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Introduction and MotivationIntroduction and Motivation
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Why Low Power?Why Low Power?
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Power Dissipation in CMOSPower Dissipation in CMOSpp

Power DissipationPower Dissipation

Static Dissipation Dynamic Dissipation

Sub-threshold current Capacitive Switching
Gate LeakageGate LeakageGate LeakageGate Leakage

Reverse-biased diode Leakage
Short circuit
Gate LeakageGate Leakage

g

Contention current
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Leakages in CMOSLeakages in CMOSgg
I1 : reverse bias pn junction (both ON & OFF)
I2 : subthreshold leakage (OFF )2
II33 : Gate Leakage current (both ON & OFF): Gate Leakage current (both ON & OFF)
I4 : gate current due to hot carrier injection (both ON & OFF)
I : gate induced drain leakage (OFF)I5 : gate induced drain leakage (OFF)
I6 : channel punch through current (OFF)

Source Drain

N+ N+I2

I6

P-Substrate I1

6

I5
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Power Dissipation RedistributionPower Dissipation Redistribution
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Key Contributions of this PaperKey Contributions of this Papery py p

Introduces dual dielectric (DKCMOS) technology( ) gy
for architectural level gate leakage reduction.
Presents a ILP-based optimization for gatePresents a ILP based optimization for gate
leakage reduction during behavioral synthesis.
ILP based optimization uses DKCMOSILP-based optimization uses DKCMOS
technology.
Th l ith i i i th l k d lThe algorithm minimizes the leakage delay
product (LDP) of datapath circuits for given

t i tresource constraints.
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Background ResearchBackground Researchgg
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Related Works : Behavioral Level Related Works : Behavioral Level 
Subthreshold Leakage:

Khouri - TVLSI 2002 : Algorithms for subthreshold
leakage power analysis and reduction using dual-VTh
approach.
Gopalakrishnan - ICCD2003: Dual-VTh approach for
reduction of subthreshold current through binding.

Gate Leakage:Gate Leakage:
Mohanty - VLSI Design 2006: Dual-Tox approach for
reduction of gate leakage currentreduction of gate leakage current.
Mohanty - ISQED 2006: Simulated annealing
algorithms using dual-K or dual-Tox
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Related Works : Logic / Transistor Related Works : Logic / Transistor 
Level Gate Leakage Reduction Level Gate Leakage Reduction 

L TVLSI2004 Pi d i t i i i tLee - TVLSI2004 : Pin reordering to minimize gate
leakage during standby positions of logic gates.
Sultania – TVLSI Dec 2005 and Sultania -
DAC2004 : Heuristic for dual-Tox assignment for
gate leakage and delay tradeoff.
Sirisantana - IEEE DTC Jan-Feb 2004: Use
multiple channel lengths and multiple gate oxide
thickness for reduction of leakage.g
Mukherjee - ICCD 2005: Introduced dual-K
approach for reduction of gate leakage.
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DKCMOS TechnologyDKCMOS Technologygygy
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DualDual--K : Low K : Low KKgategate and High and High KKgategategategate gg gategate

N+ N+N+N+

P P

N

High KgateLow Kgate
Larger Igate ,
Smaller delay

Smaller Igate ,
Larger delay

ISQED 2008 Mohanty 13



Dielectrics for Replacement of SiODielectrics for Replacement of SiO22pp 22

Silicon Oxynitride (SiO N ) (K=5 7 for SiON)Silicon Oxynitride (SiOxNy) (K=5.7 for SiON)
Silicon Nitride (Si3N4) (K=7)
O id fOxides of :

Aluminum (Al), Titanium (Ti), Zirconium (Zr),
H f i (Hf) L th (L ) Ytt i (Y)Hafnium (Hf), Lanthanum (La), Yttrium (Y),
Praseodymium (Pr),
their mixed oxides with SiO and Al Otheir mixed oxides with SiO2 and Al2O3
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The DKCMOS TechnologyThe DKCMOS Technologygygy
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Gate Leakage ModelingGate Leakage Modelingg gg g

ISQED 2008 Mohanty 16



Gate Leakage Paths in an InverterGate Leakage Paths in an Invertergg
Low Input: Input supply feeds tunneling current.

