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Abstract

A gate that offers different delays for different
input-output paths through it, is known as a variable
input delay (VID) gate. The upper bound on this dif-
ferential delay capability is specified by the parameter
“ub”. These gates can be used to minimize the active
power of a digital CMOS circuit by a path balancing
and glitch filtering techniques discussed in recent pub-
lications. In this paper, we describe transistor sizing
methods for three types of VID gates that satisfy given
delay requirements. The three ways to obtain the dif-
ferential delays are capacitance manipulation, nMOS
transistor insertion, and CMOS transmission gate in-
sertion. We also describe techniques for calculating
the ub of each VID gate type. Finally, we outline an
algorithm for quick determination of the transistor
sizes for a gate for a given load capacitance.

1 Introduction

Modern digital circuits consist of logic gates im-
plemented in the complementary metal oxide semi-
conductor (CMOS) technology. The time taken for a
logic gate output to change after one or more inputs
have changed is called the output delay of the gate.
A conventional multi-input CMOS gate is designed
to have the same input to output delay irrespective
of which input caused the output change. When
such gates are used and the design is optimized for
glitch elimination through balanced path delays, we
must insert delay buffers at fanout points. Since the
buffers themselves consume power, low power design
with fewer or no buffers is superior. This is possible
through the use of variable input delay (VID) gates as
has been demonstrated in a recent paper [20]. How-
ever, the design of VID gates is a challenging problem
whose solutions are presented in this paper.

We discuss the prior work and the motivation for
the present work in this section. We then describe

the sizing procedures and algorithms in the following
sections followed by contributions and conclusion.

1.1 Prior Work

Dynamic power consumed in the normal operation of
a circuit consists of essential power and also glitch
power. Glitches are spurious transitions caused by
imbalance in arrival times of signals at the input of
a gate. Techniques such as delay balancing, haz-
ard filtering, transistor sizing, gate sizing and lin-
ear programming have been proposed for eliminat-
ing glitches [1–7, 11–14, 18–20, 22]. For further refer-
ence the reader is directed to recent books and arti-
cles [8–10, 15, 17, 21, 24]. Our focus in this paper is
on a recent technique known as variable input delay
logic [20]. Raja et al. have described a technique for
reducing glitches using gates that have different de-
lays along different input-output paths. These gates
are known as variable input delay (VID) gates and
their delay on any input-output path can be manip-
ulated within certain limits without affecting the de-
lays of the other paths. This limit is the maximum
delay by which two paths in a single gate can differ
and is known as the differential delay upper bound,
ub. The parameter, ub, depends on the technology in
which the circuit is implemented and its value is re-
quired for designing an optimal glitch-free circuit [20].

1.2 Motivation

The VID gate is a key component of the glitch-free
low power design. Recent work [20] illustrates the de-
sign of the benchmark circult c7552 with 58% average
(or 68% peak) power saving, which is 18% lower than
that obtained with conventional CMOS gates requir-
ing delay buffers. Additionally, the chip area increase
for VID gates is smaller than that for buffers. This
low-power design is done in two steps [20]. First,
a linear program determines the input and output
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Figure 1: The RC components in the charging path.

delays of gates to supress all glitches. The second
step, which is concurrent with the chip layout, gates
are designed to have the required delays in the pres-
ence the necessary loading. In this paper we provide
the methodology and analysis to complete the second
step.

Raja et al. suggest three ways of implementing a
variable input delay gate [20]: (1) Capacitance ma-
nipulation, (2) nMOS transistor insertion, and (3)
CMOS transistor insertion. Each of these techniques
can be used for efficient manipulation of input delay
without altering the output delay of the gate. How-
ever, a designer faces several challenges:

• How are the transistor sizes determined from the
delay assignment?

• How is the ub calculated for every gate type?

• What is the algorithm for finding the right sizes
and what are the trade-offs?

