latency to 3.27 ns. These loads are shown in Table 5.1. This latency can be seen in 

Figure 5.3. The top plot shows the (inverted) pre-charge and discharge of the the 

match lines. This takes approximately 1.5 ns from the row-access-strobe lowering. 

The bottom plot shows the row-access-strobe signal and the four (inverted) match- 

occurred signals for each group of 256 match lines. These are pre-charge enable 

signals for the associated data array. The charging and discharging of these lines 

limits the RAS-to-CAS latency.

The frequency was slowed to 222 MHz at a CAS latency of two cycles after 

adding the capacitive and resistive loads. As show in in Figure 5.4, the column 

match, associated data access and calculation of the redundant memory address 

take 4.5 ns. Only the data line tha t takes the longest to discharge is shown.

The Samsung DRAM has a cycle time of 143 MHz meaning tha t at CAS-2, the 

redundant memory’s access time would only have to be about 9 ns (with 0.5 ns for
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Figure 5.3: Timing waveforms showing row access latency.
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Figure 5.4: Timing waveforms showing column access latency.
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5.3 Schematic and Simulation

the required multiplexing). Current SDRAMs at 200 MHz are also not a problem. 

The lowest latency DRAM currently on the market (216 MHz - 433 MHz DDR) 

has a latency of 9.26 ns, and is presumably manufactured at 0.1 /nn. The highest 

frequency DRAM operates at 250 MHz (500 MHz DDR) and has a CAS latency 

of 3 (12 ns). My associative redundancy design operates more tha t fast enough 

for inclusion into these designs, even when modelled in an IC process with a much 

larger minimum feature size.
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Chapter 6

C onclusions

6.1 S ynop sis

In this work, I have presented two designs for associative redundancy using ternary 

content addressable memory in DRAMs. The first of these, which I call associative 

direct redundancy, uses the compare array of the CAM to match on faulty cell 

addresses and stores the replacement data in the associated data array. The second, 

associative indirect redundancy, again uses the compare array to match on faulty cell 

addresses, but it uses the associated data array to store a base memory address for a 

secondary memory array. It calculates the memory address of the replacement data 

cells in the secondary memory by adding the base memory address to the shifted 

don’t care bits. This is a slightly slower, but much more flexible approach.

The designs were given four constraints: they must be implementable in a stan

dard DRAM process; occupy the same or less area than typically used redundancies; 

increase DRAM yield and not reduce the operating frequency or functionality of the 

DRAM in which they are included.

I have made suggestions on how my designs can be implemented in typical 

DRAM processes with planar flash cells for non-volatile memory. Both designs 

allow easy tailoring of the amount of entries and, hence, the area they occupy.

Using a binomial yield model and four fault models: single cell, row, column 

and cluster faults, I compared the yields and equivalent yields (yield normalized to 

area overhead) of DRAMs using my designs with DRAMs using three conventional
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6.2 Advantages

redundancy schemes: row and column redundancy, error correction coding and row 

and column redundancy with error correction coding. As expected, my indirect 

associative design outperformed the associative direct design. The associative indi

rect design, using comparable area, also outperformed all conventional redundancy 

types, except when dealing with column faults in some cases. Dealing with a column 

fault requires a large number of CAM entries and a large portion of the secondary 

memory. In a design where column faults are a limiting factor, the designer may 

want to consider a hybrid column/associative redundancy design.

I performed the timing simulation in Cadence with a 0.18-pm logic process using 

the slower and more flexible associative indirect design. My simulations showed that 

a DRAM including associative indirect redundancy should be able to operate at a 

frequency of 222 MHz and a /CAS latency of two cycles. This is more than fast 

enough for the 143 MHz, 0.16-/im 1-Gbit DRAM the schematic design was geared 

for. It also shows much promise for inclusion into currently shipping DRAMs topping 

out at 250 MHz (500 MHz DDR) with a /CAS latency of three cycles or 216 MHz 

(433 MHz DDR) with a /CAS latency of two cycles.

6.2 A d van tages

Ternary CAM associative redundancy’s primary advantage is in its flexibility. Di

verse types of faults can be replaced, all with the identical CAM entries. Pooled 

redundancy resources mean tha t the number of entries or the amount of redundant 

cells can be scaled down as yield ramps up. The amount of associativity can be 

set, allowing redundancy on a per chip, bank, section, book or other basis. Set 

associativity should allow for inclusion into DDR and other high-speed DRAMs. 

Section-level associativity allows more than one sub-word to be replaced in DRAMs 

tha t split data words across several sections. At lower associativity, the designer 

can choose whether to replace entire words, or sub-words. For embedded DRAMs, 

the two-stage match array can be removed to allow SRAM-style access.
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6.3 Liabilities

Associative redundancy’s two functional liabilities both deal with column failures. 

A memory column failing due to a fault can be replaced, but it takes a large number 

of redundant memory cells since every word (or sub-word depending on the design) 

tha t the column traverses must be replaced. A failing column of cells is treated like 

a failing column of words. As I mentioned before, a manufacturer encountering a 

large amount of failing columns may want to consider a hybrid column/associative 

redundancy approach.

In a completely pooled design, a column failing in a redundancy system array or 

a fault in the control logic renders the entire redundancy mechanism non-functional. 

This could be seen from the linear decrease in yield/equivalent yield in the column 

failure models. In the original design, such a failure was catastrophic; however, the 

need to break up the match and data arrays into several parts due to capacitance 

greatly mitigates this problem. A column failure or control system (timing and 

control circuitry) fault in a redundancy mechanism greatly reduces the amount of 

redundancy, but does not, in most cases, result in a non-fully-functional DRAM.

From a design perspective, the design choices necessary for conventional redun

dancies are fairly fixed and the extra components are regular and periodic in the 

data array. This makes for easy scripting and automation, reducing design time 

and cost. Associative redundancy’s flexibility make scripting and automation more 

difficult because it is not simply extra rows and column with their associated bit 

steering. The content addressable memories require timing circuitry, signals must 

be multiplexed onto and off of the data and address buses in the DRAM, and refresh 

of the redundant memory array must be considered. All of these add complexity 

tha t is not found in conventional row and column redundancy. The point at which 

the lowering recurring costs due to greater yield offsets these greater upfront costs 

cannot easily be determined but are likely insignificant due to amortization of design 

cost over the huge number of manufactured DRAM dies.
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6.4  F uture W ork

Future work with ternary CAM associative redundancy should focus on several 

areas. First, the fault models should be refined to match fabrication data, if such 

information can be obtained. This could include more accurate yield models, such 

as the negative binomial model, a physically accurate size distribution for cluster 

faults and a more realistic mix of fault densities for the combined fault model. Also, 

the yield models assumed a monolithic associative redundancy path. Modifying this 

to closer approximate the simulated device (32 IK entry CAMs instead of one 32K 

entry CAM) would make a large difference in modelling column failures.

A comparison of yields and equivalent yields for various levels of associativity 

and replacement of words or sub-words should be performed. Intuitively, higher 

associativity should lower yield, but the advantages may out-way the costs. Also 

along this line of investigation are modifications necessary for DDR and other high

speed DRAM operation.

A cost analysis for the non-recurring design time and recurring manufacturing 

yield increase should be performed. This will determine the necessary yield im

provement to make associative redundancy cost effective.

If the redundant memory array is implemented in DRAM, the stored data must 

be periodically refreshed. How this is to be accomplished was not considered. Along 

a similar line of enquiry, I did not consider how to program the non-volatile CAM 

and flash cells after manufacturing test. The necessary circuitry and wiring must 

be added and the method to get the programming data onto the die should be 

determined.

A more accurate simulation with a system that can model DRAM fabrication 

processes would be beneficial. This would allow for an estimate of power consump

tion.

Finally, an associative design should be manufactured in a DRAM process. This 

will enable a direct investigation of overhead, yield, speed and power consumption.
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6.5 C od a

Ternary CAM associative redundancy is a redundancy method for a DRAM manu

facturing process where all cell failures do not fall into the nice categories of single 

cell faults or row and column failures. W ith minimum feature sizes shrinking, the 

likelihood of a contiguous grouping of DRAM cells failing is increasing. The tra

ditional redundancy methods are ill-equipped to deal with these arbitrary-shaped 

faults. Ternary CAM associative redundancies, specifically the associative indirect 

variant, offer the flexibility and speed, with no increase in area, to handle intractable 

faults in today’s and future dynamic random access memories.
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A ppendix A

D R A M  D ata

A .l  IB M  16-M bit D R A M

The IBM 16-Mbit DRAM has on-chip error-correcting code (ECC), supports either 

11/11 or 12/10 RAS/CAS addressing, can be packaged as a 2Mbx8, 4M bx4, 8Mbx2 

or 16Mb x l  DRAM, and is capable of operating in fast page mode, static column 

mode or toggle mode [9]. The DRAM has four quadrants, four array blocks per 

quadrant and two segments per quadrant. For the purpose of this work, the DRAM 

is assumed to be a 4 M bx4 DRAM with 11/11 RAS/CAS addressing.

Each quadrant (section) is an independent 4 Mb x 1 DRAM [30]. The quadrants 

contain 4096 word lines and 1024 bit lines. For bit-line redundancy, the quadrant 

is subdivided into books. Eight books are formed, each containing 2048x128 bits. 

Two additional redundant bit-lines per book can be used for replacements of any 

bit-lines within the book. A book has 2048 pages, each addressed independently. 

There are also 24 redundant word-lines available for substitution of any of the 4096 

word-lines in a quadrant [30].

Error correcting codes add an extra nine bits for every 128 bits [9], This increases 

the page and book widths by 9 bits, making them 137 bits wide. The section width 

is increased to 1096 bits.

For yield calculations, the 16-Mbit DRAM is treated as four 4M bx l DRAMs 

because the words are spread across all four sections. Each 4M bxl DRAM has one 

section with 16 books. The section is 1024 (1096 for ECC) bits by 4096 bits. It has
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A .2 Samsung 1-Gbit D R A M

Bits (nominal) 16x1024x1024
Address bits 2 2

Words 4x1024x1024
Word size (bits) 4
Banks 1

Sections 4
Word size per section 1

Books per section 16
Pages per book 2048
Pagewidth (Bits per page) 128
Redundant columns per book 2

Redundant rows per section 24
Bits (w / ECC) 17956864
Codewords per book 2048
Bits per codeword 137
Pagewidth (w/ ECC) 137

Table A .l: D ata for the IBM 16-Mbit DRAM [9],

24 redundant rows. Each book is 128 (137 for ECC) bits by 2048 bits and has two 

redundant columns. Since each section stores a single bit word, bit-line interleaving 

can safely be ignored.

A .2 S am sung 1-G bit D R A M

The Samsung 1-Gbit DRAM contains eight independent 128-Mb blocks (sections) 

and a hierarchical decoding scheme [10]. Externally, it is a 32Mb x 32 DRAM. In

ternally, it is eight 8 M bx 16 DRAMs. The blocks are paired into four banks, each 

bank comprising an 8 Mb x 32 DRAM.

The DRAM has 64 redundant rows per 128 Mbits and 16 redundant columns 

per 32 Mbits [10], Therefore, a section is a 128-Mbit block and there are four books 

per section. This assumption allows for the greatest flexibility in row and column 

redundancy, increasing the calculated yield. There are 256 memory cells connected 

to each bit-line and 512 cells connected to each sub-word-line. The entire memory 

is constructed of 256-Kbit cell arrays. The cell arrays are aligned along word-lines, 

therefore, they are composed of two sub-word-lines. From the die photo, the blocks
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A .2 Samsung 1-Gbit D R A M

Figure A .l: Simplified block diagram of the IBM 16-Mbit DRAM without redun
dancy

(sections) are roughly square. The cells have approximately a 2:1 aspect ratio. 

Assuming the larger dimension is along the bit-line, the cell array also has a 2:1 

aspect ratio, with the larger dimension aligned with the word-lines. Assuming the 

section is split into four nearly square books, there must be 8x16 cell arrays per 

book. This leads to a pagewidth of 8  Kbits and 4K pages per book.

Following the same assumption as [7], the ECC codeword is set to 512 data bits 

plus 1 1  check bits.

For yield calculations, the 1-Gbit DRAM is treated as eight 8 M b x l 6  DRAMs. 

Each 8 M b x l 6  DRAM has one section with 4 books. The section is 16 kbits (16736 

for ECC) by 8  Kbits. It has 64 redundant rows. Each book is 8  Kbits (8368 for 

ECC) by 2 Kbits and has 26 redundant columns. Bit-line interleaving must be 

considered.
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A .2 Samsung 1-Gbit D R A M

bit lin e s

Figure A.2: 
dundancy

Bits (nominal) 1024x1024x1024
Address bits 25
Words 32x1024x1024
Word size (bits) 32
Banks 4
Sections 8

Word size per section 16
Books per section 4
Pages per book 4K
Pagewidth (Bits per page) 8 K
Redundant columns per book 16
Redundant rows per section 64
Bits (w / ECC) 1046x1024x1024
Codewords per book 64K
Bits per codeword 523
Pagewidth (w/ ECC) 8368

Table A.2: D ata for the Samsung 1-Gbit DRAM [10].

4 K b its

Simplified block diagram of the Samsung 1-Gbit DRAM without re-

76

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.

8K
b

it
s



A ppendix B

R edundancy O verhead

In [7], Wickman makes the assumption tha t the area required to implement bit 

steering for ECC and row and column redundancy is 2%. This has been extended 

to assume tha t any redundancy requires 2% overhead. From this data, the cell 

efficency for row and column and row and column and ECC redundancies has been 

calculated.

The calculated overheads are considerably different from those calculated by 

Wickman and also used in [12]. However, Wickman’s numbers do not match with 

the 11% overhead of error correction in the IBM DRAM, as stated in [9].

B . l  IB M  16-M b it D R A M

The IBM 16-Mbit DRAM has a chip size of 140.86 m m 2  [9] with 18325760 cells at 

a size of 4.13 /im 2 per cell. It has ECC and row and column redundancy. Error 

correction, including all cells, sense amplifiers and wiring increased the the chip 

area by 15 m m 2. W ithout ECC there are 17139200 cells in a chip of 125.86 m m 2. 

The cell efficiencies for no redundancy and ECC are simple interpolations. The 

calculated values are presented in Table B .l. D ata stated in [9] is shown in bold.

B .2  S am su n g 1-G bit D R A M

The Samsung 1-Gbit DRAM has a die size of 569.7 m m 2 with 1084243968 cells at 

a size of 0.344 fim 2 per cell. As above, after subtracting 2% for bit steering, the cell
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B .2  Samsung 1-Gbit D R A M

none row k  column ECC r & c & ECC
Chip area (mm2) 120.92 125.86 134.89 140.86

#  of cells 16777216 17139200 17956864 18325760
Cell area (mm2) 69.29 70.78 74.16 75.69

Periphery area (mm2) 48.75 55.08 60.73 65.17
Cell Efficiency (%) 57.3 56.2 55.0 53.7

Area Overhead (%) 0 4.09 11.55 16.49

Table B.l: Areas and overheads for the IBM 16-Mbit DRAM.

none row k  column ECC r k c k ECC
Chip area (mm*3) 552.59 569.7 575.97 581.59

#  of cells 1073741824 1084243968 1096810496 1107492864
Cell area (mm2) 358.63 362.14 366.33 369.90

Periphery area (m m 2) 193.9 207.46 209.64 211.69
Cell Efficiency (%) 64.9 63.6 63.6 63.6

Area Overhead (%) 0 3.10 4.23 5.24

Table B.2: Areas and overheads for the Samsung 1-Gbit DRAM, 

efficiency is 64.9%. This value is kept constant for all redundancies.
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A ppendix C

Y ield  C alculations

C .l  S ingle C ell Fault M od el

C . l . l  N o  R ed u n d a n cy

The negative binomial yield model for DRAM begins with the yield of a single cell:

Ysc =  e - A (C.l)

where Ysc is the yield of a single DRAM bit and A represents the average number 

of faults per bit. The yield of a DRAM bit is the probability any given cell will be 

functional. The yield of a DRAM, Y r r a m  is then:

Y d r a m  =  Y sbr AM (C .2)

where bp r a m  is the number of bits in the DRAM. Yields for 16-Mbit and 1-Gbit 

DRAMs are shown in Figure C .l. From the graph, for both DRAMs to achieve better 

tha t 50% yield, there can be a less than one fault per die. This is an extremely small 

fault density and serves as a telling example of why redundancy is used in nearly 

all commercial memories.

C . l . 2 R o w  an d  C o lu m n  R ed u n d a n cy

Some terms must first be defined for row and column redundancy techniques. A 

book is the area of memory to which column redundancy is applied. A section is the 

area of memory to which row redundancy is applied. In DRAMs, a section tends to 

be larger than a book [7], The number of columns in a book is the pagesize.
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Figure C .l: Single cell fault model yield of a 16-Mbit and a 1-Gbit DRAM without 
redundancy
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C .l Single Cell Fault Model

The yield of a column inside a DRAM is given by:

Ycolumn = Y ^ ° lumn (C.3)

where Yc is the yield of a column and bcoiumn is the number of bits in a column. The 

yield of a book is then calculated by summing over all contributions to the yield 

distributions from zero errors to the number of redundant columns:

5 W  =  £ ;  (  P +  ^  )  • Y > ■ (1 -  Y ^..m nY  (C.4)

where Yfc00fc is the yield of a book, rc is the number of redundant columns per book

and p is the page size. The first term of the equation chooses which columns are

bad, the second is the yield of the good columns and the third is the yield of the 

bad columns.

Prom the yield of a book, the effective yield of a single cell when column redun

dancy is determined:

(c.5)

where YSCbook is an estimate for the effective yield of a single cell inside the book. 

This effective yield is used to determine the yield of a row:

Y ™  =  Y s c Z k ( C . 6 )

where Yrow is the yield of a row and brow is the number of bits in a row. The yield 

of a section is then calculated:

YsecUon =  ) •  y ^ rr_<' (1 " Yrow)i ( a 7 )

where Ysection is the yield of a section, rr is the number of redundant rows per section

and s is the number of rows in a section. The yield of the DRAM with redundant

rows and columns is then given by:

Y d r a m r c  =  Y * ‘i? o r s ( c -8 )

where N sections  is the number of sections in the DRAM.
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C .l Single Cell Fault Model

Yields for 16-Mbit and 1-Gbit DRAMs with row and column redundancy are 

shown in Figure C.2. To achieve a 50% yield, the 16-Mbit DRAM can handle up 

to approximately 240 faults per die while the 1-Gbit DRAM can handle about 1400 

faults.

C . l . 3 E C C  R ed u n d a n cy

An ECC codeword is the complete ECC word stored in memory including the data 

and check bits. The yield of a SEC (single error correcting) code word can be 

calculated as follows:

where Ycw is the yield of an ECC code word and bcw with the number of bits in the 

code word. The yield of a book is then calculated as:

where Yb0 0kEcc is the yield of a book with ECC and N cw is the number of codewords 

in a book. The yield of a DRAM with ECC is then:

where Nb00ks is the number of books in the DRAM.

Figure C.3 shows DRAM yield when ECC redundancy is employed. For a 50% 

yield, the 16-Mbit DRAM can handle less than approximately 400 faults while the 

1-Gbit DRAM can handle less than approximately 1665 faults.

C . l . 4 R o w  an d  C o lu m n  R ed u n d a n cy  w ith  E C C

Equation C.9 gives the yield of an ECC codeword. From this, the effective yield of 

a single cell when using ECC is calculated as follows:

(C.9)

YbookECC Yc (C.10)

Y d r a Mecc
  'Y'̂ books

bookscc (C .ll)

(C.12)

The effective yield of a column is then given by:

V'- , — \ r ĉoi1 columriEcC — sc^c: u m n (C.13)
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C .l Single Cell Fault Model
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Figure C.2: Single cell fault model yield of a 16-Mbit and a 1-Gbit DRAM with row 
and column redundancy
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Figure C.3: Single cell fault model yield of a 16-Mbit and a 1-Gbit DRAM with 
ECC redundancy
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C .l Single Cell Fault Model

and the effective yield of a book is:

YbookcoUkECC =  ^ 2  ^  P  i  ^  ^coLmnECC ' ^  ~~ Ycolum nEc c ) ( ^ - 1 4 )

The effective yield of a single cell when using ECC and column redundancy is 

estimated as:

^ scZ L ecc = YbookcollUECC (C.15)

The yield of a DRAM with ECC, row and column redundancy is calculated as 

in Equations C.6 through C.8.

As mentioned, in Section 2.5 error correcting code redundancy and row and 

column redundancy have very high synergies. This is shown in Figure C.4 where 

the 16-Mbit DRAM is shown to be able to achieve a 50% yield ratio with up to 

about 7650 faults while the 1-Gbit DRAM can achieve the same with up to about 

76200 faults.

C . l . 5 A sso c ia t iv e  D ir e c t T ern ary  C A M  R ed u n d a n cy

Since ternary CAM redundancies are based on replacing bad words, the yield of a 

word must first be calculated:

Yword = Ysbr rd (C.1 6 )

where bword is the number of bits in a word. The effective number of CAM entries 

must also be calculated:

<= =  y c a m „  ■ Y f l X M  ■ d S ; ' ' N o a m  ( C . 1 7 )

where Y c a m sc  is the yield of a single CAM cell. It is calculated as in Equation C .l 

with A c a m ,  the average number of faults per CAM cell. Yamsc is the yield of a single 

cell of the associated memory and Yjiashsc is the yield of a single cell of the don’t care 

mask. Unless the associated memory is created in a different technology, Yamsc will 

be the same as Ysc. The don’t care mask will most likely be stored in non-volatile 

memory, baddr and bworci are the number of address bits and the number of bits in
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Figure C.4: Single cell fault model yield of a 16-Mbit and a 1-Gbit DRAM with row 
and column redundancy and ECC
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C .l Single Cell Fault Model

a word, respectively. bsec is the number of bits to mark which section should be 

replaced. Although each CAM entry has several associated words, in the single cell 

case, only the first word contains valid data, therefore, it is the only one included 

in the above calculation.

Assuming the redundant memory is the same technology as the primary memory, 

the yield of a DRAM using associative direct redundancy is:

Y d r a m  =  E  (  T  )  '  ' ( 1  “  ( C - 1 8 >

where W  is the number of words in the DRAM. The number of CAM entries is not 

included in the equation (except for the sum), because that yield is accounted for 

in the above equation for c.

Figure C.5 shows the 50% yield lines for DRAMs using associative direct ternary 

CAM redundancy with variable amounts of CAM entries. This is different from the 

graphs for conventional redundancy methods. A single cell fault density of five 

times that of the DRAM cell has been chosen for the CAM cell. The fault density 

of non-volatile flash cell has been set to half of tha t of the CAM cell. Although 

the CAM and flash cells are much larger than a DRAM cell, they do not have 

the large capacitor structure, so this number should be conservative for the yield 

calculations. W ith these numbers, the graphs show tha t with a CAM of 256 entries, 

this redundancy method achieves better yield than row and column redundancies 

for the 16-Mbit DRAM. The 1-Gbit DRAM will require a CAM with 1024 entries. 

Associative direct redundancy with 512 CAM entries can also beat ECC redundancy 

in the 16-Mbit DRAM. The 1-Gbit DRAM will require 2K CAM entries to better 

ECC redundancy. To beat ECC, row and column redundancy, 8.5K and 65K CAM 

entries will be required for the 16-Mbit and 1-Gbit DRAMs, respectively.

C . l . 6 A sso c ia t iv e  In d irect T ern ary  C A M  R ed u n d a n cy

As in the associative direct case, the effective number of CAM entries must be found:

„   \ r b a d d r  v b Se c + b a d d r + b r e d  ! \r_  . . ,  ( C '  1 CO
c -  YCAMsc ' Y flashsc ' ^CAM
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C .l Single Cell Fault Model
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Figure C.5: 50% yield line of a 16-Mbit and a 1-Gbit DRAM with associative direct 
ternary CAM redundancy using a single cell fault model
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C.2 Row Fault Model

where bred is the number of address bits for the redundant memory.

The yield of a DRAM is the same as with the associative direct method. The 

difference is in the effective number of CAM entries, c.

This yield equation will hold true if the secondary memory is of sufficient size. 

The minimum size is given by:

where Yredsc is the yield of a single cell of the redundant memory array. In most 

cases this will be the yield of a single DRAM cell.

The 50% yield lines for 16-Mbit and 1-Gbit DRAMs using associative indirect 

ternary CAM redundancy are shown in Figure C.6. The fault densities of the CAM

cell, respectively, as in the associative direct case.

As with the associative direct case, with 256 CAM entries and 9 redundant 

memory address bits, associative indirect will beat row and column redundancy, 

512 entries and 10 address bits will beat ECC redundancy and 8.5K entries with 13 

address bits will beat row and column redundancy with ECC for a 16-Mbit DRAM. 

For the 1-Gbit DRAM, IK, 1.7K and 65K CAM entries with 11, 11 and 17 address 

bits, respectively, will be required. Notice that the yield lines of these plots are very 

similar to those of the associative direct method.

(C.20)

and flash cells have been set to 5 times and 2.5 times the fault density of a DRAM

C .2 R ow  Fault M od el

C .2 .1  N o  R ed u n d a n cy

Analogous to the single-cell fault model, the yield of a DRAM row is:

(C.21)

The row fault density is represented by p. The yield of the DRAM is:

Y d r a m  =  Y j^ lrowrows (C.22)
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C.2 Row Fault Model
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Figure C.6: 50% yield line of a 16-Mbit and a 1-Gbit DRAM with associative indirect 
ternary CAM redundancy using a single cell fault model
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C.2 Row Fault Model

Yields for 16-Mbit and 1-Gbit DRAMs without redundancy are graphed in Fig

ure C.7. For a yield better than 50%, there must be less than one fault per die, a 

result very similar to the single cell fault model.

C .2 .2 R o w  an d  C o lu m n  R ed u n d a n cy

In this fault model, columns do not fail, therefore, only the yield of a section is 

necessary. The yield of a row is as in Equation C.21 while the yield of section is the 

same as in Equation C.7. The yield of the DRAM is calculated as follows:

YDRAMrow = Ya% i (c -23)

As shown in Figure C.8, for a 50% yield, the 16-Mbit DRAM can average 80 

row faults per die while the 1-Gbit DRAM averages 432. This is lower than the 96 

and 512 redundant rows per die because the failures will not be evenly distributed 

over all of the sections.

C .2 .3 E C C  R ed u n d a n cy

ECC can only repair a single bit error in its codeword. Therefore, it can do nothing 

for a failing row. ECC redundancy gives no improvement and will confer the same 

results as no redundancy, shown in Figure C.7.

C .2 .4 R o w  an d  C o lu m n  R ed u n d a n cy  w ith  E C C

For the same reasons as the previous subsection, adding ECC will give no improve

ment over row and column redundancy. These results are shown in Figure C.8.

C .2 .5 A sso c ia t iv e  D irec t T ern ary  C A M  R ed u n d a n cy

Assuming tha t associative direct redundancy holds four words per CAM, entry it 

is implied tha t .{'rgw CAM entries will be required to replace an entire faulty row,
QOw ord

where brow is the number of bits in a row (section width) and bword is the number 

of bits in a word. The effective number of CAM entries is given by:

c =  YcAMrOW • N c a m  (C.24)
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C.2 Row Fault Model
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Figure C.7: Row fault model yield of a 16-Mbit and a 1-Gbit DRAM without 
redundancy

92

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Yi
eld

 
Y

ie
ld
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Figure C.8: Row fault model yield of a 16-Mbit and a 1-Gbit DRAM with row and 
column redundancy
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C.2 Row Fault Model

where Y c a m TOw  's the yield of an entire row of the associative memory, including 

the CAM cells, flash cells and regular DRAM cells.

word,
_OW  /  A j

YDRAMrow =  E  ( r°w ) • Y ? ™ - '  • (1 -  Yrowy  (C.25)

A row fault density of double that of the DRAM row fault density has been 

chosen for the associative memory row. This should take into account any faults in 

the pre-charge circuitry and match-line.

As shown in Figure C.9, to match the 50% yield point of row and column, 

redundancies, a 16-Mbit DRAM using the associative direct method requires ap

proximately 20K ternary CAM entries. The 1-Gbit DRAM will require nearly 110K 

ternary CAM entries.

C .2 .6 A sso c ia t iv e  In d irect T ern ary  C A M  R ed u n d a n cy

Unlike associative direct redundancy, associative indirect only requires one CAM 

entry per failed row or column. This allows for much smaller redundancy compo

nents.

The effective number of CAM entries is as before in Equation C.24. Failing rows 

contribute to the DRAM yield as follows:

YDRAMrow =  E  (  ^  ^  ' (1 "  Y™ Y  (C '26)

As with the single cell fault model, the secondary memory must be large enough 

to contain the redundant rows:

N s e c  —  (  ,  C ' by W  )  <C -2 7 >
\  IVOvd Tsdrow '

Figure C.10 shows tha t in order to meet the 50% yield mark of row and column 

redundancy, a 16-Mbit DRAM using associative indirect redundancy will require 

80 CAM entries with 17 secondary memory address bits. The 1-Gbit DRAM will 

require 448 ternary CAM entries with 19 secondary memory address bits. This 

model seems to break down after 10% of the rows are faulty.

brow { a t  l V7
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C.2 Row Fault Model

0.03
16Mb

0.025

0.02

0.015

0.01

0.005

0
114688 13107232768 65536 81920 983040 16384 49152

Size of CAM (in entries)

0.008
1Gb

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0
114688 1310720 16384 32768 49152 65536 81920 98304

Size of CAM (in entries)

Figure C.9: 50% yield line of a 16-Mbit and a 1-Gbit DRAM with associative direct 
ternary CAM redundancy using a row fault model
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Figure C.10: 50% yield line of a 16-Mbit and a 1-Gbit DRAM with associative 
indirect ternary CAM redundancy using a row fault model
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C.3 Column Fault Model

C .3 C olum n Fault M od el 

C .3 .1  N o  R ed u n d a n cy

The yield of a DRAM column is:

Ycolumn = e -x  (C.28)

The fault density of columns is represented by x- The yield of the DRAM is:

Y d r a m  =  Y cNJ ° l Z n s  (C.29)

Yields for 16-Mbit and 1-Gbit DRAMs without redundancy are graphed in Fig

ure C .ll. For a yield greater than 50%, there must be less than approximately one 

faults per three dies, a result very similar to the single cell fault model.

C .3 .2 R o w  an d  C o lu m n  R ed u n d a n cy

Opposite to the row fault model, in this fault model, columns do not fail and only 

the yield of a book is necessary. The yield of a column is as in Equation C.28 and

the yield of a book is the same as in Equation C.4. The yield of the DRAM is:

y DRAM„l m  = n S r -  (o.30)

As shown in Figure C.12, for a 50% yield, the 16-Mbit DRAM can average 28 

row or column faults per die while the 1-Gbit DRAM handles 310 faults. As with 

the row fault model, this is less than the 128 and 512 redundant columns available. 

This number of faults for the 16-Mbit DRAM is low because there are only two 

redundant columns per book, while the 1-Gbit DRAM has 16 redundant columns 

per book, offering much more flexibility.

C .3 .3 E C C  R ed u n d a n cy

The yield of a book can be calculated by treating it as a stack of codewords:

(
(  h \  \  ^ cwp7r + (_ 7  J ■ Tr1 • (i - Ŷ)j (c-31)

where N cwp is the number of codewords per row in a page.
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Figure C .ll: Column fault model yield of a 16-Mbit and a 1-Gbit DRAM without 
redundancy

98

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



C.3 Column Fault Model

16Mb

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.010 0.002 0.004 0.006 0.008
A verage num ber of faults per column

1Gb

0.8

2a>>

0.4

0.2

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002
A verage num ber of faults per column

Figure C.12: Column fault model yield of a 16-Mbit and a 1-Gbit DRAM with row 
and column redundancy
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C.3 Column Fault Model

The yield of a DRAM with ECC redundancy is:

Y d r a u s c  c  =  (C.32)

As shown in Figure C.13, ECC redundancy performs worse than row and column 

redundancy for the column fault model. The 16-Mbit DRAM can handle 9 faults 

while the 1-Gbit DRAM can handle 26 faults to achieve a 50% yield ratio. This is 

because, in the 16-Mbit DRAM, ECC can only replace one column per book. In 

the 1-Gbit DRAM, ECC can replace 16 columns per book, the same amount as row 

and column redundancy, but only one column per 523 bit codeword can be replaced, 

greatly reducing the flexibility of the replacement scheme.

C .3.4 Row and Colum n Redundancy w ith  ECC

The yield of a column of codewords is found:

= n o - +  (  6r  ) ■ yh " _l ■(i -  y“ ,) ( c  33)

The effective yield of a column is then found:

Yco itcT d = (° -34)

From this, the yields of a book with ECC and column redundancy are found as in 

Section C.3.2.

These equations lead to the graphs in Figure C.14. The 16-Mbit DRAM can 

handle 26 column faults for a 50% yield while the 1-Gbit DRAM can handle about 

307 faults. This is slightly less than row and column redundancy only. This is most 

likely because ECC’s ability to handle one extra column failure per codeword is 

offset by the extra columns required.

C .3.5 A ssociative D irect Ternary CAM  Redundancy

Using the same assumption as the row fault model, associative direct redundancy 

can hold four words per CAM entry. Therefore, ^  CAM entries will be required to 

replace an entire faulty column, where bcoi is the number of bits in a column (book 

height).
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Figure C.13: Column fault model yield of a 16-Mbit and a 1-Gbit DRAM with ECC 
redundancy
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Figure C.14: Column fault model yield of a 16-Mbit and a 1-Gbit DRAM with row 
and column redundancy and ECC
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C.3 Column Fault Model

Rows do not fail, therefore, all of the CAM entries will be operational. However, 

a column failure in the redundancy system will, in most cases, kill the die and must 

be considered (this problem is not as severe in the simulated design, due to the 

splitting of the compare array into several smaller arrays):

V  ,  _  V ^ b a d d r  X f b a d d r + b s e c  v 4 b w o r d  / p  O r \
*red,col ~  *CAMcol ' 1 flashed ' 1 amcol

The Y c a m c o i component is squared due to the double bit-line in the ternary CAM 

cell.

Since associative redundancy replaces words, the yield of a column of words must 

be considered instead of the individual columns. Otherwise, a word tha t has two 

faults in it may be replaced twice. The yield of a column of DRAM words is given 

by:

=  Y ^ r "  (C-36)

The contribution of failing columns to the DRAM yield is:

4 c

^ c o i  /  Ncoi \  A s a l — j

Y d r a m . . ,  =  E  I )  • y J X ,  '  ( !  -  <c ' 3 7 )

The component is due to this being a word-level redundancy mechanism.
v - w o r d

The entire group of columns in a word is always replaced.

The final yield is given by:

Y d R A M  = Y d R A M c o i ■ Yredcoi (C.38)

There are very few column failure mechanisms in the CAM, therefore the same 

column density as tha t of the DRAM array is used. As shown in Figure C.15, to 

match the 50% yield point of row and column, ECC and row and column redun

dancy with ECC, a 16-Mbit DRAM using the associative direct method requires 

approximately 15K, 4.5K and 14K ternary CAM entries, respectively. The 1-Gbit

DRAM will require 310K, 26K and 304K ternary CAM entries, respectively.
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0.011
16Mb

0.01

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0
655364915232768163840

Size of CAM (in entries)

0.004
1Gb

0.0035

0.003

0.0025

0.002

0.0015

0.001

0.0005

655360 786432 917504 1.04858e+060 131072 262144 393216 524288
Size of CAM (in entries)

Figure C.15: 50% yield line of a 16-Mbit and a 1-Gbit DRAM with associative direct 
ternary CAM redundancy using a column fault model
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C.3 Column Fault Model

C .3.6 A ssociative Indirect Ternary CAM  Redundancy

Once again, the column yield of the redundancy system has a great effect on the 

yield:

V — V^baddr vbaddr+bred+bsec ( OQ\
1redcol — * CAMCoi ' 1 flashed

Unlike associative direct, only a pointer is stored in the associative memory, giving 

greater yield.

The yield of a column of DRAM words is given by Equation C.36. Failing 

columns of words contribute to the DRAM yield as follows:

JL  /  Ncol \  JdssL-i
Yd ram .., =  £  I l- r d j  ' K A  I1 -  Y^ . j  (C-40)

The yield of a DRAM using associative indirect redundancy is then:

YdRAM = YDRAMcol ' Yredcol ' Y ^ J  (C.41)

where YseCcol is the column yield of the secondary memory array. The last term  of

the above equation will, in most cases, be equal to Equation C.36. The secondary

memory array must also be large enough to contain the columns:

N sec > c - s  (C.42)

This equation does not include a yield. This yield is included in Equation C.41 

because a column fault in the secondary memory will kill the chip, not only reduce 

the number of redundant elements.

The same CAM column fault densities are used as in the associative direct 

case. Figure C.16 shows that in order to meet the 50% yield mark of row and 

column, ECC and row and column redundancy with ECC, a 16-Mbit DRAM using 

associative indirect redundancy will require 30, 9 and 28 CAM entries with 16, 15 

and 16 secondary memory address bits, respectively. The 1-Gbit DRAM will require 

320, 32 and 304 ternary CAM entries with 21, 17 and 21 secondary memory address 

bits, respectively.
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Figure C.16: 50% yield line of a 16-Mbit and a 1-Gbit DRAM with associative 
indirect ternary CAM redundancy using a column fault model
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C .4 C lu ster  Fault M od el

C.4 Cluster Fault Model

The cluster fault model is based on the single cell fault model, however, with vari

able size faults. The faults are assumed to be rectangular clusters of cells with x  

and y sizes conforming to a Feris-Prabhu distribution [17]. Although this distribu

tion is commonly used to describe the probability of a defect of a certain diameter 

occurring, a quantized version will be used to describe the probability of a cluster 

of cells of a certain dimension being covered by a fault:

c ^ r  0 < 8 < d0 
S(6) = { ° i (0.43)

c%r- < 5  < S m

(g+1)(p~1} P-i V + 1

c =
(9+ p ) - ( g + i ) ( ^ - )

(C.44)

. l + ( ? + l ) l n ( ^ )

where p and q are parameters to fit the model, S0 is the location of the peak in the 

probability density function and 5m  is the size of the largest fault.

C .4 .1  N o  R ed u n d a n cy

The yield of a rectangular cluster of cells can be modeled as:

Ycluster = (C.45)

where i p  is the average number of cluster faults per cell, and S(x)  and S(y) are the 

probabilities of the cluster having those x  and y dimensions.

This can be extended to all possible cluster sizes by taking the product of all 

possible cluster faults:

X m a x  V m a x

y d r a m  = n n y ^ + 1 , { N ' - ’ + 1 ) (c.«>
x = l  y —1

where N x and N y are the dimensions of the DRAM array in cells.

Figure C.17 shows the yield lines for the 16-Mbit and 1-Gbit DRAM with no 

redundancy. The Feris-Prabhu distributions coefficients for both the x and y coor-
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C.4 Cluster Fault Model 

dinates have been set as follows:

p  =  2

q = 1

<5o =  2

5m  ~  64

p has been chosen to give a lower peak with a more gradual drop-off in the size. 

As usual, q has been set for reasons of simplicity [8]. The placement of the peak is 

rather unusual, ft should normally be smaller than the minimum feature size (in this 

unusual usage, less than one cell); however, clusters of tha t size are covered by the 

single cell fault model. The larger value has been chosen to emphasize the multi-cell 

nature of the cluster fault model. The maximum fault size has been arbitrarily set 

to 64 cells. These graphs show tha t approximately two faults for every three dies 

can be handled to achieve a 50% yield.

C .4 .2 R o w  an d  C o lu m n  R ed u n d a n cy

In order to simplify calculations, it is assumed tha t cluster faults do not cross page 

and section boundaries. As before, the yield of a cluster of cells is:

Y d u s te r  = (C.47)

and the yield of the columns containing the cluster is:

y    \r b column+rr — J/ + 1  ((~i q o \

colum nciuster cluster  '  * '

The average yield of a column containing the cluster is given by:
i

( X  —  1  \  p + r c

■ n (°-49>
This equation takes into account all clusters that can cross a column and requires 

some explanation. The first term  accounts for all columns that can be traversed by 

a fault of a certain width. The second term accounts for the columns near the sides
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Figure C.17: Cluster fault model of a 16-Mbit and a 1-Gbit DRAM without redun
dancy
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C.4. Cluster Fault Model

of the array tha t have reduced locations where the fault can be. The exponent ^ - 

averages the total for one effective column.

