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Abstract 

 
Advances   in  revolutionary  system-on-chip  (SoC)  technology   mainly   depend  on  the  high-performance   ultra- 

dependable  system  core components.  Among those core components,  embedded  memory  system  core,  currently  ac- 
quiring 54% of SoC area share, will continue its domination  of SoC area share as it is anticipated  to approach about 
94% of SoC area share by the year 2014. Since memory cells are considered  as more prone to defects and faults than 
logic cells, redundancy and repair  have been extensively  practiced  for enhancing defect and fault tolerance.  Unlike in 
legacy PCB (printed circuit board)  or MCM (multichip module) based systems, embedded core components  cannot be 
physically replaced  once they are fabricated onto a SoC. To realize enhanced manufacturing yield and field reliability, 
both ATE (automated  test equipment) and BISR (built-in-self-repair) are commonly utilized to allocate redundancy for 
embedded memory system cores. Since ATE (for repairing manufacturing defects) and BISR (for repairing field faults) 
share the given redundancy, probabilistic redundancy partitioning and utilization techniques are proposed  in this paper 
to achieve  optimal  combination  of yield and reliability  of the embedded  memory  system core. Parametric  simulation 
results are shown extensively. 
©  2003 Elsevier B.V. All rights reserved. 
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1. Introduction 
 

As   advances    in   ultra-large-scale-integration 
(ULSI)  technologies  make  possible  the  seamless 
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embedding of numerous cores on a single chip (i.e., 
commonly referred to as system-on-chip (SoC) 
technology),   solid  dependability becomes  an  ur- 
gent requirement of such ultra density and high 
performance system,  since  insignificant  degrada- 
tion or defect of core components could result in 
unacceptably  low  resultant   SoC  manufacturing 
yield and field reliability.  Among the cores for SoC 
integration,  one of the most sensitive  cores  is the 
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embedded memory core since memory cells are 
commonly  considered  as  more  prone  to  defects 
and faults  than logic cells [2---4,7---9]. As SoC fab- 
rication  process  goes toward  the era of the deep- 
sub-micron  technology   and  beyond,  need  for  a 
high  yield  and  ultra  reliable  embedded  memory 
core becomes obvious, as embedded memory will 
continue  to  dominate  SoC  content  in  the  next 
several  years,  approaching 94% of the die area  by 
2014 [5]. 

Traditionally, reconfiguration (repair)  of mem- 
ory  arrays  using  spare  memory  lines is the most 
common   technique   for   yield   enhancement   of 
memories  with  faults  [2---4,7---10]. Unfortunately, 
fabricated  embedded  memory  system core cannot 
be physically  replaced  in field. Thus, built-in test, 
diagnosis  and repair  circuits  are  commonly  prac- 
ticed along  with ATE-based repair  to assure  im- 
proved  manufacturing yield and field reliability  of 
the embedded  memory  core  [2---4,7]. The combi- 
nation of both ATE and BISR repair technologies 
is referred to as the dual-stage repair in this paper. 

Although it is obvious that combination  of ATE 
and BISR is able  to achieve  significant  manufac- 
turing  yield  (i.e., the probability of being manu- 
factured   and   repaired   as  functional)   and  field 
reliability  (i.e., a function of time which is defined 
by  the  conditional   probability  that  the  system 
performs  correctly  throughout  the interval  of time 
½t0 ; t] given the system was performing flawlessly  at 
the  initial  time  t0 )  enhancements   for  embedded 
memory  system  core,  one  problem  still  remains 
unsolved:   balanced  redundancy  partitioning   and 
utilization. Since ATE (for repairing  manufactur- 
ing defects)  and  BISR (for  repairing  field faults) 
share  the  given  common  redundancy, balanced 
redundancy partitioning  and utilization techniques 
are  very  important  to achieve  ultimate  combina- 
tion  of  yield   and   reliability   of  the  embedded 
memory  system  core.  The main  objective  of  the 
paper  is to propose  a balanced  redundancy utili- 
zation technique for such core with dual-stage  re- 

two dimensional  redundancy architectures will be 
investigated.  Extensive parametric simulation re- 
sults will be also shown. 

