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I CHAPTER 1

INTRODUCTION

W i t h  the rapid  development and advances  in semiconductor technology,

the re  has been a c o n t i n u i n g  growth of la rger  and denser  s emiconduc to r  memor ies .

I This  has  posed a rea l  c h a l l e n g e  in the area  of t e s t i ng  these memor ies .  As

more and more ce l l s  are packed on a semiconduc tor  chip , not onl y does the

number  of f a i l u r e s  a s soc i a t ed  wi th  memory increase  but  the n a t u r e  of f a i l u r e

mod es becom e s more comp lex and s u b t l e.  This makes t e s t i n g  a more d i f f i c u l t

ta sk . In a d d i r ~~rn , more t ime  is r equ i r ed  to t es t  memories because  of the

$ inc rease  ii’ s ize .

~s on test procedures required for testing today ’s semi-

conducter ,,LIIICIie5 are to detect faults of a wide variety and a comp lex

I nature , and to minimize the tota l t e s t i n g  time so as to make t e s t i n g  a cost

effective proposition.

We are interested in testing semiconductor memory chips as well as

memory boards housing these chips. Since it is impossible to correct a

failure in a semiconductor memory chip , we are interested only in detecting

a fault on the chip and not in locating it to a particular part of the chip

l ike the cell array, decoder or Read/Write logic.

I On th e other hand , while testing memory boards , we are interested

I 
not onl y in detecting faults bu t also in locating them to the memory chips ,

decoder chip, data registers or the data and address bussing structure.

‘ 
We w ill disc uss the tes ting of onl y Random Access (Read/Write) semi-

conductor memories (RAMs) and memory boards housing RAMs . The testing of

I
1 p
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2

Read—Onl y memories (ROMs) can be v iewed as a s p e c i a l  ~.a se  of t h e  t L s t i n g  of

R\ M s .

Test p r o c e d u r e s  for  a memory can be c o n c e p t u a l l y d i v i d e d  i n t o  t h r e e

pa r t s ;

I . F u n c t i o n a l t e s t i n g : tli ~ t e s t  mu s t  d e t e c t  p h y s i c a l  1 a i l u r ~~s w h i i ~~h cause

t h e  rIe!III.’rv to function incorrect ly .

2. Pattern sensitivi ty test i n ~.ç~~: even though a I I eU I I IV  has no physical fail—

t I r e s , there could be device anomalies and parasitic e H e ct s  which could

make its dynamic behavi or sen s i t iv e  to data  p a t  r e i n s ;  the  t e s t  mus t  d e t e ct

these conditions.

3. DC le i rilne t n c  testii1 ~~: the  DC p a r a m et e r s  l i ke  power onsurup t ion , fan—our

capab i i  i t )’ . fib L Se I1a r~; i n s , leakage c u r r e n t s  , e t c .  , mus t  I C  c ileL ked.

These test procedures as well as the  f a u l t  l o c a t i o n  p r o c e d u r e  f o r  a memory

b c a r d  a r e  d e s c r i b e d  in more  d e t a i l  b e l o w .  The a p p ro a c h  t a ~~en in  t h i s  t h e s i s

to ward t e s t i nc  is  a l s o  p o i n t e d  o u t .  C h a p t e r s  2 , 3 and 4 d e s c r i b e  thc t e s t i n g

and l o c a t i o n  a l g o r i t h m s  and  C h a p t e r  5 is  an e v a l u a t i o n  of the  p r o c e d u r e s .

1.1 F u n c t i o n a l T e st i ng

This  t e s t  p r o c e d u r e  w o u l d  det e r m i n e  w h e t h e r  a memory is f u n c t i n a l .

A mem or y i s  d e f i n e d  to he f u n c t i o n a l if i t  is p o s s i b l e  to  change every  c e l l

f r o m  a 1 to a U as ~,e l l  as f r o m  a 0 to a 1 , and to read  e v e cy  c e l l  c o r r e c t l y

when i t  s t o r e s  a I as w e l l  as when i t  s t o r e s  a 0 , i ndependen t  of t he  s t a t e

of r i t e  r e m a i n i n g  c e l l s .  Obv ious l y i f  we want  to t es t  a memory  in a r easonab le

amou n t  ‘f t ime , it . is  not p o s s i b l e  to check each c e l l  b r  a l l  p o s s i b l e  s t a t e s

No standard nomenclature exists in the literature for these two t e r m s ;  our
t e r m i n o l o gy  is c otTsiiofl .

I
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of t h e rema inink cells , as this would make the t e s t i n g  t ime  on t he  order  of

~) fl where  U L S  t he  n u m b e r  of c e l l s  in the  l l t emory [ I

T h e r e f o r e  it is necessary to develop a functiona l test procedure

on the basis of a fault mode l  which is c o m p r e hen s i v e  enou ;li to  a c c o u n t  f o r

a major it v of t h e  fa  I l u r e s  a s s o c iat e d  w i t i  s e m i c o n d u c t  ~ r n t ew I ’r i e s .  In

t~h a p t er  2 .  aC di e s c r ih e  v a r i o u s  f a i l u r e  modes a s s o c i a t e d  w i t h  set i c o n d u c t c r

IIeIlc’r leS . based on this disL uss ion , a f a u l t  model is constructed icr the

developm ent of a nce f un c t i o n a l t e s t  p r o c e d u r e .  This  p r o c e d u r e  needs  a

test i t t ~ t i m e  c i t  the order of ii~ Id’b~1 n . where n is t h e  number  of words  in

m emo ry .  T h e  t i t e I r e t i  ca l  l a s i s  t o r  tin s t e s t  p r o c e d u r e  is p r e s e n t e d  and

a l c o n i t i t i c s f o r  its imp leme ntation are gi.en . The fault model is based on

onl y the p e r m a n e n t  faul t s (as opposed to intermit tent faults) such as a cell

stuck at 1 or 0, shorts or capacitive coup lings between cells , or decoder

I a i l i t s .  It is im p o r t a n t  to d i f f e r e n t i a t e  these  fau lts from device anomalies

and p a r a s i t i c  e f f e c t s  tha n may ;ivc r ise to  wha t  is c a l l e d  p a t t e r n  s e n s i t i v i ty .

1.2  P a t t e r n  S e n s i t i v i t y  f e s t i n ~

Dynamic t i m i n g  p a r a m e t e r s  of s e m i c o n d u c t o r  m em o r i e s  l ike  a c c e s s

t ime , data  s e t - u p  and release time , and address set-up and release tine

depend on the data pattern and t u e  sequence  of memory accesses .  Under norma l

c i r c u m s t a n c e s  t h e s e  p a r a m e t e r s  r e m a i n  w i t h i n  the  g iven t o l e r a n c e s  f o r  a l l

da ta  p a t t e r n s  and sequences  of memory acces ses , and hence should  not  cause

any problem. However , various device anomalies and parasitic effects may

cause  a s u f f i c i e n t  change  in these p a r a m e t e r s , w h i c h , w i th  a change in the

da ta  p a t t e r n  or sequence of memory accesses , results in a wrong memory opera-

tion . Moreover , as described in [2J , under a p a r t i c u l a r  c omb i n a t i o n  of d a t a

I
1
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l’ , t i ~~r n  and s equence  of memory a cces se s , p a r a s i t i c  c a p a c i t o r  coup l i n g can

mani test i t s e l t  in l o s s  of  data in sonic memory cells , due to peculiarities

01 des i gn and layout of the  memory chip (and not due to changes in the

d v i e t i u i c  t i t c i n ~ p a r a m e t e r s )

Ti tu s d e v i ce  anomalies and parasitic e f f e c t s  c o u l d  mak ~ memory

“ Se n s i t i v e ” to  t h e  d a t a  p a t t e r n  and s equence  of memory  a c c e s s e s .  This is

called j~~y e r n  sensitivit y . It shou ld  be emp h a s i z e d  a g a i n  t h a t  we a r e

tal king . i  con t memor y malfunction caused b y device anoma lies and parasitic

effects and it s h o u l d  he distin~ uishted from incorrect functional behavi

cau s ~d by p0 tn t n e n t  f a n  Its.

The d e v e l o p m e n t  of test procedures to identify p a t t e r n  s e n s i t i v i t y

related to t h e  p e c ul i . i ii t i e s  of de si 3n and layou t of t h e memo ry c h ip  ca n be

j considered the  most difficult part of testing. It involves a t h o r o t i p h under-

staudinh of the desi~ m and layou t of the  memory chi p, device anomalies and

parasitic cffe~~ts. This information is usuall y not available to test

designers. Moreover , in  a d i s c u s s i o n  l ik e  t h i s , we c a n n o t  t r e a t  the  i d i o —

sync risies of a particular desi gn or the effects of desi gn and layout errors.

Therefore a model for pattern sensitivity in terms of onl y the

dynamic timing parameters is proposed in Chapter 3. A test procedure base I

on this model is described for detecting pattern sensitivity

1.3 DC Parametric Testing

This involves the checking of DC data sheet characteristics such as

minimum/maximum output voltages versus output sink/source currents , fan out

capabilit y , power consumption , breakdown voltages and leakage currents. By

its very nature , DC par ametric testing involves measurements of voltages and

I
1
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5

c u r r e n t s  and hence does not constitute a challenge in terms of the two

demands on test procedures mentioned in the beginning of this Chapter. There-

fore t h i s  aspect of testing memories will not be discussed.

1.4 Location of Faults on a Memory Board

The problem of fault location on a memory board is of considerable

practical importance. We are interested in locating faults to the memory

ch i ps , decoder chi p, data registers or the data and address bussing s t r u c t l r t .