These are the questions we try to answer in this
paper. We first describe the delay components of
each gate type and how each delay can be varied.
We describe the ub calculation for every gate type
and the conditions one needs to keep in mind while
doing so. We also describe an algorithm for choosing
the transistor sizes once the gate type and the load
capacitance are known.

1.3 Components of RC Gate delay

Gate Delay is the time taken for the output sig-
nal at the output of the gate to reach 50% of
Vdd after the signal at the input of the gate has
reached 50% of Vdd [16, 23].

To understand this technique we need to analyze
the dynamics of switching of gates. Consider the path
shown in Figure 1. The delay of a gate is a function
of the on resistance Ron and the load capacitance CL.
The load capacitance is given by:

CL = Cp + Cr + Cin (1)

where Cp is the parasitic capacitance due to the on
transistor, Cr is the routing capacitance of the path
and Cin is the input capacitance of the transistors
in the fanout. The gate capacitance is the main
component of the input capacitances. The routing
capacitance and the parasitic capacitance are non-
controllable and hence, we ignore them in the cur-
rent discussion. The delay of the path during a signal
transition is given by:

Delay = Ron × CL (2)

The delay can be manipulated by changing the load
capacitance or the on resistance by sizing the tran-
sistor accordingly. This alters the delay of the gate
along all paths equally. This is called conventional
gate sizing.

For an n-input gate, if the input 1 has caused the
transition, then the gate delay is as described above.
For variable input delay logic, we describe the gate
delay as the sum of the input delay and output de-
lay through the gate. Output delay is the common
delay component of the gate no matter which input
has caused the transition. Input delay is the delay
component on input 1 that is present only on the
input-output path through input 1 of the gate. This
input delay, by defintion, can be independantly con-
trolled within the gate without altering the output
delay of the gate. Clearly, conventional gate sizing
cannot be used for designing a variable input delay
gate. Raja et al. proposed three ways of implement-
ing the new variable input delay gate. In this paper,
we outline the technique for sizing the transistors,
calculating ub and also enumerate the various design
issues associated with each gate type.

2 Gate Design by Input Capacitance

Manipulation

The overall delay of the gate is given by Equa-
tion 2. In the new gate design we need to manipulate
the input delay of the gate without affecting the out-
put delay too much. Substituting Equation 1 into
Equation 2, we get:

Delay = Ron × CL (3)

= Ron × (Cp + Cr + Cin) (4)

= Ron × (Cp + Cr) + Ron × Cin (5)

= Output Delay + Input Delay (6)

From the above analysis we separate the input delay
of the gate from the output delay. As seen above,
the output delay depends on the parasitic and rout-
ing capacitances, which are unalterable. The input
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delay is a function of the on resistance and the input
capacitance of the transistor pair in the fanout. Now
the delay of the gate can be changed by increasing the
input capacitance offered by the input gate transistor
pair. The capacitance offered by a particular input
can be increased by altering the sizes of the transistor
pair to which the input is connected without altering
the sizes of the other transistor pair.

2.1 Calculation of ub

The delay of the transistor pair can be calculated by
using Equation 3. The input capacitance of a tran-
sistor pair is given by:

Cin = W × L × Cox (7)

where W is the width of the transistor, L is the length
of the transistor and Cox is the oxide capacitance per
unit area, which is a function of the technology in
which the transistors are designed. The maximum
difference in delay that can be achieved is, thus, a
function of the amount of capacitance that can be
manipulated using the W and L of the transistors.
There is a limit to the dimensions of the transistors
in any technology that can be used for digital design.
The limits are governed by second-order effects, such
as channel length modulation, threshold voltage vari-
ation, etc [16, 23]. Although all the gate designs de-
scribed in this paper can be used in the full custom
design flow, we have chosen the standard cell place-
and-route design flow for faster design cycles. In the
standard cell design flow, the height of the standard
cell restricts the maximum length of the transistor.
We have chosen the limit of the transistor length for
0.25µ technology as 3µm, which is determined by the
standard cell height. The minimum gate length in
the same technology is 0.3µm. Hence, the maximum
difference in input capacitance is 2.7×Cox. The max-
imum differential delay ddif obtainable in the tech-
nology can thus be:

Maximum Differential Delay, ddif = Ron × 2.7 × Cox

Assuming negligible Cp and Cr, the minimum gate
delay dmin in the technology is given by:

Minimum Gate Delay, dmin = Ron × 0.3 × Cox

Thus, the gate differential delay upper bound ub is
given by:

ub =
ddif

dmin

=
Ron × 2.7 × Cox

Ron × 0.3 × Cox

= 9

Thus, the ub of the technology can be calculated by
using the bounds on the dimensions of the transistors
in the particular technology. There are several design
issues in this gate design as described below.

2.2 Design Issues

The gate design of previous section has several draw-
backs:

• It is assumed that the output delay and the in-
put delay are independent. This is not true for
both falling and rising transitions. The input
differential delay is realized when the two tran-
sistors in the different I/O paths are in parallel.
For example, the p-tree of the NAND gate con-
sists of two pMOS transistors in parallel. The
input differential delay can be realized when a
rising transition occurs at the inputs. If both
of the pMOS transistors are sized differently, de-
pending on which input changes, the delay of the
gate is different. This is the purpose of the new
variable input delay gate design. But the same
is not true for the n-tree. The nMOS transistors
are in series and both of them have to switch
for the gate to transition. Assume that both the
nMOS transistors are sized differently and the
transition occurs on one of the inputs. Altering
the size of one of the transistors affects the se-
ries resistance of the output charging path and,
thus, the output delay. Hence, the output delay
and the input delay are in fact dependent in the
case of the rising transition at the input of the
NAND gate. Thus, the sizing can be a non-linear
problem, which can be difficult to converge.

• The parasitic capacitance Cp is assumed to be
constant and independent of the transistor sizes.
But in reality, Cp is a function of the sidewall
capacitance of the transistors, which in turn is
a function of the transistor sizes. Thus, altering
the sizes of one transistor can affect Cp and thus
the inertial output delay of the gate.

• When the transistors are connected in series to
one other, some of them are ON and some are
OFF. This leads to different potentials at the
source terminals of certain transistors. The sta-
tic delay calculations are done by assuming that
the source is always at 0 potential. But due to
the different potentials at the source, the thresh-
old voltages of the transistors are changed dras-
tically and this effect is known as the body ef-
fect [16, 23]. If the transistors are sized differ-
ently in the same series path, then due to the
body effect, the inertial output delay is not con-
stant. It varies with every input pattern to the
gate. This is a problem as the LP gives a single
delay for every gate output, and the extra delays
are not accounted for [18,19]. Besides, the mini-
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mum dynamic power must be guaranteed for all
input pattern and not just for selectd few [2].

The following designs alleviate above disadvantages.

3 Gate with nMOS Pass Transistors

In the previous design by capacitance manipula-
tion, the main problem was the interdependence of
the output delay and the input delay. In the present
design, we leave the input capacitance unaltered, and
increase the resistance of the path. There are several
advantages of increasing the resistance of the path.

3.1 Concept of Increasing Resistance

Consider the charging path shown in Figure 1. En-
ergy is drawn from the supply to charge the load ca-
pacitance through the resistance. The energy con-
sumed by a signal transition is given by:

Energy = 0.5CLVdd
2

where CL is the load capacitance and Vdd is the sup-
ply voltage. Note that the energy expression does
not include resistance Ron in it. The resistance gov-
erns the time constant at which the capacitance is
charged but the overall energy per transition remains
the same. Hence, increasing the resistance of the path
does not alter the energy consumed per transition. It
does alter the slope at which the charging occurs and,
thus, the time of switching. We use this basic obser-
vation in the design of our new variable input delay
gate. Increasing the input slope has signal integrity
issues which will be discussed in the next section.

