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Abstract - With process scaling runtime leakage current, when 
the circuit i s  operating, has become a major concern in addition 
to traditional standby mode leakage. In this paper we propose a 
new leakage reduction method that  specifically targets runtime 
leakage current. We first observe that the state probabilities of 
nodes in a circuit tend to be skewed, meaning that they have 
either a high or  a low value. We then propose a method that 
exploits these skewed state probabilities by setting only those 
transistors to high-V, (thick-oxide) that have a high likelihood of 
being OFF (ON) and hence contributing significantly to the total: 
runtime leakage. Accordingly, we also propose a library specifi- 
cally tailored for the proposed approach, where Vt and T, 
assignment with favorably trade-offs under skewed input proba- 
bilities are provided. The optimization algorithm performs 
simultaneous sizing, Vt and T, assignment and shows substantial 
leakage improvcment over probability-unaware optimization. 

1 Introduction 

In recent years, standby modc and runtime leakage power have 
become significant concerns as proccss dimensions and supply volt- 
age continue to scale down. Up to 54% of the total power dissipation 
is projected to be leakage power dissipation at the 65nm node [l]. To 
address leakage current in standby mode, the MTCMOS approach 
was proposed where a high-V, gating transistor is inserted in series 
with the power supply [ 2 ] .  This method incurs routing overhead for 
virtual power supplies and requires special latches to preserve state 
in standby mode 131. In a different approach, a dedicated sleep input 
vector that minimizes leakage current is assigned to a circuit in 
standby mode [4]. This approach uses modified flip-flops that force 
the output to the required state [SI. However, the leakage reduction is 
small - typically in the range of IO-30% [6] .  

The dual-Y, approach reduces leakage current by assigning tran- 
sistor threshold voltages using a process where both high and low-V1 
transistors arc available. To reduce leakage current, non-critical gates 
in the circuit are assigned to high-V,, while critical circuit portions 
are assigned to low-V, [7][8][9]. This approach was extended for 
standby mode operation, by combining the V ,  assignment with, sleep 
state assignment using a branch and bound search method [IO]. This 
method is based on the observation that, given a known input state 
for a gate, the subthreshold leakage current of that gate can be 
reduced by setting only OFF transistors on each patb from Vdd to 
Gnd to high-V,, because only OFF transistors are responsible for Isub. 
Therefore, this approach improves the trade-off between leakage and 
pcrformance compared to V, assignment with unknown input states 
where most or all of the transistors must bc set to high-V, before a 
significant improvement in the leakage current is observed. How- 
ever, while this approach significantly improves the leakage current 
in standby mode, it is not applicable to runtime leakage while the cir- 
cuit is operating, as the circuit state is not known in this case. 

Traditionally, runtime leakage power has been of less concern 
than standby mode leakage since in runtime dynamic power dissipa- 
tion has been significantly greater than static power dissipation. Nev- 
ertheless, due to aggressive process scaling the leakage power 
dissipation is becoming comparable to dynamic power in high per- 

formance processor designs [l I] .  Therefore, new approaches for 
reducing leakage power in runtime mode are needed. 

In this paper, we propose a new method to reduce leakage current 
in runtime mode. Our approach leverages dual- V, / dual-T, technol- 
ogy and performs simultaneous circuit sizing, V, assignment and T, 
assignment. However, in order to improve the leakage / performance 
trade-off, we exploit the state probabilities of nodes in the circuit 
during runtime combined with a specially taiIored cell library that 
takes advantage of frequently occurring skewed gate input probabili- 
ties. The state probability of a node is the probability of that node 
being in a high state. Since leakage current depends strongly on the 
state of the gate inputs, leakage current in runtime mode is strongly 
influenced by the state probabilities of the nodes. For example, if an 
NMOS transistor has a very high state probability in runtime mode, it 
will be OFF and leaking only a small portion of time and its contri- 
bution to the overall leakage current is small. A high-V, assignment 
to this NMOS transistor will therefore not improve the leakage sig- 
nificantly. Conversely, by setting an NMOS transistor with a very 
low state probability to high-V,, the total leakage can be reduced 
nearly as much as when all transistors in a gate are set to high-V,, 
while the impact on performance is much less. Therefore, if we know 
the state probabilities of the nodes, we can assign high-V, (or thick 
T,) only to those transistors that contribute significantly to the over- 
all leakage, while assigning the rest of the transistors to low-V, (and 
thin T,) to maintain performance. This approach requires that only 
transistors in a gate with a high probability of being OFF (ON) in are 
set to high-V, (thick To,). Hence, we also propose a new library with 
carefully selected V, (and TJ,J combinations so that each cell pro- 
vides favorable trade-offs between leakage and performance under 
skewed input state probabilities. 

