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ABSTRACT
We evaluate the effectiveness of dual-Vt design in the pres-
ence of both subthreshold leakage and leakage due to gate
oxide tunneling. At the device level, we use detailed HSPICE
simulation to investigate the total leakage impact of three
methods of dual-Vt implementation: multiple channel dop-
ing, channel length, and oxide thickness. At the system
level, we generate and characterize a standard cell library
and apply three representative delay-constrained leakage min-
imization dual-Vt assignment algorithms to the ISCAS’85
combinational benchmark circuits. Results show that oxide
thickness modulation effectively reduces total leakage power
consumption, but channel doping and channel length mod-
ulation are less effective.

Categories and Subject Descriptors
B.6.3 [Logic Design]: Design Aids—optimization;
B.7.1 [Integrated Circuits]: Types and Design Styles—
VLSI, Advanced Technologies

General Terms
Design, Performance, Algorithms

Keywords
Dual threshold voltage, gate oxide tunneling, subthreshold
leakage, low power circuit design.

1. INTRODUCTION
As technology scaling progressed through the deep sub-

micron era, subthreshold leakage current (Isub) constituted
an escalating fraction of the total power consumption of
CMOS circuits. A number of techniques were proposed to
limit the impact of subthreshold leakage [1]. Dual-threshold-
voltage (Vt) design, which employs low-threshold-voltage
(Vt,L) devices to achieve performance and high-threshold-
voltage (Vt,H) devices for leakage control, emerged as a preva-
lent subthreshold leakage reduction strategy.
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Dual-Vt design was introduced as a technique that assigns
Vt,L to critical path transistors and Vt,H to some noncriti-
cal path transistors, taking care not to generate new critical
paths in the process [2]. This strategy leverages the tradeoff
between leakage and delay by maintaining performance on
delay-constrained paths while managing leakage elsewhere.
It outperforms previously proposed leakage reduction tech-
niques because it enables leakage power reduction during
both active and standby modes with minimal performance
penalty and area overhead. As dual-Vt design evolved, in-
creasingly sophisticated algorithms were proposed for delay-
constrained threshold voltage assignment [3][4][5][6]. These
algorithms are able to reduce total leakage power by as
much as an order of magnitude [3]. Delay-constrained dual-
Vt assignment has also been combined with transistor siz-
ing [7][8][9], power supply voltage assignment [10][11][12],
and state-input-vector assignment [13][14] to minimize sub-
threshold leakage and total system power consumption.

Nanoscale CMOS, however, faces an additional leakage
challenge. As device geometries scale down with each new
technology generation, aggressive scaling of the gate ox-
ide thickness is necessary to suppress short channel effects.
The International Technology Roadmap for Semiconductors
(ITRS) predicts that oxide thickness will decrease from 13Å
for the 65nm generation to 9Å for 35nm [15]. Such thin ox-
ides result in high electric fields and an increased probability
of carriers tunneling across the oxide. This quantum me-
chanical tunneling exhibits an exponential dependence on
oxide thickness, and a non-negligible gate leakage current
results. Leakage reduction strategies must therefore target
the combination of subthreshold and gate oxide leakage to
reduce static power.

Recent literature has begun to address the extension of
dual-Vt design for technologies with significant gate oxide
tunneling leakage. In [16], it was shown that the high thresh-
old voltage value must be carefully selected to minimize the
dominant leakage component for a given technology. It was
also shown that halo doping in the channel, which is the
conventional method of threshold voltage control, increases
band-to-band tunneling (BTBT) and will therefore be ren-
dered less effective as a leakage reduction strategy for 25nm
technologies. A number of other parameters, however, can
be used to tune the threshold voltage value. Dual oxide
thickness assignment is demonstrated to effectively reduce
both gate oxide tunneling and subthreshold leakage current
for a 60nm channel length process in [6]. However, the nu-
merous methods of implementing and assigning threshold
voltage values have yet to be compared for near-term tech-
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Figure 1: Vt , Isub , and Ig response to variation of Nch, Lch, and Tox. The scale factor is defined as the ratio
of the simulated parameter value to the BPTM default value.

nology generations which have significant gate tunneling but
minimal BTBT leakage.