3.2 Effect of Input Slope

The gate delay expression we have used for the above
calculations assumes a step input. The input slope is
assumed to be infinite. But in reality the input slope
of waveforms is finite and has to be accounted for.
The delay of a gate can be described as:

Gate Delay = tstep + tslew

where tstep is the delay of the gate when the input
is a step waveform and tslew is the delay of the gate
due to the input slope or slew. In the new variable
input delay gate described, the delay added by the
extra resistance is by increasing the slope of the in-
put waveform. The resistance degrades the slew of
the arriving signal at the gate input. This increases
the overall delay of the gate. But increasing the in-
put slew decreases the robustness of the circuit. The
tolerance of a logic gate to a given noise level in the
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Figure 2: Single nMOSFET variable input delay
NAND gate. (a) Transistor Level schematic with
added nMOS transistor and (b) charging path for
transitions along the different paths through the gate.

circuit is defined as the robustness of the circuit [16].
The logic gate should function correctly in the pres-
cence of noise at the output and also maintain the
static timing behavior for which it is designed. But
a large input slope means that the circuit is in tran-
sition for a longer period of time and is more suscep-
tible to noise and short-circuit power.

The input slope is restored or improved by using
regenerative gates. The CMOS logic gates are regen-
erative as they improve the slope of the waveform
while passing the signal transition from the input to
the output. In our new variable input delay gate de-
sign by inserting resistance, we use this regenerative
property of the CMOS gates in the output for restor-
ing the slope. However, the slope restoration also has
limits and hence, the CMOS gates cannot improve
very slowly varying inputs. Thus, there is a practical
limit to degrading the input slope. This means that
there is a practical limit to the amount of resistance
that can be added in the series path. This is one of
the major factors that influence the practical value of
ub of a given technology.

3.3 Proposed Gate Design

The transistor, when ON, behaves like a resistor with
an ON resistance Rs. We use this concept to increase
the resistance of the charging path of the gate. We
insert a single nMOS transistor that is always ON in
the series charging path. A modified NAND gate is
shown in Figure 2. The delays of the gate along both
I/O paths are given by:

d2→3 = Ron × CL (8)

d1→3 = (Ron + Rs) × CL (9)

= Ron × CL + Rs × CL (10)

= Ouput Delay + Input Delay (11)

Thus, the input and output delays are separated com-
pletely from each other. The output delay can be
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controlled by sizing the gate transistors and the in-
put delay can be controlled by altering Rs offered by
the series transistor. We have independent control
over the input and output delays. The delay along
the path 2 → 3 is not affected by altering the delay
along the path 1 → 3 using the nMOS transistor.
This concept can be extended to a n-input gate. The
differential delay of path x with respect to the other
n−1 paths, can be controlled by inserting n−1 tran-
sistors in series with the inputs. These paths can be
independently controlled by sizing the n − 1 transis-
tors. Thus, we have a variable input delay gate design
that is extendible to all gate types and multi-input
gates as well.

3.4 Calculation of ub

As seen from Equation 11, the input delay can be
controlled independently by altering the size of the
nMOS transistor. The nMOS transistor passes logic
0 effectively but degrades the signal when passing
logic 1. Let us assume that there is a degradation
of voltage λ when a logic 1 is passed through the
transistor [16,23]. When the transistor is acting as a
resistor, there is an IR voltage drop also across the
capacitor. The drop can be significant:

• If the drop is too large, then the transistors in
the fanout will not switch OFF completely. This
increases the short circuit dissipation of the gate
in the fanout.

• The leakage power of the transistors is a function
of the gate to source voltage (Vgs). Hence, larger
drop would increase the leakage current of the
gate in the fanout.