We first propose a leakage minimization method-for Isrib only and 
then extend it to both I,,b and I,,,,. Starting from the worst perfor- 
mance point (high-V, or high-V, / thick-Tox with minimum size tran- 
sistors) we move to the best performance point by selecting cells 
from the library with a more speed aggressive V,  (or V, I Tax) assign- 
ment or by increasing the gate size. The sizing and Vf / T, assign- 
ments are performed using a sensitivity-based algorithm where 
leakage values are calculated using gate input state probab 
proposed probability-aware optimization is compared with a tradi- 
tional optimization which has no information on state probability at 
nodes (i.e.5 each node is equally likely to be “0” or “ I ” ) .  The pro- 
posed methods are implemented on synthesized benchmark circuits 
using an industrial cell library in 0.18um technoIogy for Isub minimi- 
zation and in a predictive 65nm technology for both Isuh and 
minimization. We show that, in practice, state probabilities are sig- 
nificantly skewed to either a high or low value, making the proposed 
method effective. On average, the proposed technique improves 
leakage current by -30% over a state probability-unaware method 
with thc same cell library options for both lsub and ISUb /I,,,, minimi- 
zation. The. method achieves 62% improvement for Isub minimiza- 
tion and 46% for Isub / I,,t, minimization if the state ptobability- 
unaware method uses a whole gate-based V, / i‘, assignment (i.e., all 
transistors in a gate are assigned eithcr low-V, / thin-T,, or high-Vt / 
thick-To,). In addition, the total transistor width of the circuit is 
reduced by approximately 6- 10% using the probability-aware 
method yielding a dynamic power improvement as well. 
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2 Leakage Reduction Approach 

2.1 Leakage dependence on state probability 
In this section we explain how the leakagc current can be calcu- 

lated in runtime mode using statc probabilities. It is well known that 
the leakage current of a gate depends on the input state of that gate. 
For example, the leakage currents of the simple NAND2 gate have 
different leakage current values with different input states, as shown 
in Figure 1. The minimum leakage current at “00” state is only 26% 
of the maximum leakage current at “ I O ”  state. 

However, in runtime mode the input state of a gate is unknown. 
Therefore we compute the leakage current of a gate using the state 
probabilities of the gate inputs. If we know the state probabilities of 
the input nodes in a gate we can determine the probability that a gate 
wilt be in each state in runtime mode. For example, if two inputs, A 
and B, for the NAND2 gate in Figure 1 have 0.8 and 0.2 as their state 
probabilities respectively and assuming that the state probabilities 
are independent, the probability of the state AB = “!O” is PA x (1 - 
PB) = 0.8 x (1 - 0.2) = 0.64. While we assume independent input state 
probabilities for the purpose of illustration, the implemented compu- 
tation can account for correlations between the gate input state prob- 
abilities using methods in [12]. 

Based on the calculated probability of each state, the leakage cur- 
rent of a gate can be calculated with the below equation: 

lnput Stale 
(AB) 

00 

k 
In this equation k is over d l  possible input states in the gate, Pk is the 
probability of state k and l , , , , ,k  is the leakage current of statc k. If a 
NAND2 gate in the above example has leakage current values in the 
table of Figure I with given input state probabilities, the leakagc cur- 
rent of this NAND2 gate is 189.8 PA. 

