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Abstract—We propose a new complementary metal-oxide semi-
conductor (CMOS) gate design that has different delays along var-
ious input to output paths within the gate. The delays are accom-
plished by inserting selectively sized ‘“permanently on” series tran-
sistors at the inputs of a logic gate. We demonstrate the use of
the variable input delay CMOS gates for a totally glitch-free min-
imum dynamic power implementations of digital circuits. Applying
a linear programming method to the ¢7552 benchmark circuit and
using the gates described in this paper, we obtained a power saving
of 58% over an unoptimized design. This power consumption was
18% lower than that for an alternative low power design using con-
ventional CMOS gates. The optimized circuits had the same critical
path delays as their original unoptimized versions. Since the overall
delay was not allowed to increase, the glitch elimination with con-
ventional gates required insertion of delay buffers on noncritical
paths. The use of the variable input delay gates drastically reduced
the required number of delay buffers.

Index Terms—CMOS delay devices, CMOS logic gate design, de-
sign automation, digital integrated circuits, dynamic power, linear
programming, low power design.

I. INTRODUCTION

ODERN digital circuits consist of logic gates imple-
mented in the complementary metal oxide semicon-
ductor (CMOS) technology. The power consumption of these
circuits has two components [14]. The dynamic power is con-
sumed only when the circuit performs a function and signals
change. Leakage or static power is consumed all the time, i.e.,
even when the circuit is idle. It is unnecessary and one would
like to eliminate it. But there are practical difficulties. Because
the advanced CMOS technologies have higher leakage, this
component has received much attention. The ways to reduce
leakage work at the transistor design and manufacturing process
levels [10]. On the other hand, we realize that the dynamic
power cannot be eliminated completely because it is caused by
the computing activity. It can, however, be reduced by circuit
design techniques.
Whenever a logic gate changes state, power is consumed. The
state change can be due to the essential logic value changes as
well as due to glitches. The latter are not necessary and their
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elimination is the subject of this paper. The methods described
here are based on the authors’ research discussed in several pa-
pers [36]-[40] and theses [34], [35].

II. BACKGROUND

The reasons for the glitch activity in a digital circuit are the
hardware delays. In this section, we give the background on gate
delays and the mechanisms through which glitches are produced
or can be eliminated.

A. Delay of a CMOS Gate

There are many ways of combining transistors to perform the
logic functions such as NOT, NAND, NOR, etc. We will describe
the CMOS design style which is most prominent in current day
technologies. A CMOS gate is constructed by a combination of
MOSFETs to realize a logic function. But a MOSFET is not an
ideal switch. When open it provides a large but finite resistance
between its source and drain terminals. When closed it provides
a small nonzero resistance. For a CMOS gate, the output signal
change follows the input change with a certain delay. First, the
closing and opening of MOSFETs in the gate depends upon the
slope of input signals. Then, the output signal change requires
charging or discharging of the output capacitance through a low
resistance path provided by the “ON” MOSFETs. We define the
delay of a gate as follows.

Definition: Gate delay is the time taken for a signal at the
output of a gate to reach 50% of Vyq (logic 1 level) after the
signal at the input of the gate has reached 50% of V4.

Gate delay is a function of the amount of resistance and ca-
pacitance in the current path. A MOSFET when closed (ON
state) offers a finite resistance R, that is a function of the width
and length of the device. Since gate delay is given by R, x Cp,
where (', is the load capacitance, it can be varied by changing
the width and length of the transistor [17], [32], [47]. For ex-
ample, a NAND gate output rises due to current flow in its pFETS.
Hence, the delay of the NAND gate for a rising output transition,
can be altered by changing the sizes of pFETs. To increase the
delay, we increase the resistance of a transistor by increasing its
length. Similarly the output delay for a falling transition can be
varied by changing the lengths of the nFETs. The delay can also
be reduced by increasing the widths of transistors. The delay is
effectively changed by manipulating the width and length of the
transistors in the gate. Note that it is possible only to manipulate
the overall delay of a gate but not the individual delays along dif-
ferent paths through it. For instance, the delay of a gate when one
input transitions cannot be independently controlled without al-
tering the delay when the other input transitions. These delays
are inter-related.

1063-8210/$26.00 © 2009 IEEE
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Fig. 1. Circuit showing the formation of glitches. The inverter has a delay of
2 units and the NAND gate has a 1 unit delay. Due to differing arrival times
at the inputs of the NAND gate, the output produces a glitch consisting of two
transitions.

B. Glitches and Dynamic Power

Every signal transition consumes a finite amount of energy.
For the correct functioning of a logic circuit, every signal net
needs to transition at most one time in one clock cycle. But in re-
ality, the gate outputs transition more than once and these unnec-
essary transitions are called glitches. These transitions consume
energy and are quite unnecessary for the correct functioning of
the circuit. Glitch power consumption can be as much as 40%
[3, p. 493] or higher [33, p. 45] as compared to the overall
power consumption and it is advantageous to eliminate glitches
from circuits as power consumption is critical in today’s chips.
Glitches arise due to the differences in the arrival times of signal
transitions at the inputs of a gate.

Definition: Differential delay is the maximum difference in
the signal arrival times at different inputs of a multi-input gate.

