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I N TE RN ATI ON AL E LE CTROTE CH N I C AL COM M I S S I O N  

____________ 

 
SEMICONDUCTOR DEVICES –  

 
Scan  based  ageing  level  estimation  for semiconductor devices 

 
FORE W ORD  

1 )  Th e  I n te rn ati o n al  E l e ct ro t e ch n i c al  C o m m i s s i o n  ( I E C )  i s  a  wo rl d wi d e  o rg an i z ati o n  fo r  s t an d a rd i z at i o n  co m p ri s i n g  
al l  n ati o n al  e l e c tro t e ch n i c al  c o m m i tte e s  ( I E C  N ati o n al  C o m m i t te e s ) .  Th e  o bj e ct  o f  I E C  i s  to  p ro m o te  
i n te rn ati o n a l  co - o p e rat i o n  o n  a l l  q u e s t i o n s  co n c e rn i n g  s tan d a rd i z at i o n  i n  th e  e l e ct ri c al  an d  e l e c tro n i c  f i e l d s .  To  
t h i s  e n d  an d  i n  ad d i t i o n  to  o t h e r acti vi t i e s ,  I E C  p u bl i s h e s  I n te rn at i o n al  S tan d a rd s ,  Te ch n i cal  S pe ci f i cati o n s ,  
Te ch n i c al  R e po rts ,  P u bl i c l y  Avai l abl e  S pe ci f i c at i o n s  ( P A S )  an d  G u i d e s  ( h e re aft e r re fe rre d  t o  as  “ I E C  
P u b l i cati o n ( s ) ” ) .  Th e i r  pre pa rat i o n  i s  e n t ru s t e d  to  te ch n i cal  c o m m i tt e e s ;  an y I E C  N at i o n al  C o m m i tt e e  i n t e re s te d  
i n  th e  s u bj e ct  d e al t  wi th  m ay part i ci pate  i n  th i s  p re parat o ry wo rk.  I n te rn ati o n al ,  g o ve rn m e n t al  a n d  
n o n - g o ve rn m e n t al  o rg an i z at i o n s  l i ai s i n g  wi t h  th e  I E C  al s o  p art i ci p at e  i n  t h i s  pre p arati o n .  I E C  co l l ab o rat e s  
c l o s e l y  wi th  t h e  I n te rn at i o n a l  O rg an i z ati o n  fo r  S t a n d ard i z ati o n  ( I S O )  i n  acc o rd a n c e  wi th  c o n d i t i o n s  d e te rm i n e d  
b y a g re e m e n t  b e t we e n  t h e  t wo  o rg an i z at i o n s .  

2 )  Th e  fo rm al  d e c i s i o n s  o r  a g re e m e n ts  o f  I E C  o n  t e c h n i cal  m att e rs  e xp re s s ,  as  n e a rl y  as  p o s s i bl e ,  a n  i n te rn ati o n a l  
c o n s e n s u s  o f  o pi n i o n  o n  th e  re l e van t  s u b j e ct s  s i n c e  e ach  te ch n i cal  co m m i tt e e  h as  re p re s e n tati o n  f ro m  al l  
i n te re s te d  I E C  N ati o n al  C o m m i t te e s .   

3 )  I E C  P u bl i c at i o n s  h a ve  th e  fo rm  o f  re co m m e n d at i o n s  fo r  i n t e rn at i o n al  u s e  an d  are  ac ce pt e d  by I E C  N at i o n a l  
C o m m i tt e e s  i n  th at  s e n s e .  W h i l e  al l  re as o n a b l e  e ff o rt s  are  m ad e  to  e n s u re  t h at  t h e  t e c h n i c al  c o n te n t  o f  I E C  
P u b l i cati o n s  i s  acc u rate ,  I E C  can n o t  b e  h e l d  re s po n s i bl e  fo r  t h e  wa y i n  wh i c h  th e y  a re  u s e d  o r  fo r an y 
m i s i n t e rp re t at i o n  by an y e n d  u s e r.  

4)  I n  o rd e r t o  p ro m o te  i n te rn at i o n al  u n i fo rm i ty,  I E C  N ati o n al  C o m m i tte e s  u n d e rtake  t o  ap p l y I E C  P u b l i cati o n s  
t ran s p are n t l y  to  t h e  m a xi m u m  e xte n t  p o s s i b l e  i n  t h e i r  n at i o n al  an d  re g i o n al  p u bl i c at i o n s .  An y d i ve rg e n ce  
b e t we e n  an y I E C  P u b l i cati o n  a n d  t h e  co rre s po n d i n g  n ati o n al  o r  re g i o n al  p u bl i c at i o n  s h al l  b e  cl e arl y  i n d i cat e d  i n  
t h e  l att e r.  

5 )  I E C  i ts e l f  d o e s  n o t  pro vi d e  an y att e s tati o n  o f  co n fo rm i ty.  I n d e p e n d e n t  ce rt i f i c at i o n  bo d i e s  p ro vi d e  co n fo rm i ty  
as s e s s m e n t  s e rvi c e s  an d ,  i n  s o m e  are as ,  acce s s  t o  I E C  m arks  o f  c o n fo rm i ty.  I E C  i s  n o t  re s p o n s i b l e  fo r  an y 
s e rvi c e s  carri e d  o u t  b y i n d e p e n d e n t  c e rt i f i cati o n  b o d i e s .  

6 )  Al l  u s e rs  s h o u l d  e n s u re  th at  t h e y h ave  t h e  l at e s t  e d i t i o n  o f  th i s  p u b l i cati o n .  