2.2 Input state probability distribution 
In this section we demonstrate that node state probabilities show a 

bi-modal distribution, meaning that some nodes have high state prob- 
abilities while other nodes have low state probabilities. This is intu- 
itively clear when wc consider the propagation of probabilities 
through simple logic gates. For instance, if we evaluate a 3-input 
AND gate where all input have an input state probability of 0.5, the 
state probability ofthe gate output is O S 3  = 0.125. Hence, state prob- 
abilities tend to diverge to high or low values as they propagate 
through the circuit. This is also illustrated in Figure 2 which shows 
the state probabilities of the primary inputs, primary outputs and 
internal nodes of MCNC benchmark circuit i10. In Figure 2(a) all 
inputs have P=0.5. However, the state probabilities of outputs and 
internal nodes are not centered at 0.5 but show a bi-modal distribu- 
tion. In Figure 2(b), whcrme all inputs have a state probability of either 
0.2 or 0.8, the state probabilities of outputs and internal nodes remain 
lower or higher than thosi: of the inputs. Since the outputs of a circuit 
will act as inputs to another circuit, it is clear that for such a circuit 
block the typical state probability for the inputs can be expected to lie 
in the ranges of P=O. 1-0.2 or 0.8-0.9. In our analysis, we therefore 
use three state probabilities for prime inputs; (1) all inputs have 
P=0.5, ( 2 )  half the inputs have a lower probability of 0.2 and the rest 
have a higher probability of 0.8 and (3) is identical to (2) except with 
probabilities P=0.9 and P=O.l. 

Assigned Leakage current IPA] 
Group with Group Assign, I with All high-Vi 1 with All IOW- V, 

3 5.7 I 4.5 I 71.3 

Input slate Leakage 
(AB) current [PA] 
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01 
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I I  Figure 1. A simple NAND2 gate and its leakage current. 
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(b) Probabilities of  prime inputs = 0.2 or 0.8 
Figure 2. The state probabilities of i10 circuit 

2.3 Probability-aware Vt assignment algorithm 

In this section we review how V, assignment is performed for lrub 

minimization with a known input state and then show how V, (or V,/ 
T,) assignment can be combined with the state probabilities for run- 
time leakage reduction. 

We consider the leakage and performance of the simple NAND2 
circuit shown in Figure 3 .  With a known input state, high-V, assign- 
ment is considered only for those OFF transistors that are responsible 
for For instance, in state AB = ‘‘ Io” only transistor tn2 is consid- 
ered for high-V, assignment because assigning other transistors to 
high-V, will only decrease the performance of the gate with no reduc- 
tion in leakage current. Similar to [IO], we introduce so-called 
groups, which are the minimum sets of transistors that need to be set 
to high-V, to reduce leakage in a particular state. Table 1 shows the 
leakage current for the NAND2 in Figure 3 for different input states. 
Column 3 shows the leakage current when high-V, i s  assigned to a 
single group, which is shown in Column 2. Column 4 shows the leak- 
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Figure 3. The concept of group at NAND2 gate 

Table 1. Leakage current o f  NAND2 gatc 
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Table 2.  Leakage current for different states and V, assignments 

age current with ail transistors assigned to high-V,. Leakage current 
values in these two columns dcmonstratc that setting only a single 
group to high-V, results in equal or nearly equal leakage compared 
with the leakage when all transistors are assigned high-Y,. At the 
same time, by setting only a single group to high-V,, the performance 
dcgradation is restricted to only a single signal transition direction 
and is also reduced compared to high-V, assignments where most or 
all transistors are set to high-V,. Therefore, the lcakage reduction and 
performance penalty trade-off of V, assignment with a known input 
state is much improvcd compared with that with unknown input 
state. 

In runtime mode we can also improve the leakage / performance 
trade-off with knowledge of state probabilities. Instead of a fixed 
input state, we exploit the state probability of a gate and combine it 
with V, assignment. We first determine the probability of a gate being 
in a particular state, using the gate input state probabilities, as 
explained in Section 2. I. In the example of Section 2. I ,  with Pa = 0.8 
and Pg = 0.2, this NAND2 gate will have a “IO” state with probabil- 
ityr0.64. Therefore, the V, assignment of transistor f,, influences IsUh 
more than any other transistor. This means that if in probability- 
aware optimization we assign high-V, to tnz, we can reduce Irub more 
effectively than when we assign high-V, to other transistors. Since 
the remaining transistors are kept at tow-V,, the leakage / perfor- 
mance trade-ofT is improved compared to when all transistors are 
assigned high-V,. On the other hand, if V, assignment is performed 
without knowledge of the state probability, each of the states of the 
gate appears to have equal probability and it is likely that a different 
group, or possibly the whole gate, is chosen for high-V, assignment, 
resulting in a worse actual leakage / delay trade-off. In the above 
example, if high-V, is assigned to tnz (group 3) with the given input 
state probabilities and using the date shown in Table 2, the leakage 
current of this NAND2 gate is 39.2 PA. If, however for instance 
group rnl (group 2) is selected for high-V,assignment due to a lack of 
state probability information, the leakage becomes 165.2 PA. The 
leakage current difference between V, assignment with and without 
knowledge of the input state probability is therefore -13X in this 
example. As shown in Table 3, with given input state probabilities 
the leakage current with high-V,at group 3 is the minimum leakage 
high- Vt assignment whose leakage current (39.2pA) is rclatively 
dose to that with all high-V, (13.4pA). However, cases with high-V, 
for group 1 (174.7pA) or for group 2 (165.2pA) show leakage that i s  
closer to that with all low-V, (189.8pA). This means that without 
consideration of the input state probabilitics, high-V, assignment to a 
single group will not improve the leakagc / performance tradc-off 
significantly. Hcnce, it has been common in traditional probability- 
unaware optimizations to simply assign the entire gate to high or low 
V,. On the other hand, with state probability information a group 
based V, assignment can significantIy improve thc leakage current 