Consider the circuit shown in Fig. 1. The signal arrival at
the lower input of the NAND gate is always 2 time units later
than the signal arrival at the upper input due to the inverter in
its path. Thus the differential delay at the NAND gate is 2. This
differential delay makes the output of NAND gate transition twice
when in reality, it should have no logic transition at all. These
extra transitions form a glitch and waste energy.

There have been many techniques proposed to eliminate the
glitches. In delay balancing, the inputs are made to arrive at
the same time by inserting extra delay buffers on selected paths
[13]-[15], [33], [41]. In hazard filtering, the gate delay is made
greater than the differential delay at the inputs of the gate to
filter the glitch [1]. However, both these approaches lead to
greedy algorithms and do not yield globally optimum results. In
gate sizing, every gate is assumed to be an equivalent inverter
with the gate size as a design variable [4]-[9]. The goal of this
technique is to solve for the equivalent inverter sizes such that
the glitches are eliminated. Transistor sizing is similar to gate
sizing but treats every transistor’s size as a variable and tries
to solve for the optimal sizes for all transistors in the design
for glitch-free operation [16], [18], [42], [43], [48], [49]. Gate
sizing and transistor sizing try to balance delays for eliminating
glitches by sizing the devices accordingly but gate delay varies
nonlinearly with device sizes [34]. This leads to nonlinear con-
vergence problems for both these techniques.

One way to get around the nonlinearity is to solve the problem
in two stages. First stage would be to use linear programming
where the gate delays are first treated as independent variables
and the optimum delays are found by solving a linear program
(LP) [2], [34], [36]. The second stage does sizing of each gate to
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realize the delay of the LP solution [38], [40]. Thus, the nonlin-
earity is localized to each gate and convergence is not a major
issue. However, a problem with this technique is that it inserts
delay buffers in the circuit. These extra inserted elements also
consume power themselves and hence reduce the achievable
power savings. In all of the above techniques, the problem of
buffer insertion arises due to the conventional gate design. The
conventional CMOS gates have a single delay, no matter which
input of the gate causes the transition. Although, some modern
libraries might contain gates with differing input-output delays,
these delays cannot be controlled independently. Raja et al. pro-
posed a minimum dynamic power LP technique using a new
gate delay model, where the input delay of the gate can also
be varied [37]. This makes the gate delay different for different
input-output paths through the gate. The advantage of this gate
model is that glitches can be completely eliminated from the cir-
cuit without the insertion of any delay buffers, thus achieving
more power saving.

C. Present Contribution

A novel implementation of the last technique is the focus of
this paper. We describe the formulation of an LP using variable
input-output gate delay model with an overall delay constraint.
This is a variation of the minimum dynamic power LP described
in previous publications [35], [37]. In speed-critical designs, the
critical path delay should not exceed some given value we will
refer to as maxdelay. If the delay requirement is stringent, then
the circuit designed using the minimum dynamic power LP may
not meet the specification. In such cases, we provide the de-
signer with another version of the LP in which, the design is
optimized by adding buffers at selected nets in addition to the
input delay elements. We call this the delay specification LP.

We describe three possible ways of implementing the vari-
able-input delay gate and its application to low power design.
The technique for the sizing of the new gates and delay ele-
ments is also discussed in recent publications [38]-[40]. It is to
be noted that this technique is different from input reordering
techniques, because the amount of delay difference between
two paths through a single gate (a parameter we define in
Section III-G. as u;) that can be achieved by input reordering
is much smaller compared to that achieved in the designs
described here.

In general, dynamic power consumption in circuits can be de-
scribed as the product of number of transitions (N; ) and average
power per transition (P;). Our technique reduces glitches in the
circuit thereby reducing N;. It is true that the quantities N; and
P; may not be completely independent and reducing N, alone
can potentially increase P,. However, we would like to point
out that the final goal is total power reduction and that a large
reduction in N; can offset the slight increase in P; resulting in
overall power savings. As an evidence in support of this state-
ment, we provide the power consumption results from ¢7552
circuit designed using our technique in Section V. The power
for this circuit was estimated using a circuit-level (Spice type)
simulator, which takes both /V; and F; into account. Even if we
assume that P; could have increased in the design, there is sub-
stantial reduction in the total power.

Authorized licensed use limited to: Auburn University. Downloaded on December 7, 2009 at 13:16 from IEEE Xplore. Restrictions apply.



1536

6
2 3)_,7 Delay=1
Delay=1
3 {}c i

7
Delay=1

Fig. 2. Example circuit.

Fig. 3. Delay model for the circuit of Fig. 2.

Other power reduction techniques such as dual-Vyq and
dual-Viy, [32], [47] can be used in conjunction with the present
technique to improve the design quality. Note that these tech-
niques reduce P; and do not change the power saving from our
technique which primarily targets /V;. Recent papers [23]-[26],
[31] combine the glitch elimination and leakage reduction
through mixed integer linear programs.

III. DELAY SPECIFICATION LP

We use the example of a simple circuit to explain the new
delay specification LP formulation. Consider the combinational
circuit of Fig. 2. Traditionally, for the purpose of gate sizing
the circuit is generally viewed with each gate having a single
inertial delay and all input/output (I/O) paths through the gate
are assumed to have the same delay. We redefine the gate delay.
A gate can now be viewed as having one basic inertial delay
and a set of input delays for the I/O paths running through the
gate. This is illustrated in Fig. 3.