7)  N o  l i a b i l i t y  s h al l  att ach  to  I E C  o r  i ts  d i re ct o rs ,  e m p l o y e e s ,  s e rvan t s  o r  ag e n ts  i n cl u d i n g  i n d i vi d u al  e xpe rts  an d  
m em be rs  o f  i t s  t e c h n i cal  co m m i tt e e s  an d  I E C  N ati o n al  C o m m i tt e e s  fo r  a n y  p e rs o n al  i n j u ry,  p ro p e rt y  d am ag e  o r  
o t h e r d am ag e  o f  a n y n atu re  wh at s o e ve r,  wh e th e r d i re ct  o r  i n d i re ct ,  o r  fo r  c o s t s  ( i n cl u d i n g  l e g al  fe e s )  an d  
e xp e n s e s  ari s i n g  o u t  o f  th e  pu bl i cati o n ,  u s e  o f,  o r  re l i a n c e  u p o n ,  th i s  I E C  P u b l i c at i o n  o r  an y o th e r I E C  
P u b l i cat i o n s .   

8 )  Atte n ti o n  i s  d ra wn  t o  th e  N o rm at i ve  re f e re n c e s  ci t e d  i n  t h i s  p u b l i c at i o n .  U s e  o f  t h e  re f e re n ce d  p u bl i cati o n s  i s  
i n d i s p e n s a bl e  fo r th e  co rre c t  ap pl i cati o n  o f  th i s  p u b l i c at i o n .  

9 )  Atte n ti o n  i s  d ra wn  t o  th e  p o s s i b i l i t y  th at  s o m e  o f  th e  e l e m e n ts  o f  th i s  I E C  P u bl i cat i o n  m ay be  th e  s u bj e ct  o f  
pate n t  ri g h t s .  I E C  s h al l  n o t  be  h e l d  re s p o n s i bl e  fo r  i d e n t i fyi n g  an y o r  a l l  s u c h  pat e n t  ri g h ts .  

Th e  m ai n  tas k o f  I E C  te ch n i cal  co m m i tte e s  i s  to  p re p are  I n te rn ati o n al  Stan d ard s .  H o we ve r,  a  
te c h n i c al  co m m i tte e  m a y pro p o s e  th e  p u b l i c ati o n  o f  a  te c h n i cal  re p o rt  wh e n  i t  h as  co l l e c te d  
d ata o f  a  d i ffe re n t  ki n d  fro m  th at  wh i ch  i s  n o rm al l y p u b l i s h e d  as  an  I n te rn ati o n al  Stan d ard ,  fo r  
e xam p l e  " s tate  o f  th e  art" .  

I E C  TR  6 3 1 3 3 ,  wh i ch  i s  a  te c h n i cal  re po rt,  h as  b e e n  pre p are d  b y I E C  te c h n i cal  c o m m i tte e  4 7:  
S e m i co n d u cto r  d e vi c e s .  

Th e  te x t  o f  th i s  te ch n i cal  re p o rt  i s  b as e d  o n  th e  fo l l o wi n g  d o cu m e n ts :  

E n q u i ry d raft  R e p o rt  o n  vo t i n g  

47 /2 4 0 5 /D TR  47 /2 4 2 5 /R VD TR  

 
Fu l l  i n fo rm ati o n  o n  th e  vo ti n g  fo r  th e  appro val  o f  th i s  te c h n i c al  re p o rt  can  b e  fo u n d  i n  th e  
re p o rt  o n  vo t i n g  i n d i c ate d  i n  th e  ab o ve  tab l e .  
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Th i s  d o cu m e n t  h as  b e e n  d rafte d  i n  acc o rd an ce  wi th  th e  I S O /I E C  D i re c ti ve s ,  P art  2 .  

Th e  co m m i tte e  h as  d e ci d e d  th at  th e  c o n te n ts  o f  th i s  d o c u m e n t  wi l l  re m ai n  u n ch an g e d  u n ti l  th e  
stab i l i t y d ate  i n d i cate d  o n  th e  I E C  we bs i te  u n d e r " h ttp : //we bs to re . i e c. c h "  i n  th e  d ata re l ate d  to  
th e  s p e c i f i c  d o cu m e n t.  At  th i s  d ate ,  th e  d o c u m e n t  wi l l  b e   

•  re co n fi rm e d ,  

•  wi th d rawn ,  

•  re p l ac e d  b y a re vi s e d  e d i ti o n ,  o r  

•  am e n d e d .  

 

A b i l i n g u al  ve rs i o n  o f  th i s  p u bl i cati o n  m a y be  i s s u e d  at  a  l ate r d ate .  

 

IMPORTANT – The 'colour  inside'  l ogo  on  the  cover page of  th is  publ ication  ind icates 
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colour printer.  
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I N TROD U CTI O N  

