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A mixed integer linear programming (MILP) technique simultaneously minimizes the leakage and
glitch power consumption of a static CMOS circuit for any specified input to output delay. Using
dual-threshold devices the number of high-threshold devices is maximized and a minimum number
of delay elements are inserted to reduce the differential path delays below the inertial delays of
incident gates. The key features of the method are that the constraint set size for the MILP model
is linear in the circuit size and power-performance tradeoff is allowed. Experimental results show
96%, 40%, and 70% reductions of leakage power, dynamic power, and total power, respectively, for
the benchmark circuit C7552 implemented in the 70 nm BPTM CMOS technology.
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1. INTRODUCTION

In the past, the dynamic power has dominated the total
power dissipation of CMOS devices. However, with the
continuous trend of technology scaling, leakage power is
becoming a main contributor to power consumption. To
reduce leakage power, several techniques have been pro-
posed, including transistor sizing, multi-V,,, dual-V,,, opti-
mal standby input vector selection, stacking transistors,
dual V,,, etc. Among these, the dual-V;, assignment is an
efficient technique for decreasing leakage power. Its basic
idea is to utilize the timing slack of non-critical paths to
assign high V,, to gates on those paths to decrease the
leakage. There are heuristic algorithms® '20-2# that search
for an optimal solution of dual-V,; assignment. For exam-
ple, the backtrace algorithm®'->* can determine a dual-V,,
assignment for a possible solution without guaranteeing
an optimal one (see example of Fig. 10). Because the
backtrace search direction for non-critical paths is from
primary outputs to primary inputs, the gates close to the
primary outputs have a higher priority for high V, assign-
ment, even though their leakage power savings may be
smaller than those of gates close to the primary inputs.
Wang et al.”° treat the dual-V,, assignment as a constrained
0-1 programming problem with non-linear constraint func-
tions. They use a heuristic algorithm based on circuit
graph enumeration to solve this problem. Although their
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swapping algorithm tries to avoid local optimization, a
global optimization is still not guaranteed.

By describing both the objective function and con-
straints as linear functions, linear programming (LP) can
easily get a globally optimum solution. Nguyen et al.!!
use LP to minimize the leakage and dynamic power by
gate sizing and dual-threshold voltage device assignment.
The optimization work is separated into several steps. An
LP is first used to distribute slack to gates with the objec-
tive of maximizing total power reduction. Then, another
independent algorithm resizes gates and assigns threshold
levels. This means that the LP still needs the assistance of
a heuristic algorithm to complete the optimization.!! Gao
and Hayes® use mixed integer linear programming (MILP)
to optimize the total power consumption by dual-threshold
assignment and gate sizing.

The techniques cited above® 3 !1:12:20.22.23 haye not con-
sidered the glitch power, which can account for 20%—
70% of the dynamic switching power.* To eliminate these
unnecessary transitions, a designer can adopt techniques
of hazard filter>?>?® and path balance.® '*?° In Hazard fil-
tering, gate sizing or transistor sizing is used to increase a
gate inertial delay which can filter the glitches. An obvi-
ous disadvantage of hazard filtering, when used alone, is
that it may increase the circuit delay due to the increase of
the gate delay. Alternatively, any given performance can
be maintained by path delay balancing, although the area
overhead and additional power consumption of the inserted
delay elements can become a major concern.
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In the present research, a new MILP model is pro-
posed to minimize leakage power by dual-V,, assignment
and simultaneously eliminate dynamic glitch power by
inserting zero-subthreshold delay elements to balance path
delays. To our knowledge, no previous work on optimizing
dynamic and static power has adopted such a combined
approach. This MILP method is specifically devised with
a set of constraints whose size is linear in the number
of gates. Thus, large circuits can be handled. Although
theoretical worst-case complexity of MILP is exponential,
actual complexity depends on the nature of the problem.
A discussion about this point is presented at the end of
Subsection 6.1. To deal with the complexities of delay
models and leakage calculation, two look up tables for the
delay and leakage current for both low and high thresh-
old versions are constructed in advance for each cell. This
greatly simplifies the optimization procedure.