Each gate can be assumed to have a single inertial delay vari-
able with additional input delays modeled by delay elements at
the inputs of the gate. The inertial delay and input delays of a
CMOS gate are not independent. In the LP we treat them as
independent variables, which are bounded by a feasibility con-
straint defined in Section III-G so that the delays can be real-
ized in practice. There are buffer variables inserted at primary
inputs (PIs) and fan-out stems. These buffer variables will be
used by the LP for adjusting the differential delay when the con-
straint cannot be met by input delay elements alone. We assert
that these input delay elements and extra buffer elements are
only for analysis purposes and are not actual extra components
in the circuit. The LP consists of variables that define various
parameters in a circuit, constraints on the variables and an ob-
jective function that needs to be minimized. This LP produces
the minimum dynamic power consuming circuit for given feasi-
bility constraint and maxdelay. We describe the LP for the cir-
cuit shown in Fig. 3.
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A. Variables

The variables for a circuit are as follows [34], [36].

* Basic Inertial Delays of Gates: dy, ds5, dg, d7.

* Gate Input Delays: d; ; is the extra delay on the path from
the fanin gate j to gate 7. For instance, ds 4 is the extra
delay of the path through gate 5 while arriving from gate 4.
This models the differences in delays of various I/O paths
through the gate. Its minimum value is 0.

d Buﬁ‘er Delays.' d107 d117 d12, d13, d14 are the buffer delay
variables. These buffers are used by the LP to balance de-
lays that cannot be balanced by just using the input delay
variables. Their minimum value is 0.

e T; is the latest time of signal change at the output of gate
1. The reference for 7; is the time instant when primary
inputs change. Thus, for primary inputs, 7; = 0. However,
any time skews or ambiguities at primary inputs can be
modeled by assigning nonzero values to 7.

* t; is the earliest time of signal change at the output of gate
1. The reference for ¢; is the same as for 7T; and for primary
inputs, ¢; = 0. Also, any skews or ambiguities at primary
inputs can be modeled by assigning nonzero values to ¢;.

* The interval (¢;,T;) is defined as a fiming window during
which the signal ¢ (primary input or output of a gate) can
change.

B. Constraints on Delays

The following constraints set the lower and upper bounds on

the variables:

* lower bounds on gate inertial delays are set to 1; The ac-
tual value of this time unit will depend on the specific tech-
nology used;

* lower bounds on gate input delays are set to O;

* lower bounds on buffer delays are set to 0;

* we also set an upper bound u;, on the gate input delays (see
Section III-G).

C. Buffer Delay Constraints

These constraints are for buffer variables and gates with a
single fan-in. They ensure that the minimum and maximum ar-
rival times at the input of a gate are propagated to the next stage.
For example, at the output of the buffer dig at primary input 1
in Fig. 3, we have

tio < t1 + dio Tio > T1 + dio-
D. Glitch Suppression Constraints

These constraints ensure that the timing window for signal
transitions at every gate output does not exceed the inertial delay
[1], [34], [36]. Consider gate 6 in Fig. 3. The constraints for it
are given as

teg <tio+ds1 + ds
te <ts+dgs+ ds
Ts >Tho + ds,1 + ds
Te >Ts + de,5 + ds
dg >Ts — tg.
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E. Maxdelay Constraints

These are the constraints that specify the speed of the circuit.
Here maxdelay is a parameter given by the designer to specify
the maximum path delay in the circuit. The delay of the slowest
path is bounded by the latest time of arrival of a signal transition
at a PO. Hence, for every PO of the circuit in Fig. 3 we have

Ts < maxdelay T7 < maxdelay

F. Objective Function

The following objective function reduces the insertions of
buffers into the circuit, while achieving the required overall

delay:
> d;

jebuffers

Minimize

Since the total extra power of the circuit is proportional to the
number of buffers added, the exact objective function should
minimize the number of buffers added by the LP. However, this
becomes a nonlinear objective function and an LP solver cannot
handle a nonlinear objective [2]. Hence, we use the linear ver-
sion of the objective function as shown.

G. Feasibility Constraints

The main issue here is the upper bound on the delay of gate
I/O elements. The idea behind this formulation is to design a
gate that can have different delays along different I/O paths
through it. If unconstrained, the linear program may give gate
input delays that are too large to be realized. Every technology
has a limit on the amount of flexibility that designer are allowed.
This limit is based on the feasibility of designing the gate input
delays for the technology used at the transistor and layout levels.
We call this the feasibility condition. For example, the feasibility
constraints for gate 6 in Fig. 3 are

ds1 < up de5 < Up.

These allow the gate input delay to be varied up to a value of
up, by the program. This value is a design parameter and is spe-
cific to the design technology in which the circuit is being de-
signed. Given a feasibility value, we can use the delay specifi-
cation LP to design the lowest power consuming circuit at the
given delay specification. The LP guarantees the minimum dy-
namic power condition and the delay specification. This LP in-
serts fewer buffers than the prior techniques and hence, achieves
more power saving. Hence, the dynamic power consumed may
not be absolute minimum because a finite number of buffers
could have been added to meet the delay specification.

