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Objective 
  Main objective 

  Developing a leakage power reduction 
method for asynchronous m-out-of-n 
encoded circuits based on the 4-cycle-
signaling protocol 

  Goal of this presentation 
  Present two reduction methods using 
multiple-threshold-voltage transistors 

  Show some evaluation results using 90nm 
process technologies 
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Introduction 
   As VLSI technology advances, delay variations 
are becoming more important 

   Random variations caused by the following 
reasons are becoming main issues 
   Random process variations 
   Voltage supply noises 
   Heat generation in each device 
   Crosstalk noise 

   Random variations exhibit almost complete 
randomness even in the neighborhood devices 

m-out-of-n encoded circuits based on the QDI 
model are effective 
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Introduction 
   m-out-of-n encoded circuits based on the 4-
cycle signaling protocol 
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   Large dynamic energy 
   Spacer must be 
inserted between 
sequential codewords 

   Large static energy 
   Large amount of 
circuits 

   Leakage power is 
proportional to the 
total transistor area 



Introduction 
   In deep submicron technologies, leakage power 
becomes comparable to dynamic power 

 It is necessary to reduce leakage power! 
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Power reduction techniques 
   Adaptive supply voltage scaling [Nielsen94] 
   Variable-threshold-voltage CMOS (VTCMOS) 
and biased bases [Kuroda96] 

   Power gating using Multiple-threshold-voltage 
CMOS (MTCMOS) [Anis03,Liao05,Hu06] 

   Automatic power regulation based on 
asynchronous activity detection[Thonnart08] 

   Power gating using MTCMOS for NCL circuits 
[Bailey08] 

   Fine-grain dynamic sleep control [Seki08] 
   etc…… 

2009.05.20 ASYNC2009 8 



Power gating using MTCMOS 
  Multiple-threshold-voltage CMOS 

  High-Vth transistor 
  Small leakage current, large delay 

  Low-Vth transistor 
  Large leakage current, small delay 
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Power gating using MTCMOS 
  Multiple-threshold-voltage CMOS 
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Power gating using MTCMOS 
  Multiple-threshold-voltage CMOS 

  High-Vth transistor 
  Small leakage current, large delay 

  Low-Vth transistor 
  Large leakage current, small delay 
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Apply PS to m-out-of-n circuits 
   Apply the traditional PS-based method to m-
out-of-n encoded circuits 
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States change due to leakage 
  Leakage current is flowing even if High-
Vth transistors are used as power-switch 
transistors 

 The voltage level of a virtual ground line 
increases 
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   All the inverter gates share a virtual ground line 
   The output nodes of the 2nd,4th, and 6th inverter 
gates are the same as the virtual ground 

 The state of these nodes may change to “1” as 
the voltage of the virtual ground increases 

 It is required to keep the states of circuits when 
they are inactive 

States change due to leakage 
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Target : m-out-of-n circuits 
   In the idle phase, 
spacer of which all 
symbols are zero is 
inserted to 
combinational circuits 

   The states of 
combinational circuits 
in the idle phase can be 
determined specifically 

   Only off-state 
transistors share the 
virtual power lines 
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 Share virtual power lines 
   Divide a target combinational  
   circuit into the general CMOS  
   model 
   Identify the state of all the  
   output nodes in the idle phase 

   we can use the Verilog-XL simulator 
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 Share virtual power lines 
   Divide a target combinational  
   circuit into the general CMOS  
   model 
   Identify the state of all the  
   output nodes in the idle phase 

   we can use the Verilog-XL simulator 

   Output node : 0 
   Power lines are connected through PS transistors 
   Ground lines are connected Gnd directly 

2009.05.20 ASYNC2009 20 

0

Gnd

Vdd



 Share virtual power lines 
   Divide a target combinational  
   circuit into the general CMOS  
   model 
   Identify the state of all the  
   output nodes in the idle phase 

   we can use the Verilog-XL simulator 

   Output node : 0 
   Power lines are connected through PS-transistors 
   Ground lines are connected Gnd directly 

   Output node : 1 
   Power lines are connected Vdd directly 
   Ground lines are connected through PS-transistors 
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PS for m-out-of-n circuits 

   The combinational circuit can keep all the states 
without leakage in the idle phase  
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1st method : Power-switch 
   The request signal can be used as the power-
switch-control signal 

 Fine-grain power switching at handshake level 

 PS-control energy becomes overhead 
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Energy overhead 

   Break even time (BET) 
   The moment in which the leakage power reduction 
equals to the overhead 

   If the idle phase is shorter than BET, PS-based 
method is not effective 
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2nd method : Multi-threshold-gate 

   Off-state transistors in the idle phase are changed to the 
high-threshold-voltage transistors 

 They work as PS in the idle phase 
   There is no need to insert power-switch transistors and 
distribute the PS-control signal 

 No energy overhead 
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2nd method : Multi-threshold-gate 

   Off-state transistors in the idle phase are changed to the 
high-threshold-voltage transistors 

 They work as PS in the idle phase 
   There is no need to insert power-switch transistors and 
distribute the PS-control signal 

 No energy overhead 

   Can reduce leakage power not only in the idle phase but 
also in the working phase 

   Disadvantage: delays in the working phase may become 
large since the switching speed of high-Vth transistors is 
slow 
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Example 
  Dual-rail full adder circuit 
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Example 
   In the idle phase, all the input vector in 
each gate is zero 

2009.05.20 ASYNC2009 28 

i1p

i1n

i2p

i2n

cip

cin

sump

sumn

cop

con

0
0
0
0
0
0
0
0

0
0

0
0 0

0
0
0
0
0
0
0 0

0

0
0

0
0

0
0



Example 
   Idle phase : (In1, In2) = (0, 0) 