To further reduce power, other approaches such as gate
sizing can be easily implemented by extending our cell
library and look up tables. However, a dual-V,,; technique
may require additional considerations beyond the delay
look up tables for low V,; and high V.

This paper is organized as follows. Section 2 presents
the necessary background knowledge about subthresh-
old leakage, delay, and glitches. Section 3 proposes the
mixed integer linear programming for power minimization.
Sections 4 and 5 discuss the implementation of delay ele-
ments for glitch elimination and the superiority of MILP,
respectively. In Section 6, experimental results are pre-
sented and discussed. A conclusion is given in Section 7.
Some work from this paper has appeared in a recent pre-
sentation by the authors.’

2. BACKGROUND
2.1. Leakage and Delay

The leakage current of a transistor is mainly the result
of reverse biased PN junction leakage and subthreshold
leakage. Compared to the subthreshold leakage, the reverse
bias PN junction leakage can be ignored. The subthreshold
leakage is the weak inversion current between source and
drain of an MOS transistor when the gate voltage is less
than the threshold voltage.?* It is given by:’

Ve =V, —V,
A ) o
T T

Weff VTzel.S (2)
eff

where u, is the zero bias electron mobility, n is the sub-
threshold slope coefficient, V,, and V, are the gate-to-
source voltage and drain-to-source voltage, respectively,
Vr is the thermal voltage, V,, is the threshold voltage,
C,, is the oxide capacitance per unit area, and W, and L
are the effective channel width and length, respectively.
Due to the exponential relation between V,, and I, an
increase in Vj; sharply reduces the subthreshold current.

IsO = Mo Cox
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Table I. Leakage currents for low and high V;, NAND gates.

Ly (nA)
Input vector Low V, High V, Reduction (%)
00 1.7360 0.0376 97.8
01 10.323 0.2306 97.8
10 15.111 0.3433 97.7
11 17.648 0.3169 98.2

Our Spice simulation results on the leakage current of
a two-input NAND gate are given in Table I for 70 nm
BPTM CMOS technology! (V,y =1V, Low V,, =0.20 V,
High V,, = 0.32 V). The leakage current of a high V,, gate
is only about 2% of that of a low V,; gate. If all gates in a
CMOS circuit could be assigned the high threshold volt-
age, the total leakage power consumed in the active and
standby modes can be reduced by up to 98%, which is
a significant improvement. However, according to the fol-
lowing equation, the gate delay increases with the increase
of V. cv
Ty x ﬁ (3)

dd — Yin
where a equals 1.3 for short channel devices.!” Table II
gives the delays of NAND gates obtained from Spice sim-
ulation when the output fans out to varying numbers of
inverters. We observe that by increasing V,, form 0.20 V
to 0.32 V, the gate delay increases by 30%—40%.

We can make tradeoffs between leakage power and per-
formance, leading to a significant reduction in the leakage
power while sacrificing only some or none of circuit per-
formance. Such a tradeoff is made in MILP. Results in
Section 6.1 show that the leakage power of all ISCAS85
benchmark circuits can be reduced by over 90% if the
delay of the critical path is allowed to increase by 25%.

2.2. Glitch Elimination Techniques

When transitions are applied at inputs of a gate, the out-
put may have multiple transitions before reaching a steady
state (Fig. 1 and Fig. 2(a)). Among these, at most one is
an essential transition, and all others are unnecessary tran-
sitions often called glitches or hazards. Because switching
power consumed by the gate is directly proportional to the
number of output transitions, glitches reportedly account
for 20%—70% dynamic power.* Agrawal et al.? prove that a
combinational circuit is minimum transient energy design,
i.e., there is no glitch at the output of any gate, if the

Table II. Delays of low and high V;, NAND gates.

Gate delay (ps)

Number of fanouts Low V,, High V, % increase
1 14.947 21.150 415
2 22.111 30.214 36.6
3 29.533 39.171 32.6
4 37.073 48.649 31.2
5 44.623 58.466 31.0
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(a) one n-input NAND gate

| Output Transition Interval
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(b) Transition timing for the inputs and output of gate in (a)

Fig. 1. Output timing window for an n-input NAND gate.
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(a) Glitch at the output of one NAND gate
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(b) Glitch elimination by hazard filtering
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(c) Glitch elimination by path delay balancing

Fig. 2. Glitch elimination methods.

