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Abstract—Reduction in leakage power has become an impor-
tant concern in low-voltage, low-power, and high-performance
applications. In this paper,1 we use the dual-threshold technique
to reduce leakage power by assigning a high-threshold voltage
to some transistors in noncritical paths, and using low-threshold
transistors in critical path(s). In order to achieve the best leakage
power saving under target performance constraints, an algorithm
is presented for selecting and assigning an optimal high-threshold
voltage. A general leakage current model which has been verified
by HSPICE simulations is used to estimate leakage power. Results
show that the dual-threshold technique is good for leakage power
reduction during both standby and active modes. For some
ISCAS benchmark circuits, the leakage power can be reduced
by more than 80%. The total active power saving can be around
50% and 20% at low- and high-switching activities, respectively.

Index Terms—CMOS, critical-path, delay, high performance,
low-power design, low voltage, power estimation.

I. INTRODUCTION

W ITH THE growing use of portable and wireless elec-
tronic systems, reduction in power consumption has

become more and more important in today’s very large scale
integration (VLSI) circuit and system designs [1], [2].

In CMOS digital circuits, power dissipation consists of
dynamic and static components. Since dynamic power is
proportional to the square of supply voltage and static
power is proportional to , lowering is obviously the
most effective way to reduce power consumption. With the
scaling of supply voltage, transistor threshold voltage ()
should also be scaled in order to satisfy the performance
requirements. Unfortunately, such scaling leads to an increase
in leakage current which becomes an important concern in
low-voltage high-performance circuit designs.

Multiple thresholds can be used to deal with the leakage
problem in low-voltage high-performance CMOS circuits. This
technique has commonly been used in DRAM chips by raising
threshold voltages of the array devices with a fixed body bias
[4]. For large scaled integration (LSI) circuits, multithreshold-
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voltage CMOS (MTCMOS) circuit technology was proposed
by inserting high-threshold devices in series to normal circuitry
[14], [16]. However, only the standby leakage power can be
reduced and the large inserted MOSFET’s will increase the
area and delay. Moreover, the data retention must also be
considered [18].

For a logic circuit, a higher threshold voltage can be
assigned to some transistors in noncritical paths so as to reduce
leakage current, while the performance is maintained due to the
low-threshold transistors in the critical path(s). Therefore, no
additional transistors are required, and both high performance
and low power can be achieved simultaneously. This dual-
threshold technique is good for leakage power reduction during
both standby and active modes.

Dual-threshold voltages can be achieved by body biasing
[17]. A source to well reverse bias can be applied to some
transistors to achieve high thresholds. Recently, a dual-
MOSFET process was developed [5], which makes the imple-
mentation of dual- logic circuits more feasible.

However, due to the complexity of a circuit, not all the
transistors in noncritical paths can be assigned a high-threshold
voltage, otherwise, the critical path may change, thereby
increasing the critical delay. We presented a breadth-first
search (BFS)-based algorithm for selecting and assigning an
optimal high- in [12]. In this paper, a levelization back-
tracing algorithm is given to achieve the best leakage power
saving under performance constraints. A leakage model which
has been verified by HSPICE simulations is used to estimate
leakage power of a circuit. Standby leakage power, active
leakage power, dynamic power, and total active power of
single- and dual- circuits are compared and analyzed.

II. DELAY MODEL

A. Definitions

A combinational circuit can be represented as a directed
acyclic graph . Each node (except for primary inputs
and outputs) in the graph maps to a logic gate in the circuit
while each edge maps to a path.

The propagation delay through node, denoted as ,
defines how quickly the output responds to a change in the
input. The propagation delay of a path is the sum of the
propagation delays of each node along this path, which
can be expressed as .

The arrival time [ ] is the propagation delay of each
fan-in path of node . Among all the fan-in paths, there exists
a path (or paths) which has a maximum propagation delay
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Fig. 1. n-input NAND gate.

Fig. 2. Equivalent PDN ofn-input NAND gate.

, where

(1)

The departure time ( ) of node is defined as

(2)

The path which determines the maximum speed of the circuit
is called the critical path. There may be more than one critical
path. Critical delay ( ) is the delay along the critical
path.

B. Elmore Delay Model

Let us look at an -input NAND gate (Fig. 1). TheNAND

gate can be analyzed using an equivalent network. Each
MOS transistor has an equivalent on-resistance, and each
node in the -input NAND gate has a capacitance ( varies
from 1 to ). The equivalent network of the pull-down
network (PDN) is shown in Fig. 2.