All low-V, 

IR9.8 

Table 3. Leakage current with different V, assignment for NAND2 
gate with PA=0.8, PB=O.Z 

High-Y, at 

gmup I group2 group3 
All high-Vl 

174.7 I 165.2 I 39.2 13.4 

1 NAND2 Ieakaee current l ~ A l  1 

T T  I T  I 

T T  T T  

0 Transislw 

Figure 4. Complete V, versions of NAND2 gate 

and reduce the performance penalty in runtime modc. The same 
approach can be applied to dual-V, / dual-T, assignment for both lvu* 
and IKala minimization. In this case, however, thick-l;, is assigned to 
transistors that are conducting and exhibit significant Igote current. 

2.4 Cell Library Construction 
In this section we discuss the construction of  needed library cells 

for dual-V, or dual-P’( / dual-T,, assignment with consideration of the 
state probabilities for runtime lcakage reduction. In order to perform 
the leakage currcnt minimization approach by V, (or V, / To.T) assign- 
ment with knowledge of the state probability, it is necessary to con- 
struct a library in which all needed VI (or V, / q,x) versions for each 
cell are available. After such a library has been constructed the pro- 
cess of assigning V, (or V, / T,) can be performed by simply swap- 
ping cells from the library. 

For V, assignment only we consider each input state and find the 
group which is responsible for Isub. As shown in Figure 3 and Table 
1, a NAND2 gate has three different groups. In addition to these 
three groups, the NAND2 gates require two additional cells: all low- 
VI transistors for the fastest-performance / highest-leakage and all 
high- Yt transistors for the slowest-performance / lowest-leakage. 

In addition to the above group-based library options, we consider 
two other library options. The second library option is Pm-based 
library option, which has only two groups are considered: high$, 
assignment to all PMOS or to all NMOS transistors. This library 
option is useful in processes where individual V ,  assignment is not 
available in a stack of transistors and also in cases where the input 
state probabilities are similar among all inputs. The third library 
option is gate-based, where no group V, assignment is allowed and 
gates must consist o f  either all high or all low V, transistors. These 
last cell library versions are useful in two instances: one, when gate 
input statc probabilities are not highly skewed and two, for probabil- 
ity-unaware optimization. The three different library options for 
NAND2 are shown in Figure 4. Note that the gate-based library is a 
subset of the P/N-based option, and PN-based is a subset of group- 
based. 

For simultaneous I\.,,b and Zxo,, minimization a number of different 
Y, and T, assignmcnts are possible that provide different leakage / 
performance trade-off points for different input states. For the fastest 
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Figure 5.4-cell VI-?“, versions of NAND2 gate 

delay and highest leakagc trade-off point, all transistors are assigned 
to low-V, and thin-Tux, such as the NAND2 gate shown in Figure 
5(a). On the other hand, for the slowest delay and lowest leakage 
point over all possible input states, all transistors are assigned to 
high-Y, and thick-T, as shown in Figure 5(bj. These two cells con- 
stitute the gate-based library option, shown in Figure 5 for a NAND2 
gate. 