A s e m i co n d u cto r  d e vi c e  h as  an  i m po rtan t  ro l e  i n  re l i ab i l i t y- cri t i c al  ap pl i cati o n s ,  e . g . ,  s p ace ,  ai r  
an d  ro ad  ve h i c l e s ,  m e d i cal  e q u i pm e n t.  Al th o u g h  n e w te c h n o l o g y h as  i m pro ve d  p e rfo rm an ce ,  
po we r e ff i c i e n c y,  co s t  e ff i c i e n c y e tc. ,  b u t  th e  re l i ab i l i t y b e co m e s  a s e ri o u s  th re at  [1 ] 1 .  As  c an  
be  s e e n  i n  F i g u re  1 ,  fai l u re  rate  i s  d e cre as e s  i n  e arl y l i f e ,  an d  l o w co n s tan t  fai l u re  rate  i s  
pre s e rve d  fo r  a  wh i l e ,  th e n  we ar o u t  f ai l u re  rate  i s  i n cre as e s  s i g n i f i c an tl y.  E s pe ci al l y fo r  
re l i ab i l i t y- cri t i c al  app l i c ati o n s ,  i t  i s  i m po rtan t  to  pre c i s e l y m o n i to r  th e  ag e i n g  l e ve l  to  fo re warn  
o f  an y i m p e n d i n g  catas tro p h i c  fai l u re .  Th e  s e m i co n d u c to r ag e i n g  i s  cau s e d  b y 
n e g ati ve /p o s i t i ve  b i as  te m pe ratu re  i n s tab i l i t y,  h o t  c arri e r i n j e c ti o n ,  an d  t i m e  d ep e n d e n t  
d i e l e ctri c  bre akd o wn ,  e l e ctro  m i g rati o n ,  an d  s tre s s  m i g rati o n ,  e tc.  P ath  d e l a y i s  kn o wn  to  b e  
i n cre as e d  d u e  to  vari o u s  ag e i n g  fai l u re s .  Al th o u g h  a fe w ag e i n g  m o n i to ri n g  te c h n i q u e s  h ave  
be e n  d e ve l o p e d  [ 2  to  5 ] ,  th e  ag e i n g  l e ve l  h as  n o t  b e e n  pre ci s e l y d i ag n o s e d .  F o r re l i ab i l i t y-
cri t i c al  ap pl i c ati o n s ,  th e  ag e i n g  l e ve l  i n fo rm ati o n  can  be  u t i l i ze d  fo r  taki n g  ad e q u ate  m e as u re s  
ti m e l y,  e . g . ,  d e vi c e  re p l ace m e n t,  p e rfo rm an c e  s wi tc h i n g  u s i n g  d yn am i c  vo l tag e - freq u e n c y 
s cal i n g .  Th i s  d o c u m e n t  d e s cri b e s  an  e ffi ci e n t  te c h n i q u e  to  m o n i to r  th e  ag e i n g  an d  
ch arac te ri ze  th e  ag e i n g  l e ve l .  

 

Figure 1  – Rel iabi l i ty bathtub curve  

  

___________ 

1  N u m be rs  i n  s q u a re  b racke ts  re fe r to  t h e  B i b l i o g rap h y.  
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SEMICONDUCTOR DEVICES –  
 

Scan  based  ageing  level  estimation  for semiconductor devices 
 
 
 

1  Scope 

Th i s  Te ch n i cal  R e po rt  s pe c i f i e s  a  d e s i g n  te ch n i q u e  o f  p e rfo rm an c e  e s ti m ati o n  s to rag e  
e l e m e n t,  wh i ch  c an  m o n i to r  s e m i c o n d u cto r ag e i n g  an d  c h arac te ri z e  ag e i n g  l e ve l .  Th e  
e s t i m ate d  ag e i n g  l e ve l  can  be  u s e d  to  i m pro ve  th e  re l i ab i l i t y o f  s ys te m .  

2 Normative references  

Th e re  are  n o  n o rm ati ve  re fe re n c e s  i n  th i s  d o c u m e n t.  

3 Terms,  defin i tions and  abbreviated  terms 

3.1  Terms and  defin i t ions  

Fo r th e  pu rp o s e s  o f  th i s  d o c u m e n t,  th e  fo l l o wi n g  te rm s  an d  d e fi n i t i o n s  ap p l y.  

I S O  an d  I E C  m ai n tai n  te rm i n o l o g i cal  d atab as e s  fo r  u s e  i n  s tan d ard i zat i o n  at  th e  fo l l o wi n g  
ad d re s s e s :  

•  I E C  E l e ctro pe d i a:  avai l ab l e  at  h ttp : //www. e l e ctro pe d i a. o rg / 

I S O  O n l i n e  bro ws i n g  p l atfo rm :  avai l ab l e  at  h ttp : //www. i s o . o rg /o b p  

3.1 . 1   
transistor ageing  
fo r  a  f i e l d  e ffe ct  tran s i s to r,  i n cre as e  wi t h  t i m e  o f  i ts  th re s h o l d  vo l tag e  

N o te  1  t o  e n t ry:  T h i s  i n c re as e  i s  c au s e d  b y a  co m b i n ati o n  o f  N B TI ,  P B TI ,  H C I ,  TD D B ,  E M ,  a n d  S M .  

N o te  2  to  e n try:  Th i s  e ffe c t  d e c re as e s  th e  d rai n  cu rre n t  a n d  tra n s co n d u c tan c e  a n d  th e re b y i n c re as e s  th e  p at h  
d e l a y.  

3.1 .2   
ageing  level  
d e g re e  o f  tran s i s to r ag e i n g  u n d e r kn o wn  o pe rati n g  c o n d i ti o n s  

3.1 .3   
ageing  level  mon i toring  
m e th o d  o f  e val u ati n g  tran s i s to r ag e i n g  th at  i n d i cate s  e i th e r p as s  o r  fai l  at  a  s e l e cte d  ag e i n g  
l e ve l  

N o te  1  t o  e n t ry:  T h e  am o u n t  o f  d e l ay b e t we e n  t wo  c l o c k s i g n al s  co rre s p o n d s  t o  th e  s e l e ct e d  a g e i n g  l e ve l .  

N o te  2  t o  e n t ry:  A p at h  d e l a y l o n g e r th an  th e  cl o ck d e l a y p l u s  g u ard  ba n d  co n s ti t u t e s  a  fai l u re .  

3.1 .4   
guard  band  
ti m i n g  m arg i n  th at  al l o ws  fo r  th e  wo rs t  acce ptab l e  i n cre as e  o f  p ath  d e l a y th ro u g h  a d e vi ce  

http://www.electropedia.org/
http://www.iso.org/obp
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3.1 .5   
scan  cel l  
spe ci al  p u rpo s e  s to rag e  e l e m e n t  e m p l o yi n g  d e s i g n - fo r- te s tab i l i t y,  th at  i s  u s e d  fo r ag e i n g  l e ve l  
m o n i to ri n g  

N o te  1  t o  e n t ry:  A s c an  c e l l  m ay al s o  b e  u s e d  as  a  fu n cti o n al  s to rag e  e l e m e n t  wh e n  n o t  i n  t e s t  m o d e .  