H. Solution Curves

Let us consider the solution space explored by the proposed
LP and the previous LP techniques [34], [36]. Consider the illus-
tration of Fig. 4. The solid curve shows the power-delay tradeoff
in previous methods with conventional gate design [39]. The
circuit designs given by the points on this curve are the fastest
minimum power circuits for u, = 0. If we increase u; and
use the proposed delay specification LP, the power delay curve
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Fig. 4. Power-delay curves for a previous method [34], [36] and for the delay
specification LP proposed here.

shifts to one of the dotted curves shown in the figure. For a
given maxdelay the point on a dotted curve is the solution with
minimum dynamic power for the corresponding u;. The max-
imum uy allowed for the technology is given by Max u;. The
region of feasible implementations is shown as the shaded re-
gion in the figure. Every point in the shaded region is a possible
minimum dynamic power solution for a given u; and a given
maxdelay requirement. The lower boundary of this region rep-
resents zero-buffer designs. If the gate input to output delay vari-
ability (uy) is allowed to increase indefinitely, all glitch suppres-
sion conditions would be satisfied without increasing the critical
path delays. The point u;, = oo in Fig. 4 has the same speed as
the original circuit prior to power minimization. Any increase
in dynamic power over this minimum is caused by the delay
buffers inserted to satisfy the technology limit on the allowable
up [37]. The delay specification LP proposed in this paper effec-
tively exploits the power-delay solution space. Note that for any
given maxdelay, the delay specification LP solution consumes
less power than the u;, = 0 solution [34], [36].

In the proposed delay specification LP of Section III, if we
use the conventional logic gates, i.e., u, = 0, we get the same
design as obtained by previous methods [39]. This design will
be buffer-less only if some large maxdelay was specified. If we
use nonzero up, the power delay tradeoff curve shifts down to
one of the dotted curves shown in Fig. 4. This is because the
design with delay specification LP requires fewer buffers than
the previous technique (shown by the solid curve) and hence
consumes less power. Thus, by increasing u; for a design, we
reduce the power consumption of any given solution from the
solid curve to one of the dotted curves for the same maxdelay.
As the delay variability upper bound u;, is increased to a higher
value, the design consumes less power for the same maxdelay
as shown by the dotted-line curves. However, every technology
has some maximum wu; and it is difficult to construct gates with
any higher delay variability. The limiting power delay tradeoff
curve is labeled with Max u;,. Thus, by choosing any u;, between
0 and Max u; and using the proposed delay specification LP, the
entire design space can be explored.

IV. PROPOSED GATE DESIGN

Several delay elements have been discussed in the literature
[21], [22], [27], [30], [45], [46]. Our focus here is on indepen-
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Fig. 5. Schematic of the proposed variable input delay gate: a conventional
2-input CMOS NAND gate characterized by a single output delay (top), and two
ways of varying input delays by always-on nMOS pass transistor (center) and
by always-on CMOS transmission gate (bottom).

dently changing the delays of interconnects leading to a gate in-
puts without inserting any gates or buffers, which might consist
of their own pull-up and pull-down paths and node capacitances.
As described above, it is advantageous to design a gate with
differing delays along different input-output paths through the
gate. In other words, it is advantageous to design gates with high
up, such that fewer buffers will be needed to meet the delay
specification. We call such a gate variable input-delay gate. In
this section, we propose a transistor level implementation of the
gate and its characteristics [35]. Consider a two-input NAND gate
shown in Fig. 5. Suppose, the delay of path 1 to 3 is dy_,3 and
that of 2 to 3 is ds_.3. Then
di—3 = Ron X Cin1 +d3 da—3 = Ron X Cina + d3
where Cj,1 and Cjpo are the input capacitances seen at the in-
puts of the gate and R, is the series resistance of the ON tran-
sistors in the previous stage. The intrinsic inertial delay d3 of
node 3 is independent of the input causing the output to change.
It depends upon the total capacitance C'z, of node 3 and the resis-
tance of ON transistors within the gate. A conventional CMOS
gate (top figure) is characterized by a single delay normally as-
signed to the output. We examine the following four different
implementations.
¢ Input capacitance manipulation is the technique by which
Cin1 1s increased without altering Cjy 2. This is achieved by

increasing the sizes of the transistors connected to input 1
such that Cj,;; > Cj,2. Now the delays are

d1—>3 = Ron X Cinl + d3
da—3 = Ron X Cinz +d3
di—3 >das.

The problem with this implementation is that the resis-
tances of ON transistors in the series path are interrelated
and hence the output delay d3 is also altered. The formu-
lation becomes nonlinear.

Resistance with a single nMOS pass transistor can be
added in series to the path in which extra delay is desired.
This scheme is shown in Fig. 5(a) and (b). This nMOS tran-
sistor is always ON and hence adds a series resistance R
to the path 1 — 3. The delays are

d1—>3 = (Ron + Rs) X Cvinl + dS
d2—>3 = Ron X Oin2 + d3
di3 > da_s3.

The resistance R can be controlled by changing the size
of the nMOS transistor. The delay along the path 1 —
3 can be controlled independent of the delay along path
2 — 3. Hence the gate has different delays along different
I/O paths. A disadvantage of this design is that the nMOS
pass transistor degrades the signal when it passes a logic
1. This causes the transistors in the next stage to have a
higher source-drain leakage current. This disadvantage can
be alleviated by using a CMOS pass transistor as described
below.

