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MoBvaBon	  
§  Requirements	  of	  ubiquitous	  compu<ng	  

§  Design	  cost	  
§  Small	  form-factor	  
§  Long-‐las<ng	  
§  Energy	  efficient	  
§  Flexibility	  	  

§  FPGA	  interconnect	  
§  Consumes	  60%-‐70%	  power	  
§  Dominates	  delay	  and	  area	  

§  Further	  energy	  efficiency	  in	  an	  ultra-‐low	  
power(ULP)	  system	  	  
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Flexibility	  

Energy	  efficiency	  
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Outline	  
§  Mo<va<on	  	  
§  Background	  of	  FPGA	  	  
§  Op<miza<on	  of	  the	  energy	  efficient	  low-‐swing	  
interconnect	  for	  sub-‐threshold(SubVt)	  FPGAs	  

§  Further	  energy	  reduc<on	  of	  FPGA	  interconnect:	  
a	  voltage	  scaling	  technique	  

§  An	  ultra-‐low	  swing	  single	  ended	  level	  converter	  
design	  

§  Conclusion	  and	  contribu<on	  
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Background	  of	  FPGA	  
§  Island-‐style	  FPGA	  architecture	  

§  CLB:	  Configurable(complex)	  logic	  block	  (or	  LB	  )	  
§  SB:	  Switch	  box	  
§  CB:	  Connec<on	  box	  
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Background	  of	  FPGA	  
§  Island-‐style	  FPGA	  architecture	  

Logic 
Block

SR

SR

Switch	  Box	   Connec<on	  Box	  

CLB	  (Basic	  Logic	  Element)	  

Switch	  
Point	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  

§  Tradi<onal	  op<ons	  
§  Switch	  point	  

§  Bi-‐direc<onal:	  tri-‐state	  buffers	  
§  Uni-‐direc<onal:	  Mux	  and	  buffer	  

§  Connec<on	  box	  (will	  be	  compared)	  
§  Full	  mux	  
§  1-‐stage	  mux	  
§  2-‐stage	  mux	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  

§  Basic	  structure	  of	  low-‐swing	  interconnect	  
§  Switch	  point:	  Pass	  Gate/	  Transmission	  Gate	  
§  Sense	  amplifier:	  pull	  the	  signal	  back	  to	  nominal	  
voltage	  
§ Weaken	  PUN	  
§  Sensi<ve	  for	  	  
low-‐swing	  input	  

§  Connec<on	  box:	  	  
S<ll	  mux-‐based	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  

§  Global	  interconnect	  model	  
§  Based	  on	  MCNC	  benchmarks:	  20	  applica<ons	  
§  MCNC	  benchmarks	  path	  distribu<on	  

§  Length:	  number	  of	  switches	  of	  the	  path	  
§  Observa<on:	  

§  Shorter	  than	  40:	  occupy	  98%	  of	  the	  total	  switch	  count,	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  94%	  of	  the	  total	  global	  interconnect	  energy	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  few	  branches.	  

	  	  
	  

	  

8	  



Robu
st 
Low 

Powe
r 

VLSI 

OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  
§  Global	  interconnect	  model	  

§  Length:	  40	  switch	  points	  (5	  switches	  each)	  
§  No	  branches:	  worst	  case	  
§  Wire	  segment:	  pi	  model	  
§  Dual-‐VDD	  scheme:	  VDDC>VDD	  (previous	  work	  )	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  
§  Redefine	  the	  problem	  

§  Dual-‐VDD:	  op<mal	  combina<on?	  
§  Connec<on	  box	  
§  Driver	  
§  Switch	  point	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  

11	  

§  Op<miza<on:	  Connec<on	  box	  (simula<on)	  
§  @VDD=0.4V,	  

VDDC=0.6V.	  
§  Connec<on	  box	  

§  Full	  mux	  
§  1-‐stage	  
§  2-‐stage	  

§  Decision	  
§  2-‐stage	  	  
§ Best:	  energy	  &	  varia<on	  
§ Overhead:	  area(2.6X	  than	  full	  mux	  structure)	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  

§  Op<miza<on:	  Driver,	  switch	  point	  (simula<on)	  
§  @VDD=0.4V,	  

VDDC=0.6V.	  
§  Driver	  size	  

§  5X,	  10X,	  20X	  
§ Decision:	  10X	  

§  Switch	  size	  
§  1X,2X,4X,8X	  
§ Decision:	  4X	  
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Driver	  size	   PG	  size	  

