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SubthresholdSubthreshold Operation BasicsOperation Basics

Subthreshold logic operates with VDD < VT

Both on and off current are subthreshold “leakage”
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SubthresholdSubthreshold Operation BasicsOperation Basics

Simple ring oscillator 
shows functionality in 
deep sub VT

Delay increases 
exponentially in sub VT
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Sources of Leakage and VSources of Leakage and VDDDD ScalingScaling

Components of Transistor Off-Current
Subthreshold current – the focus of this presentation
Gate leakage – rolls of with VDD faster than sub VT current
GIDL – a problem at low VGS, high VDS (Keshavarzi, et al., ITC’97)
Junction leakage – negligible at low VDD
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Modeling Modeling SubthresholdSubthreshold CurrentCurrent

Subthreshold current: 

LEAKAGEACTIVETOTAL EEE +=
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Modeling Characteristic InverterModeling Characteristic Inverter
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Minimum Energy Point for Digital CircuitsMinimum Energy Point for Digital Circuits

ELEAKAGE = VDD ● I ● TD
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Solving for Minimum Energy PointSolving for Minimum Energy Point
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Solve for optimum VDD: 
set derivative equal to 0
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Optimum VOptimum VTT

In standard bulk 
CMOS, VT is difficult 
to change
Body bias requires 
SOI or triple well
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Examples of workload reduction:
• Filter precision is reduced
• Video frame changes minimally

relative to previous frame
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Examples of duty cycle reduction:
•Waiting for data
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Temperature VariationTemperature Variation

Modeled Temperature effect numerically using:

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

V
DD

no
rm

al
iz

ed
 E

/c
yc

le
 (

J)

A. Bellaouar, et al., Trans. on Circuits and Systems, 1998.

VT(T)=VT(T0)-KTT      &       µ(T)=µ(T0)(T/T0)-M

Lower VT dominates 
in sub VT, so Ioff
increases with temperature

Higher Ioff
decreases delay

Net impact of T on
VDDopt is small,
but would increase 
at lower duty cycle 
or workload.
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Comparison with FIR chipComparison with FIR chip

Difference in fabricated VT from simulated VT causes 
the mismatch for leakage energy (both leakage current and 
subthreshold frequency measurements differed somewhat 
from  simulations

8x8
FIR

CICC’04 to appear 

Model matches 
measured data 
quite well



ConclusionsConclusions

Model shows minimum energy point in subthreshold
Matches simulated and measured data
After fitting to a design, useful for fast estimation of 
behavior under varying environment and operating 
conditions



Thank YouThank You

Thank you for your attention
Research supported by TI and 
DARPA
Any Questions?