Resistance with a CMOS pass transistor (transmission
gate) can be added to introduce the extra resistance in the
path as shown in Fig. 5(c) and (d) The inserted CMOS
pass transistor contains both nMOS and pMOS transistors
that are always ON. This does not degrade the signal but
has the disadvantage that it adds an additional transistor.
Moreover, gate leakages of the two devices of the CMOS
transmission gate can provide power to ground paths. De-
vice-level simulations in Section V do not show this to be a
concern for the 0.25-pm CMOS technology. But, for finer
devices, technology solutions to this problem will be re-
quired [10].

We should point out that the delays obtained either by
single nMOS transistor or by the CMOS transmission
gate are static. Because the control inputs of these devices
are permanently tied to fixed supply or ground voltages.
This is quite different from the gate triggering method of
glitch suppression [28], [29], where pass transistors are
controlled by dynamic clock-like signals.

Resistance with a feedthrough resistive cell is a technique
of adding the resistance using a polysilicon serpentine re-
sistor overlaid with silicide blocking. This is the standard
way of creating a resistance in an analog circuit. The ad-
vantage of these cells is continuous controllability of resis-
tance rather than the discrete control provided by transis-
tors [45], [46]. We did not use this method because of its
large area overhead.
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A. Design Issues

We selected the single nMOS pass transistor for our design.
Some of the underlying reasons are low area overhead, sim-
plicity of integrating it in the a cell library, and the ease of in-
corporating it in circuit-level simulation. A previous paper has
discussed the CMOS transmission gate delay element [30] and
reported that it provides good delay controllability but has poor
signal integrity. Since we did not require a standalone delay ele-
ment, the delay producing transistors were integrated with logic
gates whose input delays and output signal integrity are locally
analyzed and adjusted.

There are several design issues regarding this variable input
delay gate design. The delay along a path is varied by changing
the series resistance, which is a function of the length of the
transistor/transmission gate and hence the delay along the line
can be altered by changing the length of the extra transistor/
transmission gate.

 This transistor cannot be infinitely long because that would
increase the voltage drop across it and cause signal in-
tegrity issues at the output of the gate. Hence there is a re-
alistic limit to the length of the transistor added and this de-
termines the maximum differential delay that can be added.
Raja et al. describe this as the gate differential delay upper
bound wy, in their low power design [37]. This parameter
up, is related to the technology the gate is implemented in
and is called the feasibility condition. Our design analysis
determined a u;, of 10 delay units for the 0.25-pm fabrica-
tion process we used [35], [38], [40]. The delay unit is the
minimum gate delay for the technology and is the delay of
an inverter feeding into another inverter of the same size.

* The logic 1 state is degraded by the threshold voltage of
nMOS transistor. If the signal does not drive the transis-
tors in the logic gate into cutoff, there will be increased
leakage. This problem can be alleviated by using a CMOS
transmission gate instead of a single transistor. The effect
of increased leakage is shown in the results section.

* The placement of the series transistor with respect to
the routing capacitance also needs to be examined. If
the routing capacitance is small it does not matter where
the transistor is placed in the path. But if the routing
capacitance is large, then the delay at the input of the gate
changes as the transistor is moved along the path as it
sees a different capacitance at every stage [17]. We have
inserted the transistor at the end of the routing path in our
designs [35].

More details on these design issues may be found in recent

papers [38]-[40].

V. RESULTS

In this section, we present an application of the new gate
design in implementing custom circuits for minimum dynamic
power.

* Unoptimized Example Circuit. Consider the simple ex-
ample circuit of Fig. 2. Assume that the delays of all gates
are the minimum allowed by the technology through sizing
of transistors in gates appropriately. We observe that the
differential delay, at gates 5 and 6, exceeds the inertial
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Fig. 7. Design with proposed input delays.

delay and we expect potential glitches. The circuit was sim-
ulated for rising signals at all three inputs using Spectre
analog simulator from Cadence [12]. The results are shown
in Fig. 8. As expected, gates 5 and 6 transition 2 and 3
times, respectively.

* Buffer Optimized Circuit. The buffer optimization using
conventional gates requires the use of one buffer for the
circuit to operate at the same speed [2], [36]. The opti-
mized circuit with the buffer is shown in Fig. 6. It is im-
plemented using two CMOS inverters and has an overall
delay of 2 delay units. The buffer optimized circuit was
simulated for the same vector-pair as the unoptimized cir-
cuit. As expected, the optimization eliminated all glitches
as shown in Fig. 8. However, the buffer optimization re-
quires that the transition of input 1 should pass through the
buffer. This increases the total number of transitions in this
circuit.

* Low-Power Design with Proposed Gate. When variable
input-delay gates are used, the optimized circuit is shown
in Fig. 7. We have used the single nMOS transistor imple-
mentation here but any of the proposed designs could have
been used. Circuit-level simulation for the same vector pair
is shown in Fig. 8. The glitches at the outputs of gates 5 and
6 are eliminated in this optimized design as well.

A. Energy Consumption

During the simulation for the three circuits described above,
we measured the supply current for the given input vectors and
computed the energy. The results are shown in Table 1. The
simulations were done with Spectre analog simulator from Ca-
dence [12]. As recorded in the table, the unoptimized circuit
consumes 800 fJ, the buffer optimized circuit consumes 550 fJ
and the new variable-input delay gate circuit consumes 300 fJ.
Thus, the energy saving of the new design is 62.5% with re-
spect to the unoptimized circuit. The new gate design achieves
substantially higher power saving than the buffer optimized de-
sign. The total power obtained from the simulator includes the
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Fig. 8. Circuit simulation of vectors 000 — 111 for (left to right) circuits of Figs. 2, 6, and 7.