TT	  

MC	  

*	  Decision	  is	  made	  considering	  
measurement	  results	  too.	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  

§  Op<miza<on:	  Measurement	  of	  the	  chip	  
§  Dual-‐VDD	  scheme	  

§ VDD:	  0.4V	  
§ VDDC:	  0.6V	  

§  Switch	  point	  
§  Size:	  4X	  
§  Topology:	  PG	  

§  Driver	  	  
§  Size:	  10X	  
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VDD	   VDD	  &	  VDDC	  

Switch	  size	   Driver	  size	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  

§  Comparison	  
§  Op<mized,	  un-‐op<mized,	  tradi<onal(uni-‐direc<onal)	  
§  Vs.	  tradi<onal	  design:	  

§  97.7%	  smaller	  delay	  
§  42.7%	  smaller	  energy	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  
§  Layout	  photo	  of	  the	  130	  nm	  CMOS	  chip	  
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Outline	  
§  Mo<va<on	  	  
§  Background	  of	  FPGA	  	  
§  Op<miza<on	  of	  the	  energy	  efficient	  low-‐swing	  
interconnect	  for	  sub-‐threshold(SubVt)	  FPGAs	  

§  Further	  energy	  reduc<on	  of	  FPGA	  interconnect:	  
a	  voltage	  scaling	  technique	  

§  An	  ultra-‐low	  swing	  single	  ended	  level	  converter	  
design	  

§  Conclusion	  and	  contribu<on	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Basic	  idea	  

§  Trade:	  delay	  &	  energy??	  	  

17	  
hmps://buffy.eecs.berkeley.edu/PHP/resabs/resabs.php?
f_year=2004&f_submit=chapgrp&f_chapter=10	  

Delay	  	   Energy	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Programmable	  header	  structure	  

18	  



Robu
st 
Low 

Powe
r 

VLSI 

Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Interconnect	  circuit	  models:	  based	  on	  MCNC	  
benchmarks	  	  
§  Average	  model	  (AM)	  

	  

§  Long	  net	  model	  (LM)	  
§ Worst	  case	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Voltage	  scaling	  pre-‐explora<on	  using	  AM	  and	  
LM	  

20	  

LM@0.8V	  

AM@0.4V	  

AM@0.8V	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Paths	  distribu<on	  of	  MCNC	  benchmarks	  
compared	  with	  AM	  
§  Observa<ons:	  similar	  distribu<on,	  short	  paths	  are	  
the	  major	  part	  
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	  Percentage	  of	  paths	  whose	  
longest	  net	  is	  shorter	  than	  AM	  
circuit	  in	  20	  MCNC	  benchmarks	  

	  Percentage	  of	  the	  paths	  whose	  
switch	  count	  is	  less	  than	  AM	  
circuit	  in	  20	  MCNC	  benchmarks	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Voltage	  scaling:	  a	  case	  study	  of	  ALU4	  

§  VDDH=0.8V,	   VDDL=0.4V	  
§  Applicable	  factor:	  60%	  

22	  

Delay	  
distribuBon	  

Energy	  
distribuBon	  

No	  voltage	  scaling	   Voltage	  scaling	  

Energy	  decreases	  
by	  17.3%	  

No	  performance	  
penalty	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Voltage	  scaling:	  a	  case	  study	  of	  ALU4	  

§  Applicable	  factor:	  sweeping	  from	  0	  to	  maximum	  (the	  
max	  AF	  is	  99%	  for	  ALU4)	  

23	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Voltage	  scaling:	  

§  For	  7	  representa<ves	  of	  MCNC	  benchmarks	  

24	  

Maximum	  applicable	  factors	   Energy	  reduc<on	  with	  
maximum	  applicable	  factors	  

Average:	  98%	  
Average:	  68.6%	  
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Outline	  
§  Mo<va<on	  	  
§  Background	  of	  FPGA	  	  
§  Op<miza<on	  of	  the	  energy	  efficient	  low-‐swing	  
interconnect	  for	  sub-‐threshold(SubVt)	  FPGAs	  

§  Further	  energy	  reduc<on	  of	  FPGA	  interconnect:	  
a	  voltage	  scaling	  technique	  