3.1 .6   
scan  chain  
ch ai n  o f  s can  c e l l s  wh e re  th e  o u tp u t  o f  o n e  i s  th e  i n p u t  to  th e  n e x t  

N o te  1  t o  e n t ry:  T h i s  typ e  o f  s e ri e s  co n n e c ti o n  i s  u s u al l y  c al l e d  as  a  d ai s y - c h ai n .  

3.1 .7   
test  access  port  
po rt  th ro u g h  wh i c h  te s t  e q u i pm e n t  m ay  b e  co n n e cte d  

N o te  1  t o  e n t ry:  I E E E  s tan d ard  1 1 49 . 1  [ 6 ]  s p e ci f i e s  fo u r ( o p t i o n a l l y  f i ve )  l i n e s  fo r  a  TAP ,  i . e . ,  te s t  d ata i n p u t ,  te s t  
d at a o u t pu t,  t e s t  m o d e  s e l e c t,  te s t  c l o ck an d  an  o pt i o n al  t e s t  re s e t .  

3.2  Abbreviations  

3.2. 1   

CLK 

C Lo c K 

 

3.2.2  

DFT 

D e s i g n  F o r Te s tab i l i t y  

 

3.2.3  

EM  

E l e c tro  m i g rati o n  

 

3.2.4  

HCI  

H o t carri e r i n j e c ti o n  

 

3.2.5  

NBTI  

N e g ati ve  b i as  te m pe ratu re  i n s tabi l i t y  

 

3.2.6  

PBTI  

P o s i t i ve  bi as  te m pe ratu re  i n s tabi l i t y  

 

3.2.7  

PE  

P e rfo rm an ce  e val u ati o n  
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3.2.8  

PECLK 

P e rfo rm an ce  e val u ati o n  cl o ck 

 

3.2.9  

PERC 

P e rfo rm an ce  e val u ati o n  re s u l t  ce l l  

 

3.2. 1 0  

PESE 

P e rfo rm an c e  e val u ati o n  s to rag e  e l e m e n t  

 

3.2. 1 1  

PESI  

P e rfo rm an c e  e val u ati o n  S I  

 

3.2. 1 2  

PESO 

P e rfo rm an ce  e val u ati o n  S O  

 

3.2. 1 3  

SC  

Scan  ce l l  

 

3.2. 1 4  

SE  

Scan  e n abl e  

 

3.2. 1 5  

SI  

Scan  i n p u t  

 

3.2. 1 6  

SO 

Scan  o u tp u t  

 

3.2. 1 7  

SM  

Stre s s  m i g rati o n  

 

3.2. 1 8  

TAP  

Te s t  acce s s  p o rt  
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3.2. 1 9  

TDDB  

Ti m e  d e p e n d e n t  d i e l e c tri c  bre akd o wn  

4 Ageing  level  

4.1  Overview 

S e m i co n d u cto r  ag e i n g  i s  a  s e ri o u s  th re at  to  th e  re l i ab i l i t y o f  a  s ys te m .  T h e  ag e i n g  l e ve l  o f  
s e m i co n d u c to r  co m po n e n ts  can  b e  d e s c ri b e d  as  th e  d e g re e  o f  s e m i co n d u cto r ag e i n g  u n d e r 
ce rtai n  o p e rati n g  c o n d i t i o n s ,  i n cl u d i n g  vo l tag e ,  fre q u e n c y,  te m pe ratu re ,  an d  u s ag e  rate .  O ve r 
a  ce rtai n  l i fe ti m e  o f  a  s e m i co n d u c to r  d e vi c e ,  ag e i n g  i s  c au s e d  b y s e ve ral  ph e n o m e n a,  
i n cl u d i n g  N B TI ,  P B TI ,  H C I ,  e tc . ,  an d  re s u l ts  i n  s i g n al  d e l a y [ 7  to  9 ] .  Th e re fo re ,  th e  
s e m i co n d u cto r  ag e i n g  d e fe ct  d e cre as e s  th e  p e rfo rm an c e  o f  a  d e vi c e ,  an d  u l t i m ate l y c au s e s  
s ys te m  fai l u re .  Ag e i n g  s h o u l d  b e  pre ci s e l y m o n i to re d  an d  al arm e d  d u ri n g  fu n cti o n al  o pe rati o n  
fo r re l i ab i l i t y.  Th u s ,  th i s  d o c u m e n t i n tro d u ce s  th e  m e th o d  to  e s t i m ate  th e  d e g re e  o f  ag e i n g  o f  
a s e m i co n d u c to r  d e vi c e ,  i n  o th e r wo rd s ,  th e  ag e i n g - l e ve l .  

4.2  Ageing  l evel  characterization  techn ique (test  method)  

Th e  ag e i n g  i s  m o d e l l e d  as  a  s i g n al  d e l a y,  an d  th e  ag e i n g  l e ve l  c an  be  e s ti m ate d  b y 
m o n i to ri n g  th e  am o u n t  o f  i n d u c e d  d e l a y at  m u l t i p l e  d e l a y p o i n ts .  Th e  s c h e m ati c  o f  ag e i n g  
l e ve l  e s ti m ati o n  te c h n i q u e  c an  b e  d e s cri b e d  as  i n  F i g u re  2 .  N o rm al  an d  p h as e  s h i fte d  cl o cks 
are  ap p l i e d  to  th e  d e vi ce  u n d e r ag e i n g  m o n i to ri n g .  Th e n  th e  ag e i n g  l e ve l  c an  b e  e s ti m ate d  
th ro u g h  th e  ag e i n g  l e ve l  an al ys e r i f  an y cri t i c al  ag e i n g  f ai l u re  i s  n o t i f i e d  fro m  th e  d e vi ce .  

