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Abstract�A new low�power design method produces
CMOS circuits that consume the least dynamic power
at the highest speed permitted under the technology
constraint� A gate is characterized by an inertial de�
lay and separate delays between its inputs and output�
The technology constraint� related to feasible ranges
of lengths and widths of transistors� is speci�ed by a
parameter ub� It is the upper bound on the di�erence
between the input to output delays corresponding to
any pair of inputs of a gate� We formulate a linear
program �LP� whose size is proportional to the circuit
size� This LP determines the inertial delay as well as
input to output delays for each gate of the circuit with
the given ub� such that all glitches are eliminated and
the overall delay of the circuit is minimized� Because
of the additional �exibility in specifying gate delays�
the glitch suppression is guaranteed without any de�
lay bu�ers� Hence this design consumes less power
than those designed by other methods� We designed
the circuit c	
�� with �
� of the original power dis�
sipation compared to a reference design� A previously
published method� that characterizes each gate with a
single delay� produced a c	
�� circuit consuming ���
of the original power� Both low�power circuits had the
same overall delay� The previous design required ���
delay bu�ers� whereas the new design needed none�

�� Introduction

The power dissipated in a CMOS circuit consists
of dynamic power� leakage power and short�circuit
power components� The topic of this paper is the
reduction of dynamic power� When an input vector
is applied to the primary inputs �PI�� the minimum
power requirement for each gate output is to produce
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either � or � transition� However� in reality there may
be many more transitions due to glitches or hazards�
caused by the di�erential delays of paths leading to
the gate inputs�
Dynamic power of a circuit is reduced by eliminat�

ing some or all glitches� The principal idea of a glitch
reduction technique is to �nd delay assignments for
all gates in the circuit so as to reduce the di�eren�
tial path delays at gate inputs� Published techniques
are balanced delay method 	
���� �
� ��� ��
� hazard �l�
tering method 	����
� transistor sizing 	�� �� ��� ��� ���
��� ��
� gate sizing 	���� ��
� and linear programming
�LP� techniques 	�� ��� ��
�
This paper falls under the category of LP tech�

niques with three major contributions� The �rst is
the realization that gates can be designed with dif�
ferent input�output delays along di�erent IO paths
through the gate� even though these delays are not
independent variables� The second contribution is
the formulation of a linear program that incorporates
this information into the constraint set and comes up
with a delay assignment� A third contribution is the
elimination of the bu�er insertion which is the main
drawback of many previous LP techniques�
We outline prior LP techniques and state their

drawbacks in Section �� The new LP formulation is
given in Section �� Results are tabulated in Section �
and Section � describes the transistor level realization
of the delay assignment�

�� Prior Work

We examine the main ideas in the path enumera�
tion technique and the linear constraint set method�

���� Path Enumeration Method

Agrawal et al� 	�
 show that for a correct operation
withminimum transient energy �MTE� consumption�
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every CMOS gate in the circuit must produce no more
than one event �signal change� at its output during
a transition interval� The transition interval is de�
�ned as the interval after the primary inputs change
and during which all signals attain their steady state�
They prove that if the new logic output is di�er�
ent from the old value then only a single transition
can achieve the correct result� Assuming a single de�
lay variable per gate� Agrawal et al� 	�
 eliminate all
glitches by making the gate delay exceed the di�er�
ential path delay at the gate inputs� They �nd that�

�� If the overall circuit delay is allowed to increase
then an MTE design is always possible by adjust�
ing the output delays of the gates� This MTE de�
sign does not require bu�er insertion and hence
is the lowest dynamic power design�

�� If the overall delay is bounded then an MTE de�
sign is not guaranteed without the insertion of
delay bu�ers�

Agrawal et al� 	�
 describe an LP model to generate
constraints for hazard �ltering� keeping the overall
delay within the speci�ed limits� Their constraint
set size is proportional to the number of paths in
the circuit� Since the number of paths terminating
at a gate increases exponentially� the constraint set
also increases exponentially with circuit size� This
high complexity prevents the model from optimizing
large circuits� For example the circuit c��� needs ���
million path constraints� which cannot be tackled by
many linear programming tools�

���� Linear Constraint Set Method

Raja et al� 	�����
 have described a way of reducing
the complexity of the constraint set from exponential
to linear in circuit size� In addition to the inertial de�
lay� they introduce two new variables per gate in the
LP� viz�� earliest time of arrival of the signal at a gate
and the latest signal arrival time� This approach is
similar to the timing veri�cation algorithm described
by Hitchcock 	��� ��
� These two variables de�ne the
timing window in which the signal can change at the
output of the gate� The LP constraint set then forces
the inertial delay to be greater than the timing win�
dow at the output of the gate� The authors prove
that their formulation is equivalent to the path enu�
meration model although constraint set is linear in
circuit size� For example� the circuit c���� requires
only ����� constraints by this method�
Chuang et al� use a similar set of delay variables

to simultaneously optimize the area and timing of a
standard�cell design 	�� �
�
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Figure �� A combinational circuit�

���� Shortcomings of Above Methods

In both the methods described above� the problem
is with the bu�er insertion� These bu�ers� although
they do not alter the signal value� consume switching
and short�circuit power during operation and leak�
age power even when not in operation� When many
bu�ers are inserted� the amount of power saved by
bu�er insertion is reduced by the power consumed
by them� Thus� the power saving method should not
introduce unnecessary elements into the circuit�
Agrawal et al� 	�
 prove a theorem which states

that� in general� a circuit cannot be designed for min�
imum dynamic power� i�e�� without inserting delay
bu�ers� unless the overall delay of the circuit is al�
lowed to increase� Thus� the lowest�power version of
the circuit will be slower than the original circuit�
This is undesirable since a designer would prefer the
low�power version to be as fast as possible� The limi�
tation of these methods stems from the conventional
design of CMOS gates where only the output delay
of a gate can be varied�
In this paper� we propose a method that will

redesign the circuit with minimum dynamic power
without the insertion of delay bu�ers and with least
reduction in speed� This method will produce the
minimum dynamic power circuit with the fastest
speed possible for the given CMOS technology�

�� New Formulation

This section introduces the new formulation that
we propose� We consider the example of a simple
circuit to explain the formulation�
Consider the combinational circuit shown in Fig�

ure �� Traditionally� for the purpose of gate sizing
the circuit is generally viewed with each gate having
a single inertial delay and all input�output �IO� paths
through the gate are assumed to have the same delay�
We rede�ne the gate delay� A gate can be viewed as
having one basic inertial delay and a set of transport
delays for the IO paths running through the gate�
This is illustrated in Figure ��
Each gate can be assumed to have a basic delay

variable with input delay elements at the inputs of
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Figure �� Delay model for the circuit of Figure ��

the gate� We assert that these input delay elements
are only for analysis purposes and are not actual extra
components in the circuit� The inertial delay and
input delays of a CMOS gate are not independent� In
the LP we treat them independent variables� which
are bounded by a feasibility constraint so that the
delays can be realized in practice�

���� Linear Program

Consider the delay model of Figure �� Now the linear
program can be written as follows�

����� Variables

� Basic inertial delay of the gate� d�� d�� d��

� Gate Input Delay� di�j which is the extra de�
lay on the path from the fanin gate j to gate i�
For instance d��� is the extra delay of the path
through gate � while arriving from PI �� This
models the di�erences in delays of various IO
paths through the gate� Its minimum value is ��

� Ti is the latest time of signal change at the out�
put of gate i�

� ti is the earliest time of signal change at the out�
put of gate i�

� Ti�j is the latest time of signal change at the
output of delay element whose delay is di�j�

� ti�j is the earliest time of signal change at the
output of delay element whose delay is di�j�

����� Constraints on Delays

Following constraints set the lower and upper bounds
on the variables�

� Lower bound on gate inertial delays are set to ��
The actual value of this time unit will depend on
the speci�c technology used�

� Lower bound on gate input delays are set to ��

� We also set an upper bound ub on the gate input
delays �see Subsection �������

����� Glitch Suppression Constraints

These constraints ensure that the timing window for
signal transitions at every gate output does not ex�
ceed the inertial delay 	�����
� Consider gate � in
Figure �� The constraints for it are given as�

t� � t��� � d�� t� � t��� � d�� t� � t��� � d��

T� � T��� � d�� T� � T��� � d�� T� � T��� � d��

d� � T� � t�

and the constraints for an IO delay element d��� are

t��� � t� � d���� T��� � T� � d���

����� Maxdelay Constraints

For every PO we have� T� � maxdelay�

����� Objective Function

The following objective function makes the circuit as
fast as possible�

Minimize maxdelay

����� Feasibility Constraints

The main issue here is the extra upper bound added
to the delay of IO elements� The idea behind this for�
mulation is to design a gate that can have di�erent
delays along di�erent IO paths through it� This is
possible but there are limitations �see Subsection ���
Given a CMOS technology transistor lengths and
widths� that control the delay of a gate� can be varied
within limited ranges� Thus the amount of di�erence
in delay one can get from two paths through a gate is
limited� Hence the extra delay added to the gates by
way of IO delay elements must be within these fea�
sibility ranges� We assume a certain feasibility range
over which one can vary the di�erent delays through
a single gate� We call this the maximum di�erential
delay upper bound ub�
De�nition� Gate input di�erential delay upper

bound ub� The gate input delay upper bound is a
measure of the maximum di�erence in delay for any
two IO paths through the gate� that can be designed
in a particular technology� If unconstrained� the pro�
gram may give gate input delays that di�er by large
amounts as its solution� However� every technology

���	



has a limit to the amount of �exibility that the de�
signer is allowed� This limit of �exibility shows the
feasibility of designing the gate input delays for the
technology used at the transistor and layout levels�
Hence we call this the feasibility condition� Now the
feasibility constraints for gate � would become

d��� � ub� d��� � ub� d��� � ub�

This allows the gate input delay to be varied up to
a value of ub by the program� This value is a design
parameter and is speci�c to the design technology in
which the circuit is being designed� As explained in
Subsection ������ ub can be determined by the delay
analysis of actual gate layouts� Given that feasibility
value we can use the linear program to design the
lowest power consuming yet fastest realizable circuit�

�� Results

The LP was written for the ISCAS��� benchmark
circuits and solved using AMPL 	��
� The resulting
delay assignments are used in the delay simulator for
the power estimation analysis as described by Hsiao
et al� 	��
� We present our results in this section�

���� Feasible Gate Di�erential Delay
Upper Bound

The gate delay upper bound �ub� is a measure of the
�exibility we have in terms of designing a gate with
di�erent IO path delays through the gate� We have
run the LP formulation on the ISCAS��� benchmark
circuits for di�erent feasibility bounds and the results
are shown in Figure �� Each curve in the �gure corre�
sponds to a di�erent circuit� We can see that as the
feasibility upper bound is increased we have lower
maxdelay and hence a faster circuit�

���� Power Savings

The LP gives the optimal set of delays for the gates�
The circuits were then simulated using a variable de�
lay simulator� The results on some of the benchmark
circuits are shown in Table ��
The vectors used are the compacted ATPG test

vectors for each circuit� All gates in the unoptimized
circuit are assumed to have a delay of one unit� This
is the smallest possible delay realizable at the physi�
cal level in that technology� The maxdelay and ub are
shown in the same delay units� The normalized delay
is the critical path delay normalized to the maxdelay
of the fastest possible implementation of the circuit�
The power calculations are done only for certain ub�s
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Figure �� Normalized maxdelay versus ub� The
maxdelay is normalized to the fastest possible circuit
design� i�e�� without altering delays along the critical
path�

for each circuit because of the limitation of the sim�
ulator to handle delays larger than ���� These are
in cases where the ub is too tight and the gates have
very high delays� These cases can be ignored as a de�
signer would not want to slow the circuit down �����
times� which is the case in these designs� We compare
the preliminary results of this work with the linear
constraint set results given by Raja et al� 	�����
 in
Table ��

The power savings are much better for the pro�
posed method� For example� for the circuit c��� the
power saving increased by ��� for the same maxde�
lay� This is because �� bu�ers were inserted on non�
critical paths by the previous method�

The technique described in this paper di�ers from
the previous techniques 	��� ��
 in two signi�cant
ways� Consider Figure �� The previous technique
�nds the lowest power consuming circuit for a given
maxdelay� The solution curve at the point shown as
ub � � is the circuit with no bu�ers inserted in the
circuit� Now to increase the speed of the circuit we
need to insert bu�ers� but this increases the power
also as the bu�ers consume power� This is shown by
the increase in the power consumed by bu�ers in the
curve� In the technique described here� if we use con�
ventional gate design� i�e�� ub � �� we get the same
bu�er�less design as shown� But if we increase the ub

the designs get progressively faster� but since we do
not add any new bu�ers the power is still the mini�
mum dynamic power possible for the circuit� As the
upper bound ub is increased to higher levels� there will
be a design that will have both the highest possible
speed and the lowest possible power� This is shown
by the point ub �� in Figure �� Thus� the new tech�
nique gives the lowest power consuming circuit with
the fastest speed permitted by the technology�
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Table �� Dynamic power dissipation in ISCAS��� benchmark circuits for proposed design method�
Proposed Method Raja et al� 
��� ��


Avg� Norm� Power No� of maxdelay Norm� ub Avg� Norm� No� of
Circuit Unoptimized Optimized Vectors �delay� Delay �delay� Power Bu�ers

c��� ��� ���� �� 	� ���	 � � �
��� ���� �� �	 ���� �� ���� ��
��� ���� �� �	 ���� �� ��	� ��

c��� ��� ��	� �� �� ���� � ��	� �
��� ��	� �� �� ���� � � �
��� ��	� �� �� ���� � ���� ��

c��� ��� ���� 	� �� ���� �� ���� ��
��� ���	 	� �� ���� �� ���� ��

c���� ��� ���	 �	 �� ���� � � �
��� ���� �	 	� ���� �� ���	 ���
��� ���� �	 �� ���� �� ���� ���
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Figure �� Power vs� Maxdelay curves

�� Transistor Level Design

The delays given by the linear program �LP� are
implemented at the transistor level� This means that
we need to design the gates with di�erent IO path
delays� We design a gate by appropriate sizing of
transistors that a�ect the particular IO path accord�
ing to the speci�ed delay�
Consider a CMOS NAND gate with inputs � and

� and output �� The gate has two IO paths ����� and
������ The IO path delay from gate � to gate � can
be varied by changing the transistors connected to in�
put �� This will result in changing the input capaci�
tance associated with input � without much a�ecting
the path delay through input �� We have designed
a NAND gate in �����m technology using Cadence
tools� We varied the width and length of a single
transistor pair and measured the di�erence in delay
through both IO paths of the gate using Spectre� The
result is shown in Figure �� The graph shows the de�
lay di�erence of the two paths keeping one transistor
pair constant and varying the width and lengths of
the transistor pair corresponding to the other input�
As shown� we have achieved a di�erential delay of up
to ��� ps� In this technology the fastest gate design
is about �� ps� Hence we have achieved a design of
ub � � for the NAND gate�
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Figure �� Delay plot of a CMOS NAND gate� by
varying the sizes of transistor pair of input � and
keeping the sizes of the pair in input � constant�

�� Conclusion

A given CMOS circuit is optimized for mini�
mum dynamic power when its operation contains no
glitches� In the design presented� all glitches are sup�
pressed by adjusting the gate delays� However� to
keep the total number of signal transitions at the
lowest level� no gates or delay bu�ers are inserted�
This restriction� in the previous designs� would have
forced an increase in the overall circuit delay� In the
present method� the overall circuit delay is minimized
through a novel design of CMOS gates in which in�
puts of a gate can have di�erent delays� The amount
of di�erential input delays is restricted by the avail�
able range of transistor sizes in the CMOS technology�
Thus� for a given technology the optimization proce�
dure produces a circuit with no glitches and the mini�
mum possible delay� Experiments show that� in com�
parison to a previous design� on an average an extra
��� reduction in dynamic power is possible without
any speed reduction� Routing delays and manufac�
turing tolerances of gate delays are not accounted for

����



in the current experiments� These and other practical
aspects are currently under investigation�
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