§  An	  ultra-‐low	  swing	  single	  ended	  level	  converter	  
design	  

§  Conclusion	  and	  contribu<on	  
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A	  single	  ended	  low-‐swing	  level	  
converter	  design	  
§  Lowering	  system	  threshold	  voltage	  
§  Increasing	  energy	  u<liza<on	  of	  SoCs:	  energy	  
harves<ng	  system	  

26	  



Robu
st 
Low 

Powe
r 

VLSI 

A	  single	  ended	  low-‐swing	  level	  
converter	  design	  
§  Tradi<onal	  level	  converter	  

§  Switching	  ability:	  ~	  300mV	  –	  400mV	  

27	  

VDDL	  

VDDH	  
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A	  single	  ended	  low-‐swing	  level	  
converter	  design	  
§  Proposed	  design	  idea:	  using	  subthreshold	  2X	  
charge	  pump	  

28	  
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A	  single	  ended	  low-‐swing	  level	  
converter	  design	  
§  Architecture	  of	  the	  proposed	  level	  converter	  	  
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Can	  be	  any	  dual-‐input	  level	  
converter	  design	  
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A	  single	  ended	  low-‐swing	  level	  
converter	  design	  
§  Func<onal	  waveform	  of	  the	  proposed	  CPBULS	  
(charge	  pump	  based	  ultra	  low	  swing)	  level	  
converter	  	  
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A	  single	  ended	  low-‐swing	  level	  
converter	  design	  
§  Simula<on	  and	  measurement	  

§  Monte	  carlo	  simula<ons,	  itera<on=100	  
§  CPBULS:	  128mV	  
§  CPBLC:	  171mV	  
§  ULS:	  197mV	  
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A	  single	  ended	  low-‐swing	  level	  
converter	  design	  
§  Simula<on	  and	  measurement	  

§  Measurement	  results:	  130nm	  CMOS	  technology	  
§  CPBULS:	  157mV	  
§  CPBLC:	  198mV	  
§  ULS:	  205mV	  
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A	  single	  ended	  low-‐swing	  level	  
converter	  design	  
§  Die	  photo	  
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A	  single	  ended	  low-‐swing	  level	  
converter	  design	  

§  Conclusion	  and	  comparison	  
§  Compared	  with	  [6]	  

§  1.5X	  worse	  energy/conversion	  
§  2X	  higher	  switching	  capability	  
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* All	  the	  numbers	  in	  green	  squares	  are	  referenced	  work	  in	  the	  paper	  and	  thesis	  
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Conclusion	  and	  contribuBon	  
§  Op<mized	  the	  subthreshold	  FPGA	  interconnect	  

§  Dual-VDD	  scheme	  
§  Switch	  box,	  connec<on	  box,	  driver	  
§  Signal	  degrada<on	  
§  Compared	  with	  the	  tradi<onal	  design	  

§  97.7%	  less	  delay	  	  
§  42.7%	  less	  energy	  

§  Voltage	  scaling	  technique	  to	  further	  reduce	  the	  
energy	  consump<on	  of	  FPGA	  interconnect	  
§  Programmable	  header	  structure	  
§  Explored	  the	  poten<als	  of	  voltage	  scaling	  of	  the	  interconnect	  

§  98%	  of	  the	  paths	  can	  be	  applied	  with	  lower	  driving	  voltage	  
§  68.6%	  energy	  reduc<on	  without	  any	  performance	  penalty	  
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Conclusion	  and	  contribuBon	  
§  Ultra-‐low	  swing	  low	  power	  level	  converter	  
design	  
§  Further	  extends	  system	  threshold	  voltage	  

§  Take	  more	  use	  of	  the	  energy	  in	  ultra-‐low	  power	  system:	  e.g.	  
energy	  harves<ng	  system	  

§  145	  mV	  switching	  ability	  from	  measurement	  results,	  poten<ally	  
99.6mV	  switching	  ability	  from	  simula<on	  results	  
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QuesBons?	  

Thank	  you.	  
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OpBmizaBon	  of	  subVt	  FPGA	  
interconnect	  

§  Signal	  degrada<on	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Path	  informa<on	  of	  MCNC	  benchmarks	  
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Further	  energy	  reducBon	  of	  
interconnect:	  voltage	  scaling	  
§  Header	  size	  explora<on	  

§  20X:	  the	  balance	  of	  energy,	  delay,	  area	  
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