Let us analyze the functioning of the circuit in Fig-
ure 3(a). The circuit shows a single transistor pair
at the output of the nMOS for simplicity, but the
transistor pair is actually a part of the multi-input
gate in the fanout. Now for the correct functioning
of the gate in the fanout when a logic 1 is incident
at the input, the nMOS transistor has to remain in
the linear region and the pMOS transistor has to be
in cutoff. The critical condition in this configuration
is the pMOS transistor remaining in cutoff. If this
condition is not met, the pMOS transistor remains
in either the linear or saturation region (both mean
ON) and, hence, there is a direct path from the sup-
ply to the ground. This increases the short circuit
dissipation of the circuit. We need to make sure that
the gate voltage of the pMOS transistor is below the
threshold voltage for switching.

Vg > Vdd − Vtp (12)

where Vtp is the threshold voltage of the pMOS tran-
sistor. There are two factors that control the input
voltage Vg is this case:

• The drop across the series transistor IdsRs,
where Ids is the drain to source stand-by cur-
rent through the series transistor and

• The signal degradation λ [16].

Hence, the condition for the pMOS transistor to re-
main in cutoff is given by:

Vdd − λ − IdsRs > Vdd − Vtp (13)

Rs <
Vtp − λ

Ids

(14)

Consider the input configuration in Figure 3(b).
The transistor passes a logic 0 in this case. The
nMOS transistor passes a logic 1 without any degra-
dation and hence the only degradation here is the sig-
nal drop IdsRs. For correct functioning, the pMOS
transistor has to be in the linear region and the nMOS
transistor has to be in cutoff. The critical condition
here is the nMOS transistor in cutoff. If the nMOS
transistor is not completely switched OFF, it would
short the supply and the ground leading to short cir-
cuit power. By using a similar analysis as above, the
condition is given by:

IdsRs < Vtn (15)

Rs <
Vtn

Ids

(16)

Equations 14 and 16 give the upper bound on
Rs. This limits the amount of resistance that can
be added to the charging path. Thus, the amount of
input delay that can be added is also limited by this
condition.

ddiff = Rmax × CL (17)

dmin = Ron × CL (18)

ub =
ddiff

dmin

=
Rmax

Ron

(19)

where Rmax is the maximum resistance that can be
added and CL is the load capacitance of the gate.
Thus, ub for a particular technology can be calcu-
lated. We have chosen a ub = 10 for the 0.25µm

technology. Note that this is not a hard limit and
can be increased for the same technology. The theo-
retical limit of ub calculated in this section is based on
the correct operating regions of the transistors. But
the practical limit is governed by signal integrity is-
sues. The resistance added degrades the input slope
of the gate and this could lead to noise margin is-
sues making the ub smaller than the theoretical limit
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Figure 3: Logic degradation of the single nMOS transistor addition (a) When logic 1 is passed through and
(b) When logic 0 is passed through the gate.

calculated here. The Schmitt trigger circuit can be
used for improving the slope of the waveform. The
Schmitt trigger itself consumes power and hence, is
not an option in this low power technique. Hence,
to keep the input slope degradation within limits, we
need to limit the delay obtainable by the transmission
gates to ub.

3.5 Design Issues

The new variable input delay gate design using the
single nMOS transistor is an improvement on the ca-
pacitance manipulation design because of the inde-
pendent control of the input and output delays. But
there are certain design issues that need to be con-
sidered.

• The theoretically calculated ub can be reduced
by limits on the dimensions of the series transis-
tors. This can be a practical limit governed by
the technology parameters and signal intergrity
issues due to increased slew.

• The short circuit dissipation is a function of the
ratio of the input and output waveform slopes.
By inserting the resistance we are increasing the
slope of the input waveform. This increases the
short circuit dissipation by a slight margin.

• The leakage power is a function of the gate to
source voltage (Vgs). Due to the signal degra-
dation, the drop across the nMOS transistor is
increased while passing logic 1. Hence, the leak-
age power through the transistors in the fanout
is increased while passing logic 1. This drawback
is alleviated in the design discussed in the next
section.