In this work, we evaluate and compare the effectiveness
of dual-Vt design techniques in the presence of both sub-
threshold leakage and leakage due to gate oxide tunneling.
At the device level, we investigate the total leakage impact
of each of the practical methods of dual-Vt implementation:
multiple channel doping (Nch), channel length (Lch), and
oxide thickness (Tox). At the system level, we generate a
well-characterized cell library and apply three representa-
tive delay-constrained leakage minimization dual-Vt assign-
ment algorithms to the ISCAS’85 combinational benchmark
circuits and examine the resulting subthreshold, gate tun-
neling, and total leakage power.

The remainder of this paper is organized as follows. In
Section 2, we examine the impact of process parameter vari-
ation on threshold voltage, subthreshold current, and gate
oxide tunneling current. In Section 3, we discuss three
characteristic algorithms for dual-Vt assignment. Section 4
presents our implementation and results, and we conclude
the paper in Section 5.

2. EFFECTS OF PARAMETER VARIATION
ON Vt , ISUB , AND IG

We consider three methods of dual-Vt implementation:
multiple channel doping, channel length, and oxide thick-
ness. Each of the three parameters is varied independently
to simulate three distinct processes, each of which varies
Vt with a single controlling parameter. Devices are mod-
eled using the 45nm Berkeley Predictive Technology Models
(BPTM) [17][18] and BSIM4. Simulations are conducted
with HSPICE.

The leakage currents are measured under worst-case con-
ditions. The gate oxide tunneling current is measured with
Vds = 0 and Vgs = Vdd. Tunneling is turned off to isolate
the subthreshold current; the current is then measured with
Vds = Vdd and Vgs = 0. The threshold voltage, subthresh-
old, and gate tunneling leakage responses to variation of
each parameter are plotted in Figure 1.

As the doping in the channel region increases, more charges
must be depleted to invert the channel. Increased channel
doping thus induces a corresponding increase in threshold
voltage. The greater concentration of impurities in the chan-
nel increases scattering, in turn decreasing subthreshold cur-
rent. Channel doping variation has a negligible impact on
gate oxide tunneling. The magnitudes of the subthreshold

and gate currents are comparable for lower channel dop-
ing concentrations. At higher concentrations, the decreased
subthreshold current is masked by the high gate oxide tun-
neling current. The impact of channel doping variation on
total leakage will therefore be limited.

The threshold voltage variation with channel length for
short-channel devices is well-known [19]. The doping is
higher near the source and drain than elsewhere in the chan-
nel. As channel length decreases, these regions constitute a
significant fraction of the channel, effectively increasing the
channel doping concentration and thus the threshold volt-
age. As channel length decreases further, the source and
drain depletion regions constitute a more significant frac-
tion of the channel, effectively decreasing channel doping
concentration and threshold voltage. The threshold voltage
therefore increases and then decreases with decreasing chan-
nel length. The effective channel resistance varies with the
effective doping concentration; as a result the subthreshold
current decreases and then increases with increasing channel
length. Gate oxide tunneling current increases as a result
of the enlarged gate area. The magnitude of Ig dominates
that of Isub, thus the total leakage will increase with Lch.

As oxide thickness increases, the potential drop across the
oxide also increases. A greater voltage must therefore be
applied to the gate to achieve the the threshold condition.
The decreased electric field in the channel results in reduced
subthreshold current. The thicker oxide serves as a wider
barrier to carrier tunneling. Gate oxide tunneling current
therefore decreases with increasing oxide thickness.

The three dual-Vt “processes” were designed from these
simulation results. Each process varied a single parameter,
Nch, Lch, or Tox, to acheive a second Vt value. Parame-
ter values were selected such that Vt,L and Vt,H would be
equivalent for each process. Because the BPTM 45nm model
represents a high performance transistor, the Vt,L devices re-
tained the default model values. The maximum Vt,H value
is limited by Lch variation; Nch and Tox were chosen to gen-
erate matching values of Vt,H . Table 1 lists the parameter
and threshold voltage values.

