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Outline of the talkOutline of the talk

 Introduction Introduction
 Problem Statement: How to decrease power while

i t i i f f SRAM?maintaining performance of SRAM?
 Solutions: Assigning high/low Vth to transistorsth

 Proposed Optimal SRAM Design Flows
 Experimental Results: Nominal an Monte Carlo Experimental Results: Nominal an Monte Carlo
 Related Prior Research
 Conclusions and Future Research
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Why Efficient SRAM Design?Why Efficient SRAM Design?
 Amount of on-die caches increases

90nm
26

B) Amount of on-die caches increases
 Up to 60% of the die area is devoted for caches in

typical processor and embedded application.
 Largely contributes for leakage and power density -d

ie
 C

ac
he

 (M
B)

6

8

10
Itanium 2
Xeon

130nm

130nm

Montecito, Dual Core

65nm

C
ac

he
 (M

B

 Largely contributes for leakage and power density.

L1 Cache

Itanium 2* (L3-9MB)  130nm Technology
2002 2003 2004

O
n-

2

0

4 180nm
90nm

130nm
180nm

2005

40r
O

n 
D

ie
 

2002 2003 2004 2005L1 Cache 
16KB-I and 16KB-D

15
20
25
30
35
40

e 
To

ta
l P

ow
er

SRAM
Leakage Power Percentage

L2 Cache 
256KB-I & D P4 Pentium Pro PII PII P3 P4 

0
5
10
15

%
 o

f t
he

100

L3 Cache 10

100

ns
ity

 (W
/c

m
2 )

SRAM Power Density 

L3 Cache
1.5-25 MB 

90nm250nm 180nm 130nm
1P

ow
er

 D
e

*Intel
90nm180nm 130nm

1/6/2010 Mohanty 3



Issues in Nano CMOS

Power

LeakagePerformance

Nano 

LeakagePerformance

Nano 
CMOS DelayParasitic

ThermalYield
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NanoNano--CMOS SRAM Design Challenges ...CMOS SRAM Design Challenges ...

In nano-CMOS regime following are the major issues:
 Data stability and functionality Data stability and functionality

• Non-destructive read
• Successful write

VDD
VDD

BL BLB

P2P1
WL WL

P2P1

• Noise sensitivity
 Proper sizing of the transistors

• To improve the write ability N1

N4N3

To improve the write ability
• To improve the read stability
• To improve the data retention

N2N1

6transistor-SRAM Minimum size of transistors to maximize the memory density.
 Minimum leakage for low-power design.
 Minimum read access time to improve the performance.

6transistor-SRAM

p p
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NanoNano--CMOS SRAM Design ChallengesCMOS SRAM Design Challenges
VDD VDD

BL BLB

V V
P2 << N4P1 << N3 Load Load

N4N3

WL WL

0 V

P1 P2
VDD VDDP1 << N3 Load Load

N4N3 0 VDD

AccessAccess

N2N1N1 >> N3 N2 >> N4
Driver Driver

 For proper read stability: N1 and N2 are sized wider than N3 and N4.
 For successful write: N3 and N4 are sized wider than P1 and P2.
Minimum sized transistors do not provide good stability and functionality.
 SRAM cell ratio (): ratio of driver transistor’s W/L to access transistor’s W/L SRAM cell ratio (): ratio of driver transistor s W/L to access transistor s W/L.

1/6/2010 6



SingleSingle--Ended 7Ended 7--Transistor SRAMTransistor SRAMgg

Highlights of this SRAM:Highlights of this SRAM:
Single-ended I/O latch style 7-
transistor SRAM.
Functions in ultra-low voltage regime
allowing subthreshold operation.
B tt d t bilit b tt itBetter read stability, better write-
ability compared to standard SRAM.
Improved nanoscale processImproved nanoscale process
variation tolerance compared to the
standard 6-transistor SRAM.

Source: Our publication in SOCC 2008

Load transistors – 2, 4
Driver transistors – 3, 5
Access transistors – 1, 6, 7
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Research QuestionQ

How to reduce power dissipation while
maintaining/enhancing stability of SRAM.
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The Solution Explored in This Paperp p

 To reduce the power consumption this research
investigates the process level technique, called dual-Vth.

 Important is the selection of appropriate transistors for
high-Vth assignment so that performance of SRAM isg g p
not degraded.

 SRAM is subjected to the dual-Vth assignment using aSRAM is subjected to the dual Vth assignment using a
novel combines Design of Experiments-Integer Linear
Programming (DOE-ILP) algorithms.Programming (DOE ILP) algorithms.
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Stability Analysis of SRAM: SNMy y

 Static Noise Margin (SNM): It is the Static Noise Margin (SNM): It is the
amount of maximum DC voltage (Vn)
in this case, that SRAM can tolerate.

Butterfly curve for
baseline SRAM.
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Currents in 7-Transistor SRAM: Write

Current 
Path forPath for 
Write ‘1’

CCurrent 
Path for 
Write ‘0’
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Currents in 7-Transistor SRAM: Read

Current 
Path forPath for 
Read ‘1’

CCurrent 
Path for 
Read ‘0’

Parameters Value
203 6 nWP 203.6 nW

170 mV
sramP

sramSNM
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Combined DOE-ILP Approach

 Design of Experiments (DOE) consists of purposeful changes

pp

 Design of Experiments (DOE) consists of purposeful changes
of inputs (factors) to a process in order to observe the
corresponding changes in the outputs (responses).p g g p ( p )

 Integer linear programming (ILP) is a technique forg p g g ( ) q
optimization of a linear objective function, subject to linear
equality and linear inequality constraints. ILP determines the

hi h b ( h i fiway to achieve the best outcome (such as maximum profit or
lowest cost) in a given mathematical model and given some
list of requirements represented as linear equationslist of requirements represented as linear equations.