TABLE 1
SIMULATION OF THE THREE DESIGNS OF THE EXAMPLE CIRCUIT FOR INPUT 000 — 111
Circuit Logic activity Energy consumed Leakage Ippg
Gate transitions Reduction | Total Reduction | Vector 000 Vector 111
Figure 2 8 0.0% 800£J 0.0% 38.1pA 60.6pA
Figure 6 5 37.5% 550 31.3% - -
Figure 7 3 62.5% 300£J 62.5% 38.1pA 60.9pA
Circuit of Figure 7 with CMOS Transmission gates 38.1pA 60.7pA

short circuit and leakage components as well. However, for the
0.25-pum CMOS technology used, dynamic power dominates as
discussed in Section V-B. Table I also shows a good correlation
between the reduction in the number of transitions and power
saving. The power savings of the optimized circuit are due to
the following two reasons:
 glitches have been removed, which makes the proposed
example circuit save power over the unoptimized circuit;
¢ no buffers have been added, which does not add extra tran-
sitions in the circuit, thereby making the new design con-
sume less power than the buffer-optimized circuit.

B. Leakage Current

The introduction of an nMOS pass transistor degrades the
signal at the gates of the transistors. This increases the leakage
current of the circuit and may even drive the transistors out of
cutoff. The current flowing in the steady state is called the quies-
cent current (Ippq) and is due to the leakage through OFF tran-
sistors. The quiescent current is a function of the input vectors at
the primary inputs (PIs) of the circuit. To analyze the relative ef-
fect, we simulated circuits with a pair of input vectors allowing
the transients to completely settle down following each vector.
The three circuits simulated for leakage were the unoptimized
circuit of Fig. 2, the optimized circuit of Fig. 7, and another op-
timized circuit obtained by replacing the nMOS pass transistors
in Fig. 7 with CMOS transmission gates. The leakage currents
for the vector 000 showed no change for the three circuits as
in this state the nMOS transistors are passing logic 0, which is
not degraded (see Table I). For vector 111, however, there was

an increase of 0.45% in leakage due to the nMOS pass transis-
tors. The circuit with the CMOS transmission gates had an in-
crease of only 0.2%. This increase is not due to the degradation
of the signal but is due to the leakage path added from Vyq to
Gnd through the sidewall capacitance. This is a very minor in-
crease for the 0.25-pm fabrication technology but further anal-
ysis needs to be done for more recent technologies.

C. Benchmark Circuits

We optimized several ISCAS’85 benchmark circuits for dy-
namic power. The results in Table II compare the designs done
with the new variable-input delay gates to original versions
of circuits and those optimized using conventional gates [34],
[36]. For each method, two optimized designs were created,
one where no increase in the overall delay (maxdelay) was
permitted and the other where the overall delay was allowed to
increase to twice that of the original design. The “original de-
signs” were optimized not for power but for speed in the given
0.25-um CMOS technology. Each design had the smallest
possible delays along critical paths as well as all other paths
in the given technology. We analyzed the circuit at the logic
level assuming that it is possible to design such unit or constant
delay gates, i.e., gates sized to feed the fan-outs.

For each circuit, first an original version (not optimized for
glitch removal) was created as a reference. This version used the
fastest gates available in our 0.25-m CMOS technology. These
gates have larger transistors and typically consume more power.
This design functions somewhat similar to a unit-delay logic
circuit that is generally known to consume more power [41].
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TABLE 11
DYNAMIC POWER CONSUMPTION OF CUSTOM DESIGNS OF ISCAS’85 CIRCUITS ESTIMATED BY LOGIC SIMULATION. THE ORIGINAL DESIGNS ARE THE HIGHEST
SPEED DESIGNS IN THE 0.25 ¢t CMOS TECHNOLOGY USED. THE “CONV. CMOS GATE” DESIGN IS DONE USING AN LP FORMULATION THAT USES A SINGLE
DELAY VARIABLE FOR A GATE AND DOES GLITCH ELIMINATION BY INSERTING BUFFERS AS DELAY ELEMENTS [34], [36]

Circuit | mazdelay Orig. design Variable input-delay gate | Conv. CMOS gate [34,36]
Norm. power=1 [ Added Norm. power Added Norm. power
No. of Trans. Trans. | Av. Peak Trans. | Av. Peak
c432 1.0 784 291 | 0.69 0.66 380 | 0.72 0.67
2.0 784 98 0.65 0.55 264 | 0.62 0.60
c499 1.0 1,364 105 | 0.86 0.84 192 | 0.91 0.87
2.0 1,364 86 0.71 0.65 0 0.70 0.66
c880 1.0 1,802 174 | 0.58 0.45 248 | 0.68 0.54
2.0 1,802 154 | 0.56 0.45 136 | 0.68 0.52
c1355 1.0 2,196 550 | 0.48 0.42 896 | 0.58 0.48
2.0 2,196 410 | 0.44 0.39 768 | 0.57 0.48
¢1908 1.0 3,878 206 | 0.56 0.46 876 | 0.69 0.59
2.0 3,878 192 | 0.55 0.45 280 | 0.59 0.44
c2670 1.0 5,684 436 | 0.70 0.56 628 | 0.79 0.65
2.0 5,684 380 | 0.69 0.57 140 | 0.71 0.58
c3540 1.0 7,822 677 | 0.57 0.46 956 | 0.64 0.44
2.0 7,822 642 | 0.54 0.43 560 | 0.58 0.46
¢5315 1.0 11,308 1,310 | 0.57 0.48 1,120 | 0.63 0.52
2.0 11,308 1,361 | 0.55 0.46 684 | 0.60 0.45
c6288 1.0 10,112 2,854 | 0.91 0.87 1,176 | 0.40 0.36
2.0 10,112 1,815 | 0.21 0.16 480 | 0.36 0.34
c7552 1.0 15,512 1,439 | 0.28 0.24 1,464 | 0.38 0.34
2.0 15,512 1,406 | 0.27 0.24 444 | 0.36 0.32