\ fault model for a memory board taking into consideration faults associated

with the memory chips , decoder log ic , data registers , and bussing structure is

presented in Chapter 4. The strategy of fault location is based on testing

the functional units on a memory board  in the f o l l o w ing orde r :  d~~ a rep isters ,

b u s s i ng  s t r u c t u r e , deco d er chip, and finall y memory chi p s. Thus , we first

test the data registers; if they are found out to be fault-free we test the

bussing structure , and so on. Finall y ,  in order to test the memory chips we

appl y the functional and pattern s e n s i t i v i t y  test procedures.

- 
~~~~~t V ;. .. .
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CHAPTER 2

FUNCTIONAL TESTING OF MEMORIES

2.1 Functiona l Test Pm •edures in Existence

Var ious functiona l test procedures known as “GALPAT,” “Walk ing

Ones ,” “Marching Ones,” “CheckerEoard ,” “GALTCOL” are used by industry [3,4,7~ .

The length of these test procedures are 0(n), 0(n31’2) or 0(n2), where n is

the number of cells in memory. These test procedures fail to satisf y the

two demands on test procedures mentioned in the beginning of Chapter 1. The

O(n) tests which take a small amount of time have a limited fault coverage

on the other hand , the 0(n
2
) t e s t s  are reasonabl y powerful in fault

coverage hut consume a prohibitive amount of time , espec ia l l y for 4K and 16K

RAMs. The O(n3~
’2
) test procedures do not succeed in brid ging the gap be tween

these two extremes. Moreover , these test procedures seem to have been derived

in a rather ad hoc fashion.

2.2 Basic Testing Philosophy for Memories

Our approach would be to formulate a fault model based on physi ca l

failures in the memory , and then derive a test set to detect the faults in the

model. The fault model would not be on the “ga te” level as in classical fault

diagnosis r 4~, but would be formulated on a higher leve l in terms of functiona l

blocks , like the decoder and the memory cell array.

Using such a fau lt model , a new test procedure for functional testing

of memories is proposed. It depends on the successive division of memory.

This  p r o c e .~u re  t akes  a t i m e  on the order of n . log
2
n and is not onl y very

pow e r f u l  in ~~s fault coverage ability but also achieves a drastic improvement

in te sting time over the 0(n
2
) test procedures.

- .. . 
.
~~ 

. 
~~. 
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$ A schematic block diagram of the basic organization of a semi-

c o n du c t o r  R~\M is shown in Figure 2.1. The actual details of the organization

of a part icular chip will depend on various factors like th e technolog y used ,

the static or dynamic nature of the memory, the number of cells per word , and

the actual l o c a t i o n  of memory cells and supporting logic on the chip. Usuall y

the details of organization beyond the block diagram leve l and details of the

chip lavoll t are not available to test desi gners. Therefore the fault model

which is to provide a basis for the de~ e1opmemt of the f u n c t i o n a l test proce-

dure , must be quite general in its nature and should not be restricted to

peculiarities of a particular memory des ign.

B thi functiona l testing as well as pattern sensitivity testing of

a memory chip follow the basic procedure below :

Step 1: The tester writes a given test sequence , i.e., a sequence of test

patterns into a given set of men~~ry words.

Step 2: The tester reads  a g iven  set of memory words  in sequence .  As 501 11

as the data from a word read is found out  to be different from the

expected data , the testing stops , as tu e memory is found out to be

faulty . If the memory has passed the tests so far and there are

p 

more t e s t  patterns to be t.iritten , the tester returns to execute S~~~p

1 , othierwise it stops testing tu e memory which is declared function-

all y correct , or free of pattern sensitivity.

All test patterns are generated al gorithmica ll y. The tester ’s memory

stores onl y the tes t program along with a few “initializing ” test pa tterns.

As will be seen la ter , the test program for detecting a faulty memory chi p is

quite small and hence does not require the tester to have a large memory.

— -  . — —-.—~—.-‘-—~~. ~
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Co l umn Address Decoder
( lou t  of M=2 r )

_  U
3
__ ..

~~
. 

~~ Memory Cell A rray

Write Driver
. ~ .~~ v N u m b e r o f Cell s~~n~~NM “ r—I

__________
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On the other hand , as described in Chapter 4, the test procedure

for locating faults on a memory board is considerabl y mo re comp licated due

to t u e comp lex nature of the problem.

Wh ilc writing a -id reading test patterns , the tester will have to

follow various timing considerations associated with the memory under test ,

such as access time , data set-up and release time , address set-up and release

t i m e , various pulse widths and critical overlap conditions of different si g-

nals , and precharge and refresh requirements (if any).

2.3 Fault Model for Semiconductor RAM

As shown in Figure 2.1 , a RAM can be divided into three functiona l

h)lockS , i.e., memory cell array, de coder l ogic , and Read/Write logic (sense

amp lifiers , write drivers and other supporting logic).

2.3.1 Fault Mode l for Memory Cell Array

l~’lien t u e memory is accessed , the raw decoder selects a particular

row of cells (1 out of N = 2~) and the column decoder selects a particular

L o l u m n  of cells (1 oet of H = 2
1 ) ,  resulting in the access of the addressed

word. Usuall y each memory word consists of a sing le cell. We will refer to

• this organization as an “nx l organization ,” signif ying that the memory has n

word s consistin g of 1 cell each (n N.M).

In Sonic merII Ir’ desi gns like Motorola ’s MCM 6810 128x8-bit RAM or

Intel ’ s 8101—2 and 8111-2 256X4—bit RAMs , there is more than one cell per

word , in which case a comp lete row of m cells will be accessed at one time .

k’~ will refer to this organization as an “nXm organization ,” signif ying that

it nas n words consisting of m cells each , i.e., a total of nXm cells in the

memory I e l i  a l-r a y .

S b ~1 p
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Now let us consider the behavior of the memory cell array under

failures associated with it. Consider a typical realization of a RAM cell

shown in Fi gure 2.2.

In the following discussion positive log ic is assumed. The discus-

sion is valid for both p and n-channe l realizations of a memory cell. Let us

assume thiat with transistor T
1 
on and T

2 
off , the cell is storing a 1. Ii A

is stuck at 0, the cell will fail to store a 0, as T
2 

will never turn on.

Similarl y if B is stuck at 0, the cell will fail to  store a I. Similar argu-

ments appl y when A is stuck at 1 or B is stuck at 1. If the gate of T
1 

or T
2

gets shorted to its drain , it will effectivel y short A to B , which in turn

would form a t ired-OR or a wired-AND function between the drivin~ log ic of A

and E. Depending on the ..uture of th i s  wi red  f u n c t i o n  ( i . e . ,  OR or AND ) and

the a c t u a l  v a l u e s  of circuit parameters involved , the cell will either fail

to s to re  a 1 or a 0 or w i l l  f a i l  to unde rgo  a 0-1 or a 1-0 transition , i.e. -

a ~—l— 0 transition, A break in the cross—coup ling metallization will he “seen ’

as a stuck-at-l 0: a ~tu:k-at—O fault by transistor T
1 

or T,, and the same

d i scus s ion  given above w i l l  app l y.

Because of the ex t reme l y high densi t\ of cells on the chip, there

may be shorts between two cells due to fault y meta hlization. Depending on

whether the short is between transistors T
1 

(or T
2) 

of two cells or between

of one cell and T
2 

of the other , these two cells will fail to store either

the same logic values or the different log ic values. In either case a transi-

tion in one cell will cause a transition in the other cell.

Ther e may he capacitive coup l ing between two cells , say ce l l s  i and

j. In this case a trans ition in one cell may change the contents of the other .

- ~~~~~ ‘_
~~:, ~ ~ 
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As shown in r b . the  c a p a c i t i v e  c o u p l i n g  behaves in a peculiar way, in tha t if

a t r an s i t i o n  in c e l l  i change s the state of cell j, t hen  i t  does not necessar—

i l ~ ’ imp l y tha t a t r a n s i t i o n  in c e l l  j  will also change the state of cell i.

;ased on t h i s  d i s c u s s i o n  the  f o l l o w i n g  f a u l t  mo del f o r  the  memory

cel ’ array is proposed. One or more of the following statements is true under

failure :

I . One or more c e l l s  are s t u c k  a t  1 or 0.

2. One or more c e l l s  f a i l  to unde rgo  a 0 — 1 — 0  or a 1—0— 1 transition,

3. There eyjst two (or more )  c e l l s , say cells i and j, which are coup led.

By t h i s  we mean a 0 to 1 or a I to 0 t r a n s i t i o n  in one of t h e  two cells ,

say cell 1 , changes the state of the  ot h e r  ce l l , i . e . ,  cel l  j .  This does

not i ; p l y  t ha t  a s i m i l a r  t r a n s i t i o n  in c e l l  j  w i l l  also change the state

of c e l l  i .

It may be poin ted  out tha t  the 0(n)  t e s t  i ’r occdures  a re  capab le  of d e t e c t i n g

onl y those  f a u l t s  w h i c h  a re  covered by s t a t e m e n t s  1 and 2 above . Though the

f a u l t  m o d e l  p roposed  fo r  the memory ce l l  a r r ay  is based on the faulty behav ior

o f  a t y p i c a l  memory  c e l l  r e a l i z a t i o n  (F igure  2 . 2 ) ,  i t  is c h a r a c t e r i z e d  a t  a

hi gh l e v e l  and i t  covers  a wide variety of faults. It seems reasonable the

model will he valid for different failure mechanisms in other realizations of

a memory cell .

2.3.2 Fault Model for Decoder

The decoder is a simp le combinational log ic circuit that selects a

u n i q u e  i~e m o r y  c e l l  f o r  the given address .  In o ther  words , the decoder estab-

l i s h e s  a one - to -one  cor respondence  between a g iven address  and a memory c e l l .

A bl ock diagram of a 1-out-of-n decoder is shown in Figure 2.3. Now let us

S b
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Figure 2.3. Block diagram of a 1-out-of-n decoder.
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cona ider the behav io r of t he  decoder  under  f a i l u r e s  a s so c i a t e d  w i t h  it .  Some

o u t p u t  lines of the  decoder  may be p erma n e n t l y s t u c k  a t  1 or s t u c k  a t  0 . Th i s

~.il1 result in the permanent selection of those cells that are ae essed by

the d e co d e r  output lines w h i c h  are  stuck at 1 (0), and in the p e r m a n e n t  non—

Selection of those cells that a r e  “a c c e s s e d” b y the decoder  o u t p u t  l i n e s  w h i c h

a r e  s t u c h  a t  1 ) ( l ) .

So nic i n p u t  l i n e  to the decoder ( i . e . ,  an a d d r e s s  l i n e )  may  be stuck

It I or 0. This w i l l  result in the  access  of onl y half of the memory. In

genLOa l if k input lines are st lic k , then onl y th p o r t i o n  of t h e memory

c a n  be b e t  ssed .

Some o u t p u t  l i n e s  of the  decoder  may oc oup lc-d t v ., e t h cr  b e ca u s e  of

s ho r t  c i r u i t s  or capacitive coupling. S i i i l a r  failures may oc cu r w i t h  i n p u t

( a d d r e s s )  l in e s .  Depend ing  on w h e t h e r  t h i s  coup l i n ~ r e s u l t s  in a w i r e d — O R  or

a ~1’ ir e d -A N D  f u n c t i o n , the  decoder  w i l l  a cces s  the n o n - a d d r e s s e d  c e l l s  in addi-

t~~~Ofl N) t h e  add res sed  c e l l , o r the decoder w ill fail 1 ac~~ess the add re s sed

cell .

The f o l l o w i n g  f a u l t  model lot  the decoder  is thus proposed. Any

failure occurring in the decoder logic will make it behave in one of the

f o l l o w i n g  ways.  For one or more address input(s), one or more of t he  f o l L ~~ing

thu n s  can happen:

1. The decoder will not access the addressed cell. In addition , i t  may ac ess

non-addressed cells.

2. The decoder will access multip le c e l l s , includin g the addressed cell.

In the case of mult i p le accesses , we can v i ew  the decoder fault as

i memory c e l l  a r r ay  f a u l t , i . e . ,  as a coup l i n g  between memory cells. In the

- -
~~

‘
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case  of no access , the cell which would have been selected under no fault ,

can be viewed as stuck at 1 or 0, depending upon the log ic used. Thu s we are ,

in effect , visualizing decoder faults as memory cell array faults. This is an

important point in the development of the fault model for the entire semicon-

d u c t o r  RAN , s ince  we need not  consider decoder faults explicitl y.