The worst case occurs when all ’s are discharged simul-
taneously. Based on the Elmore delay model [6], the worst
case delay ( ) of the PDN is given by

(3)

The capacitance of each internal node( )
in the -input NAND gate is given as follows:

(4)

where is the diffusion capacitance of an nMOSFET. The
capacitance of the gate at output is given by

(5)

Fig. 3. Relationship betweenRN andVth.

where is the diffusion capacitance of a pMOSFET.
and are the gate capacitances of pMOS and nMOS transis-
tors, respectively. represents the interconnect capacitance
per fan-out. is the number of fan-outs of the gate, while
represents the number of fan-ins. For an-input NAND gate,
we have .

Assuming that each nMOSFET has the same on-resistance,
the worst-case delay of the PDN can be simplified as follows:

(6)

Although the on-resistance depends on the operation point
and varies during the switching transient, we still can make a
reasonable approximation by using a fixed value. This value
is the average of the resistances at the end points of the
transitions [6]. The on-resistance of an nMOSFET is given by

(7)

where is the threshold voltage of an nMOSFET and
is the gain factor. The constant is 2 and 1.3 for

long-channel and short-channel MOSFET’s, respectively. The
relationship between and at different supply voltages
is shown in Fig. 3. For a pMOSFET, the on-resistance ()
can be evaluated similarly. For simplicity, we assume that

and .
For the pull-up network (PUN), the worst case occurs when

only one pMOS transistor is “on.” The worst case delay ( )
can be expressed by

(8)

The worst-case propagation delay of a CMOS gate is

(9)
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Following a similar procedure, we can get the worst-case
propagation delay of the other gates.

Process variation will introduce variations in the transistor
parameters such as threshold voltage, which will influence
the circuit performance. For the worst-case propagation delay,
threshold variation can be considered by changing to

in the on-resistance equation, where is the
threshold variation. Since the total threshold variation can be
controlled to be within 20 mV and the local variations are
significantly smaller than global variations [20], we assume
that is 20 mV. When the supply voltage is 1 V and
threshold voltage is 0.2 V, the propagation delay variation can
be less than 5%.

III. POWER ESTIMATION

For a CMOS circuit, total power includes dynamic and static
components at active mode. It can be expressed as

, where and are dynamic power and
active leakage power. In standby mode, the power dissipation
( ) is mainly because of the standby leakage current. In
this section, we will present the power-estimation methods
used in our simulation: a Monte Carlo-based statistical method
to estimate dynamic power and an accurate leakage power-
estimation method, which considers circuit topology as well
as signal levels.

A. Dynamic Power Estimation

Ignoring power dissipation due to direct-path short-circuit
current, dynamic power of a CMOS circuit is due to the
charging and discharging of load capacitances and internal-
node capacitances, which can be evaluated as follows:

(10)

where and are the dynamic power due to the
load capacitances and the dynamic power due to the internal-
node capacitances, respectively.is the clock frequency.
represents the gateand denotes the th internal node in a
gate. is the voltage swing of theth internal node of gate
, which equals to . and are the switching

activities (the probability of switching) at gateand at the
th internal node of gate, respectively. and are the

load capacitance and theth internal-node capacitance of gate
, respectively.

The switching activity can be determined by a Monte Carlo
based statistical method. The basic idea is to simulate a
circuit with random patterns applied to the primary inputs.
Such patterns conform to the given signal probabilities (the
probability of a signal being logic ONE) and activities [9]. A
stopping criterion is used to determine when node activities
have converged to the correct values [7], [8].

B. Static Power Estimation

The leakage power of a CMOS circuit is determined by
the leakage current through each transistor, which has two
main sources: reversed-biased diode-junction leakage current
and subthreshold leakage current. Diode-junction leakage is
very small and can be ignored [6]. Subthreshold leakage
exponentially increases with the reduction of threshold voltage
[3], making it critical for low-voltage circuit design. Therefore,
in our simulation, we focus on subthreshold leakage power
estimation.

In order to estimate leakage power accurately, a general
transistor model [10], [11], which considers sub-zero gate-to-
source voltage ( ) for nMOS and super-zero for pMOS
(occurs when multiple series connected transistors are turned
off), body effect and drain-induced barrier lowering (DIBL),
is used. The following analysis is done for nMOSFET’s, but
is equally applicable to pMOSFET’s.