The column yield for one cluster fault size must then be extended to account for 

all possible fault sizes:
%max Vrnax

Ycolumneq n n Ycolumn (C.50)
x=l y=1

The yield of a book is:

Ybookclu3ter = ^ P i ^ • ( l — Ycolumneq) (C.51)

This is used to determine the effective yield of a row in a DRAM with column 

redundancy:
brow

TOW cluster bookciuster

The yield of a section is:
T r /  .s +  r

=  Y * Z £   (C.52)

=  E I  j ) ' Y ’F , : L  • (1 -  (C.53)

The yield of a DRAM for a cluster fault model is given by:

Y D R A M c lu s te r  =  Y ^ Z s t e r  ( C ' 5 4 )

The yield versus cluster fault density is shown for the two DRAMs in Figure 

C.18. As expected, the yields are much lower than the single cell fault model case. 

They work out to about one fifth of the single cell model’s values. This is because of 

the larger size of the faults, making it harder for the redundant rows and columns 

to cover and replace them.

C .4 .3 E C C  R ed u n d a n cy

Since ECC redundancy works along rows, the yield of the rows containing the cluster 

is calculated first.

(c.55)

The average yield of a row containing the cluster is given by:

/  y - i  \  b t l
~\Y — I \ry{bcolumrL 2 y + 2 )  T T y 2 i  ( c  r fix

TOW I TOWc[Uister J» X TOWc[usfer I \ /

V i=o I

no
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Figure C.18: Cluster fault model of a 16-Mbit and a 1-Gbit DRAM with row and 
column redundancy
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C-4 Cluster Fault Model

The row yield for one cluster size is then extended for all possible cluster sizes:

Kmax Umax

Y r OWeq =  n n ( ° - 57)
x = l  j / = l

Clusters tha t only affect one bit-line can be repaired. The yield of such a cluster

is:

Ydy =  (C.58)

The average of the yields of these clusters in a row is:

( y — 1 \  bcol

<0  59)

The product of all possible such clusters is:

Umax= n v'i»™ (c-“)
y = l

The effective yield of a codeword is then calculated:

bcw (  h \
Yew = YroWeq + ( ^  ' YrOW*q ' (1 ~  Yly) (C.61)

The yield of a book is calculated as follows:

Yhook -  Y * r  (C.6 2 )

The yield of the DRAM is then simply the product of the yields of all of the

books:

Yd r a m  = YbNo > (C.63)

The yields with ECC redundancy for the 16-Mbit and 1-Gbit DRAMs are shown 

in Figure C.19. Both give about one fifth of the yield with no redundancy. The 

extra elements required for ECC cannot cope with the arbitrary sizes of cluster-type 

faults. This should improve somewhat for DRAMs with interleaved codewords.
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Figure C.19: Cluster fault model of a 16-Mbit and a 1-Gbit DRAM with ECC 
redundancy
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C.4 Cluster Fault Model

C .4.4 Row and Colum n Redundancy w ith  ECC

The yield for row and column redundancy with ECC added is calculated the same as 

for row and column redundancy only, with Equation C.52 replaced by the following 

equations:

The term (1 — Y\y) imparts a significant error because many failing cells may 

already have been repaired in the column redundancy equation.

This modification produces the plots shown in Figure C.20. The addition of ECC 

gives nearly a 30% increase in the number of cluster faults that can be handled over 

row and column redundancy alone.

C .4 .5 A sso c ia t iv e  D irec t T ern ary  C A M  R ed u n d a n cy

Since ternary CAM redundancy replaces words, it gives different performance for 

DRAMs tha t use interleaved or contiguous word placement across a page. Although 

the cases are similar, both will be considered.

It is assumed tha t a cluster fault can occur anywhere in the DRAM, Although it 

is not very likely tha t cluster faults will cross sense amplifiers or word-line drivers, 

and even if this occurs, it will result in row or column failures, the difference in 

yields should be negligible. The entire DRAM is considered because this redun

dancy mechanism is pooled for the entire die and not specific to pages, sections or 

codewords, as with column, row or ECC redundancies.

As before, we begin with the yield of a cluster as in Equation C.45. A cluster of 

a certain size cannot overlap another. This means tha t there are:

r ___  y bbook
CW — 1bookbookciv

r book
bookciuster

b r o w
y bcui 

C WTOX^cluster

(C.64)

(C.65)

(C.66)

possible non-overlapping places where a cluster of faults can be located. 

From this, we find the yield of DRAM due to the specific cluster:
CXy

^ v ^̂ clxistevcluster

i = 0

(C.67)
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Figure C.20: Cluster fault model of a 16-Mbit and a 1-Gbit DRAM with row and 
column redundancy and ECC
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C-4 Cluster Fault Model

The value cxy is the portion of redundant elements devoted to the replacement 

of a cluster of a certain size. For each faulty cluster size, the number of effective 

replacement clusters, cxy can be estimated by:

Cl,  = N c a m • '  (0 .68)

where N c a m € is the effective total number of CAM entries after yield and ce is the 

average number of CAM entries required to replace this specific cluster size. The 

number of CAM entries after yield can be roughly calculated as in Equation C.17. 

The number of required CAM entries depends on the fault size, the word size and 

whether the word bits are contiguous or interleaved.

The yields due to each cluster size are then multiplied together to give the final 

yield of the DRAM:
% m a x  U m a x

Y d r a m  =  n n YDRAMcluster (C.69)
x = l  y = 1

Figure 4.5 shows the 50% yield line for DRAMs with associative direct ternary 

CAM redundancy. For simplicity, it is assumed that cluster faults do not occur in 

the CAM, flash and redundant memory. Instead, a single cell yield model is used 

in the redundant path with the same fault density as the cluster fault density. For 

both contiguous and interleaved 16-Mbit DRAMs, less than IK CAM entries are 

required to more than best all conventional redundancy types. The contiguous 1- 

Gbit DRAM will require 3K CAM entries to match row and column redundancies, 

less than IK  to match ECC and slightly more and 3K CAM entries to match row 

and column redundancy with ECC. The interleaved 1-Gbit DRAM will require 6K 

CAM entries to best conventional row and column redundancy, less than IK  to best 

ECC and 12K to best row and column redundancy with ECC.

C .4 .6 A sso c ia t iv e  In d irec t T ern ary  C A M  R e d u n d a n cy

The yield equation for associative indirect is the same as for associative direct; 

however, the number of CAM entries for most faults is much lower since there is a 

much larger limit on the number of words that can be replaced by a single CAM
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Figure C.21: 50% yield line of a 16-Mbit and a 1-Gbit DRAM with associative direct 
ternary CAM redundancy using a cluster fault model
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C.5 Combined Fault Model

entry. The secondary memory must be large enough to contain all of the replaced 

words. It should be able to hold at least:

% m a x  U m a x

N se c  > £  J 2 c* y  N *y (c '7°)
x=l y=1

where N xy is the average number of words required to replace this specific cluster 

size.

The 50% yield lines for the 16-Mbit and 1-Gbit DRAMs using associative indirect 

ternary CAM redundancy are shown in Figure C.22. In the case of the 16-Mbit 

DRAM, 256 CAM entries with 10 address bits and 384 CAM entries with 11 bits 

are required to match the performance of row and column redundancy and row and 

column redundancy with ECC, respectively. To match ECC, less than 10 CAM 

entries, with 2 address bits, are required. For the contiguous 1-Gbit DRAMs, 2K 

CAM entries with 16 address bits are required to beat the 50% yield points of row 

and column and row and column redundancy with ECC. The interleaved 1-Gbit 

DRAM will require 2K CAM entries with 14 address bits and 3K entries with 15 

bits in for the same 50% yield points. In both cases, much less than 128 CAM 

entries will be required to match the performance of ECC.

C .5 C om bined  Fault M od el 

C .5 .1  N o  R ed u n d a n cy

For DRAMs with no redundancy, the yield equations already derived for the four 

models may be simply multiplied together:

X m a x  U m a x

YdRAM = e~X'boRAMe~x'Ncole~p'Nrow J J  e- i >-S(x)-S(y)-(Nx-xAl)(Ny-y+l)
x=l y=l

(C.71)

The yields of the 16-Mbit and 1-Gbit DRAM are shown in Figure C.23.
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Figure C.22: 50% yield line of a 16-Mbit and a 1-Gbit DRAM with associative 
indirect ternary CAM redundancy using a cluster fault model
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Figure C.23: Combined fault model of a 16-Mbit and a 1-Gbit DRAM without 
redundancy
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C.5 Combined Fault Model

C .5.2 Row and Colum n Redundancy

The yield of a column, taking into account single cell, column and cluster faults is 

first determined:
% m a x  U m a x

Ycot = e- x<b̂ r ) e- x  Y[ Ycolumneq (C.72)
X — 1 y = 1

where Ycoiumrieq is the column yield for all cluster sizes from Equations C.47 through 

C.50.

The yield of a book is found as usual for column redundancy:

Ybook =  £  (  p +. rc j  • ycpor - 1 • (1 -  Ycoly  (C.73)

Then, the effective yield of a row, taking into account row faults, can be calcu

lated:

(CM)

From this point, the section and DRAM yield are found as usual:

Ysection = £ ( 3 + ̂  V • (1 -  Yrowf  (C.75)
1 = 0  \  1

Y d r a m  = f e n ns (C.76)

The yields of the 16-Mbit and 1-Gbit DRAM are shown in Figure C.24. Adding 

row and column redundancies allows the 16-Mbit DRAM to handle 135 times greater 

fault densities and still achieve 50% yield. The 1-Gbit DRAM can handle 2180 times 

greater fault densities than a DRAM without redundancy.

C .5 .3 E C C  R ed u n d a n cy

The yield of a codeword, taking into account single cell and cluster faults is calcu

lated:

ysc =  e“ A (C.77)

r , P hat
Ycw = [ Y fr  +  bcw • Y ? r - \  1 -  y,c)j Yrol>eq + bcw ■ Yr(̂ eq • (I -  Yly) (C.78)

where YroWeq and Y \y are calculated from Equations C.55 through C.60.
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C.5 Combined Fault Model

16Mb,

0.9

0.8

0.7

0.5

0.4

0.3

0.2

1e-057e-06 8e-06 9e-062e-06 3e-06 4e-06 5e-06 6e-060 1e-06
lambda

1Gb,

0.9

0.7

0.6

0.5

0.4

0.3

0.2

1e-07 1.5e-07 2e-07 2.5e-07 3e-07 3.5e-07 4e-07 4.5e-07 5e-070 5e-08
lambda

Figure C.24: Combined fault model of a 16-Mbit and a 1-Gbit DRAM with row and 
column redundancy
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C.5 Combined Fault Model

The yield of a column of codewords is then calculated:

YCoi = (C.79)

Y cd^ = Y t l [ Y tr  + • Y ĥ - \  1 -  Ycol)] (C.80)

Finally, the yield of a book, and the yield of the DRAM, taking into account 

row yield, are found:

Yrow =  e~p (C.81)

Ybook = Y % Z  (C.82)

YDRAM = YbN0̂ - Y rN̂  (C.83)

where N cwp is the number of codewords across a page.

The yields of the 16-Mbit and 1-Gbit DRAM are shown in Figure C.25. Adding 

ECC redundancies allows the 16-Mbit DRAM to handle only 6.7 times greater fault 

densities and still achieve 50% yield. The 1-Gbit DRAM can handle 1.6 times 

greater fault densities. This low number, compared to row and column redundancy, 

is expected due to the previously shown ECC difficulty with row and cluster faults.

C .5 .4 R o w  an d  C o lu m n  R ed u n d a n cy  w ith  E C C

Equations C.77 through C.80 are first used to determine the yield of a column of 

codewords. Then, the equivalent yield of a column is found:

= VSL, ( C '8 4 >

From this point, the yield of the DRAM is found, as in the row and column 

redundancy case, with Equations C.73 through C.76.

The yields of the 16-Mbit and 1-Gbit DRAM are shown in Figure C.26. Adding 

row and column redundancies allows the 16-Mbit DRAM to handle 116 times greater 

fault densities and still achieve 50% yield. The 1-Gbit DRAM can handle 408 times 

greater fault densities. This is rather surprising. Intuitively, ECC should handle 

single cell faults, leaving more redundant rows and columns for other fault types, but 

instead, the extra cells required for ECC have lowered yield significantly compared 

to row and column only.
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Figure C.25: Combined fault model of a 16-Mbit and a 1-Gbit DRAM with ECC 
redundancy
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Figure C.26: Combined fault model of a 16-Mbit and a 1-Gbit DRAM with row and 
column redundancy and ECC
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e - i ’-(baddr+bSec-x+ l)-(Ncg-y+l)-S(x)-S(y)  .

C.5 Combined Fault Model

C .5.5 A ssociative D irect Ternary CAM  Redundancy

First, the number of CAM entries after yield must be found. This is split into four 

parts, one for each of the fault types:

V  _  \rbaddr y b addr+bsec ( C
r e s c  —  *  C A M  sc  '  1  f l a s h s c  a m Sc

Yrerow = Yrow ( C M )

\ / r_______ __  ' \/ '3baddr~sec '~%~^b/word  f  C  8 7 l
r e coi col  v * *

addr Umax
y tc t = n  n  e~^^2baddr~x+i)^Nc9~y^ ' s ^ ' s ^  *

2=1 y — 1

baddr~\~bs e c  2 / r a an n
2=1 y — l

Wmax Vmaxn n e - i > - { A b w o r d - x + l ) - ( N d g - y + l ) - S { x ) - S { y )  (C.88)
2=1 y = 1

c = Yresc ■ Yrerow ■ Yrecol ■ Yrecl N c a m  ( C M )

Next, the remaining working CAM entries, N e must be split up for each fault 

type. This is an optimization problem tha t is solved differently for each DRAM. The 

idea is to maximize the yield of all fault types for each fault density. See the source 

code in Appendix D.5.5 for how this is achieved in these two cases. The determined 

numbers are then entered into their respective individual fault type equation:

f̂esc (  YfJ \
Y^  = ' £ (  i )■ F L 1 ' (1 -  U.Or i f  (CM)

4 Nerow -f>word
brow / Iyr \

* i , „  =  E  ( I”  ) '  Y™ ~ ~ ' ' (1 -  <c '91)

Nol /  Ncnl \  NQQl_i
Y*co< = £  [ bT d ) ' Y^ t ol - i X - Y n r i J ) '  (C-92)

N Cci -S(x ) -  S(y)
(C.93)

N cl = (C.94)
x  • y
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C.5 Combined Fault Model 

Yd« =  £  (  N °' )  ■ Y ”“ ~‘ ■ (1 -  YF  (C.95)

Xmax Vmax
Ydcl =  n  I I  YDRAMcluster (C.96)

x=l y=1

Yd r a m  =  YdscYdrowYdcolYdcl (C.97)

See Figure C.27 for plots of the DRAM yield with associative direct redundancy. 

The 2K entry associative direct method in a 16-Mbit DRAM does not supply enough 

entries to be match the 50% yield performance of row and column redundancy. It 

only handles 85% of the fault density. On the other hand, the 1-Gbit DRAM with 

73K entries can handle 15 times and 7 times greater fault density in contiguous 

and interleaved word DRAM, respectively, than row and column redundancy. The 

discontinuities in these graphs are caused by entries being used for different fault

types. The large jump in the 16-Mbit DRAM plot signifies that fault coverage can

be better optimized for low fault densities.

C .5 .6 A sso c ia t iv e  In d irec t T ern ary  C A M  R ed u n d a n cy

As has been the case with the separate fault models, the associative indirect case 

closely follows the associative direct case. The number of CAM entries is found by 

parts:

V __  b„/tlclr \/~baddr~̂~bsec +bred ( QQ\
*resc — * CAM sc ' 1 flash,sc

Yrero*, =  Yrow (C.99)

Yrecol =  Y ^ addr+bsec+b red (C.100)

2baddr Vmax
Y r c cl ~  n n e-il>-(2baddr-x + l) - (N cg-y+l)-S(x)-S(y)  

x=l y—1 

(,baddr~^bsec~\~bred) y-maxn n e-Y(baddr+bsec+bred-x+l)-(Ncg-y+l)-S(x)-S(y^Q^Q^
x= l  y = 1

c = Yresc ■ Yrerow ' Yrecol • YrScl ■ N CAM (C.102)

The number of CAM entries, N e, devoted to each fault type is found through

an iterative process that does not lend itself well to mathematical representation.
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Figure C.27: Combined fault model of a 16-Mbit and a 1-Gbit DRAM with asso
ciative direct ternary CAM redundancy
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C.5 Combined Fault Model

See the C source code in Appendix D.5.6 for details. Once the number of CAM 

entries for each fault has been determined, the individual contributions to the yield 

are calculated:

Ya

Nesc

Y dsc =  £

i=0
•̂ eroin

=  y  i-OUI /  J |

W
i

y W - i  (■, _ y  y
w o rd  O  w o r d )

N,

i = 0

ro w

i

N e

Yd.., = £
i=0

Mo/
bword

i

■Y„

Nr.

N r (1 -  Yrt

N,
Cxy — ecl

w o r d  ( - 1   Y
w o r d coi ' O  1 w o r d co l)

■ s (x) • s (y)

Yd; = £
C X y

£
i=0

N d

N d
i

Ce
Nbits 
x ■ y

y N c l—i 
' cl (i -  Ycly

& m a x  U m a x

Y d cl =  n n R A .M c i u s t  e r
x = l  y = 1

Y d R A M  =  Y d s c Y d  row Y d col Y d ci

(C.103)

(C.104)

(C.105)

(C.106)

(C.107)

(C.108)

(C.109)

(C.110)

See Figure C.28 for plots of the DRAM yield with associative indirect redun

dancy. As with the associative direct case, the plots are not smooth due to the ad

justing of percentages of CAM entries used for each fault type. W ith an associative 

indirect ternary CAM redundancy of 1.1K entries and a 256-Kbit secondary memory, 

the 16-Mbit DRAM can handle twice the fault densities as the same DRAM with 

row and column redundancy. W ith 32K entries and a 16-Mbit redundant memory, 

a contiguous 1-Gbit DRAM can handle 24 times more faults than row and column 

redundancy, while an interleaved DRAM can handle 18 times more faults at 50% 

yield.
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Figure C.28: Combined fault model of a 16-Mbit and a 1-Gbit DRAM with asso
ciative direct ternary CAM redundancy
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A ppendix D

Y ield  M odel C C ode

D . l  S ingle C ell Fault M od el

D . l . l  N o  R ed u n d a n cy

/* P r o g r a m  t o  c a l c u l a t e  g r a p h s  f o r  D R A M  y i e l d  w i t h o u t  r e d u n d a n c y  u s i n g

*  t h e  n e g a t i v e  b i n o m i a l  y i e l d  m o d e l  .

*  C r a i g  J o l y  , D e c e m b e r  1 2 ,  2 0 0 2  

*/
#  i n  c 1 u  d  e  < s t d i o .  h >
# i n c l u d e  < s t d l i b . h >
^ i n c l u d e  < g e t o p t . h >
^ i n c l u d e  < m a t h . h >

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  a l p h a  ; 
d o u b l e  Y s c  , Y d r a m  ; 
d o u b l e  l a m b d a  ; 
d o u b l e  l s t e p  , l t o p ;  
i n t  b  , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” b  : 1 : s  : h  ” ) )  ! =  — 1)  
s w i t c h  ( c )
{

c a s e  ’ b ’ :
b  =  a t o i ( o p t a r g ) ; 
b r e a k ; 

c a s e  ’ 1 ’
l t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’
l s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h ’ :
f p r i n t f ( s t d e r r  , ” U s a g e  : % s _ — b _  b i t s  —— 1 -  e n d - l a m b d a - — s - l a m b d a _ s t e p \ n ” 
r e t u r n  1;  

d e f a u l t  :
a b o r t  ( ) ;

}
f o r  ( l a m b d a  =  0 ;  l a m b d a  <  l t o p ;  l a m b d a  +  =  l s t e p )  {

Y s c  =  e x p ( —l a m b d a  ) ;
Y d r a m  =  p o w ( Y s c , b ) ;
p r i n t f  ( ” % 1 . 1 0  f  _ %  1 . 1 0  f \ n ” , l a m b d a ,  Y d r a m ) ;

}
r e t u r n  0 ;

}

D . l . 2 R o w  an d  C o lu m n  R ed u n d a n cy

/* P r o g r a m  t o  c a l c u l a t e  g r a p h s  f o r  D R A M  y i e l d  w i t h  r o w  a n d  c o l u m n

*  r e d u n d a n c y  u s i n g  t h e  n e g a t i v e  b i n o m i a l  y i e l d  m o d e l  .

*  C r a i g  J o l y  ,  D e c e m b e r  1 3 ,  2 0 0 2  

*/
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D .l Single Cell Fault Model

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  <  s t  d  1 i b  . h >
^ i n c l u d e  < g c t o p t  . h >
#  i n  c 1 u  d  e  <  g s l  / g s l . s f . p o w . i n t  . h >  
^ i n c l u d e  < g s l / g s l _ s f _ g a m m a .  h >

# i f d e f  . 1 6 M D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n  t  ) ( 1 6 * 1 0 2 4  * 1 0 2 4  ) )
# d e f i n e  R E D . C O L S  2 
# d e  f  i n c  R E D - R O W S  2 4 
# d c f i n e  NB O O K S  6 4  
# d e f i n e  N S E C S  4 
# d e f i n c  B I T S - P . R O W  1 0 2 4  
# d e f i n e  B I T S . P . C O L  2 0 4 8  
# d e f i n e  S E C . H E I G H T  4 0 9 6  
# d e f i n e  P A G E S I Z E  1 2 8  

# e  n  d  i f

# i f d e f  . 1 G D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t ) ( 1  0 2 4 *  1 0 2 4 *  1 0 2 4 ) )
# d c f i n e  R E D . C O L S  1 6  
# d e f i n e  R E D - R O W S  6 4  
# d e f i n e  NB O O K S  3 2  
# d e f i n e  N S E C S  8 
# d e f i n e  B I T S _ P _ R O W  1 6 3 8 4  
# d e f i n e  B I T S - P - C O L  4 0 9 6  
# d e f i n e  S E C . H E I G H T  8 1 9 2  
# d e f i n e  P A G E S I Z E  8 1 9 2  

# e  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y s c ,  Y c o l ,  Y s c b o o k  , Y r o w ,  Y d r a m ;
d o u b l e  Y b o o k  , Y s e c ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;
d o u b l e  l a m b d a  ;
d o u b l e  l s t e p  , l t o p ;
i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s  : h ” ) )  ! — — 1)
{

s w i t c h  ( c )
{

c a s e  ’ I ’
l t o p  =  a t  o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’ :
l s t e p  =  a t o f ( o p t a r g  ) ; 
b r e a k ; 

c a s e  ’ h  ’ :
f p r i n t f ( s t d e r r ,  ” U s a g e  : % s - — a - a l p h a - — 1 - e n d  _1 a m b d a - — s _ l a m b d a . s t e p \ n ” , a r g v [ 0 ] ) ;  
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

}
}
Y d r a m  =  1 . 0 ;

f o r  ( l a m b d a  =  0  +  l s t e p  ; l a m b d a  <  l t o p  ; l a m b d a  +  =  l s t e p )
{

i f  ( Y d r a m  ! =  0 )
{

Y s c  =  e x p ( — l a m b d a  ) ;
Y c o l  =  g s l . s f . p o w . i n t  ( Y s c  , B I T S - P - C O L ) ;

Y b o o k  =  0 ;
f o r  ( i  = 0 ;  i < =  R E D . C O L S ;  i +  +  ) {

Y b o o k  +  =  g s l . s f . c h o o s e  ( P A G E S I Z E  +  R E D . C O L S ,  i )  *
g s l . s f . p o w . i n t  ( Y c o l  , P A G E S I Z E  +  R E D . C O L S  -  i )  * 
g s l . s f . p o w . i n t  ( 1  — Y c o l ,  i ) ;

}
Y s c b o o k  =  e x p  ( l o g  ( Y b o o k )  /  ( B I T S . P . C O L  * P A G E S I Z E ) ) ;
Y r o w  =  g  s  1 _ s  f . p  o  w  _i  n  t  ( Y s c b o o k  , B I T S . P - R O W ) ;

Y s e c  =  0 ;
f o r  ( i  =  0 ;  i < =  R E D - R O W S ;  i +  +  ) {

Y s e c  + =  g s l . s f . c h o o s e  ( S E C . H E I G H T  +  R E D - R O W S ,  i )  *
g s l . s f . p o w . i n t  ( Y r o w ,  S E C . H E I G H T  +  R E D J I O W S  -  i )  * 
g s l . s f . p o w . i n t  ( 1  — Y r o w ,  i ) ;

>
Y d r a m  =  g  s  1 _s  f . p  o  w  _i  n  t  ( Y s e c  , N S E C S ) ;

}
p  r  i n  t  f  ( ” % 1 . 1 0  f  _ %  1 . 1 0  f \ n ” , l a m b d a ,  Y d r a m ) ;
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}
r e t u r n  0 ;

}

D .l .3 ECC Redundancy

/* P r o g r a m  t o  c a l c u l a t e ,  g r a p h s  f o r  D R A M  y i e l d  w i t h  E C C

*  r e d u n d a n c y  u s i n g  t h e  n e g a t i v e  b i n o m i a l  y i e l d  m o d e l .

* C r a i g  J o l y  ,  D e c e m b e r  1 6 ,  2 0 0 2  

*/
^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  <  s t  d  1 i b  . h >
^ i n c l u d e  < g e t o p t .  h >
# i n c l u d e  <  g s  1 /  g s  1 _s  f - p  o  w  _i  n  t  . h >
^ i n c l u d e  <  g s  1 /  g  s 1 _s  f  _ e  x  p  . h >

# i f d e f  . 1 6 M D R A M
# d e f i n e  NB O O K S  6 4  
# d e f i n e  N S E C S  4 
# d e f i n e  CODEWORD 1 3 7  
# d e f i n e  N C W  2 0 4 8  

# e  n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  NB O O K S  3 2  
# d e f i n e  N S E C S  8 
# d e f i n e  CODEWORD 5 2 3  
# d e f i n e  NC W 6 5 5 3 6

# e  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  a l p h a  ;
d o u b l e  Y s c  , Y e w ,  Y d r a m ;
d o u b l e  Y b o o k  ;
d o u b l e  l a m b d a  ;
d o u b l e  l s t e p  , I t o p ;
i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v  , ” 1 : s  : h ” ) )  ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’ 1 ’ :
l t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’ :
l s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h ’ :
f  p  r  i n  t  f  ( s  t  d  e r  r  , ” U s a g e  : % s _ — 1 - e n d . l a m b  d a _ — s 1 a m  b  d  a _ s t  e p  \  n ”
r e t u r n  1 ;  

d e f a u l t  :
a b o r t  ( ) ;

}}
Y d r a m  =  1 . 0 ;

f o r  ( l a m b d a  =  0  +  l s t e p  ; l a m b d a  <  l t o p  ; l a m b d a  +  =  l s t e p )
{

i f  ( Y d r a m  ! =  0 )
{

Y s c  =  g s  1 _ s  f _ e  x  p  ( — l a m b d a  ) ;

Y e w  =  g s l . s f _ p o w . i n t  ( Y s c  , CODEWORD)  -|- CODEWORD * 
g s l _ s f . p o w . i n t  ( Y s c  , C O D E W O R D - 1 )  * ( 1  -  Y s c ) ;

Y b o o k  =  g s l . s f . p o w . i n t  ( Y e w ,  N C W ) ;

Y d r a m  — g s 1 _s  f _ p  o  w  _i  n  t  ( Y b o o k  , N B O O K S ) ;
}

// p  r  i n  t f  ( ” %  1 .  5  f  % l . 5 f  % 1 . 5 f \ n ” , Y s c ,  Y e w ,  Y b o o k ) ;

p  r  i n  t  f  ( ’’ % 1 . 1 0  f  _ %  1 . 1  0  f  \  n ” , l a m b d a ,  Y d r a m ) ;
}
r e t u r n  0 ;

>

D . l . 4 R o w  an d  C o lu m n  R ed u n d a n cy  w ith  E C C
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/* P r o g r a m  t o  c a l c u l a t e  g r a p h s  f o r  D R A M  y i e l d  w i t h  r o w  a n d  c o l u m n

* r e d u n d a n c y  u s i n g  t h e  n e g a t i v e  b i n o m i a l  y i e l d  m o d e l  .

* C r a i g  J o l y  , D e c e m b e r  1 3 ,  2 0  0 2  

*/
^ i n c l u d e  < s t d i o . h >
^ i n c l u d e  < s t d l i b .  h >
# i n c l u d c  < g e t o p t  . h >
# i n c l u d e  < g s l / g s L s f - p o w . i n t  . h >
#  i n  c 1 u  d  e  < g s l / g s l _ s f . l o g .  h >
#  i n  c 1 u  d  e  < g s l / g s l . s f _ e x p .  h >
^ i n c l u d e  < g s l / g s l _ s f _ g a m m a .  h >

# i f d e f  . 1 6 M D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1 6  * 1 0 2 4  * 1 0  2 4  * 1 3  7 /  1 2 8 )  )
# d e f i n e  R E D . C O L S  2 
# d e f i n e  R E D _ R O W S  2 4  
# d e f i n e  NB O O K S  6 4  
# d e f i n e  N S E C S  4  
# d e f i n e  B I T S . P _ R O W  1 0 2 4  
# d e f i n e  B I T S . P . C O L  2 0 4 8  
# d e f i n e  S E C . H E I G H T  4 0 9 6  
# d e f i n e  CODEWORD 1 3 7  
# d e f i n e  P A G E S I Z E  1 3 7  

f fe  n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t ) ( 1 0 2 4  * 1 0 2 4 *  1 0 2 4  * 5 2 3 / 5  1 2 ) )
# d e f i n e  R E D . C O L S  1 6  
# d  e f i  n e  R E D J I O W S  6 4  
# d e f i n e  NB O O K S  3 2  
# d e f i n e  N S E C S  8 
# d e f i n e  B I T S _ P _ R O W  1 6 3 8 4  
# d e f i n e  B I T S . P . C O L  4 0 9 6  
# d e f i n e  S E C J i E I G H T  8 1 9 2  
# d e f i n e  CODEWORD 5 2 3  
# d e f i n e  P A G E S I Z E  8 3 6 8  

# e  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * »  a r g v )
{

d o u b l e  Y s c ,  Y c o l ,  Y s c b o o k ,  Y r o w ,  Y d r a m ;  
d o u b l e  Y b o o k ,  Y s c e c c  , Y e w ,  Y s e c ;  
d o u b l e  l a m b d a  ; 
d o u b l e  l s t e p  , l t o p ;  
i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s : h ” ) )  ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’ 1 ’ :
l t o p  =  a t o f ( o p t a r g  ) ; 
b r e a k ; 

c a s e  ’ s ’ :
l s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k  ; 

c a s e  ’ h ’ :
f p r i n t f ( s t d c r r  , ” U s a g e  : % s - — 1 . e n d . l a m b d a . -  s _ l a m b d a _ s t e p \ n ”
r e t u r n  1;  

d e f a u l t  :
a b o r t  ( )  ;

}}
Y d r a m  =  1 . 0 ;

f o r  ( l a m b d a  =  0  4- l s t e p ;  l a m b d a  <  l t o p ;  l a m b d a  -f- =  l s t e p )
{

i f  ( Y d r a m  ! =  0 )
{

Y s c  =  g s  1 _ s  f . e  x  p  ( —l a m b d a  ) ;

Y e w  =  g s l . s f . p o w . i n t  ( Y s c  , CODEWORD)  +  CODEWORD *
g s l _ s f . p o w . i n t  ( Y s c ,  CODEWORD — 1)  * ( 1  — Y s c ) ;

Y s c e c c  =  g  s 1 _ s  f  . e  x  p  ( g  s  1 _ s  f  _ 1 o  g  ( Y e w  ) /  ( C O D E W O R D ) ) ;

Y c o l  =  g s l . s f . p o w . i n t  ( Y s c e c c ,  B I T S . P . C O L ) ;
// p r i n t  f  ( ” Y  c o  l = % f  \  n  ” ,  Y c o l  )  ;

Y b o o k  =  0 ;
f o r  ( i  = 0 ;  i < =  R E D . C O L S ;  i + + )
{

Y b o o k  + =  g s i . s f . c h o o s e  ( P A G E S I Z E  +  R E D . C O L S ,  i )  *
g s  1 _ s  f  _ p  o  w  _i  n  t  ( Y c o l  , P A G E S I Z E  +  R E D . C O L S  — i )  * 
g s  1 _s  f  _ p  o  w  _i  n  t  ( 1  — Y c o l ,  i ) ;
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}
/ /  p r i n t f  ( ” Ybook=%e\n  ” , Ybook, ) ;

Y s c b o o k  =  g s  1 _ s f . e x p  ( g s  1 _ s f _ 1o g  ( Y b o o k  ) /  ( B I T S . P . C O L  * P A G E S I Z E ) ) ;  
/ /  p r i n t f  ( ” Yscbook=%f \  n ” , Yscbook ) ;

Y r o w  =  g s l . s f . p o w . i n t  ( Y s c b o o k  , B  I T S  _P . R O W  ) ;
/ /  p r i n t  f  ( ” Yr ow=%f \ n” , Yrow);

Y  s e c  =  0 ;
f o r  ( i = 0 ;  i < =  R E D - R O W S ; i + + )
{

Y s e c  -J-= g s l . s f . c h o o s e  ( S E C  . H E I G H T  +  R E D  . R O W S ,  i ) *
g s l . s f . p o w . i n t  ( Y r o w , S E C . H E I G H T  -f- R E D . R O W S  -  i )  * 
g s l . s f . p o w . i n t  ( 1  — Y r o w ,  i ) ;

}
/ /  p r i n t f  ( ” Ysec—%f \ n  ” , Ysec ) ;

Y d r a m  =  g s l . s f . p o w . i n t  ( Y s e c  , N S E C S ) ;
}
p  r  i n  t  f  ( ” % 1 . 1 0  f  _ %  1 . 1 0  f \ n ” , l a m b d a ,  Y d r a m ) ;

}
r e t u r n  0 ;

}

D . l .5 A ssociative D irect Redundancy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  a s s o c i a t i v e  d i r e c t
* r e dundanc y  us i ng  t he n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Craig Jol y  , December  13 , 20 0 2 
*/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  <  s t  d  1 i b  . h >
^ i n c l u d e  < g e t o p t  . h >
^ i n c l u d e  < m a t h . h >
^ i n c l u d e  <  g s l / g s l . s f . g a m m a  . h >

# d e f i n e  L . R A T I O  0 . 2

# i f d c f  . 1 6 M D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n  t  ) ( 1  6  * 1 0 2 4  * 1 0 2 4 )  )
# d e f i n e  W O R D - B I T S  1
# d e f i n e  A D D R - B I T S  2 2
# d e f i n e  S E C . B I T S  2
# d e f i n e  M A X . C A M J J  1 3 1 0 7 2

n  d  i f

# i f d e f  . 1 G D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1  0 2 4  * 1 0 2 4  * 1 0 2 4 )  )
# d e f i n e  W O R D ^ I T S  16
# d e f i n e  A D D R - B I T S  2 5
# d e f i n e  S E C . B I T S  1
# d e f i n e  M A X . C A M J )  1 3 1 0 7 2

f fe  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y s c ,  Y w o r d  , Y c a m . s c  , Y m a s k . s c ,  Y d r a m ;
d o u b l e  l a m b d a  , l . c a m  , l . m a s k  ;
d o u b l e  1 - h  , 1 - 1  ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;
i n t  c a m . e  , n . c a m . c  ;
i n t  i , c , r e d u c e ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” h ’’ ) )  ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’ h ’ :
f p r i n t f  ( s t d e r r  , ” U s a g e  : % s \ n ” , a r g v  [ 0 ]  ) ;
r e t u r n  1 ;  

d e f a u l t  :
a b o r t  ( ) ;

}
}
f o r  ( n . c a m . e  =  0  ; n . c a m . e  < =  M A X . C A M . E  ; n . c a m . e  + =  1 0 2 4 )
{

l a m b d a  =  0 . 1 ;
l . h  =  0 . 1 ;
1 . 1  = 0 ;  
r e d u c e  =  1;  
w h i l e  ( 1 )
{

Y s c  =  e x p ( —l a m b d a  ) ;
Y w o r d  =  p o w (  Y s c  , W O R D - B I T S  ) ;
Y d r a m  =  0 ;
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l . c a m  =  l a m b d a  /  L - R A T I O  ; 
l . m a s k  =  l . c a m  /  2 ;
Y c a m . s c  =  e x p (  — l . c a m ) ;
Y m a s k . s c  — e x p ( - l . m a s k  ) ;
c a m . e  =  f l o o r  ( p o w (  Y c a m . s c  , A D D R - B I T S )  *

p o w  ( Y m a s k . s c  , A D D R - B I T S  +  S E C - B I T S  ) * 
p o w ( Y s c  , W O R D - B I T S )  * n . c a m . e ) ;

f o r  ( i  = 0 ;  i < =  c a m . e ;  i + + )
{

p a r t i  =  g s l „ s f _ l n c h o o s e (  B I T S  /  W O R D - B I T S , i ) ; 
p a r t 2  =  ( B I T S  /  W O R D - B I T S  -  i )  * l o g  ( Y w o r d ) ;  
p a r t 3  =  i * l o g ( 1 . 0  — Y w o r d ) ;
Y d r a m  + =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
i f  ( Y d r a m  >  0 . 5 3 )
{

r e d u c e  =  0 ;
1_1 =  l a m b d a  ;
l a m b d a  — ( l a m b d a  +  1 _ h  ) /  2 ;

}
e l s e  i f  ( Y d r a m  <  0 . 4  7 )
{

i f  ( r e d u c e )
l a m b d a  / =  1 0 ;

e l s e
{

1 _ h  =  l a m b d a  ;
l a m b d a  =  ( l a m b d a  +  1 _ 1 ) /  2 ;

}
}
e l s e  b r e a k ;

i f  ( f a b s ( l _ l  — l _ h )  < =  l e  — 1 5 )  b r e a k ;
}
p r i n t f  ( ” %  1 . 1 0  f - % d - . %  1 . 5  f \ n ” , l a m b d a  , n . c a m . e  , Y d r a m  ) ;

}
r e t u r n  0 ;

}

D . l . 6 A sso c ia t iv e  In d irect R ed u n d a n cy

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  < s t d l i b .  h >
^ i n c l u d e  < g e t o p t  . h >
^ i n c l u d e  < m a t h . h >
# i n c l u d e  < g s l / g s l _ s f - g a m m a .  h >

# d e f i n e  L . R A T I O  0 . 2

# i f d e f  - 1 6 MD R A M
# d c f i n e  B I T S  1 6 * 1 0 2 4 * 1 0 2 4
# d e f i n e  W O R D - B I T S  1
# d e f i n e  A D D R - B I T S  2 2
# d e f i n e  S E C . B I T S  2
# d e f i n e  M A X - C A M - E  1 2 8 * 1 0 2 4
# d e f i n e  C A M . S T E P  1 0 2 4

# e  n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  B I T S  1 0 2 4 * 1 0 2 4 * 1 0 2 4
^ d e f i n e  W O R D - B I T S  16
# d e f i n e  A D D R - B I T S  2 5
# d e f i n e  S E C - B I T S  1
# d e f i n e  M A X - C A M . E  1 2 8 * 1 0 2 4
# d e f i n e  C A M . S T E P  1 0 2 4

# c  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

l o n g  d o u b l e  Y s c ,  Y w o r d ,  Y c a m . s c ,  Y f l a s h . s c  , Y d r a m ;  
l o n g  d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;  
d o u b l e  l a m b d a  , l . c a m  , l - f l a s h  ; 
d o u b l e  1 _ h  , l . I  ;
i n t  c a m . e  , n . c a m . e  , r e d . b i t s  , c a m . e . p  , c a m _ e _ 2 p  ; 
i n t  c , i , r e d u c e  , f  ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c  , a r g v  , ” h ” ) )  ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’ h ’ :
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f p r i n t f ( s t d e r r  , ’’ U s a g e  s \ n ” , a r g v [ 0 ] ) ;  
r e t u r n  1 ;  

d e f a u l t  :
a b o r t  ( )  ;