 

Figure 2  – Schematic  of  ageing  l evel  estimation  techn ique  

Th e  m o n i to ri n g  ran g e  o f  th e  d e l a y p o i n ts  fo r  th e  ag e i n g  l e ve l  i s  l i m i te d  to  th e  g u ard  b an d  as  
can  b e  s e e n  i n  Fi g u re  3 .  Th e  b l u e  an d  re d  arro ws  i n d i cate  th e  ag e i n g  m o n i to ri n g  p o i n ts  
re p re s e n ti n g  th e  p as s  an d  fai l  i n  d e l a y te s t,  re s p e cti ve l y.  Th e  am o u n t  o f  th e  ag e i n g  l e ve l  can  
be  e s t i m ate d  as  th e  bo u n d ar y val u e  be twe e n  b l u e  an d  re d  arro ws  i n  wh i ch  th e  d e l a y te s t  
s tarte d  to  fai l .  As  th e  d e vi c e  g e ts  o l d e r,  th e  ag e i n g  l e ve l  be co m e s  n e are r  to  th e  r i s i n g  e d g e  o f  
n o rm al  c l o ck b e cau s e  m o re  d e l a y o n  th e  s i g n al  p ath  d u e  to  th e  ag e i n g  c au s e s  e arl i e r  fai l  ( re d  
arro w)  i n  th e  d e l a y te s t.  

IEC  

D e vi ce  u n d e r  

ag e i n g  m o n i t o ri n g  

P as s /F ai l  

D e l a y e d  

cl o c k  

Ag e i n g  l e ve l  

an al yz e r  

P h as e  s h i ft e r  

Ag e i n g  

l e ve l  

C l o c k  
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Figure 3  – A guard  band  and  estimated  ageing  l evel  

To  i m pl e m e n t  th i s  appro ac h ,  a  f l e x i bl e  ag e i n g  m o n i to ri n g  s c h e m e  i s  re q u i re d  th at  al l o ws  
d yn am i c ch an g e  o f  th e  ag e i n g  m o n i to ri n g  po i n ts ;  h o we ve r,  c u rre n t  te ch n i q u e s  d o  n o t  pro vi d e  
s u ch  a  fe atu re .  Th i s  d o c u m e n t  pro p o s e s  an  e ffi c i e n t  ag e i n g  m o n i to ri n g  s ch e m e  b y u s i n g  a  
s h ad o w l atc h  an d  p h as e - s h i fte d  cl o ck.  A s h ad o w l atch  s am pl e s  a  s i g n al  e arl i e r  th an  th e  
fu n cti o n al  s to rag e  e l e m e n t  th ro u g h  a  p h as e - s h i fte d  c l o ck i n  wh i ch  th e  am o u n t  o f  p h as e  s h i ft  i s  
f i n e l y c o n tro l l e d .  Th e  s am pl e d  d ata  wi th  b o th  th e  f u n c ti o n al  an d  p h as e - s h i fte d  c l o cks  are  
co m pare d  to  o bs e rve  an y p ath  d e l a y.  Th e  ag e i n g  l e ve l  can  be  e s t i m ate d  b y f i n e l y c h an g i n g  
th e  am o u n t  o f  ph as e  s h i ft  an d  m o n i to ri n g  an y d e l ay f ai l u re  wi th i n  th e  m o n i to ri n g  ran g e .  

I n  [2 ] ,  th e  ag e i n g  i s  m o n i to re d  wi th  a  s i n g l e  cl o ck c yc l e  o f  captu re  an d  m u l t i pl e  c l o ck c ycl e s  o f  
s e ri al  s can  s h i ft  o u t.  I t  i s  re p e ate d  m u l t i p l e  t i m e s  be c au s e  i t  i s  u n l i ke l y f o r  a  s i g n al  tran s i t i o n  
to  b e  o bs e rve d  th ro u g h  a s i n g l e  cap tu re  c yc l e .  H o we ve r,  i n  th e  pro po s e d  ap pro ac h ,  afte r  
m u l t i p l e  captu re  c yc l e s  o n l y a  s i n g l e  s h i ft  o u t  s e q u e n c e  i s  re q u i re d .  Th e  re s u l ts  o f  m u l t i p l e  
cap tu re s  are  c o m pacte d  be f o re  u n l o ad i n g ,  h e n c e  th e  t i m e  to  m o n i to r  th e  ag e i n g  m u l t i p l e  t i m e s  
can  be  s i g n i f i c an tl y re d u ce d .  

IEC  

C LK  

G u a rd  b an d  

Ag e i n g  l e ve l  

Te s t  re s u l t  
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4.3  Arch i tectu re and  operation  

  

( a)  Ag e i n g  l e ve l  m o n i to ri n g  arch i te ctu re  

 

( b)  S c an  ch ai n  arch i te ctu re  wi th  s c an  c e l l s  an d  p e rfo rm an ce  e s ti m ati o n  s can  ce l l s  

Figure 4  – Ageing  l evel  moni toring  and  scan  chain  arch i tecture  

Fi g u re  4 a)  s h o ws  th e  arch i te c tu re  o f  th e  ag e i n g  l e ve l  e s ti m ati o n  pro c e s s .  Th e  
co re - u n d e r- p e rfo rm an c e  e s t i m ati o n  h as  a  s c an  c h ai n ,  wh i ch  i s  co m pri s e d  o f  re g u l ar  s c an - ce l l s  
an d  P E S E s ,  as  s h o wn  i n  F i g u re  4 b) .  A P E S E  co n s i s ts  o f  an  S C  an d  P E S C .  