• This design increases the transistor count in the
circuit as it requires the addition of extra tran-
sistors. However, the addition of these transis-

(a)
Gnd(0)

3

2

1

Rs = 0

Rs

Cin

Cin

1

2

3

Vdd(1)

(b)

3d

3d

Figure 4: The proposed CMOS added pass transistor
variable input delay NAND gate. (a) Transistor Level
showing the nMOS and pMOS transistors added and
(b) Charging path for transitions along the different
paths through the gate.

tors does not add to switching power but only
increases the area.

4 Gate with CMOS Pass Transistors

The problem with the single nMOS transistor
added is because of the degraded logic 1 value. This
can be a problem as leakage power is becoming signif-
icant in present-day technologies and cannot be ne-
glected. Hence, we propose another variant of the sin-
gle nMOS transistor design by adding a CMOS pass
transistor instead. The modified circuit for a NAND
gate is shown in Figure 4. The concept is similar to
the single nMOS transistor addition because it also
increases the resistance of the series charging path.
The CMOS pass transistor consists of an nMOS and
a pMOS transistor connected as shown. Both tran-
sistors are kept always ON by connecting the gates
to Gnd and Vdd, respectively. The advantage of this
design is that the signal is not degraded while passing
either logic 1 or logic 0. This does not increase the
leakage power of the transistors in the fanout due to
non-zero Vgs.
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4.1 Calculation of ub

The ub calculation is similar to the single nMOS
added design but without the factor for signal degra-
dation. Using a similar analysis we can deduce:

Vdd − IdsRs > Vdd − Vtp (20)

Rs <
Vtp

Ids

(21)

IdsRs < Vtn (22)

Rs <
Vtn

Ids

(23)

ddiff = Rmax × CL (24)

dmin = Ron × CL (25)

ub =
ddiff

dmin

(26)

=
Rmax

Ron

(27)

Note that the resistance Rs is the effective parallel
resistance of both the transistors together. Hence,
the ub can be calculated for any technology given
these parameters. We have achieved ub = 10 for the
0.25µm technology.

4.2 Design Issues

The design issues involved in this gate design are:

• The resistance calculated is the effective se-
ries/parallel resistance of both the nMOS and
the pMOS transistors. The effective resistance is
reduced because both transistors are in parallel
to the current path. Hence, the transistors have
to be longer to achieve the same resistance as a
single nMOS transistor. Hence, effective resis-
tance per unit length reduces.

• Since effective resistance per unit length reduces
by using CMOS gates, the transistors have to be
bigger and, hence, the area increase is higher.

• In a CMOS pass transistor, there is a parasitic
charging path from the gate of the nMOS FET
to the gate of the pMOS FET through the side-
wall. In the proposed gate design, since the gates
of the transistors are connected to Gnd and Vdd,
this parasitic path serves as a short circuit. Al-
though the path conducts negligible current in
present day technologies, it might become sig-
nificant in future technologies and needs to be
accounted for.

Cell Library

Layout

Circuit Netlist

Place and Route
Tool

Figure 5: Flowchart of the standard cell place-and-
route. The different cells for every gate instance have
to be present in the Cell Library.

5 Technology Mapping

In the previous section we have described the vari-
ous implementations for the variable input delay gate.
In LP based low-power techniques, the LP gives de-
lays that need to be implemented in the circuit for
every gate. The transistor sizes for every gate have
to be manipulated to achieve the required delay. The
process of designing gates for a specific delay by al-
tering the dimensions of the transistors is called tech-
nology mapping or transistor sizing. In this section
we describe the procedure that we used to size the
gates in the circuit.

5.1 Place-and-Route Design Flow

For shorter design cycles we propose to design the
circuit using the place-and-route design flow. In this
design flow, the circuit components are broken up into
logic gates. Each logic gate has a different standard
cell that can be used in the flow. A typical standard
cell design flow is shown in Figure 5.

