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Leakage in CMOS Technology

V44 Is reduced with CMOS technology scaling

V,, must be lowered to recover the transistor switching
speed

The subthreshold leakage current increases
exponentially with decreasing V,,

A highly effective leakage control mechanism has
proven to be the MTCMOS technique




Overview of MTCMOS

A high-V,, transistor is used to disconnect low-V,,
transistors from the ground or the supply rails
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Some Drawbacks of MTCMOS

State of internal nodes is corrupted, that is, with a footer
sleep transistor, all internal nodes and the virtual ground
(VGND) are charged up to a level near V g

Energy is wasted when switching from the Sleep mode
to the Active mode or vice versa

This means energy cannot be saved by the MTCMOS technique
unless the sleep time is sufficiently long




Charge Recycling (CR) MTCMOS

The charge recycling technique uses both nMOS and
pPMQOS sleep transistors

Circuit C is divided into two sub-circuits:
Sub-circuit C, is connected to the nMOS sleep transistor, Sy
Sub-circuit C, is connected to the pMOS sleep transistor, Sp
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Mode Transition in MTCMOS
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CR-MTCMOS

Energy Saving Ratio:

X : ratio of the VGND to
VVp capacitances




Row-Based Layout for CR-MTCMOS

Layout style for a single cell row:
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Problem Statement

Obijective:
Maximizing the ESR = Minimizing the CR overhead

Constraint:
Maximum wakeup-time increase is limited to y%

Decision variables:
Widths of the CR transistors (which may also be set to zero)

t,CR: wakeup time of the
CR-MTCMOS circuit

y . percentage increase in
the wakeup time

t,: wakeup time of the
original MTCMOQOS circuit




Power Overhead for CR-MTCMOS

Dynamic power overhead
Due to switching ON and OFF the CR transistors

Static power overhead

Due to extra sneak leakage path in CR-MTCMOS [Pakbaznia-
DACOQ7]

Total power dissipation overhead (dynamic + static):

M: CR transistor count in the row under consideration
f:  mode transition frequency

C,, - input gate capacitance of the i"" CR transistor

leari - SUb-threshold leakage current of the it" CRtransistor




Power Overhead (cont’'d)

It can be shown that the power dissipation overhead
Is proportional to the total width of CR transistors:

where x is a constant coefficient which is calculated
as:

The new objective function is thus:




RC Model for Charge Recycling Operation

VGND and VV, are replaced by equivalent RC models

CR transistors are modeled as linear resistors
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Wakeup Time Constraints

The original wakeup-time constraint can be written as
M separate constraints, one for each G; node:

t,i°R is the summation of two terms:
Charge-recycling delay
Delay due to discharging the remaining charge in the VGND rail

New set of equivalent constraints:

t, and t™m are easily obtained from Hspice simulations
d.°R must be calculated




Simplified RC Model

A single equivalent transistor with width W,
resistance R

i (and
Is defined for each G,; ; P, pair:

eq,i)

P, My-p1 My-pi-1 P -Pi Myv-pPm-1




Replacing Virtual Rails with Their
Effective RC Models
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R.(®), C,(®): RC-lumped model of the VGND rail at G,

R.®), C.(P: RC-lumped model of the VV, rail at P,
For example, for G, we have:

Ys1i @nd Y ,; are the first and second moments of the total
admittance at G; which may be recursively calculated as in
[Kahng-VLSI Design99]




Charge-Recycling Delay

The 0-6 % CR delay for node G; is:

Recall that
The set of the constraints can thus be re-written as:




Modified Problem Statement

This is a linear Programming (LP) problem, which can
be solved optimally in polynomial time




CR Transistors Placement

The sizing problem is solved assuming there is one CR
transistor between each G;; P, pair

CR transistors that have a width less than W, will be
removed; this is called the rounding step (W, is the
minimum acceptable transistor width)

The sizing problem will be solved again for the remaining
CR transistors

Sizing + rounding operations will be repeated until the
Improvement in the total CR transistor width is negligible




Simulation Approach

The proposed approach was compared with two other

approaches

Single CR-MTCMOS: one CR transistor placed at the leftmost
corner of each row

Uniform CR-MTCMOS: 3 uniformly-distributed CR transistors
placed on each row

CR transistor(s) in both approaches are sized such
that the maximum wakeup delay increase is v%




Experimental Results in 90nm
Technology for ISCAS Benchmarks

MT = MTCMOS

SCR = Single CR-MTCMOS

UCR = Uniform CR-MTCMOS

DCR = Distributed CR-MTCMOS (proposed)




Experimental Results (cont’d)

MT = MTCMOS

SCR = Single CR-MTCMOS

UCR = Uniform CR-MTCMOS

DCR = Distributed CR-MTCMOS (proposed)




Conclusion

CR-MTCMOS is the only known method for reducing

energy consumed during transitions between Sleep
and Active modes

The placement and sizing problem of CR transistors
can be formulated and solved as an LP problem

The proposed concurrent sizing and placement
technique allows us to employ CR-MTCMOS for row-
based designs

The technique achieves nearly the full potential of CR-
MTCMOS in terms of saving switching energy during
mode transitions (ideal 50%, in practice 44%)
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