1/6/2010 Mohanty 13



Combined DOE-ILP Approach: Solution 1

t i tith]f[fStObj tiO t t2
models. V-ghNominal/Hi circuit,   Baseline:Input :1 Th

responsestheandorstransistthearefactorsthewhere
 array, 8-  LTaguchi  Level-2  using  cellSRAM    of  istorsfor  trans  experiment Setup :3

 .assignment V  highfor    identified   
rstransistowith]f ,[f =Sset  Objective:Output:2

 Th

SNM PWROBJ

SNMandPrecordandssimulationmPerfor:5
doarray   8-  LTaguchi  Level-2  of  sexperiment  8:1  for  Each :4

.SNM  read  and    Paverage  are   
responses  theand ors transist theare factors  the  where

sramsram

sramsram

S:setSolutionILPusingf̂Solve:8

SNM.for    f̂  power,for   f̂ : equations  predictive   Form:7

for  end:6
.SNM and  Precord and ssimulation m   Perfor:5

PWRPWR

SNM PWR

sramsram

SonbasedorstransisttoVhighAssign:11
 .SS = S  Form:10

.S  :set   Solution  . ILP  using  f̂  Solve :9

 .S :set   Solution ILP. using fSolve:8

SNM     PWROBJ 

SNMSNM

PWRPWR



.S on based  ors transisttoV high Assign:11 OBJTh

Design Flow-1
Algorithm -1

Design Flow-1
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DOE Predictive Equations q
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Combined DOE-ILP Approach: Solution 2

orstransistwith]f,[f=SsetObjective:Output:2
models.V-ghNominal/Hi ,circuit  Baseline:Input:1

SNM**PWR*OBJ

Th

responses    theand  ors  transist  theare  factors    the   where
 array,  8-  LTaguchi  Level-2  using  cellSRAM    of  istorsfor  trans  experiment  Setup:3

 .assignment  V  highfor    identified   
ors transist with]f ,[f Sset   Objective:Output:2

Th

SNMPWROBJ

.SNM  and    Precord and  ssimulation  form       Per:5
doarray    8- LTaguchi  Level-2 of  sexperiment  8:1 for  Each:4

.SNM  read  and   Paverage  are   

sramsram

sram sram

.ˆ
* f̂*f̂Form:8

.* f̂   and  * f̂  : equations  predictive  normalized  Form:7

for end:6

PWR
OBJ

SNMPWR



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

.*S  on  based  ors  transist toV  high  Assign:10
.*S  :set   Solution  ILP.  using   * f̂  olve:9

.
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Design Flow-2
Algorithm - 2
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Selection of Appropriate Transistorspp p

Configuration for flow 1 Configuration for flow 2
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Experimental Results: 4 Alternatives
Design 

Alternative
Parameter Value Change

Alternative
203.6 nW -

170mV -
sramP

sramSNM
Baseline

26.34 nW 87.1%decrease

231.9 mV 26.7%increase

sramSNM
PWRS sramP

sramSNM
113.6 nW 44.2%decrease

303.3 mV 43.9%increase

%

SNMS

S

sramP

P
sramSNM

113.6 nW 44.2%decrease

303.3 mV 43.9%increase

100 5 nW 50 6%decrease

OBJS

*OBJS

sramP

P
sramSNMApproach 1

100.5 nW 50.6%decrease

303.3 mV 43.9%increase
*OBJS sramP

sramSNMApproach 2
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Experimental Results: SNM

Butterfly curve for
reduced power SRAM.

Butterfly curve for
the optimal SRAM.
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Experimental Results: Power/SNM p
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Monte-Carlo Distribution Results …

Butterfly 
curve for

Butterfly 
curve for curve for 

Flow 1
cu ve o

Flow 2

SNM 
Distribution

SNM 
DistributionDistribution 

for Flow 1
Distribution 
for Flow 2

Power 
Power 

Distribution 
Distribution 
for Flow 1

Distribution 
for Flow 2

1/6/2010 Mohanty 21



Monte Carlo Simulation Results
Optimization Parameter Mean Standard deviation

28.91 nW 8.26 nW

180 mV 30 mVSNM
sramP

PWRS

147.73 nW 101.4 nW

295 mV 28 mV

sramP
SNM

sramSNM

SNMS
295 mV 28 mV

147.73 nW 101.4 nW

sramSNM

1: ApproachOBJS sramP
295 mV 28 mV

135.24 nW 101.85 nW

1: ApproachOBJS
sramSNM

sramP
2A hOBJS

295 mV 28 mVsramSNM
2: ApproachOBJS
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ConclusionsConclusions
 A methodology for simultaneous optimization of SRAMet odo ogy o s u ta eous opt at o o S

power and read stability is presented.
 A 45nm single ended seven transistor SRAM was subjected tog j

the proposed methodology (novel DOE-ILP algorithms)
leading to 50.6% power reduction and 43.9% increase in read

bili ( d SNM)stability (read SNM).
 The effect of process variation of twelve process parameters

on the SRAM is evaluated and it is found to be processon the SRAM is evaluated, and it is found to be process
variation tolerant.

 A 8 × 8 array has been constructed using the optimized cells A 8 × 8 array has been constructed using the optimized cells
whose average power consumption is 4.5μW.
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Future Research

 Future research will involve SRAM-arrayFuture research will involve SRAM array
optimization where variability will be accounted in
flow.flow.

 Along with the states of transistors, the sizes will also
be considered which will increase the solution spacebe considered which will increase the solution space
of the algorithms.
I dditi t th f d In addition to the power, performance and process
variation, thermal effects will also be taken into

taccount.
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Thank you !!!y
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