J. Low Power Electronics 2, 1-10, 2006

difference of the signal arrival times at every gate’s inputs
remains smaller than the inertial delay of the gate. This
condition is expressed by the following inequality:

L,—h < di (4)

where we assume ¢, is the earliest arrival time at inputs,
t, is the most delayed arrival time at another input, and d,
is gate’s inertial delay, as illustrated in Figure 1. The inter-
val t, —t, is referred to as the gate output timing window.'*
To satisfy inequality,* we can either increase the inertial
delay d; (hazard filtering) or decrease the path delay dif-
ference t, —t, (path balancing). Figures 2(b) and (c) illus-
trate these procedures for the gate of Figure 2(a). Hazard
filtering, when used alone, can increase the overall input
to output delay. Path balancing does not increase the delay
but requires insertion of delay elements. A combination of
the two procedures can give an optimum design.*?

3. AN MILP FOR POWER MINIMIZATION

We use a mixed integer linear programming (MILP) model
to determine the optimal assignment of V;;, while maintain-
ing any given performance requirement on the overall cir-
cuit delay. To minimize the total leakage the MILP assigns
low V,, to the largest possible number of gates while
controlling the critical path delays. Unlike the heuristic
algorithms,® 12:20:22.23 the MILP gives us a globally opti-
mal solution as discussed in Section 5.

To eliminate the glitch power, additional MILP con-
straints determine the positions and values of the delay
elements to be inserted to balance path delays within the
inertial delay of the incident gates. We can easily make a
tradeoff between power reduction and performance degra-
dation by changing the constraint for the maximum path
delay in the MILP model.

3.1. Variables

Each gate is characterized by four variables:

X;: assignment of low or high V,, to gate i is specified by
an integer X; which can only be 0 or 1. A value 1 means
that gate i is assigned low V,,, and 0 means that gate i
is assigned high V,,. Each gate has two possible values
of delays, D;; and Dy;, corresponding to low and high
thresholds, respectively.

T:: latest time at which the output of gate i can produce
an event after the occurrence of an input event at primary
inputs of the circuit.

t;: earliest time at which the output of gate i can produce
an event after the occurrence of an input event at primary
inputs of the circuit.

Ad, ;: delay of a possible delay element that may be
inserted at the input of gate i from gate j.

Thus, an »n input gate is characterized by n+5 quanti-
ties, i.e., n input buffer delay variables, two inertial delay
constants, one [0, 1] integer variable, and two output tim-
ing window variables.
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3.2. Objective Function

The objective function for the MILP is minimization of
the sum of all gate leakage currents /,,,; and the sum of
all inserted delays:

Min{zlleaki+ Z ZAdi,j}
i i

=MiH{Z[XiILi+(1 _Xi)IHi]‘l'ZZAdi,j} ®)

1

For a static CMOS circuit, the leakage power is
P = Vaa Z Tioai (6)

If we know the leakage currents of all gates, the leakage
power can be easily obtained. Therefore, the first term in
the objective functions of this MILP minimizes the sum of
all gate leakage currents, i.e.,

Min) (X, I;; 4+ (1 — X)) Iy;) (7)

I;; and I, are the leakage currents of gate i with low V,,
and high V,;, respectively. Recognizing that the subthresh-
old current of a gate depends on its input state, we make
a leakage current look-up table of I,; and I, for all gates
i through simulation. These look-up tables are similar to
Table I and are used for power estimation by logic simu-
lation as discussed in Section 6. For the MILP, we need
one set of I;; and I; for each gate and the average values
from the look-up tables can be used.