The library contains different standard cells for dif-
ferent delay requirements. The netlist of the circuit
contains the various gates, gate types and their in-
terconnection details. After the LP optimization, the
delays of each gate in the circuit are decided. The de-
lay assignments from the LP are independent of the
gate type, since it is a logic-level optimization. For
example, a NAND gate with 2 inputs might have a
delay assignment of 2 units for one instance and 4
units for another instance. Thus, a single cell for a
2-input NAND gate in the library is not sufficient to
realize the delays. Moreover, the delay is dependent
on the load capacitance, which varies from instance
to instance. Hence, we need to size the cells accord-
ing to their load capacitance in that instance and also
according to the delay requirement. The parameters
that we can change are the dimensions of the transis-
tors in a particular instance. Hence, we modify this
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design flow to dynamically change the cells in the li-
brary according to the delay requirements and the
load capacitance of the instances.

5.2 Delay Components

We have seen that the delay of the gate is a function of
the load capacitance CL. The load capacitance at the
output of a net is a function of the gate capacitances
of all of the gates in the fanout and their routing
capacitances:

CL = Cr + Σi=1,nCin,i (28)

where Cr is the routing capacitance at the output,
n is the number of fanouts at the gate output and
Cin,i is the input capacitance of the fanout i. So for
every instance of a gate to achieve the required delay
assignment, we need to guarantee that the delay is
achieved at this load capacitance. The input capaci-
tance Cin,i is a function of the transistor dimensions
as well. Hence, the dimensions of the gates in the
fanout have to be decided before the gate dimensions
can be changed for a delay assignment. We use a re-
verse breadth first search methodology for designing
the entire circuit. The design of a single gate with a
given load capacitance is described in this section.

5.3 Search Dimensions

The objective is to design a gate with a load capac-
itance CL in a particular instance, in order to have
a required delay dreq. The procedure is searching for
the appropriate dimensions for all of the transistors
in the circuit that satisfy the two criteria. The di-
mensions for the search space of an n-input gate are:

• n pMOS transistor widths

• n pMOS transistor lengths

• n nMOS transistor widths

• n nMOS transistor lengths

• Load capacitance.

In circuit designs, gates have up to 5 inputs. In such
cases, the dimension of the search space becomes 21,
which is huge and intractable. Moreover, the dimen-
sions of all the pMOS transistors and the nMOS tran-
sistors have to be the same for equal inertial delay
along all paths. Hence, the search dimension reduces
to:

• pMOS transistor width

• pMOS transistor length

• nMOS transistor width

• nMOS transistor length

• Load capacitance.

Searching the 5 dimensional space for every gate can
also be time consuming. Also the load capacitance
is a continuous quantity and we cannot have a sin-
gle lookup table approach. Hence, we propose a two
step approach. The first is a quick lookup from a
lookup table that has the dimensions for certain load
capacitances. This can be used as a first guess for
the sizes to be used in the second step. In the second
step, we use recursive simulation for fine tuning the
dimensions for the particular load capacitance.

5.4 Lookup Table Generation

The lookup table is a coarse approximation of the
various dimensions for a given delay requirement and
the given load capacitance. We first decide upon cer-
tain discrete load capacitances that span the range
of capacitances that might occur within the circuit.
Then we decide upon the various delays that the LP
is likely to generate in the delay assignments. This
can be an even distribution of the range of delays
in the circuit. The safest range would be from 1 to
maxdelay of the circuit. The lookup table is use-
ful to generate only if the optimization is going to
be used for different circuits. This is done once and
can be used for any circuit in the same technology.
But if a single design is needed, then it may not be
advantageous to generate the lookup table.

Now the gate types are divided into 6 main cate-
gories: NAND, NOR, INV or inverter, BUF or buffer,
OR, and AND. Complex gates such as XOR and
XNOR can be realized as combinations of the other
gates. For generating a cell to be used in the design
flow, we need to have different cells for different num-
bers of inputs as well. For example, the NAND gate
type may have four different cells in itself, such as a
2-input NAND, a 3-input NAND and so on. Thus, in
our current discussion we will refer to each of them as
a single gate type. Hence, in the following discussion
a 2-input NAND gate is perceived as a different gate
type from a 3-input NAND gate cell.