Table 1: Dual-Vt parameter and Vt values.

Vt,L Vt,H

Vt (V) 0.275 0.397
Nch (cm−3) 2.8 · 1018 5.9 · 1018

Lch (nm) 45 65
Tox (Å) 14 20
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3. DUAL-Vt ASSIGNMENT ALGORITHMS
A number of delay-constrained leakage-minimization Vt

assignment algorithms have been presented in the litera-
ture. These alogorithms can be divided into three classes
based on their initialization condition. In this work, we
implement one representative algorithm from each class to
compare their effectiveness in the presence of gate tunneling.

A circuit is represented as a directed acyclic graph
G = (V, E). A vertex v ∈ V represents a CMOS logic func-
tion, and an edge (i, j) ∈ E, i, j ∈ V represents a connection
from the output of vertex i to the input of vertex j.

Standard static timing analysis is performed as follows.
The arrival time, required time, and slack of gate g are de-
noted by ATg, RTg, and Sg, respectively. The arrival time
of gate g is the longest delay from the primary inputs to
the output of g. The required time is the latest allowable
time for the signal to arrive without lengthening the critical
path, or the longest allowable delay from the primary inputs
to the output of gate g. The slack is defined as the difference
between the arrival and required times.

A mixed cell is a gate that contains both Vt,L and Vt,H

transistors. In this work, only a subset of all possible mixed
cells is employed: transistor pairs within a gate that are
driven by different inputs may be assigned different Vt val-
ues. Each algorithm implemented herein enables the uti-
lization of these mixed cells by assigning a Vt value to each
edge, rather than each node.

3.1 Leakage Reduction Approach
The first class of algorithms initializes all devices to the

minimum delay (all Vt,L) state. Next, these algorithms
identify a subset of transistors that can be assigned a high
threshold voltage without violating the delay constraint. We
refer to such methods as “leakage reduction” approaches.
Example leakage reduction algorithms can be found in [2],
[3], and [5]. We implement the Iterative Max-Cut leakage
reduction algorithm presented in [3].

An edge (i, j) is defined as feasible if and only if it is
currently Vt,L and reassigning it to be Vt,H does not result
in a negative slack for either gate i or gate j. This condition
is sufficient to ensure satisfaction of the delay constraint, as
detailed in [3].

Each edge is assigned a weight based on its feasibility. The
weight of a feasible edge is the reduction in leakage power
induced by reassigning the edge to be Vt,H . The weight of an
infeasible edge is zero. The weight of a set of feasible edges
is the total leakage power reduction achieved by reassigning
all edges in the set to Vt,H . The algorithm objective can
be restated as follows: find a maximum weight subset of
feasible edges.

A two-part heuristic is employed to satisfy this objective.
The first part, outlined in Figure 2(a), finds a maximal fea-
sible subset such that adding another edge would violate the
delay constraint. The level of a primary input is zero, and
the level of a gate is one more than the maximum level of
its fanins. A level k cut is defined as a partition of V into
(S, S) such that: (1) 0 < k < n, where n is the maximum
level in the circuit, (2) ∀i ∈ S, level(i) ≤ k, and (3) ∀j ∈ S,
level(j) > k. The procedure findMaximalSubset repeatedly
finds the maximum weight level cut and assigns all feasible
edges in that cut to be Vt,H until no feasible edges remain.

The second part, outlined in Figure 2(b), employs an edge
swapping technique in an attempt to seek a globally, rather

procedure findMaximalSubset (G = (V, E))
1. for all e ∈ E do Vt(e) = Vt,L;
2. Vt,H edges = ∅; stop = false;
3. while (stop == false) do
4. staticTimingAnalysis (G);
5. computeEdgeWeights (G);
6. maxWeight = 0; maxCut = ∅;
7. for (k = 0; k < MAXLEVEL; k + +) do
8. levelCut = findLevelCut (G,k);
9. levelWeight = sum of all levelCut edge weights;
10. if (levelWeight > maxWeight) then
11. maxWeight = levelWeight;
12. maxCut = levelCut;
13. if (maxCut != ∅) then
14. reassign feasible edges in maxCut to Vt,H ;
15. Vt,H edges = Vt,H edges ∪ maxCut;
16. else stop = true;
17. return Vt,H edges;