From a Berkeley short-channel IGFET (BSIM) MOS tran-
sistor model [13], the subthreshold current of a MOSFET can
be modeled as

(11)

where . is the gate oxide
capacitance per unit area. is the zero bias mobility. is
the subthreshold swing coefficient of the transistor. is the
zero bias threshold voltage. The body effect for small values
of is very nearly linear. It is represented by the term ,
where is the linearized body effect coefficient. is the
DIBL coefficient.

If transistors are connected in parallel and are both turned
off (such as in the pull-down network of anNOR gate), then
the values of and are the same for each transistor.
The leakage contribution of each transistor can be calculated
separately and added together. However, things become more
complicated if they are in series. Consider the pull-down
network of an -input NAND gate. Without loss of generality,
we consider the case where all nMOS transistors are turned
off. The quiescent subthreshold leakage through each transistor
must be identical, given that other leakage components are
negligible. Thus, we equate the current of the first (top) and
second transistor. Equation (12) can be obtained by solving for

in terms of (we assume that ) as follows:

(12)

(13)

One can similarly equate the current through the th
and th transistors, solving for in terms of . This
results in (13). (A more detailed derivation of (12) and (13)
can be found in [10].) Equation (13) can be used iteratively to
find ( ). Finally, the voltage offset at the source
of each transistor is given by , and
can be determined by . Now (11) can be used to
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calculate the quiescent leakage for any transistor in the stack,
which should be the same for each transistor. Finally, the total
leakage power can be determined by

(14)

The sensitivity of with respect to is given by

(15)

where the summation is taken for all transistors.
The general method of computing leakage power for a large

circuit involves the following steps. Given a particular set
of circuit input values, determine which pull-up and PDN’s
are turned off. Within each network, the transistors which are
turned on can be treated as short circuits. Transistors that are
parallel to a transistor that is turned on can be eliminated from
the leakage calculation. Given the resulting simplified network,
estimate for the remaining transistors using (12) and (13).
Finally, the magnitude of leakage current and resulting leakage
power can be computed.

The above method is very suitable for leakage power
estimation during standby mode. In active mode, the time
required for the leakage current in transistor stacks to con-
verge to its final value is determined by the internal-node
capacitance, input conditions, and subthreshold leakage current
[15]. Subthreshold leakage current strongly depends on
and temperature. If the internal-node capacitance is small and
temperature is high, the given method can also be used to
estimate active leakage power of low- circuits, especially
at low-switching activities. Considering the fact that standby
leakage current depends on input signal levels, the average
leakage power can be evaluated with random patterns applied
to primary inputs.

IV. A LGORITHM

Due to the exponential relationship between threshold volt-
age and drain current in the weak inversion region, a higher
threshold voltage will significantly reduce leakage current,
thereby reducing leakage power. However, Fig. 3 indicates
that a higher threshold voltage will increase the equivalent
on-resistance of each transistor, which results in a higher
propagation delay. Normally, threshold voltage is empirically
defined to be around 20% of supply voltage to maintain the
performance of a circuit [19]. For low-supply voltage circuits,
the threshold voltage could be very small, leading to a large
leakage current.

This problem can be circumvented by using dual-threshold
voltages. A low is assigned to the transistors in critical
path(s) in order to achieve high performance, while a high

may be assigned to some transistors in noncritical paths
to reduce leakage power. The lower bound of low is
determined by noise margin. The possible high value
should be in the range from low to . However, not
all the transistors in noncritical paths can be assigned the high

. Otherwise, some noncritical paths may become critical.
Whether a node can be assigned a higherdepends on the

value of the high threshold. If it is too small, there is little
difference of propagation delay between low- and high-

transistors. Hence, more nodes can be assigned high-
without influencing the critical delay, but the leakage current
improvement for each high- transistor would be small. On
the other hand, if the high-threshold voltage is too large, the
leakage current can be reduced by a large amount for each
such transistor. However, fewer nodes can be modified. Hence,
among the allowable values for high-threshold voltage, there
exist an optimal one. In this section, a levelization back-tracing
algorithm is given to select and assign the optimal high-.

The first step in our algorithm is to initialize a circuit with a
single low . During the initialization procedure, each node
is assigned a level number. The level of each primary input
is defined to be zero. The level of a node, denoted as ,
can be calculated as , where varies
for all fan-in nodes of node . For each primary input ,

, , , and . For each
node in level 1, , , and .
Therefore, level by level, the parameters ( , , ,
and ) associated with each nodecan be computed
by (1) and (2) during the initialization procedure. By checking
all the primary outputs and then back-tracing, the critical delay
and critical path(s) can be identified using a first-in-first-out
(FIFO) queue .