}
}
f o r  ( c a m . e  =  0 ;  c a m . e  < =  M A X _ C A M _ E ; c a m . e  + =  C A M J S T E P )
{

l a m b d a  =  0 . 1 ;  
l . h  =  0 . 1 ;
I . 1  = 0 ;  
r e d u c e  =  1;  
w h i l e  ( 1 )
{

Y s c  =  e x p (  —l a m b d a  ) ;
Y w o r d  =  p o w ( Y s c ,  W O R D - B I T S ) ;
Y d r a m  =  0 ;

l . c a m  =  l a m b d a  /  L . R A T I O ; 
l . f l a s h  — l . c a m  /  2 ;

Y c a m . s c  =  e x p ( - l . c a m ) ;
Y f l a s h . s c  =  e x p ( — l . f l a s h  ) ;

r e d . b i t s  =  c e  i 1 ( 1 o g  ( c a m . e  /  Y w o r d )  /  l o g ( 2 ) ) ;
n . c a m . e  — c e i l  ( c a m . e  /  ( p o w  ( Y c a m . s c  , A D D R . B I T S )  *

p o w (  Y f l a s h . s c  , S E C . B I T S  +  A D D R _ B I T S  +  r e d . b i t s ) ) ) ;

f o r  ( i  = 0 ;  i <  =  c a m . e ;  i + + )
{

p a r t i  =  g s L s f - l n c h o o s e  ( B I T S  /  W O R D  . B I T S , i ) ; 
p a r t 2  =  ( B I T S  /  W O R D - B I T S  -  i )  * l o g ( Y w o r d ) ;  
p a r t 3  =  i * l o g ( l  — Y w o r d ) ;
Y d r a m  +  =  e x p ( p a r t l  +  p a r t 2  -f- p a r t 3  ) ;

}
i f  ( Y d r a m  >  0 . 5 3 )
{

r e d u c e  =  0 ;
1 . 1  =  l a m b d a  ;
l a m b d a  =  ( l a m b d a  +  l . h )  /  2 ;

}
e l s e  i f  ( Y d r a m  <  0 . 4 7 )
{

i f  ( r e d u c e )
l a m b d a  / =  1 0 ;

e l s e
{

l . h  =  l a m b d a  ;
l a m b d a  =  ( l a m b d a  4- 1 - 1  ) /  2 ;

}
}
e l s e  b r e a k ;

i f  ( f a b s ( l _ l  — l . h )  <  l e  — 1 5 )  b r e a k ;
}
p  r  i n  t  f  ( " % 1 . 1 0  f  _ % d . . % d _ 9 o d \ n ” , l a m b d a ,  n . c a m . e ,  r e d . b i t s  , c a m . e ) ;

>
r e t u r n  0 ;

}

D .2  R ow  Fault M od el 

D .2 .1  N o  R e d u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  w i t h o u t  r e dundanc y  us i ng
* the n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Craig Jol y  , December  12,  2002  
*/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  <  s t  d 1 i b  . h >
# i n c l u d e  < g e t o p t  . h >
# i n c l u d e  < m a t h . h >

# i f d e f  J . 6 M D R A M
# d e f i n e  NR OWS  1 6 3 8 4  

# e n d i f

# i f d e f  . l G D R A M
# d e f i n e  NR OWS  6 5 5 3 6

# e  n  d  i f
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i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y r o w ,  Y d r a m ;  
d o u b l e  r h o  ; 
d o u b l e  r s t e p  , r t o p  ; 
i n t  b , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” r : s  : h ” ) ) ! =  — 1 )  
s w i t c h  ( c )
{

c a s e  ’ r  ’ :
r t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’
r s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h  ’ :
f p r i n t f ( s t d e r r  , ” U s a g e  :% s _ — r  » e n d , r h o » -  s _ r h o _ s t e p \ n ”
r e t u r n  1; 

d e f a u l t  :
a b o r t  ( ) ;

}
f o r  ( r h o  =  0 ;  r h o  <  r t o p ;  r h o  +=  r s t e p )  {

Y r o w  =  e x p ( — r h o ) ;
Y d r a m  =  p o w ( Y r o w ,  N R O W S ) ;
p r i n t f  ( ” % 1 . 1 0  f  - % 1 . 8  f  \ n ” , r h o  , Y d r a m  ) ;

}
r e t u r n  0;

}

D .2 .2 Row and Column Redundancy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and col umn
* r e dundanc y  u s i n g  t he negat i ve ,  b i n o mi a l  y i e l d  model .
* Craig Jol y  , Jan 18,  2003
*/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  < s t d l i b .  h >
^ i n c l u d e  <  g e t o p t  . h >
^ i n c l u d e  < m a t h . h >
^ i n c l u d e  < g s l / g s l _ s f _ p o w _ i n t .  h >
^ i n c l u d e  < g s l / g s l _ s f _ g a m m a .  h >

# i f d e f  J . 6 M D R A M
# d e f i n e  N S E C S  4 
# d c f i n e  R E D . R O W S  2 4  
# d e f i n e  S E C . H E I G H T  4 0 9 6

# e  n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  N S E C S  8 
# d e f i n e  R E D J I O W S  6 4  
# d e f i n e  S E C . H E I G H T  8 1 9 2

# e  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  a l p h a  ;
d o u b l e  Y r o w ,  Y s e c  , Y d r a m ;
d o u b l e  r h o  ;
d o u b l e  r s t e p  , r t o p  ;
i n t  i , b  , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” r  : s : h ” ) ) ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  1r ’ :
r t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’ :
r s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h ’ :
f p r i n t f ( s t d e r r  , ’’ U s a g e  :% s _ — r - e n d . r h o - -  s _ r h o _ s t e p \ n ” 
r e t u r n  1;  

d e f a u l t  :
a b o r t  ( ) ;

}
}
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f o r  ( r h o  =  0 ;  r h o  <  r t o p ;  r h o  + =  r s t e p )  {
Y r o w  =  e x p ( - r h o ) ;

Y s e c  =  0 ;
f o  r  ( i =  0  ; i <  =  R E D . R O W S ; i + + )
{

Y s e c  +  =  g s l . s f . c h o o s e  ( S B C . H E I G H T  +  R E D . R O W S , i )  *
g s l . s f . p o w . i n t  ( Y r o w ,  S E C . H E I G H T  +  R E D - R O W S  — i )  * 
g s l . s f . p o w . i n t  ( 1  — Y r o w ,  i ) ;

}
Y d r a m  =  g  s 1 _s  f  _ p  o  w  _i  n  t  ( Y s e c  , N S E C S ) ;  
p r i n t f  ( ” %  1 . 1 0  f  ~% 1 . 8  f \ n ” , r h o  , Y d r a m ) ;

}
r e t u r n  0;

D .2 .3 A ss o c ia t iv e  D irec t R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  a s s o c i a t i v e  d i r e c t
* r e dundanc y  us i ng  t he n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Craig Jol y  , Jan 18 , 2003
*/

^ i n c l u d e  < s t d i o .  h >
#  i n  c 1 u  d  e  < s t d l i b .  h >
^ i n c l u d e  < g e t o p t .  h >
# i n c l u d e  < m a t h . h >
^ i n c l u d e  < g s l / g s l _ s f _ p o w _ i n t .  h >
# i n c l u d e  <  g s  1 /  g s l . s f - g a m m a  . h >

# i f d e f  - 1 6 MD R A M
# d e f i n e  NR OWS  1 6 3 8 4
# d e f i n e  P A G E S I Z E  1 2 8
# d c f i n e  M A X . C A M . E  1 2 8 * 1 0 2 4
# d e f i n e  C A M . S T E P  1 0 2 4
# d e f i n e  A D D R _ B I T S  2 2
# d e f i n e  B I T S . P . R O W  1 0 2 4
# d e f i n e  W O R D _ B I T S  1

# e  n  d  i f

# i f d e f  . 1 G D R A M
# d  e f i  n e  NR O WS  65536
# d c f i n e  P A G E S I Z E  8 1 9 2
# d e f i n e  M A X . C A M J E  1 2 8 * 1 0 2 4
# d e f i n e  C A M ^ T E P  1 0 2 4
# d e f i n e  A D D R 3 I T S  2 5
# d e f i n e  B I T S J . R O W  1 6 3 8 4
^ d e f i n e  W O R D  . B I T S  16

# e  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )  
{

d o u b l e  Y d r a m ,  Y r o w ;  
d o u b l e  Y c a m . r o w  ; 
d o u b l e  p a r t i  , p a r t 2  , p a r t 3  ; 
d o u b l e  r h o  ;
d o u b l e  r . h  , r . l  , r e d u c e ;  
i n t  c a m . e  , n . c a m . e  ; 
i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c  , a r g v  , ” h ” ) )  ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’ h ’ :
f p r i n t f ( s t d e r r  , ” U s a g e : % s \ n ” , a r g v  [ 0 ] )  ; 
r e t u r n  1;  

d e f a u l t  :
a b o r t  ( ) ;

}
}
f o r  ( n . c a m . e  =  0 ;  n . c a m . e  <  =  M A X . C A M . E ;  n . c a m . e  -)-= C A M . S T E P )  
{

r h o  =  0 . 1 ;  
r . h  =  0 . 1 ;  
r . l  =  0 ;  
r e d u c e  =  1;

w h i l e  ( 1 )
{

Y r o w  =  e x p ( — r h o ) ;
Y c a m . r o w  =  c x p (  —2 * r h o ) ;
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c a m . e  =  Y c a m . r o w  * n . c a m . e  ;
c =  f l o o r  ( 4  * c a m . e  * W O R D - B I T S  /  B I T S - P . R O W ) ;  

Y d r a m  =  0 ;
f o r  ( i  = 0 ;  i < = c ;  i +  +  )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( N R O T O ,  i ) ;  
p a r t  2 — ( NRO WS  — i ) * l o g  ( Y r o w ) ; 
p a r t 3  =  i * l o g ( l  — Y r o w ) ;
Y d r a m  +  =  e x p  ( p a r t i  +  p a r t 2  +  p a r t 3 ) ;

}
/ /  p r i n t f  (”%d % f \ n ” , c ,  Ydram);

i f  ( Y d r a m  >  0 . 5 3 )
{

r e d u c e  =  0 ;  
r  _1 =  r h o ;
r h o  =  ( r h o  +  r . h )  /  2 ;

}
e l s e  i f  ( Y d r a m  <  0 . 4 7 )

{
i f  ( r e d u c e )

r h o  / =  1 0 ;
e l s e
{

r . h  =  r h o  ;
r h o  =  ( r h o  +  r . l ) /  2 ;

}
}
e l s e  b r e a k ;

i f  ( f a b s  ( r . l  -  r . h )  < =  0 . 0 0 0 0 0 0 0 0 0 1 )  b r e a k ;
}
p r i n t f ( ” % 1 . 1 0  f w % d _ % d  \  n ” , r h o ,  n . c a m . e ,  c ) ;

}
r e t u r n  0 ;

}

D .2 .4 A sso c ia t iv e  In d irect R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  a s s o c i a t i v e  d i r e c t
* r e dundancy  us i n g  the n e g a t i v e  b i n o mi a l  y i e l d  mode l .
* Crai g Jol y  , Jan 18 , 2003
*/

# n c l  u d e < s  t  d  i o . h >
# n c l u d e < s t  d 1 i b  . h >
# n c l u d e < g e t o p t . h >
# n c l u d e < m a t h  . h >
# n c l u d e < g s l /  g s l . s f . p o w . i n t  . h >
# n c l u d e < g s l  /  g s l . s f . g a m m a  . h >

# i f d e f  . 1 6 M D R A M
# d  e f  i n e NROWS 1 6 3 8 4
# d  e f  i n e P A G E S I Z E 1 2 8
# d  e f  i n c M A X . C A M . E 2 * 1 0 2 4
# d  e f  i n e C A M J 5 T E P 16
# d  e  f  i n e A D D R - B I T S 2 2
# d e  f  i n  e B I T S - P . R O W 1 0 2 4
# d e f i n e W O R D - B I T S 1

# e  n d  i f

# i f d e f  . 1 G D R A M
# d  e f  i n e NROWS 6 5 5 3 6
# d  e  f  i n c P A G E S I Z E 8 1 9 2
^ d e f i n e M A X - C A M . E 8 * 1 0 2 4
# d c f i n c C A M . S T E P 6 4
# d  c  f  i n  e A D D R _ B I T S 25
# d  e  f  i n  e B I T S _ P _ R O W 1 6 3 8 4
# d e f i n e W O R D _ B I T S 16

# e n d i  f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y d r a m ,  Y r o w ;  
d o u b l e  Y c a m . r o w  ; 
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;  
d o u b l e  r h o  ;
d o u b l e  r . h  , r . l  , r e d u c e ;  
i n t  c a m . e  , n . c a m . e  , r e d . b i t s  ; 
i n t  i , c ;

o p t e r r  =  0 ;
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w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” h ” ) )  ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’ h ’ :
f p r  i n t f ( s t d e r r  , ” U s a g e  : % s \  n "  , a r g v [ 0 ] ) ;
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

}
}
f o r  ( n . c a m . e  =  0 ;  n . c a m . e  <  =  MAX_ CAM_ E;  n . c a m . e  + =  C A M - S T E P )
{

r h o  — 0 . 1 ;  
r . h  =  0 . 1 ;  
r  _ 1 =  0  ;
r e d u c e  =  1;

w h i l e  ( 1 )
{

Y r o w  =  e x p ( —r h o  ) ;
Y c a m . r o w  =  e x p ( - 2 * r h o  ) ;

c a m . e  =  Y c a m . r o w  * n . c a m . e ;
r e d . b i t s  =  c e  i l  ( l o g  ( ( c a m . c  * B I T S  - P . R O W  ) /  ( W O R D  . B I T S  * Y  r o w  ) ) /

l o g ( 2 ) ) ;

Y d r a m  — 0 ;
f o r  ( i = 0 ;  i <  =  c a m . e  ; i +  +  )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( NROWS ,  i ) ;  
p  a r t  2 =  ( NRO WS  — i ) * l o g  ( Y r o w ) ; 
p a r t 3  =  i * l o g ( l  — Y r o w ) ;
Y d r a m  +  =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
/ /  :w p r i n t f  ( ” %d % f \ n  ” , c a m . e ,  Y  dram ) ;

i f  ( Y d r a m  >  0 . 5 3 )
{

r e d u c e  =  0 ;  
r . l  — r h o ;
r h o  =  ( r h o  •+• r . h )  /  2 ;

}
e l s e  i f  ( Y d r a m  <  0 . 4 7 )
{

i f  ( r e d u c e )
r h o  / =  1 0 ;

e l s e
{

r . h  =  r h o  ;
r h o  =  ( r h o  +  r . l  ) /  2 ;

}
}
e l s e  b r e a k ;

i f  ( f a b s ( r _ l  -  r . h  ) < =  0 . 0 0 0 0 0 0 0 0 0 1 )  b r e a k ;

}
p  r  i n  t  f  ( ” % \. 1 0  f  JYodJYodJYodJPo f  \  n ” , r h o ,  n . c a m . e ,  r e d . b i t s  , c a m . e ,  Y d r a m ) ;

}
r e t u r n  0 ;

}

D .3  C olum n Fault M od el 

D .3 .1  N o  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  w i t h o u t  r e dundanc y  us i ng
* t he n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Craig Jol y  , December  12,  2002  
*/

^ i n c l u d e  < s t d i o .  h >
# i n c l u d e  <  s t  d 1 i b  . h >
^ i n c l u d e  < g e t o p t  . h >
# i n c l u d e  < m a t h . h >

#  i f  d  e f  . 1 6 M D R A M
# d e f i n e  N C O L S  8 1 9 2  

# e  n  d  i f
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#  i f d e f  . 1 G D R A M
# d e f i n e  N C O L S  2 6 2 1 4 4  

# e  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y c o l  , Y d r a m ;  
d o u b l e  c h i ;  
d o u b l e  c s t e p  , c t o p  ; 
i n t  b , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” c : s : h ” ) )  ! =  — 1)  
s w i t c h  ( c )
{

c
c t o p  =  a t  o f ( o p t a r g ) ;
b r e a k ;

' s ’ :
c s t e p  =  a t o f ( o p t a r g ) ;
b r e a k ;

’ h  ’ :
f  p  r  i n  t  f  ( s t  d  e r  r  , ” U 8 a g e : % s . - l - e n d . c h i - - s . c h i . s t e p \ n " , a r g v  [ 0 ]  ) |
r e t u r n  1; 

d e f a u l t  :
a b o r t  ( )  ;

}
f o r  ( c h i  =  0 ;  c h i  <  c t o p ;  c h i  + =  c s t e p )  {

Y c o l  =  e x p ( — c h i ) ;
Y d r a m  =  p o w ( Y c o l  , N C O L S ) ;
p r i n t f  ( ” % 1 . 1 0 f  _ % 1 . 8  f \ n ” , c h i  , Y d r a m ) ;

}
r e t u r n  0 ;

}

D .3 .2 R o w  an d  C o lu m n  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and col umn
* r e dundancy  us i ng  t he n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Craig Jol y  , Jan 18 , 2003
*/

^ i n c l u d e  < s t d i o . h >
^ i n c l u d e  <  s t  d  1 i b  . h >
^ i n c l u d e  < g e t o p t . h >
# i n c l u d e  < m a t h . h >
^ i n c l u d e  <  g  s 1 /  g s  1 _s  f  _ p  o  w  _i  n  t  . h >
# i n c l u d e  <  g s l / g s L s f . g a m m a  , h >

# i f d e f  . 1 6 M D R A M
# d e f i n e  N C O L S  8 1 9 2
^ d e f i n e  N B O O K S  6 4
# d e f i n e  R E D . C O L S  2 
# d e f i n e  P A G E S I Z E  1 2 8  

# e  n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  N C O L S  2 6 2 1 4 4
# d e f i n e  N B O O K S  3 2
^ d e f i n e  R E D . C O L S  1 6  
# d e f i n e  P A G E S I Z E  8 1 9 2  

# e n d i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y c o l  , Y b o o k ,  Y d r a m ;  
d o u b l e  c h i ;  
d o u b l e  c s t e p  , c t o p  ; 
i n t  i , b  , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  " c : s : h ” ) ) ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’ c ’ :
c t o p  — a t o f ( o p t a r g ) ;  
b r e a k  ; 

c a s e  ’ s ’
c s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h ’ :
f p r i n t f ( s t d e r r  , ” U s a g e  : % s - —c - e n d _ c h i _ —s - c h i . s  t  e  p \ n ” , a r g v  [ 0 ] ) ;
r e t u r n  1;
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d  © f  a  u  11 :
a b o r t  ( ) ;

}
}
f o r  ( c h i  =  0 ;  c h i  <  c t o p ;  c h i  +  =  c s t e p )  {

Y c o l  =  e x p ( — c h i ) ;

Y b o o k  =  0 ;
f o r  ( i = 0 ;  i < =  R E D - C O L S ; i + + )
{

Y b o o k  •+•= g  s 1 _s  f . c  h  o  o  s  e  ( P A G E S I Z E  +  R E D - C O L S ,  i )  *
g s l . s f . p o w . i n t  ( Y c o l  , P A G E S I Z E  +  R E D - C O L S  -  i )  * 
g  s 1 . s  f  _ p  o  w  _i  n  t  ( 1 .  0  — Y c o l ,  i ) ;

}
Y d r a m  — g  s 1 _s  f . p o  w  _i  n  t  ( Y b o o k  , N B O O K S ) ;  
p r i n t f  ( ” % 1 . 1 0  f  - %  1 . 8  f \ n ” , c h i  , Y d r a m ) ;

}
r e t u r n  0 ;

D .3 .3 E C C  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and col umn
* r e dundanc y  us i ng  t he n e g a t i v e  b i n o mi a l  y i e l d  model .
* Craig Jol y  , Jan 1 8 , 2003  
*/

# i n c l u d e  < s t d i o .  h >
# i  n c l u d e  < s t d l i b .  h >
# i n c l u d e  < g e t o p t . h >
# i n c l u d e  < m a t h . h >
# i n c l u d e  <  g s  1 /  g s  1 _s  f  _ p o  w  _i  n  t  . h >
# i n c l u d e  <  g s l  / g s l . s f . g a m m a  , h >

# i f d e f  . 1 6 M D R A M
# d e f i n e  N C O L S  8 7 6 8  
# d e f i n e  NB O O K S  6 4  
# d e f i n e  CODEWORD 1 3 7  
# d e f i n e  N C W P  1 

# e n d i f

# i f d e f  - 1 G D R A M
# d e f i n e  N C O L S  2 6 7 7 7 6  
# d e f i n e  NB O O K S  3 2  
^ d e f i n e  CODE WORD 5 2 3  
# d e f i n e  N C W P  1 6  

# e  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y c o l  , Y b o o k ,  Y d r a m ;
d o u b l e  c h i  ;
d o u b l e  c s t e p  , c t o p  ;
i n t  i , b  , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” c : s  : h ” ) ) ! =  — 1)  
s w i t c h  ( c )
{

c a s e  ’ c ’ :
c t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’ :
c s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h ’ :
f p r i n t f  ( s t d c r r  , ” U s a g e  : % s c . e n d . c h i  s . c h i . s t e p \ n "  , a r g v  [ 0 ]  ) ; 
r e t u r n  1;  

d e f a u l t  :
a b o r t  ( ) ;

>
f o r  ( c h i  =  0 ;  c h i  <  c t o p ;  c h i  -+■ — c s t e p )  {

Y c o l  =  e x p ( — c h i ) ;

Y b o o k  — g s l . s f . p o w . i n t  ( g s l . s f . p o w . i n t  ( Y c o l  , CODEWORD)  +
CODEWORD * g s l . s f . p o w . i n t  ( Y c o l  , C O D E W O R D - 1 )  *
( 1  -  Y c o l  ) , N C W P )  ;

Y d r a m  =  g  s 1 _s  f . p  o  w  _i  n  t  ( Y b o o k  , N B O O K S ) ;  
p r i n t f  ( ” % 1 . 1 0  f  _ %  1 . 8  f \ n ” , c h i  , Y d r a m ) ;

}
r e t u r n  0 ;
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}

D .3 .4 Row and Colum n Redundancy w ith  ECC

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and col umn
* r e dundancy  us i n g  the n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Crai g Jol y  , Jan 18 , 2003  
*/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  < s t d l i b .  h >
^ i n c l u d e  < g e t o p t  . h >
^ i n c l u d e  < m a t h , h >
^ i n c l u d e  <  g s l  /  g s l . s f . p o w . i n t  . h >
^ i n c l u d e  < g s l / g s l _ s f _ e x p .  h >
# i  n  c l  u  d  e  < g s l / g s l _ s f _ l o g .  h >
# i  n  c l  u  d  e  < g s l / g s l . s f . g a m m a .  h >

# i f d e f  . 1 6 M D R A M
# d e f i n e  N C O L S  8 7 6 8  
# d e f i n e  NB O O K S  6 4  
# d e f i n e  R E D - C O L S  2 
# d c f i n e  P A G E S I Z E  1 3 7  
# d c f i n e  CODEWORD 1 3 7  

d  e f  i n  e  N C W P  1 
# e n d i f

# i f d e f  - 1 G D R A M
# d e f i n e  N C O L S  2 6 7 7 7 6
# d e f i n e  NB O O K S  3 2  
# d e f i n c  R E D - C O L S  1 6  
# d e f i n e  P A G E S I Z E  8 3 6 8  
# d e f i n e  CODEWORD 5 2 3  
# d e f i n e  N C W P  1 6  

# e n d i f

i n t  m a i n  ( i n t  a r g c ,  c h a r  * * a r g v  )
{

d o u b l e  Y c o l  , Y e w ,  Y c o l e c c  , Y b o o k ,  Y d r a m ;  
d o u b l e  c h i ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;  
d o u b l e  c s t e p  , c t o p  ; 
i n t  i , b , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” c : s : h ” ) )  ! =  — 1)  
s w i t c h  ( c )
{

c a s e  ’ c ’ :
c t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ' s ’ :
c s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h ’ :
f p r i n t f ( s t d e r r  , ” U s a g e  : % s - —c - e n d . c h i - -  s - c h i . s t e p \ n ” , a r g v  [ 0 ]  ) ; 
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

}
f o r  ( c h i  =  0 ;  c h i  <  c t o p ;  c h i  + =  c s t e p )  {

Y c o l  =  e x p ( — c h i ) ;

Y e w  =  p o w ( Y c o l  , CODEWORD)  +  CODEWORD * p o w ( Y c o l  , C O D E W O R D - 1 )  *
( 1  -  Y c o l  ) ;

Y c o l e c c  =  e x p  ( l o g  ( Y e w )  /  CODEWORD)  ;

Y b o o k  =  0 ;
f o r  ( i  =  0 ;  i < =  R E D - C O L S ;  i + + )
{

Y b o o k  + =  g s l . s f . c h o o s e  ( P A G E S I Z E  +  R E D - C O L S ,  i )  * 
p o w  ( Y c o l  , P A G E S I Z E  +  R E D - C O L S  -  i )  * 
p o w  ( 1  — Y c o l  , i ) ;

}
Y d r a m  =  p o w ( Y b o o k ,  N B O O K S ) ;

p r i n t f  ( ” % 1 . 1 0  f  1 . 8  f \ n ” , c h i  , Y d r a m ) ;
}
r e t u r n  0;

}
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D .3 .5 A ssociative D irect Redundancy
/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  a s s o c i a t i v e  d i r e c t

* r e dundanc y  u s i n g  t he n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Crai g Jol y  , Jan 18,  2003  
*/

# i n c l u d c  < s t d i o .  h >
# i n c l u d e  < s t d l i b .  h >
^ i n c l u d e  < g e t o p t  . h >
^ i n c l u d e  < m a t h . h >
^ i n c l u d e  <  g s l  /  g s l . s f . p o w . i n t  . h >
^ i n c l u d e  < g s l / g s l _ s f _ g a m m a .  h >

# i f d e f  J . 6 M D R A M
# d e f i  n e N C O L S 8 1 9 2
# d e f i  ne S E C . H E I G H T 4 0 9 6
# d e f i  n e m a x . c a m _e 6 4 * 1 0 2 4
# d e f i  n e C A M . S T E P 5 1 2
# d  e  f i n e A D D R J 3 I T S 2 2
f f d  e f  i n  e W O R D _ B I T S 1
f f d  e f  i n  e B I T S . P . C O L 2 0 4 8
f f d  e f  i n  e 

# e  n  d  i f
S E C . B I T S 2

# i f d e f  . 1 G D R A M
# d e f i n e N C O L S 2 6 2 1 4 4
# d  e f  i n  c S E C J i E I G H T 8 1 9 2
# d  e f  i n e M A X . C A M . E 1 0 2 4 * i o :
# d  e  f i  n e C A M . S T E P 1 0 2 4
# d  e  f  i n e A D D R _ B I T S 25
# d  e  f  i n  e W O R D _ B I T S 16
# d e f i n e B I T S . P . C O L 4 0 9 6
# d e f i n e S E C . B I T S 1

# e n d i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y d r a m ,  Y c o l  , Y w o r d c o l  , Y r c d c o l  ; 
d o u b l e  Y d c o l  ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;  
d o u b l e  c h i ;
d o u b l e  c _ h  , c _ l  , r e d u c e ;  
i n t  c a m . e  , n . c a m . e ;  
i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c  , a r g v  , ” h ” ) )  ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’ h ’ :
f p r i n t f ( s t d c r r ,  ” U s a g e  : % s « — a  «  a l p  h a  \ n ” , a r g  v  [ 0  ] ) ; 
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

}
}
f o r  ( n . c a m . e  =  0 ;  n . c a m . e  < =  M A X . C A M _ E ; n . c a m . e  + =  C A M . S T E P )
{ chi = 0.1; 

c . h  =  0 . 1 ;  
c . l  =  0 ;  
r e d u c e  =  1;

w h i l e  ( 1 )
{

Y c o l  =  e x p ( — c h i ) ;
Y w o r d c o l  =  p o w ( Y c o l  , W O R D - B I T S ) ;
Y r e d c o l  =  p o w ( Y c o l ,  3 * A D D R - B I T S  +  S E C . B I T S  +  4  * W O R D - B I T S ) ;

c =  f l o o r  ( 4  * n . c a m . e  /  B I T S . P . C O L ) ;

Y  d c o l  =  0 ;
f o r  ( i  =  0 ;  i < = c ;  i +  +  )
{

p a r t i  =  g  s  1 _s  f . l  n  c h  o  o  s e  ( N C O L S  /  W O R D - B I T S  , i ) ;
p a r t 2  =  ( N C O L S  /  W O R D _ B I T S  — i )  * l o g  ( Y w o r d c o l ) ;
p a r t 3  =  i * l o g ( l  — Y w o r d c o l ) ;
Y d c o l  +  =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3  ) ;

}
Y d r a m  =  Y d c o l  * Y r e d c o l  ;

i f  ( Y d r a m  >  0 . 5 3 )
{

r e d u c e  =  0 ;
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c _1 =  c h i  ;
c h i  =  ( c h i  +  c _ h )  /  2 ;

}
e l s e  i f  ( Y d r a m  <  0 . 4 7 )
{

i f  ( r e d u c e )
chi / — 10;

e l s e
{

c _ h  =  c h i ;
c h i  =  ( c h i  +  c . l )  /  2 ;

}}
e l s e  b r e a k ;

/ /  p r i n t f  ( ”%ol. 10 f  %1 . 1 0 f  %1 . 1 0 f  % 1.1 0 f \ n  ” , c . l ,  cJ i  , c h i ,  Ydram) ;

i f  ( f a b s  ( c _ ]  -  c _ h )  < -  0 . 0 0 0 0 0 0 0 0 0 1 )  b r e a k ;

}
p r i n t f  ( ” %  1 . 1 0  f - % d _ % d _ %  1 . 1 0 f \ n ” , c h i ,  n . c a m . e ,  c ,  Y d r a m  ) ;

}
r e t u r n  0;

}

D .3 .6 A sso c ia t iv e  In d irect R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  a s s o c i a t i v e  d i r e c t
* r e dundanc y  u s i n g  the n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Crai g Jol y  , Jan 18 , 2003  
*/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  <  s t  d  1 i b  . h >
^ i n c l u d e  < g e t o p t .  h >
^ i n c l u d e  < m a t h . h >
^ i n c l u d e  < g s l  /  g s l . s f . p o w . i n t .  h >
# i  n  c 1u d e  <  g s l  / g s l . s f . g a m m a  . h >

# i f d e f  . 1 6 M D R A M
^ d e f i n e N C O L S 8 1 9 2
^ d e f i n e S E C _ H E I G H T 4 0 9 6
# d e  f  i n e M A X - C A M - E 6 4
# d e  f  i n e C A M . S T E P 1
# d e f i  n e A D D R . B I T S 2 2
# d e f i  n e W O R D _ B I T S 1
# d e f  i n e B I T S . P . C O L 2 0 4 8
# d e f i n e S E C . B I T S 2

# e  n  d  i f

# i f d e f  . 1 G D R A M
# d  e f  i n  e N C O L S 2 6 2 1 4 4
# d  e f  i n e S E C . H E I G H T 8 1 9 2
# d  e f  i n e M A X . C A M . E 1 0 2 4
^ d e f i n e C A M . S T E P 16
# d  e f  i n e A D D R - B I T S 2 5
# d  e f  i n e W O R D . B I T S 16
^ d e f i n e B I T S . P . C O L 4 0 9 6
# d  e  f  i n  e S E C . B I T S 1

# e  n  d  i f

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y d r a m ,  Y c o l  , Y w o r d c o l  , Y r e d c o l  ; 
d o u b l e  Y d c o l  ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;  
d o u b l e  c h i ;
d o u b l e  c . h  , c . l  , r e d u c e ;
i n t  c a m . e  , n . c a m . e  , r e d . b i t s  ;
i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” h ” ) )  ! =  — 1)
{

s w i t c h  ( c )
{

c a s e  ’h ’ :
f p r i n t f ( s t d e r r ,  ’’ U s a g e  : % s \ n ” , a r g v [ 0 ] ) ;  
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

>
}
f o r  ( n . c a m . e  =  0 ;  n . c a m . e  < =  M A X . C A M . E ; n . c a m . e  + =  C A M . S T E P )
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c h i  =  0 . 1 ;  
c _ h  = 0 . 1 ;  
c . l  = 0 ;  
r e d u c e  =  1;

w h i l e  ( 1 )
{

Y c o l  =  e x p ( — c h i ) ;
Y w o r d c o l  =  p o w ( Y c o l  , W O R D - B I T S ) ;

r e d . b i t s  =  c e i l  ( l o g ( n - c a m . e  * B I T S . P . C O L )  /  l o g ( 2 ) ) ;

Y r e d c o l  =  p o w ( Y c o l  , 3  * A D D R _ B I T S  +  r e d . b i t s  +  S E C . B I T S ) ;  

Y d c o l  =  0 ;
f o r  ( i = 0 ;  i <  =  n . c a m . e  ; i +  +  )
{

p a r t i  =  g s l  . s f . l n c h o o s e  ( N C O L S  /  W O R D . B I T S  , i ) ; 
p a r t 2  =  ( N C O L S  /  W O R D - B I T S  — i )  * l o g  ( Y w o r d c o l ) ; 
p a r t 3  =  i * l o g ( l  — Y w o r d c o l ) ;
Y d c o l  +  =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3  ) ;

}
Y d r a m  =  Y d c o l  * Y r e d c o l  * Y w o r d c o l ;

i f  ( Y d r a m  >  0 . 5 0 1 )
{

r e d u c e  =  0 ;  
c . l  =  c h i ;
c h i  =  ( c h i  +  c . h )  /  2 ;

}
e l s e  i f  ( Y d r a m  <  0 . 4 9 9 )
{

i f  ( r e d u c e )
c h i  / =  1 0 ;

e l s e
{

c . h  =  c h i ;
c h i  =  ( c h i  +  c . l )  /  2 ;

}}
e l s e  b r e a k ;

/ /  p r i n t f  ( ”%1. 10 f  %1 . 1 0 f  %1 . 10 f  % 1 . 1 0 f \ n  ” , r . l ,  r . h ,  Y t a r g e t ,

i f  ( f a b s  ( c _1 -  c . h )  < =  0 . 0 0 0 0 0 0 0 0 0 1 )  b r e a k ;

}
p  r  i n  t  f  ( ” % 1 . 1 0  f  ~ % d - % d _ %  1 . 1 0  f \ n ” , c h i  , n . c a m . e  , r e d . b i t s  , Y d r a m ) ;

}
r e t u r n  0 ;

}

D .4  C lu ster Fault M od el

D .4 .1  N o  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  w i t h o u t  r e dundanc y  us i ng
* a c l u s t e r  f a u l t  model  and a b i n o mi a l  ( p o i s s o n  ) y i l e d  model
* Craig Jol y  , December 12,  2002  
*/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  < s t d l i b .  h >
^ i n c l u d e  < g e t o p t .  h >
^ i n c l u d e  < m a t h . h >

# i f d e f  - 1 6 MD R A M
# d e f i n e  B I T S  1 6 * 1 0 2 4 * 1 0 2 4
# d c f i n e  N_ X 2 0 4 8
# d e f i n e  N . Y  8 1 9 2

# c  n  d  i f

# i f d e f  . 1 G D R A M
# d e f i n e  B I T S  1 0 2 4 * 1 0 2 4 * 1 0 2 4
# d e f i n e  N J C  3 2 * 1 0 2 4
# d e f i n e  N . Y  3 2 * 1 0 2 4

# e n d i f

# d e f i n e Q 1 . 0
# d  e  f  i n  e P 2 . 0
# d  c  f  i n  e D N O T 2 . 0
# d  e f  i n  e DMAX 6 4 . 0
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# d e f i n e  F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T )  ? ( 0 . 6 8 0 8 5  * d e l t a  /  4 . 0 ) :
( 0 . 6 8 0 8 5  * 2 . 0  /  ( d e l t a  * d e l t a ) ) ;

}
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y c l  , Y d c l  , Y d r a m ;  
d o u b l e  p s i  , f p p a r a m  ; 
d o u b l e  p s t e p  , p t o p  ; 
i n t  b , c , x , y ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” b  : 1 : s  : h ” ) )  ! =  — 1)  
s w i t c h  ( c )
{

c a s e  ’ 1 '
p t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’
p s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h ’ :
f  p  r  i n  t  f  ( s t  d e r r  , ” U s a g e  : %S w— 1 - e n d . l a m b d a _ -  s  -  l a m b d a . s t e p \ n ” , a r g v [ 0 j ) ;  
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

}

f o r  ( p s i  =  0 ;  p s i  <  p t o p ;  p s i  + =  p s t e p )  {
Y d r a m  =  1 ;
f o r  ( x  — 1;  x  <  =  D M A X ; x - f + )
{

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  e x p ( — p s i  * s p r o b ( x )  * s p r o b ( y ) ) ;
Y d c l  =  p o w  ( Y c l  , ( N_ X -  x  +  1 )  * ( N . Y  -  y  +  1 ) ) ;
Y d r a m  * =  Y d c l ;

}
}
p r i n t f  ( ” % 1 . 1 0  f  _ %  1 • 1 0  f \ n ” , p s i  , Y d r a m ) ;

}
r e t u r n  0 ;

}

D .4 .2 R o w  an d  C o lu m n  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM yield,  wi t h  row and col umn
* r e dundancy  us i ng  the n e g a t i v e  b i n o mi a l  y i e l d  mode l .
* Crai g Jol y  , December 13,  2002  
*/

# i n c l u d e  < s t d i o . h >
^ i n c l u d e  <  s t  d 1 i b  . h >
# i n c l u d e  < g e t o p t . h >
# i n c l u d e  < m a t h . h >
^ i n c l u d e  <  g s l  / g s l . s f . g a m m a  . h >

# i f d e f  . 1 6 M D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1 6  * 1 0 2 4  * 1 0 2 4 ) )
# d e f i n e  R E D - C O L S  2
#  d  e  f  i n  e  R E D  . R O W S  2 4
#  d  e  f  i n  e  NB O O K S  6  4 
# d e f i n e  N S E C S  4 
# d e f i n c  B I T S _ P _ R O W  1 0 2 4  
# d e f i n e  B I T S . P . C O L  2 0 4 8  
# d e f i n e  S E C . H E I G H T  4 0 9 6  
# d e f i n e  P A G E S I Z E  1 2 8

# e  n d  i f

# i f d e f  . 1 G D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1 0 2 4  * 1 0 2 4  * 1 0 2 4 ) )
# d e f i n e  R E D . C O L S  1 6  
^ d e f i n e  R E D T I O W S  6 4  
# d e f i n e  NB O O K S  3 2 
# d e f i n e  N S E C S  8 
# d e f i n e  B I T S . P . R O W  1 6 3 8 4  
# d e f i n e  B I T S . P . C O L  4 0 9 6  
# d e f i n e  S E C . H E I G H T  8 1 9 2  
# d e f i n e  P A G E S I Z E  8 1 9 2

# e  n  d  i f
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^ d e f i n e  Q  1 . 0
# d e f i n e  P  2 . 0
# d e f i n e  D N O T  2 . 0
#  d  e  f  i n  e DMAX 6 4 . 0
# d e f i n e  F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )
{
/ /  r e t u r n  ( d e l t a  < DNOT) ? (FPPARAM* p o w ( d e l t a ,  Q) /  pow(DNOT,  Q + l ) )  :
/ /  (FPPARAM * pow (DNOT, P - l )  /  pow(  de l t a  , P ) ) ;

r e t u r n  ( d e l t a  <  D N O T )  ? ( F P P A R A M  * d e l t a  /  4 . 0 )  :
( F P P A R A M  * 2 . 0  /  ( d e l t a * d e l t a ) ) ;