(a)

procedure swapEdges (G, I)
1. while (I != ∅) do
2. swapOutEdge = min weight edge ∈ I;
3. cost = weight of swapOutEdge;
4. Vt(swapOutEdge) = Vt,L;
5. staticTimingAnalysis (G);
6. findFeasibleEdges (G);
7. gain = weight of maximum weight feasible edge;
8. if (gain > cost) then
9. while (feasible edges remain) do
10. Vt(maximum weight feasible edge) = Vt,H ;
11. Vt,H edges = Vt,H edges ∪ max weight feasible edge;
12. staticTimingAnalysis (G);
13. eliminate infeasible edges;
14. else
15. Vt(swapOutEdge) = Vt,H ;
16. Vt,H edges = Vt,H edges ∪ swapOutEdge;
17. return Vt,H edges;

(b)

Figure 2: Leakage reduction algorithm (a) initial
solution procedure (b) iterative improvement pro-
cedure.

than locally, optimal solution. The minimum weight Vt,H

edge, e, is returned to Vt,L (the edge is “swapped out”),
static timing analysis is performed, and a set of newly fea-
sible edges, F , are found. If the weight of the maximum
weight edge, m ∈ F , is greater than the weight of e, then
m is assigned to Vt,H and removed from F . In decreasing
weight order, each edge remaining in F is assigned to be
Vt,H if it is still feasible. This entire procedure is repeated
until all Vt,H edges have been considered for a swap.

3.2 Delay Reduction Approach
Algorithms in the second class initialize to the other ex-

treme, the minimum leakage (all Vt,H) state, then identify
a subset of devices that should be assigned a low threshold
voltage in order to satisfy the delay constraint. We will refer
to such methods as “delay reduction” approaches. Delay re-
duction algorithm examples can be found in [3] and [6]. We
implement the Iterative Min-Cut delay reduction algorithm
detailed in [3] and outlined in Figure 3.

In this algorithm, edges are initialized to Vt,H and then
reassigned to be Vt,L. This reassignment effects two con-
sequences: it decreases delay and increases leakage power.
The weight, wi,j , of edge (i, j) is defined to account for both
impacts:

wi,j =

{
ΔPi,j + α

ATj
, if (i, j) is Vt,H and Sj < 0

∞, otherwise
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procedure delayReductionAlgorithm (G = (V, E))
1. for all e ∈ E do Vt(e) = Vt,H ;
2. Vt,L edges = ∅; stop = false;
3. while (stop == false) do
4. staticTimingAnalysis (G);
5. computeEdgeWeights (G);
6. cutSet = findMinWeightCutSet;
7. critical = all edges in cutSet with non-infinite weight;
8. if (critical ! = ∅) then
9. for all e ∈ critical do Vt(e) = Vt,L;
10. Vt,L edges = Vt,L edges ∪ critical;
11. else stop = true;
12. return Vt,L edges;

Figure 3: Delay reduction algorithm.

ΔPi,j is the static power increase and ΔATj is the decrease
in the arrival time of gate j when (i, j) is changed from Vt,H

to Vt,L, and the constant, α, is a scaler to balance the power
and delay effects.

The procedure delayReductionAlgorithm iteratively em-
ploys the well-known max-flow-min-cut algorithm to find the
minimum weight cut, assigns the non-infinite edges in the
cut to be Vt,L, and repeats until there are no non-infinite
edges in the minimum weight cut. This condition indicates
that the delay constraint has been satisfied.

3.3 Linear Programming Approach
The third approach has no explicit initial condition. In-

stead, it employs linear programming (LP) to find a solution.
An LP formulation for delay-constrained leakage minimiza-
tion is developed in [4]. The formulation utilizes piecewise
linear approximations of delay and leakage versus threshold
voltage curves to simultaneously select and assign a Vt value
to each gate.

