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Over  the  pas t  d ecad es ,  s eve ra l  emerg ing  memory  dev ices  have  been  

in t roduced  wi th  the  a im  o f  enhanc ing  c i rcu i t  pe r fo r mance .  Sp in - t rans fe r  

t o rque  magne t i c  t unne l  j unc t ion  (STT-MTJ)  i s  one  o f  t he  mos t  p romis ing  

emerg ing  memor ies  and  has  found  widesp read  app l i ca t ions  because  o f  i t s  

exce l l en t  phys i ca l  p roper t i e s ,  s ca l ab i l i t y  poten t i a l  and  compat ib i l i t y  wi th  

CMOS t echno logy.  

To  l everage  the  p o ten t i a l  o f  STT-MTJ ,  i t  i s  necessa r y  to  deve lop  c i rcu i t  

s imula t ion  mode l s  wi th in  e l ec t ron ic  des ign  au tomat ion  (EDA)  too l s .  Fo r  

d i ffe ren t  t ypes  o f  app l i ca t ions ,  t he re  a re  va ry ing  requ i remen t s  fo r  STT-MTJ  

s imula t ion  mode l s .  These  requ i r emen t s  encompass  va r ious  aspec t s  such  as  

mode l  accuracy,  CPU t ime ,  memory  requ i remen t  and  in fo rmat ion  on  

magne t i za t ion  dynamics .  The  p r imary  ob je c t ive  o f  t h i s  a r t i c l e  i s  t o  deve lop  

appropr i a t e  c i rcu i t  s imula t ion  mode ls  fo r  STT-MTJ  t a i l o red  to  d i ffe ren t  t ypes  

o f  app l i ca t ions .  These  mode l s  wi l l  be  used  to  s imula t e  va r ious  app l i ca t ions  

and  va l ida t e  the i r  u t i l i t y.  

Fo r  STT-MTJ ,  t he  s tochas t i c  Landau - Li f sh i t z -Gi lbe r t -S lonczewsk i  ( s -LLG S) 

equa t ion  p rov ides  t he  r i go rous  desc r ip t ion  o f  t he  dynamics  i n  magne t i za t ion .  

However,  t he  mode l  based  on  so lv ing  the  equa t ion  l eads  to  l ong  s imula t ion  

t imes  and  h igh  memory  requ i remen t s  s ince  i t  r equ i res  ca l cu la t ing  a  r an do m 

Langev in  f i e ld  a t  each  t imes t ep  and  us ing  a  smal l e r  t imes t ep  fo r  accura t e  

r esu l t s .  The  s -LLG S equa t ion  based  mode l  cos t s  an  un accep tab le  CPU t ime 

fo r  l a rge - sca l e  c i rcu i t s  s imula t ions  such  as  sp in - t rans fe r  t o rque  

magne to res i s t i ve  random -access  memory  (S TT-MRAM).  Under  t h i s  s i t ua t ion ,  

a  c i rcu i t  s imula t ion  mode l  based  on  swi t ch ing  p robab i l i t y  wh ich  inc ludes  

severa l  equa t ions  to  desc r ibe  the  swi t ch ing  charac t e r i s t i c s  fo r  d i ffe r en t  

cu r ren t  cond i t i ons  i s  p roposed .  Compared  wi th  the  s -LLGS equa t ion  based  

mode l ,  i t  s i gni f i can t ly  reduces  s imula t ion  t ime .  Un l ike  o ther  c i rcu i t  

s imula t ion  mode l s  based  on  swi t ch ing  p robab i l i t y,  t he  p roposed  model  

addres ses  a  l imi t a t ion  o f  t ha t  t he re  i s  no  phys i ca l  mode l  fo r  a  ce r t a in  rang e  o f  

i n j ec t ion  cu r ren t  by  in t roduc ing  a  f ramew ork  tha t  connec t s  e x i s t i ng  equa t ions  

wh ich  were  de r ived  f rom two  ext reme  phys i ca l  cond i t i on .  