In addition to the fasfest version and minimum leakage version of 
the cell, a number of other intermediate trade-off points can be con- 
structed for a cell by assigning only some of the transistors (groups) 
that contribute to leakage to high-VI or thick-T,,. For instance, if the 
NAND2 gate shown in Figure 5(c) has a “11” input state then all 
transistors affect the leakage current and both NMOS transistors are 
assigned thick T,, while both PMOS transistors are assigned high-V,. 
Therefore, in the “ I  1” state this cell has nearly equal leakage current 
compared with the case when all transistors are assigned both high- V, 
and thick-ToI while having an improved performance. Based on the 
different library options discussed in mnre detail in [13], we cnn- 
struct 4-cell versions for each gate. The different V,-Tox versions of 
NAND2 gate arc shown in Figure 5.  Table 4 shows the number of 
cell versions required for several common gates for both Vt only and 
V, / T, assignments in our runtime leakage minimization. 

3 Optimization Approach 

In this section we describe the leakage optimization method by V, 
(or V, / Tax) assignment, In addition to the V, (or V,i T,) assignment, 
we include circuit: sizing in order to obtain a better leakage / pcrfor- 
mance eade-off. The objective of the optimization approach is to 
achieve the minimum leakage current at a specific delay criterion. 
Starting from the slowest delay and lowest leakage point with all 
high-Y, (and thick-T’J transistors at minimum size, the optimization 
improves the circuit delay by performing low- V, (or thin-Tox) assign- 
ment and circuit sizing. For V,  (or V, / T&) assignment and circuit siz- 
ing we use the sensitivity-based method similar to that in [SI. At each 
iteration during the optimization, the move with the maximum sensi- 
tivity value (where a move is either an up-sizing or a IOW- V, (or thin- 

Table 4. The number of library cells ’ 

Tax) assignment) is taken to progress from a slow-delay / low-leak- 
age point to fast-delay / high-leakage point. The leakage current val- 
ues used in calculating the sensitivity values are based on knowledge 
of the state probability as described earlier. 

In the V, (or V, / TOT) assignment with group-based or Pm-based 
library options, multiple moves are possible for each gate, while in 
the gate-based library, only one move needs to be considered for 
each gate. With a gate-based library, the assignment process moves 
fiom the slowest delay / lowest leakage point - all transistors with 
high-V, (and thick-To,) I to the fastest delay i highest leakage point - 
all transistors with low-V, (and thin-T,, transistors). However, with a 
group-based or P/N-based library, an intermediate design point is 
inserted between these two extreme points. From the all high-V, (and 
thick-T,) version of a gate, high-V, (or thick-T,) is first assigned to 
one of the groups in a gate. After one group is selected for high- V, (or 
thick-T,) assignment, the next move considers setting all transistors 
to low-V, (and thin-T,,). In the example of a NAND2 gate with gate- 
based and group-based libraries shown in Figure 5 ,  the optimization 
with gate-based library option moves only from (b) to (a). However, 
if the optimization uses the group-based library, the first step of the 
optimization is a move from (b) to either (c) or (dj, and the second 
move would be from (c) or (d) to (a). 

4 Leakage Model and Characteristics 

Since our proposed leakage minimization approach is a lihrary- 
based method, precharacterized leakage current tables for each 
library cell are used. Each table has specific leakage current values 
for each possible input state of a library cell. Based on these current 
values for each input state, the leakage current value in runtime mode 
is calculated. For Isuh minimization, BSIM3 models from O.18pm 
technology were used in SPICE simulation to generate the precharac- 
tenzed tables. The precharacterized tables for Isub and I,,, minimi- 
zation were constructed using SPICE simulation with BSIM4 models 
using a predictive 65nm process, which had a gate leakage compo- 
nent that is approximately 36% of the total leakage at room tempera- 
ture (at which all analyses are performed). For performancc 
characterization, precharacterized delay and output slope tables were 
stored as a function of ccll input slope’and output loading. For thc 
0.1Spm technology, low-V, and high-Y, NMOS (PMOS) devices dif- 
fer by 14X (1 OX) in ISl,b and by 16% (1 5%) in delay. The difference 
in for the thick-TOx NMOS devices vs. the thin-T, devicc in the 
6Snm process is 1 IX whereas Irub is reduced by 17.8X (16.7X) when 
replacing a low- V, NMOS (PMOS) device with a high- V, version in 
this process. The delay difference between low-VI / thin-T,, vs. high- 
!’( / thick-Tux NMOS devices is 70% in 65nm technology. 