The leakage of gate j is denoted Pj , the arrival time is
denoted ATj , and the delay from input i to the output of
j is denoted ti,j . The leakage and delay versus threshold
voltage curves are approximated by m lines. The n-th line

representing the leakage of gate j has slope y
(n)
Pj

and intersect

c
(n)
Pj

. The n-th line representing the delay from fanin i to the

output of gate j has slope y
(n)
ti,j

and intersect c
(n)
ti,j

. The LP

formulation is shown in Figure 4.
The LP output is an approximate solution containing Vt

values from a continuous spectrum that must be transformed
to a feasible solution for a manufacturable process with k Vt

values (in the case of dual-Vt, k = 2). A criticality-driven it-
erative gate clustering technique for mapping the solution is
presented in [4]. Gates are partitioned into clusters based on
path delay slack and every gate within a cluster is assigned
the same Vt value. The final Vt assignment, however, is not
precisely comparable with those of the delay and leakage re-
duction algorithms. The delay and leakage algorithms allow
for mixed cells, whereas the LP solution does not. Addition-
ally, a relaxation of the delay constraint is necessary for the
mapping algorithm to find a solution for certain circuits. As
a result, we employ an alternative mapping method.

The mapping algorithm weights each edge (i, j) according
to the Vt value assigned to node j by the LP-solver. All edges
are initialized to Vt,L. In decreasing order of weight, each
edge is then assigned Vt,H if such assignment does not violate
the delay constraint. The algorithm terminates after each
edge has been tested as Vt,H . This strategy enables mixed
cells by assigning Vt values to edges, rather than gates, and
eliminates the need for delay constraint relaxation by only
assigning Vt,H to edges with sufficient slack.

Minimize
∑

j Pj

subject to:

Pj ≥ y
(1)
Pj

Vt(j) + c
(1)
Pj

Pj ≥ y
(2)
Pj

Vt(j) + c
(2)
Pj· · ·

Pj ≥ y
(m)
Pj

Vt(j) + c
(m)
Pj

ti,j ≥ y
(1)
ti,j

Vt(j) + c
(1)
ti,j

∀ fanins i of j

ti,j ≥ y
(2)
ti,j

Vt(j) + c
(2)
ti,j

∀ fanins i of j
· · ·

ti,j ≥ y
(m)
ti,j

Vt(j) + c
(m)
ti,j

∀ fanins i of j

ATj ≥ ti,j + ai ∀ fanins i of j
ATj = 0 ∀j ∈ PI
ATj ≤ target delay ∀j ∈ PO

Vt(j) ≥ Vt,min

Vt(j) ≤ Vt,max

Figure 4: Linear programming formulation.

The mapping method described can be classified as a leak-
age reduction strategy. It should be noted that an alterna-
tive strategy is to initialize all edges to Vt,H and treat as-
signment as a delay reduction problem. In increasing order
of weight, each edge would be assigned Vt,L until the delay
constraint is met. Empirically, however, the leakage reduc-
tion mapping methodology generates Vt assignments with
significantly lower static power consumption.

4. EXPERIMENTAL RESULTS
A cell library was built and characterized for each of the

three processes. The library comprised inverters and two-
and three-input NAND and NOR gates. Each algorithm as-
signs a Vt value to the pair of transistors driven by a gate
input. The library, therefore, contained 2n variants of each
n-input gate, each gate variant with a different Vt-to-input
assignment. The propagation delay and static power con-
sumption of each cell were characterized for each of eight
load capacitances. The results were stored in lookup tables,
which were used for all delay and power computations.

The ISCAS’85 benchmark suite was mapped to the five
library gate types to generate our experimental benchmark
suite. The three dual-Vt algorithms outlined in Section 3
were applied to the benchmark suite using each of the three
process libraries. For all experiments, the delay constraint
is equal to the circuit delay when all devices are set to Vt,L.
All primary input vectors are assumed to be equally proba-
ble. These signal probabilities are propagated through the
circuit, and the static power for a given gate is computed as
a state-probability-weighted average.