}
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y c l  , Y c o l  , Y s c b o o k  , Y r o w ,  Y d r a m ;
d o u b l e  Y c o l c l  , Y b o o k ,  Y s e c ;
d o u b l e  y c p l , y c p 2 , y c p 3 ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;
d o u b l e  p s i  ;
d o u b l e  p s t e p  , p t o p  ;
i n t  x , y ;

i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s  : h ” ) )  \ — — 1)
{

s w i t c h  ( c )
{

c a s e  ’ 1 ’
p t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ' s ’ :
p s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h  ’ :
f p r i n t f ( s t d e r r  , ” U s  a g e  : % s - — 1 _  e  n  d  _ p  s  i s - . p s i _ s t e p \ n ” , a r g v  [ 0 ]  ) ; 
r e t u r n  1;  

d e f a u l t  :
a b o r t  ( ) ;

}
}
f o r  ( p s i  =  0  +  p s t e p ;  p s i  <  p t o p ;  p s i  +  =  p s t e p )
{

Y c o l  =  1 . 0 ;
f o r  ( x  =  1 ;  x  < =  DMAX;  x + + )
{

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  e x p ( — p s i  * s p r o b ( x )  * s p r o b ( y ) ) ;
Y c o l c l  =  p o w ( Y c l  , B I T S _ P - C O L + R E D _ R O W S - y  +  l ) ;
y c p l  =  p o w  ( Y c o l c l  , x *  ( P A G E S I Z E  +  R E D - C O L S  — 2 * x  +  2 ) ) ;
y c p 2  — 1;
f o r  ( i  — 1 ;  i <  x ;  i + + )

y  c p  2 * =  p o w  ( Y c o l c l ,  2 * i ) ;
Y c o l  * =  e x p ( l o g ( y c p l * y c p 2 ) / ( P A G E S I Z E + R E D - C O L S ) ) ;

>
}

/ /  p r i n t f  (”% f \ n ” , Yc o l ) ;
Y b o o k  =  0 ;
f o r  ( i  =  0 ;  i < =  R E D - C O L S ;  i + + )
{

p a r t i  =  g  s  1 _ s  f _ l  n  c h  o  o  s e ( P A G E S I Z E  +  R E D - C O L S ,  i ) ;  
p  a  r  1 2 =  ( P A G E S I Z E  +  R E D . C O L S - i )  * l o g  ( Y c o l ) ;  
p a r t 3  =  i * l o g ( l  — Y c o l ) ;

/ /  p r i n t f  ( ” % 1. 10 f  % 1. 10 f  % 1. 1 0 f \ n  ” , par t  1 , par t  2 , p a r t S  ) ;
Y b o o k  + =  e x p  ( p a r t i  +  p a r t 2  +  p a r t 3 ) ;

}

Y s c b o o k  =  e x p (  l o g  ( Y b o o k )  /  ( P A G E S I Z E  * B I T S - P . C O L ) ) ;

Y r o w  =  p o w  ( Y s c b o o k ,  B I T S - P - R O W ) ;
/ /  p r i n t f  ( ” % 1.1 0 f  % 1. 10 f  % 1. 1 0 f \ n  ” , Ybook , Yscbook , Yrow) ;

/  /  p r i n t f  (  ” h e  r e S  ” )  ;

Y 
f.
{
Y s e c  =  0 ;
f o r  ( i  = 0 ;  i < = R E D J t O W S ;  i + + )

p a r t i  =  g s l . s f . l n c h o o s e  ( S E C - H E I G H T  +  R E D - R O W S ,  i ) ;
p  a r t  2 =  ( S E C - H E I G H T  +  R E D _ R O W S - i )  * l o g ( Y r o w ) ;
p a r t 3  =  i * l o g ( l  — Y r o w ) ;
Y s e c  + =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3  ) ;
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/ /  p r i n t f ( ”% 1 . 10f  ” , Ys e c ) ;

Y d r a m  =  p o w  ( Y s e c  , N S E C S ) ;  

p  r  i n  t  f  ( ” %  1 . 1 0  f 1 . 1 0  f \ n ” , p s i  , Y d r a m ) ;

D .4 .3 E C C  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and col umn
* r e dundancy  us i n g  t he n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Crai g Jol y  , December 13 , 2002  
• /

#  i n  c I u  d  e  < s t d i o .  h >
^ i n c l u d e  <  s t  d  1 i b  . h >
#  i n  c 1 u  d  e < g e t o p t .  h >
# i  n c l u d e  <  g s  1 / g s l . m a t  h  . h >
^ i n c l u d e  < g s l  /  g s l _ s f . l o g .  h >
^ i n c l u d e  <  g s l  /  g s l . s f . e x p  . h >
# i n c l u d e  < g s l / g s L s f . g a m m a . h >
# i  n c l u d e  <  g s  1 /  g s  1 _ s f  _ p o  w  _i  n  t  . h >

# i f d e f  - 1 6 MD R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1 6  * 1 0 2 4  * 1 0  2 4 ) )
# d e f i n e  R E D . C O L S  2 
# d e f i n e  R E D . R O W S  2 4  
# d e f i n e  N B O O K S  6 4  
# d e f i n e  N S E C S  4  
# d e f i n e  B I T S . P . C O L  2 0 4 8  
# d e f i n e  CODEWORD 1 3 7  
# d e f i n e  P A G E S I Z E  1 3 7  
# d e f i n e  N C W  2 0 4 8  

# e  n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1 0 2 4  * 1 0 2 4  * 1 0 2 4 ) )
# d e f i n e  R E D . C O L S  1 6  
# d e f i n e  R E D J I O W S  6 4  
# d c f i n e  NB O O K S  3 2 
# d e f i n e  N S E C S  8 
# d e f i n e  B I T S . P . C O L  4 0 9 6  
# d e f i n c  CODEWORD 5 2 3  
# d e f i n e  P A G E S I Z E  8 1 9 2  
# d e f i n e  N C W  6 5 5 3 6  

# e n d i f

# d e f i n e  Q  1 . 0
^ d e f i n e  P  2 . 0
# d e f i n e  D N O T  2 . 0
# d e f i n e  DMAX 6 4 . 0
# d e f i n e  F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )
{
/ /  r e t u r n  ( d e l t a  <  DNOT) ? (FPPARAM * pow ( de l t a  , Q) /  pow (DNOT, Q + 1) )
/ /  (FPPARAM* pow (DNOT, P - l )  /  pow(  delta.  , P ) ) ;

r e t u r n  ( d e l t a  <  D N O T )  ? ( F P P A R A M  * d e l t a  /  4 . 0 )  :
( F P P A R A M  * 2 . 0  /  ( d e l t a * d e l t a  ) ) ;

}
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y c l ,  Y e w ,  Y r o w ,  Y d r a m ;
d o u b l e  Y r o w c l ,  Y l y  , Y b o o k ;
d o u b l e  y r p l  , y r p 2  ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;
d o u b l e  p s i  ;
d o u b l e  p s t e p  , p t o p  ;
i n t  x , y ;
i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s  : h ” ) )  ! =
{

s w i t c h  ( c )
{

c a s e  ’ 1 ’ :
p t o p  =  a t  o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’ :
p s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k  ; 

c a s e  ’ h ’ :

-i)
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f p r i n t f ( s t d e r r ,  ” U s a g e  : % s - ~  l - e n d - p s i _ — s ^ p s i _ s t e p \ n ” , a r g v [ O j ) ;  
r e t u r n  1 ; 

d e f a u l t  :abort ( ) ;
}

}
f o r  ( p s i  =  0 ; p s i  <  p t o p ;  p s i  4*=  p s t e p )
{

Y r o w  =  1 . 0 ;
f o r  ( x  =  1 ;  x  < = D M A X ;  x + + )
{

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  g  s 1 _s  f  _e  x  p  ( — p  s i * s p r o b ( x )  * s p r o b ( y ) ) ;
Y r o w c l  =  g s  1 _ p  o  w  _i  n  t  ( Y c l  , P A G E S I Z E —x  +  1 ) ;
y r p l  =  g s l . p o w . i n t  ( Y r o w c l  , y  * ( B I T S _ P _ C O L  — 2 * y  +  2 ) ) ;
y r p 2 =  1 ;
f o r  ( i =s 1 ; i <  y  ; i + + )

y r p 2  * =  g  s i  _ p o  w  _i  n t  ( Y r o w c l  , 2 * i ) ;
Y r o w  * =  g s l . s f . e x p  ( g s l _ s f _ l o g  ( y r p l * y r p 2 ) / B I T S _ P _ C O L )  ;

}
}

/ /  p r i n t f  ( ”% f \ n ” , Yc o l ) ;

Y l y  =  1 . 0 ;
f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  g s  1 _ s  f  _e  x  p  ( — p  s i  * s p r o b ( l )  * s p r o b ( y ) ) ;  
y r p l  =  g s l . p o w _ i n t ( Y c l ,  y  * ( B I T S . P - C O L  — 2*  y  +  2 ) ) ;  
y r p 2 =  1 ;
f o r  ( i =  1 ; i <  y  ; i + + )

y r p 2  * =  g s  1 - p o  w  _i  n  t  ( Y c l  , 2 * i ) ;
Y l y  * =  g s l . s f . e x p  ( g s l _ s f _ l o g  ( y r p l  * y r p 2 )  /  B I T S . P . C O L ) ;

}
p a r t i  =  g s l . s f . e x p  ( g s l . s f . l o g  ( Y r o w )  + C O D E W O R D / P A G E S I Z E  ) ;
p  a r  1 2 =  CODEWORD * g s l . s f . e x p  ( g s l _ s f . l o g  ( Y  r o w ) * ( ( CO DE WO RD— 1)  /  P A G E S I Z E  ) ) ; 
p a r t 3  =  1 — Y l y ;
Y e w  =  p a r t i  +  p a r t 2  * p a r t 3 ;

Y b o o k  =  g s l . s f . p o w . i n t  ( Y e w ,  N C W ) ;
/ /  p r i n t f  ( ” her  e3 ” ) ;

/ /  p r i n t f  ( ” here4 ”);

Y d r a m  ~  g  s 1 _ p  o  w  _ i n  t  ( Y b o o k  , N B O O K S ) ;  

p  r  i n  t  f  ( ” %  1 . 1 3  f  —%  1 . 1 0  f \ n ” , p s i  , Y d r a m ) ;

r e t u r n  0;
}

D .4 .4 R o w  an d  C o lu m n  R ed u n d a n cy  w ith  E C C

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and. col umn
* r e dundancy  us i ng  the n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Crai g Jol y  , December  13 ,  2002  
* /

# i n c l u d e  < s t d i o .  h >
# i n c l u d e  <  s t  d  1 i b  . h >
# i n c l u d e  <  g e t o p t . h >
# i n c l u d e  < m a t h . h >
^ i n c l u d e  < g s l / g s l _ s f _ g a m m a .  h >

# i f d e f  - 1 6 MD R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1 6  * 1 0 2 4  * 1 0 2 4 ) )
# d e f i n e  R E D - C O L S  2
# d e f i n e  R E D - R O W S  2 4
# d e f i n e  N B O O K S  6 4
# d e f i n e  N S E C S  4
# d e f i n e  B I T S - P . R O W  1 0 9 6
# d e f i n e  B I T S . P . C O L  2 0 4 8
# d e f i n e  S E C J I E I G H T  4 0 9 6
# d e f i n e  P A G E S I Z E  1 3 7
# d e f i n e  CODE WORD 1 3 7

# e n d i f

# i f d e f  . l G D R A M
^ d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1 0 2 4 *  1 0 2 4  * 1 0  2 4 ) )
# d e f i n e  R E D - C O L S  1 6
# d e f i n e  R E D - R O W S  6 4
# d e f i n e  N B OO KS  3 2
# d c f i n e  N S E C S  8
# d e f i n e  B I T S . P . R O W  1 6 7 3 6

151

R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.



D.4 Cluster Fault Model

# d e f i n e  B I T S . P . C O L  4 0 9 6  
# d e f i n e  S E C . H E I G H T  8 1 9 2  
# d e f i n e  P A G E S I Z E  8 3 6 8  
# d e f i n e  CODEWORD 5 2 3

# e  n  d  i f

# d  c f  i n  e Q  1 . 0
# d  e f  i n  e P  2 . 0
^ t d e f i n e  D N O T  2 . 0
# d e f i n e  DMAX 6 4 . 0
# d e f i n e  F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )

// r e t u r n  ( d e l t a  <  D N O T )  ?  ( F P P A R A M *  p o w ( d e l t a ,  Q )  /  p o w ( D N O T ,  Q + l ) )  :

/ /  ( F P P A R A M  *  p o w ( D N O T ,  P — l )  /  p o w (  d e l t a  ,  P ) ) ;

r e t u r n  ( d e l t a  <  D N O T )  ? ( F P P A R A M  * d e l t a  /  4 . 0 )  :
( F P P A R A M  * 2 . 0  /  ( d e l t a *  d e l t a  ) )  ;

}
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y c l  , Y c o l  , Y s c b o o k  , Y r o w ,  Y d r a m ;
d o u b l e  Y c o l c l  , Y b o o k ,  Y s e c ;
d o u b l e  Y l y ,  y r p l  , y r p 2  , Y e w ;
d o u b l e  y c p l , y c p 2 , y c p 3 ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;
d o u b l e  p s i ;
d o u b l e  p s t e p  , p t o p  ;
i n t  x  , y  ;
i n t  i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s  : h ” ) )  ! =  — 1 )
{

s w i t c h  ( c )
{

c a s e  ’ 1 ’ :
p t o p  =  a t  o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’ :
p s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ h  ’ :
f p r i n t f ( s t d e r r  , ’’ U s a g e  : % s . - l . e n d . p s i . - s _ p s i . s t e p \ n ” , a r g v [ 0 ] ) ;
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

}
}
f o r  ( p s i  =  0  -j- p s t e p ;  p s i  <  p t o p ;  p s i  + =  p s t e p )
{

Y c o l  =  1 . 0 ;
f o r  ( x  =  1 ;  x  < =  DMAX;  x + + )
{

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  c x p ( — p s i  * s p r o b ( x )  * s p r o b ( y ) ) ;
Y c o l c l  =  p o w (  Y c l  , B I T S . P . C O L + R E D - R O W S - y  +  l ) ;
y c p l  =  p o w  ( Y c o l c l  , x  * ( P A G E S I Z E  +  R E D . C O L S  -  2 * x  +  2 ) ) ;
y c p 2 =  1 ;
f o r  ( i  =  1 ; i <  x ;  i + + )

y e p  2 * =  p o w  ( Y c o l c l ,  2 * i ) ;
Y c o l  * =  e x p ( l o g ( y c p l * y c p 2 ) / (  P A G E S I Z E + R E D . C O L S ) ) ;

}
}// p r i n t f  ( ” % . f \ n ”  , Y c o l ) ;

Y b o o k  =  0 ;
f o r  ( i  = 0 ;  i < =  R E D . C O L S ;  i + + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( P A G E S I Z E  +  R E D . C O L S ,  i ) ;
// p r i n t f ( ” d i e  1 ”  ) ;

P a r t 2  =  ( P A G E S I Z E  +  R E D _ C O L S - i )  * l o g  ( Y c o l ) ;
// p r i n t f  ( ”  d i e  2  ” )  ;

p a r t 3  =  i * l o g ( l  — Y c o l ) ;
// p r i n t f  (  ” d i e  3  ” )  ;

Y b o o k  + =  e x p  ( p a r t i  +  p a r t 2  +  p a r t 3 ) ;
// p r i n t f ( ” d i e  4  ” ) ;

}
// p r i n t f ( ” h e r e 2  ” ) ;

Y l y  =  1;
f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  e x p ( — p s i  * s p r o b ( l )  * s p r o b ( y ) ) ;  
y r p l  =  p o w ( Y c l  , y*  ( B I T S . P . C O L  — 2 * y  + 2) ) ;
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y r p 2 =  1 ;
f o r  ( i =  1 ; i <  y  ; i - F+)

y r p 2  * =  p o w  ( Y c l  , 2 * i ) ;
Y l y  * =  e x p ( l o g ( y r p l  * y r p 2 )  /  B I T S . P . C O L ) ;

}
p a r t i  =  e x p  ( 1 o g  ( Y b o o k )  * CO DE WO RD /  ( P A G E S I Z E *  B I T S . P . C O L  ) ) ;
p  a  r  1 2 =  CODEWORD * e x p  ( 1 o g  ( Y b o o k  ) * (  ( C O D E W O R D -  1 ) / ( P A G E S I Z E *  B I T S . P - C O L  ) ) )  ;
p a r t 3  =  1 — Y l y ;
Y e w  =  p a r t i  4- p a r t 2  * p a r t 3 ;

Y r o w  =  p o w  ( Y e w ,  B I T S . P  . R O W / C O D E W O R D )  ;

/ /  p r i n t f ( ”here  3 ” ) ;

Y s c c  — 0 ;
f o r  ( i = 0 ;  i <  =  R E D - R O W S ; i + + )
{

p a r t i  =  g s l . s f . l  n c h o o s e  ( S E C - H E I G H T  +  R E D . R O W S , i ) ;
p a r t 2  =  ( S E C . H E I G H T  +  R E D J R O W S - i )  * l o g ( Y r o w ) ;
p a r t 3  =  i * l o g ( l  — Y r o w ) ;
Y s e c  + =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
/ /  p r i n t f ( ”here4 ”);

Y d r a m  =  p o w (  Y s e c  , N S E C S ) ;  

p  r  i n  t  f  ( ” % 1 . 1 0  f  _ %  1 . 1 0  f \ n ” , p s i  , Y d r a m ) ;
}
r e t u r n  0 ;

}

D .4 .5 A ssociative D irect Redundancy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  a s s o c i a t i v e  d i r e c t
* r e dundancy  us i ng  t he b i n o mi a l  y i e l d  model .
* Craig Jol y  , December  13,  2002  
»/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  < s t d l i b .  h >
^ i n c l u d e  < g e t o p t  . h >
^ i n c l u d e  < m a t h . h >
# i n c l u d o  < g s l  /  g s l . s f .  g a m m a .  h >

# d e f i n c  L . R A T I O  0 . 2

# i f d e f  . 1 6 M D R A M  
# d e f i n e  B I T S  
# d e f i n e  W O R D _ B I T S  
#  d  e f  i n  e  NWORDS  
# d e f i n e  A D D R 3 I T S  
# d e f i n e  S E C . B I T S  
# d e f i n e  M A X . C A M - E  
# d c f i n c  C A M ^ T E P

n  d  i f

1 6 * 1 0 2 4 * 1 0 2 41
4 * 4 * 1 0 2 4 * 1 0 2 4
2 2
2
1 2 8 * 1 0 2 4
1 0 2 4

# i f d e f  . 1 G D R A M
# d e f i n e  B I T S  
# d e f i n e  W O R D 3 I T S  
# d e f i n c  NWORDS  
# d e f i n e  A D D R - B I T S  
# d e f i n e  S E C . B I T S  
# d e f i n e  M A X . C A M - E  
# d e f i n e  C A M ^ T E P  

# e  n  d  i f

1 0 2 4 * 1 0 2 4 * 1 0 2 4
16
2 * 3 2 * 1 0 2 4 * 1 0 2 4
2 5
1
1 2 8 * 1 0 2 4
1 0 2 4

# d e f i n e  D N O T  
# d c f i n e  DMAX

2 . 0
6 4 . 0

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T )  ? ( 0 . 6 8 0 8 5  * d e l t a  /  4 . 0 ) :
( 0 . 6 8 0 8 5  * 2 . 0  /  ( d e l t a

}
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

F I L E  * f c  , * f w  ;
f l o a t  c a m s  [ 6 4 ]  [ 6 4 ]  , w o r d s [ 6 4 ] [ 6 4 j ;  
d o u b l e  Y c l  , Y d c l  , Y d r a m ;  
d o u b l e  Y c a m . c l  , Y m a s k . c l ;
d o u b l e  p s i  , p s i . h  , p s i _ l  , p s i - c a m  , p s i . m a s k  ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;
i n t  x , y ;
i n t  c a m . e  , n . c a m . e  , c x y  , n r  ;

d e l t a  ) ) ;
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i n t  c , i ,  j ,  r e d u c e ;  
o p t e r r  =  0 ;

# i f d e f  - 1 6 MD R A M
f c  =  f o p e n  ( ” 1 6 M _ a d  . 1 u t  ” , ” r ” ) ;
f w  =  f o p e n  ( ” 1 6 M . w o r d  . 1 u t  ” , ” r ” ) ;

# e  n  d  i f
# i  f  d  e  f  . c o n t

f c  =  f o p e n  ( ” 1 G . a d . c o n t  . l u t  " , ” r ” ) ; 
f w  =  f o p e n ( ” l G  . w o r d . c o n t  . l u t ” , ” r  ” ) ;

# e  n  d  i f
# i  f  d  e  f  _ i n t

f c  =  f o p e n  ( ’’ l G . a d . i n t .  l u t ” , ” r  ” ) ;
f w  =  f o p e n  ( ” 1 G  . w o r d  _ i n t  . 1 u t  ” , ” r ” ) ;

# e n d i f

f o r  ( j =  0 ;  j  <  6 4 ;  j + + )
f o r  ( i = 0 ;  i <  6 4 ;  i + + )
{

f s c a n f  ( f c  i ” % f ” , & ( c a m s [ i ] [ j ] ) ) ;  
f s c a n f  ( f w  , ” % f  ” , & ( w o r d s [ i ] [ j ] ) ) ;

}
w h i l e  ( (  c =  g e t o p t  ( a r g c ,  a r g v ,  ” h ” ) )  ! =  — 1 )
{

s w i t c h  ( c )
{

c a s e  ’ h ’ :
f p r i n t f ( s t d e r r  , ” U s a g e  : % s  \  n ” , a r g v  [ 0 ] )  ; 
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

}
}
f o r  ( n . c a m . e  =  0 ;  n . c a m . e  <  =  M A X _ C A M _ E ; n . c a m . e  + =  C A M - S T E P )
{

p s i  =  p s i _ h  — 1 ; 
p  s  i _ 1 =  0  ;
r e d u c e  =  1 ;
Y d r a m  =  1 . 0 ;

w h i l e  ( 1 )
{

Y d r a m  — 1 . 0 ;
f o r  ( x  — 1 ;  x  < =  DMAX;  x - f + )
{

f o r  ( y  =  1 ;  y  <  = D M A X ; y + + )
{

Y c l  =  e x p ( — p s i  * s p r o b ( x )  * s p r o b ( y ) ) ;

p s i . c a m  =  p s i  /  L - R A T I O ; 
p s i . m a s k  =  p s i . c a m  /  2 ;

Y c a m . c l  =  e x p ( — p s i . c a m  ) ;
Y m a s k - c l  =  e x p ( — p s i . m a s k  ) ;

c a m . e  =  f  1 o o  r  ( p o w ( Y c a m . c l  , A D D R - B I T S )  *
p o w ( Y m a s k . c l  , A D D R - B I T S  +  S E C - B I T S )  * 
p o w ( Y c l ,  4  * W O R D - B I T S )  * n . c a m . e ) ;

c x y  =  f l o o r  ( ( d o u b l e  ) c a m _ e  * s p r o b ( x )  * s p r o b ( y )  /  c a m s  [ x  — 1 ] [ y  —

n r  =  c e i l  ( B I T S  /  ( x  * y ) ) ;
/ /  p r i n t f  ( ”%d %f  % d \ n ” , NWORDS, words  [ x — 1 ] [y — 1 ] , n r ) ;

Y d c l  =  0 ;
f o r  ( i = 0 ; i < =  c x y  ; i + + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( n r  , i ) ;
p a r t 2  =  ( n r  — i )  * l o g ( Y c l ) ;  
p a r t 3  =  i * l o g ( l  — Y c l ) ;

/ /  p r i n t f  ( ”%f  %f  % f \ n ” , p a r t i  , par t 2  , p a r t s ) ;
Y d c l  + =  e x p ( p a r t l  4- p a r t 2  +  p a r t 3 ) ;

}
Y d r a m  * =  Y d c l  ;

}
>
i f  ( Y d r a m  >  0 . 5 1 )
{

r e d u c e  =  0 ; 
p  s  i _1 =  p s i ;
p s i  =  ( p s i  +  p s i . h )  /  2 ;

}
e l s e  i f  ( Y d r a m  <  0 . 4 9 )
{

i f  ( r e d u c e )
p s i  / =  1 0 ;
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}

}
e l s e
{
>

p s i  =  ( p s i  +  p s i . l )  /  2 ;

b r e a k  ;

}
p r i n t f ( ” % 1 . 1 0  f  _ % d - %  1 . 5  f \ n "  , p s i ,  n . c a m . e  , Y d r a m  ) ;

r e t u r n  0;

D .4 .6 A sso c ia t iv e  In d irect R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  a s s o c i a t i v e
* r e dundanc y  us i ng  t he b i n o mi a l  y i e l d  model .
* Craig Jol y  , December  13,  2002  
*/

^ i n c l u d e  < s t d i o . h >
# i  n  c 1u  d  e  <  s t  d  1 i b  . h >
# i  n  c 1u  d  e  < g e t o p t .  h >
# i n c l u d e  < m a t h . h >
^ i n c l u d e  < g s l  /  g s l . s f . g a m m a  , h >

# d c f i n e  L - R A T I O  0 . 2

# i f d e f  . 1 6 M D R A M  
# d e f i n e  B I T S  
# d e f i n e  W O R D - B I T S  
# d e f i n e  NWORDS  
# d e f i n e  A D D R - B I T S  
# d e f i n e  S E C - B I T S  
# d e f i n e  M A X - C A M - E  
# d c f i n e  C A M - S T E P  

# e  n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  B I T S  
# d e f i n e  W O R D - B I T S  
# d e f i n e  NWORDS  
# d e f i n e  A D D R - B I T S  
# d e f i n e  S E C - B I T S  
# d e f i n e  M A X - C A M - E  
# d e f i n e  C A M - S T E P  

# e n d i f

1 6 * 1 0 2 4 * 1 0 2 4
1
4 * 4 * 1 0 2 4 * 1 0 2 4
22

1 2 8 * 1 0 2 4
1 0 2 4

1 0 2 4 * 1 0 2 4 * 1 0 2 4
16
2 * 3 2 * 1 0 2 4 * 1 0 2 4
25
1
1 2 8 *  1 0 2 4  
1 0 2 4

# d e f i n e  D N O T  
# d e f i n e  DMAX

2 . 0
6 4 . 0

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T )  ? ( 0 . 6 8 0 8 5  * d e l t a  /  4 . 0 ) :
( 0 . 6 8 0 8 5  * 2 . 0  /  ( d e l t a  * d e l t a ) ) ;

}
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

F I L E  * f c  , * f w  ;
f l o a t  c a m s  [ 6 4 ]  [ 6 4 ]  , w o r d s  [ 6 4  ] [ 6  4  ] ; 
d o u b l e  Y c l  , Y d c l  , Y d r a m ;  
d o u b l e  Y c a m . c l  , Y f l a s h . c l  ;
d o u b l e  p s i  , p s i _ h  , p s i - l  , p s i . c a m  , p s i - f l a s h  ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3  ;
i n t  x , y  ;
i n t  c a m . e  , n . c a m . e  , c x y  , n r  , d w o r d  , r e d . b i t s  ; 
i n t  c , i , j , r e d u c e ; 
o p t e r r  =  0 ;

# i f d e f  . 1 6 M D R A M
f c  =  f o p e n ( ” 1 6 M _ a i _ c a m . l u t ” , ” r  ” ) ;  
f w  =  f o p e n  ( ’’ 1 6 M _ w o r d  . l u t ” , ” r  ” ) ;

# e n d i f
# i f d e f  _ c o n t

f c  =  f o p e n  ( ” l G . a i . c a m . c o n t  . l u t  ” , ” r ” ) ;  
f w  =  f o p e n  ( ” l G . w o r d . c o n t  . l u t  ” , ” r ” ) ;

# e  n  d  i f 
# i f d e f  _ i n t

f c  =  f o p e n  ( ” 1 G . a i . c a m . i n t  . l u t  ” , ” r ” ) ; 
f w  =  f o p e n ( ” l G  . w o r d . i n t  . l u t ” , ” r  ” ) ;

# e  n  d  i f

f o r  ( j  =  0 ;  j <  6 4 ;  j + + )
f o r  ( i = 0 ;  i <  6 4 ;  i + + )
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}
f s c a n f ( f c ,  ” % f  " , &: ( c a m s  [ i ] [ j  ] ) ) ; 
f s c a n f ( f w ,  ” % f  ” , & ( w o r d s [ i ] [ j ] ) ) ;

g e t o p t  ( a r g c ,  a r g v ,  " h ” ) ) -1)

’ U s a g e  : % s \ n ” , a r g v [ 0 ] ) ;

w h i l e  ( ( c
{

s w i t c h  ( c  )

{
c a s e  ’h ’ :

f p r i n t f ( s t d e r r  
r e t u r n  1; 

d e f a u l t  :
a b o r t  ( )  ;

}
}
f o r  ( n . c a m . e  =  0 ;  n . c a m . e  <  =  M A X _ C A M _ E ; n . c a m . e  4* =  C A M - S T E P )  
{

p s i  — p s i _ h  =  1 ; 
p  s i _1 =  0  ;
r e d u c e  =  1 ;
Y d r a m  =  1 . 0 ;

w h i l e  ( 1 )
{

Y d r a m  =  1 . 0 ;  
d w o r d  =  0 ;
f o r  ( x  =  1 ;  x  < =  DMAX;  x + + )
{

f o r  ( y  — 1 ;  y  < = D M A X ;  y + + )
{

//

Y c l  =  e x p ( — p s i  * s p r o b ( x )  * s p r o b ( y ) ) ;

p s i . c a m  =  p s i  /  L _ R A T I O ; 
p s i . f l a s h  =  p s i . c a m  /  2 ;

Y c a m . c l  =  e x p  ( — p s i  . c a m  ) ;
Y f l a s h . c l  =  e x p  ( — p  s i _ f  1 a  s h  ) ;

c a m . e  — f l o o r  ( p o w (  Y c a m . c l  , A D D R - B I T S )  *
p o w ( Y f l a s h . c l  , A D D R - B I T S  +  S E C . B I T S )  * 
n . c a m . e  ) ;

c x y  =  f  1 o  o  r  ( (  d o u b l e ) c a m . e  * s p r o b ( x )  * s p r o b ( y )  /  c a m s [ x  — 1 ] [ y  - 

n r  =  c e i l  ( B I T S  /  ( x  * y  ) ) ;
p r i n t f  ( ”%d % f  % d \ n ” , NWORDS, words  ( x -  1 ] [y -  1 ] , n r ) ;

/ /

i < =  c x y  ; i + + )
Y d c l  =  0 ;  
f o r  ( i =  i
{

p a r t i  =  g s l . s f . l n c h o o s e  ( n r  , i ) ;
p a r t 2  =  ( n r  — i )  * l o g ( Y c l ) ;  
p a r t 3  =  i * l o g ( l  — Y c l ) ;
p r i n t f  (”%f  %f  % f \ n ” , p a r t i  , p a r t S ,  p a r t s ) ;  
Y d c l  + = :  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
Y d r a m  * =  Y d c l ;
d w o r d  + =  c c  i 1 ( (  d o u b l e ) c x y  * w o r d s  [ x  — 1 ] [ y — 1 ] )  ;

f  ( Y d r a m  >  0 . 5 1 )

r e d u c e  =  0 ; 
p s i . l  =  p s i ;
p s i  =  ( p s i  4- p s i . h )  /  2 ;

e l s e  i f  ( Y d r a m  <  0 . 4 9 )

i f  ( r e d u c e )
psi / = 10;

e l s e
p s i  =  ( p s i  +  p s i . l )  /  2 ;

b r e a k  ;

}
r e d . b i t s  =  c e i 1 ( 1 o g  ( (  f l  o  a t  ) d w o r d  ) /  l o g ( 2 . 0 ) ) ;

p r i n t f ( ” % 1 . 1 0  f  ~%d~% 1 . 5  f  - . % d \ n ” , p s i ,  n . c a m . e  , Y d r a m  , r e d . b i t s ) ;

r e t u r n  0 ;
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}

D .5  C om bined  Fault M od el

D .5 .1  N o  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  w i t h o u t  r e dundanc y  us i ng
* a c l u s t e r  f a u l t  model  and a b i n o mi a l  ( p o i s s o n  ) y i l e d  model
* Crai g Jol y  , December  12,  2002  
*/

^ i n c l u d e  < s t d i o .  h >  
^ i n c l u d e  < s t d l i b . h >  
^ i n c l u d e  < g e t o p t  . h >  
# i n c l u d e  < m a t h . h >

# i f d e f  J . 6M D R A M  
# d e f i n e  B I T S  
# d e f i n e  NROWS  
# d e f i n e  N C O L S  
# d e f i n e  N_ X 
# d e f i n e  N_ Y 

jfcc n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  B I T S  
# d e f i n e  NROWS  
# d e f i n e  N C O L S  
# d  e f  i n e  N_ X 
# d e f i n e  N_ Y 

# e n d i f

1 6 * 1 0 2 4 * 1 0 2 4
1 6 * 1 0 2 4
8 7 6 8
2 1 9 2
8 1 9 2

1 0 2 4 * 1 0 2 4 * 1 0 2 4
6 5 5 3 6
2 6 2 1 4 4
3 2 *  1 0 2 4
3 2 * 1 0 2 4

# d c f i n e  Q  1 . 0
# d e f i n e  P  2 . 0
# d c f i n e  D N O T  2 . 0
# d e f i n e  DMAX 6 4 . 0
# d e f i n e  F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T )  ? ( 0 . 6 8 0 8 5  * d e l t a  /  4 . 0 ) :
( 0 . 6 8 0 8 5  * 2 . 0  /  ( d e l t a  * d e l t a ) ) ;

>
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y s c ,  Y r o w  , Y c o l  , Y c l a  ;
d o u b l e  Y c l  , Y d c l  , Y d r a m ;
d o u b l e  l a m b d a  ; 
d o u b l e  l s t e p  , l t o p ;  
i n t  b , c , x  , y  ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s : h ” ) )  ! =  — 1) 
s w i t c h  ( c )
{

c a s e  ’ 1 ’
l t o p  =  a t  o  f  ( o  p  t  a  r  g  ) ; 
b r e a k  ; 

c a s e  ’ s ’
l s t e p  =  a t o f ( o p t a r g  ) ; 
b r e a k ; 

c a s e  ’ h  ’ :
f p r i n t f ( s t d e r r  , ” U s a g e : % s » -  1 _ e n d _ l a m b d a _ — s „ l a m b d a _ s t e p \ n ” 
r e t u r n  1; 

d e f a u l t  :
a b o r t  ( ) ;

}

f o r  ( l a m b d a  =  0 ; l a m b d a  <  l t o p  ; l a m b d a  + =  l s t e p )
{

Y s c  =  e x p (  — l a m b d a  * B I T S  /  3 ) ;
Y c o l  =  e x p (  — l a m b d a  /  6 * N C O L S ) ;
Y r o w  — e x p (  — l a m b d a  /  6 * NR OWS )  ;
Y c l a  =  1;
f o r  ( x  =  1 ;  x  < = D M A X ;  x + + )
{

f o r  ( y  =  1 ;  y  < = D M A X ;  y + + )
{

Y c l  =  e x p (  — l a m b d a / 3  * s p r o b ( x )  * s p r o b ( y ) ) ;
Y d c l  =  p o w ( Y c l ,  ( N_ X -  x  +  1 )  * ( N_ Y -  y  +  1 ) ) ;  
Y c l a  * -  Y d c l ;

}>
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Y d r a m  =  Y s c  * Y c o l  * Y r o w  * Y c l a ;
p r i n t f  ( ” %  1 . 1 0  f  _ %  1 . 1 0  f \ n ” , l a m b d a ,  Y d r a m ) ;

}
r e t u r n  0 ;

}

D .5 .2 R o w  an d  C o lu m n  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and col umn
* r e dundanc y  us i ng  t he n e g a t i v e  b i n o mi a l  y i e l d  model .
* Craig Jol y  , December  13,  2002  
*/

# i n c l u d e  < s t d i o . h >
# i n c l u d e  < s t d  1 i b  . h >
# i n c l u d e  < g e t o p t . h >
# i n c l u d e  <  g s  1 /  g s l  _ s f - g a m  m  a  . h >  
# i n c l u d e  <  g  s 1 /  g s  1 _ p o  w  _i  n  t  . h >  
# i n c l u d e  < g s l / g s l _ s f _ e x p . h >  
# i n c l u d e  < g s l / g s l _ s f _ l o g . h >

# i f d e f  . 1 6 M D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t ) ( 1 6  * 1 0 2 4  * 1 0 2 4 ) )
# d e f i n e  R E D . C O L S  2 
# d e f i n e  R E D . R O W S  2 4  
# d e f i n e  NB O O K S  6 4  
# d e f i n e  N S E C S  4 
# d e f i n e  B I T S , P - R O W  1 0 2 4  
# d e f i n e  B I T S . P . C O L  2 0 4 8  
# d e f i n e  S E C - H E I G H T  4 0 9 6  
# d e f i n c  P A G E S I Z E  1 2 8  

# e  n  d  i f

# i f d e f  _ 1 G D R A M
# d e f i n e  B I T S  ( ( u n s i g n e d  i n t  ) ( 1 0  2 4  * 1 0 2 4  * 1 0 2 4 ) )
# d e f i n e  R E D - C O L S  1 6  
# d e f i n e  R E D _ R O W S  6 4  
# d c f i n e  NB O O K S  3 2  
# d e f i n e  N S E C S  8 
# d e f i n e  B I T S J > _ R O W  1 6 3 8 4  
# d e f i n e  B I T S . P . C O L  8 1 9 2  
# d e f i n e  S E C _ H E I G H T  8 1 9 2  
# d e f i n e  P A G E S I Z E  8 1 9 2  

# e n d i f

i f  d  e f  i n  e  DMAX 6 4 . 0
#  d  e  f  i n  e  D N O T  2 . 0
# d e f i n e  F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T )  ? ( F P P A R A M  » d e l t a  /  4 . 0 )  :
( F P P A R A M  * 2 . 0  /  ( d c l t a »  d e l t a  ) )  ;

}
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y s c ,  Y c o l ,  Y s c b o o k ,  Y  r o w  , Y d r a m ;
d o u b l e  Y c l  , Y c o l e q  , Y c o l c l  , Y c o l c l u s t c r  ;
d o u b l e  y c p l  , y c p 2  , Y c l  , Y c 2  , Y r l  ; 
d o u b l e  Y r o w e q ,  Y b o o k  , Y s e c ;  
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;  
d o u b l e  l a m b d a  ; 
d o u b l e  I s t e p  , l t o p  ; 
i n t  x  , y  , i , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s  : h ” ) )  ! =  — 1 )
{

s w i t c h  ( c )
{

c a s e  ’ 1 ’ :
l t o p  =  a t o f ( o p t a r g ) ;  
b r e a k  ; 

c a s e  ’ s ’ :
I s t e p  =  a t o f ( o p t a r g  ) ; 
b r e a k  ; 

c a s e  ’ h  ’ :
f p r i n t f ( s t d e r r  , ” U s a g e  :% s^.— 1 - e n d . l a m b d a ^ -  s _ l a m b d a _ s t e p \ n ” 
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( )  ;

>
}
f o r  ( l a m b d a  =  0  4- I s t e p ;  l a m b d a  <  l t o p ;  l a m b d a  + =  I s t e p )
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Y s c  =  e x p (  — l a m b d a / 3  ) ;
Y c o l  =  e x p  ( — l a m b d a  /  6 ) ;
Y r o w  =  e x p  ( — l a m b d a  /  6 ) ;
Y c l  =  g s  1 _ p o  w  _i  n  t  ( Y s c  , B I T S _ P _ C O L ) ;

Y c 2  =  1 . 0 ;
f o r  ( x  =  1;  x  < = D M A X ;  x4-4*)
{

f o r  ( y  =  1 ;  y  < = D M A X ;  y + + )
{

Y c l  =  e x p (  —l a m b d a  /  3 * s p r o b ( x )  * s p r o b  ( y  ) ) ;
Y c o l c l  =  g s l . p o w . i n t  ( Y c l  , B I T S . P _ C O L + R E D _ R O W S - y  +  1 ) ;
y c p l  =  g s l . p o w . i n t  ( Y c o l c l  , x *  ( P A G E S I Z E  +  R E D - C O L S  — 2 * x  4- 2 ) ) ;
y c p 2 — 1 ;
f o r  ( i  =  1 ; i <  x ;  i + + )

y c p 2  * =  g s l . p o w . i n t  ( Y c o l c l ,  2 * i ) ;
Y c 2  * =  g s l . s f . e x p  ( g s l _ s f . l o g  ( y c p l * y c p 2 ) / (  P A G E S I Z E 4 - R E D . C O L S  ) ) ;