2.3.3 Fault Model for Read/Write Logic

Some output lines of the sense amp lifier log ic or write driver log ic

(Figure 2.1) may be stuck at I or 0. In either case we can consider this

fault as the same as stuck at 1 or 0 memory cells tha t correspond to the stuck

o ut p  t l i n e s .  The d a t a  i n p u t  lines may have shorts or capacitive coup ling

between them . S i m i l a r  may he the case with da ta output lines. This failure

can be visualized as coup ling between the memory cells that correspond t o  the

coup led data input or output lines. We are , in e f f e c t , v isual iz ing fault s

associated w i t h  the R e a d / W r i t e  log ic as faults a s s o c i a t e d  w i t h  the  m e m o ry  cell

* 
arr a\ .

T h e r e f o r e , in order to test a semiconductor RAM , we need to concen-

trate on the fault model for the memory cell array onl y. Recalling the three

statements regarding the fault model for the memory cell array presented at

the  end of Section 2.3.1 , the functiona l test procedure must make the f o l l e w i n g

transitions for every pair of memory cells , say for a pair consisting of cells

i and j :

I. Change cell i from a 0 to a I, once when cell j stores a 0 and a second

~irr ,e when it stores a 1.

2. Change cell i from a I to a 0, once whe n cell j s tores a 0 and a second

t ime when it stores a 1.

-~~~ 

- 
I

-

~
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3. Repeat steps I and 2, after exchanging the roles of cells i and j .

It is easy to see that any test procedure which is capable of satis-

fying this requirement will be able to detect any cell which is stuck at 1 or

‘ 
0. It will also detect any cell that fails to undergo a 0—1-0 or a 1—0-1

transition , as well as coup ling between cells. Thus such a test procedure is

able to detect all faults covered by the proposed fault model for a semicon-

ductor RAM.

The development and presentation of such a functiona l test procedure

is the topic of the nest section.

2 . 4  F u n c t i o n a l rest  Procedure

2 . 4 . 1  Development  of a F u n c t i o n a l  Test Procedure

In this section we first develop a functiona l test procedure for

memory chips h av ing an nxl organization. As will be shown at the end of this

~t~ct ion , the functiona l test procedure thus developed can be easil y modified

for memory c h i p s  h a v i n g  an nXm o r g a n i z a t i o n .

Let us imagine tha t a memory having an n.J organization is parti-

tioned into k equal parts , each containing ~ cells , as shown in Figure 2.4.

~‘ r;su me that the whole memory is written with all D’s. We change all the cells

of th e first part from a 0 to a 1 and then read the cells of tee remaining

- . n - k-I - -(k-l) parts. Thus step involves WRITE operations and —
1~

--~n READ operations ,

i.e., a total of n operations , where n is the number of cells in the memory.

The above step is repeated for a 1—0 transition in all the cells of the first

part. Finall y the two steps performed so far , a 1—0 and a 0—1 transi tion in

a l l  the c e l l s  of the f i r s t  p a r t , are r epea t ed  when complementa ry  data  are

present ~n the remaining (k-l) parts (in this examp le the (k—i) parts contain

all l’ s).

- 

- - 
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~~ ~~. 
- — ~

p 
, ~. 

- .‘

~~~. 
.. 

-. _— .-~~~-~~~~ — —n • —



• 
—,.-

~~~~~ .
-
~~~

- -.-- 

~~~~~~~~ - _,_ ~~~~~ ‘~~p .— ~~~~~

I
17

Par t  1

Port 2

Port 3

Part k

FP-5508

Figure 2.4. Memory partitioned into k equal parts.
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Thus we have  made a 0— 1 and a 1—0 transition in the first part ,

w h i l e  tie remaining (k—I) parts are in a g iven state as well as its comp le-

f l e i l t , I r - . s t a t e .  R e c a l l i n g  the  f a u l t  model  fo r  m emory  p resen ted  in S e c t i o n  2 . 3 ,

partic ul ar ly the iour transitions mentioned at the end of Section 2.3.3 , we

c In s~ e tha t ti-ic operation s performed so f a r  e n s u r e  t h a t  a t r a n s i t i o n  in any

c e l l  ot  the  f i r s t  p a r t  does not change the state of any cell in the  r e m a i n i ng

(k-I) parts. We must repeat these operations for the remaining (k-I) parts.

This ~ ili ensure that there is no coup 1 ing between ccl is of any tWI different

p a r t s .

~\s we h a v e  seen e a r l i e r , a ~~a n s i t ion  in a n y  part requires ~
- WRITE

operat ions , and in order to read the  r em a i n i n g  ( k - l )  p a r t s  ~~~~~~ REA D opera-

t i o n s  are  needed .  These o p e r a t i o n s  are to he performed for both transitions ,

i . e . ,  a (~-1 and 1—0 t r a n s i t ion  when the r ema in ing  (k—I) parts are in a given

s t a t e  as w e l l  as in the comp l e m e n t a r y  s t a te .  This w i l l  r e q u i r e  a t o t a l  of

-. (j1 + ~~-~~_L n) = 4n operations . Since these operations are to he repeated for

e t c h  f the  Ic parts , at least 4nk operations will be requ i r ed  to ensure  t h a t

the r e is no coup l ing between cells o~. any two different parts among these k

• p arts .

It is important to note that with any arbitrary sequence of t r a i  si-

t ions  in the  k p a r t s , i t  w i l l  not be p o s s i b l e  to  comp l e t e  the t e s t  w i t h  - .nk

operations , since many transitions would be redundant. The minimum of 4nk

ooerations wi ll be achieved onl y if each part undergoes a given transition

( I .~~. ,  a 0-i or a 1—0) onl y two t imes , once fo r  the  given state and once for

the I omplementary state of the remaining (k-i) parts.

1

—~~~~ —— ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ - -~~ - . . -
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gssumin that the memory is written with all D’ s in the beg inning,

a tYpical set of these 4nk operations is g iven in Fi gure 2 .5 , in a matri x

form. ka.h row of t i c  m a t r i x  corresponds  to a p a r t  of the memory, i.e. ,
th .th -1 row corresponds to the i part. Each column of the matrix corresponds

t o  a transition. ~\n up a r row , denoted b y , indicates a 0—I transition , wh ile

a d u n  arrow , denoted by 1 , s t ands  fo r  a 1-0 t r a n s i t i o n .  Since each - i  c o l u m n

ol  th is matrix corresponds to n operations , WRITE operations + ~~~~.n READ

ope r a t i o n s , ti -ic t e s t  m a t r i x  c omprises  4nk opera t ions .

- - - - thThe 0-I transition in a typical part , say the i part (corres-

ponding to tle 1th row in Figure 2.5) is performed only two times, the first

t ime when the state of the r ema in ing  ( k — l )  p a r t s  is g iven b y the (i.±l) St

co l u m n  of the t es t  m a t r i x  and the se~ ond time when the state of the remaining

( o - i )  p a r t s  is g iven  b y the (2k~t~i~,~i) 5t column of the test matrix , as shown in

Ei gure  2 . 3 .  Thus for the two times when a 0-1 transition take s p lace in the

~~~ part the s t a t e s  of the  r e m a in i n g  ( k — i )  parts are comp lementary to each

( H I C f . S i m i l a r l y the 1 — 0  t r a n s i t i o n  in t i - ic i~~ part is performed onl y two

t L i i i e s , and the states of tl ~ remainin g (k-I) parts are comp lementary to each

o t h e r  a t  the tin -ic of t hese  t wo  t r a n s i t i o n s .  A careful stud y of Figure 2.5

w i l l  S1II ) ~-. t h a t  each p a r t  ot  t h e  n e m l l r y  u n d e r g o e s  a 0— 1 and a 1—0 transitio~i

w i . c , and the s t a t e s  ot the  renil n in g (k—I ) parts are comp lementary to each

o t h e r  a t  t h e  t ime of these transitions. Therefore this test matrix represents

the  min imum number  of o p e r a t i o n s  (4nk o p e r a t i o n s ) .

However , this test matri x is not unique. It is not difficult to

develop an alg or ithm to generate all possible test patterns in terms of a

1 :— c u b e .  The ic—cube has  vertices and k.2
k l  

edges. Each edge corresponds

-i
- -

. ‘
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to a t r a n s i t i o n  in one of the k parts. If each edge is rep la ced b y two

d i r e c t e d  edge s , in opposite directions , correspo nding to the two transitions

(1-0 and 0- 1) ,  any al gor ithm tha t generates all possible traversals of the

ed ges of the  ( m o d i f i e d )  k -cube , subjected to the following conditions will he

a b l e  to  g ive  a l l  p o s s i b l e  t e s t  p a t t e r n s .

1. Start traversing edges from the (0 0...0) vertex of the k—cube.

2. Traverse  4k directed ed ges in such a way that no edge is traversed twi e

and 2k of t i e  t r a v e r s a l s  cor respond to the 2k transitions with a g iven set

of states , while the remaining 2k traversals correspond to the comp h emen-

t a rv  2 1c t r a n s i t i o n s.

3. gt the end of t i e  41
th 

traversal , it must be possible to return to the

origin , i.e . , to the (0 0.. .0) vertex.

Since the intention here is to show the existence of test patterns consisting

of 4nk ope ra t ions  fo r  any v a l u e  of k (as demonstrated by the test pattern in

Figure 2.5), we do not give an exact algorithm to this effect.

Now each of these k parts obtained previousl y is partitioned into

Ic equal parts and the same sequence of tests is run on the kxk k
2 

parts.

W i t h  (4nk + 4nk) = 8nk ope ra t ions , we can ensure tha t  these k2 p a r t s  do not

have any coup ling be tween them. We can repeat the same procedure for the

parts obtained by partitioning each part of the previous run into k parts ,

until we come to a stage where each par t corresponds to a single cell in the

memory cell array. Let us assume tha t with p iterations we arrive at this

stage . Then with 4nkp operations we can ensure that there is no coup ling

between any two arbitrary cells of the memory because this set of operations

sat isfies the four requirements of transitions for every pair of cells , give n
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at the ind of Section 2.3.3. Since every cell is made to undergo a 0-I and

a 1—0 transition , it is also checked whether any cell is stuck at 0 or 1 , or

is unahie to undergo a 0-1— 0 transition , Thus all the test requirements

described in terms of the fault model presented in Section 2.3 are satisfied .

\‘ar i a bl e s  k and p are related by

= n = number of cells in the memory .

- — ~n(n)
- — 

L n ( k )  -

Let T = tPie t o t a l  number of ope ra t ions  pe r fo rme d

Ic
= 4 n k p = 4 n . fn  n~—£nk

It is easy to verify that k = e gives the minimum number of opera-

tions . S i n c e  we cannot partition a memory into e parts the nearest integer

to e . i.e., 2 or 3 must be chosen. The choice of 3 will need a slightl y

f~~u e r  number  of o p e r a t i o n s  t han  the choice  of 2, but it is not a natural

ch o i c e as all available memories consist of a number of cells which is a

p ow ~r of 2. Therefore the memory is to be partitioned into two equal parts

in successive runs. With k = 2,

T = the total number of operations performed

= 8n.log
2
n.

The functiona l test procedure developed for the nXl organization of

the memory can be easily adapted to the nXm organization as exp lained below.

The memory with an nxm organization is partitioned into two equa l par ts in

su cessive  runs  of the f u n c t i o n a l test  procedure , u n t i l  we c ome to a stage

where eac h p a r t  c c r r e s p o n d s  to a s ing le word of m c e l l s  in the memory c e l l

- 
~~~~~~~~~~~~~~~~~ ~~~~ I 
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a r r a y . The number  of operations performed so far is 8n-log
2
n. With this set

ci operations we can ensure that there is no coup ling be tween the cel ls of any

t w o  d i f f e r e n t  words of t h e  n words of the memory c e l l  a r r a y .  We de f i ne  th i s

set of o p e r a t i o n s  as word-wise  p a r t i t ion i .~~~

Iii order  to ensu re  t h a t  there  is no coup l i ng between the cells of

t i- ic same word , we m u s t  p e r f o r m  s i m i l a r  p a r t i t i o n i n g  ope ra t ions  on the ce l l s

of memory words  and app ly  a s i m i l a r  test pattern. We define this set of par-

titioning operations performed on the cells of memory word as cell-wise parti-

tioning . This set of operations involves l6n-log m operations . The factor 16

appears instead of 8 because we cannot read only half of a word while perform-

ing the cell—wise partitioning. The total number of operations for testing a

memory wit h -i an nXm o r g a n iz a t i o n  = 8n.log
2
n+ l6n-log

2
m =8n -log

2
nm

2
. (Note tha t

the  t o t a l  number of c e l l s  in the memory = n.m ’).