Table 2: Leakage power (μW): all Vt,L configuration.

Circuit Psub Pg Ptot

c432 36.06 73.01 109.07
c499 59.14 154.38 213.51
c880 72.19 140.55 212.74
c1355 112.50 180.96 293.46
c1908 175.86 280.95 456.80
c2670 240.53 420.09 660.62
c3540 319.81 589.83 909.64
c5315 488.99 889.14 1378.13
c6288 99.76 758.21 857.97
c7552 688.93 1215.74 1904.67
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Table 3: Percentage reduction in leakage power by dual-Vt assignment algorithms.

Leakage Reduction Delay Reduction Linear Programming
Algorithm Algorithm Algorithm

Circuit Psub Pg Ptot Psub Pg Ptot Psub Pg Ptot

Nch

c432 62.67 9.40 27.01 26.09 4.27 11.48 61.36 9.18 26.43
c499 29.67 6.26 12.74 7.72 0.79 2.71 29.75 5.77 12.41
c880 79.66 11.08 34.35 58.19 7.75 24.87 78.42 11.00 33.88
c1355 22.91 3.12 10.71 5.29 0.72 2.47 24.75 3.37 11.57
c1908 72.72 10.01 34.15 42.64 5.87 20.02 67.85 9.33 31.86
c2670 80.52 10.95 36.28 64.08 8.66 28.84 73.93 10.20 33.40
c3540 75.36 10.45 33.27 47.73 6.50 21.00 72.54 9.98 31.98
c5315 85.27 11.79 37.86 81.26 11.18 36.05 84.83 11.40 37.46
c6288 86.70 8.46 17.56 41.82 1.97 6.61 80.69 8.32 16.73
c7552 81.13 11.22 36.51 72.58 9.90 32.57 80.46 10.37 35.72

Lch

c432 40.72 -29.55 -6.32 14.87 -13.75 -4.29 46.11 -34.12 -7.60
c499 19.49 -14.36 -4.99 0.00 0.00 0.00 20.77 -17.83 -7.14
c880 66.92 -46.47 -7.99 41.00 -26.93 -3.88 62.82 -44.08 -7.81
c1355 15.97 -11.02 -0.68 0.00 0.00 0.00 16.64 -11.49 -0.70
c1908 54.41 -37.84 -2.33 20.54 -14.29 -0.88 53.23 -37.01 -2.27
c2670 60.56 -41.42 -4.29 43.31 -30.07 -3.35 55.66 -37.02 -3.28
c3540 62.03 -41.14 -4.87 36.42 -24.29 -2.94 57.61 -40.20 -5.81
c5315 76.48 -52.18 -6.53 62.21 -41.64 -4.79 72.08 -49.54 -6.38
c6288 75.61 -19.58 -8.51 30.59 -5.06 -0.92 74.23 -24.71 -13.20
c7552 64.83 -43.98 -4.62 44.54 -30.49 -3.35 59.08 -40.08 -4.21

Tox

c432 67.27 75.92 73.06 29.40 35.28 33.33 66.28 74.90 72.05
c499 32.61 49.29 44.67 20.84 19.30 19.73 31.81 47.42 43.09
c880 82.65 88.22 86.33 66.94 70.20 69.09 82.27 87.79 85.92
c1355 24.33 25.58 25.10 17.81 18.73 18.38 25.60 26.92 26.42
c1908 78.54 83.27 81.45 58.60 62.07 60.73 76.05 80.63 78.87
c2670 84.59 89.17 87.50 66.30 69.78 68.51 78.27 83.03 81.30
c3540 79.10 84.33 82.49 55.79 58.54 57.57 75.84 80.48 78.85
c5315 87.03 92.35 90.46 82.17 87.07 85.33 86.23 91.36 89.54
c6288 88.62 71.69 73.66 50.21 20.61 24.05 82.41 69.28 70.81
c7552 83.56 88.91 86.98 78.72 83.39 81.70 84.43 89.47 87.64

The performance of each algorithm is measured against
the static power consumption when all transistors are con-
figured to Vt,L. Table 2 reports the subthreshold, gate tun-
neling, and total static power consumption values in μW
units–Psub, Pg, and Ptot, respectively–for each benchmark
circuit in the all-Vt,L configuration. The Vt,L transistors
are equivalent for each simulated process; consequently, the
all-Vt,L conditions have identical power consumption.