However,  t he  swi t ch ing  p robab i l i t y  based  mode l  cann o t  be  used  fo r  t he  

app l i ca t ions  wh ich  need  the  in fo rma t ion  on  magne t i za t ion  change  such  a s  

sp ik ing  neura l  ne t wor ks  (SNNs) .  For  t h i s  r equ i remen t ,  a  s imula t ion  mode l  

based  on  the  Fokker -P lanck  equa t ion  (FPE)  which  i s  t he  mas t e r  equa t ion  o f  
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t he  s -LLGS equa t ion  i s  p roposed .  The  FPE i s  so lved  by  the  f in i t e  d i ffe r ence  

method  ( FDM) and  the  impac t  o f  t he  s o lver s  on  computa t iona l  e ff i c i ency  an d  

accuracy  i s  ana lyzed .  A f ramework  i s  p roposed  which  t r aces  dynamics  o f  a  

pa r t i cu l a r  STT-MTJ’s  t he t a  be tween  th e  magne t i c  moment s  o f  t he  f ree  and  th e  

p inned  l ayers  and  ach ieves  pe r fo rman ce  comparab le  t o  t ha t  o f  the  s -LLGS 

equa t ion  i s  ac h ieved .  The  p ropose d  mode l  r ep resen t s  t he  f i r s t  mode l  fo r  

STT-MTJ  based  on  the  FPE to  be  implemen ted  in to  a  de f ac to - s t andard  c i rcu i t  

s imula to r  HSPICE.  

The  two  p roposed  mode l s  show exce l l en t  accu rac i es  when  compared  wi th  

exper imen ta l  da t a  and  they  demons t ra t e  h igh  CPU t ime  e f f i c i ency  in  

compar i son  wi th  o ther  mode ls  fo r  l a rg e  sca l e  c i rcu i t  s imula t ions .  The  mode l s  

were  app l i ed  to  two  d i ffe ren t  app l i ca t ions  to  ve r i fy  t he i r  e ffec t iveness  i n  

p rac t i ca l  u se .  Spec i f i ca l ly,  t hese  app l i ca t ions  a re  STT-MRAM and  a  sp ik i ng  

neura l  ne twork  ( SNN)  tha t  i s  p roposed  by  the  au thor.  The  two app l i ca t ions  

u t i l i ze  d i ffe r en t  charac t e r i s t i c s  o f  STT-MTJ .  The  res u l t s  show tha t  t he  

p roposed  mode l s  have  been  app l i ed  wel l  i n  d i ffe r en t  t ypes  o f  c i rcu i t s .   

Fu r the rmore ,  t he  s imula t ion  resu l t s  va l ida t e  t ha t  t he  p roposed  SNN 

implemen t s  an  au t omat i c  r es e t  func t ion  on  the  neuron  and  can  be  used  i n  

recogn i t i on  t asks .  I t  ach ieves  a  l ow -power  SNN wi th  an  energy  consumpt ion  

o f  0 .23pJ  pe r  synap t i c  opera t ion ,  wh ich  i s  a  s igni f i can t  improvement  

compared  wi th  ex i s t i ng  des ig ns .   

The  d i sse r t a t i on  con ta ins  seven  chap te r s  as  fo l lows :  

Chapte r  1  p rov ides  an  in t roduc t ion  to  t he  under ly ing  p r inc ip l es  and  h i s to r i ca l  

deve lopment  o f  MTJ ,  as  we l l  a s  an  ov erv i ew o f  i t s  bas i c  phys i ca l  p roper t i e s .  

Th is  chap te r  a l so  in t ro duces  an  overv i ew o f  t he  s -LLGS mode l  and  i t s  

l imi t a t i ons  in  c i rcu i t  s imula t ion .  

Chapte r  2  desc r ibes  t he  swi t ch ing  p robab i l i t y  mode l s  wh ich  inc ludes  the  Sun  

mode l  and  Née l -B rown mode l  fo r  t he  in j ec t ion  cu r ren t  much  l a rger  an d  

smal l e r  t han  the  c r i t i ca l  cu r ren t ,  r e spec t ive ly.  A p roblem tha t  t he re  i s  no  

phys i ca l  mode l  a round  the  c r i t i ca l  cu r ren t  i s  exp la ined .  A mathemat i ca l  

f r amework  i s  p roposed  to  ca l cu la t e  t he  swi t ch ing  charac t e r i s t i c s  i n  t he  

v i c in i ty  o f  t he  c r i t i ca l  cu r ren t  based  on  two  ex i s t i ng  mode l s .  The  mode l  fo r  

t he  res i s t ance  and  Jou le  hea t ing  e f fec t  a re  a l so  shown.  The  mode l  i s  