Besides the leakage power, we also minimize the glitch
power, simultaneously. We insert minimal delays to satisfy
the glitch elimination conditions at all gates. This leads to
the second term in the objective function:

Min} 3" Ad, ; (8)

When implementing these delay elements, we use trans-
mission gates with only the gate leakage. The two
terms in the objective function, }; [, and 3, 3", Ad, ;,
have different units and numerically » ;[ is 50 to
1000 times larger than } ;% ;Ad;; in our examples
of benchmark circuits. Therefore, the objective func-
tion of Eq. (5) puts greater emphasis on leakage power,
assuming it to be the dominant contributor to the total
power. Experimental results show that an objective func-
tion Min{A x 3, i +B x 3, 3" Ad, ;} with A — large
constant and B = 1 generates the same results as those by
the objective function of Eq. (5) in which the terms are
left unweighted. In general, suitable weight factors A and
B can be used to make tradeoffs between leakage power
reduction and glitch power elimination.

3.3. Constraints

Constraints are imposed on each gate i with respect to
each of its fanin j, where j refers to the gate providing

4
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the fanin:
’I;'ZTj+Adi,j+[Xi'DLi+(l_Xi)DHi] )
i =t;+Ad; j+[X;- Dii+ (1 = X;) Dy (10)
X;-Dyi+(1=X;) Dy = T, — 1 (11)

where Dy; and D;; are the delays of gate i with high V,
and low V;;, respectively. With the increase in fanouts, the
delay of the gate increases proportionately. Therefore, a
look-up table is constructed by simulation and specifies
the delays for all gate types for varying fanout numbers.
D;; and Dy, for gate i are obtained from the look-up table
whose entries are indexed by the gate type and the number
of fanouts. As discussed in Subsection 2.2, constraints (9-
11) ensure that the inertial delay of gate i is always larger
than the delay difference of its input paths. This would be
done by inserting the minimal number of delay elements
while maintaining the critical path delay constraints.

We explain constraints (9—11) using the circuit shown in
Figure 3. Here the numbers on gates are gate indexes and
not the delays. Red (bold) lines show critical paths and two
grey shaded triangles are delay elements possibly inserted
on the input paths of gate 2. Similar delay elements are
placed on all primary inputs and fanout branches through-
out the circuit. Let us assume that all primary input (PI)
signals on the left arrive at the same time. For gate 2, one
input is from gate O and the other input is directly from a
PL. Its constraints corresponding to inequalities (9-11) are:

T,>Ty,+Ad, (+[X, D, +(1-X,) Dy,]  (12)
T,>04+Ad, p+[X,- D, + (1= X,) Dyl (13)
ty <ty+Ad, o +[X, D, +(1—-X,)Dy,]  (14)
ty <04+Ad, p+[X, D, + (1= X,) Dyl (15)

[Xo D+ (1=X)) Dyl =T, — 1, (16)

Variable 7, that satisfies inequalities (12) and (13) is the
latest time at which an event (signal change) could occur
at the output of gate 2. Variable ¢, is the earliest time at
which an event could occur at the output of gate 2, and
it satisfies both inequalities (14) and (15). Constraint (16)
means that the difference of 7, and #,, which equals the
delay difference between two input paths, is smaller than

— o) ED;
el

Fig. 3. Circuit for explaining ILP constraints.
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Fig. 4. An unoptimized circuit with high leakage and potential glitches.

gate 2’s inertial delay, which may be either low V,, gate
delay, D, ,, or high V,, gate delay, Dy,.
The critical path delay T, is specified at primary out-
put (PO) gates 1 and 3, as:
T,=T,

max?

i=1,3 (17)

T .. can be the maximum delay specified by the circuit
designer. Alternatively, the delay of the critical path (7,)
can be obtained from a linear program (LP) by assigning
all gates to low V,;, i.e., X; =1 for all i. The objective
function of this LP is minimization of the sum of 7,’s
where k refers to primary outputs. The critical path delay
T, is then the maximum of 7,’s found by the LP.

If 7, equals to T,, the actual objective function of the
MILP model will be to minimize the total leakage current
without affecting the circuit performance. By making T,
larger than T, we can further reduce leakage power with
some performance compromise, and thus make a tradeoff
between leakage power consumption and performance.

When we use this MILP model to simultaneously mini-
mize leakage power with dual-V,;, assignments and reduce
dynamic power by balancing path delays with inserted
delay elements, the optimized version for the circuit of
Figure 4 is shown in Figure 5. In these figures the labels
in or near gates are inertial delays.