 
 
2. Preliminaries 

 
Embedded memory system core under investi- 

gation,  in which  both  ATE-based  factory  repair 
and BISR-based field repair are practiced for 
manufacturing yield and field reliability enhance- 
ments, consists of the following components; (1) 
IEEE JTAG (Joint Test Action Group) 1149.1: 
Boundary-scan interface for test and repair [1], (2) 
Laser fuse: A set of laser reconfigurable fuses to 
permanently  program the given redundancy re- 
sources  in factory  [6], (3) BIST/BISD/BISR pro- 
cessor:  This system  component  governs  self-test, 
self-diagnosis,  and self-repair  procedures,  (4) Pro- 
grammable  fuse: A set of programmable fuses  to 
store  additional   reconfiguration signature  gener- 
ated  by  the BIST/BISD/BISR processor  in field, 
(5) Memory  array  interface:  This component 
connects  the EAB (embedded  array  block)  array 
and   the   BIST/BISD/BISR  Processor    together. 
Data, address, control and repair data flow via this 
component  (Fig. 1). 

The  given  embedded  memory  system  core  is 
tested and repaired  as follows;  (1) Factory  repair: 
To circumvent defects due to imperfect manufac- 
turing processes,  the ATE communicates  with the 
embedded memory system core via its external test 
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pair and shared redundancy. Thus, straightforward 
dependability evaluation techniques for existing 
redundancy architectures  will be initially investi- 
gated to unveil true significance of redundancy 
balancing.  Then, balanced  redundancy partition- 
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ing and utilization  techniques  for both single and Fig.  1. Model embedded memory system core architecture. 



 
 

equipment interface (as provided by pin electronics 
in the head  architecture).  Then, the laser  fuse  is 

the probability of having nr  non-defective cells in a 
column (i.e., the yield of a column) can be written 

nr permanently  programmed  to allocate  redundancy as Ycolumn  ¼ ðYcell Þ . The given memory consists of 
and to repair  manufacturing defects in the EABs, 
(2) Field repair: Whenever the SoC is reset or 
powered, the BISR circuitry tests, diagnoses and 
repairs  the EABs. The programmable units (such 
as switches) are programmed to store the infor- 
mation for redundancy allocation. 

nc   memory  columns  and  scm   spare  memory  col- 
umns for yield enhancement.  The quorum  size of 
nc  of the total of nc þ scm  columns  are required  to 
be functional.  Success  of exactly  r-out-of-n iden- 
tical and independent items, where each item has a 
success   rate   of   p,   is   given   by   Ps ðr : n : pÞ ¼  

Although   it  is  obvious   that  combination   of Pn      

  
n 

    
r
 

ðn-rÞ 

ATE  and   BISR  is  able   to  achieve   significant k¼r r  
p ð1 - pÞ . Thus, yield  of  the given 

manufacturing yield and field reliability enhance- 
ments for embedded memory system core, one 
problem  still remains  unsolved:  How the given re- 
dundancy can be partitioned  into two groups (i.e., 
one for ATE repair  and another  one for BISR  re- 
pair)  to balance the manufacturing  yield and field 

memory  with column-redundancy can  be formu- 
lated by the binomial  distribution  as follows. 

Y  ¼ Ps ðscm  : nc þ scm  : Ycolumn Þ ð1Þ 
 

Reliability  assurance equations  are  similar  to the 
yield  assurance equations   and  can  be  shown  as 

nr reliability  for  the  maximum  dependability?  Since 
ATE  (for  repairing   manufacturing  defects)  and 
BISR  (for  repairing  field  faults)  share  the  given 

follows;   Rcell ðtÞ ¼ e-kf ·t ,  Rcolumn ðtÞ ¼ ðRcell Þ 
then, 

,  and
 

 

common redundancy, balanced  redundancy par- 
titioning   and   utilization   is  very   important   to 
achieve  ultimate  combination   of  yield  and  reli- 
ability of the embedded memory system core. 
Balanced  redundancy partitioning  and utilization 
of the given embedded memory system core with 
single dimensional  redundancy case will be inves- 
tigated in the next section followed by two di- 
mensional  case in Section 4. 

 
 

3. Single dimensional redundancy case 

 
The following  notations  will be used  through- 

out this research;  (1) nc : Number of columns (i.e., 
number of bits per word), (2) nr : Number of rows 
(i.e., number  of words),  (3) sc : Number  of spare 
columns,  (4) scm : Number  of spare  columns  used 
for    manufacturing    yield    enhancement     (i.e., 
Sc - Scf ), (5) scf : Number of spare columns used for 
field reliability  enhancement (i.e., Sc - Scm ), (6) km : 
Expected number of manufacturing defects per 
memory  cell,  (7) kf : Field  failure  arrival   rate  of 
memory  cell per unit time interval,  (8) Y : Manu- 
facturing  yield,  and  (9)  RðtÞ:  Field  reliability   at 
time t, (10) DðtÞ: Overall dependability. 