   In NAND structure, the upper transistor is a 
Low-Vth transistor since the leakage path to 
the ground line can be cut off by the lower 
High-Vth transistor  
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Evaluation setup 
   Using 90nm process technology 

   Using CMOS device parameters given by an LSI fabrication 
vendor 

   Supply voltage : 1.0V 
   Temperature : 100℃ 

   CAD tools 
   Standard cell design : Cadence virtuoso layout editor 
   Technology mapping : Synopsys design compiler 
   Place and route : Synopsys Astro 

   Core utilization : 70% 
   Extract spice : Mentor calibre 
   Simulation : HSPICE 
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Evaluation setup 
   Benchmark circuits : ISCAS89 

   Dual-rail (1-out-of-2) encoded circuits 
   Circuit size 

   100 random inputs 
   Evaluate average delay 
   Evaluate average energy dissipation  
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circuit name # of transistors 
s27 78 
s344 946 
s349 964 
s641 1180 
s713 1235 
s1196 4399 



Evaluation setup 
   Prepare standard cells 

   2inputs NAND, NOR, AND, OR 
   Power switch cell 

   Power-switch-based method 
   Add Virtual-Gnd pin or Virtual-Vdd pin 
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Evaluation setup 
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Evaluation setup 
   Prepare standard cells 

   2inputs NAND, NOR, AND, OR 
   Power switch cell (x4,x8,x16) 

   Virtual Vdd line and Virtual Gnd line can be considered as 
normal signals at routing design phase 
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Evaluation setup 
   Prepare standard cells 

   2inputs NAND, NOR, AND, OR 
   Power switch cell 

   Multiple-threshold-gate method 
   Add high-threshold-voltage islands to each cell 
depending on the input vector in the idle phase 
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Evaluation setup 
   Prepare standard cells 

   2inputs NAND, NOR, AND, OR 
   Power switch cell 

   Multiple-threshold-gate method 
   Add high-threshold-voltage islands to each cell 
depending on the input vector in the idle phase 
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Result : leakage power (1) 

   The leakage power of PS-based circuits is about 94% 
average smaller than that of normal circuits 

   The leakage power of MTG-based circuits is about 81% 
average smaller than that of normal circuits 
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Result : leakage power (2) 

   The leakage power of PS-based circuits is nearly equal to 
the that of normal circuits 

   The leakage power of MTG-based circuits is about 38% 
average smaller than that of normal circuits   
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Result : delay (1) 
  Working phase 

  MTG-based circuits : 
  Critical paths contain High-Vth transistors 
 About 33% average larger than normal circuits 

  PS-based circuits : 
  Delays depend on the size of power-switch 
transistors 

  We chose it as the delays of PS-based circuits are 
nearly equal to those of MTG-based circuits in 
order to compare with the MTG-based method 
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Result : delay (2) 
   Idle phase 

   Delay overhead is small since critical paths in the idle 
phase do not contain High-Vth transistors 

 The delays of PS-based circuits and MTG-based circuits 
are about 2.9% and 4.4% average larger than those of 
normal circuits, respectively 
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Result : BET for PS-based circuits 

   PS-based method is not suitable for s27 benchmark 
circuit since BET is large 

   When the period of idle phase is less than 7 cycles at 
maximum throughput rate, PS-based method is not 
effective 
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circuit name BET [nsec] Max. throughput [MHz] # of required cycles 
s27 88.7 1250 74 
s344 15.3 435 7 
s349 16.7 357 6 
s641 17.4 345 6 
s713 19.2 345 7 
s1196 21.8 303 7 



Result : area 

   The area of PS-based circuits is about 8.8% average 
larger than that of normal circuits due to PS transistors 
and PS-control-signal distribution 

   The area of MTG-based circuits is about 58% average 
larger than that of normal circuits due to design rules 

2009.05.20 ASYNC2009 43 

0 

1000 

2000 

3000 

4000 

5000 

6000 

7000 

s27 s344 s349 s641 s713 s1196 

Ar
ea
 (μ
m
^2
) 

Benchmark circuits 

NORMAL 
PS-based 
MTG-based 



Discussion 

   When the period of the idle phase is longer than the BET, 
PS-based method is suitable since leakage power 
reduction ratio is high 
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PS-based method MTG-based method 
Leakage power reduction  
ratio (idle phase) 95.5% 80.5% 

Leakage power reduction 
ratio (working phase) 1.4% 40.2% 

Delay overhead 
(working phase) ( < MTG-based ) 33.4% 

Delay overhead 
(idle phase) 2.9% 4.4% 

Energy overhead exist 
( PS-control ) none 

Area 8.8% 58% 



Discussion 

   MTG-based method is effective if the delay overhead and 
the area overhead can be allowable since leakage power 
of both the working phase and the idle phase can be 
reduced 
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Conclusion 
   We have proposed two leakage power reduction 
methods for asynchronous circuits which have 
the idle phase using multi-threshold-voltage 
transistors 
   Power-switch-based method 
   Multiple-Threshold-Gate-based method 
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Conclusion 
   We have proposed two leakage power reduction 
methods for asynchronous circuits which have 
the idle phase using multi-threshold-voltage 
transistors 
   Power-switch-based method 
   Multiple-Threshold-Gate-based method 

   We have shown some evaluation results using 
the 90nm process technologies 
   PS-based circuits and MTG-based circuits can reduce 
about 94% and 81% leakage power, respectively 
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Future work 
  To reduce overhead 

  Delay and area of MTG-based circuits 
  Designing three and four inputs gates and complex 
gates 

  Transistors in critical paths are not changed 
 Trade-off between speed and leakage power 

  Energy overhead of PS-based circuits 
  Use a signal which asserts a wake-up signal and 
keeps its value during some handshake cycles 
  Power-switch control logic circuits are needed 
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