The first set of experiments is designed to determine the
impact of existing dual-Vt assignment algorithms on total
leakage in the presence of gate oxide tunneling. For this
set of simulations, the algorithms were configured as they
were designed: all Vt assignments were based solely on sub-
threshold leakage power. Table 3 lists the results of these
simulations. Each table entry is the percentage reduction in
static power from the all-Vt,L configuration. As anticipated,
each algorithm successfully reduced Psub. The behavior of
Pg and Ptot, however, differ appreciably with parameter.

The gate and total static power consumption responses
vary as predicted in Section 2. For the Nch process, a dra-
matic Psub reduction is accompanied by a slight decrease in
Pg . The combined effects result in a Ptot reduction much less
than that of Psub. For the Lch process, Pg increases as Psub

decreases. The combined effects result in a slight increase
in Ptot. Only the Tox process simultaneously decreases Psub

and Pg, resulting in a significant Ptot reduction.
The second set of experiments is designed to explore the

additional leakage savings achievable by tunneling-aware al-
gorithms. For this second set of trials, the algorithms were
reconfigured to assign Vt values based on total leakage con-
sumption, rather than subthreshold leakage only. The leak-
age and delay reduction algorithms are reconfigured by mod-

ifying the edge weight computation. The original algorithms
compute the weight of an edge as a function of the change in
subthreshold leakage power that results from reassignment
of the threshold voltage value of that edge. The reconfig-
ured algorithms compute edge weights as functions of the
change in total leakage power. Similarly, the original LP
formulation employs piecewise linear approximations of sub-
threshold leakage curves to minimize the subthreshold leak-
age power; the reconfigured LP formulation approximates
and seeks to minimize the total leakage power. In addition,
all reconfigured algorithms calculate delay and slack using
gate delays measured with tunneling enabled in HSPICE.

Table 4 lists the results of these simulations for the Nch

and Tox processes. Because Lch has been demonstrated as
an ineffective means of total leakage reduction, the results
for this process are omitted. As in Table 3, Psub, Pg, and
Ptot are reported as percentage static power reduction from
the all-Vt,L configuration. ΔPtot, which quantifies the addi-
tional total leakage savings by the reconfigured algorithm,
is reported as percentage leakage reduction from the result
of the original algorithm.

The reconfigured algorithms significantly improve the to-
tal leakage reduction for both the Nch and Tox processes.
Two factors contribute to this increase. First, tunneling
leakage increases all gate delays, consequently increasing
critical path delay and the slack available for leakage reduc-
tion on non-critical paths. This increased total delay enables
Vt,H assignment to a greater number of gates. As a result,
the Ptot reduction is accompanied by a simultaneous signifi-
cant reduction in Psub. Second, the reconfigured algorithms
maximize the tradeoff between delay slack and total, rather
than subthreshold, leakage power. This tradeoff differs for
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Table 4: Simulation results for algorithms configured to consider total leakage.

Leakage Reduction Delay Reduction Linear Programming
Algorithm Algorithm Algorithm