2.4.2 Functional Test Patterns

One approach to derive a f~inctiona l test pattern is to modif y the

test matri’: of Figure 2.5 for k = 2. Another approach that (in addition)

yields all possible test patterns for Ic = 2, is to emp loy  a “b inary  t e s t — t r e e ”

and is p resen ted  here fo r  the nx l  memory o r g a n i z a t i o n .

Let us assume t h a t  to begin w i t h  the memory under  t es t  is w r i t t e n

w i t h  a l l  0’ s. Ri ght  i n  the beg inning we have two choices of transitions , i.e.,

we can  change e i ther  the top h a l f  of the memory from a 0 to a I or the bottom

half from a 0 to a I. Similarl y at each successive run we have a choice of

chang ing the top h a l f  or the bot tom h a l f .  Our a im is to make a 0-1 as well  as

a 1—0 t r a n s i t i o n  in one h a l f  when the o the r  h a l f  conta ins  f i r s t  a l l  0’ s and

then i ll l’ s, with the  min imum poss ib l e  opera t ions , i . e . ,  8n ope ra t ions .

- - . 
.
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A systematic enumeration process is needed to keep track of various

t r an s i t i o n s .  This can best he done with the hel p of a binary tree , whose top

branch corresponds to a transition in the top h a l f  of ti e  memo ry and whose

* 
bottom branch corresponds to a transition in the bottom half of the memory.

(We can convenientl y use the terminology left half and ri ght half of the

memory when describing the cell—wise partitioning used for testing a memory

with - i an n- rn o r g a n i z a t i o n . )

One of the four possible test patterns which ensures that the two

halves of a memory are uncoupled is derived in Figure 2.6 with the hel p of a

b inary tree. Figure 2.7(a) shows this test pattern in a tabular form. By

completing the remaining tree in the same fashion it is possible to obtain

three more test patterns. These three additiona l test patterns are shown in

Figure 2.7(b), (c) and (d). These are the only possible test patterns that

utilize the minimum number of operations .

Any one of these test patterns can be emp loyed for the functional

t e s t i n g  of an n < I  memory organization , as well as for the cell-wise parti-

tioning operations performed while testing an nxm memory organization.

• 2.5 Alg~or ithms for the Functiona l Test Procedure

In this section algorithms for the functiona l test procedure for

n~ 1 and nXm memory organizations are presented. It is important to note that

the operations performed in the functiona l testing of an nXl memory organiza-

tion are the same as those performed in the word-wise partitioning for an nxm

memory organization , because a word of memory with an nxl organization consists

of a s in g le cell. Therefore the al gorithm WORD-WISE PARTITIONING presented in

Section 2.5.1 for the functiona l testing of an nxl memory organization can - 

- -~~~~~--- - _ - - -  - - -- - --- - - - - -- ---~~~~~~~~~ - - -  —~~~ _ - -  - _ - _ - - _ _- _ _
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1 0
0 1

0 1 0 1

~~~~~~ 

0 1

/ 1 8 B End

o 1
o 0

Start

0
1

FP - 5~O9

Figure 2.6. Derivation of a test pattern using a
binary tree.
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START

0 0 - 1  1 - 0  0 0 - 1  1 1 1 - 0  0

0 0 0 0 - 1  1 1 - 0  0 - 1  1 1 - 0

(a)

0 0 - 1  1 1 - 0  0 - 1  1 1 - 0  0 0

0 0 0 - 1  1 1 1 - 0  0 0 - 1  1 - 0

(b)

0 0 0 - 1  1 1 1 - 0  0 0 - 1  1 - 0

0 0 - 1  1 1 - 0  0 - 1  1 1 - 0  0 0

* (c)

O 0 0 0 - 1  1 1 — 0  0 - 1  1 1 - 0

0 0 - 1  1 - 0 0 0 - 1  1 1 1 - 0  0

(d)

Figure 2.7. Four possible test patterns.

p * -
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perform the word-wise partitioning while testing an nXm memory organization.

A l gorithm CELL-WISE PARTITIONING presented in Section 2.5.2 performs the cell-

wise partitioning while testing an n~~n memory organization.

2.5.1 Devel opment of Algorithm WORD-WISE PARTITIONING

Two pr ocedur es , WRITEMEM and READMEM, are used in this al gorithm.

As their names suggest , procedure WRITEMEM writes specified memory words with

th e spec~~fie d da ta and REA D1€M reads spe c if ied memo ry words ex pe c t ing the

s p e c i f i e d  data , and transfers control to an error location if the expected

data is not read , indicating a fault in the memory chip under test.

Both ti-ic procedures and algorithm WORD-WISE PARTITIONING are written

in an ALGOL-like high level language. Control signals given to the tester-

memory interface hardware are written in English-i.

A s exp lained in Section 2.4, we par tition the memory while perform-

ing the functiona l testing. For a memory with an nxl organization , k = log
2
n

:)artitioning runs are needed. During the ~th 
partitio ning run (1 < i < k),

ti-ic memory is divided into 2
1 

blocks , each containing 2
k i  

memory words.

Exactly half the blocks (2
1_ I 

blocks) are written with either a 0 or 1 , and

rema i n ing  21~~ bl ocks are read. SIZE is a global variable designating the num-

ber of words in a block.

Procedure WRITEMEM has two parameters , d and A; d is the specified

da ta to be written in all the words of the 2
1 1  

blocks (during the 1
th 

parti-

tioning run), and A specifies the starting address of the first block belong-

ing to the set of 2
1
~~ blocks . Procedure WRITEMEM follows.

-ç - , ~,

______________ .~~~~~~- —~~~~~-~~~ - - . —- —
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PROCEDURE WRITEMEM (d ,A);

X ~
; BLOCKS ‘- i ;  /* number of blocks written into *1

WHILE BLOCKS 2~~~ DO /* I the parameter for partitioning run

B EGI N

FOR J ~— I TO SIZE DO

Wri te data d in memory word with address X -1- J - 1;

X ’  X -~- 2 * SIZE;

BLOCKS ~ BLOCKS 4- 1

EN])

END ;

Procedure READMEM has two parameters , d and A , where d is the

expected data to be read in all the words of the 2
1 1  

blocks (during the 1
th

partitioning run), and A specifies the starting address of the first block

- 

- belong ing to the set of 2
1_ i 

bl ocks.

Procedure READMEM is given below.

PROCEDURE READMEM (d,A);

BEGIN

X ~- A;

BLOCKS ~
- I ;

WHILE BLOCKS ,< DO

BEGIN

FOR j  ~ I TO SIZE DO

Read memor’y word with address X + J -1; if the data read is not

d , flag error and exit.

_______

liltiri.. ~~~~_ _  _________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ —— ~~~~~~~~~
,— — — — -—
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X ~
- X + 2 * SIZE ;

BLOCKS - BLOCKS + 1

END

END ;

Wi th  these procedures algorithm WORD—WISE PARTITIONING follows .

Al gorithm WORD-WISE PARTITIONING:

BEGIN

INITIALIZE: brite the entire memory with 0’s;

K .-- log 2n;

FOR I- 1 TO K DO

BEGIN

SIZE 2K—I

1STRI TE MEN  (1 ,0) ; READMEN (0 ,SIZE);

WRITEMEM (0,0) ; READMEM (O ,SIZE) ;

WRITEMEM (l ,SIZE); READMEM (0,0)

WRITEHE M (1,0) ; READMEM (l ,SIZE);

WRITEMEM (0,SIZE); READMEM (1,0)

WRITEMEM (l,SIZE); READMEM (1,0)

WRITENEM (0,0) ; READMEM (l ,SIZE);

WRITEMEM (O ,SIZE); READMEM (0,0)

END

END;

It may be noted that this algorithm uses the functional test pattern

given in Figure 2.7(a). Any other test pattern given in Figure 2.7(b), (c) or

(d) is equall y good. We shall adhere to the test pattern of Figure 2.7(a) in

al gorithm CELL-WISE PARTITIONING too.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
~ - -
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2 . 5 . 2  Development of Al gorithm CELL-WISE PARTITIONING

This al g o r i t h m  p e r f o r m s  tite cell—wise partitioning in the functional

testin~; of an nxm memory organization. A memory with an nxm organization is

said to have m hit slices , such that the ~
th 

bit slice is the set of 1
th 

cells

of all the words in memory ( l a b e l l i n g  the most  significant cell of a word as

the  1st cell and the least significant cell of a word as the m
th 

cell).

As explained in Section 2.4, wh ile performing the cell—wise parti-

tionin~:. we partition the rncmor\ so that each partition or block contains

s p e c i f i e d  b i t  s l i c e s .  For a memory with an nxm organization , k log
2
m cell-

wise partit ionin~, rons are need . J. During the i~~ partitioning run (1 < i < k),

the memory is divided into ~~ blocks , each containing bit slices.

Exactly half ti-ic blocks (2
1_ l 

b1 o~ ks) are written with 0(1), and remaining

2
1
~~ blocks are written with 1(0). During every partitioning run the entire

memory is read.

For the comp l e t e  cell-wise partitioning , a total of 2.lug
2
m test pat-

terns is used. Since m is usuall y a small number (8 or 16), all these 2-log
2
m

test patterns can be stored in the tester memory and can be retrieved using

a table look-up. These test patterns are given beiow.

The test pattern used during the ~
th 

cell-wise partitioning run is

given in Figure 2.8(a) . This pattern is numbered pattern I. Its bit-wise

- th . . .comp lementary pattern will also be used during the i cell-wise partitioning

run .  The b i t -wise  comp lementary  p a t t e r n  of p a t t e r n  I is denoted b y pa t t e rn  I.

Patterns 1 , 2 and 3 to be used for an nx8 memory organization are shown in

Figure 2.8(b). Their bit-wise comp lementary patterns will also be used. With

th ese test patterns al gorithm CELL-WISE PARTITIONING follows.

I
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Memory b i t  s l i c e  -k-i k-i+ l k
number :  12 2 2 2

Test pattern: ii... 1 00.. .0 11... 100.. .01 . . . .011 ... 1 00.. .0

~ 
) ( 4 4  ) . . . * ‘

Block number: 1 2 3 2

Each b lock  c o n t a i n s  2~~~
’ b i t  slices.

(a) Pattern I

Patt ern I: 1111 0000

P a t t e r n  2: 1100 1100

Patte rn 3: 1010 1010

(b) Three pat terns for an nx8 memory organization.

Figure 2.8