Y

30 Jo

3.0

Fig. 5. Optimized glitch-free circuit with low leakage.
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Fig. 6. A full adder circuit with all gates assigned low V,, ([, =
161 pA).

Three black shaded gates are assigned high V,,. They
are not on critical paths (shown by red or bold lines) and
their delay increase does not affect the critical path delay.
Although delay elements were assumed to be present on
all primary inputs and fanout branches, only two were
assigned non-zero values. They are shown as grey triangles
with delays of 1.5 and 3.0 units, respectively. To mini-
mize the additional leakage and dynamic power consumed
by these delay elements, we implement them by CMOS
transmission gates. In Section 4, we will show that an
always turned-on CMOS transmission gate can be treated
as a zero-subthreshold leakage and low-dynamic-power-
consumption delay element.!> 16-32

A 14-gate full adder is used as a further illustration.
Figure 6 is the original circuit with all low V, gates.
Critical paths are shown in red (or bold) lines. Figure 7
shows an MILP solution. All gates on non-critical paths
were assigned high V,, (black shaded) to minimize leak-
age power. At the same time, three delay elements (grey
shaded) are inserted to balance path delay to eliminate
glitches. When the critical path delay is increased by 25%,
the MILP gives the solution of Figure 8. Greater leakage
power saving is achieved since some gates on the criti-
cal path are also assigned high V,,. All three circuits were
implemented in the 70 nm BPTM CMOS technology' we
mentioned in Section 2.1. The three delay elements use
high-V,;, devices and their design is described in the next
section. The leakage average leakage currents for the cir-
cuits of Figures 6 (unoptimized), 7 (optimized with no
critical path delay increase), and 8 (optimized with 25%

A‘W&L
B Co

> >

CL__>
—— P S

=T,

c

Fig. 7. Dual-V,, assignment and delay element insertion for 7,
(L = 73 PA).
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A —
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Fig. 8. Dual-V,, assignment and delay element insertion for 7, =
1.25 T, (ly = 16 pA).

increase in critical path delay) were 161 pA, 73 pA, and
16 pA, respectively.

4. DELAY ELEMENT IMPLEMENTATION

In our design, all the delay elements are implemented
by transmission gates, whose obvious advantage is that
they consume very little dynamic power because they are
not driven by any supply rails.!® They also have lower
area overhead and leakage power consumption com-
pared with the more conventional two-cascaded-inverter
buffer.!16-18:19 CMOS transmission gates are adopted in
our design to avoid the voltage drop when signal passes
through series transistors. The circuits in Figure 9 sim-
ulated for the subthreshold current by Smart-Spice were
used to compare the leakage power dissipation in the
two delay elements. In Figure 9(a), there is only a gate
leakage path and no subthreshold leakage. The two tran-
sistors are always turned on. In two cascaded inverters
of Figure 9(b), beside gate leakage, subthreshold paths
always exist. Hence, we can treat a transmission-gate delay
element as a zero-subthreshold-leakage delay element. The
delay of a transmission gate is given by:!°

1, =In(2)R,,C, (18)

Where R, is the equivalent resistance of a CMOS trans-
mission gate, and C; is load capacitance. By changing
the widths and lengths of the transistors, we can change
the delay of the transmission gate. We simulated the cir-
cuit of Figure 9(a) for nearly 80 transmission gates with
transistors whose dimensions were varied. By subtracting
the delay of the circuit in which the transmission gate
was replaced by a short, we obtained the delay of the
transmission gate. These data were arranged in a look-
up table of delays versus transmission gate dimensions.
For any required delay between two entries in the look-up
table, the size of the transmission gate is determined by
interpolation.

The is a deterministic approach in which the initial
delay of a gate is assumed to have a fixed value. However,
variations of process parameters, especially in nanome-
ter technologies, can change gate delays and affect the
path delay balancing, causing incomplete suppression of

6
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i”i Delay Element
(@)
Vad

—> Subthreshold

---9» Gate Leakage

Fig. 9. Delay elements: (a) CMOS transmission gate and (b) cascaded
inverters.

glitches. Hu®*° proposes a statistical analysis to treat the

gate delays as random variables with normal distributions.
The results show that the power distribution due to the
process variation can be reduced. Our deterministic MILP
model can also be extended as a statistical MILP model to
minimize the impact of the process variation on the glitch
elimination and leakage power.’!