compared  wi th  exper imen ta l  da t a  and  the  resu l t s  va l ida t e  t he  e ffec t iveness .  
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In  Chap te r  3 ,  w e  p resen t  a  c i rcu i t  s imula t ion  mode l  based  on  the  FPE tha t  

u t i l i zes  t he  f i n i t e  d i ffe rence  method  (FDM) fo r  so lv ing  the  FPE.  We ana lyze  

va r ious  fo rms  o f  FDM and  demonst ra t e  t ha t  t he  impl i c i t  fo rm o f  FDM offe r s  

t he  bes t  t r ade -o ff  be tween  computa t ion  t ime  and  accuracy.  We a l so  p ropose  a  

f ramework  fo r  ex t rac t ing  the t a  i n fo rmat ion  o f  t he  ma gne t i za t ion  f rom the  

p robab i l i t y  dens i ty  d i s t r i bu t ion  o f  t he  the t a .  The  s imula t ion  resu l t s  ob ta ined  

f rom the  FPE based  mode l  a re  i n  good ag reemen t  wi th  bo th  exper imen ta l  da t a  

and  the  resu l t s  o f  t he  s -LLGS mode l .  

Chapte r  4  shows  two spec i f i c  app l i ca t ions  th a t  a re  app l i ed  by  the  two  

d i ffe ren t  c i rcu i t  s imula t ion  mode l s .  The  f i r s t  app l i ca t ion  u t i l i zes  t he  

res i s t ance  char ac t e r i s t i c s  o f  STT-MTJ  and  focuses  on  the  s imula t ion  o f  

4T2MTJ  STT-MRAM. The  bo th  mode l s  were  ev a lua t ed  fo r  the i r  pe r fo rman ce  

in  s imula t ing  STT-MRAM,  and the  resu l t s  demons t ra t e  t he i r  e ffec t ivenes s .  

The  second  app l i ca t ion  demons t ra t es  t he  use  o f  t he t a  i n fo rmat ion  in  

STT-MTJs  to  des ign  an  SNN wi th  STT-MTJ-based  au to - rese t  neurons  and  

synapses .  The  s imula t ion  resu l t s  have  conf i rmed the  e ffec t ivenes s  o f  t he  

p roposed  mode l  based  on  the  FPE fo r  ana lyz ing  the  c i rcu i t  opera t ions  in  t he  

SNN.  Add i t iona l ly,  t he  s imula t ion  conf i rms  the  e ff i c i en t  implemen ta t ion  o f  

t he  p roposed  SNN neuron  and  the  overa l l  SNN sys t em has  ach ieved  a  l ow 

energy  which  can  be  reduce d  to  0 .23pJ /SOP.  Overa l l ,  t hese  spec i f i c  

app l i ca t ions  p rov ide  fu r the r  ev idence  o f  t he  p rac t i ca l  app l i cab i l i t y  and  

versa t i l i t y  o f  t he  p roposed  c i rcu i t  s imula t ion  mode l s .  

Chapte r  5  shows  a  compar i son  be tween  p roposed  mode l s  and  ex i s t i ng  c i rcu i t  

s imula t ion  mo de l s ,  examining  the i r  bas i c  charac t e r i s t i c s  and  CPU t ime  

requ i remen t s .  The  resu l t s  i nd ica t e  t ha t  t he  p roposed  swi t ch ing  p robab i l i t y  

based  mode l  i s  un ique  in  so lv ing  the  in t e rmed ia t e  r eg ime p rob lem and 

accommodat ing  t ime -vary ing  cu r ren t s .  The  p roposed  FPE m ode l  i s  t he  f i r s t  

c i r cu i t  s imula t ion  mode l  based  on  the  FPE equa t ion .  The  compar i son  o f  CPU 

t ime  ac ross  c i rcu i t s  o f  va ry ing  s i ze s  and  complex i t i e s  i ndica t es  t ha t  t he  

swi t ch ing  p robab i l i t y  based  mode l  r equ i res  t he  l eas t  amoun t  o f  CPU t ime .  

Moreover,  t he  FPE  based  mode l  can  p rov i de  t he  same  in fo rmat ion  as  t he  

s -LLGS equa t ion  based  mode l  bu t  wi th  only  1 /30  o f  t he  CPU t ime .  At  l a s t  

Chapte r  5  conc ludes  the  d i s se r t a t i on .  