VDDVDD

High Input: Gate supply feeds tunneling current.

OFF
I d

ON
-Igs, -Igcs

I I
Vout = VlowVin=Vhigh

Igd

I d I d

Vout=Vhigh

-Igd, -Igcd

Vin= Vlow

ON

Igd, Igcd

Igs, Igcs
OFF

-Igd

High InputLow Input

NOTE: Gate to body component found to be negligible
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NOTE: Gate to body component found to be negligible.



IIgategate Modeling for a DeviceModeling for a Devicegategate gg

Calculated by evaluatingCalculated by evaluating
both the source and
drain componentsdrain components

For a MOS, Igate = (|Igs

Igs Igd
For a MOS, Igate (|Igs
+Igd +Igcs +Igcd +Igb|)

I I
Values of individual
components depends onIgb

Igcs
Igcd

components depends on
states, ON or OFFBSIM4 ModelBSIM4 Model

gb

ISQED 2008 Mohanty 18



KKgategate ModelingModelingKKgategate ModelingModeling

The effect of varying dielectric material was
modeled by calculating an equivalent oxidey g q
thickness (T*

ox) according to the formula:
T* = (K / K ) TT ox = (Kgate / Kox) Tgate

Here K is the dielectric constant of theHere, Kgate is the dielectric constant of the
gate dielectric material other than SiO2, (of
thi k T ) hil K i th di l t ithickness Tgate), while Kox is the dielectric
constant of SiO2.
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Problem FormulationProblem Formulation
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Target ArchitectureTarget Architecturegg

High K and Low K IslandsHigh-K  and Low-K Islands
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Problem FormulationProblem Formulation
Given an unscheduled data flow graph (UDFG)
G (V E) it i i d t fi d th h d l d d tGU(V,E), it is required to find the scheduled data
flow graph (SDFG) GS(V,E) with appropriate

bi di h th t th t t l t l kresource binding such that the total gate leakage
and delay product (LDP) is minimized under
igiven resource.

DFGLDP )(:Minimize

N

KtKt

dPDFGLDP

NcRR ∈∀

∑∑

≤

)()(

),Available()Allocated( ,,

cci
c v

gate dvPDFGLDP
ci
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ILP based Gate Leakage ILP based Gate Leakage 
OptimizationOptimizationOptimizationOptimization
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Synthesis for Low Gate LeakageSynthesis for Low Gate Leakagey gy g
Input HDL

Compilation

Transformation

Data Flow Graph

Transformation

Behavioral Scheduler  for
Gate Leakage Reduction

Gate Leakage  and 
Delay Estimator

Dual-K
Gate Leakage Reduction

Resource Allocation and Binding Characterized

Delay Estimator

Datapath and Control Generation

Cells

RTL Description
Logic 

Synthesis
Physical 
Synthesis

Output 
Layout

Description
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ILP Based ILP Based LDP Optimization LDP Optimization ……pp
1. Preprocess given behavioral description to construct a

sequencing DFGsequencing DFG.
2. Perform simulations to estimate gate leakage and delay

of RTL unitsof RTL units.
3. Construct resource allocation table and available

resource table based on input resource constraintsresource table based on input resource constraints.
4. Obtain ASAP and ALAP schedules of the input DFG.
5 Determine the number of different resources for each K5. Determine the number of different resources for each K

using the resource allocation table.
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ILP Based ILP Based LDP OptimizationLDP Optimizationpp
6. Modify both ASAP and ALAP schedules obtained above

using the number of resources found in previous stepusing the number of resources found in previous step.
7. Construct the mobility graph based on above

schedulesschedules.
8. Fix the total number of clock cycles as the maximum of

modified ASAP and ALAP schedules’ control stepmodified ASAP and ALAP schedules control step.
9. Model the ILP formulations of the DFG using AMPL.
10 Obtain the final solution by solving the ILP formulations10.Obtain the final solution by solving the ILP formulations.
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ILP Formulations …ILP Formulations …

Objective Function: The objective is to minimizej j
the LDP of the whole DFG over all control steps.
This can be expressed using decision variable as:p g