5. ILP AND HEURISTIC ALGORITHMS

In the introduction, we mentioned several heuristic
algorithms?® 12:20:22:23 ysed for dual-V,, assignment. Due to
the intrinsic limitation, heuristic algorithms normally aim
at achieving a locally optimal solution. In MILP, the objec-
tive function and constraints are both linear, ensuring a
global optimization. To illustrate the point, we examine the
backtrace algorithm* as an example to show the advan-
tage of the MILP.

In Figure 10, the XOR gate (gate 1) close to primary
input has the largest leakage power reduction if assigned
a high threshold. However, in Figure 10(a), the slacks for
the non-critical paths are first consumed by gates 6, 3,
and 4, which are closer to primary outputs. Hence, by
the time the backtrace arrives at the XOR gate the slack

J. Low Power Electronics 2, 1-10, 2006
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DELAY (unit 10 ps)
Low V/High Vi,

1.5/2.1 1.4/1.8
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6. RESULTS

To study the increasingly dominant effect of leakage
power, we use the BPTM 70 nm CMOS technology.!
Low V,, for NMOS and PMOS devices are 0.20 V and
—0.22 V, respectively. High V,; for NMOS and PMOS

51 are 0.32 V and —0.34 V, respectively. We regenerated
the netlists of ISCAS’85 benchmark circuits using a cell
:’D_ o library in which the maximum gate fanin is 5. Two look-up
34/5.0 tables for gate delays and leakage currents, respectively,
of each type of cell were constructed using Spice simu-
1.5/2.1

(a) Backtrace algorithm: optimized leakage current is 79.2 pA.

2.02.8

DELAY (unit 10 ps)
Low V,/High V,

2.012.8

1.5/2.1 1.4/1.8

— D

3.4/5.0

1.5/2.1

(b) MILP: optimized leakage current is 58.1 pA

Fig. 10. Comparison of MILP with backtrace heuristic algorithm.

has already been used up and it cannot be assigned high-
V- In Figure 10(b), MILP considers leakage reduction
and delay increase of each gate simultaneously, making
sure that the best candidates (gates with the largest leak-
age reduction without violating the timing constrains) are
selected. Due to the global optimization, MILP achieves
26% greater leakage power saving compared to the heuris-
tic backtrace algorithms. Other heuristic algorithms have
the similar problems, because the available slack for each
gate must depend on the search direction or the selected
cut® in the circuit graph. Thus, a global optimization can-
not be guaranteed.

lation. A C program parses the netlist and generates the
constraint set (see Section 3) for the CPLEX ILP solver
in the AMPL software package.'* CPLEX then give the
optimal V,, assignment as well as the value and position of
every delay element. The dynamic power is estimated by
an event driven logic simulator that incorporates an inertial
delay glitch filtering analysis.

6.1. Leakage Power Reduction

The results of the leakage power reduction for ISCAS’85
benchmark circuits are shown in Table III. Here the objec-
tive of the MILP was set to minimization of leakage alone.
All Ad, ; variables were forced to be 0 and constraint 11
was suppressed. The numbers of gates in column 2 are
for our gate library and differ from those in the original
benchmark netlists. 7, in column 3 is the minimum delay
of the critical path when all gates have low V. This was
determined by the LP discussed in Subsection 3.3 in the
paragraph following Eq. (17). Column 4 shows the total
leakage current with all gates assigned low V;;. Column 5
shows the optimized circuit leakage current with gate V,,
reassigned according to the MILP optimization. Column 6
shows the leakage reduction (%) for optimization without
sacrificing any performance. Column 9 shows the leakage
reduction with 25% performance sacrifice.

From Table III, we see that by V,, reassignment the
leakage current of most benchmark circuits is reduced by
more than 60% without any performance sacrifice (col-
umn 6). For several large benchmarks leakage is reduced
by 90% due to a smaller percentage of gates being on

Table ITI. Leakage reduction alone due to dual-V,, assignment (27 °C).