}
}
Y c o l e q  =  Y c l  * Y c o l  * Y c 2 ;

/ /  p r i n t f  ( ” Y c o l =%f \ n ” , Yc o l ) ;
Y b o o k  =  0 ;
f o r  ( i  = 0 ;  i < =  R E D . C O L S ;  i + + )
{

p a r t i  =  g  s  1 _s  f _ l  n  c h  o  o  s e ( P A G E S I Z E  +  R E D - C O L S ,  i ) ;
p  a r  1 2 =  ( P A G E S I Z E  +  R E D - C O L S  -  i )  * l o g  ( Y c o l e q ) ;
p a r t 3  =  i * l o g ( 1 . 0  — Y c o l e q ) ;
Y b o o k  + =  e x p  ( p a r t i  +  p a r t 2  +  p a r t 3 ) ;

}
Y s c b o o k  =  e x p  ( l o g  ( Y b o o k  ) /  ( B I T S - P - C O L  * P A G E S I Z E ) ) ;
Y r l  =  g s l . p o w . i n t  ( Y s c b o o k  , B I T S _ P _ R O W ) ;
Y r o w e q  — Y r l  * Y r o w ;
Y s e c  — 0 ;
f o r  ( i  = 0 ;  i <  =  R E D . R O W S ; i + + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( S E C - H E I G H T  +  R E D - R O W S , i ) ; 
p a r t 2  =  ( S E C - H E I G H T  4- R E D . R O W S  -  i )  * l o g ( Y r o w e q ) ;  
p a r t 3  =  i * l o g ( l  — Y r o w e q ) ;
Y s e c  + =  e x p ( p a r t l  +  p a r t 2  4- p a r t 3  ) ;

}
Y d r a m  =  g s l . p o w . i n t  ( Y s e c  , N S E C S ) ;  

p  r  i n  t  f  ( " % 1 . 1 0  f  _ %  1 . 1  0  f \ n ” , l a m b d a ,  Y d r a m ) ;

r e t u r n  0 ;
}

D .5 .3 E C C  R ed u n d a n cy

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and colun
* r e dundanc y  us i ng  t he n e g a t i v e  b i n o mi a l  y i e l d  model .
* Craig Jol y  , Jan 18 , 2003
•/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  < s t d l i b .  h >
^ i n c l u d e  <  g e t o p t  . h >
^ i n c l u d e  < m a t h . h >

# i f d o f  . 1 6 M D R A M
# d c f i n e  N C O L S  8 7 6 8
# d e f i n e  NB O O K S  6 4
# d e f i n c  NR OWS  1 6 * 1 0 2 4
# d e f i n e  N S E C S  4
# d e f i n c  CODEWORD 1 3 7  
# d e f i n e  P A G E S I Z E  1 3 7  
# d e f i n e  B I T S . P . C O L  2 0 4 8
# d e f i n c  S E C J I E I G H T  4 0 9 6
# d e f i n e  N C W P  1 

# e  n  d  i f

# i f d e f  - 1 G D R A M
# d e f  
# d c f  
# d e f  
# d e f  
# d e f  
# d e f  
# d e f  
# d e f  
# d e f  

f f cn  d  i f

n e  N C O L S  2 6 7 7 7 6  
n e  N B O O K S  3 2  
n e  NR OWS  6 5 5 3 6  
n e  N S E C S  8 
n e  CODEWORD 5 2 3  
n e  P A G E S I Z E  8 3 6 8  
n e  B I T S . P . C O L  4 0 9 6  
n e  S E C . H E I G H T  8 1 9 2  
n  e  N C W P  1 6

^ d e f i n e  DMAX 6 4 . 0
# d e f i n e  D N O T  2 . 0
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# d c f i n e  F P P A R A M  0. 68085

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T ) ? ( F P P A R A M  * d e l t a  /  4 . 0 )  :
( F P P A R A M  * 2 . 0  /  ( d e l t a *  d e l t a  ) )  ;

}
i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y s c ,  Y c w l  , Y c w 2 , Y e w ,  Y c l ;
d o u b l e  y r p l  , y r p 2  , p a r t i  , p a r t 2  , p a r t 3  , Y l y  , Y c o l c w l  , Y c o l c w 2  ;
d o u b l e  Y r o w c l  , Y c o l c w  ;
d o u b l e  Y r o w ,  Y d r o w , Y c o l  , Y b o o k ,  Y s e c  , Y d r a m ;
d o u b l e  l a m b d a  ;
d o u b l e  I s t e p  , l t o p ;
i n t  x , y ;
i n t  i , b , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  — g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s  : h ” ) )  ! =  — 1 ) 
s w i t c h  ( c )
{

c a s e  ’ 1 ’
l t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ' s ’ :
I s t e p  =  a  t  o  f  ( o  p  t  a  r  g  ) ; 
b r e a k ; 

c a s e  ’ h ' :
f  p  r  i n  t  f  ( s  t  d o  r  r  , ” U s a g e  :% s _ — 1 - e n d . l a m b d a _ ~  s _ l a m b d a _ s t e p \ n ” , a r g v  [ 0 ]  )
r e t u r n  1 ; 

d e f a u l t  :
a b o r t  ( ) ;

}
f o r  ( l a m b d a  =  0 ; l a m b d a  <  l t o p  ; l a m b d a  + =  I s t e p  ) {

Y s c  =  c x p (  —l a m b d a / 3  ) ;
Y c o l  =  e x p  ( —l a m b d a  /  6 ) ;
Y d r o w  — e x p (  — l a m b d a / 6  * N C O L S ) ;

Y c w l  =  p o w  ( Y s c  , CODEWORD)  +  CODEWORD * p o w ( Y s c ,  C O D E W O R D - 1)  * ( 1  -  Y s c ) ;  

Y r o w  =  1 . 0 ;
f o r  ( x  — 1;  x  <  =  D M A X ; x + + )
{

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  e x p  ( —l a m b d a  /  3 * s p r o b ( x )  * s p r o b ( y ) ) ;
Y r o w c l  =  p o w ( Y c l  , P A G E S I Z E — x  +  1 ) ;
y r p l  =  p o w (  Y r o w c l  , y  * ( B I T S _ P _ C O L  — 2 * y  +  2 ) ) ;
y r P 2 =  1 ;
f o r  ( i =  1 ; i <  y  ; i +  +  )

y  r  p  2 * =  p o w  ( Y r o w c l ,  2 * i ) ;
Y r o w  * =  e x p ( l o g ( y r p l  * y r p 2 )  /  B I T S . P . C O L ) ;

}
}
Y l y  =  1 . 0 ;
f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  e x p (  — l a m b d a / 6  * s p r o b ( l )  * s p r o b  ( y  ) ) ; 
y r p l  =  p o w  ( Y c l  , y  * (  B I T S . P . C O L  -  2 * y  +  2 ) ) ;  
y r p 2  =  1 ;
f o r  ( i ss 1 ; i <  y  ; i + + )

y  r  p  2 * =  p o w  ( Y c l ,  2 * i ) ;
Y l y  * =  e x p ( l o g ( y r p l  * y r p 2  ) / B I T S _ P . C O L  ) ;

}
p a r t i  =  e x p  ( l o g  ( Y r o w  ) * CODEWORD /  P A G E S I Z E ) ;
p a r t 2  =  CODEWORD * e x p  ( 1 o g  ( Y r o w ) * ( ( C O D E W O R D  -  1 )  /  P A G E S I Z E ) ) ;  
p a r t 3  =  1 — Y l y ;
Y c w 2  =  p a r t i  +  p a r t 2  * p a r t 3 ;

Y e w  =  Y c w l  % Y c w 2  ;
Y c o l c w l  =  p o w  ( Y e w , B I T S . P . C O L ) ;
Y c o l c  w 2  =  ( p o w  ( Y c o l  , B I T S . P . C O L )  + B I T S . P . C O L  *

p o w  ( Y c o l ,  B I T S . P . C O L  -  1 )  * ( 1  -  Y c o l ) ) ;
Y c o l c w  — Y c o l c w l  * Y c o l c w 2 ;
Y b o o k  — p o w (  Y c o l c w  , N C W P ) ;
Y d r a m  =  p o w (  Y b o o k ,  N S E C S )  * Y d r o w ;

p  r  i n  t  f  ( ” % 1 . 1 0  f  - %  1 . 1 0  f \ n ” , l a m b d a ,  Y d r a m ) ;

}
r e t u r n  0 ;
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D .5 .4 Row and Colum n Redundancy w ith  ECC

/ *  Program to c a l c u l a t e  g r aphs  f o r  DRAM y i e l d  wi t h  row and col umn
* r e dundancy  us i ng  t he n e g a t i v e  b i n o mi a l  y i e l d  model  .
* Craig Jol y  , Jan 18 , 2003  
*/

^ i n c l u d e  < s t d i o .  h >
^ i n c l u d e  <  s t  d  1 i b  . h >
#  i n  c 1 u  d  e < g e t o p t .  h >
^ i n c l u d e  < m a t h . h >
# i n c l u d e  < g s ]  /  g s l . s f . g a m m  a  . h >
^ i n c l u d e  <  g s l  /  g s l . p o w . i n t  . h >

# i f d e f  - 1 6 MD R A M
# d e f n  e R E D . C O L S  2
# d e f n  e R E D  . R O W S  2 4
# d c f n  e N C O L S  8 7 6 8
# d e f n  e NB O O K S  6 4
# d e f n  e NR OWS  1 6 * 1 0 2 4
# d e f n  c N S E C S  4
# d e f n  e CODEWORD 1 3 7
# d c f n  e P A G E S I Z E  1 3 7
# d e f n  e B I T S . P . C O L 2 0 4 8
# d e f n  e B I T S _ P _ R O W 1 0 9 6
# d c f n  e S E C - H E I G H T 4 0 9 6
# d e f n  e NC WP  1

# e  n  d i f  

# i f d e f
#d
#d
# d
#d
#d
#d
#d
#d
# d
# d
# d
# d

# e  n  d  i f

. l G D R A M
i f i n e  R E D - C O L S  1 6  

R E D  . R O W S  6 4 
N C O L S  2 6 7 7 7 6  
N B O O K S  3 2 
NR OWS  6 5 5 3 6  
N S E C S  8 

e f i n e  CODEWORD 5 2 3  
e f i n e  P A G E S I Z E  8 3 6 8

B I T S . P . C O L  4 0 9 6  
B I T S . P . R O W  1 6 7 3 6  
S E C - H E I G H T  8 1 9 2  
NC WP  16

e f i  n o  
e f i  n e  
efine 
efine 
e f i n e

e f i n e  
e f i n e  
e f i  n c  
e f i  n e

d  e  f  i n  e  DMAX 6 4 . 0  
# d  e f i n e  D N O T  2 . 0  
#  d  e  f  i n  e F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T )  ? ( F P P A R A M

}
d e l t a  /  4 . 0 )  :

( F P P A R A M  * 2 . 0  /  ( d e l t a * d c l t a ) ) ;

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

d o u b l e  Y s c ,  Y c w l ,  Y c w 2  , Y e w ,  Y c l ;
d o u b l e  y r p l  , y r p 2  , Y r l  , p a r t i  , p a r t 2  , p a r t 3  , Y l y  , Y c o l c w l  , Y c o l c w 2  ;
d o u b l e  Y r o w c l  , Y c o l c w  ;
d o u b l e  Y c o l e q  , Y r o w e q  , Y s c b o o k  ;
d o u b l e  Y r o w ,  Y d r o w ,  Y c o l ,  Y b o o k ,  Y s e c ,  Y d r a m ;  
d o u b l e  l a m b d a  ; 
d o u b l e  I s t e p  , l t o p ;  
i n t  x  , y  ; 
i n t  i , b  , c ;

o p t e r r  =  0 ;

w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s  : h ” ) ) ! =  — 1 ) 
s w i t c h  ( c )
{

c a s e  ’ 1 ’ :
l t o p  =  a t o f ( o p t a r g  ) ; 
b r e a k ; 

c a s e  ’ s '  :
I s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’h ’ :
f  p  r  i n  t  f  ( s t  d  e r  r  , ” U s a g e  : % s w— 1 _ e n  d . l a m b  d a - — s ^  1 a m  b  d  a . s t  c p  \  n ”
r e t u r n  1; 

d e f a u l t  :
a b o r t  ( ) ;

}

a r g v [ 0 ] ) ;

f o r  ( l a m b d a  =  0  +  I s t e p  ; l a m b d a  <  l t o p  ; l a m b d a  +  =  I s t e p  ) {
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Y s c  =  e x p (  —l a m b d a  /  3 ) ;
Y c o l  =  e x p  ( —l a m b d a  /  6 ) ;
Y r o w  =  e x p  ( —l a m b d a  /  6 ) ;

Y c w l  =  p o w  ( Y s c ,  CODEWORD)  +  CODEWORD * p o w  ( Y s c ,  C O D E W O R D - 1 )  * ( 1  -  Y s c ) ;  

Y r o w  =  1 . 0 ;
f o r  ( x  =  1 ;  x  <  =  DMAX;  x-}-+)
{

f o r  ( y  =  1 ;  y  <  =  DMAX;  y + + )
{

Y c l  =  e x p (  —l a m b d a / 3  * s p r o b  ( x  ) * s p r o b ( y ) ) ;
Y r o w c l  =  p o w ( Y c l  , P A G E S I Z E ) — x  +  1 ) ;
y r p l  =  p o w ( Y r o w c l  , y  * (  B I T S . P . C O L  — 2 * y  +  2 ) ) ;
y r P 2 =  1 ;
f o r  ( i =  1 ; i <  y  ; i +  +  )

y  r  p 2  * =  p o w  ( Y r o w c l ,  2 * i ) ;
Y r o w  * =  e x p ( l o g ( y r p l  * y r p 2  ) /  B I T S . P . C O L ) ;

}
}
Y l y  =  1 . 0 ;
f o r  ( y  — 1 ;  y  < =  DMAX;  y + + )
{

Y c l  — e x p ( — l a m b d a / 6  * s p r o b ( l )  * s p r o b ( y ) ) ;  
y r p l  =  p o w ( Y c l ,  y  * (  B I T S . P . C O L  — 2 * y  +  2 ) ) ;  
y r P 2 =  1 ;
f o r  ( i =  1 ; i <  y  ; i + + )

y  r p 2 * =  p o w  ( Y c l  , 2 * i ) ;
Y l y  * =  e x p ( l o g ( y r p l  * y r p 2  ) / B I T S . P . C O L  ) ;

}
p a r t i  =  e x p ( l o g ( Y  r o w ) * CODEWORD /  P A G E S I Z E ) ;
p a r t 2  =  CODEWORD * e x p  ( l o g  ( Y r o w ) * ( ( C O D E W O R D  -  1 )  /  P A G E S I Z E ) ) ;  
p a r t 3  =  1 — Y l y ;
Y c w 2  =  p a r t i  4- p a r t 2  * p a r t 3  ;

Y e w  =  Y c w l  * Y c w 2 ;
Y c o l c w l  — p o w ( Y c w ,  B I T S . P . C O L ) ;
Y c o l c w 2  =  ( p o w ( Y c o l  , B I T S . P . C O L )  +  B I T S . P . C O L  *

p o w  ( Y c o l ,  B I T S . P . C O L  -  1 )  * ( 1  _  Y c o l ) ) ;
Y c o l c w  =  Y c o l c w l  * Y c o l c w 2 ;

Y c o l e q  =  e x p  (1 o g  ( Y c o l c w  ) /  CO DE WO R D ) ;

Y b o o k  =  0 ;
f o r  ( i  = 0 ;  i < =  R E D . C O L S ; i + + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( P A G E S I Z E  +  R E D - C O L S ,  i ) ;
p a r t 2  =  ( P A G E S I Z E  +  R E D - C O L S  -  i )  * l o g ( Y c o l e q ) ;
p a r t 3  =  i * l o g ( 1 . 0  — Y c o l e q ) ;
Y b o o k  + =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
Y s c b o o k  =  e x p  ( l o g  ( Y b o o k )  /  ( B I T S . P . C O L  * P A G E S I Z E ) ) ;
Y r l  =  g  s 1 _ p  o w  _i  n  t  ( Y s c b o o k  , B I T S . P . R O W ) ;
Y r o w e q  =  Y r l  * Y r o w ;
Y s e c  =  0 ;
f o r  ( i  =  0 ;  i < = R E D _ R O W S ;  i + + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( S E C J I E I G H T  +  R E D J I O W S ,  i ) ;  
p  a r t  2 =  ( S E C . H E I G H T  +  R E D J I O W S  -  i )  * l o g  ( Y r o w e q ) ;  
p a r t 3  =  i * l o g ( l  — Y r o w e q ) ;
Y s e c  + =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
Y d r a m  =  g s l . p o w . i n t  ( Y s e c  , N S E C S ) ;  

p  r  i n  t  f  ( ” % 1 . 1 0  f - %  1 . 1 0  f \ n ” , l a m b d a ,  Y d r a m ) ;

r e t u r n  0;
}

D .5 .5 A sso c ia t iv e  D ir e c t  R ed u n d a n cy

^ i n c l u d e  < s t d i o . h >
^ i n c l u d e  < s t d l i b . h >
^ i n c l u d e  < g e t o p t . h >
# i n c l u d e  < m a t h . h >
# i n c l u d e  <  g s  1 /  g s l . s f . g a m m a  . h >  
^ i n c l u d e  < g s l /  g s l . p o w . i n t .  h >

# d e f i n e  L . R A T I O  0 . 2

# i f d e f  . 1 6 M D R A M
# d e f i n e  B I T S  1 6 * 1 0 2 4 * 1 0 2 4
# d  e f i n e  W O R D - B I T S  1
# d e f i n e  N . W O R D S  1 6 * 1 0 2 4 * 1 0 2 4
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# d c f i  n e N . R O W S 1 6 3 8 4
# d e f i  n e N . C O L S 8 1 9 2
# d  e  f i n e A D D R - B I T S 2 2
# d e f i n e S E C . B I T S 2
# d e f i n e B I T S . P . R O W 1 0 2 4
# d  e  f  i n  e B I T S . P . C O L 2 0 4 8
# d e f i  n e NCAM 2 0 4 8
# d e f i  n e N S U P 8
# d e  f  i n e NCRDN 2

# c  n  d  i f

# i f d e f  - 1 G D R A M
# d e f i n e  B I T S  
# d e f i n e  W O R D - B I T S  
# d e f i n e  N . W O R D S  
# d e f i n e  N J I O W S  
^ d e f i n e  N . C O L S  
# d e f i n c  A D D R - B I T S  
# d e f i n e  S E C . B I T S  
# d e f i n e  B I T S _ P _ R O W  
# d e f i n e  B I T S . P . C O L  
# d e f i n e  NCAM 

# e  n  d  i f

1 0 2 4 * 1 0 2 4 * 1 0 2 4
16
6 4 * 1 0 2 4 * 1 0 2 4
6 5 5 3 6
2 6 2 1 4 4
2 5
1
1 6 3 8 4
4 0 9 6
7 4 7 5 2

# d c f i n e  D N O T  2 . 0  
# d e f i n c  DMAX 6 4 . 0  
# d e f i n e  F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T )  ? ( F P P A R A M  * d e l t a  /  4 . 0 )  :
( F P P A R A M  * 2 . 0  /  ( d e l t a  * d e l t a ) ) ;

}

i n t
{

m a i n  ( i n t  a r g c  , c h a r  * * a r g v )

F I L E  * f c  , * f w  ;
f l o a t  c a m s  [ 6 4 ]  [ 6 4 ]  , w o r d s  [ 6 4  ] [ 6  4  ] ;
d o u b l e  Y s c  , Y w o r d  , Y c o l  , Y w o r d c o l  , Y r o w  , Y c l  , Y d r a m  ; 
d o u b l e  l a m b d a  , l . c a m  , l . m a s k  ; 
d o u b l e  l t o p  , I s t e p  ;
d o u b l e  Y e a r n ,  Y m a s k , Y c a m s r c ,  Y c a m c l ;
d o u b l e  Y c a m c l l  , Y c a m c l 2  , Y c a m c l 3  , Y c a m s r c l  , Y c a m s r c 2  , Y c a m s r c 3 ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;
d o u b l e  Y d l  , Y d 2  , Y d 3  , Y d 4  , Y d c l ;
i n t  N e s c  , N e r o w  , N e c o l  , N e e l  , n r  , c x y ;
i n t  c a m . e  ;
i n t  c ,  i , j , k , l , x , y ,  x t o p ;

o p t e r r 0 ;

# i f d e f  J . 6M D R A M  
f c  =  f o p e n  ( 
f w  — f o p e n  ( 

# e  n  d  i f 
#  i f  d  e  f  . c o n t

f c  =  f o p e n  ( 
f w  =  f o p e n  (

# e n d i f  
# i f d c f  

f  c 
f w

# e  n  d  i f

_i  n  t
=  f o p e n  ( 
=  f o p e n  (

1 6 M _ a d  . l u t  ” , 
1 6 M _ w o r d  . l u t  ”

l G . a d . c o n t  . l u t ” 
l G . w o r d . c o n t  . l u t

l G . a d _ i n t . l u t ” , 
l G . w o r d . i n t  . l u t ”

’ r ” ) ;
, ” r  ” ) ;

f o r  ( j =  0 ;  j  < 6 4 ;  j + + )
f o r  ( i  =  0 ;  i <  6 4 ;  i + + )
{

f s c a n f ( f c ,  ” % f  ” , & ( c a m s [ i ] [ j j ) ) ;  
f s c a n f  ( f w  , ” % f ” , & ( w o r d s [ i ] [ j ] ) ) ;

}
w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s : h ” ) )  ! =  — 1 )
{

s w i t c h  ( c )
{

c a s e  ’ 1 ’ :
l t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s ’
I s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’h ’
f  p  r  i n  t  f  ( s  t  d e r r  , ” U s a g e : . % s - - l _ m a x . l a m b d a . - s . l a m b d a . s t e p \ n ” , a r g v  [ 0 ]  ) ;
r e t u r n  1; 

d e f a u l t
a b o r t  ( )  ;

}
}

163

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



D.5 Combined Fault Model

N e s c  =  — 5 0 ;
f o r  ( l a m b d a  =  0 ; l a m b d a  < l t o p ;  l a m b d a  + =  l s t c p )
{

l . c a m  =  — l a m b d a  /  ( 3  * L _ R A T I O ) ;
1 _ m  a s k  =  l . c a m  /  2 ;

Y s c  =  e x p (  —l a m b d a  /  3 ) ;
Y c o l  =  e x p ( — l a m b d a  /  6 ) ;
Y r o w  — e x p (  —l a m b d a  /  6 ) ;

Y e a r n  — e x p ( — l . c a m ) ;
Y m a s k  =  e x p ( — L m a s k  ) ;

Y c a m s r c l  =  g s  1 _ p  o w  _i  n  t  ( Y e a r n  , A D D R J 3 I T S )  *
g s l . p o w . i n t  ( Y m a s k  , A D D R . B I T S  +  S E C . B I T S ) * 
g s l . p o w . i n t  ( Y s c  , W O R D  . B I T S  ) ;

Y c a m s r c 2  =  Y r o w ;
Y c a m s r c 3  =  g s  1 _ p  o  w  _i  n  t  ( Y c o l  , 3 * A D D R J 3 I T S  +  S E C . B I T S  4 *  W O R D - B I T S ) ;

Y c a m s r c  =  Y c a m s r c l  * Y c a m s r c 2  * Y c a m s r c 3 ;

Y  c a m e l  1 =  1 . 0 ;
f o r  ( x  =  1 ;  x  < = 2 *  A D D R - B I T S ; x 4 ~h )  

f o r  ( y  =  1 ;  y  <  =  DMAX;  y + + )
Y c a m c l l  * =  e x p (  —l a m b d a  /  3 * ( 2  * A D D R - B I T S  — x  +  1 )  *

( 1 0 2 4  — y  +  1 )  * s p r o b ( x )  * s p r o b ( y ) ) ;

Y  c a m c l 2  =  1 . 0 ;
f o r  ( x  =  1 ;  x  < =  A D D R _ B I T S  +  S E C . B I T S ;  x + + )  

f o r  ( y  =  1 ;  y  <  =  DMAX;  y + + )
Y c a m c l 2  * =  e x p (  — l a m b d a  /  3 * ( A D D R . B I T S  4- S E C . B I T S  — x  +  1 )  * 

( 1 0 2 4  — y  +  1 )  * s p r o b ( x )  * s p r o b ( y ) ) ;

Y  c a m c I 3  =  1 . 0 ;
x t o p  =  ( 4  * W O R D - B I T S  >  DMAX)  ? 4  * W O R D - B I T S  : DMAX;
f o r  ( x  =  1 ; x  < =  x t o p  ; x + + )

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
Y c a m c l 3  * =  e x p (  —l a m b d a  /  3 * ( 4  * W O R D . B I T S  — x  +  1 )  *

( 2 5 6  — y  +  1 )  * s p r o b ( x )  * s p r o b ( y ) ) ;

Y c a m c l  =  Y c a m c l l  * Y c a m c l 2  * Y c a m c l 3 ;

c a m . e  =  NCAM * Y c a m s r c  * Y c a m c l ;

# i f d e f  - 1 6 MD R A M
N e s c  =  N S U P  * c e i l ( ( f l o a t ) c a m _ e  /

( 2 . 0  +  ( f l o a t )  ( B I T S . P . C O L  +  B I T S . P - R O W ) /  8 . 0 ) ) ;
N e r o w  =  ( N e s c  /  N S U P  -  N C R D N )  * B I T S . P J I O W  /  ( 8  * W O R D . B I T S ) ;
N e c o l  =  ( N e s c  /  N S U P  -  NC R D N )  * B I T S . P . C O L  /  8 ;

# e n d i f
# i f d e f  - 1 G D R A M

N e s c  + =  2 0 0 ;
N e r o w  =  1 0 2 4 ;
N e c o l  =  5 1 2 0 ;

# e  n  d  i f

N e e l  =  c a m . e  — N e c o l  — N e r o w  — N e s c ;

Y w o r d  =  g s l . p o w . i n t  ( Y s c  , W O R D - B I T S ) ;
Y w o r d c o l  =  g s l . p o w . i n t  ( Y c o l  , W O R D - B I T S ) ;

Y d l  =  0 ;
f o r  ( i  = 0 ;  i <  N e s c ;  i + + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( N . W O R D S ,  i ) ; 
p a r t 2  =  ( N . W O R D S  -  i )  * l o g ( Y w o r d ) ;  
p a r t 3  =  i * l o g ( l  — Y w o r d ) ;
Y d l  + =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
i f  ( Y d l  >  1 . 0 )  Y d l  =  1 . 0 ;

Y d 2  =  0 ;
f o r  ( j  =  0 ;  j  < 4 *  N e r o w  * W O R D . B I T S  /  B I T S . P . R O W ; j + 4 - )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( N . R O W S , j  ) ; 
p a r t  2 =  ( N . R O W S  — j ) * l o g  ( Y r o w ) ;
p a r t 3  =  j * l o g ( l  — Y r o w ) ;
Y d 2  -f-= e x p ( p a r t l  4- p a r t 2  4- p a r t 3 ) ;

}
Y d 3  =  0 ;
f o r  ( k  =  0 ;  k  <  4  * N e c o l  /  B I T S . P . C O L ;  k 4 - + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( N . C O L S  /  W O R D - B I T S ,  k ) ;  
p a r t 2  =  ( N . C O L S  /  W O R D . B I T S  -  k )  * 1 o g  ( Y w o r d c o l ) ;
p a r t 3  =  k  * l o g ( l  — Y w o r d c o l ) ;
Y d 3  + =  e x p ( p a r t l  4- p a r t 2  +  p a r t 3 ) ;

}
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Y d 4  =  1 . 0 ;
f o r  ( x  =  1;  x  <  =  D M A X ; x + + )
{

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  e x p (  —l a m b d a  /  3 * s p r o b ( x )  * s p r o b ( y ) ) ;

c x y  =  f  l o o  r  ( (  d o u b l e )  N e e l  * s p r o b ( x )  * s p r o b ( y )  /  c a m s  [ x  — 1 ] [ y  — 1 ] ) ;
n r  =  c e i 1 ( (  f l o a t  ) B I T S  /  ( f l o a t ) ( x  * y ) ) ;

Y d c l  =  0 ;
f o r  ( 1  = 0 ; 1 < =  c x y  ; 1+ + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( n r  , 1 ) ;
p a r t 2  =  ( n r  — 1 )  * l o g  ( Y c l ) ;  
p a r t 3  =  1 * 1 o  g  ( 1  — Y c l ) ;
Y d c l  + =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
Y d 4  * =  Y d c l  ;

}
}
Y d r a m  =  Y d l  » Y d 2  * Y d 3  » Y d 4 ;

/ /  p r i n t f  (”%d %d %d %d % d \ n ” , c a m . e ,  Ne s c ,  Nerow,  Ne c o l ,  Ne e l ) ;
p r i n t f  ( ” % 1 . 1 0 f - % 1 . 1 0 f - % 1 . 1 0 f  1 . 1 0  f  w% 1 . 1 0  f  - %  1 . 1 0  f  \  n ” , l a m b d a ,  Y d l ,  Y d 2  , Y d 3  , Y d 4  , Y d r a m ) ;

}
r e t u r n  0 ;

D .5 .6 A sso c ia t iv e  In d irect R ed u n d a n cy

# i  n c l u d e  < s t d i o .  h >
^ i n c l u d e  < s t d l i b .  h >
^ i n c l u d e  < g e t o p t .  h >
^ i n c l u d e  < m a t h . h >
^ i n c l u d e  < g s l / g s l . s f . g a m m a .  h >  
# i  n  c 1u  d e  < g s l / g s l _ p o w _ i n t .  h >

# d e f i n e  L . R A T I O  0 . 2

# i f d e f  . 1 6 M D R A M
^ d e f i n e B I T S 1 6 * 1 0 2 4 * 1 0 2 4
# d e f i n e W O R D - B I T S 1
^ d e f i n e N . W O R D S 1 6 * 1 0 2 4 * 1 0 2 4
# d  e f  i n e N . R O W S 1 6 3 8 4
# d  e f  i n e N . C O L S 8 1 9 2
# d  e f  i n e A D D R J 3 I T S 2 2
# d  e f i n e S E C . B I T S 2
^ d e f i n e R E D . B I T S 18
# d  e f i n e B I T S . P . R O W 1 0 2 4
# d  e f i n e B I T S . P . C O L 2 0 4 8
# d  e f  i n e NCAM 1 1 2 6
# d  e f  i n e N . X 2 5 6  / /
# d  e f  i n  e N . Y 1 0 2 4
# d  c  f  i n  e M I N . S C 1 0 0
# d e f i n e M A X . C 1
^ d e f i n e M A X T t 1

# e  n  d  i f

# i f d e f  - 1 G D R A M
# d  e f  i n c B I T S 1 0 2 4 * 1 0 2 4 * 1 0 2 4
# d  e f  i n e W O R D _ B I T S 16
# d e f i n e N . W O R D S 6 4 * 1 0 2 4 * 1 0 2 4
# d e f i n e N J I O W S 6 5 5 3 6
# d e f i n e N . C O L S 2 6 2 1 4 4
# d e f i n e A D D R _ B I T S 2 5
# d  e f  i n  e S E C . B I T S 1
^ d e f i n e R E D . B I T S 2 0
# d  e f  i n  c B I T S - P . R O W 1 6 3 8 4
# d  e f  i n  e B I T S . P . C O L 4 0 9 6
# d  e f  i n e NCAM 3 2 7 6 8
# d  e f i  n e NOC 1 0 2 4  / /
# d  e  f i  n e N . Y 5 1 2

/ /  # d e f i n e MIN, SC 1000
# d  e  f  i n  e M A X . C 3
# d  e f i n e M A X . R 2

d i me n s i o n s  o f  r e d u n d a n t  mem

d i me n s i o n s  o f  r e d u n d a n t  m e m

# e n d i f

# d e f i n e  D N O T  2 . 0  
# d e f i n e  DMAX 6 4 . 0  
# d e f i n e  F P P A R A M  0 . 6 8 0 8 5

d o u b l e  s p r o b  ( i n t  d e l t a )
{

r e t u r n  ( d e l t a  <  D N O T )  ? ( F P P A R A M d e l t a  /  4 . 0 )

165

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



D.5 Combined Fault Model

( F P P A R A M  * 2 . 0  /  ( d e l t a  * d e l t a ) ) ;

i n t  m a i n  ( i n t  a r g c  , c h a r  * * a r g v )
{

F I L E  * f c  , * f w  ;
f l o a t  c a m s [ 6 4 ] [ 6 4 ]  , w o r d s [ 6 4 ] [ 6 4 ] ;
d o u b l e  Y s c ,  Y w o r d  , Y c o l ,  Y w o r d c o l ,  Y  r o w  , Y c l  , Y d r a m ; 
d o u b l e  l a m b d a ,  l . c a m  , l . m a s k  ; 
d o u b l e  l t o p  , I s t e p  ;
d o u b l e  Y e a r n ,  Y m a s k ,  Y c a m s r c ,  Y c a m c l ;
d o u b l e  Y c a m c l l  , Y c a m c l 2  , Y c a m c l 3  , Y c a m s r c l  , Y c a m s r c 2  , Y c a m s r c 3 ;
d o u b l e  Y c l a  , Y c l b  , Y c l c  ;
d o u b l e  p a r t i  , p a r t 2  , p a r t 3 ;
d o u b l e  Y d l ,  Y d 2 , Y d 3 , Y d 4 , Y d c l ;
f l o a t  R 11 , R 1 2  , R 1 3  , R1 4  ;
i n t  N r w ,  N e s c  , N e r o w  , N e c o l  , N e e l  , n r  , c x y  , N1  , N 2 ;
i n t  W e s c  , W e r o w  , W e c o l  , W e c l  , d w o r d  ;
i n t  c a m . e  , m i n . s e  ;
i n t  c ,  i , j , k , l , x , y ,  x t o p ;

o p t e r r  =  0 ;

# i f d c f  . 1 6 M D R A M
f c  =  f o p e n  ( ” 1 6 M _ a i  . c a m .  l u t ” , ” r  ” ) ; 
f w  =  f o p e n  ( ” 1 6 M _ w o r d  . 1 u  t  ” , ” r ” ) ;

# e n d i f  
# i f d e f  . c o n t

f c  =  f o p e n  ( ” l G . a i . c a m . c o n t  . l u t  " , ” r ” ) ;
f w  =  f o p e n  ( ” 1 G . w o r d . c o n t  . l u t ” , ” r  ” ) ;

# e  n  d  i f 
# i f d e f  _ i n t

f c  =  f o p e n  ( ” 1 G . a i . c a m . i n t  . l u t  " , ” r ” ) ; 
f w  =  f o p e n  ( ” 1 G . w o r d - i n t  . l u t ” , ” r  ” ) ;

# e  n  d  i f

f o r  ( j  =  0 ;  j  <  6 4 ;  j + + )
f o r  ( i = 0 ;  i <  6 4 ;  i + + )
{

f s c a n f  ( f c  , ” % f ” , & ( c a m s  [ i ] [ j  ] ) ) ;
f s c a n f ( f w ,  ” % f ” , & (  w o r d s  [ i ] [  j ] ) )  ;

}
w h i l e  ( ( c  =  g e t o p t  ( a r g c ,  a r g v ,  ” 1 : s  : m :  h " ) )  ! =  — 1 )
{

s w i t c h  ( c )
{

c a s e  ’ 1 ’
l t o p  =  a t o f ( o p t a r g ) ;  
b r e a k ; 

c a s e  ’ s '  :
I s t e p  =  a t o f ( o p t a r g ) ;  
b r e a k  ; 

c a s e  ’m ’
m i n . s e  =  a t o f ( o p t a r g ) ;  
b r e a k  ; 

c a s e  ’ h ’ :
f  p  r  i n  t  f  ( s t  d e r  r  , ” U s a g e  s - — 1 _ m a x _ l a m b d a _ — s -  l a m b d a . s t e p \ n "  , 
r e t u r n  1 ; 

d e f a u l t
a b o r t  ( ) ;

}
}
f o r  ( l a m b d a  =  0 ; l a m b d a  <  11 o p  ; l a m b d a  +  =  I s t e p )
{

l . c a m  =  — l a m b d a  /  ( 3  * L . R A T I O ) ;  
l . m a s k  — l . c a m  /  2 ;

Y s c  =  e x p ( - l a m b d a  /  3 ) ;
Y c o l  =  e x p (  — l a m b d a  /  6 ) ;
Y r o w  =  e x p (  — l a m b d a  /  6 ) ;

Ye a r n  =  e x p  ( — l . c a m  ) ;
Y m a s k  =  e x p ( — 1 . m a s k  ) ;

Y c a m s r c l  =  g s l . p o w . i n t  ( Y e a r n , A D D R . B I T S )  *
g s l . p o w . i n t  ( Y m a s k  , A D D R _ B I T S  +  S E C . B I T S  +  R E D . B I T S  ) ; 

Y c a m s r c 2  =  Y r o w ;
Y c a m s r c 3  =  g s  1 _ p  o  w  _i  n  t  ( Y c o l  , 3 * A D D R - B I T S  +  S E C . B I T S  +  R E D . B I T S ) ;

Y c a m s r c  =  Y c a m s r c l  * Y c a m s r c 2  * Y c a m s r c 3 ;

Y c a m c l l  =  1 . 0 ;
f o r  ( x  =  1 ;  x  < = 2 *  A D D R - B I T S ;  x-f*+)  

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
Y c a m c l l  * =  e x p (  —l a m b d a  /  3 * ( 2  * A D D R . B I T S  — x  +  1 )  *

( 1 0 2 4  — y  +  1 )  * s p r o b ( x )  * s p r o b ( y ) ) ;
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# i  f  d  e  f  

# e  n  d  i f

Y c a m c l 2  1 . 0 ;
f o r  ( x  =  1;  x  <  =  A D D R - B I T S  4- S E C . B I T S  -f  R E D . B I T S ; x + + )  

f o r  ( y  =  1 ;  y  <  =  D M A X ; y + + )
Y c a m c l 2  * =  e x p ( - l a m b d a  /  3 * ( A D D R - B I T S  +  S E C . B I T S  +  R E D . B I T S  

— x  +  1 )  * ( 1 0 2 4  — y  +  1 )  * s p r o b ( x )  * s p r o b ( y ) ) ;

Y c a m c l  =  Y c a m c l l  * Y c a m c l 2 ;

c a m . e  =  NCAM * Y c a m s r c  * Y c a m c l ;

Y c l a  =  1;
f o r  ( x  »  1 ;  x  < =  DMAX;  x + + )

f o r  ( y  — 1 ;  y  < =  DMAX;  y + + )

Y c l b  =  e x p ( — l a m b d a  /  3 * s p r o b ( x )  * s p r o b ( y ) ) ;
Y c l c  =  g s  1 _ p  o  w  _.i n  t  ( Y c l b  , ( N_ X — x  +  1 )  * ( N . Y  — y  +  l ) ) l
Y c l a  * =  Y c l c ;

}
R l l  =  l a m b d a  /  3 * g s l . p o w . i n t  ( 2  , R E D . B I T S ) * W O R D . B I T S ;
R 1 2  — l a m b d a  /  6 * N . Y  * g s l . p o w . i n t  ( 2  , R E D . B I T S )  /

( N . X  * N . Y )  ;
R 1 3  — l a m b d a  /  6 * N . X  * g s l . p o w . i n t  ( 2  , R E D . B I T S )  /

( N _ X  * N . Y ) ;
R 1 4  — l a m b d a  /  3 * g s l . p o w . i n t  ( 2  , R E D . B I T S )  * W O R D . B I T S  * 1 0 2 4 ;

N r w  =  g s l . p o w . i n t  ( 2  , R E D . B I T S )  -  R l l  -  R1 2  -  R1 3  -  R 1 4  ; ;