)(:Minimize DFGLDP
),(:Minimize

)(:Minimize

)1,(,, ,
KiLDPX

DFGLDP

l i k
LllKi Ki

×∑∑∑ −+
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ILP FormulationsILP Formulations
Uniqueness Constraints: These constraints are represented as,

i 1 ≤ i ≤ V −++ LES Kiii 1i, 1 ≤ i ≤ V ,
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Precedence Constraints: These constraints should also
ensure the multicycling and are modeled as, i, j, vi Predvj,

EE ji
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Resource Constraints: These constraints ensure that each
cycle uses resources not exceeding available number of
resources and are enforced as K and l 1 ≤ l ≤ Nresources and are enforced as, K and l, 1 ≤ l ≤ N,
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DatapathDatapath Components LibraryComponents Librarypp p yp y
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DatapathDatapath Component Library : Component Library : 
3 3 Level BottomLevel Bottom--up Hierarchical Approachup Hierarchical Approach

P
N+N+

Transistor 
Level Logic Level Datapath 

ComponentsComponents
We observed that a NAND gate has least gate
leakage compared to all other basic logic gatesleakage compared to all other basic logic gates.
Therefore we constructed datapath components
using NAND gates
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DatapathDatapath Component Component Library …Library …pp pp yy
First we characterize the NAND gate using analog
i l ti d th h t i f ti l itsimulations and then characterize functional units.

W th t th t t l NAND tWe assume that there are total ntotal NAND gates
in the network of NAND gates constituting an n-bit
functional unit out of which n are in the criticalfunctional unit out of which ncp are in the critical
path.

We do not consider the effect of interconnect
wires and focus on the gate leakage current
di i ti d ti d l f th tidissipation and propagation delay of the active
units only.
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DatapathDatapath Component Component LibraryLibrary ……pp pp yy
input 00 input 01 input 10 input 11

I00 I01 I10 I11

(State 1) (State 2) (State 3) (State 4)
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DatapathDatapath Component Component LibraryLibrarypp pp yy
The gate leakage current for a specific state of a
logic gate is then calculated by:logic gate is then calculated by:

[ ]∑
∀

=
MOS

gategate iII MOSLogic state
∀ iMOS

The gate leakage of a n-bit RTL unit is
calculated as:calculated as:

∑=
total

gategate

n
IstateobI jstateNANDR )(Pr

=j 1

The propagation delay of an n-bit functional unit is:

∑
=

=
cp

pdpd
n

i
TT NANDi

1
R
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Experimental ResultsExperimental Resultspp
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Experimental Experimental Results …Results …pp
While calculating the gate leakage current for single
thickness we used a nominal 1 4nm thickness andthickness, we used a nominal 1.4nm thickness and
SiO2(K=3.9) is used as a nominal dielectric value from
BSIM4.4.0 model.

Two pairs of dual dielectric are considered:
(i) SiO2(K=3 9) – SiON (K=5 7)(i) SiO2(K 3.9) SiON (K 5.7)
(ii) SiO2(K=3.9) – Si3N4(K=7)

The results take into account the gate leakage current,
area and propagation delay of functional units,
interconnect units, and storage units present in theinterconnect units, and storage units present in the
datapath circuit.

ISQED 2008 Mohanty 35



Experimental Experimental Results …Results …pp
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Experimental ResultsExperimental Resultspp
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Conclusions and Future WorksConclusions and Future Works
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ConclusionsConclusions

This paper presents a new process drivenp p p p
technique called DKCMOS for reduction of gate
leakage during RTL synthesis.g g y
The ILP based algorithm does scheduling and
assignment for gate leakage reduction forassignment for gate leakage reduction for
different resource constraints.
Experimental results reveal significant reductionsExperimental results reveal significant reductions
in gate leakage with the use of this technology,
thus proving its effectivenessthus proving its effectiveness.
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Future WorksFuture Works
Further exploration of this technique is the
incorporation of process variationincorporation of process variation.
The effectiveness of DKCMOS for subthreshold
l k d i i ileakage needs investigation.
The ultimate objective is to extend the work on
gate leakage current to provide a broader
solution to the problem of power dissipation in all
its forms at the behavioral level.
The area overhead due to the use two separatep
islands (high-K and low-K) will also investigated.

ISQED 2008 Mohanty 40