The yield of a single cell can be formulated  by 
the exponential  failure  law  as  Ycell  ¼ e-km . Then, 

RðtÞ ¼ Ps ðscf  : nc þ scf  : Rcolumn ðtÞÞ                      ð2Þ 
The conditional  probability of having manufac- 
tured-as-good  (i.e., Y ) and not-failing-in-field dur- 
ing the time interval  ½t0 ; t] (i.e., RðtÞ) is referred  to 
as dependability denoted by DðtÞ. Since Y  and RðtÞ 
are serial probabilities, product  of Eqs. (1) and (2) 
can be used to formulate  DðtÞ; DðtÞ ¼ Y · RðtÞ. 

To  find  the  most  balanced   scm ,  DðtÞ  can  be 
differentiated  and  solved  with  respect  to  scm   as 
dDðtÞ=dscm  ¼ 0. 

Note that scf   follows  since scf  ¼ sc - scm  holds. 
scm  must be an integer value.  So, both  dscm e and 
bscm c must  be  evaluated  to  determine  the  final 
partitioning  position.  Later,  they  are  partitioned 
into two groups:  two spare  columns  for ATE re- 
pair and four spare  columns  for BISR repair. 
 
 
4. Two dimensional redundancy case 

 
The following notations  will be used in addition 

to the ones given in the previous section throughout 
this research;  (1) sr : Number of spare rows, (2) srm : 
Number of spare rows used for manufacturing yield 
enhancement (i.e., Sr - Srf ), (4) srf : Number of spare 
rows  used  for  field  reliability   enhancement  (i.e., 
Sc - Srm ), (5) kcm : Expected  number  of  manufac- 
turing defects per memory column, (6) krm : Expected 



 

srm  as 

 
number of manufacturing defects per memory row, 
(7) kcf : Field failure arrival  rate of memory column 
per unit time interval,  and (8) krf : Field failure  ar- 
rival  rate  of  memory  row  per  unit  time interval. 
Since row/column deletion is one of the NP-com- 
plete problems.  There is no effective way to derive 
closed formulae  for Y   and RðtÞ. So, in this paper, 
line-based fault model is used rather than cell-based 
faulty  model for 2D case to assure  effectiveness of 
the proposed redundancy balancing method. 
Mathematical  yield and reliability models from any 
repair  algorithms  can be inputted to find the most 
balanced  redundancy partitioning  locations. 

The yield of a row and a column can be ap- 
proximated as Yrow  ¼ e-krm   and Ycolumn  ¼ e-kcm . 

Then, the yield of rows is 

Yrows  ¼ Ps ðsrm  : nr þ srm  : Yrow Þ                                                ð3Þ 

and the yield of columns  is 

Ycolumns  ¼ Ps ðscm  : nc þ scm  : Ycolumn Þ                                   ð4Þ 
Thus,   the   overall    yield   is   Y  ¼ Yrows  x Ycolumns . 
Likewise, Rrow ðtÞ ¼ e-krm ·t , Rcolumn ðtÞ ¼ e-kcm ·t , and 

Rrows ðtÞ ¼ Ps ðsrf  : nr þ srf  : Yrow Þ                                            ð5Þ 

Rcolumns ðtÞ ¼ Ps ðscf  : nc þ scf  : Ycolumn Þ                               ð6Þ 

Therefore,  RðtÞ ¼ Rrows ðtÞ x Rcolumns ðtÞ  and  the 
overall   dependability,  then,  can   be  written   as 
DðtÞ ¼ Y  x RðtÞ. 

To find the most balanced  scm  and srm , DðtÞ can 
be differentiated and solved with respect to scm and 

2 DðtÞ 

numerical experiments. The initial parameters used 
in  the  simulation  are  nc  ¼ 128, nr  ¼ 128, sc  ¼ 8, 
km  ¼ 10-4 ,  kf  ¼ 10-5   and  t ¼ 10  for  one-dimen- 
sional  case and nc  ¼ 128, nr  ¼ 128, sc  ¼ 8, sr  ¼ 8, 
kcm  ¼ 10-2 , krm  ¼ 10-2 , kc f ¼ 10-3 , kr f ¼ 10-3  and 
t ¼ 10 for two-dimensional  case. 