5 Results 

The proposed probability-aware leakage minimization method 
using V, (or V, i T,) assignment and simultaneous circuit sizing was 
implemented on a number of benchmark circuits [14] synthesized 
using an industrial cell library. Based on the given state probabilities 
of the primary inputs, we compute the state probability of each node 
in the circuit using the method described in [ 121. Our proposed state 
probubilitpawwe method is compared with the s t a b  probabi l ip  
unaware method where all nodes have equal probability of 0.5. Our 
proposed approach is tested with 0.18pm technology for IsUb only 
minimization and 65nm technology for both and Igrrre minimiza- 
tion, as discussed in Section 4. 

A comparison between state probability-unaware and -awarc 
methods for Isub only minimization is shown in Table 5 .  This optimi- 
zation performs V,,assignment and sizing with a group-based library. 
The state probabilities of the primary inputs are P = 0.110.9. At thrce 
different delay backoff points (5%, 10% and 15% larger delay than 
minimum achievable delay) the leakage current values with statc 
probability-unaware and -aware methods are shown. The leakage 
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5% delay penalty 10% delay penalty 15% delay penalty 

I I 1 I I I I I I 
17 I 5 4 7  1 2 1 . 6  1 12.5 142.2 111.2 18.42 I 2 4 9  18 .16  17.94 I 2.7 
18 I 7 9 4  1 31.2 I 17.3 144.6 122.6 112.2 146.1 115.5 110.6 131.6 

11 

Diff # ‘/,k[W Dlif. I/eak[nAl D,ff. 1/eok [ d l  
Aware % Aware % aware Aware % 

Un- gates 

aware aware 

41 2 64 0.88 66.5 1.00 0.50 50.1 0.55 0.39 29 I 

reduction percentages of the probability-aware method vs. probabil- 
ity-unaware method is also shown. At a relatively tight 5% delay 
penalty, the leakage current using probability-aware optimization is 
32% lower on average with a maximum improvemcnt of 67%. Even 
at a looser 15% delay penalty point, the probability-aware method 
has an average 17% lower leakage than the traditional probability- 
unaware method. Note that for looser delay constraints the difference 
between the two methods reduces as both methods approach an all 
high-V, solution. 

In Table 6, we compare the leakagc current reduction between dif- 
ferent cell library options for fs,,h only minimization. The leakage 
current values of the state probability-aware method with gate-based, 
PM-based and group-based libraries are compared with that of statc 
probability-unaware method with a gate-based library option where 
the performance-leakage trade-off is the worst among the different 
library options. Table 6 shows that with the samc gate-based library, 
the probability-awarc method has 26% lower leakage current on 
average than the probability-unaware method (Column 4). When the 
probability-aware method utilized a PN-based library and the group- 
based library, this lcakagc improvement increases to 55% and 62% 
leakage reduction, respectively. This shows that the probability- 
aware method benefits significantly from these library options that 
were specifically tailored for skewed input probabilities. 

Table 7 provides a comparison of results bctween state probabil- 
ity-unaware and -aware methods for both fsr,h and IEole minimization. 
The state probabilities of the primary inputs are P = 0.140.9, Note that 
since thc maximum delay difference for this dudl-v, / T, 65nm tech- 

19 

110 
a h 6 4  

AV G 

Table 6. Leakage current comparison bctwccn cell library options 
for Isub minimization approach. 5% delay penalty point, P=0.1/0.9 

510 31 0 13 (1 5X.2 15.9 10.1 36.9 10.7 8.35 21.7 
1936 34.3 27.5 20.0 26.7 24.6 8.0 24.6 23.2 5.8 
1945 77.3 62.0 19.9 57.0 42.7 25.0 40.9 30.8 24.8 

32 3 26.2 16.8 

I 1 Probability- I Probability-awarc inctliod (curreni in nA) 1 

i10 
ah64 

AVG 

92.1 64.5 30.0 61.7 41.2 33.2 46.9 32.5 30.8 

1297 108.8 16.1 88.5 76.3 13.R 65.5 56.6 13.6 
27.4 33.8 35.8 

I I I 

unaware 

Gate-based 
libraw 

(DIP& VF. unaware & gate-based) 

Gntc-based pmN-based libnry Group-hased 
libnrv libraw 

I 

i3 I 9.59 I 9.05 I 5.7 I 5.24 I 45.32 1 5.01 I 47.74 

i I  

i2 

Il,.,k l,,.nk Diff. % Din. % D1ff. ?4 
I O 1  0.94 6.8 1.03 -1.6 0.88 12.5 

7.7 6.4 16.11 4.65 39.7 3.81 50.6 

Table 7. Comparison between probability-unaware and -aware 
minimization for bolh IrUa and IgUfe. Croup-based library, P=O.1/0.9 