Optimized (7,,,, = T,) Optimized (7,,,, =1.25 T,)
Circuit Number Unoptimized Leakage Sun OS5.7 Leakage Sun OS5.7
name of gates T, (ns) Loy (MA) Loy (MA) reduction (%) CPU s Iy (LA) reduction (%) CPU s
C432 160 0.751 2.620 1.022 61.0 0.42 0.132 95.0 0.3
C499 182 0.391 4.293 3.464 19.3 0.08 0.225 94.8 1.8
C880 328 0.672 4.406 0.524 88.1 0.24 0.153 96.5 0.3
C1355 214 0.403 4.388 3.290 25.0 0.1 0.294 93.3 2.1
C1908 319 0.573 6.023 2.023 66.4 59 0.204 96.6 1.3
C2670 362 1.263 5.925 0.659 90.4 0.38 0.125 97.9 0.16
C3540 1097 1.748 15.622 0.972 93.8 3.9 0.319 98.0 0.74
C5315 1165 1.589 19.332 2.505 87.1 140 0.395 98.0 0.71
C6288 1177 2.177 23.142 6.075 73.8 277 0.678 97.1 7.48
C7552 1046 1.915 22.043 0.872 96.0 1.1 0.445 98.0 0.58

J. Low Power Electronics 2, 1-10, 2006 7
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Fig. 11. Tradeoffs between leakage power and performance.

critical paths. However, for some highly symmetrical cir-
cuits, which have many critical paths, such as C499 and
C1355, the leakage reduction is less. Column 9 shows that
the leakage reduction reaches the highest level, around
98%, with some performance sacrifice.

The curves in Figure 11 show the relation between nor-
malized leakage power and normalized critical path delay
in a dual-V};, process. Unoptimized circuits with all low V,
gates are at point (1, 1) and have the largest leakage power
and smallest delay. With optimal V,; assignment, leakage
power can be reduced sharply by 60% (from point (1, 1)
to point (1, 0.4)) to 90% (from point (1, 1) to point (1,
0.1)), depending on the circuit, without sacrificing any per-
formance. When normalized T,,,, becomes greater than 1,
i.e., we sacrifice some performance, leakage power further
decreases with a slower decreasing trend. When the delay
increase is more than 30%, the leakage reduction saturates
at about 98%. Thus, Figure 11 provides a guide for making
tradeoffs between leakage power and performance.

The CPU times shown in columns 7 and 10 of Table III
are for the MILP. Although in the worst case, the solu-
tion time of MILP is exponential in the problem size, in
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practice, it is determined by the nature of the problem.
From the data in columns 7 and 10 of Table III, it is really
hard to express any relation between the CPU time and
the problem size, such as the number of gates in the cir-
cuit. For example, MILP solution time for the 1046-gate
C7552 is only 1.1 CPU seconds that is much less than 140
CPU seconds used for the 1165-gate C5315. Even for the
same size problems, different constraints require varying
solution times. Consider the 1177-gate C6288 circuit as an
example. When the timing constraints for primary outputs
(POs) are relaxed by 25%, CPU time decreases from 277
CPU seconds to 7.48 CPU seconds. As a result, MILP for-
mulation may still solve some very large size circuits and
provide a possibly better solution to dual-V,, assignment
problem through global optimization.

6.2. Leakage, Dynamic Glitch, and
Total Power Reduction

The leakage current increases with temperature because V;
(thermal voltage, kT/g) and V,, both depend on the tem-
perature. Our Spice simulation shows that for a 2-input
NAND gate with low V,,, when temperature increases from
27 °C to 90 °C, the leakage current increases by a factor
of 10. For a 2-input NAND gate with high V, this factor
is 20.

The leakage in our look-up table is from simulation for
a 27 °C operation. To manifest the dominant effect of the
leakage power, we estimate the leakage currents at 90 °C
by multiplying the total leakage current obtained from
CPLEX" by a factor between 10 and 20 as determined by
the proportion of low to high threshold transistors.