Th e  P E C  s am pl e s  m o n i to re d  re s u l ts  vi a a s can - o u t  te rm i n al  an d  c o m pare s  th e  re s u l ts  an d  
afte r  a  co m p l e te  m o n i to ri n g  pro c e s s ,  i t  as s e rts  th e  “ D o n e ”  s i g n al  wi th  a  “ P as s /F ai l ”  s i g n al .  
P E C  s e tt i n g s  i n cl u d e  th e  s can  c h ai n  l e n g th  an d  th e  n u m b e r o f  m u l t i p l e  cap tu re s ;  th e s e  are  
s to re d  i n  d e cre m e n t  co u n te rs .  P E C LK i s  ph as e  s h i fte d  ve rs i o n  o f  C LK an d  g e n e rate d  vi a  a 
d e l a y- ad j u s ti n g  c i rcu i t .  Th e  am o u n t  o f  d e l a y an d  P E C  s e tti n g s  are  s h i fte d  th ro u g h  an  I E E E  s td .  
1 1 4 9 . 1  T AP  c o n tro l l e r.  
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Figure 5  – State d iag ram  for  performance estimation  control l er  

Fi g u re  5  s h o ws  th e  s tate  d i ag ram  fo r th e  P E C .  B y th e  ag e i n g  m o n i to ri n g  e n ab l e  s i g n al ,  th e  
s tate  ch an g e s  fro m  “ I D LE ”  to  “ P E  captu re , ”  an d  P E C LK i s  e n ab l e d .  D u ri n g  th i s  s tate ,  P E S C s  
co n ti n u o u s l y s am pl e  u n ti l  th e  co u n te r  fo r  th e  m o n i to ri n g  c ap tu re  be c o m e s  “ 0 . ”  After  f i n i s h i n g  
th e  captu re s ,  th e  s tate  c h an g e s  to  “ P E  s h i ft, ”  an d  th e  P E S E  s i g n al  c h an g e s  to  “1 ” .  D u ri n g  th i s  
s tate ,  th e  re s u l ts  are  u n l o ad e d  th ro u g h  th e  s can  ch ai n  to  c h e ck th e  ag e i n g  s tatu s .  Afte r  th e  
co u n te r f o r th e  s h i ft  o p e rati o n  b e co m e s  “ 0 ”,  ( 1 )  th e  “ D o n e ”  s i g n al  i s  s e t,  ( 2 )  i f  ag e i n g  i s  
d e te cte d ,  th e  P as s /F ai l  s i g n al  b e c o m e s  “ 0 ”  o th e rwi s e  “ 1 ”,  an d  ( 3 )  th e  n e xt  s tate  b e co m e s  
“ I D LE ”.  To  re d u ce  p o we r  co n s u m pti o n  d u ri n g  th e  “ I D LE ”  s tate ,  al l  th e  m o n i to ri n g  c e l l s  c an  b e  
tu rn e d  o ff  b y ke e p i n g  P E C LK at  “1 ”  an d  l o ad i n g  “1 ”  i n to  e ach  s c an  ce l l  wh i l e  u n l o ad i n g  th e  
cap tu re  re s u l ts .  

4.4  Performance est imation  storage element  

  

( a)   P e rfo rm an ce  e s ti m ati o n  s to rag e  e l e m e n t  
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( b)   P e rfo rm an ce  e s ti m ati o n  re s u l t  c e l l  

Figure 6  – Modi fied  scan  cel l  arch i tecture  

Fi g u re  6  s h o ws  th e  pro po s e d  P E S E  arch i te c tu re .  Th e  s to rag e  e l e m en t,  s h ad o w l atc h ,  an d  
P E R C  u s e  ke e pe rs  co n s i s ti n g  o f  two  i n ve rte rs  wi th  d i ffe re n t  d ri vi n g  c ap ab i l i t i e s  to  re tai n  th e  
s tate  [ 1 0 ] .  A P E S E  co n s i s ts  o f  f i ve  parts :  ①  a  s c an  s to rag e  e l e m e n t,  ②  a  s h ad o w l atc h ,  ③  a  
s am pl i n g  t i m e  i n d i c ato r,  ④  a  l o g i c  c o n tro l l i n g  th e  i n pu t  A o f  P E R C ,  an d  ⑤  a  P E R C  th at  
co m pare s  th e  val u e s  o f  A an d  B  an d  th e n  s to re s  th e  re s u l t.  Th e  d etai l s  o f  e ac h  part  are  
d e s cri b e d  i n  th e  fo l l o wi n g :  

①  A s c an  s to rag e  e l e m e n t  part  i s  d e s i g n e d  c o n s i d e ri n g  a  s can  d es i g n ,  an d  ke e p e rs  are  
ad o pte d  i n  o rd e r  to  re d u ce  th e  are a o ve rh e ad .   

②  A s h ad o w l atch  part  s to re s  th e  val u e  o f  e i th e r  D  o r  P E S I  c h o s e n  b y P E S E  at  s p e c i f i c  
t i m i n g  wh i ch  i s  e l ab o rate d  i n  ③ .   

③  A s am pl i n g  t i m e  i n d i cato r p art  re c e i ve s  C LK an d  P E C LK,  an d  th e n  o u tp u ts  “1 ”  i f  b o th  
s i g n al s  are  “ 0 , ”  wh i ch  i s  e q u i val e n t  as  a N OR  g ate  o pe r ati o n .   

④  W h e n  P E S E  i s  “ 1 , ”  i t  s e ts  th e  i n p u t  A val u e  o f  P E R C  to  b e  “ 0 ”  i n d i c ati n g  th at  P E R C  c an  
wo rk as  a l atch ,  o th e rwi s e  th e  i n p u t  A val u e  o f  P E R C  be co m e s  th e  val u e  o f  o u tpu t  o f  
s to rag e  e l e m e n t.   

⑤  W h e n  th e  val u e s  o f  P E S E ,  C LK an d  P E C LK are  “ 0 , ”  “ 1 ”  an d  “ 0 , ”  re s p e cti ve l y,  th e  val u e s  
o f  A an d  B  are  c o m pare d  an d  s to re d  i n to  th e  ke e p e r ( th i s  proc e s s  i s  d e s cri b e d  as  
s to ri n g  i n  P E R C  th ro u g h o u t  th i s  pro p o s al ) .  Th e  co m pare d  re s u l t  i s  s to re d  o n l y i f  th e  
ke e p e r’ s  pre vi o u s  val u e  i s  “1 . ”  W h e n  P E S E  “1 , ”  th e  i n pu t  A be c o m e s  “ 0 ”  an d  th e  ke e p e r 
s to re s  th e  i n ve rte d  val u e  o f  B  th at  i s  an  i n ve rs i o n  o f  P E S I .  I n  o th er  wo rd s ,  th e  ke e p e r o f  
P E R C ,  wh i ch  i s  c o n n e c te d  wi th  P E S O ,  s to re s  th e  val u e  o f  P E S I .  