For every gate type we need to generate the tran-
sistor dimensions for a particular delay assignment
and a particular load capacitance. The procedure is
shown in Figure 6. We use the Spectre analog simu-
lator for the measurement of delay. The load capaci-
tance is attached as a single capacitor at the output
of the gate. The procedure is driven by two quan-
tities: rise delay and fall delay. Each gate type un-
der consideration is given a pair of input transitions,
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Figure 6: Flowchart of the lookup table generation
algorithm for transistor sizing.

one rising and one falling. The resulting rise and fall
delays, drise and dfall, respectively, of the gate are
measured. The decision taken is:

1. If drise < dreq, then increase the pMOS length
of the transistor by 1.

2. If drise > dreq, then increase the pMOS width
of the transistor by 1.

3. If dfall < dreq, then increase the nMOS length
of the transistor by 1.

4. If dfall > dreq, then increase the nMOS width
of the transistor by 1.

Since the dimensions for every gate type are started
from the lowest dimension, the method actually
reaches the first possible implementation of the re-
quired delay. The problem with the method is the
quantization of the transistor sizes. The sizes can
only be varied in certain discrete increments. Hence,
it might be impossible to get the exact delay at the
gate output. We set an error percentage within which
the delay error is acceptable. The condition for the
convergence of the delay is:

|dreq − drise| + |dreq − dfall|

dreq

< ε

where ε is the error percentage, which can be assumed
normally to be 2-3%. This error is acceptable as the
delay is only a course adjustment of the delay as-
signment. Once the procedure converges for a load
capacitance, the procedure is repeated for another
load capacitance. Once all capacitances in the range
considered are done, another delay assignment is con-
sidered. Thus, a complete lookup table is generated
for every gate type and delay assignment.

5.5 Fine Tuning the Transistor Size

Assignment

The lookup table is generated for all of the differ-
ent gate types and some load capacitances. This can
be used in common to all of the different circuits.
But when a particular circuit is being optimized, the
load capacitances might fall between two load capac-
itances for which the lookup table is generated. In
such cases we need to fine tune the dimension assign-
ment for that particular load capacitance. The start-
ing point for this procedure is the closest dimension
assignment in the lookup table. This procedure is
driven by the sensitivities of each of the dimensions.
The sensitivity is defined by:

Sensitivity =
dcurrent

|dreq − drise| + |dreq − dfall|

where dcurrent is the present measured delay of the
gate, and drise and dfall are the rise and fall delays
after the perturbation in the dimension. Each dimen-
sion has a sensitivity when perturbed by one unit.
The perturbation can be an increase or a reduction
in the dimension. There can be 8 perturbations, one
for each of the dimensions. The perturbation with
the highest sensitivity is incorporated and the gate is
simulated again. This procedure is called the steepest
descent method as the objective function is minimized
by driving the dimensions based on sensitivities. The
procedure can be summarized as:

1. Find the sensitivity of each dimension for per-
turbations

2. Choose the perturbation with highest sensitivity

3. Incorporate the perturbation into the dimensions
of the gate

4. Check the error function ε

5. If error > ε go to Step 1 else END.

This procedure is used for the final dimension assign-
ment for the transistors. The complexity is greatly
reduced by using the lookup table as the search is
limited to the neighborhood of the solution. Hence,
local minima will not be a problem. The procedure
can also be tuned for including the area of the cell in
the objective function.

6 Conclusion

In this paper, we have presented various compo-
nents delay in a CMOS gate delay. We explain why
conventional CMOS gates cannot be used as variable
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input delay gates. We have presented three imple-
mentations for a variable input delay gate. We ana-
lyze each gate and listed its shortcomings. Once the
basic gate topology is selected, the dimensions of the
transistors are determined. We find that the transis-
tor dimensions of each gate instance need to be dif-
ferent when we optimize an entire circuit for power.
We have proposed a two-step approach for fixing the
transistor sizes of every instance in the circuit.
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