Dynamic power consumption was estimated by an event-driven
simulator, which assumed that each gate has the same delay and
that the power consumed per signal transition is proportional to
the number of fan-outs. The simulator uses a glitch-filtering pro-
cedure [11]. Thus, whenever a new event is scheduled such that
a previously scheduled event on the same signal is still pending,
then both events are canceled. Estimates of peak and average
power were obtained for a set of vectors. These vectors were
generated for a complete or almost complete stuck-at fault cov-
erage. It is assumed that such vectors provide appreciable logic
activity and hence a reasonable estimation of power. In Table II,
the power of original circuits is normalized to unity and tran-
sistor counts for all circuits are given. Power estimation for all
other designs (discussed below) was similar but used the delays
obtained from the LP.

Next, we redesigned the circuits with variable-input delay
gates described in previous sections. An LP determined the
input and output delays for all gates under an input differential
delay constraint of u; = 10 (see Section IV-A). Each circuit
was designed for two overall delays, maxzdelay = 1 and 2,
respectively, normalized with respect to the corresponding
reference design. Columns 4—6 of Table II show the number
of transistors added (see next paragraph) and the power con-
sumption normalized with respect to the corresponding original
design. To meet the maxdelay constraint, some circuits used
delay buffers. But in most cases no buffers were required.
In the linear program optimization, an upper bound (up) is
used on the input differential delay that can be achieved. This
upper bound is a technology parameter and is determined
through actual design and simulation of gates. When the circuit
topology requires very large differential delays, delay buffers
must be used to satisfy the glitch removal conditions. The
linear program, however, keeps the number of such buffers to
a minimum. The circuit c6288 is a typical case where a large
number of buffers were essential. Since each delay buffer has

two inverters, which provide additional node capacitances to
be charged and discharged during operation, extra power is
consumed. The maxdelay = 2 design of c6288 did not require
buffers and all glitch removal conditions were satisfied by the
gate input delays.

The added transistors are mostly for the nMOS transmission
gates inserted at gate inputs to realize the input delays given
by the LP. Gate inputs were treated as symmetric although,
in general, it is possible to take advantage of the input asym-
metries in implementing the differential delays. As explained
above some circuits needed delay buffers. Each buffer was im-
plemented with four transistors (two inverters) included in the
counts given in column 4 of Table II. Inverters in buffers have
drain to source leakage. In addition, all transistors have gate
leakage. Roughly, the leakage of the circuit may increase in
proportion to the transistor overhead, which, on an average, is
13.3% for maxzdelay = 1 designs and 10.8% for maxdelay =
2 designs. However, it should also be noted that all transistors in
the circuit are not sized equally and the leakage depends upon
their sizes as well. If the designs were done with CMOS trans-
mission gates, the added transistor counts will double only for
transmission gates and will remain unchanged for buffers.

The last three columns of Table II provide a comparison with
an alternative method in which “conventional” CMOS gates
were used. Here, each gate was designed for its own almost
equal input-to-output delays and is characterized by a single
delay. The circuit design is obtained by another linear program
[34], [36] that inserts delay buffers in most cases to satisfy the
glitch elimination conditions under the single gate-delay restric-
tion. With the exception of a few, most circuits consumed more
power than the variable input delay gate design. The numbers of
added transistors in column 7 are due to the delay buffers, each
requiring 4 transistors. Thus, ¢7552, required 366 buffers imple-
mented with 1464 transistors for the design with mazdelay =
1.

Authorized licensed use limited to: Auburn University. Downloaded on December 7, 2009 at 13:16 from IEEE Xplore. Restrictions apply.



1542

7638750 |

7@9*125@

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 17, NO. 10, OCTOBER 2009

7094250 ¢4 o

7638750

Fig. 9. 0.25-pm custom CMOS layouts of unoptimized (left) and optimized c¢7552 circuits (right).

TABLE III
DYNAMIC POWER CONSUMPTION OF C7552 CHIPS ESTIMATED BY LOGIC SIMULATION
Circuit | mazdelay | Unopt. design | Variable input-delay gate | Conv. CMOS gate [34, 36]
Norm. power=1 | Added Norm. power Added Norm. power
No. of Trans. Trans. | Av. Peak Trans. | Av. Peak
c7552 1.0 15,512 1,439 | 0.42 0.34 1,464 | 0.49 0.35

The circuit c499 with maxdelay = 2 is an interesting case
in Table II. The conventional gate design does not require any
delay buffers because all glitch elimination conditions could be
satisfied by the original single-delay gates. The overall power
consumption is lower (though marginally) than that for the vari-
able-input delay gate design. This shows that the two types of
gates offer different design alternatives and in some cases, like
this one, conventional gate may give a lower power design.