The pseudo-code for the initialization procedure is shown
below. Note that, does not map to a gate in a circuit, and
each has only one fan-in gate .

Initialization ()
Assign a level number to each node
Calculate the propagation delay of each node
Calculate and of each node level by level
Identify by checking the maximum
For each primary output

If
Mark as a node in critical path
Add node into a FIFO queue

While ( not empty)
Remove node from
For each fan-in of node

If && is not a primary input)]
Mark as a node in critical path
Add node into queue

The next step is to assign a high threshold to some transis-
tors on noncritical paths under performance constraints. This
is performed by back-tracing the slack of each node level by
level. Slack of a node [ ] denotes the amount by which
the gate can be slowed down without affecting the circuit
performance. For the nodes in critical path(s), slack is zero.
For a ,

(16)

For any other node , can be expressed by

(17)

 
 

 



20 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 7, NO. 1, MARCH 1999

Fig. 4. An example circuit. (a) Original circuitVdd = 1 V, Vth = 0:2 V. (b) Vth = 0:25 V. (c) Vth = 0:395 V. (d) Vth = 0:46 V.

where and are the fan-in nodes and fan-out
nodes of node , respectively. Since the nodes are traversed
backward level by level, when we deal with, the slacks of its
fan-out nodes are already known. Equation (17) ensures that
the propagation delay of the path(s) throughis no greater
than the critical delay.

The procedure for choosing a high threshold works as
follows. Since the circuit has been levelized during the ini-
tialization procedure, from the nodes on maximum level, the

program will explore every node level by level to determine its
slack. By definition, for each node in a single threshold circuit,
its slack ( ) is no less than zero. Increasing the threshold
voltage of a node can result in a higher propagation delay and
departure time of this node. Therefore, slack will decrease.
Whether a node should be assigned to a high threshold depends
on whether its slack is still positive if its threshold is changed
to high threshold. If the slack is still positive, this node will be
assigned to the high threshold. Since the slack of each node on
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critical path is zero, the threshold voltage of these transistors
will not be changed and, hence, the performance is maintained.
The pseudo-code of this subroutine is shown below:

High- -Assignment ( )
presentlevel = maximum level
while (presentlevel 0)

For each node in presentlevel
Calculate , , and for high threshold
if

Assign to
Assign , , and for to

else
Keep , , and for initial low for

presentlevel = presentlevel - 1

Using the method described in Section III, the dynamic
power and leakage power of the circuit corresponding to
different high-threshold voltages can be evaluated. By com-
paring the values of leakage power, an optimal high threshold
( ) can be found. After updating the network for

, the circuit can be transferred into a SPICE net list
and simulated using HSPICE to verify some of the results.
The procedure is outlined below:

Optimal -High- ()
For each high of a set in ( , )

Initialization
High- -Assignment ( )
Estimate and
If is the least power so far

Update network with
Transfer the network into SPICE netlist

V. IMPLEMENTATION AND RESULTS

The method to reduce leakage power using dual-threshold-
voltage transistors has been implemented in C under the
Berkeley SIS environment. In order to simplify the analysis,
technology mapping was used to map the circuits to a library
which containsNAND gates, NOR gates, and inverters. All
the simulation results were obtained using HSPICE with the
BSIM model for a 0.5- m MOSIS process. The available
MOSIS models do not include measured subthreshold char-
acteristics, so we have estimated the subthreshold swing and
related parameters from threshold voltage parameters using
the technique derived by Kanget. al. [21]. A subthreshold
swing coefficient of approximately 1.44 was estimated and
incorporated into the BSIM model. In order to approximate
the behavior of low-threshold devices, we modify the flat-
band voltage parameter (VFB0). The effective channel length
was 0.32 m and the gate–oxide thickness was 9.8 nm. The
effective channel widths for pMOSFET’s and nMOSFET’s
were assumed to be 10.5 and 3m, respectively. For ISCAS

Fig. 5. Standby leakage power with differentVth .

Fig. 6. Active total power dissipation at different frequencies.

benchmark circuits, we assume that the diffusion capacitance
is 20% of the gate capacitance.