- 

~~~~~~~~~~ ‘:~~ ~~~~~~~~~~~~~~~~~
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~
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A lgprithni CELL—WISE PARTITIONING:

BEGIN

INITIALIZE: W r i t e  the  e n t i r e  memory w i t h  0’ s;

K ~~- b c  ,rn ;

FOR I - - 1 TO K DO

BEGIN

Write tie memory with pattern I; Read tie memory ;

Write the memory with all 0’s ; Read the memory;

W r i t e  the memory w i t h  p a t t e r n  I; Read the memory;

Write tl-~e memory with all l’ s ; Read the memory;

W r i t e  ti -ic memory with p a t t e r n  I; Read the  memory ;

Write the memory w i t h  all l’ s ; Read ti-ic memory ;

W r i t e  the  memory wi th  p a t t e r n  I; Read the memory;

W r i t e  ti -ic memory w i t h  a l l  0’ s ; Read the memory;

END

END ;

‘While reading the memory, if the data read from any word does not conform to
the pattern just written , an err or is flagged and program exe cut ion is s topped
as a fault is detected in the memory chip.

— --  — - - --~---—---- ---_ -- . .-- - .  -—--- - —  --—----—-- - —_- -_i--•_ ~~~~~
__
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CHAPTER 3

PATTERN SENSITIVITY TESTING

Pattern sensitivity testing is an important aspect of the overall

t~~stiti~ of semiconductor memories. Under certain combinations of data pa t-

terns and sequences of memory accesses , various device anomalies and parasitic

effects can manifest themselves in pattern sensitivity problems because of the

fol l ’ wing:

Change in the dynami c timing parameters of the memory , and

2. Peculiarities of ti-ic layou t and des ign  of the memory chi p.

As m e n t i o n e d  in S e c t i o n  1,2 , our d i scus s ion  w i l l  be limited to the pattern

s e n s i t i v i t y  p r o b l e m  caused by changes in the dynamic timing parameters. In

order to check comp le te l y fo r  p a t t e r n  s e n s i t i v i t y ,  one has to use every possi-

ble sequence of memory accesses  w i t h  every possible data pattern. This will

obv ious 1~ take a prohibitive amount of time . A practical approach to this

problem is to build a “worst case” model of patter n sensitivity and develop

test patt erns to generate these worst case conditions so tha t if any pattern

sensitivity is present , it will be det1~cted. Such a model is developed here

in terms of various delays and dynamic timing parameters of memory and then

test procedures are presented in terms of these parameters.

A note of caution is needed here. The model for pattern se - - is it i vi tv

proposed in this Chapter may not  he a b l e  to a c c o u n t  f o r  every  p o s s i h e kind

of pattern sensItivity associated with the dynamic timing paranetLo s of every

e x i s t i n g  type of memory.  This  is due t o  the  f a c t  t h a t  c o n s i d e r ab l e  v a r i a t ion

exists among ti-ic dynamic timing parameters and their interrelationshi ps for 

-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—~~~~~~~~~~ -, - -
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d i f f e r e n t  t y p e s  of memories , particularl y between static and dynamic memories.

T h e r e f or e  i t  is ver y difficult to construct a model for pattern sensitivity

a p p l i c i b l e  to every  e x i s t i n g  type of memory.  However , the model  proposed

here  can be app l ied to many types  of memories and the basic  ideas can be used

to generate tests for pattern sensitivity for other types.

3.1 Pattern Sensitivity Model

A l l  d ynamic  t i m i n g  p a r a m e t e r s  of memory can be descr ibed in terms of

d e l ay s  a s s o c i a t e d  w i t h  v a r i o u s  signa l pa ths  in memory. These de lays  depend on

data and address and herein lies the root of pa ttern sensitivity. The memory

delay mode l along with important dynamic timing parameters is described below

8 .

As shown in Figure 3.1 , a memory is mode l led  as an “ideal” memory

with four types of input and one type of output. By definition , the ideal

memory has no intrinsic delays , but all its external signal paths have delays

ssociated with them. These delays are defined below .

I: The length of time required to propagate a change in the input data at

the input data pins to the idea l memory.

0: The length of time required to propagate a change in the outpu t data

fr om the ideal memory to the output data pins.

~A :  The length of time required to propagate a change in the address from

the address p ins  to the ideal memory.

~W: The leng th of time required to propagate a change in the signa l at the

WRITE ENABLE pin (also known as Read/Write pin , as shown in Figure 2.1)

to the ideal  memory.