D. Chip Design and Total Power

We did the physical design of the ISCAS’85 benchmark cir-
cuit ¢7552. First, an “unoptimized” design was created. This
circuit contained 3827 gates and was implemented with 15512
transistors. We used gates with smallest size transistors as com-
pared to the fastest gates used in the “original” design of the pre-
vious subsection. The unoptimized circuit, therefore, is slower
but consumes less power. Its physical layout was done by the
Cadence layout editor. We redesigned the circuit using the pro-
posed variable input delay gates and that design contained 1435
nMOS transmission gates and one delay buffer, requiring 1439
extra transistors. This design is the mazdelay = 1 version of
¢7552, shown in Table II (columns 4 to 6). A third design using
the conventional CMOS gates (last three columns in Table II)
was also implemented. It required 366 delay buffers or 1464
extra transistors added to the unoptimized version. All three
designs were implemented in 0.25-um CMOS technology and
worked at the same speed [35]. Two layouts shown in Fig. 9
are for the unoptimized design and the variable-input delay gate
design. The areas of these chips are 710 pmx 710 pm and 760
pmx 760 pm, respectively.

Power consumption was evaluated in two ways. First, the
logic simulation method of the previous subsection was used
with few differences. For the unoptimized circuit, gate delays

Authorized licensed use limited to: Auburn University. Downloaded on December 7,

were assumed to be proportional to fan-outs instead of being
the same, and the signal activity was weighted by the node ca-
pacitance extracted from the chip layout. The circuits were sim-
ulated for a set of 156 fault coverage test vectors. As shown
in Table III, the variable-input delay gate design saves 58% av-
erage and 66% peak power. In comparison with the conventional
CMOS gate design using 366 delay buffers, the variable-input
delay gate design consumed about 17% less average power.

These power savings, though appreciable, are lower than
those estimated in Table II. The reason for the discrepancy
is that our “unoptimized” design uses the smallest gates and
consumes less power as compared to the “original” design,
which used the fastest gates. Indeed, the “original” design is
faster than the “unoptimized” design.

A second evaluation of power was done with a circuit-level
simulator. The results of instantaneous and average power
measurements are shown in Figs. 10 and 11. These results
were obtained by a circuit-level simulator, Spectre from Ca-
dence [12]. The estimated power here includes all components,
namely, dynamic, short-circuit, and leakage. For simulation,
node capacitances were extracted from the layouts. The circuits
were simulated for the same set of 156 vectors. These plots
show a peak power saving of 68% and average power saving of
58%, which are very close to those obtained by logic simulation
(see Table III). The circuit-level simulation thus confirms that
the short-circuit and leakage power components were indeed
negligible, as is expected for the 0.25-ym CMOS technology,
for both optimized and unoptimized circuits.

VI. CONCLUSION

The novelty of our work is in: 1) finding the best combination
of path balancing and hazard filtering by linear programming to
minimize the hardware and timing penalties; 2) formulating the
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Fig. 11. Average total energy consumption of benchmark circuit ¢7552 for 156
vectors obtained by circuit-level simulation. The curves show cumulative power
versus input vector and the slope of a curve gives the average power. This graph
indicates an average saving of 58% for the optimized design.

linear program with reduced-complexity (linear in circuit size)
constraint set so large circuits can be designed; and 3) using a
two-step solution where gate delays are first found by the linear
program and then implemented at the transistor-level so that the
size-delay nonlinearity is locally (not globally) dealt with. The
physical design of a circuit and its circuit-level simulation in
Section V-D demonstrates the effectiveness of this technique.
We have used a new variable input delay gate, which has dif-
ferent delays along different I/O paths through the gate [35],
[38]-[40]. Although we show significant power savings, it is
well known that the delays of gates tend to change due to process
and environmental variations such as temperature, fabrication
impurities, etc. These variations make delays vary over a range
rather than being static numbers. This can be accounted for in
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our technique during the LP stage, where the constraints can be
modified to incorporate the maximum gate delay value in the
latest time of arrival constraints and the minimum gate delay
values in the earliest time of arrival constraints. One such anal-
ysis has been recently reported [19].

The procedure discussed here is independent of any oper-
ational conditions and hence the optimization is valid for all
input vectors sequences. It is possible to reduce the hardware
overhead of delay buffers by customizing the optimization to a
subset of highly probable or worst-case vectors [20].

A possible area for future investigation is the use of the
CMOS transmission gate for realizing delays in 90, 65, 45 nm,
and even finer CMOS technologies. Though intended to add
resistance in the charging path, the transmission gate also adds
capacitance causing extra power consumption. Gate leakage
of the always-on CMOS transmission gate can be another
problem.

Higher leakage or static power is a known problem of the
finer technologies where dual-supply or dual-threshold devices
have been used [44]. The use of multi-threshold transistors for
reduced leakage has been incorporated into integer linear pro-
gramming techniques for simultaneous glitch elimination and
leakage reduction [23]-[26], [31]. Recent advances in process
technology also provide encouraging results on reduced leakage
[10].

The application discussed in this paper is custom VLSI de-
sign. The problem of glitch-free standard cell based design of
application-specific integrated circuits is also relevant and its
solution requires a reformulation of the LP presented here [45],
[46].
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