Fig. 4 gives an example circuit to show how our algorithm
works. Fig. 4(a) is the original single- circuit, where the
supply voltage is 1 V and the threshold voltage is 0.2 V.
Fig. 4(b)–(d) shows the dual- circuits with the low of
0.2 V and the high- of 0.25, 0.396, and 0.46 V, respectively.
Note that the critical paths and critical delays are maintained
after the assignment.

Fig. 5 shows the standby leakage power of the example
circuit with different thresholds. The supply voltage is 1 V. At
25 C, the original low-threshold voltage is 0.2 V and the high-
threshold voltage ( ) varies from 0.2 to 0.5 V (
V represents the single low-threshold circuit). The squares
represent the leakage power obtained by our estimation tech-
nique while the circles denote the leakage power obtained by
HSPICE. Clearly, the estimation results fit well with HSPICE
simulation results. The convex point of the curve indicate that
there exits an optimal high-threshold voltage (0.396 V) which
leads to a 57.5% saving in standby leakage power.

Fig. 6 shows the HSPICE simulation results of the total
active power dissipation of single- and dual- circuits
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TABLE I
ACTIVE AND STANDBY LEAKAGE POWER SAVINGS FOR DUAL-Vth CIRCUITS

Fig. 7. Active leakage power savings for ISCAS benchmarks.

at different frequencies. The circuits were simulated at 1-V
supply voltage while the primary input switching activity is
0.5. The threshold voltage of single- circuit was 0.2 V at
110 C. The low- and high-threshold voltages of dual- cir-
cuit were 0.2 and 0.396 V, respectively. In addition to leakage
power saving, the dynamic power is reduced due to the reduc-
tion of internal-node voltage swing for high-threshold gates.

Table I and Figs. 7 and 8 show the optimal high, active,
and standby leakage power savings for ISCAS benchmark
circuits. In this experiment, was 1 V. In active mode
(the circuit temperature was assumed to be 110C), the
low was 0.2 V and high was the optimal value
obtained from the levelization back-tracing algorithm given
in Section IV. In standby mode, the circuit temperature was
assumed to be 25C. Since increases about 0.8 mV for
every 1 C decrease in temperature, at standby mode is
about 68 mV higher than the corresponding in the active
mode. Results show that both active and standby leakage
power can be reduced by more than 80% for some of the
circuits. Since the sensitivity of leakage power to threshold
voltage is proportional to the leakage power itself, the dual

technique, which reduces leakage power, can reduce the
sensitivity of leakage power to . The percentages of high-

transistors and gates for different dual- benchmark
circuits are illustrated in Fig. 9. Results indicate that the

Fig. 8. Standby leakage power savings for ISCAS benchmarks.

Fig. 9. Percentage of highVth gates and transistors for ISCAS Benchmarks.

percentage of high- transistors can be more than 80%.
Compared to a BFS-based algorithm, which can provide 50%
leakage power savings and 60% high- transistors for some
benchmark circuits, levelization back-tracing algorithm can
achieve more leakage power savings.
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TABLE II
TOTAL ACTIVE POWER SAVINGS FOR DUAL-Vth CIRCUITS

Total active power is an important concern for a high-
performance system. Table II gives the critical delays, dy-
namic power dissipations due to output node, and internal-
node transitions ( and ), total dynamic power
dissipations ( ) and total active power dissipations ()
for single- and dual- circuits with maximum clock
frequency ( ) and different input activities. Since dual

technique can reduce the active leakage power and the
dynamic power due to the internal-node capacitance, for some
benchmark circuits, the total active power can be reduced by
around 50% and 20% at low- and high-switching activities,
respectively. For mobile systems, since the system may be
idle for a long time, the standby leakage power can not be
ignored. Dual is a promising technique for reduction of
both active and standby leakage power.

VI. CONCLUSION

In this paper, we present a method to design and opti-
mize low-voltage dual- CMOS circuits. In order to reduce
leakage power under performance constraints, starting with a
single low circuit, an algorithm for selecting and assigning
an optimal high-threshold voltage is proposed. For accurate
leakage power estimation, a leakage current model, which has
been verified by HSPICE simulations, is used. Results for
ISCAS benchmark circuits show that both active and standby
leakage power can be reduced by 80% for some circuits
under performance constraints. The total active power can be
reduced by around 50% and 20% at low and high-switching
activities, respectively. Reduction of both active power and
standby leakage power without area and delay penalty makes
a dual technique a good candidate of high-performance
low-power applications.
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