 

Figure 7  – Operations of  shadow latch ,  storage  element,  and  PERC 
accord ing  to  CLK and  PECLK 
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Al l  o f  th e  P E S E  t i m i n g s  are  ad j u s te d  b y C LK an d  P E C LK.  F i g u re  7  s h o ws  a t i m i n g  d i ag ram  fo r  
bo th  c l o cks  al o n g  wi th  th e  c o rre s p o n d i n g  o p e rati o n .  Th e re  are  th re e  s to ri n g  p o i n ts :  ( 1 )  th e  
d ata o n  D  o r P E S I  i s  l atc h e d  i n to  th e  s h ad o w l atc h  wh e n  b o th  c l o cks  are  “ 0 , ”  ( 2 )  th e  fu n cti o n al  
s to rag e  e l e m e n t  s am pl e s  at  th e  ri s i n g  e d g e  o f  C LK,  an d  ( 3 )  th e  s to re d  d ata o f  th e  s h ad o w 
l atc h  an d  th e  fu n cti o n al  s to rag e  e l e m e n t  are  co m pare d ,  an d  th e  re s u l t  i s  s to re d  i n  P E R C .  

4.5  Simu lat ion  resu l ts  

H e re  a  s i m p l e  s i m u l at i o n  i s  c o n d u c te d  f o r e as y u n d e rs tan d i n g .  A s can  c h ai n  o f  e i g h t  ce l l s  was  
d e s i g n e d  wi th  th e  pro p o s e d  P E S E s  an d  g e n e rate d  8 - b i t  p aral l e l  d ata fo r  th e  s c an  c h ai n  to  
m i m i c  an  o u tp u t  o f  a  c o m bi n ati o n al  l o g i c .  I t  i s  as s u m e d  th at  th e  d e vi ce  i s  o p e rate d  at  1  G H z  
d u ri n g  fu n cti o n al  m o d e  an d  th e  g u ard  b an d  i s  1 0  %.  Th e re fo re ,  to  e s ti m ate  th e  ag e i n g  l e ve l  i n  
th e  s i m u l ati o n ,  th e  d ata we re  s am pl e d  1 0 0  ps  e arl i e r  th an  th e  ri s i n g  e d g e  o f  th e  fu n cti o n al  
cl o ck.  

 

Figure 8  – Simulation  resu l ts  for  a  case in  wh ich  ageing  occurs on  a  data path  

Fi g u re  8  s h o ws  th e  s i m u l ati o n  re s u l t .  To  ve ri f y th e  fu n c ti o n al i t y o f  th e  pro p o s e d  P E S E ,  ag e i n g  
was  c o n s c i o u s l y i n d u c e d  i n  th e  fo u rth  s i g n i f i c an t  b i t  o f  th e  d ata th ro u g h  a  d e l a y.  As  
re p re s e n te d  b y th e  re d  arro w,  th e  fo u rth  b i t  i s  tran s m i tte d  ( 1 1 1 1 0 0 1 1  = >  1 1 1 1 1 0 1 1 )  afte r 
cap tu ri n g  i n to  th e  s h ad o w l atc h .  Th u s ,  “ 1 1 1 1 0 0 1 1 ”  i s  c ap tu re d  b y P E S E s  wh e n  bo th  cl o cks 
are  ze ro ,  an d  “1 1 1 1 1 0 1 1 ”  i s  c aptu re d  b y th e  fu n cti o n al  s to rag e  e l e m e n t s  ( Q)  at  th e  ri s i n g  
e d g e  o f  th e  C LK.  W h e n  C LK an d  P E C LK are  “ 1 , ”  “ 0 , ”  re s pe c ti ve l y,  th e  co m p are d  re s u l t  i s  
cap tu re d  i n to  th e  P E R C  th at  h as  s am e  th e  val u e  o f  P E S O .  Th e re fo re ,  th e  f i rs t  8  b i ts  i n  th e  
P E R C  b e c o m e  “ 1 1 1 1 0 1 1 1 , ”  wh i c h  m e an s  ag e i n g  i s  d e te c te d  o n  th e  fo u rth  d ata p ath .  F i n al l y,  
th e  te s t  re s u l ts  are  s h i fte d  o u t  an d  an al ys e d .  

4.6  Experimental  resu l ts  

S i n c e  a  tran s i s to r ag e s  g rad u al l y,  a  p e ri o d i c  ag e i n g  m o n i to ri n g  i s  m o re  re al i s ti c  an d  h as  th e  
ad van tag e  o f  re d u ci n g  po we r c o n s u m pti o n  [ 2 ] .  Th e  fre q u e n c y o f  p e ri o d i c  m o n i to ri n g  s h o u l d  b e  
i n cre as e d  as  th e  d e vi ce  g e ts  o l d e r.  Th e  m o n i to ri n g  fre q u e n c y o f  a  d e vi c e  th ro u g h  i ts  l i fe  t i m e  
can  b e  e ffe cti ve l y d e te rm i n e d  b y c o n s i d e ri n g  th e  cu rre n t  ag e i n g  l e ve l  b u t  was  f i x e d  i n  
pre vi o u s  appro ac h e s .  Th e  ag e i n g  l e ve l  fo r  e ac h  co m po n e n t  i s  e s t i m ate d  b as e d  o n  th e  pre s e n t  
pe rf o rm an c e ,  wh i ch  vari e s  acc o rd i n g  to  th e  u s ag e  rate  an d  e n vi ro n m e n tal  facto rs  s u c h  as  
te m pe ratu re ,  vo l tag e ,  e tc .  
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Fo r pe ri o d i c  m o n i to ri n g ,  a  s e parate  m o n i to ri n g  m o d e  s h o u l d  b e  s u pp o rte d .  P re vi o u s  
ap pro ach e s  e i th e r  can n o t  s u pp o rt  a  s e p arate  m o n i to ri n g  m o d e  [ 4,  5 ]  o r  c an n o t  e ffe cti ve l y 
re d u c e  th e  p o we r c o n s u m pti o n  [2 ,  3 ] .  H o we ve r,  th e  ag e i n g  e s t i m ati n g  ce l l  o f  th e  pro p o s e d  
s to rag e  e l e m e n t  i s  app ro pri ate l y co n tro l l e d  fo r  re d u ci n g  th e  p o we r co n s u m pti o n .  