20% dclay penalty 30% delay penalty 40% delay penalty 

i4 
i5 
r6 

1 7  

33.64 31.6 6.2 14.6 56.5 9.56 71.6 

12 X 12.3 4.1 5 98 53.2 4.93 61.5 

60.0 14.5 75.8 15.1 74.9 14.4 76.0 
IOX.0 42.5 60.7 20.1 81.4 12.5 88.4 

nology is much larger than that in the dual-V, 0.18pm technology, as 
discussed in Section 4, wc use different delay backoff points. Across 
the three delay penalty points, the probability-aware method shows 
approximately 30% lower leakage current on average than the proba- 
bility-unaware method, with a 73% maximum improvement. 

A comparison of the leakage current reduction between different 
cell library options for both f suh and Igale minimization is shown in 
Table 8. The leakage current values of statc probability-aware opti- 
mization with gate-based and group-based libraries are compared 
with that of the state probability-unaware method with a gate-based 
library option which resulted in 20% and 47% less leakage than the 
probability-unaware minimization, respectively. 

Table 9 shows the comparison between different statc probabili- 
ties of the primary inputs. When the primary inputs show moderate 
state probabilities of 0.5, the probability-aware optimization pcr- 
fotms at its worst but still enables 15% leakage reduction compared 
to probability-unaware techniques. This indicates that the proposed 
techniques are universally applicable and can be useful even when 
node state probabilities are not divergent as described earlier. 

In Table 10, we compare the total transistor size (width) of the cir- 
cuits between statc probability-unaware and -aware methods for IsUh 
only minimization using a group-based library with state probabili- 
ties of the primary inputs P=O.l/O.9. The results show that our pro- 
posed method results in a smaller circuit sine than the probability- 
unaware method by 610% on average. Since dynamic power is pro- 
portional to total transistor width, the proposed state probability- 
aware leakage optimization method results in lower dynamic power 

Table 8. Comparison betwcen cell library options for Isab and I,,gfe 
minimization. 20% delay penalty point, P=0.1/0.9 (current in PA) 

I Probabiiitv- I Probability-aware method 
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Table 9. Leakage current comparison between state probabilities of 
the prime inputs using group-based libraries. 

5% delay penalty 

I Leakage current difference % between unaware and aware I 

10% delay penalty 15% delay penalty 

AVG I 32.3 I 23.9 I 14.6 1 27.4 I 23.3 I 17.5 

Table 10. Tolal transistor size comparison between state probability- 

(group-based library, P=O.1/0.9) 
unaware and -aware methods for minimization approach. 

as well as reduced static power over traditional techniques. 
Finally, Figure 6 plots, the leakage current results for the proposed 

method as well as the probability-unaware method, with different 
library options as a function of the delay for circuit i10. As shown in 
Figure 6, the proposed probability-aware method with group-based 
library has the lowest leakage current. Since the gate-based librarics 
consistently show the highest leakagc current for a given delay, we 
can say that the use of group-based (or at least P/N based) libraries is 
critical to leakage current optimization, as is the use of state proba- 
bilities. In Figure 6, we also see that the group-based library option 
shows the biggest difference between the probability-aware and - 
unaware methods. 

6 Conclusions 

In this paper, we have proposed a new leakage optimization 
method that specifically targets runtime leakage current. The method 
utilizes the skewed gate input state probabilities by setting only those 
transistors in a gate to high-V, that are most likely to be contribute 
significantly to the total leakage current. The approach uses a sensi- 
tivity based approach where leakage current is computed using the 
gate input state probabilities. A library where V, and T, assignment 
with favorably trade-oEs under skewed input probabilities are avail- 
able was developed and results in significant improvement in the 
leakage reduction of the probability-aware optimization approach. 
Compared with a probability-unaware optimization that is gate-based 
V,, the proposed method improves run time leakage current by 62%, 

I * Unaware-gate 

2.6 2 7  z a  2 9  30 
Delay (ns) 

Figure 6. Leakage current comparison for i10 

on average, over all benchmark circuits and with a maximum 
improvement of 89%. 
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