W e s c  =  N r w  /  ( 5  +  ( B I T S . P . C O L  +  B I T S  J 1 . R O W  /  W O R D _ B I T S ) /  2 ) ;

i f  ( W e s c  <  m i n . s c )  W e s c  =  m i n . s c  ;
_ c  o  n  t

i f  ( l a m b d a  >  0 . 0 0 0 0 1 6 )  W e s c  +  =  2 0 0 0 ;

N e r o w  =  W e s c  /  2 ;
N e c o l  =  W e s c  /  2 ;

i f  ( N e r o w  >  MA X J - t )  N e r o w  =  M A X . R ;  
i f  ( N e c o l  >  M A X . C )  N e c o l  =  M A X . C ;

N e s c  =  W e s c  ;
N e e l  =  c a m . e  — N c s c  — N e r o w  — N e c o l  ;
W c r o w  =  N e r o w  * B I T S - P . R O W  /  W O R D . B I T S ;
W c c o l  =  N e c o l  * B I T S . P . C O L ;
W e c l  =  N r w  — W e s c  — W e r o w  — W e c o l  ;

Y w o r d  =  g s l . p o w . i n t  ( Y s c ,  W O R D  . B I T S ) ;
Y w o r d c o l  =  g s  1 _ p  o  w  _i  n  t  ( Y c o l  , W O R D - B I T S ) ;

d w o r d  =  W e c l  +  1 0 ;
N e e l  + =  5 0 0 ;
w h i l e  ( d w o r d  >  W e c l )
{

N e e l  - =  5 0 0  ;
Y d 4  =  1 . 0 ;  
d w o r d  — 0 ;
f o r  ( x  =  1 ;  x  <  =  D M A X ; x+4*)
{

f o r  ( y  =  1 ;  y  < =  DMAX;  y + + )
{

Y c l  =  e x p (  —l a m b d a  /  3 * s p r o b ( x )  * s p r o b ( y ) ) ;

c x y  =  f l o o r  ( ( d o u b l e )  N e e l  * s p r o b ( x )  * s p r o b ( y )  /  
c a m s  [ x  — 1 ] [ y  — 1 ] ) ; 

n r  =  c e i l ( ( f l o a t ) B I T S  /  ( f l o a t ) ( x  * y ) ) ;

Y d c l  =  0 ;
f o r  ( 1  = 0 ; 1 < =  c x y  ; 1+ + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( n r  , 1 ) ;
p a r t 2  =  ( n r  — 1 )  * l o g ( Y c l ) ;  
p a r t 3  =  1 * l o g ( l  — Y c l ) ;
Y d c l  + =  c x p (  p a r t i  +  p a r t 2  - f  p a r t 3 ) ;

}
Y d 4  * =  Y d c l  ;
d w o r d  + =  c e  i 1 ( (  d o u b l e  ) c x y  * w o r d s  [ x  — 1 ] [ y  — 1 ] ) ;

}
}

}
N 1  =  N r w  — ( W c r o w  +  W e c o l  4- d w o r d ) ;
N 2  =  c a m . e  — N e e l  — N e c o l  — N e r o w ;
N e s c  =  ( N1  <  N 2 ) ? N1  : N 2 ;
W e s c  =  N e s c  ;

Y d l  =  0 ;
f o r  ( i = 0 ;  i <  N e s c  ; i + + )
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{
p a r t i  =  g s l . s f . l n c h o o s e  ( N . W O R D S , i ) ;  
p a r t  2 =  ( N . W O R D S  — i )  * l o g  ( Y w o r d ) ;  
p a r t 3  =  i * l o g ( l  — Y w o r d ) ;
Y d l  + — e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
i f  ( Y d l  >  1 . 0 )  Y d l  =  1 . 0 ;

Y d 2  =  0 ;
f o r  ( j  = 0 ;  j  <  N e r o w ;  j + - f )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( N . R O W S ,  j  ) ;
p a r t  2 =  ( N J I O W S  — j )  * l o g  ( Y r o w ) ;
p a r t 3  =  j * l o g ( l  — Y r o w ) ;
Y d 2  +  =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}
Y d 3  =  0 ;
f o r  ( k  =  0 ;  k  <  N e c o l  ; k + + )
{

p a r t i  =  g s l . s f . l n c h o o s e  ( N . C O L S  /  W O R D  J 3  I T S , k ) ;
p a r t 2  =  ( N . C O L S  /  W O R D _ B I T S  -  k )  * 1 o g  ( Y w o r d c o l ) ;
p a r t 3  =  k  * l o g ( l  — Y w o r d c o l ) ;
Y d 3  + =  e x p ( p a r t l  +  p a r t 2  +  p a r t 3 ) ;

}

Y d r a m  =  Y d l  * Y d 2  * Y d 3  * Y d 4 ;

p r i n t f  ( ” % 1 . 1 0 f _ % 1 . 1 0 f _ % 1 . 1 0 f  _ %  1 . 1  0 f  _ %  1 . 1 0  f  _ %  1 . 1 0  f  \  n ” , l a m b d a ,  Y d l ,  Y d 2  , Y d 3  , Y d 4  , Y d r a m ) ;

r e t u r n  0 ;
}
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A ppendix E

M odel V H D L  and R uby C ode

E .l  Top Level

l i b r a r y  I E E E ;
u s e  I E E E .  S T D . L O G r C . 1 1 6 4 .  A L L ;  
u s e  I E E E  . S T D _ L O G I C _ A R I T H  . A L L ;  
u s e  I E E E  . S T D _ L O G I C _ U N S I G N E D . A L L ;  
l i b r a r y  w o r k  ; 
u s e  w o r k  . r e d u n . p k g  . a l l  ;

e n t i t y  a s s o c _ i _ 1 6
p o r t  ( g c l k

);
e n d  e n t i t y

d
qp
q
c a s . n
r a s . n
c s . n
r w . n
m e m . e n . n  

a s s o c _ i _ 1 6  :

( 2 1  d o w n t o  0 ) ; 
( 3 d o w n t o  0  ) ;
( 3 d o w n t o  0  ) ;

i n  s  t  d  . l o g i c ;  
i n  s t d . l o g i c . v e c t o r  
i n  s t d . l o g i c . v e c t o r  
i n  s t d . l o g i c . v e c t o r  
o u t  s t d . l o g i c . v e c t o r  ( 3  d o w n t o  0 ) ;  
i n  s t d . l o g i c ;  
i n  s t d . l o g i c ;  
i n  s  t  d  . 1  o g  i c ; 
i n  s t d . l o g i c ;  
i n o u t  s t d . l o g i c

a r c h i t e c t u r e  s t r u c t  o f  a s s o c _ i _ 1 6  i s

c o n s t a n t
c o n s t a n t
c o n s t a n t
c o n s t a n t
c o n s t a n t
c o n s t a n t
c o n s t a n t
c o n s t a n t
c o n s t a n t

c a m . d c p t h  : p o s i t i v e
a . b i t s  : p o s i t i v e  : =
r o w . b i t s  : p o s i t i v e
c . b i t s  : p o s i t i v e  : =
r e d . w i d t h  
s e c . w i d t h  
o  f  f  _ w  i d  t  h  
w o r d . w i d t h  : 
s . w o r d . w i d t h

positive positive 
p o s i t i v e  

p o s i t i v e  : =  4 
: p o s i t i v e  : =

: =  1 1 5 2 ;  
2 2 ;

= 11;
11;
=  1 8 ;
=  2 ;

1 2 ;

1 ;
s i g n a l  m a t c h  : s t d . l o g i c . v e c t o r  ( c a m . d e p t h  — 1 d o w n t o  0 ) ;
s i g n a l  r e d . e n  : s t d . l o g i c ;
s i g n a l  s e c t i o n  : s  t  d  . 1  o g  i c . v  e  c t  o  r  ( s e  c _ w i  d t  h  — 1 d o w n t o  0 ) ;
s i g n a l  b a s e ,  p o i n t e r  : s t d . l o g i c _ v e c t o r ( r e d _ w i d t h  — 1 d o w n t o  0 ) ;
s i g n a l  m a s k  : s t d _ l o g i c _ v e c t o r ( a _ b i t s  — 1 d o w n t o  0 ) ;
s i g n a l  o f f s e t  : s t d _ l o g i c _ v e c t o r ( o f f _ w i d t h  — 1 d o w n t o  0 ) ;
s i g n a l  w l . s e l  , b l . s e l  : s t  d  _ l o  g  i c _ v  e  c t  o  r  ( 5 1 1  d o w n t o  0 ) ;
s i g n a l  d r ,  q r  : s t d . l o g i c _ v e c t o r (  s . w o r d . w i d t h  — 1 d o w n t o  0 ) ;
s i g n a l  q p O  , q p l  , q p 2 ,  q p 3  : s t d _ l o g i c _ v e c t o r ( s _ w o r d _ w i d t h  — 1 d o w n t o
s i g n a l  qO , q l  , q 2  , q 3  : s t d . l o g i c . v e c t o r  ( s . w o r d . w i d t h  — 1 d o w n t o  0 ) ;
s i g n a l  d O ,  d l  , d 2  , d 3  : s t d _ l o g i c . v e c t o r (  s . w o r d . w i d t h  — 1 d o w n t o  0 ) ;

s i g n a l  s e l O  , s e l l  , s e l 2  , s e l 3  : s t d . l o g i c ;
s i g n a l  s e l i n O  , s c l i n l  : s t d . l o g i c ;

0 ) ;

b e g i n

c o m p o n e n t  m a t c h . a r r a y
g e n e r i c  m a p  (

a d d r . w i d t h  
entries 
r o w . w i d t h  
c o l  _w i d t  h

)
p o r t  m a p  (

a d d r
c a s . n

=  >  a . b i t s  ,
= >  c a m . d e p t h  , 
= >  r o w . b i t s  , 
= >  c . b i t s

= >  a  ,
=  >  c a s  _n
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r a s . n  = >  r a s . n  ,
m a t c h  = >  m a t c h  ,
r e d . e n  = >  r e d . e n  ,
m e m . e n . n  = >  m e m . e n . n

d a t a  c o m p o n e n t f l a s h . a r r a y
g e n e r i c  m a p (

a d d r . w i d t h  = >  a _ b i t s  ,
r  c  d  _ b  i t  s =  >  r e d . w i d t h  ,
s e c . b i t s =  >  s e c . w i d t h  ,
e n t r i e s

'i
—>  c a m . d e p t h

)
p o r t  m a p  (

m a t c h =  >  m a t c h  ,
s e c t i o n =  >  s e c t i o n  ,
b a s e =  >  b a s e  ,
m a s k

) :
=  >  m a s k

s h i f t  : c o m p o n e n t  s w i t c h _ 2 2 _ 1 2
p o r t  m a p  (

a d d r =  >  a  ,
d c . m a s k = >  m a s k  ,
o f f s e t

) ;
=  >  o f f s e t

c o m p u t e  : c o m p o n e n t  n c . a d d e r
g e n e r i c  m a p (

b  _ r  e  d =  >  r e d . w i d t h  ,
b - o f f

\
=  >  o f f - w i d t h

)
p o r t  m a p  (

b a s e =  >  b a s e  ,
o f f s e t =  >  o f f s e t  ,

p o i n t e r
) ;

=  >  p o i n t e r

x . d e c o d c  c o m p o n e n t  d e c o d e _ 9 _ 5 1 2
p o r t  m a p  (

i n p u t s=> p o i n t e r  ( 1 7  d o w n t o  9 )
e n a b l e =  >  r e d . e n  ,
o u t p u t

) ;
= >  w  1 _ s e  1

y . d c c o d e  : c o m p o n e n t  d e c o d e _ 9 _ 5 1 2
p o r t  m a p  (

i n p u t =  >  p o i n t e r  ( 8  d o w n t o  0 ) ,
e n a b l e =  >  r e d . e n  ,
o u t p u t

) ;
=  >  b  1 _s  e  1

-----r e d u n d a n t  memory arr ay
r . a r r a y  : c o m p o n e n t  r e d . a r r a y

g e n e r i c  m a p (
r o w . b i t s =  >  9 ,
c o 1_ b  i t  s =  >  9 ,
w o r d _ w i d t h  = >  1

)
p o r t  m a p  (

r o w s =  >  w  1 . s e  1 ,
c o l s — >  b  1 _s  e  1 ,
d =  >  d r  ,
q = >  q r  i
r w . n

) ;
—>  r w . n

---- c o m b i n a t i o n a l l o g i c  f o r  f o u r  o u t p u t
s c l 3  < =  m e m . e n . n  a n d  s e c t i o n  ( 1 )  a n d  s e c t i o n  ( 0 ) ;
s e l 2 < =  m e m . e n . n  a n d  s e c t i o n  ( 1 ) a n d  n o t  s e c t i o n  ( 0 ) ;
s e l l  <  =  m e m . e n . n  a n d  n o t  s e c t i o n  ( 1 ) a n d  s e c t i o n  ( 0 ) ;
s c l O  < =  m e m . e n . n  a n d  n o t  s e c t i o n  ( 1 )  a n d  n o t  s e c t i o n  ( 0 ) ;

  s p l i c e  v e c t o r s
q p 3  ( 0 )  <  =  q p  ( 3  ) 
q p 2 ( 0 ) < =  q p  ( 2 ) 
q p l  ( 0 ) < =  q p  ( 1 ) 
q p 0 ( 0 ) < =  q p  ( 0 )

 o u t p u t  muxes  to d e t e r mi n e  i f  dat a s hou l d  come f r om pr i ma r y  or
 r e d u n d a n t  memory
o u t m u x 3  : c o m p o n e n t  m u x . 2 . 1  

g e n e r i c  map  (
w i d t h  = >  1

)
p o r t  map  (

i n  - 0  = >  q p 3  ,
i n  _ 1 = >  q r  ,
s e  1 = >  s e  13 ,

170

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



E.2 Package

o u t p u t  = >  q 3
) ;

o u t m u x 2 : c o m p o n e n t  m u x . 2 . 1
g e n e r i c  m a p  (

w i d t h  =  >  1
)
p o r t  m a p  (

i n - 0  = >  q p 2 ,
i n  _ 1 = >  q r  ,
s  e 1 = >  s e 12 ,
o u t p u t  = >  q 2

o u t m u x l  c o m p o n e n t  m u x . 2 . 1  
g e n e r i c  map  (

w i d t h  = >  1
)
p o r t  ma p  (

i n  _ 0  = >  q p  1 ,
i n  _ 1 = >  q r  ,
s e l  = >  s c l  1 ,
o u t p u t  = >  q l

);
o u t m u x O  : c o m p o n e n t  m u x . 2 . 1  

g e n e r i c  map  (
w i d t h  = >  1

)
p o r t  map  (

i n _ 0  = >  q p O  ,
i n _ 1 = >  q r  ,
s e  1 = >  s e  10 ,
o u t p u t  = >  qO

);
q  < =  q 3  &c q 2  &  q l  &c qO ;

  i n p u t  mux to p l ac e  dat a in t he r e d u n d a n t  memory ar r ay  i f
  n e c e s s a r y
s e l i n O  < =  m e m . e n . n  a n d  s e c t i o n  ( 0 ) ;  
s e l  i n  1 < =  m e m . e n . n  a n d  s e c t i o n  ( 1 ) ;

d 3 ( 0 )  < =  d  ( 3  ) ; 
d 2 ( 0 ) < =  d  ( 2 ) ; 
d l ( 0 ) < =  d  ( 1 ) ; 
d 0 ( 0 ) < =  d  ( 0 ) ;

i n m u x  : c o m p o n e n t  m u x . 4 . 1  
g e n e r i c  m a p  (

w i d t h  = >  1
)
p o r t  m a p  (

i n . 0 = > dO ,
i n . 1 = > d l  ,
i n _2 =  > d 2 ,
i n . 3 =  > d 3  ,
s e 10 =  > s e 1 i n  0
s e 11 = > s e 1 i n  1
o u t p u t =  > d r

);
e n d  a r c h i t e c t u r e  s t r u c t  ;

E.2 Package

  package  f i l e  f o r  a s s o c i a t i e v  i n d i r e c t  t e r n a r y  CAM r e dundancy
 compone n t s

l i b r a r y  i c c c  ;
u s e  i e e e  . s t d . i o g i c . 1 1 6 4  . a l l  ; 

p a c k a g e  r e d u n . p k g  i s

—  DRAM s p e c i f i c  c o n t s a t s
c o n s t a n t d a t a . w i d t h p o s i t i v e =  3 2
c o n s t a n t a d d r . w i d t h p o s i t i v e =  2 5
c o n s t a n t r o w . b i t s p o s i t i v e =  1 2
c o n s t a n t c o l . b i t s p o s i t i v e =  1 1
c o n s t a n t s . w o r d . w i d t h p o s i t i v e =  1 6
c o n s t a n t s e c . b i t s p o s i t i v e =  1 ;

  r e dundanc y  s p e c i f i c
c o n s t a n t  r e d . b i t s  
c o n s t a n t  o f f . w i d t h  
c o n s t a n t  c a m . d c p t h

c o n s t a n t s  
p o s i t i v e  
p o s i t i v e  
p o s i t i v e

2 1 ;
1 2 ;

2 4 2 6 8 ;
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r e d u ndanc y  s y s t e m c omponent s

c o m p o n e n t  m a t c h . a r r a y  i s
g e n e r i c  (

a d d r . w i d t h
entries
r o w . w i d t h
c o l . w i d t h

);
p o r t  (

a d d r
c a s . n
r a s . n
m a t c h
r e d . e n
m e m . e n . n

);

p o s i t i v e
p o s i t i v e
positive
p o s i t i v e

=  a d d r . w i d t h ;  
=  c a m . d e p t h  ; 
=  r o w . b i t s  ;
=  c o l . b i t s

i n  s t  d  . 1  o  g  i c _ v  e c t  o  r  ( a d d r . w i d t h  — 1 d o w n t o  0 ) ;  
i n  s t d . l o g i c ;  
i n  s t d . l o g i c ;
o u t  s  t  d  . 1  o  g i  c _ v  e  c t  o  r  ( e n  t  r  i e  s — 1 d o w n t o  0 ) ;  
o u t  s t d . l o g i c  ; 
o u t  s t d . l o g i c

e n d  c o m p o n e n t  m a t c h . a r r a y  ;

c o m p o n e n t  f l a s h . a r r a y  
g e n e r i c  (

a d d r . w i d t h  red.bits 
sec.bits entries

);

1 S

positive
p o s i t i v e
p o s i t i v epositive

p o r t  (
m a t c h  
section 
b a s e  
m a s k

);
e n d  c o m p o n e n t  f l a s h . a r r a y

a d d r . w i d t h  ; 
red.bits ; sec.bits; 
c a m . d e p t h

i n  s t d _ l o g i c _ v e c t o r ( e n t r i e s  — 1 d o w n t o  0 ) ;  
o u t  s  t  d  . 1 o  g  i c _ v  e  c t  o  r  ( s  e  c _ b  i t  s — 1 d o w n t o  0 ) ;
o u t  s  t  d  . 1 o  g  i c _ v  e  c t  o  r  ( r  e  d  _ b  i t  s  — 1 d o w n t o  0 ) ;
o u t  s  t  d  . 1  o g i  c _ v e c  t  o r  ( a d d r . w i d t h  — 1 d o w n t o  0 )

c o m p o n e n t  s w i t c h _ 2 2 . 1 2  i s  
p o r t  (

a d d r
d c . m a s k
offset

);

s t  d  . l o g  i c _ v e c  t  o r  ( 2 1 d o w n t o  0 ) ;  
s t d . l o g i c . v e c t o r  ( 2 1  d o w n t o  0 ) ;  
s t d . l o g i c . v e c t o r  ( 1 1  d o w n t o  0 )

e n d  c o m p o n e n t  s w i t c h . 2 2 . 1  2 ;

c o m p o n e n t  n c . a d d e r  i s
g e n e r i c  (

b . r e d  
b _ o  f  f

);
p o r t  (

b a s e
offset
p o i n t e r

);

positive
positive

red.bits; 
o f f . w i d t h

s t  d  . 1 o  g  i c . v  e  c t  o  r  ( b . r e d  — 1 d o w n t o  0 ) ;  
s t  d  _ I o  g  i c _ v  e  c t  o  r  ( o f f _ w  i d  t  h  — 1 d o w n t o  

s t  d  . 1  o  g  i c _ v  e c t  o  r  ( b  . r e d  — 1 d o w n t o  0 )
0 ) ;

e n d  c o m p o n e n t  n c . a d d e r  ;

c o m p o n e n t  d e c o d e _ 9 _ 5 1 2  i s  
p o r t  (

);

i n p u t
e n a b l e
o u t p u t

i n  s t d . l o g i c . v e c t o r  ( 8  d o w n t o  0 ) ;  
i n  s t d . l o g i c  ;
o u t  s t d . l o g i c . v e c t o r  ( 5 1 1  d o w n t o  0 )

e n d  c o m p o n e n t  d e c o d e . 9 . 5  1 2 ;

c o m p o n e n t  m u x . 2 . 1  i s
g e n e r i c  (

w i d t h
);
p o r t  (

i n . O  
i n  . 1
s  e  1
o u t p u t

) ;

p o s i t i v e  : =  s . w o r d . w i d t h

i n  
i n

s t d . l o g i c . v e c t o r  ( w i d t h  
s t d . l o g i c . v e c t o r  ( w i d t h  
std.logic ;
s t d . l o g i c . v e c t o r  ( w i d t h

e n d  c o m p o n e n t  m u x . 2 . 1  ;

1 d o w n t o  0 ) ; 
1 d o w n t o  0  ) ;

1 d o w n t o  0 )

c o m p o n e n t  m u x _ 4 _ l  i s
g e n e r i c  (

w i d t h
) ;
p o r t  (

) ;

. 0
i n  _ 1 
i n  . 2  
i n  . 3  
s e  10 
s e l  1 
o u t p u t

p o s i t i v e  : =  s . w o r d . w i d t h

i n  s  t  d  . 1 o g i  c _ v  e c  t  o  r  ( w i d t h  — 1 d o w n t o  0 )
i n  s t  d  .1 o  g  i c _ v  e c t  o  r  ( w i d t h  — 1 d o w n t o  0 )
i n  s t  d  .1 o g  i c _ v  e c t  o  r  ( w i d t h  — 1 d o w n t o  0 )
i n  s t  d  . 1  o  g  i c _ v  e  c t  o  r  ( w i d t h  — 1 d o w n t o  0 )
i n  s t d . l o g i c ;  
i n  s t d . l o g i c ;
o u t  s t  d  . 1  o g i  c _ v e c  t  o r  ( w i d t h  — 1 d o w n t o  0 )

e n d  c o m p o n e n t  m u x . 4 . 1  ;
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c o m p o n e n t  r e d . a r r a y  i s  
g e n e r i c  {

r o w . b i t s  : p o s i t i v e  : =  9 ;  
c o l . b i t s  : p o s i t i v e  : =  9 ;
w o r d . w i d t h  : p o s i t i v e  : =  s . w o r d . w i d t h

) ;
p o r t  (

r o w s  
cols 
d 
q
r w . n

) ;
e n d  c o m p o n e n t  r e d . a r r a y ;  

e n d  p a c k a g e  r e d u n . p k g ;

E .3 M atch  A rray

i n  s t  d  . 1 o g  i c _ v  e  c t  o  r  ( r  o  w  _ b  i t  s  — 1 d o w n t o  0 ) ;
i n  s t d . l o g i c . v e c t o r  ( c o l . b i t s  — 1 d o w n t o  0 ) ;
i n  s  t  d  . 1 o  g  i c . v  e c t  o  r  ( w o r d . w i d t h  — 1 d o w n t o  0 ) ;
o u t  s t  d  . 1  o  g i  c . v e  c t  o  r  ( w o r d  . w i d t h  — 1 d o w n t o  0 ) ;
i n  s t d . l o g i c

l i b r a r y  i e e e  ;
u s e  i e  e e  . s  t  d  . l o  g  i c _ 1 1  6  4  . a  11 ; 
u s e  s t d  . t e x t i o  . a l  1 ; 
u s e  w o r k  . t x t . u t i l  . a l l  ;

e n t i t y  m a t c h . a r r a y  
g e n e r i c  (

a d d r . w i d t h  
entries 
r o w _ w i d t h  
c o l . w i d t h

) ;
p o r t  (

a d d r  
c a s . n  
r a s . n  
m a t c h  
r e d . e n  
m e m . e n . n  

) ;
e n d  e n t i t y  m a t c h . a r r a y ;

positive
positive
p o s i t i v e
p o s i t i v e

=  2 5 ;
=  1 0 2 4 ;  
=  1 2 ;

=  1 3

i n  s  t  d  . 1 o  g  i c _ v e  c t  o  r  ( a d d  r  _ w i d  t  h  — 1 d o w n t o  0 ) ;  
i n  s t d . l o g i c ;  
i n  s t d . l o g i c ;
o u t  s  t  d  . 1  o  g  i c _ v  e c t  o  r  ( e n  t  r  i e s  — 1 d o w n t o  0 ) ;
o u t  s t d . l o g i c  ; -----enabl e  red . mem o u t p u t
o u t  s t d . l o g i c   d i s a b l e  p r i mar y  memory

a r c h i t e c t u r e  s t r u c t  o f  m a t c h . a r r a y  i s

s i g n a l  m a t c h . r o w  
s i g n a l  m a t c h . c o l  
s i g n a l  r o w . a d d r  
s i g n a l  c o l . a d d r  
s i g n a l  r o w . a d d r . n  
s i g n a l  c o l . a d d r . n

s t  d  . 1  o  g  i c _ v  e  c t  o  r  ( e  n  t  r  i e s  — 1 d o w n t o  0 ) ;  
s t d . l o g i c  . v e c t o r  ( e n t r i e s  — 1 d o w n t o  0 ) ;  
s  t  d  .  1 o  g  i c _ v  e  c t  o  r  ( r o  w . w i d t  h  — 1 d o w n t o  0 )
s t  d  . 1  o  g  i c _ v  e c t  o  r  ( c o l  _ w i  d  t  h  — 1 d o w n t o  0 )
s t  d  . 1  o  g  i c _ v  e c t  o  r  ( r o w . w i d t h  — 1 d o w n t o  0 )
s t  d  . 1  o  g  i c _ v  e  c t  o  r  ( c o  1.  w i  d  t  h  — 1 d o w n t o  0 )

s u b t y p e  w o r d . r s  i s  s  t  d  . 1 o  g  i c _ v  e  c t  o  r  ( 0  t o  r o w . w i d t h  — 1 ) ;
s u b t y p e  w o r d . c s  i s  s t d . l o g i c . v e c t o r  ( 0  t o  c o l . w i d t h  — 1 ) ;
t y p e  r o w . r o m  i s  a r r a y  ( 0  t o  e n t r i e s  — 1 ) o f  w o r d . r s ;
t y p e  c o l . r o m  i s  a r r a y  ( 0  t o  e n t r i e s  — 1 ) o f  w o r d . c s ;

s i g n a l  r o w . c a r o m  , r o w  . c a r o m  _n : r o w . r o m ;
s i g n a l  c o l . c a r o m  , c o l . c a r o m . n  : c o l . r o m ;

b e g i n

l o a d . c a r o m s  : p r o c e s s  i s
v a r i a b l e  1 : l i n e ;
v a r i a b l e  s r  : s t  r  i n g  ( w o r d . r s  ’ r a n g e  ) ; 
v a r i a b l e  s c  : s t r i n g  ( w o r d . c s  ’ r a n g e ) ;

v a r i a b l e  i n d e x  : n a t u r a l ;

f i l e  l o a d . f i l e . r s  : T E X T  o p e n  r e a d . m o d e  i s  ’’ c a m _ r o w _ t r u e . d a t ” ; 
f i l e  1 o  a  d  _ f  i 1 e _ r  s _ n  : T E X T  o p e n  r e a d . m o d e  i s  ” c a m . r o  w  . n o t  , d a t  ” ;
f i l e  l o a d _ f i l e . e s  : T E X T  o p e n  r e a d  . m o d e  i s  ’’ c a m _ c o l _ t r u e . d a t ” ; 
f i l e  1 o  a  d  _ f  i 1 e  _ c  s  _ n  : T E X T  o p e n  r e a d . m o d e  i s  ’’ c a m _ c o l _ n o t . d a t ’’ ;

b e g i n
i n d e x  : =  0 ;
w h i l e  n o t  e  n  d  f  i 1 e ( 1 o  a  d  _ f  i 1 c .  r  s  ) l o o p

r  e  a d  1 i n  e ( 1 o  a  d  _ f  i 1 e  _ r  s  , 1 ) ;
r e a d (1 , s r  ) ;
r o w . c a r o m (  i n d e x )  < =  t o . s t d . l o g i c . v e c t o r ( s r ) ;  
r  e a d  l i  n e  ( 1 o  a  d  _ f  i 1 e _ r  s _ n  , 1 ) ;
r e a d  (1 , s r  ) ;
r o w  . c a r o m  _ n  ( i n d e x )  < =  t o . s t d . l o g i c . v e c t o r ( s r ) ;  
r  e  a d  1 i n e  ( 1 o  a  d  _ f  i 1 e  _ c  s  , 1 ) ;
r e a d  (1 , s c  ) ;
c o l . c a r o m  ( i n d e x )  < =  t o . s t d . l o g i c . v e c t o r ( s r ) ;  
r e a d  1i n e ( 1o a  d  _ f  i 1e _ c s _ n  , 1 ) ;
r e a d  ( 1 , s c  ) ;
c o l . c a r o m . n  ( i n d e x )  < =  t o . s t d . l o g i c . v e c t o r ( s r ) ;  
i n d e x  : =  i n d e x  - f  1 ;
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e n d  l o o p  ; 
e n d  p r o c e s s  l o a d . c a r o m s  ;

r o w . a d d r  <  =  a d d r  ( a d d r . w i d t h  — 1 d o w n t o  a d d r . w i d t h  — c o l . w i d t h ) ;  
c o l . a d d r  < =  a d d r  ( c o l  _ w  i d  t  h  — 1 d o w n t o  0 ) ;  
r o w . a d d r . n  < =  n o t  r o w . a d d r ;  
c o l . a d d r . n  < =  n o t  c o l . a d d r ;

m a t c h l i n e s  : f o r  d e p t h  i n  0  t o  e n t r i e s  — 1 g e n e r a t e
b e g i n

r o w . p r e c h a r g e  : p r o c e s s  i s
b e g i n

i f  f a  11 i n g _ e d g e  ( r a s . n ) t h e n  
m a t c h . r o w  ( d e p t h  ) < =  ’ 1 ’ ;

e n d  i f ; 
e n d  p r o c e s s  r o w . p r e c h a r g e ;

r o w . m a t c h  : f o r  i i n  r o w . w i d t h  — 1 d o w n t o  0  g e n e r a t e
b e g i n

m a t c h . r o w  ( d e p t h  ) <  =  ’O ’ w h e n  ( r o w . c a r o m  ( d e p t h  ) (  i ) =  ’ 0 ’
a n d  c o l . a d d r  ( i )  =  ’ 1 ’ ) o

( r o w . c a r o m . n  ( d e p t h  ) ( i ) =  ’ O ’
a n d  c o l . a d d r . n ( i )  =  ’ 1 ’ )

’Z ’ ;
e n d  g e n e r a t e  r o w . m a t c h  ;

c o l . p r e c h a r g o  p r o c e s s  ( c a s . n )  i s  
b e g i n

i f  ( f a l l i n g . e d g e ( c a s . n )  a n d  m a t c h . r o w ( d e p t h )  =  ’ 1 ’ ) t h e n
m a t c h . c o l  ( d e p t h  ) < =  ’ 1 ’ ;

e n d  i f ; 
e n d  p r o c e s s  c o l . p r e c h a r g e  ;

c o l . m a t c h  f o r  j i n  c o l . w i d t h  — 1 d o w n t o  0  g e n e r a t e  
b e g i n

m a t c h . c o l  ( d e p t h  ) < =  ’ O ’ w h e n  ( c o l . c a r o m  ( d e p t h  ) (  j  ) =  ’ O ’
a n d  c o l . a d d r ( j )  =  ’ 1 ’ ) o

( c o l  . c a r o m  _ n  ( d e p t  h  ) (  j ) =  ’O ’
a n d  c o l . a d d r . n ( j )  =  ’ 1 ’ )

’Z ’ ;
e n d  g e n e r a t e  c o l . m a t c h  ; 

e n d  g e n e r a t e  m a t c h l i n e s  ;

e n d  a r c h i t e c t u r e  s t r u c t ;

E .4  F lash  (D ata) A rray

l i b r a r y  i e e e  ;
u s e  i e e e  . s t d . l o g i c . 1 1 6 4  . a l l  ;
u s e  s t d  . t e x t i o  . a l l  ;
l i b r a r y  w o r k  ;
u s e  w o r k  . t x t . u t i l  . a l l  ;

e n t i t y  f l a s h . a r r a y  i s  
g e n e r i c  (

a d d r . w i d t h  
red.bits 
sec.bits 
entries

) ;
p o r t  (

m a t c h  
section 
b a s e  
m a s k  

) ;
e n d  e n t i t y  f l a s h . a r r a y

p o s i t  i v e  
p o s i t i v e  
p o s i t i v e  
p o s i t i v e

=  2 5 ;  
=  2 1 ; 
= 1;
=  1 0 2 4

i n  s t  d  . 1  o  g  i c _ v  e c t  o  r  ( c n  t  r  i e  s  — 1 d o w n t o  0 ) ;
o u t  s  t  d  . 1  o  g  i c _ v  e  c t  o  r  ( s  e c _ b  i t  s  — 1 d o w n t o  0 ) ;
o u t  s  t  d  . 1  o  g  i c .  v  e  c t  o  r  ( r  e  d  _ b  i t  s — 1 d o w n t o  0 ) ;
o u t  s  t  d  _ l o g i  c _ v  e  c t  o  r  ( a d d r  . w i d t h  — 1 d o w n t o  0 )

a r c h i t e c t u r e  s t r u c t  o f  f l a s h . a r r a y  i s
s u b t y p e  w o r d . s e c  i s  s t  d  . 1  o  g  i c _ v  e  c t  o  r  ( s  e c _ b  i t  s  — 1 d o w n t o  0 ) ;  
s u b t y p e  w o r d . b s e  i s  s t  d  .  1 o  g  i c _ v  e  c t  o  r  ( r  e  d  _ b  i t  s  — 1 d o w n t o  0 ) ;  
s u b t y p e  w o r d . m s k  i s  s  t  d  . 1  o  g  i c _ v  e c t  o  r  ( a d d r  . w i d t h  — 1 d o w n t o  0 ) ;  
t y p e  s e c . r o m  I s  a r r a y  ( 0  t o  e n t r i e s  — 1 )  o f  w o r d . s e c ;  
t y p e  b s e . r o m  i s  a r r a y  ( 0  t o  e n t r i e s  — 1 ) o f  w o r d . b s e ;  
t y p e  m s k . r o m  i s  a r r a y  ( 0  t o  e n t r i e s  — 1 ) o f  w o r d . m s k ;

s i g n a l  s e c  
s i g n a l  b s e  
s i g n a l  m s k

s e c  _ r o m  ; 
b s e . r o m  ; 
m s k . r o m  ;

b e g i n

l o a d . r o m s  : p r o c e s s  i s
v a r i a b l e  1 : l i n e ;
v a r i a b l e  s s :  s t r i n g  ( w o r d ,  s e c  ’ r a n g e ) ;
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v a r i a b l e  s b :  s t r i n g  ( w o r d . b s e  ’ r a n g e  ) ;
v a r i a b l e  s m  : s t r i n g  ( w o r d . m s k  ’ r a n g e )  ;

v a r i a b l e  i n d e x  n a t u r a l ;
f i l e  s e c . d a t  : T E X T  o p e n  r e a d . m o d e  i s  ” s e c  . d a t ” 
f i l e  b s e . d a t  : T E X T  o p e n  r e a d . m o d e  i s  ’’ b s e . d a t ” 
f i l e  m s k . d a t  : T E X T  o p e n  r e a d . m o d e  i s  ’’ m s k . d a t ” 

b e g i n
i n d e x  : =  0 ;
w h i l e  n o t  e n d f i l e  ( s e c . d a t  ) l o o p  

r e a d  1 i n e ( s e c _ d a t  , 1 ) ;
r e a d  (1 , s s  ) ;
s e c ( i n d e x )  < =  t o . s t d . l o g i c . v e c t o r ( s s ) ;  
r e a d  1 i n e ( b s e . d a t  , 1 ) ;
r e a d  (1 , s b  ) ;
b s e ( i n d e x )  < =  t o . s t d . l o g i c . v e c t o r  ( s b  ) ; 
r e a d l i n e  ( m s k - d a t  , 1 ) ;
r e a d  ( 1 , s m  ) ;
m s k ( i n d e x )  <  =  t o . s t d . l o g i c . v e c t o r ( s m ) ;  
i n d e x  : =  i n d e x  +  1 ; 

e n d  l o o p  ; 
e n d  p r o c e s s  l o a d . r o m s  ;

w o r d l i n e  : f o r  d e p t h  i n  0  t o  e n t r i e s  — 1 g e n e r a t e
b e g i n

s e c t i o n  < =  s e c ( d e p t h )  w h e n  m a t c h ( d e p t h )  =  ’ 1 ’ ;
b a s e  < =  b s e ( d e p t h )  w h e n  m a t c h ( d e p t h )  =  ’ 1 ’ ; 
m a s k  < =  m s k (  d e p t h  ) w h e n  m a t c h  ( d e p t h  ) =  ’ 1 ’ ; 

e n d  g e n e r a t e  w o r d l i n e ;

e n d  a r c h i t e c t u r e  s t r u c t ;

E .5 Shifter (R uby)

# !  /  u s r  /  b in /  env ruby

r e q u i r e  ’’ o p t p a r s e ”

a . b i t s  =  2 5  
o . b i t s  — 1 2

AR jG V  . o p t i o n s  { | o p t |
o p t  . b a n n e r  =  ’’ U s a g e :  # { $ 0 }  —a  a d d r . b i t s  —o o  f  f  s  e t  _ b  i t  s \ n ”

o p t  , o n  ( ” O p t i o n s  : " )
o p t . o n ( ” —a ” , ”  a d d  r  _ b  i t  s  NUM” , I n t e g e r ,  ” N u m b e r  o f  a d d r e s s  b i t s ” ) { | a . b i t s  ]}
o p t  . o n ( ” - o ” , ”  o f f s e t . b i t s  NUM” , I n t e g e r  , ’’ N u m b e r  o f  o f f s e t  b i t s ” ) { j o . b i t s j }
o p t  . o  n  _ t  a  i 1 ( ” —h "  , ’’ h e l p ” , ’’ S h o w  t h i s  m e s s a g e ” ) { p u t s  o p t ;  e x i t  0 }

o p t  . p a r s e  !
}
#  p r i n t  a h e a d e r ,  e n t i t y  and  s t a r t  of  a r c h i t e c t u r e

p u t s ” -----C r o s s b a r  s h i f t e r  a u t o m a g i c a l l y  g e n e r a t e d b y  g e n . s h i f t
p u t s ” ----- i n p u t  a d d r e s s  a n d  m a s k  w i d t h s  a r e  # { a _ b i t s  } ”
p u t s ” -----o u t p u t  w i d t h  i s  # { o _ b i t s } ”
p u t s ” ”
p u t s ” l i b r a r y  i e e e ; ”
p u t s ’’ u s e  i e e e .  s t d . l o g i c . 1 1 6 4 .  a l l ; ”
p u t s ’’ ’’
p u t s ’’ e n t i t y  s h i f t e r  i s ”
p u t s ” \ t g e n c r i c  ( ”
p u t s " \ t \ t b _ a d d r \ t  : p o s i t i v e  : = # { a _ b i t s } ; ”
p u t s ” \ t \ t b _ o f f \ t :  p o s i t i v e  : =  # { o _ b i t s } ”
p u t s
p u t s ” \ t  p o r t  ( ”
p u t s ” \ t \ t a d d r \ t :  i n \ t s t d  . 1o g i c _ v e c t o r ( b . a d d r  — 1 d o w n t o  0 ) ; ”
p u t s ” \  t  \  t  d c . m a s k  \  t :  i n \ t s t d _ l o g i c _ v e c t o r ( b _ a d d r  -- 1 d o w n t o  0 )
p u t s ” \ t \ t o f f s e t \ t  : o u t \ t s t d . l o g i c . v e c t o r ( b . o f f  — 1 d o w n t o  0 ) ”
p u t s ” \ t  ) ; ”
p u t s ’’ e n d  e n t i t y  s h i f t e r ; ”
p u t s ” ”
p u t s ’’ a r c h i t e c t u r e  r t l  o f  s h i f t e r  i s ”
p u t s ” b e g i n ”
p u t s