1
1

- - :‘ -
~ i~~~ 

-

_ _ _ _ _
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Real Memory

~~~~ t 
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Figure 3.1. Memory delay model.
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t ~C: The length of time required to propagate a change in the signal at the

CHIP SELECT pin (also known as Chip enable  p in , as shown in Figure 2.1)

to the ideal memory.

The dat a input path is either a sing le or a multi-line data bus.

Each line in this bus is associated with a delay Al and the values of ~I

associated with two different lines need not be the same. The same is true

f o r  the  da ta  ou t p u t  bus and ~ O d e l a y .  ~ W and ~ C are the delays associated

with the single signa l paths. ~A is quite comp lex in its nature , as the path

associated with ~ \ includes the decoder , decoder lat ches , and buffers. There-

fore it is not possible to associate SA with individual address pins or

address  p a t h s .  Ins tead , AA is a s soc i a t ed  w i t h  an address  change . Two d i f f e r -

ent address changes need not have the same value of ~A. Moreover , each input

and output shown in Figure 3.1 is binary in nature. Therefore each ~I, AW ,

~lC , AO and M will have two different values , one for the propagation of a

1—0 t r a r s i t ion  and t h e other for the propagation of a 0—1 transition.

As shown in [8~~, a i l dynamic timing parameters of the memory can be

treated as some combination of these delays. Since these delays depend on

the data and address transitions , the values of the dynamic timing parameters

als o depend on the data and address transitions , giving rise to pattern sensi-

tivity. There are eight important dynamic timing parameters associated with

memory . They are described below.

1. Access time (t
acc
): The leng th of time from the appearance o a valid

addres s on the address pins to the appearance of valid data on the data

output pins in a READ operation. The maximum value of t , t
ace acc

‘ 
max

specifies how long the system must wait to get the valid data output

af ter it supp lies the address.

1
— t £ . - -

_ _ _ _ _ _ _ _ _ _  _ _ _  _ _  _ _
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2. Read Recovery t ime  (t ): This specifies the time period for the output

of a memory to return to its quiescent state , after the address has been

removed. It is an important parameter when two successive READ operations

are to be performed.

3. Write Enable time (t
v
): The length of time for which tu e active level

must he present on the WRITE ENABLE pin to guarantee a successful WRITE

opera Lion.

!4 • Data Set-Up and Release time: The maximum value of data set—up time

(t
d 

) and the minimum value of the data release time (tdr 
) are

max mm
of significance. The new da ta to be written must be stable at the data

inpu t  p in s  no later ti-ian t
d 

before the WRITE ENABLE pulse ends at the
5ma x

WRITE ENABLE p in , and th i s  data should remain stable at least for t
d r .

f r o m  the  end of the WRITE ENABLE pulse.

5. Address Set-Up and Release time~ The maximum value of the address set-up

time (t ) and the minimum value of the address release t ime (t )
• as ar -max mln

are of importance. The address of the word to be written must be stable

a t  the  address  p ins no l a te r  than t before the WRITE ENABLE pulse is
max

app Iied. The address should change no earlier than tar before the end
mm

of the WRITE ENABLE pulse.

6. Write Recovery time (twr): In many memory des igns , the sense amplifiers

re spond to a WRITE operation. t
wr 

specif ies the time taken by the data

output pins to return to the quiescent state after a WRITE operation.

The use of the data output pins is prohibited for t units after a WRITE

operation. This parameter is of signif icance when a READ operation follows

a WRITE operation.

.•
S ~~~~~ 

—
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7. Ch ip Select delays: These are described by two parameters; the chip

enable time (t
e) g

ives the t ime period between the leading edge of the

chip select pulse and obtaining the output in the active state , and the

chi p disable tin-ic (t
d
) gives the time period between the trailin g edge of

the chi p select pulse and the restoration of memory output to the passive

state. These parameters are of importance in a multi-chi p operation.

8. Sense Amp lifier recovery : If one tries to read a long series of cells

c o n t a i n i n g  the same data , f o l l o w e d  b y a cell containing the comp lemen tary

dat a , then a sense amp lifier m~ v fail to register the change in data due

to its excessivel y 1 arge recovery time .

On the basis of t h i s  memory d e l a y  model , which relates the dyna m ic

t iming  p a r a m e t e r s  to delays associated with various signal  paths in aemory, we

descr ibe  the wors t  case cond i t ions  to generate the extreme values  of the dynamic

t iming  p ar a n e t e r s .  This w i l l  d e t e c t  p a t t e r n  s~ n s i c f v i t y  r e l a t e d  to changes in

the dynamic timing parameters. Tue generation of these worst case conditions

depend s on the f o l l o w i n g  f a c t  about  the decoder  log ic [ 6 .  An address  change

i nv o l v i n g  a change  in the log ic level  of every  address  p in  is the s lowes t  to

pr cpagate through the decoder; on the other hand , an address change involving

a change in the log ic level of a sing le addr ess p in is the fastest to propa—

gate through the dec oaer - .

On the basis of this fact , we pr opose test procedures (Section 3.2)

for dete cting pattern sensitivity related to each dynamic timing parameter.

As might be noticed all these test procedurc~s are 0(n) or 0(n*log2
n).

-~~~~- -—- ------ — - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3.2 Pattern Sensitivity Test Procedures

In this section we propose test procedures for detecting pattern son-

Sitivi tv associated with access time , address set—u p and release time , data

set-up and release time , and wr ite recovery t ime. It is critical that the

minimum or maximum v a l u e s  of the  dynamic timing parameters as suggested by

the test procedures in this section be adhered to.

3 .2 . 1  A c c e s s  Time S e n s i t i v i t y

A change in an address involving a change in the log ic level at

every address pin creates the maximum value of tiie access time parameter , t .

V 
Therefore if the access time corresponding to every such address transition

is less  than  the  maximum access  t ime s p e c i f i e d  fo r  the memory ,  the memory will

not  s u f f e r  f r o m  the  acces s  t ime  s e n s i t i v i t y  p rob l em.  A test procedure for

d e tec t i ru ~ excessiv e value of the access time parameter (t ) is described- acc

helo~ .

We write the upper half of m e m o r y ,  i . e . ,  c e l l s  I t h r o u g h ~~~ , with all

0’ s, and the lower half , i.e., cells (
~
. +1) through n , with all l’ s. We then

read ce l l  1, followed by ce l l  n , and f ina l l y cell I again (i.e., read address

• 000, .0, address 111 .. 1 , address 000. .0); this is followed by the sequence cell

2, cell (n—l), cell 2; ...; cell ~~~~, cel l  (
~ +1), 

cell ~~~. This pattern is

r epea ted  wi th  the c omp lemen ta ry  data , i . e . ,  the upper h a l f  of memory w r i t t e n

with all l’ s and ti-ic lower half with all 0’s. Thus we are making every address

transition involving a change in the logic level at all address pins. Any

address transition corresponding to excessive access time will be detected ,

since in tha t case the data read (~1ithin the access time interval) will be

- 
. •. 

, 
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opposite to the data expected. This procedure involves 2n WRITE operations

and (2x3x ~) = 3n REA D operations , i.e., a total of 5n operations .

3 . 2 .2  Address  Set—U i and Release Time Sensitivity

An address change involving a transition in the log ic leve l of every

address p in causes the maximum value of the address set-up t ime . On the other

hand an address change involving a change in the logic  leve l of a sing le

address  p in causes  the minimum v a l u e  of the address release time .

A test proc~ durc for checking ex essive address set-up time follows.

We write cell 1 with a 1; then cell n is written with a 0 and cell 1 is read.

This p a t t e r n  is repeated for the cell 2 - cell (n—l) pair , ce l l  — ce l l

(~ + 1) pair. Then tu e pattern is repeated for the sequence of cell n - cell

I pair , cell (n—l) — cell 2 pair , ce l l  (-
~ 
+1) — cell pair. Finally

the entire pattern described so far is run for the comp lementary data. This

procedure involves a total of 2x2x3x~ = 6n operations. If any address tran-

sition has excessive address set-up time , it will change the contents of the

f irst cell of a pair of cells when the second cell of the pair is being written.

Th is will be detected when the first cell is read after the second cell is

written.

For detecting excessive ly l ow address  re lease  time the procedure

;iven below can be followed. The whole memory is written with a background

pa ttern of all 0’s. A I is written in cell I and an address change is made

b y chang ing the logic level  of a sing le address  pin , t ar time per iod  b e f o r e
mm

- the WRITE ENABLE pulse ends at the WRITE ENABLE pin. The cell thus addressed

is read. If a 0 is not read , the presence of excessive ly low address release

t ir.ic will be detected. It is easy to see that we have to make k such address 

— -  — - -
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transitions for every test cell , where 21( = n. The pattern is to be repeated

for ti-ic complementary data. The procedure involves 2(n ± n + kn) =

4n + 2n-log
2
n WRITE operations and 2kn = 2n.log

2
n READ operations , i.e., a

total of 4n + 4n~ log2
n oper ations.

3.2 .3  Data Set-Up and Release Time Sensitivj~y

Here we are interested in detecting excessively high data set-up

time and excessivel y low data release time . For this we write the first cell

with the data input pins undergoing a 0-1 transition at tds time per iod
max

bef ore the WRITE ENABLE pulse ends at the WRITE ENABLE p in , followed by a 1-0

transition at t
dr time period before the WRITE ENABLE pulse ends at the

mm
WRITE ENABLE pin. This pattern is repeated for every cell. Then the whole

memory is read.  F ina l l y the en t i r e  p a t t e r n  is repeated for the comp lementary

data . Any ce l l  tha t s u f f e r s  f r o m  an excessive ly high data set-up time or an

excess ive l y low da ta  re lease t ime w i l l  be w r i t t e n  to the opposi te  of the

intended value . This will be detected when that cell is read. The total

number of ope ra t ions  is ~~~ cons i s t i ng  of 2n READ and 2n WRITE operat ions .

3.2.4 Write Recovery Time Sensitivity

Here we want to detect the presence of excessively high WRITE

RECOVERY time , twr . Suppose the quiescent logic state of the data output

p ins is a logic 1(0). We write a cell , say cell A , with a 1(0). Then we

wr ite a cell , say cell B, whose address is complementary to that of cell A ,

with a 0(1) and read cell A. If twr is excessively large so that it covers

the maximum access time specified for the memory, the data read from cell A

will not be a 1(0). Thus, we write cell I with the quiescent logic state of

the da ta output pins , wri te cell n with the opposite data and read cell I.

—-- ‘-V.-- - — —
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This operation is repeated in the reverse order , i.e., we wri te cell n, wr ite

cell 1 and read cell n. The sequence so far is repeated for the cell 2 - cell

(n-I) pa ir , cell ~~
- — cel l  (

~ 
+1) pair. TI-ic total number of operations

is 3n.

P a t t e r n  sensitivity problems can also be caused by s low sense

amp l i f i e r  r Jvez-y. A s u i t a b l e  tes t  pattern called “SHIFTED DIAGONAL” is

described in r3~ As mentioned earlier , in addition to pattern sensitivity

caused by variations in dynamic timing parameters , in practice pattern sensi-

tivity arising from peculiarities of the design and layout of a memory chip

must be taken into consideration. Case studies regarding pattern sensitivity

of some existing memory chips like Intel’ s 1103 memory and Motor ola ’s MCM 6605

memory are given in E9] and [l0~~, respe ct ivel y.

Dynamic semiconductor memories must also be tested for their capa-

bility to hold their information accurately for a specified period of time .

This is known as refresh testing. This problem is discussed in [10], [11],

and [12].

- ~~ 
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CHA PTER 4

LOCATION OF FAULTS ON A ~~M0RY BOARD

Faults on a memory board can be readil y detected by app lying the

al gorithms derived for testing a memory chip to the memory board as a whole.

In this Chapter we discuss the problem of locating faults on a memory board

and cive jn approach for solving it.

Figure 4.1 shows an examp le of a memory board housing:

1 . Au NxK a r r ay  of nxl semiconductor memory c h i p s , c o m p r i s i n g  n .K  words of

m e mor y  of M h its eac h . A chip p laced in the m th row and 1
th 

column is

d e not e d  b y chi p (i ,j).

2. 1—out-of-K decoder log ic to select one out of the K co lumn s of memory c h i p s .

3. An address bus consisting of log
2
rtK lines , such that log

2
K high order lines

feed the 1-out-of-K decoder logic and log
2
n low order  l ines are u sed to

add re s s  each memory ch ip .

~~~. Input ~ind output data registers each M bits wide .

5 Input and output data busses each M bits wide.

4 . 1 I-’ault Model for a Memory Board

We will use the following fault model for a memory board.

1 . The fault model ior memory chips and decoder logic is the same as that

described in Section 2.3.

2. Since the input and output data registers consist of M cells each , the

fault model for these data registers is the same as that for a sing l e

memory word of M cells. Thus , under a fault , one or more cells of the data

— - , &
~~ ;_ V __ - -
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reg ister are stuck at 0 or 1 , or fail to undergo a 0—1-0 transition. In

addi tion two or more cells may have coup ling between them.

3. Any l ine belong ing to a bus may be stuck at 0 or I, or there may be coup ling

between two or more lines of a bus due to metallization shorts or inductive

or capacitive linkage . Since only the log
2
n lower order addre~ s l ines con-

stitute the effective address bus on the board , we assume that coup ling

could also exist between line s of the data busses and these lower order

l ines of ti-ic address bus.

The loc ation procedure will be derived under the assumption that

there are no breaks in the bus lines. The motivation for such an assumption

is t~-’ofold. It  seems reasonable  to assume tha t  the p r o b a b i l i t y  of a break

occurring during regular operation is very low. In addition , if such an assump-

tion is not made , the fault location problem becomes much more comp lex because

of interaction with other faults. As an examp le , if the input data bus line

1 breaks just after Lhip (1,2), we will be able to read from and write into

the first two chips in the f i r s t  row , i.e., chip (1,1) and (1,2) but cannot

write into an~ - of the other chi p s in the row. Thu s only par t of the bus is

affected and ~tich a faul t can interfere with tie effects of other faults (a

decoder fault , f r  example). Hence we will assume tha t under a fault the

entire bus line is stu~ k at a constant value or is coup led to other bus lines.

4. It is important to note that two cells belonging to two different memory

chips cannot have any coup l ing between them.

4.2 Rationale Behind the Fault Location Test Procedure

We will use the following notation for a memory address. An address

A app l ied to access a word can be sp lit into two parts , A m and a ., where A .

- 
4. _•

_ 
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c o r r e s p o n d s  to the set of hi gh order l -~g2
K address line s (which selects a

column out of the K column s of memory chi ps), and a . corresponds to the set

of low order  log
2
n address lines (which accesses a ce i l in the memory cu -imps

helo n~ ing to the selected column). Thus A
1
a
1 

corresponds to address 00.. .0

0O . . .O , - nd A ,~ i cor re sponds  to address  l l , . .l  l1. . . l .
R n

It is assumed that the tester can access  the memory  board onl y t h r o u g h

the input data port , o u t p u t  data  po r t , a nd add r e ss port. Under these condi-

tions many fault equivalence classes exist. For examp le , i f  the  k th l i n e  of

t h e outnut data bus is stuck at 1(0), it cannot be distinguished from the k
th

c e l l  of the  output data reg ister stuck at 1(0), In f a c t , the  k
th 

c e l l  of the

-~utput data reg ister stuck a’ 1(0), the k
th 

line of the output data ous s t u c k

at 1 (0), outputs of all memory chips in the k
th 

row stuck at 1(0), the k th

l i ne  of the i n p u t  data  bus  s tuck  a t  1(0) , and the ~~th1 c e l l  of the input data

r~~’ister stuck at 1(0) form a iau~ t equivalence ciass . ~~ another examp le , a

f~~~l r t ha t c a us c s  a n o n — s e l e c t i o n  of the . th 
colurl ” ~!ien aceress ~ •a - is

- 
- - 1 1

a p p l i e d  is e q u i v a l u n t  to a f a u l t  that causes out-puts - 1  a~~ i ens-rv chi ps in

th~ i~~ co lumn st - i~ k at I •r 0 (depending on the ~og~~ U SOu ) .

It is a - ‘ c i v  t e d i o u s  .cnd t ime consuming ta~,k o f in d  ou t  a l l  f a u l t

c - j ’ i c ~1le1~ce c l a s s e s  p resen t  ~ri this sys t em.  A b e t t e r  &ppr 3ac o  w o u l d  ne to

locute • fault to a f a - . L t  e qu ival ence  c l a ss  on read~ n~ fiu;lt y output data .