Th e  p o we r  c o n s u m pti o n s  are  c o m pare d  f o r  th re e  s to rag e  e l e m e n ts :  th e  pro p o s e d  s to rag e  
e l e m e n t,  th e  Ag e i n g  s e n s o r s to rag e  e l e m e n t  [ 2 ]  an d  th e  E arl y c aptu re  s to rag e  e l e m e n t  [ 3 ] ,  
d u ri n g  fu n cti o n al  an d  ag e i n g  m o n i to ri n g  m o d e s .  Th e s e  th re e  s to rag e  e l e m e n ts  are  s i m u l ate d  
th ro u g h  H - S p i ce  u s i n g  5 0 - n m  te ch n o l o g y B S I M  l i brar y [ 1 1 ] .  W e  ap pl i e d  ran d o m  i n pu ts  to  
th e s e  s to rag e  e l e m e n ts  fo r s e ve ral  m i l l i s e c o n d s  an d  m e as u re  th e  ave rag e  po we r co n s u m pti o n .  
Th e  re s u l ts  are  pre s e n te d  i n  Tab l e  1  an d  i ts  f i rs t  c o l u m n  s p e ci f i e s  th e  t yp e  o f  s to rag e  e l e m e n t .  
Th e  s e c o n d  co l u m n  s pe ci f i e s  th e  fu n cti o n al  m o d e  p o we rs  o f  e ach  s to rag e  e l e m e n t  an d  th e  
l as t  two  c o l u m n s  l i s t  th e  cap tu re  an d  s h i ft  p o we r  d u ri n g  ag e i n g  m o n i tori n g  m o d e .  Th e  re s u l ts  
re ve al  th at  d u ri n g  fu n cti o n al  m o d e ,  th e  pro p o s e d  s to rag e  e l e m e n t  s i g n i f i can tl y re d u ce s  th e  
po we r  co n s u m pti o n  co m pare d  to  o th e r  s to rag e  e l e m e n ts  i n  wh i ch  th e  e arl y cap tu re  s to rag e  
e l e m e n t re m ai n s  o n  an d  th e  s e n s o r o f  th e  ag e i n g  s e n s o r  s to rag e  e l em e n t  d o e s  n o t  re m ai n  
co m pl e te l y o ff  d u ri n g  th e  fu n cti o n al  m o d e .  H o we ve r,  th e  pro po s e d  s to rag e  e l e m e n t  s l i g h t l y 
i n cre as e s  b o th  th e  captu re  an d  s h i ft  p o we r  d u ri n g  ag e i n g  m o n i to ri n g  m od e .  

Table  1  – Power consumption  compared  wi th  prior  work 

Storage el emen t  Type  
Functional  

Mode (µW )  

Mon i toring  Mode (µW )  

Capture  Sh i ft  

Ag e i n g  s e n s o r s to ra g e  
e l e m e n t  [ 2 ]  

7, 2 2  9 , 8 4  -  

E arl y  cap tu re  s to rag e  
e l e m e n t  [ 3 ]  

7, 8 9  1 3 , 8 2  7, 44  

P E S E  ( pro p o s e d )  3 , 9 0  1 3 , 0 4  8 , 0 5  

 

S i n c e  th e  ag e i n g  m o n i to ri n g  m o d e  i s  p e ri o d i cal l y act i vate d  fo r  a  ve r y s h o rt  t i m e  th at  i s  f u rth e r 
s h ru n k wi th  th e  pro p o s e d  s to rag e  e l e m e n t  d u e  to  m u l t i p l e  cap tu re s ,  th e  p o we r  i n cre m e n t  
d u ri n g  m o n i to ri n g  m o d e  i s  n e g l i g i b l e .  F u rth e rm o re ,  i t  i s  n o te d  th at  th e  ave rag e  p o we r  
co n s u m pti o n  o f  th e  pro po s e d  s to rag e  e l e m e n t  i s  s i g n i f i can tl y l o we r th an  o th e r appro ach e s .  
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Figure 9  – PECLKs for various delay points  and  thei r resu l ts  

Fi g u re  9  s h o ws  P E C LKs  fo r vari o u s  d e l a y p o i n ts  an d  th e i r  re s u l ts  i n  s h ad o w l atch e s .  A s i g n al  
h as  arri ve d  at  1 1  n s  o n  th e  i n pu t  D .  Th e  s h ad o w l atc h  i s  s u p po s e d  to  h o l d  th e  i n ve rte d  val u e  
of  i n pu t  D ,  h e n c e  th e  val u e  o f  th e  s h ad o w l atc h  h as  to  be  h i g h  fo r ag e i n g  fre e  P E C LK i n  
Fi g u re  7.  Th e re  are  8  p h as e  s h i fte d  P E C LKs  an d  fo u r  o f  th e m  ( bl u e ,  s ky,  m ag e n ta,  re d )  d e te ct  
ag e i n g .  Th e re fo re ,  th e  ag e i n g  l e ve l  i s  e s t i m ate d  as  th e  f i fth  P E C LK ( o ran g e ) .  
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