#  c r e a t e  t he c r o s s b a r

0 . u p t o ( o _ b i t s  — 1 ) { | v l i n e |
p r i n t  ” \  t  o  f  f  s  e  t  ( # {  v  1 i n  e  } ) < =  ” 
v l i n e . u p t o ( a _ b i t s  — 1 ) { ] h  1 i n  c  |

p r i n t  ” a d d r  ( # { h 1i n e  } )  w h e n  ( ” 
m  =  A r r a y  . n e w (  h  1 i n  e  , — 1)  
m [  h  1 i n c  ] =  1
O . u p t o ( v l i n e — 1 ) { | t  I m [ *]  =  1 }
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E.6 OR (No-carry Adder)

m . e a c h . i n d e x  { | h  [
p r i n t  ” d c . m a s k ( # { h  } ) =  ” 
i f  m [  h ]  =  =  1print ” ’ 1 ’ ”
e l s e

p r i n t  ” ’ O ’ ”
e n d
i f  ( m .  s i z e  — 1 ) = =  h

i f  h l i n e  = =  ( a m b i t s  — 1 ) 
p u t s  ” ) ; ”

e l s e
p r i n t  ” ) e l s e \ n \ t \ t \ t \ t ”

e n d
e l s e

p r i n t  ” a n d  ”
e n d

}
}
p u t s  ” ”

}
p u t s  ’’ e n d  a r c h i t e c t u r e  r t l ; ”

E.6 O R  (N o-carry  A dder)

l i b r a r y  i e e e  ;
u s e  i e e e  . s t d _ l o g i c _ 1 1 6 4  . a l l  ;

e n t i t y  n c . a d d e r  i s  
g e n e r i c  (

b . r e d i n p o s i t i v e  : =  2 1 ;
b . o f f i n p o s i t i v e  : =  1 2

(
b a s e i n s t d . l o g i c . v e c t o r  ( b . r e d — 1 d o w n t o  0 ) ;
o f f s e t i n s t d . l o g i c . v e c t o r  ( b . o f f — 1 d o w n t o  0 ) ;
p o i n t e r o u t s t d . l o g i c . v e c t o r  ( b . r e d — 1 d o w n t o  0 )

);
e n d  e n t i t y  n c . a d d e r ;

a r c h i t e c t u r e  r t l  o f  n c . a d d e r  i s  
b e g i n

a d d e r  : f o r  b i t . i n d e x  i n  0  t o  b . o f f  — 1 g e n e r a t e
b e g i n

p o i n t e r  ( b i t . i n d e x  ) < =  b a s e  ( b i t  _ i n d e x  ) o r  o f  f  s e t  ( b  i t  _ i n d e x  ) ; 
e n d  g e n e r a t e  a d d e r ;

p o i n t e r  ( b . r e d  — 1 d o w n t o  b . o f f )  < =  b a s e ( b _ r e d  — 1 d o w n t o  b . o f f ) ;  

e n d  a r c h i t e c t u r e  r t l  ;

E.T R ed u n d an t D R A M  d ecod er (R uby)

# ! /  u s r / b i n / e n v  ruby

r e q u i r e  ” o p t p a r s e ”

a . b i t s  =  2 5

A R G V  . o p t i o n s  { | o  p  t  |
o p t  . b a n n e r  =  ’’ U s a g e :  # { $ 0 }  —a  a d d r _ b i t s \ n ”

o p t .  o n (  ’’ O p t i o n s : ” )
o p t  , o n ( ” - a ” , ”  a d d r . b i t s  NUM” , I n t e g e r ,  ” N u m b e r  o f  a d d r e s s  b i t s ” ) { | a _ b i t s | }
o p t  . o n . t a i l  ( ” —h ” , ”  h e l p ” , ’’ S h o w  t h i s  m e s s a g e ” ) { p u t s  o p t  ; e x i t  0  }

o p t  . p a r s e  !
>
#  p r i n t  a header  , e n t i t y  and s t a r t  o f  a r c h i t e c t u r e  

o . I i n e s  =  2  * * a . b i t s

p u t s
puts
putsputs
p u t s
puts
puts
p u t s
p u t s

 A d d r e s s  d e c o d e r  a u t o m a g i c a l l y  g e n e r a t e d  b y  g e n d e c o d c ”
 i n p u t  a d d r e s s  w i d t h  i s  # { a _ b i t s }  b i t s ”
 t h e r e  a r e  ^ { o . I i n e s }  o u t p u t  l i n e s ”

l i b r a r y  i e e e  ; "
u s e  i e e e .  s t d _ l o g i c _ 1 1 6 4 .  a l l ; ”

e n t i t y  d e c o d e r  i s ”
\ t  p o r t  ( ”
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E.8 M ultiplexer (2-1)

p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s
p u t s

\ t \ t  i n p u t \ t :  i n \ t s t d . l o g i c . v e c t o r ( # { a . b i t s  — 1 } d o w n t o  0 ) ; ”
\ t \ t  e n a b l e \ t :  i n \ t s t d _ l o g i c ; ”
\ t \ t  o u t p u t \ t :  o u  t  \  t  s t  d  . 1  o g  i c _ v  e c t  o  r  ( # {  o  _1 i n  e  s  — 1 } d o w n t o  0 ) ’
\ t  ) ; ”
e n d  e n t i t y  d e c o d e r ; ” 

a r c h i t e c t u r e  r t l  o f  d e c o d e r  i s ”

\ t  s i g n a l  i n _ t  : s t d - l o g i c . v c c t o r ( # { a . b i t s }  d o w n t o  0 ) ; ”

b e g i n ”

\ t i n _ t  < =  i n p u t  Sz e n a b l e ; ”

\ t w i t h  i n . t  s e l e c t  o u t p u t  < = ”

o u t . a  =  A r r a y ,  n e w  ( o . l i n e s  ) ;  
i n . a  =  A r r a y  . n e w (  a . b i t s  +  1 ) ;

0 , u p t o (  o  - l i  n e s  — 1 ) { | i n t  | 
i n . a . c l e a r
a . b i t s  . t i m e s  { i n . a  < < 0 } 
o u t  _ a  . c l e a r
o . l i n e s ,  t i m e s  { o u t . a  < < 0 }

o u t . a [ i n t  ] — 1 
o u t . a  . r e v e r s e  !

i =  0 
w h i l e  0

i f  i n t  =  =  0 
b r e a k  

e l s i f  i n t  =  =  1 
i n - a  [ i j =  1 
b r e a k

e n d

i f  i n t  . m o d u l o ( 2 ) = =  0 
int /= 2

e l s e
i n  _ a  [ i ] =  1
i n t  =  ( i n t  — 1 ) /  2

e n d

i + =  1

i n . a . r e v e r s e ! 
i n . a  <  <  0

p r i n t  ” \ t \ t
p r i n t  o u t . a
p r i n t  w h e n  \ ” ”
p r i n t  i n . a
p u t s  ” \ ” , ”

}
o u t . a .  c o l l e c t  { |  b i t  | b i t  =  0 } 
p r i n t  ” \ t \ t  \ ” ” 
p r i n t  o u t . a
p u t s  ” \ ” w h e n  o t h e r s ; ” 
p u t s  ” ”
p u t s  ’’ e n d  a r c h i t e c t u r e  r t l ; ”

E .8 M u ltip lex er  (2-1)

l i b r a r y  i e c c  ;
u s e  i e  e e  . s  t  d  . 1 o  g  i c _ 1 1 6 4  . a  11 ;

e n t i t y  m u x . 2 . 1  i s  
g e n e r i c  (

w i d t h  :
) ;
p o r t  (

i n  . 0  
i n . l  
sel
o u t p u t

) ;
e n d  e n t i t y  m u x . 2 . 1 ;

p o s i t i v e  : =  3 2

i n  s t  d  . 1  o  g  i c _ v  e c t  o  r  ( w i d t h  — 1 d o w n t o  0 ) ;
i n  s t d _ l o g i c _ v e c t o r ( w i d t h  — 1 d o w n t o  0 ) ;
i n  s t d . l o g i c ;
o u t  s  t  d  . 1  o  g i  c _ v e c  t  o r  ( w i d t h  — 1 d o w n t o  0 )

a r c h i t e c t u r e  r t l  o f  m u x . 2 . 1  i s  
b e g i n

w i t h  s e l  s e l e c t
o u t p u t  < =  i n . O  w h e n  ’ O ’ ,

i n . l  w h e n  o t h e r s ;
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E.9 M ultiplexer (4-1)

e n d  a r c h i t e c t u r e  r t l  ;

E .9 M u ltip lexer  (4-1)

l i b r a r y  i e e e  ;
u s e  i e e e  . s t d _ l o g i c _ 1 1 6 4  . a l l  ;

e n t i t y  m u x . 4 . 1  i s  
g e n e r i c  (

) ;
p o r t

w i d t h p o s i t i v e  : = 3 2

(
i n . O i n s t  d  _ 1 o  g c . v e c t o r ( w i d t h  — 1 d o w n t o 0 ) ;
i n . l i n s t  d  _ 1 o  g c _ v e c t o r  ( w i d t h  — 1 d o w n t o 0 ) ;
i n  . 2 i n s t  d  _ 1 o  g c . v e c t o r ( w i d t h  — 1 d o w n t o 0 ) ;
i n  . 3 i n s t  d  _ 1 o  g c . v c c t o r ( w i d t h  — 1 d o w n t o 0 ) ;
s  e  I 0 i n s t  d  . 1 o  g c ;
s e l l i n s t  d  . 1 o  g c ;
o u t p u t o u t s t  d  _ 1 o  g c . v e c t o r  ( w i d t h  — 1 d o w n t o 0 )

) ;
e n d  e n t i t y  m u x . 4 . 1  ;

a r c h i t e c t u r e  r t l  o f  m u x . 4 . 1  i s
s i g n a l  l o w e r  , u p p e r  : s t d . l o g i c . v e c t o r ( w i d t h

b e g i n
w i t h  s e l O  s e l e c t

l o w e r  < =  i n _ 0  w h e n  ’ O ’ ,
i n . l  w h e n  o t h e r s ;

1 d o w n t o  0  ) ;

w i t h  s e l O  s e l e c t
l o w e r  < =  i n _ 2  w h e n  ’ O ’ ,

i n  _ 3 w h e n  o t h e r s  ;

w i t h  s e l l  s e l e c t
o u t p u t  < =  l o w e r  w h e n  ’ O ’ ,

u p p e r  w h e n  o t h e r s  ;

e n d  a r c h i t e c t u r e  r t l  ;

E .10 R ed u n d an t D a ta  A rray

l i b r a r y  i e e e  ;
u s e  i e e e  . s t d _ l o g i c _ 1 1 6 4  . a l l  ;

e n t i t y  r e d . a r r a y  i s  
g e n e r i c  (

r o w . b i t s  p o s i t i v e  : =  1 1 ;
c o l . b i t s  : p o s i t i v e  : =  1 0 ;
w o r d . w i d t h  : p o s i t i v e  : =  1 6

) ;
p o r t  (

r o w s  : i n  s t  d  . 1  o  g  i c _ v  e  c t  o  r  ( 2 * * r  o w  _ b  i t  s  — 1 d o w n t o  0 ) ;
c o l s  i n  s t d _ l o g i c _ v e c t o r ( 2 * * c o l _ b i t s  — 1 d o w n t o  0 ) ;
d  i n  s t d . l o g i c . v e c t o r  ( w o r d . w i d t h  — 1 d o w n t o  0 ) ;
q  o u t  s t  d  _ 1 o  g  i c _ v  c c t  o  r  ( w o r d  . w i d t h  — 1 d o w n t o  0 ) ;
r w . n  i n  s t d . l o g i c

) :
e n d  e n t i t y  r e d . a r r a y ;

a r c h i t e c t u r e  b e h a v i o u r  o f  r e d . a r r a y  i s
s u b t y p e  w o r d  i s  s t d . l o g i c . v e c t o r  ( 0  t o  w o r d . w i d t h  — 1 ) ;
t y p e  d . a r r a y  i s  a r r a y  ( 0  t o  2 * * r o w _ b i t s  — 1 , 0  t o  2 * *  c o l . b i t s  — 1 ) o f

s i g n a l  d r a m  : d . a r r a y  ;

b e g i n

w o r d l i n e  : f o r  d e p t h  i n  0  t o  2 * *  r o w . b i t s  — 1 g e n e r a t e
b e g i n

b i t l i n e  f o r  c o l u m n  i n  0  t o  2 * * c o l _ b i t s  — 1 g e n e r a t e
b e g i n

q  < =  d r a m (  d e p t h  , c o l u m n  ) wh e n  r o w s ( d e p t h )  =  ’ 1 ’ 
a n d  c o l s  ( c o l u m n )  =  ’ 1 ’ a n d  r w . n  =  ’ O ’ ;

d r a m  ( d e p t h  , c o l u m n )  < =  d  wh e n  r o w s ( d e p t h )  =  ’ 1 ’ 
a n d  c o l s  ( c o l u m n )  =  ’ 1 ’ a n d  r w . n  =  ’ 1 ’ ;

e n d  g e n e r a t e  b i t l i n e ;  
e n d  g e n e r a t e  w o r d l i n e ;

e n d  a r c h i t e c t u r e  b e h a v i o u r ;
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A ppendix F

T estbench  V H D L  L istings

F . l  T estb en ch

l i b r a r y  i e e e  ;
u s e  i e e e  . s t d _ l o g i c _ 1 1 6 4  . a l l  ;

p a c k a g e  t e s t . p k g  i s
c o m p o n e n t  l f s r . g e n e r i c  i s

g e n e r i c  ( W i d t h :  p o s i t i v e  : =  4 ) ;   l e n g t h  o f  s e qu e n c e
p o r t  (

c l o c k n s t  d . 10 g c ;
r e s e t n s t  d  . 1  o g c ; ----  a c t i v e low
l o a d i n s t  d  . 1  0  g c ; ----  a c t i v e high
e n a b l e i n s t  d  . 1 0  g c ; ----  a c t i v e high
p a r a l l e l . i n  : i n  s  t  d  . 1  o g  i c . v  e  c t  o  r  ( W i d t h  — 1 d o w n t o  0 ) ;
p a r a l l e l . o u t  : o u t  s  t  d  _1 o  g  i c _ v  e  c t  o  r  ( W i d t h  — 1 d o w n t o  0 ) ;
s e r i a l . o u t  : o u t  s t d . l o g i c

) ;
e n d  c o m p o n e n t  l f s r . g e n e r i c  ;

e n d  p a c k a g e  t e s t . p k g ;  

l i b r a r y  i e e e  ;
u s e  i e e e  . s t d _ l o g i c _ 1 1 6 4  . a l l  ;

p a c k a g e  a s a o c _ 1 6 . p k g  i s  
c o m p o n e n t  a s s o c _ i _ 1 6  

p o r t  ( g c l k  
a  
d  
qp 
q
c a s . n  
r a s . n  
c s . n  
r w . n
m e m . e n . n

) ;

: i n  s t d . l o g i c ;
i n  s t d . l o g i c . v e c t o r  ( 2 1  d o w n t o  0 ) ;  
i n  s t d . l o g i c . v e c t o r  ( 3  d o w n t o  0 ) ;  
i n  s t d . l o g i c . v e c t o r  ( 3  d o w n t o  0 ) ;  
o u t  s t d . l o g i c . v e c t o r  ( 3  d o w n t o  0 ) ;  
i n  s t d . l o g i c ;  
i n  s t d . l o g i c  
i n  s t d . l o g i c  
i n  s t d . l o g i c  ; 
i n o u t  s t d . l o g i c

e n d  c o m p o n e n t  a s s o c . i . 1 6 ;

e n d  p a c k a g e  a s s o c . 1 6 _ p k g  ;

l i b r a r y  i e e e  ;
u s e  i e  e e  . s  t  d  _ l o  g  i c _ 1 1 6 4  . a  11 ;
u s e  s t d  . t e x t i o  . a l l  ;
l i b r a r y  w o r k  ;
u s e  w o r k  . t e s t . p k g  . a l l  ;
u s e  w o r k  . a 5 5 0 c . l 6 . p k g  . a l l  ;
u s e  w o r k  . t x t . u t i l  . a l l  ;

e n t i t y  a s s o c . 1 6 . t e s t  i s  
e n d  a s s o c _ 1 6 _ t e s t ;

a r c h i t e c t u r e  m i x e d  o f  a s s o c  _ 1 6 _ t e s t  i s

c o n s t a n t  T . h a l f c l o c k  : t i m e  : =  3 . 7 5  n s ;  ( c o r r e s p o n d s  to 26 6 MHz DDR)
c o n s t a n t  T . p r o p  : t i m e  : =  0 . 5  n s ;   avoi d hold t ime  v i o l a t i o n s
c o n s t a n t  T . l a t c h  t i m e  : =  1 n s ;

s i g n a l  c l o c k ,  r e s e t  : s t d . l o g i c ;
s i g n a l  s e e d . a d d r  : s t d . l o g i c . v e c t o r  ( 2 1  d o w n t o  0 ) ;
s i g n a l  s e e d . d a t a  : s t  d  . 1  o g  i c _ v  e  c t  o  r  ( 3 d o w n t o  0 ) ;
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F. 1 Testbench

s i g n a l  s e r i a l . a d d r  , s e r i a l . d a t a  : s t d . l o g i c ;
s i g n a l  a d d r . i n t c r n a l  , a d d r . d e l a y  : s t d . l o g i c . v e c t o r  ( 2 1  d o w n t o  0 ) ;
s i g n a l  d a t a . i n t e r n a l  , d a t a . d e l a y  , q d a t a  s t d . l o g i c . v e c t o r  ( 3  d o w n t o  0 ) ;
s i g n a l  m a i n . m e m . q  : s t d . l o g i c . v e c t o r  ( 3  d o w n t o  0 ) ;
s i g n a l  l o a d . g a  , l o a d . g d  , r e q . a d d r  , r e q . d a t a  s t d . l o g i c  ;
s i g n a l  c a s . n  , r a s . n  , c s . n  , r w . n  : s t d . l o g i c  ;
s i g n a l  m a t c h  : s t d . l o g i c ;
s i g n a l  s t a r t  : s t d . l o g i c ;

t y p e  s t a t e . t y p e  i s  ( s . r e s e t  , s _ 0  , s . l  , s _ 2 ) ;
s i g n a l  s t a t e  , n e x t - s t a t e  : s t a t e . t y p e ;

b e g i n

s e e d . a d d r  < =  ” 0 1 0 1 0 1 0 1 1 1 1 1 0 1 0 1 0 0 0 1 0 0 ” ; 
s e e d . d a t a  < =  ” 1 0 0 1 " ;

m a i n . m e m . q  < =  " UU UU” ;

s t a r t  < =  ’O ’ ;
s t a r t  < =  ’ 1 ’ a f t e r  1 0  n s  ;
s t a r t  < =  ’O ’ a f t e r  1 1  n s  ;

g e n . a d d r  : c o m p o n e n t  l f s r . g e n c r i c
g e n e r i c  m a p  ( W  i d t h  = >  2 2 ) 
p o r t  m a p  (

c l o c k  = >  c l o c k  ,
r e s e t  = >  r e s e t  ,
l o a d  =?> l o a d . g a  ,
e n a b l e  = >  r e q . a d d r  ,
p a r a l l e l . i n  = >  s e e d . a d d r  ,
p a r a l l e l - o u t  = >  a d d r . i n t e r n a l
s e r i a l . o u t  = >  s e r i a l . a d d r

) ;

g e n . d a t a  : c o m p o n e n t  l f s r . g e n c r i c
g e n e r i c  m a p  ( W i d t h  = >  4 )  
p o r t  m a p  (

c l o c k  = >  c l o c k  ,
r e s e t  = >  r e s e t  ,
l o a d  = >  l o a d . g d  ,
e n a b l e  = >  r e q . d a t a  ,
p a r a l l e l . i n  = >  s e c d . d a t a  ,
p a r a l l e l . o u t  = >  d a t a . i n t e r n a l
s e r i a l . o u t  = >  s e r i a l . d a t a

) ;

r e d u n  : c o m p o n e n t  a s s o c . i . 1 6
p o r t  m a p  (

g  c 1 k  s=> c l o c k  ,
a  = >  a d d r . d e l a y  ,
d  = >  d a t a . d e l a y  ,
q p  = >  m a i n _ m e m . q  ,
q  —>  q d a t a  ,
c a s . n  = >  c a s . n  ,
r a s . n  = >  r a s . n  ,
c s . n  = >  c s . n  ,
r w . n  —>  r w . n  ,
m e m . e n . n  = >  m a t c h

) ;

c l o c k . g e n  : p r o c e s s
b e g i n

c l o c k  <  =  ’ 1 ’ ; 
w a i t  f o r  T . h a l f c l o c k ;  
c l o c k  <  =  ’ O ’ ; 
w a i t  f o r  T . h a l f c l o c k ;  

e n d  p r o c e s s  c l o c k . g e n ;

s t a t e . l o g i c  : p r o c e s s  ( s t a t e )
v a r i a b l e  c o u n t  : i n t e g e r ;
f i l e  w r i t e . o u t  ; T E X T  o p e n  w r i t e . m o d e  i s  ’’ w r i t e . d a t ” ; 
f i l e  r e a d . o u t  : T E X T  o p e n  w r i t e . m o d e  i s  ” r e a d  . d a t ” ; 
v a r i a b l e  r e a d - l i n e  , w r i t e . l i n e  : l i n e ;

b e g i n
c a s e  s t a t e  i s

w h e n  s . r e s e t  = >
r a s . n  < =  ’ 1 ’ ; 
c a s . n  < =  ’ 1 ’ ; 
r e q . d a t a  <  =  ’ O ’ ; 
l o a d . g d  < =  ’ 1 ’ ; 
l o a d . g a  <  =  ’ 1 ’ ; 
r w . n  <  =  ’ 1 ’ ; 
c o u n t  : =  0 ;
n e x t . s t a t e  < =  s . r e s e t  ; 

w h e n  s _ 0  = >
l o a d . g d  < =  ’ O ’ ;
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l o a d . g a  < =  ’O ’ ; 
r e q . d a t a  < =  ’ 1 ’ ; 
c a s . n  <  =  ’ 1 ’ ; 
i f  c o u n t  <  2 6 2 1 4 4  t h e n

a d d r . d e l a y  < =  a d d r . i n t e r n a l  a f t e r  T . p r o p ;  
d a t a . d e l a y  < =  d a t a . i n t e r n a l  a f t e r  T . p r o p ;

e l s e
r w . n  <  — ’O ' ;  

e n d  i f ;
r a s . n  < =  ’ O ’ a f t e r  T . l a t c h ;  
n e x t . s t a t e  <  =  s _ 1 ; 

w h e n  s _ 1 =  >
r e q . d a t a  < =  ’ O ’ ; 
r a s . n  <  =  ’ 1 ’ ;
c a s . n  < =  ’ O ’ a f t e r  T . l a t c h ;  
n e x t . s t a t e  <  =  s _ 2 ; 

w h e n  s _2  = >
i f  c o u n t  =  2 6 2 1 4 3  t h e n  

l o a d . g d  < =  ’ 1 ’ ;
l o a d . g a  <  =  ’ 1 ’ ;

e n d  i f ;
i f  c o u n t  <  2 6 2 1 4 4  t h e n

w r i t e  ( w r i t e . l i n e  , s  t  r  ( a d d  r . d e l a y  ) ) ;
w r i t e  ( w r i t e . l i n e ,  s t r i n g  ’ ( ” - ” ) ) ;
w r i t e  ( w r i t e . l i n e  , s t r  ( d a t a . d e l a y  ) ) ;
w r i t e l i n e  ( w r i t e . o u t  , w r i t e . l i n e ) ;

e l s e
s t r  ( a d d r . d e l a y  ) ) ;  
s t r i n g  ’ ( ” _ ” ) ) ;

w r i t e ( r e a d . l i n e
w r i t e ( r e a d - l i n e
w r i t e ( r e a d - l i n e
w r i t e ( r e a d . l i n e
w r i t e ( r e a d . l i n e

e n d  i f ;

s t r ( m a t c h ) ) ;
s t r i n g
s t  r ( q d a t a ) ) ;

i f  c o u n t  — 5 2 4 2 8 7  t h e n
n e x t . s t a t e  < =  s . r e s e t  ;

e l s e
c o u n t  : =  c o u n t  +  1;  
n e x t . s t a t e  <  =  s . O ;  

e n d  i f  ; 
e n d  c a s e ; 

e n d  p r o c e s s  s t a t e . l o g i c ;

s t a t e . r e g i s t e r  : p r o c e s s  ( c l o c k  , r e s e t )
b e g i n

i f  r e s e t  — ' 1  ’ t h e n
s t a t e  < =  s . r e s e t  ; 

e l s i f  r i s  i n  g _ e d g e  ( c l o c k  ) t h e n  
i f  s t a r t  =  ’ 1 ’ t h e n

s t a t e  < =  s . O ;
e l s e

s t a t e  < =  n e x t . s t a t e ;  
e n d  i f ; 

e n d  i f ;
e n d  p r o c e s s  s t a t e . r e g i s t e r ;

e n d  a r c h i t e c t u r e  m i x e d ;

F .2  lfsr .gen er ic

 I f s r . g e n e r i c  . vhd

 Rev i sed  2 0 0 1 / 0 2 / 0 9

 A u t h o r s :  Raymond Sung
 Date:  Oct 10 ,  2000
 Course:  EE552
 M o di f i e d  : John Koob & Ray Sung
 Source  : EE 552 S t u d e n t  A p p l i c a t i o n  Note
 D esc :

 Autononmous  L i n e a r  Feedback S h i f t  R e g i s t e r

—  D e s c r i p t i o n :  I m p l e m e n t  at i on  o f  a L i n e ar  Feedback S h i f t  R e g i s t e r
—  t h a t  g e n e r a t e s  a s e q u en c e  of  2 '  N— 1 n o n - r e p e a t i n g  ps e ud o —random number s .

—  The B i t —Width or L eng t h  of  the  Pseudo Random Sequence
  c an be i n s t a n t i a t e d  w i th  the  g e n e r i c  ’’ Width . ”

—  The l e n g t h  o f  the  pseudorandom s e qu e n c e  can be anywhere  f ro m 2 to 16.
—  (2*2  — 4 numbers  in s e qu e n c e  and 2*16  numbers  s e q u e n c e  !!

—  The seed i n p u t  v a r i a b l e  a l lows  one to s t a r t  the  pseudo —random s e q u e n c e  at
  a. c e r t a i n  p o s i t i o n  in the  p se u d o—random s e qu e n c e .
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  Uses : D i g i t a l  S i g n a l  P r o c e s s i ng
  W i r e l e s s  Communica t ions
  E n c r y p t i o n  /  D eery p t ion
  D i r e c t  S eq u en c e  Spread S pec t rum
  Pseudo—Random Number Ge n e r a t i o n
  S c r am b l er  /  De s cra mb le r
—  B u i l t - I n  S e l f  Tes t

—  R e f e r e n c e s  : ”HDL Chip D e s i g n ” — Douglas  J .  Smi th
  ’’L i n e ar  Feedback S h i f t  R e g i s t e r  MegaFunct ion  ” — Nova E n g i n e e r i n g

l i b r a r y  I E E E ;
u s e  I E E E .  S T D . L o g i c . 1 1 6 4  . a l l  ; 

e n t i t y  L F S R _ G E N E R I C  i s

g e n e r i c  ( W i d t h  : p o s i t i v e  : =  4 ) ; l e n g t h  o f  p se u d o —random s e q u en c e
p o r t (

) ;

c l o c k :  i n  s t d . l o g i c
r e s e t  : i n  s t d . l o g i c
l o a d :  i n  s t d . l o g i c ;
e n a b l e :  i n  s t d . l o g i c ;
parallel.in 
p a r a l l e l . o u t

  a c t i v e  high r e s e t
  a c t i v e  high load ( a s s e r t  t h i s  to use  as r e g u l a r
 a c t i v e  high enab le

t  d -1 o  g  i c _ v  e  c t  o  r  ( W i d t h — 1 d o w n t o  0 ) ;  p a r a l l e l  seed  i n p u t
o u t  s  t  d  . 1 o g  i c _ v  e c t  o  r  ( W i d t h — 1 d o w n t o  0 ) ;  p a r a l l e l  data out

rag)

e r i a l . o u t  : o u t  s t d . l o g i c   s e r i a l  data out  (From l a s t  s h i f t  r e g i s t e r )

e n d  e n t i t y  L F S R . G E N E R I C ; 

a r c h i t e c t u r e  R T L  o f  L F S R . G E N E R I C  i s

t y p e  T a p s A r r a y T y p e  i s  a r r a y ( 2  t o  16 )  o f  s  t  d  .1 o  g  i c _ v  e  c t  o  r  ( 1 5 d o w n t o  0 ) ;  
s i g n a l  T a p s :  s  t  d  _1 o g i  c  _ v e  c t  o r  ( W i d t h  — 1 d o w n t o  0 ) ;

b e g i n

L F S R : p r o c e s s  ( c l o c k )

  i n t e r n a l  r e g i s t e r s  and s i g n a l s
v a r i a b l e  L F S R . R e g  : s  t  d  . 1  o g  i c _ v e  c t  o  r  ( W i d t h — 1 d o w n t o  0 ) ;
v a r i a b l e  X O R . O u t : s  t  d  .1 o  g  i c _ v  e  c t  o  r  ( W i d t h  — 2 d o w n t o  0 ) ;
v a r i a b l e  O R . C h a i n  : s  t  d  .1 o  g  i c _ v  e c t  o  r  ( W i d t h  —2 d o w n t o  0 ) ;
v a r i a b l e  N O R . A l l  : s t d . l o g i c ;
v a r i a b l e  F e e d b a c k :  s t d . l o g i c ;
v a r i a b l e  T a p s A r r a y  : T a p s A r r a y T y p e ;

b e g i n

T a p s  < =  T a p s A r r a y  ( W i d t h  ) (  W i d t h  — 1 d o w n t o  0 ) ;  

i f  r e s e t  =  ’ 1 '  t h e n

get  tap p o i n t s  f r o m  l ookup  t ab l e

L F S R . R e g  : =  ( o t  h e r s =  >  ’ 1 ’ ) ;
O R . C h a i n  : =  ( o t  h e r s =  >  ' 0  ’ ) ;
F e e d b a c k  : =  ’ O ’ ;
N O R . A l l  : =  ’ O ’ ;
—  Look—Up Table f o r  Tap p o i n t s  to i n s e r t  XOR g a t e s  as f e e d b a c k  i n t o  D—FF
 o u t p u t s  . Taps are d e s i g n e d  so t h a t  2 AN— 1 (N=Width o f  R e g i s t e r )  numbers
  are c y c l e d  t h ro u g h  b e f o r e  the  s e q u en c e  is r e p e a t e d

T a p s A r r a y  ( 2  ) 
T a p s A r r a y  ( 3 )  
T a p s A r r a y  ( 4 )  
T a p s A r r a y  ( 5 )  
T a p s A r r a y  ( 6  ) 
T a p s A r r a y  ( 7 )  
T a p s A r r a y  ( 8 )  
T a p s A r r a y  ( 9  ) 
T a p s A r r a y  ( 1 0 )  
T a p s A r r a y  ( 1 1 )  
T a p s A r r a y  ( 1 2 )  
T a p s A r r a y  ( 1 3 )  
T a p s A r r a y  ( 1 4 )  
T a p s A r r a y  ( 1 5 )  
T a p s A r r a y  ( 1 6 )

”0000000000000011” 
” 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 ” 

”0000000000001001” 
” 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 ” 

” 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 ” 

” 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 ” 

” 0 0 0 0 0 0 0 0 1 0 0 0 1 1 1 0 ” 

” 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 ” 

” 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 ” 

” 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 ” 

” 0 0 0 0 1 0 0 0 0 0 1 0 1 0 0 1 ” 

” 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 ” 

” 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 1 ” 

” 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ” 

” 1 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 ”

e l s i f  r i s i n g _ e d g e ( c l o c k  ) t h e n
 l oad s i g n a l  a s s e r t e d  , use  seed  va l ue  on p o r t  to d e t e r m i n e  where
 to s t a r t  in the  p se u d o —random s eq u en c e

i f  e n a b l e  =  ’ 1 ’ t h e n

i f  l o a d  =  ’ 1 ’ t h e n

L F S R . R e g  : =  p a r a l l e l . i n  ;

e l s e
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F e e d b a c k  : =  L F S R _ R e g ( W i d t h  — 1)  x o r  N O R - A 1 1 ;
 look  at  old va l ue  ;

f o r  N i n  W i d t h  —1 d o w n t o  1 l o o p

i f  ( T a p s  ( N — 1)  =  ’ 1 ’ ) t h e n

X O R - O u t ( N - l )  : =  L F S R _ R e g ( N  — 1)  x o r  p  a  r  a  11 c  1 _ i n  ( N  )

e l s e

X O R _ O u t ( N — 1)  : =  L F S R - R e g  ( N — 1)  x o r  p  a  r  a  11 e  1- i  n  ( N  ) ; 

e n d  i f ;

L F S R _ R e g ( N )  : =  X O R _ O u t  ( N — 1 ) ;  

e n d  l o o p  ;

O R _ C h a i n  ( 0  ) : =  X O R _ O u t ( 0 )  o r  X O R _ O u t  ( 1 ) ;

f o r  N i n  2 t o  W i d t h  —2 l o o p
O R - C h a i n  ( N — 1 ) :  =  O R . C h a i n  ( N - 2 )  o r  X O R . O u t ( N ) ;  

e n d  l o o p  ;

N O R . A l l  : =  n o t  O R - C h a i n  ( W i d t h  — 2 ) ;

L F S R _ R e g ( 0 )  : =  p  a  r  a  11 e  1 _i  n  ( 0  ) x o r  F e e d b a c k ;  

e n d  i f ;

e n d  i f ; 

e n d  i f ;

p a r a l l e l _ o u t  < =  L F S R . R e g ;  —  p a r a l l e l  data out  
s e r i a l . o u t  < =  L F S R _ R e g  ( W i d t h  — 1 ) ;  —  s e r i a l  data  out

e n d  p r o c e s s  ;

e n d  R T L ;

Ifsr-generic

x o r  F e e d b a c k ;
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A ppendix G

SKILL C ode

All functions beginning with t f  _ are part of the tf functions written by Tyler Bran

don at the University of Alberta VLSI Design Lab.