~t~~in g  th~. 1 t 0 ’ w l cuge  ~ the past history of test outputr ( j f  neLessary). One

way t V attemp t to distinguish” the faults within a fault ~quivaIence class

is t - - a sL~i~ ab~ e te st: saquence and dcpendinr~ on t~ie t-~ ;t ou t p u t  data of

~~~~~~~~~ ~~q : cL -~- e , decide  which fault has the maximum chanc e o~ occuirence. Thus

c ,- p o se i - ~ such a test sequence is to increase the confidence leve l in

-V -- - 
:_1_ - V
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i s o l a t i n g  the faults belon g ing to a m u t t  e q u i v a l e n c e  c l a s s . Such tests in

ou r  discussion will be calleu confidence tests.

1.3 D e v e lo p m e n t  of the F a u l t  L o c a t i o n  Test P rocedure

-
. 

he ‘conk  down t h i s  t a s k  i n to  t i -ic development a! t e s t  p r o c e d u r e s  fo r ,

1. Cho c ;,iit ~: that nO lines of data b u s s e s  and no c e l l s  of da ta  reg i s t e r s  are

stuck at 1 or 0.

2. Clic ckiit . thn t no coup E i ng eyi sts bc- i ween the input and output data busses ,

or t’etwce:t t i e  aL ires s bus anu the data busses.

3.  C h e c 1 i n~ tha t no cunpi ins t:~~~~i sts ‘ci nec- n lines within a d a t a  bu s , or be tween

cells of dnta re: ister.

. Chc-ckin: tha t the dec -her is fault —free.

5. C h e c k i n g  t h a t  e-~~r -
- memory ch ip is  f a u l t — f r e e .  O t h e rw i s e  we want  to loca te

eve r y  f a u l t y  r~cin~~ chi;~ -

2, nnd 3 n [o ’. ‘, e r i l  
~ 

th at t h c -  bussin g St  r u c t u ~~e and data registers are

fault—f t - ce. Ti~c-~-e t e s t pro~ edures ( 1  t h r o i t n l t  5) w i l l  be app l ied in sequence

S t l I r .  [flem(’ry ho~ rh under c:~t. F -ic, harts are used to aid in the explanation

of t i - ic  t e s t  procedures. The i nd e n  i used in the f l o w c h a r t s  desi gna te s  the

column of nern’r ; chi ps on t h e  memory hoard .

Using any word with address A u
1 (I < i < K) as the test word , we

c h e c k  whether i t  is p o s s i b l e  to  read a 0 on e v e ry  o u t p u t  d a t a  l ine  (not  neces-

c-n i ril y si~-uil tane ousi y) ,  by writing the test word with data 00. ..0 and reading

it. If this is pos~ ih l e , we can conc lude  tha t no l ine of a da ta  bus , and no

c e l l  of a d a t a  r e : i s te r  is s t u c k  a t  1. The test word with address A .a ~si l

chosen to mask the effects of any coup l i n g  between a da ta  bus and the address

bus  (as l ines of all busses are held at 0). If i t  is not pos s ib l e  to read a

- 
.•
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(~ on a line of the  output da ta  bus  w i th  any t e s t  word A . a 1, we w r i t e  a reason-

a b l y  large number of words with data 00.. .0 and read them. This test sequence

is ca lled confidence test 1A.

If an y  o u t p u t  da ta  l ine  remains  at log ic 1 throughout this test ,

then w ith a high degree of c on f i d e n c e  we can conc lude  t h a t  e i t he r  the da ta

ro-:ist -er s have a stuck— at—I cell , or the data busses have a stuc k—at—I line

(these two faults forni a fault equivalence class). At this stage we may rep lace

the - d a t a  reg i s t e r s  and r u n  the  t e s t  p r o c e d u r e  f r o m  the beg inning , i f we have

n ot r e p laced  t l c  d a t a  r eg i s t e r s  e a r l i e r.  If we have rep laced them b e f o r e , we

can conc lude  t h a t  t i - ic  d a t a  busses  hav e  a s t u c k — a t — i  l i ne .

If rio line of t h c -  d a t a  busses  or no c e l l  of the data registers is

s t u c k  at 1 , we can run  a s i m i l a r  t e s t  u s i n g  any word with address A .a

(1 < i < K) as the  t e s t  word and input da ta 11. ..1 to check if any l ine  of the

data busses or any c e l l  of t i - i c  da ta  re g i s t e r s  is s t u c k  a t  0. Conf idence  t e s t

lB c an  he defined analogousl y. These two t e s t s  are  g iven in the f l o w c h a r t s

in  F i .v i r e s  4.2(a) and (h), respectivel y. If a memory board passes these two

tests. ~se can conclude that no lines of the data busses and no cells ~- che

d a t a  r e g i s t e r s  are s t u c k  a t  1 or 0 .

Re now proceed to check if any coup ling exists between the input and

o u t p u t  da ta  busses , or between a data  bus and the add re s s  bus .  We check

whether it is possible to store 00,. .0 in the word with address A .a1, and

11... 1 in the word with address A .a , for some some i (I < i < K). If this
i n  — —

is not p o s s i b l e , we can immediatel y conclude with a high degree of confidence

that tu e decoder is f a u l t y  ( consider  ti -ic f l o w c h a r t  in Fi gure  4 . 3 ) .  If the

above t e s t  succeeds  (say fo r  i I ) ,  then u s i n g  the t e s t  word wi th address

. , ~~~~~~~~ c - -
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• WRITE A .a WITh DATA 0O...0,i i
REA D A a

SO FAR HAS IT
YES BEEN POS SIBLE TO

READ A 0 ON EVERY
OUTPU T LINE?

NO

IS NO
i = K ?  i~~— i + l

YES

RUN
CONF I D ENC E

TEST [A

WAS
YES CONFIDENCE

( TEST IA
SUCCESSFUL9

NO

WERE REPLACE
DATA REGISTER NO DATA REGISTERS

REPLACED WITH KNOWN —

E~~~~~~~ 

BEFORE? GOOD REGISTERS

YES

STOP.

(p. 50) (STUCK AT 1
DATA BUSSES
ON BOARD)

Figure ‘ .2(a). Test pr ocedure for testing data busses.
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we wr ite data 11.. .1 , reset the input data bus to OO...0 and read the

test word. If the output data is not 11.... 1, the address bus may be coup led

to  the data bus , or coupling exists between the input and output data busses ,

or the corresponding memory cell or memory chip output is stuck at 0.

In order to isolate faults within this class , we write many other

words having addresses A .a1 
(I < i < K) with da ta 11... 1, reset the input data

bus  to 00. . .0, and read those test words. If there is a coup li ng between the

acidress and data busses , or between the input and output data busses , we will

not he able to read II,. 1 at any time during this test. This test is called

confidenc e test 2A. If we fail to read 11.. 1 throughout this test , we conc lude

that a coup ling exists between tie different busses. If we are able to read

Il, .1 from a test word with address A
1
a1, then using a test ward with address

A
1
a we write 00. .0, reset the input data bus to 11.,. 1 and read the test word.

If we are able to read 00. . .0, we conclude that no coup l i n g  ex is t s  between dif-

fere nt busses,

If we cannot read 00. ..0 from the test word , we run a similar test

in which we write many other words having addresses A~a (  I < i < K) with data

00.. .0, reset the input data bus to 11 ... 1 , and read those words. This test

is called confidence test 2B. These tests are given in the flowchar ts in

Figure 4.3. .-\t this stage we can conclude tha t there is no coup l ing  between

the data and address busses.

From the tests performed above we know that it is possible to store

00. .0 in the word with address A a and 11... 1 in the word with address A aII I n

We now check if it is possible to store ll..1 in A
1
a1, and OO...O in Aian. If

it is not possible to do so , we rep lace the memory chipa corresponding to the

— 
~~~~~~~~~ ‘: : -  
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i ,— 1

WRITE A a WITh DATA 00. ..0,i l
WRITE A .a WITH DATA Il .. .1 , i .~ i + Ii n

READ BOTH WORDS.

WERE OUTPUT DATA YES
BOTH TIME S

00. ..O OR Il . ..l?
NO

NO

hi -RC OUTPUT YES STOP.NO ISDATA FIRST (DECODER
00. ..0, AND = K? FAULTY)
THEN 11... 1?

YE S

It- i

WRITE A
1
a
1 WITH DATA 11.. .

1 , WAS NO RUN
OUTPUT DATA CONFIDENCE

RESET INPU T DATA BUS TO 00.. .0, 11... 1? TEST 2AREAD A
1
a1.

YES
WASWRITE A a WITH DATA 00.. .0, YES CONFIDENCE 

-I n
RESET INPUT DATA BUS TO 11.. .1, TEST 2A

REA D A a - SUCCESSFUL ?In

NFIDENCE
EST 2B

OUT~~T DATA 
NO RUN NO

YES C O N F N~ E 
NO 

B ~~~~~ ~ 
(

TEST 2B ADDRESS BUSSES OR
SUCCESSFUL? BETWEEN INPUT AND

OUTPUT DATA BUSSES)

Figure 4.3. Test procedure for checking coupling
between different busses.
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roe’s givin g a faulty output in th c -  1th c o l u m n , as we know that these chi ps

arc ta u lty. If it is possible to store- 11 ..! in A
1
a

1 
and 00..0 in A

1
a , we

r u n  tie t lli -L c t i o n a l t e s t  p r o c e d u r e  using t l e  t e s t  p a t t e r n s  and the a l g o r i t h m

CEL 1-FISE PARTITIONING siven in Section 2 . 5 .2 , and considering the word with

address -c A
1
a as a memor y ( i  ~ourse , comprisin g a sing le word) in its

own r isi t U t ~i S  I e~’t  su c c e e d s , there is no coup lin g i)etweefl the lines of

t h e  in pu t djr, ‘u n  , or bet’.~ceit the l ine s of t i l e  o u t p u t  da ta  bus , or be tween

the cells if t h e d a t a  re g i ste r s.

If this test fails, we conclude that ti-ic line s of the data busses ,

or thc - c e l l s of the data reg isters are coup led , since no coup ling can exist

between cells of two different memory chi ps. Thus we rep lace both data reg is-

ters and run this test again , using the same word , i.e., either -\
1
a
1 

or A
1
a .

It the test fails again , we conclude that the lines of a data bus are coup led

(we canno t distinguish whether the coup led line s belong t o  the input or the

output data bus). The flowchart for this t e s t  i s  g i v e n  in Fi gure  4.4.

At this stage we know that onl y the decoder , memory chips , and addre ss

bus need to be tested. We proceed to test the decoder first. We check if

it is possible t’— find one word in every column of memory chips tha t can st re

both 0O...0 and 11.. .1. We denote such a word in the ~
th colu mn b y addres s

A .a ’ (a’, in genera l , has no rela tion with a.). On the other hand , suppose

we fa il to store OO..O and ll ...l in any word in the ~th column , we can con-

clude tha t ti-ic decoder is faulty since the probability of having output of all

V 

memory chips in this column stuck at I or 0 is very low indeed; but if we find

that onl y on certain rows we get a consistent 0 or 1 output , then the memory

chi p corresponding to tha t row and the ~
th column is definitely faulty. We

I
4 —
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IS IT POSSIBLE
NO TO STORE 00. ..O IN

A a ,, OR ll...l IN
I A a ?