Circuit Psub Pg Ptot ΔPtot Psub Pg Ptot ΔPtot Psub Pg Ptot ΔPtot

Nch

c432 78.45 11.16 33.40 8.76 32.97 5.33 14.47 3.37 73.49 10.75 31.49 6.88
c499 49.67 8.24 19.71 7.99 21.83 2.80 8.07 5.51 37.59 7.03 15.50 3.52
c880 85.72 11.91 36.96 3.97 66.00 8.81 28.22 4.46 84.46 11.76 36.43 3.86
c1355 40.38 5.57 18.91 9.19 14.74 2.01 6.89 4.53 33.01 4.56 15.47 4.41
c1908 80.61 11.09 37.85 5.62 56.84 7.81 26.69 8.33 76.41 10.51 35.88 5.90
c2670 88.93 12.26 40.18 6.12 70.42 9.60 31.74 4.09 81.69 11.32 36.94 5.31
c3540 82.06 11.55 36.34 4.60 55.82 7.58 24.54 4.48 78.48 11.09 34.78 4.13
c5315 88.51 12.25 39.31 2.33 82.19 11.31 36.46 0.65 87.11 12.08 38.70 1.99
c6288 88.80 9.66 18.86 1.57 71.34 3.33 11.24 4.96 82.87 9.22 17.78 1.26
c7552 86.78 12.01 39.06 4.02 78.00 10.67 35.02 3.62 85.47 11.85 38.48 4.29

Tox

c432 91.39 97.01 95.15 82.00 56.26 65.57 62.49 43.74 89.16 95.34 93.30 76.03
c499 70.96 80.96 78.19 60.58 30.32 38.61 36.31 20.66 52.80 63.65 60.64 30.84
c880 91.15 96.91 94.95 63.09 81.53 85.97 84.47 49.74 89.29 95.29 93.25 52.08
c1355 56.14 59.51 58.22 44.22 18.45 19.40 19.04 0.81 40.55 43.11 42.13 21.36
c1908 88.00 93.29 91.25 52.83 63.48 67.24 65.79 12.89 83.11 88.11 86.19 34.64
c2670 91.50 96.82 94.89 59.08 73.90 77.91 76.45 25.21 89.18 94.41 92.51 59.93
c3540 88.88 94.79 92.71 58.37 75.96 80.95 79.20 50.97 85.43 91.35 89.27 49.27
c5315 89.78 95.36 93.38 30.64 83.59 88.75 86.92 10.81 88.13 93.75 91.75 21.17
c6288 89.52 78.46 79.75 23.11 77.05 38.81 43.25 25.28 83.69 72.26 73.59 9.52
c7552 88.37 93.82 91.85 37.44 82.37 87.73 85.79 22.34 86.61 92.01 90.06 19.52

each process, and is reflected in the ΔPtot values. The im-
pact of Nch on Ig is negligible, thus the tradeoff between
delay and subthreshold leakage parallels that between delay
and total leakage and reconfiguration will result in little ad-
ditional leakage savings. Conversely, the impact of Tox on
Ig is strong and the reconfiguration enables significant ad-
ditional leakage savings. ΔPtot is, therefore, much smaller
for the Nch process than the Tox process.

It is evident that if the high-threshold voltage device of a
dual-Vt process reduces both Isub and Ig relative to the low-
threshold device, then an existing dual-Vt assignment algo-
rithm will successfully reduce total static power consump-
tion. Furthermore, reconfiguring an existing algorithm to
account for gate oxide leakage results in greater total leakage
reduction. The leakage reduction and linear programming
algorithms consistently achieve greater total leakage power
reduction than the delay reduction algorithm.

5. CONCLUSIONS
Subthreshold leakage currents are known to decrease ex-

ponentially with increasing threshold voltage, enabling dual-
Vt design to dramatically decrease subthreshold leakage. It
is clear that this correlation between Vt and subthreshold
leakage does not extend to total leakage in the presence of
gate oxide tunneling. It is, therefore, critical to consider the
total leakage impact of the varied parameter when develop-
ing a dual-Vt process.

Variation of oxide thickness appears to be the most effec-
tive dual-Vt implementation strategy for total static power
reduction. Channel doping variation also reduces total leak-
age, but the negligible impact on gate tunneling current lim-
its its effectiveness. The increased gate tunneling that ac-
companies increased channel length renders channel length
variation ineffective as a dual-Vt implementation strategy.

Existing dual-Vt assignment algorithms effectively reduce
total static power consumption. Reconfiguring these algo-
rithms to account for total leakage further improves total
leakage reduction. Dual-Vt assignment will therefore con-
tinue to serve as an effective leakage redution technique in
the presence of significant gate tunneling, given that gate
tunneling is considered during dual-Vt design.
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