G .l  R ow  m atch  array

p r o c e d u r e  ( a i . m a t c h . r o w . a r r a y  ( f i l e n a m e )
l e t (  ( c v  i n s t . p f e t  i n s t . c N  i n s t . c X  i n s t . c O  i n s t . c l  i n s t . t n e t  

i n s t . n o C o n n  i n P o r t  w o r d  b i t s  x  y  i )

c v  — 
i n s  t  
i n  s  t  
i n  s t  
i n s t  
i n s  t 
inst 
inst 
i n s t .

t f _ g e t W i n C V  ( )
_ p f e t  =  d b O p e n C e l l V i e w B y T y p e  ( ” c m o s p l 8 ” ” p f e t ” ’ 
_ i n v  =  d b O p e n C e l l V i e w B y T y p e  ( ” v  s t  _ n  1 8 _s  c . t s  m  _c  4  ’
_ c N = d b O p e n C e l l V i e w B y T y p e  ( ” a s s o c . i  
_c  X = d b  O p e n  C e l l  V i e  w B y  T y p e  ( ” a s s o c . i  
_ c  0 = d b O p e n C e l l  V i e  w B y  T y p e  ( ” a s s o c . i  
_ c  1 = d b  O p e n  C e l l  V i e w  B y  T y p e  ( ” a s s o c . i  
. t n e t  =  d b O p e n C e l l V i e w B y T y p e  ( ” a s s o c . i  
. n o C o n n  =  d b O p e n C e l l V i e w B y T y p e  ( ” b a s i c

s y m b o l  ” )
” I N V D 1 ” ’ 

” s y m b o l  ” ) 
s y m b o l ” )

s y m b o l  ” )
c a r o m . o f f ”

” c a r o m _ d c ” ’
” c a r o m . 0 ” ” s y m b o l  ” )
" c a r o m . l "  ’’ s y m b o l ” )

” t . m o d e l ” ’’ s y m b o l ” ) 
” n o C o n n ” ” s y m b o l ” )

i n P o r t  =  i n  f  i 1 e  ( f  i l e n a m e  ) 
w h e n  ( i n P o r t  

y  =  0
w h i l e  ( f s c a n f  ( i n P o r t  ” % s ” w o r d  ) 

b i t s  =  s t r l e n  ( w o r d  ) 
x  =  0
d b C r e a t e P a r a m l n s t  ( c v  i n s t . p f e t  n i l  — 0 .  5 : 3 * y + 0 . 3  7 5  ” R 0 ”

1 1 i s  t  ( 1 i s  t  ( ” w ” ’’ f l o a t ” 8 0 0 n ) ) )  
t f _ s c h C r e a t e W i r e ( c v  l i s t (  — 5 : 4 8 * y + 6  — 4 : 4 8 * y + 6  — 4 : 4 8 * y + 1 2 )

” v d d  ! ” - 5 : 4 8 * y  +  1 2  ” R 2 7 0 ” ) 
t f _ s c h C r e a t e W i r e ( c v  l i s t (  — 8 : 4 8 *  y +  6 — 1 0 : 4 8 * y  +  6 ) )  
f o r ( i  1 b i t s

c a s e (  s  u  b s  t  r  i n  g  ( w o r d  i 1 )
( ” X ” d b C r e a t e l n s t  ( c v  i n s t . c X  n i l  x * 3 : y * 3  ” R 0 ” 1 ) )
( ” 0 ” d b C r e a t e l n s t  ( c v  i n s t . c O  n i l  x * 3 : y * 3  ” R 0 ” 1 ) )
( ” ! ” d b C r e a t e l n s t  ( c v  i n s t . c l  n i l  x * 3 : y * 3  ” R 0 ” 1 ) )
( t  d b C r e a t e P a r a m l n s t  ( c v  i n s t . c N  n i l  x * 3 : y * 3  ” R 0 ” 1 

l i s t  ( l i s t  ( ’’ m u l t ” ’’ f l o a t ” 1 ) ) ) )
)
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x  * 3 +  1 . 1 2 5 :  y  * 3 + 0 .  2 5  ” R 0 ” 1 

1 i s  t  ( 1 i s  t  ( ” R E S ” ’’ f l o a t ” 1 . 4 1 )
1 i s  t  ( ’’C A P ” ’’ f l o a t ” 1 .  3 1 f  ) ) )  

t  f _ s  c h  C  r e a t  e W  i r e  ( c v  1 i s  t  ( 4 8  * x —4 : 4 8  * y +  3 4 8 *  x +  2 3 : 4 8  * y +  3 ) )

d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x  * 3 +  0 . 4 3  7 5  : y  * 3 — 0 .  2 5  ” R 2 7 0 ” 1 
l i s t  ( l i s t  ( ’’ R E S ” " f l o a t "  0 . 3 6 6 )

l i s t  ( " C A P ” ’’ f l o a t ” 0 . 2 6 5 f ) ) )  
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x  * 3 +  1 . 1 2 5 :  y  * 3 — 0 .  2 5  ” R 2 7 0 ” 1 

l i s t ( l i s t ( ” R E S ” ’’ f l o a t ” 0 . 3 6 6 )
l i s t  ( ’’C A P ” ’’ f l o a t ” 0 . 2 6 5 f ) ) )

i f (  y  = =  0  t h e n
t f _ s c h C r e a t e W i r e ( c v  l i s t ( 4 8 * x + 6 : 4 8 * y  +  18

4 8 *  x  +  6 : 4 8 * y —9 ) s  t  r  c a  t  ( ” c l . n  < ’’ c o n c a t  ( x  )
” > ” ) 4 8 * x  +  5 : 4 8 * y  +  1 8  ’’ R 9 0 ” ) 

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x  +  1 7 : 4 8 * y  +  18
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4 8 *  x  4 - 1 7 : 4 8  * y —9 ) s t r c a t  ( "  c l < "  c o n c a t  ( x  )
” > ” ) 4 8 * x  +  1 6 : 4 8 * y  +  1 8  ” R 9 0 ” )

e l s e
t f . s c h C r e a t e W i r e ( c v  l i s t ( 4 8 * x  +  6 : 4 8 * y  +  18 

4 8 * x  +  6 : 4 8 * y - 9 ) )  
t f . s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x  +  1 7 : 4 8 * y  +  18 

4 8 * x  +  1 7 : 4 8 * y —9 ) )
)

x  =  x  +  1
)

d b C r e a t e P a r a m l n s t  ( c v  i n s t . p f e t  n i l  x  * 3 +  0 . 5  : 3 * y  +  0 . 3 7 5  ”MY” 
1 l i s t  ( l i s t  ( ” w"  ’’ f l o a t ” 2 5 0 n )

l i s t ( ” l ” ” f l o a t ” 3 6 0 n ) ) )  
d b C r e a t e l n s t  ( c v  i n s t . i n v  n i l  x * 3  +  0 . 7 5 : 3 * y  +  0 . 1 8 7 5  ” MX” 1)  
t  f  _s  c h  C  r  e a  t  e  W  i r  e ( c v  1 i s  t  ( 4 8  * x —4 : 4 8  * y -(-3 4 8 *  x + 1 2 : 4 8 *  y  +  3)  

s t r c a t  ( ” m l < ” c o n c a t (  — y  ) ” > ” )
4 8 * x : 4 8 * y  +  2 ” R O ” ) 

t  f  _s  c h  C  r  e a t  e  W  i r  e  ( c v  l i s t  ( 4 8  * x  +  3 5 : 4 8 *  y  +  3 4 8 * x  +  4 0 : 4 8 * y + 3  
4 8 *  x  +  4 0 : 4 8  * y  +  8 4 8 *  x  +  8 : 4 8 * y + 8  
4 8 * x  +  8 : 4 8 * y  +  6)
s t r c a t  ( ” m l . n < "  c o n c a t (  —y  ) ” > ” )
4 8 *  x  +  4 0 : 4 8 * y  +  3  ” RO” )

t  f  _s  c h  C  r  e a  t  e  W  i r  e  ( c v  1 i s  t  ( 4 8  * x  +  5 : 4 8  * y  +  6 4 8  * x  +  4 : 4 8  * y  +  6 
4 8 *  x +  4 : 4 8 * y +  9 4 8 *  x  - | - 4 : 4 8 * y  + 1 2 )
” v d d  ! ” 4 8 * x + 4 : 4 8 * y  +  1 2  ” RO” )
( c v  l i s t  ( 4 8 * x  +  2 3 : 4 8 * y - 5  4 8  * x +  2 3 : 4 8  * y - 7 )  

v s s  ! ” 4 8 * x  +  2 2 : 4 8 * y —5 ” R 2 7 0 ” ) 
c v  l i s t  ( 4 8 * x  + 2 5 : 4 8 * y —5 4 8 * x  +  2 5 : 4 8 * y —7)  
v d d ! ” 4 8 * x  +  2 4 : 4 8 * y —5 " R 2 7 0 ” )

t f . s c h C r e a t e W i r e

t f . s c h C r e a t c W i r e

d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  — 0 . 5 6 2 5 : y * 3  — 0 . 2 5  ” R 2 7 0  ” 1
l i s t  ( l i s t  ( " R E S ” ’’ f l o a t ” 0 . 3 6 6 )  l i s t ( ” C A P ” ’’ f l o a t ” 0 . 2 6 5  f ) ) )  

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( — 1 0 : 4 8 * y  +  1 8  — 1 0 : 4 8 * y —9 ) )

y = y - 1
)
c l o s e  ( i n P o r t  )

f o r ( i  0  x —1 ; the loads  f o r  p l a c i n g  up to 1 0 2 4
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  i * 3 +  0 . 4 3 7 5  : y  * 3 ” R 2 7 0 ” 1

l i s t  ( l i s t  ( ” R E S ” ’’ f l o a t ” 3 7 2 )  I i s t ( ” C A P ” ’’ f l o a t ” 0 . 2 6 9 p ) ) )  
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  i * 3  +  1 . 1 2 5 : y * 3  ” R 2 7 0  ” 1

l i s t  ( l i s t  ( " R E S ” ’’ f l o a t ” 3 7 2 )  l i s t ( ” C A P ” ’’ f l o a t ” 0 . 2 6 9 p ) ) )  
d b C r e a t e P a r a m l n s t  ( c v  i n s t . c N  n i l  i * 3 : y  * 3 — 2 . 1 8 7 5  ” RO” 1 

l i s t  ( l i s t  ( " m u l t ” ’’ f l o a t ” 1 0 1 6 ) ) )  
d b C r e a t e l n s t  ( c v  i n s t . n o C o n n  n i l  i * 3 : y * 3  —2 ” R 0 ” 1 )
t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 *  i +  6 : 4 8 * y  +  18  4 8 *  i +  6 : 4 8 * y —5 ) )  
t f _ s c h C r e a t e W i r e ( c v  1 i s  t  ( 4 8 *  i + 1 7 : 4 8 *  y  + 1 8  4 8 *  i +  1 7 : 4 8 * y —5 ) )

)
d b C r e a t e P a r a m l n s t  ( c v  i n s t . p f e t  n i l  — 0 . 5 : 3 * y —2 ” R 0 ” 1

l i s t  ( l i s t  ( ” w ” ’’ f l o a t ” 8 0 0 n )  l i s t  ( ’’ m u l t i p l i e r ” ’’ f l o a t ” 1 0 1 6 ) ) )  
t f . s c h C r e a t e W i r e ( c v  l i s t (  — 5 : 4 8 * y —32 —4 : 4 8 * y —32 —4 : 4 8 * y —2 6 )

" v d d ! ” — 5 : 4 8 * y —2 6  ” R 2 7 0 ” ) 
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  —0 . 5 6 2 5 : y * 3  ” R 2 7 0  ” 1

l i s t  ( l i s t  ( ” R E S ” ’’ f l o a t ” 3 7 2 )  l i s t ( ” C A P ” " f l o a t ” 0 . 2 6 9 p ) ) )  
t f _ s c h C r e a t e W i r e ( c v  l i s t (  — 1 0 : 4 8 * y + 1 8  — 1 0 : 4 8 * y —5 ) )  
t  f  . s  c h  C  r  e  a t  e  W  i r  c  ( c v  1 i s  t  ( — 1 0 :  4 8 *  y — 26  — 1 0 : 4 8 * y  —3 2  — 8 : 4 8 * y  —3 2 ) )

d b C r e a t e l n s t  ( c v  i n s t . n o C o n n  n i l  — 0 . 2 5  : y  * 3  — 2 . 1 8 7 5  ” R 0 ” 1 )

t f . s c h C r c a t e P i n  

t f . s c h C r e a t e P i n  

t f . s c h C r e a t e P i n  

t f . s c h C r e a t e P i n  

t f . s c h C r e a t e P i n  

sc hHi Ch e c k A nd S a v e ( )

( c v  s t r c a t  ( ” m l  _ n < ” c o n c a t (  —y —1 ) ” : 0 > ” ) " o u t p u t ”
( x  +  l ) * 4 8 : y * 1 0 )

( c v  s t r c a t  ( ” m l < ” c o n c a t (  —y —1 ) ” : 0 > ” ) ’’ o u t p u t ”
( x  +  l ) * 4 8 : ( y —1 ) * 1 0 )

( c v  s t r c a t  ( "  c l . n < ” c o n c a t  ( x —1 ) ” : 0 > ” ) ’’ i n p u t ”
x * 1 2  — 8 : 2 5  , ” R 2 7 0 ” )

( c v  s t r c a t  ( ” c l  < ” c o n c a t  ( x —1 ) ” : 0 > ” ) ’’ i n p u t ” 
x  * 1 2  +  8 : 2 5  , ” R 2 7 0 ” )

( c v  ” p  r e c h a r g e  _ n  ” ’’ i n p u t ” — 1 0 : 1 8  ” R 2 7 0 ” )

G .2 C olu m n  m atch  array

p r o c e d u r e  ( a i . m a t c h . c o l . a r r a y  ( f i l e n a m e  )
l e t (  ( c v  i n s t . p f e t  i n s t . n f e t  i n s t . i n v  i n s t . o r  i n s t . c N  i n s t . c X

i n s t . c O  i n s t . c l  i n s t . n o C o n n  i n s t . t n e t  i n P o r t  w o r d  b i t s  x  y  i )
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G.2 Column match array

cv = dbOpenC e l lV i ew By T  yp e ( ” a s s o c - i ” ” m at ch  _ c o l - a r r  ay ” ’’ s c h e m a t i c  ” n i l  ” w ” ) 
c v  =  t f _ g c t  W i n C V  ( )  

n s t . p f e t  =  d b O p e n C e l l V i e w B y T y p e  ( ” c m o s p l 8 ” ” p f e t ” " s y m b o l ” ) 
n s t . n f e t  =  d b O p e n C e l l V i e w B y T y p e  ( ” c m o s p l 8 ” ” n f e t ” " s y m b o l ” ) 
n s t . i n v  =  d b O p e n C e l l V i e w B y T y p e  ( ” v s t . n l 8 . s c . t s m . c 4 ” ” I N V D 1 ” ” s y m b o l  " ) 
n s t . o r  =  d b O p e n C e l l V i e w B y T y p e  ( " v s t . n l 8 . s c . t s m . c 4 "  ” O R 2 D 4 ” " s y m b o l  ” )
n  s t  _c  N = d b O p e n C e l l V i e w B y T y p e  ( ” a s s o c . i  
n  s t  _c  X = d b O p c n C e l l V i c w B y T  y p e  ( ” a s s o c . i  
n s t . c  0 = d b  O p e n  C e l l  V i e  w B y  T y p e  ( ” a s s o c . i  
n s t . c l  = d b  O p e n  C e l l  V i e w  B y  T y p e  ( ” a s s o c . i "  
n s t . t n e t  =  d b O p e n C e l l V i e w B y T y p e  ( " a s s o c . i ” ” t . m o d e l "  " s y m b o l ” 
n s t . n o C o n n  =  d b O p e n C e l l V i e w B y T y p e  ( " b a s i c ” " n o C o n n ” " s y m b o l ” )

” c a r o m . o f f ” " s y m b o l ” ) 
" c a r o m . d c ” " s y m b o l ” ) 
" c a r o m . O ” " s y m b o l ” ) 
" c a r o m . l "  " s y m b o l ” )

i n P o r t  =  i n  f  i 1 e ( f  i 1 e  n  a m  e ) 
w h e n  ( i n P o r t  

y  =  0
w h i l e  ( f s c a n f  ( i n P o r t  ” % s ” w o r d  ) 

b i t s  =  s t r l e n  ( w o r d  ) 
x  =  0
d b C r e a t e l n s t  ( c v  i n s t . o r  n i l  — 2 . 7 5 : 3 * y  +  0 . 4 3 7 5  " R O ” ) 
d b C r e a t e P a r a m l n s t  ( c v  i n s t . p f e t  n i l  — 0 . 4 3  7 5  : 3 * y  +  0 . 4 3 7 5  " M Y R 9 0 ”

1 1 i s  t  ( 1 i s  t  ( ” w"  " f l o a t ” 8 0 0 n ) ) )  ; p r e - c h a r g e
d b C r e a t e l n s t  ( c v  i n s t . n f e t  n i l  — 0 . 3 1 2 5 : 3 * y  ” RO” ) ; p u l l  down
t f _ s c h C r e a t c W i r e ( c v  1 i s  t  ( — 2 0 : 4 8  * y  +  7  — 7 : 4 8 * y  +  7 ) )  ; OR — p u l l —up 
t  f  _s  c h  C  r  e  a t  e  W  i r  e  ( c v  1 i s  t  ( — 4 9 : 4 8  * y  +  7  — 4 4 : 4 8 * y  +  7)

s t r c a t  ( " m a t c h _ r o w . n < ” c o n c a t ( - y )  ” > ” ) —5 1  ; 4 8 *  y  +  8  " R O "  ) 
t  f  _ s c  h  C  r  e a  t  c  W  i r  e ( c v  1 i s  t  ( — 4 6 : 4 8  * y  +  5 — 4 4 : 4 8 * y + 5 ) )  ; cp — OR
t  f  _ s  c h  C  r  e  a  t  e W  i r  e ( c v  1 i s  t  ( — 7:  4 8  * y + 4  — 7 : 4 8 * y  +  3 — 1 5 : 4 8 *  y  +  3)

" v d d ! ” — 1 5 : 4 8 * y + 4 )  ; PC p u l l —up vdd!
t  f  _ s c h  C r e a t  e W i r e  ( c v  I i s  t  ( — 3 6 ; 4 8 *  y  +  1 5  — 3 3 : 4 8 * y  +  1 5 )  ” v s s  ! ”

— 3 7 : 4 8 * y  +  1 5  " R O ” ) ; v s s !  f o r  OR
t  f  _s  c h  C  r  e  a t  e  W  i r  e  ( c v  1 i s  t  ( — 3 1 : 4 8  * y  +  1 5  — 2 8  : 4 8  * y  +  1 5  ) " v d d ! ”

— 3 0 ; 4 8 * y  +  1 5  ” R 0 ” ) ; v d d !  f o r  OR
t  f . s c  h  G r e a t  e W i  r e  ( c v  l i s t (  — 2 : 4 8 * y  — l : 4 8 * y  — l : 4 8 * y  — 3 — l : 4 8 * y  —6 )

" v s s ! ” — 2 : 4 8 * y —4 ” R 2 7 0 ” ) ; vss  ! f o r  p u l l - d o w n
t f . s c h C r e a t e  W  i r e ( c v  l i s t (  — 5 : 4 8 * y  — 1 2 : 4 8 * y )  ; p u l l - d o w n  c t r  I

s t r c a t  ( " m a t c h . r o w . n < ” c o n c a t ( - y )  ” > ” ) — 1 8 : 4 8 * y  +  l  ” RO” )

f o r ( i  1 b i t s
c a s e  ( s  u  b  s  t  r  i n  g  ( w o r d  i 1 )

( " X ” d b C r e a t e l n s t  ( c v  i n s t . c X  n i l  x * 3 : y * 3  ” R O ” 1 ) )
( " 0 ” d  b  C  r  e a t e  I  n  s t  ( c v  i n s t . c O  n i l  x * 3 : y * 3  ” R O ” 1 ) )
( " 1 ” d b C r e a t e l n s t  ( c v  i n s t . c l  n i l  x  * 3 : y  * 3 " R O "  1 ) )
( t  d b C r e a t e P a r a m l n s t  ( c v  i n s t . c N  n i l  x * 3 : y * 3  ” RO ” 1 

l i s t  ( l i s t  ( " m u l t ” " f l o a t ” 1 ) ) ) )
)

d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x  * 3 +  1 . 1  2 5  : y  * 3 +  0 .  2 5  " R O ” 1
l i s t  ( l i s t  ( ” R E S ” " f l o a t ” 1 . 4 1 )

l i s t  ( " C A P ” " f l o a t "  1 . 3 1  f  ) ) )  
t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 *  x —4 : 4 8 * y  +  3 4 8 * x  +  2 3 :4 8 * y + 3 ) )

d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x  * 3 +  0 . 4 3 7 5 :  y  * 3 — 0 .  2 5  " R 2 7 0 ” 1
l i s t  ( l i s t  ( ” R E S ” " f l o a t ” 0 . 3 6 6 )

l i s t  ( " C A P ” " f l o a t ” 0 . 2 6 5  f ) ) )
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x * 3  +  1 . 1 2 5 : y * 3  — 0 . 2 5  ” R 2 7 0  ” 1

l i s t  ( l i s t  ( ” R E S ” " f l o a t ” 0 . 3 6 6 )
I i s  t  ( " C A P ” " f l o a t "  0 . 2 6 5 f ) ) )

i f  ( y  = =  0  t h e n
t f _ s c h C r e a t e W i r c ( c v  l i s t  ( 4 8 * x - | - 6 : 4 8 * y  +  18

48* x - f  6 : 4 8 * y — 9 )  s  t  r c  a  t  ( ” c l . n  < ” c o n c a t  (  x  ) ” > ” )
4 8 * x  +  5 : 4 8 * y + 1 8  ” R 9 0 ” ) 

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x + 1 7 : 4 8 * y  +  18
4 8 *  x - p  1 7 : 4 8 * y —9 ) s t r c a t  ( "  c l < "  c o n c a t  ( x  ) ” > ” )
4 8 * x  +  1 6 : 4 8 * y  +  18  ” R 9 0 ” )

e l s e
t f _ s c h C r e a t e W i r c ( c v  l i s t  ( 4 8 * x  +  6 : 4 8 * y  +  18 

4 8 * x  +  6 : 4 8 * y —9 ) )  
t f . s c h C r c a t e W i r e ( c v  l i s t  ( 4 8 * x  +  1 7 : 4 8 * y  +  18 

4 8 * x  +  1 7 : 4 8 * y - 9 )  )
)
x  =  x  +  1

d b C r e a t e P a r a m l n s t  ( c v  i n s t . p f e t  n i l  x  * 3 +  0 . 5 : 3  * y  +  0 .  3 7 5  ”MY”
1 l i s t  ( l i s t  ( ” w ” " f l o a t ” 2 5 0 n )

l i s t  ( ” 1” ” f l o a t "  3 6 0 n  ) ) ) 
d  b  C r o a t  e l  n s t  ( c v  i n s t . i n v  n i l  x  * 3 +  0 .  7 5 :  3 * y +  0 . 1 8 7 5  " M X ” 1 )  
t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x —4 : 4 8 * y - p 3  4 8 * x d - 1 2 : 4 8 * y  +  3)  

s t r c a t  ( " m l < ” c o n c a t (  —y  ) ” > ” ) 4 8  * x  : 4 8  * y- f -2 ” R 0 ” ) 
t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x  +  3 5 : 4 8 * y  +  3 4 8 * x  +  4 0 : 4 8 * y + 3  

4 8 *  x +  4 0 : 4 8 * y + 8  4 8 *  x + 8 : 4 8 * y +  8 4 8 * x  +  8 : 4 8 * y  +  6)  
s t r c a t  ( ” m l . n < ” c o n c a t (  —y  ) ” > ” ) 4  8 * x +  4 0 : 4 8 *  y +  3 " R 0 ” )

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x  +  5 : 4 8 * y + 6  4 8 *  x  +  4 : 4 8 *  y + 6
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G.3 Associated data array

)

4 8 *  x  +  4 : 4 8 * y  +  9 4 8 *  x +  4 : 4 8 * y - f  12)
” v d d ! ” 4 8  * x  + 4 : 4 8  * y  4 - 1 2  ” RO” ) 

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x - f 2 3 : 4 8 * y —5 4 8 * x  +  2 3 : 4 8 * y —7)
" v s s ! ” 4 8  * x +  2 2 : 4 8 * y —5 ” R 2 7 0 ” ) 

t f . s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x  +  2 5 : 4 8 * y —5 4 8 *  x  - f ~ 2 5 : 4 8 * y —7)
” v d d  ! ’’ 4 8 * x  +  2 4 : 4 8 * y - 5  ” R 2 7 0 ” )

d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  — 2 . 8 1  2 5  : y  * 3 — 0 .  2 5  ” R 2 7 0 ” 1
l i s t  ( l i s t  ( ” R E S ” " f l o a t ” 0 . 3 6 6 )  l i s t  ( " C A P ” " f l o a t ” 0 . 2 6 5  f ) ) )  

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( — 4 6 : 4 8 *  y + 1 8  —4 6 : 4 8 * y —9 ) )

y = y - i
)
c l o s e  ( i n P o r t  )

f o r ( i  0  x —1 ; the  loads  f o r  p l a c i n g  up to 1 0 2 4
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  i * 3  +  0 . 4 3 7 5 : y * 3  ” R 2 7 0  ” 1

l i s t  ( l i s t  ( ” R E S ” " f l o a t ” 3 7 2 )  l i s t ( "  C A P ” " f l o a t ” 0 . 2 6 9 p ) ) )  
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  i * 3 +  1 . 1  2 5  : y  * 3 ” R 2 7 0 ” 1

l i s t  ( l i s t  ( " R E S ” " f l o a t ” 3 7 2 )  l i s t  ( " C A P ” " f l o a t ” 0 . 2 6 9 p ) ) )  
d b C r e a t e P a r a m l n s t  ( c v  i n s t . c N  n i l  i * 3 : y  * 3 — 2 . 1 8  7 5  " RO” 1 

l i s t  ( l i s t  ( " m u l t "  ” f l o a t ” 1 0 1 6 ) ) )  
d b C r e a t e I n s t ( c v  i n s t . n o C o n n  n i l  i * 3 : y * 3  —2 ” RO” 1 )  
t f _ s c h C r e a t c W i r e ( c v  l i s t  ( 4 8 *  i +  6 : 4 8 * y  +  18  4 8 *  i +  6 : 4 8 * y  —5 ) )  
t f _ s c h C r e a t c W i r e ( c v  l i s t  ( 4 8 *  i +  1 7 : 4 8 * y 4 - 1 8  4 8 *  i + 1 7 : 4 8 * y —5 ) )

)
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  — 2 . 8 1 2 5 : y * 3  ” R 2 7 0 ” 1

l i s t  ( l i s t  ( ” R E S "  ’’ f l o a t ” 3 7 2 )  l i s t ( ” C A P ” " f l o a t ” 5  . 4 3 p  ) ) ) 
t f . s c h C r e a t e W i r c  ( c v  1 i s  t  ( — 4 6 : 4 8 *  y  + 1 8  — 4 6 : 4 8 * y — 5 ) )  
d b C r e a t e l n s t  ( c v  i n s t . n o C o n n  n i l  — 2 . 8 7 5 : 3 * y —1 . 6 2 5  ” R 0 ” 1 )

) )

t f . s c h C r e a t e P i n  ( c v  ” p  r e c h a r g e  _ n  " ’’ i n p u t ” — 4 6 : 1 8  ” R 2 7 0 ” ) 
t f . s c h C r e a t e P i n  ( c v  s t r c a t  ( ” m l < "  c o n c a t (  —y —1 ) ” : 0 > ” ) ’’ o u t p u t ” 

( x  +  l ) * 4 8 : y * 1 0 )
t f . s c h C r e a t e P i n  ( c v  s t r c a t  ( "  m a t c h . r o w . n < ” c o n c a t (  —y —1 ) ” : 0 > ” )

" i n p u t ” — 6 0 :  y  * 7 )  
t f . s c h C r e a t e P i n  ( c v  s t r c a t ( ” c l . n < ” cone  a t  ( x —1 ) ” : 0 > ” ) " i n p u t "

x *  1 2 - 8 : 2 5  , ” R 2 7 0 ” )
t f . s c h C r e a t e P i n  ( c v  s t r c a t  ( ” c l < ” c o n c a t  ( x —1 ) ” : 0 > ” ) " i n p u t ”

x * 1 2  +  8 : 2 5 ,  ” R 2 7 0 ” )

sc hHi Ch e c k An dS a ve  ()

G .3 A sso c ia ted  d a ta  array

p r o c e d u r e (  a i _ d a t a _ a r r a y ( f i l e n a m e  )
l e t  ( ( c v  i n s t . r O  i n s t . r l  i n s t . p f e t  i n s t . t n e t  i n s t . n o C o n n  i n P o r t  

w o r d  b i t s  x y c  i j )

c v  =  t f . g e t W i n C V  ( ) 
n s  t  _ r  0 = d b  O p e n  C e l  l V i e w  B y  T y p e  ( " a s s o c . i ” ” r o m . O ” " s y m b o l ” ) 
n s t . r l  = d b  O p e n  C e l l  V i e w  B y  T y p e  ( ” a s s o c . i "  ” r o m . l  ” " s y m b o l  ” ) 
n s t . p  f  e  t s = d b O  p e n  C e l l  V i e  w B y  T y p e  ( ” c m o s p  1 8 ” ” p f e  t  ” ” s y m b o l  ” ) 
n s t . t n e t  =  d b O p e n C e l l V i e w B y T y p e  ( ” a s s o c . i  ” ” t . m o d e l ” ’’ s y m b o l ” ) 
n s t . n o C o n n  =  d b O p e n C e l l V i e w B y T y p e  ( ” b a s i c  ” ” n o C o n n ” " s y m b o l ” ) 
n s t . n a n d  =  d b O p e n C e l l V i e w B y T y p e  ( ” v s t _ n l 8 . s c _ t s m _ c 4 ” ” N A N 2 D 2 ” " s y m b o l "  ) 
n s t . m u x  =  d b O p e n C e l l V i e w B y T y p e  ( ” v s t _ n l 8 _ s c _ t s m _ c 4 ” " M U X 4 D 2 ” " s y m b o l ” )

i n P o r t  =  i n  f  i 1 e  ( f i  1 e n a m e  ) 
w h e n (  i n P o r t  

y = 0
w h i l e  ( f s c a n f  ( i n P o r t  " % s ” w o r d  ) 

b i t s  =  s t r l e n  ( w o r d  ) 
x  =  0
f o r ( i  1 b i t s

c =  s  u  b  s  t  r  i n  g  ( w o r d  i 1 )  
i f (  s t r c m p ( c  ” 1 ” ) = =  0  t h e n

d b C r e a t e I n s t ( c v  i n s t . r l  n i l  3 * x : 3 * y  ” R O ” 1 )
e l s e

d b C r e a t e I n s t ( c v  i n s t . r O  n i l  3 * x : 3 * y  ” RO” 1 )
)

d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x  * 3 +  1 . 1 2  5 : y  * 3 4- 0 . 0 6  2 5 ” R 0 ” 1 
l i s t  ( l i s t  ( " R E S ” " f l o a t ” 0 . 7 0 5 )  l i s t  ( " C A P ” " f l o a t ” 0 . 5 6 5  f ) ) )  

i f (  x  = =  0  t h e n
t  f  _s  c h  C  r  e a t  e W i  r  e ( c v  1 i s  t  ( 4 8  * x —4 : 4 8  * y  4 8  * x  +  2 3 : 4 8 *  y  )

s t r c a t  ( ” w l < "  c o n c a t (  —y  ) ” > ’’ ) 4 8 * x —4 : 4 8 * y  ” R 0 ” )
e l s e

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8  * x —4 : 4 8 * y  4 8 * x  +  2 3 : 4 8 * y ) )
)
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x  * 3 +  0 . 7 5 :  y  * 3 — 0 . 2 5  ” R 2 7 0 ” 1

l i s t  ( l i s t  ( " R E S ” " f l o a t ” 0 . 3 6 6 )  l i s t  ( " C A P ” " f l o a t ” 0 . 2 6 5  f ) ) )
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i f  ( y  = =  0  t h e n  ; p r e c h a r g e  c i r c u i t y
d b C r e a t e P a r a m l n s t  ( c v  i n s t . p f e t  n i l  3 * x  +  0  . 4  3 7 5  : 1  . 3 2 ” R O ” 1 

l i s t ( l i s t ( ” w ” " f l o a t ” l u ) ) )  ; p u l l - u p
t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x  +  1 0 : 2 1  4 8 * x  +  l l : 2 1  4 8 * x + l l : 2 7 )

” v d d ! "  4 8 * x  +  1 0 : 2 7  ” R 2 7 0 ” ) ; p u l l  down vdd
t f _ s c h C r c a t e W i r e ( c v  l i s t  ( 4 8 * x  +  7 : 2 1  4 8 * x + 5 : 2 1  4 8 * x  +  5 : 2 9 ) )  
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  x  * 3  +  1.  1 2 5 : 1 . 8 7 5  

” R O ” 1 l i s t  ( l i s t  ( ” R E S ” " f l o a t ” 0 . 7 0 5 )
l i s t  ( " C A P ” " f l o a t ” 0 . 5 6 5 f ) ) )

i f ( x  =  =  0  t h e n
t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x —4 : 2 9  4 8 * x  +  2 3 : 2 9 )

” p r e c h a r g e . d a t a . n < 0 > "  4 8  * x —4 : 2 9  " R O ” )
e l s e

t f _ s c h C r e a t c W i r e ( c v  l i s t  ( 4 8 * x —4 : 2 9  4 8 * x  +  2 3 : 2 9 ) )
)

)

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 * x  +  l l : 4 8 * y + 1 8  4 8 * x  +  l l : 4 8 * y —9 ) )  

x  =  x  +  1 ;
)
d b C r e a t e l n s t  ( c v  i n s t . n o C o n n  n i l  3 * ( x —1 )  +  2 . 7 5 : y * 3 ” R 0 ” )
y = y -  i

)
c l o s e  ( i n P o r t  )

)

d b C r e a t e l n s t  ( c v  i n s t . n o C o n n  n i l  3 * ( x —1 )  +  2 . 7 5  : 1 .  8  1 2 5 ” RO” )

f o r ( i  0  x —1 ; the l oads  f o r  pla.cing up to 256
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  i * 3- ( -0 .  7 5  : y  * 3 ” R 2 7 0 ” 1

1 i s  t  ( 1 i s  t  ( ” R E S ” " f l o a t ” 9 0 . 8 )  l i s t  ( ’’C A P ” " f l o a t ” 1 . 3 2 p ) ) )
t  f _ s c  h  C  r e a t  e W  i r e  ( c v  1 i s  t  ( 4 8 *  i +  1 1 : 4 8 *  y  +  18  4 8 *  i + 1 1 : 4 8 * y —5 ) )  
t f . s c h C r e a t e W i r e j c v  l i s t ( 4 8 * i + l l : 4 8 * y  — 26 4 8 * i + l l : 4 8 * y  —3 2 )  

s  t  r  c a  t  ( ” b l 0 < ” c o n c a t  ( i ) ” > ” ) 4 8  * i +  1 0 : 4 8 * y —3 0  " R 9 0 ” )
)

y  =  y  -  6

f o r ( j  y  y + 2  ; up to 1 0 2 4
f o r  ( i 0  x —1

d b C r e a t e P a r a m l n s t  ( c v  i n s t . p f e t  n i l  3 * i + 0 . 4 3 7 5  : 3 * j  ” R 0 ” 1 
1 i s t  ( 1 i s t  ( ” w"  " f l o a t ” l u ) ) )  ; p u l l —up

t f _ s c h C r e a t e W i r e ( c v  l i s t ( 4 8 * i - | - 1 0 : 4 8 * j  4 8 * i + l l : 4 8 * j  4 8 * i + l l : 4 8 * j + 6 )
” v d d ! ” 4 8  * i +  1 0 : 4 8 *  j + 6  ” R 2 7 0 ” ) ; p u l l  down vdd  

t f _ s c h C r e a t e W i r e ( c v  l i s t  ( 4 8 *  i +  7 : 4 8 *  j  4 8 *  i +  5 : 4 8  * j 4 8 *  i +  5 : 4 8 *  j  +  8 ) )  
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  i * 3  +  1 . 1 2 5 :  j * 3  +  0 . 5 6 2 5  

” R 0 "  1 l i s t  ( l i s t  ( " R E S ” " f l o a t ” 0 . 7 0 5 )
l i s t  ( " C A P ” " f l o a t ” 0 . 5 6 5  f ) ) )

i f  ( i = = 0  t h e n
t f _ s c h C r e a t e W i r e ( c v  l i s t ( 4 8 * i  — 4 : 4 8 *  j + 8  4 8 *  i +  2 3 : 4 8 *  j +  8)

s t  r  c a t  ( ” p  r e c h a r g e  . d a t a  _ n  < ” c o n  c a t  ( —j — 11 ) ” > ” ) 4 8  * i —4 : 4 8  * j + 8  ” R 0 ” )
e l s e

t f . s c h C r e a t e  W i r e  ( c v  1 i s  t  ( 4 8 *  i —4 : 4 8 *  j + 8  4 8 *  i + 2 3 : 4 8 *  j + 8 ) )
)
d b C r e a t e P a r a m l n s t  ( c v  i n s t . t n e t  n i l  i * 3  +  0 . 7 5 : j * 3  ” R 2 7 0 ” 1

l i s t ( l i s t ( ” R E S ” " f l o a t ” 9 3 . 7 )  1 i s  t  ( ” C A P ” " f l o a t ” 1 . 3 6 p  ) ) )
t  f _ s c  h  C  r e a t  e  W  i r e  ( c v  1 i s  t  ( 4 8 *  i +  1 1 : 4 8 *  j  — 3 4 8  * i + 1 1 : 4 8 *  j  — 5 ) )  
t f _ s c h C r e a t e W i r e ( c v  l i s t ( 4 8 * i + l l : 4 8 * j  — 2 6  4 8 * i + l l : 4 8 * j  —3 2 )  

s t r c a t ( ” b l ” c o n c a t (  —j — 11 ) c o n c a t  ( i ) ” > ” )
4 8 *  i + 1 0 : 4 8 * j  —3 0  " R 9 0 ” )

)
d b C r e a t e l n s t  ( c v  i n s t . n o C o n n  n i l  1 3 7  . 7  5 : j * 3 +  0 . 1 8 7 5  ” R 0 ” )

)

d b C r e a t e l n s t  ( c v n s t . n a n c n i l  2 0 :  - - 4 8 ’ R 0 ” )
d b C r e a t e l n s t  ( c v n s t _ n a n c n i l  2 0 : - - 5 2 ’ R 0 ” )
d b C r e a t e l n s t  ( c v n s t _ m u  x s t  r  c a t  ( ” I M U X < ” c o n c a t  ( x —1 ) ” : 0 > ” ) 2 5  : -  5 0  ” R 0 ” )
t f . s c h C r e a t e W i r e c  V l i s t 3 1 6 :  — 7 6 8 3 2 0 - 7 6 8 ) ” r o w . m a t c h . n < 0 > ” 3 0 8 :  — 7 6 8 ” R 0 ” )
t f . s c h C r e a t e W i r e c  V l i s t 3 1 6 : — 7 7 0 3 2 0 : — 7 7 0 ) ” r o w _ m a t c h _ n < 2 > ” 3 0 8 :  -  7 7 0 ” R 0 ” )
t f . s c h C r e a t e W i r e C V l i s t 3 1 6 : — 8 3  2 3 2 0 : — 8 3  2 ) ” r o w . m a t c h . n < 0 > ” 3 0 8 :  — 8 3  2 ” R 0 ” )
t f . s c h C r e a t e W i r e C V l i s t 3 1 6  : —  8 3 4 3 2 0 : —  8 3 4 ) ” r o w . m a t c h . n  < 1 > ” 3 0 8 : —  8 3 4 ” R 0 ” )
t  f . s  c h  C r e a t e W i r e C V l i s t 3 4 4 :  — 7 6 8 3 6 0 - 7 6 8  3 6 0 :  — 8 0 8  4 0 0 : - 8 0 8 ) )
t f . s c h C r e a t e W i r e C V l i s t 3 4 4 :  — 8 3  2 3 6 0 - 8 3 2  3 6 0 :  — 8 1 0  4 0 0 : - 8 1 0 ) j
t f . s c h C r e a t e W i r e C V l i s t 4 2 5 :  — 8 0 0 4 3 2 - 8 0 0 ) )
t f . s c h C r e a t e W i r e C V l i s t 4 0 0 :  — 8 0 0 3 9 0 - 8 0 0 )

s t r c a t  ( ” b l 0 < c o n c a t x  1 ) ” 0> ” ) 3 9 0 : - 8 0 0 )
t f . s c h C r e a t e W i r e C V l i s t 4 0 0 :  - 8 0 2 3 9 0 - 8 0 2 )

s t r c a t  ( ” b l l < c o n c a t x — 1 ) ” 0> ” ) 3 9 0 : - 8 0 2 )
t f . s c h C r e a t e W i r e c  V l i s t 4 0 0 :  - 8 0 4 3 9 0 - 8 0 4 )

s t r c a t  ( ” b l 2 < c o n c a t x  1 ) ” 0 > ” ) 3 9 0 : - 8 0 4 )
t f . s c h C r e a t e W i r e c  V l i s t 4 0 0 :  — 8 0 6 3 9 0 - 8 0 6 )

s t r c a t  ( " b l 3 < c o n c a t x - 1  ) ” 0 > ” ) 3 9 0 : - 8 0 6 )

t f . s c h C r e a t e W i r e c v l i s t 3 3 1 :  — 7 6 0 3 3 1 - 7 5 0 ) " v s s  ! ” 3 3 0 :  — 7 5 5 ” R 9 0 "  )
t f . s c h C r e a t e W i r e c  V l i s t 3 3 3 : — 7 6 0 3 3 3 - 7 5 0 ) " v d d ! ” 3 3 2 :  — 7 5 5 " R 9 0 ” )
t f . s c h C r e a t e W i r e c V l i s t 3 3 1 :  — 8 2 4 3 3 1 - 8 1 4 ) ” v s s  ! ” 3 3 0 :  - 8 1 9 ” R 9 0 ” )
t f . s c h C r e a t e W i r e c  V l i s t 3 3  3 :  — 8 2 4 3 3 3 - 8 1 4 ) ” v d d ! ” 3 3  2 :  — 8 1 9 ” R 9 0 ” )
t f . s c h C r e a t e W i r e c  V l i s t 4 1 2  : — 7 9 2 4 1 2 - 7 8 2 ) " v s s ! ” 4  1 1 :  — 7 8  7 ” R 9 0 ” )
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G.3 Associated data array

t f _ s c h C r e a t e W i r e ( c v  1 i s t  ( 4  1 4 :  -  7 9 2  4 1 4 : - 7 8 2 )  ” v d d ! ” 4 1 3 : - 7 8 7  ” R 9 0 ” )

t f . s c h C r e a t e P i n  ( c v  ” p  r e c  h  a r g e  _ d a t  a _ n  < 3 : 0 >  ” ’’ i n p u t ” — 1 0 : 2 4 * y  ” R 0 ” ) ;  b i t - l i n e  
t f . s c h C r e a t e P i n  ( c v  s t r c a t ( ” w l < ” c o n c a t (  — y —7 ) ” : 0 > ” ) ’’ i n p u t ” — 4 : y * 7 )  
t f . s c h C r e a t e P i n  ( c v  s t r c a t ( ” b l < ” c o n c a t  ( x —1 ) ” : 0 > ” ) ’’ o u t p u t ”

4 3 2 :  — 8 0 0  ” R 0 ” )
t f . s c h C r e a t e P i n  ( c v  ” r o w . m a t c h . n  < 3 : 0 > ” ’’ i n p u t ” 2 8 8 :  — 8 0 0  ” R O ” )

; s chHiCh e c k A nd S  ave ()

) )
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A ppendix H 

Schem atics

These are the schematics for an ternary CAM associative indirect design to be placed 

in a 1-Gbit DRAM. I assumes four-way set associativity, but all 25 address bits and 

20 redundant memory bits are still in the design.
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Figure H .l: Top level schematic of associative indirect redundancy. It does not 
include the redundant memory (connected via pointer).

:0>

| | |
!

Figure H.2: Associative memory (match and data arrays)
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Figure H.4: Row access strobe delay

Figure H.5: Row match array match-line pre-charge
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i< 11:0>

v ss!  vdd!
c o! <  11:0>

tI5 <  11 :0>

c o ! _ d < 1 1 : 0 >

t1 9 < 3 : 0 >

p _ d _ n < 3 : 0 >
p r e c h a r g e _ d o t a _ n < 3 : 0 >

p < 7 : 0 >

w l < 7 : 0 >
7 : 0 >

i < 7 : 0 >

. c o L p r e c h a r g e  _ p n e ± h a r g e _ n

A2
EXOR2D2

AND2D2

A2
AND2D4

A2
EXOR2D2

A2
AND2D4

p r e c h a r g e _ n < 3 : 0 >
ia t c h _ c t r l _ m i d

'-W u^'c^.col_tflrray_rnid i i < 7 :0  >

Figure H.8: Column match component



Figure H.9: Column access strobe delay

Figure H.10: Column match array match-line pre-charge
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Figure H.15: OR (No-carry adder)
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