I n

YE S

REPLACE MEMORY CHIPS

IN ~~~ 1
th 
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rep lace such chips and pro ceed . Thus at this stage it is possible to find a

word with address A .a
1 

in each column tha t can store 00. ..0 and 11... 1.
1

In order to check the decoder , we app ly the word-wise partitioning

pro cedure , using thu al gorithm WORD—WISE PARTITIONING given in Section 2.5.1

on the set ol words with addresses A .a
1, If this test succeeds we can conclude

1

tha t the de~~oder is fault—free; on the other hand , if the test fails , we con-

clude that the ~lecoder is faulty since there can be no coupling be tween cells

of d if fc - r c - nt neuiorv chips. Thc- flowchart given in Figure 4.5 shows this test.

F i n a l l y , we app l y the functiona l test procedure using the al gorithm

L RD—bIsI-; PARTITIONING g iven in Section 2.5.1 for all the memory chips in a

c olu:-~n sinultaneous lv , and to s u c c e s s i v e  column s sequentiall y. If at any

st i ~- erroneous Output data is read , either the memory chips in the corres-

ponding rows in ti-ic column being t e s t ed  mus t  be f a u l t y  or the address  bus must

he faulty (having stuck or coup led l ines). If the cause is a faulty address

• bus , i t  shou ld  show the same f a u l t y  behavior  f or a l l  memory columns (f or

examp le , half of the words in each column are stuck at I or 0, if an address

l ine is stuck). Otherwise , with the help of the record of faul ty output data

we can locate the faulty memory chips as those chips lying in the correspond ing

rows and in the column being tested. The flowchart given in Figure 4.6 shcws

this test. Pattern sensitivity tests can also be run on all the memory chips

in a column simultaneousl y, and on the successive column s sequentially.

i~.
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CHAPTER 5

EVALUATION OF TEST PROCEDURES

In this Chapter we e v a l u a t e  the f u n c t i o n a l test procedure , the pat-

tern sensitivit y test procedure , and the test procedure proposed for locatin g

faults on a memory board. Three criteria for evaluatin g a test procedure for

semiconductor memories are:

1. The fa ult coverage , i.e., ‘~ -:hat does it find?

2. The total time needed , and

3. Ti-ic simp licity in computing addresses of words to be accessed , input datd

in a WRITE operation , expected output data in a READ operation , and REA D

and WRITE signals. These factors influence the comp lexity of the test

generation alco rithm and the cost of the tester.

5.1 Functiona l Test Procedure

As descri~’e-d in Sections 2.3.1 and 2.4.1, the functiona l test rrcce-

dure is able to detect any -~cmor v ce ll whi ch is stuce. at 0 or 1, or which

fails to u n d er co a 0—1—0 transition. In addition , the functiona l test proce-

-~ .re is a~-le to dete t a coup ling betwe en any two arbitrar - .- cells in the

~enorv ~ell array. It also detects any decoder faults covered by the decoder

faul t nodel described in Section 2.3.2 and any Read/Write log ic fault covered

b y the fault model described in Section 2.3.3. On this basis we d a m  that

the functional test procedure has a very good fault coverage abilit \’.

Now le t us consider the total time needed for the operations per-

f ormed in the functional test procedure . Recalling from Section 2.~..l , fo r a

-~e- -~o rv  havin c an nil organization , the total nu mber c f opera t ions perf or med

.~~~ 
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is cjven h~ 8n’l ’g9n. Assuming tha t each operation (READ o~ WRITE) takes 500

nsec , the testin g times for performing the functiona l test on lKxl , 4Kx l , and

lbK~ 1 RAMs are given in Table 5.1. The table also shows the corresponding

t i m e  t ak e n  by the GALPAT procedure which requires 4n
2 

operat ions. The sub-

stintia l decrease in testing time using the proposed functiona l test procedure -

is evident iron Table 5.1.

As described in Section 2.4.1 , fo r  a memory having an nXm organiza-

tion , the total number of operations performed is given by 8n’log(nm2). Again

assuming tha t each operation takes 500 nsec , the proposed functiona l test

p r o c e d u r e  needs onl y 64 msec fo r  t e s t i ng  a lKx8 RAM . On the other hand the

GALPAT procedure would require 128 seconds for testing the same RAM.

Recentl y some 0(n 3/2 ) t es t  p rocedures  have been proposed that are

more comprehensive in their fault coverage than the simp le 0(n) procedures ,

a r-id t i k c  a le s se r  amount  of t ime than th e 0(n
2
) procedures. These O(n3/2

)

test procedures arc not as comprehensive in the fault coverage as the O(n.log
2
n)

procedure , and moreover ri-ic 0(n.log
2
ri) procedures will always require less

testing time than the O(fl
3/2
) procedures for examp le , the “GALTCOL” procedure

which is an 0(n3/2
) procedure , checks for coupling between cells in t~ e

same column of the memory cell array and takes 760 msec (with a 470 nsec

cycle time) for a 4Kx I RAM , while the proposed functiona l test procedure

take s onl y 180 msec and checks for  coup ling be tween any two arLitrary memory

cells.

Regarding the third evaluation criterion for a test procedure , the

proposed functiona l test procedure is quite simple as it is based on successive

partitionin~ of the memory cell ar ray  and yields easy al gor ithms as seen in 

.— V- —V V 
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Table 5.1

Comparison of time required for testing

Type of Number of
Test Procedure Operations 

Time

lKxl ARx l lbKxl
RAM RAM RAM

Proposed Functional ~n .log 2
n 4(1 ms 192 ms 896 ms

Test Procedure

GALPAT 4n2 2 s 32 s 512 s

a — - — -~~ •
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Section 2. ~~. h owever , as f a r  as this criterion is concerned , 0(n) and 0(n
2
)

test procedures also yield easy al gorithms [4
V

Two a~’proaches can be taken for imp lementing the i~ n~ t i o n a l t e s t

procedui-~ dcreudin -.~ on the memory space — execution t i .~e t r a d c — ~~~f .  The f i r~~t

ap p r o a ch  is o unerate all the address sequences used in the i u n c t  iona l te st

pr o-. edi.ire and store then in the tester memory. This would need men- r~- spat e

p1-o~’ortiona l to ii. lo~~)n , where  n is the number of words in the men ry under

test. These address sequences can be retrieved by a table look—up when t h e

N-st patter n s are to he written. O b v i o u s l y  t h i s  a p p r o a c h  s a c r i f i c e s  memory

space for reducing the execution tine .

In the second approach , an address of a memory word is g e n e r a t e d

only when the memory is to be accessed. This approach would not require any

memory space for storing address sequences; but at the cost of increased

execution time . A1~~oritI-im WORD-WISE PARTITIONING follows tile second approach ,

as the time required for t i te  U (n.log~ n) procedure is substantiall y lower than

thut required for an 0(11
2
) procedure allowing us ti-ic opti on for a s u b s t a n t i a l l y

smaller tester memory in ti-to memory space - execution time trade-off. On tile

other hand , while performing the cell-wise partitioning we always write and

read the entire memory in every partitioning run and there arc very few teSt

patterns (iog 9m) to be written. Therefore in Al gorithm CELL-WISE PARTITIONING

we store the tast patterns in the tester memory and retrieve them using a

table look-up when writing them in the memory under test.

5.2 Pattern Sensitivity Test Procedure

As pointed out in the beginning of Chapter 3, ti-ic model for pattern

s e n s i t i v i t y  ~s based onl y on the variations of dynamic timing parameters with

— - — • 
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change in data patterns or sequence of memory accesses. Therefore the pat-

tern seu sitivit ’.- test procedures proposed in Chapter 3 should be treated as a

basic ti-imewo rk for testing pattern sensitiv i t y .  Addition a l tests need to be

dc\- uloped ta r a particular memory depending on how its d ynamic t i m i n g  charac-

teristics differ iron those covered in Chapter 3. Moreover the design and

l~~v~ ut of tic memory chip must be carefull y studied in order to develop tests

to  identif y pattern sensitivity related to idiosyncrasies of the design and

layout 01 thie menior\ chip.

Since all the procedures for detecting pattern sensitivity are 0(n)

or O (n.log
2
n), they will take a small amount of tine . In addition , as presented

F in Section 3.2, these test procedure s are quite simp le and use very easy al go-

rithms in tern -is of the third evaluation criterion.

V 3  Fault Location Test Procedure for Memory Board

The problem of locating faults on a memor y board s of considerable

liractical importance. It was shown tha t tile problem is quite comp le:-: in its

nature due to til e interaction between faults in the decoder logic , b u s s i n g

structure , and memory chips. A fault location test procedure is given . Even

tilough tile test procedure is quite comp lex , it requires onl y abou t 5 se c on d s

for locating faults on a 64Kxl6 bit memory board (housing 64 l 6 K x l - b i t  RA M— ~) ,

since the length of the test procedure is 0(K.n.log
2
n).

- - - - V  ~~~~~~~~~~~~~~~~~~~ V V ~~~~~~~ V~~~~~~~~~~~~~~~~~~~~~_  ~~~~~~~~~~~~~~~~ - - 
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CHAPTER 6

CONCLUDING REMARKS AND SU}ThIARY

T1i~ problems of testing semiconductor random access nienlories and of

loc at ing faults on a memory hoard housing memory chips , decoder log ic , data

reg isL~-L- s. and b u s si n  structure were discussed. Memory testing was divided

into functiona l testing and pattern sensitivity testing . Fault models for

‘orne ry tailur es as ~-ell as pattern sensitivity phenomenon were developed.

based on these mode ls al go r i t h m s  fo r  f u n c t i o n a l t e s t i n g  and p a t t e r n  s e n s i t i v i t y

testin u were presented. It was shown that the problem of fault location on a

mem ory h o a r d  is a ‘~-ery difficult problem because of a large number of fault

equivalenc e classes. The strategy of using confidence tests was applied to

hr~ ak the f a u l t  equivalence classes in order to locate the faults.

Fin a ll y test procedures for functional testing . pattern sensitivity

test m g .  and fault l o c a t i o n  testing were e-a lua ted app lying ti-ic criteria of

fau lt - -:erage . tioe requirement and ease of imp lementation. It was shown

tha t the lunct ion a l test procedures have a very good fault coverage , p rov ide

a dramatic i :-prove inent in testing time over the 0(n
2
) test procedures , and a re

easy to implement.

It is very difficult to construct a comprehensive mode l for pattern

sensitivit y as the phenomenon is very closel y related to the device parameters ,

peculiarities of design and layout of the memory chip, and various parasitic

and anoma lous effects. Therefore the pattern sensitivity test procedures should

he treated as a basic framework; additiona l tests may be needed depend ing on

tu e N il iarities of the memory chip under test.
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The f unctio na l tes t pro cedure has been su ccessf u l l y implemented in

the Microcomputer Laboratory at the University of Illinois. The test program

was written in the National Semiconductor IMP-l6 assembl y language to test a

V A K X l h  b i t  memory board hous ing  64 Intel 2125 (lKxl bit) chips. On detection

of a t A - u t  on the board , the user can interactivel y run the test to try to

l~~ ate the fault. Faulty chips are easily found . On one occasion , tile te st

procedure aided in the location of an address bus to data bus short on the

board. The test procedure is being implemented on other systems at the Univer-

sitv of Illinois. We feel tha t the functional test procedure is ideal for

testing sing le memory chips as well as for periodicall y tes ting memory modules

on a computer system.
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