The simulation results for the single dimensional 
redundancy case are shown in Fig. 2, the following 
observations are  made;  (1) Symmetric  case: The 
dependability derivative  is plotted  with respect  to 
scm , using  points  with blank  box  symbol.  In this 
case,  parameters  are  selected  in  order  to  show 
symmetric  behavior  in both Y  and RðtÞ. Thus, the 
partition is ½4; 4]: 4 spare columns for factory repair 
and 4 spare columns for field repair, i.e. spares are 
evenly  partitioned  and  utilized,  (2) Reliability-in- 
tensive case: The dependability derivative  is plotted 
with respect to scm , using points with cross symbol. 
In this case,  parameters are  selected  to take  into 
account   the  presence  of  more  field  faults  than 
manufacturing defects (i.e., t ¼ 10 ! 20). Thus, the 
partition  is now [2,4]: 3 spare  columns for factory 
repair  and 5 spare  columns  for field repair,  i.e. in 
this  case  spares   are  partitioned   and  utilized  to 
achieve   an  enhancement   in  field  reliability,   (3) 
Yield-intensive case: The dependability derivative  is 
plotted with respect to scm , using points with blank 
diamond  symbol.  In this case,  parameters are se- 
lected such that more manufacturing defects than 
field faults are induced (i.e., km ¼ 10-4  ! 2 x 10-4 ). 
Thus, the partition  is ½5; 3]: 5 spare  columns  for 
factory  repair and 3 spare columns for field repair. 

d
 

dscm dsrm 
¼ 0. Note that scf  and srf  follow since Spares  are partitioned  and utilized to increase  the 

scf  ¼ sc - scm   and  srf  ¼ sr - srm   hold.  scm   and  srm 

must be integer values.  So, both dscm e & bscm c and 
dsrm e & bsrm c must be evaluated  to determine  the 
final partitioning  positions.  Later,  spare  columns 
are  partitioned   into  two  groups:  two  spare  col- 
umns for ATE repair  and four spare  columns  for 
BISR repair  and  spare  rows  are  also  partitioned 
into  two  groups:  three  spare  columns  for  ATE 
repair  and three spare  columns  for BISR repair. 

manufacturing yield. 
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Fig.  2. Balanced  partition  results: ½3; 5], ½4; 4] and ½5; 3]. 
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Fig.  3. Balanced  partition  for {[4,4],[4,4]}. 

 

 
For  the two-dimensional  redundancy case, 

similar  observations can  be  made.  For  instance, 
the redundancy balancing  result  of {[4,4],[4,4]}  is 
shown in Fig. 3. 

 
 

6. Discussion and conclusions 

 
Among cores for SoC integration, the embedded 

memory core occupies the largest area and its 
performance in terms of manufacturing yield and 
field reliability  is very  important  because  memory 
cells are usually  more prone to defects and faults 
than  other  components  such  as  logic  cells.  Since 
cores cannot be physically replaced once they are 
fabricated onto a SoC, a combination  of ATE and 
BISR is common practice. Proper partition and 
utilization  of the spare  redundancy is significantly 
desirable  to  achieve  a  balance  of  manufacturing 
yield and field reliability  of the embedded memory 
system. Thus, yield and reliability  assurance tech- 
niques have been proposed for the one dimensional 
redundancy case (only spare columns), then ex- 
tended to two-dimensional  redundancy case (both 
spare rows and columns are present). As a figure of 
merit between  yield  and  reliability,  dependability 
(i.e.,  Y  x RðtÞ)  is  proposed.   Maximum   depend- 
ability  is possible  only if the provided  redundancy 
is partitioned  properly  into two groups  to repair 
both manufacturing defects (i.e., ATE-based re- 
pair) and field faults (i.e., BISR). To accomplish  a 
balanced  redundancy partition  and utilization,  the 
equations  for  the dependability are  differentiated 

and  solved  with respect  to the number  of spares 
used to enhance the manufacturing yield. Para- 
metric simulation results have verified that the 
proposed redundancy partition and utilization 
techniques for embedded memory system cores 
achieves  the theoretically optimal  value.  The pro- 
posed techniques can be incorporated with existing 
CAD  compilers   for  embedded   memory   system 
cores,  thereby  providing  a cost-effective  partition 
and utilization  of the shared redundant  spares. 
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