The dynamic power is estimated by a glitch filtering
event driven simulator, and is given by

Eyy  0.5-C, - V2 Y, TFO,

mnv

19
T 1000(1.2-T,) (19)
where C.

v 1S the gate capacitance of an inverter, 7; is the
number of transitions at the output of gate i when 1,000
random vectors are applied at PIs, and FO, is the number
of fanouts for gate i. Vector period is assumed to be 20%
greater than the critical path delay, 7. By simulating each

den =

Table IV. Leakage, glitch, and total power reduction for ISCAS’85 benchmark circuits (90 °C).

Leakage power (uW)

Glitch power (uW)

Total (leakage + glitch) power (W)

Circuit name Number All low V;, Dual V,, Reduc. (%) Dual V,

Delay Optim. Reduc. (%) All low V;, Dual V, +Del Opt. Reduc. (%)

C432 160 35.77 11.87 66.8 101.0
C499 182 50.36 39.94 20.7 225.7
C880 328 85.21 11.05 87.0 177.3
C1355 214 54.12 39.96 26.3 293.3
C1908 319 92.17 29.69 67.8 254.9
C2670 362 1154 11.32 90.2 128.6
C3540 1097 302.8 17.98 94.1 333.2
C5315 1165 421.1 49.79 88.2 465.5
C6288 1177 388.5 97.17 75.0 1691.2
C7552 1046 444.4 18.75 95.8 380.9

73.3 274 136.8 85.2 37.7
160.3 29.0 276.1 200.2 27.5
128.0 27.8 262.5 139.1 47.0
165.7 435 3474 205.7 40.8
197.7 224 347.1 227.4 34.5
100.8 21.6 244.0 112.1 54.1
228.1 315 636.0 246.1 61.3
304.3 34.6 886.6 354.1 60.1
405.6 76.0 2079.7 502.8 75.8
227.8 40.2 825.3 246.6 70.1
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Table V. Number of delay elements for optimization.

Circuit Gates # Adi #
C432 160 160
C499 182 128
C880 328 303
C1355 214 112
C1908 319 313
C2670 362 330
C3540 1097 1258
C5315 1178 1198
C6288 1189 1307
C7552 1046 845

gate’s number of transitions, we can estimate the glitch
power reduction.

To demonstrate the projected dominant effect of leakage
power in a sub-micron CMOS technology, we compare the
leakage power and dynamic power at 90 °C in Table IV.
“All low V,,” means the unoptimized circuit that has all
low threshold gates, and “Dual V,,” means the optimized
circuit whose V,, has been optimally assigned for min-
imum leakage. Column 6 gives the glitch power of the
optimized design, which is further reduced as shown in
column 7 when glitches are eliminated. We observe that
for 70 nm BPTM CMOS technology at 90 °C, unopti-
mized leakage power (column 3) of some large ISCAS’85
benchmark circuits can account for about one half or more
of the total power consumption (column 9). With Vj; reas-
signment, the optimized leakage power of most benchmark
circuits is reduced to less than 10%. With further glitch
(dynamic) power reduction, total power reductions for all
circuits are more than 50%. Some have a total reduction
of up to 70%.

However, the area overhead due to the inserted delay ele-
ments is large. From Table V, we observe that the number
of delay elements (Adi #) is almost equal to the number of
gates (Gates #), except for C1355. If we assume that the
average number of transistors in a gate is 4 (e.g., consider a
2-input NAND gate), and each delay element implemented
by a transmission gate has 2 transistors, the area over-
head will be around 50% due to delay element insertion.
The main reason is that our cell library has some complex
gates, for example, AOI (AND-OR-INVERT) gates whose
fanin number may be up to 5. Some NAND or NOR gates
can also have up to 4 inputs. As a result, it is very possible
that more than one delay buffer is inserted for a gate. The
solution is to use a simpler and smaller cell library which
will be used in our following research.

7. CONCLUSION

A new technique to reduce the leakage and dynamic glitch
power simultaneously in a dual-V,, process is proposed in
this paper. A mixed integer linear programming (MILP)
model is generated from the circuit netlist and the AMPL
CPLEX" solver determines the optimal V,, assignments
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for leakage power minimization and the delays and posi-
tions for inserting delay elements for glitch power reduc-
tion. Experimental results for ISCAS’85 benchmarks show
reductions of 20%—-96% in leakage, 28%—76% in dynamic
(glitch), and 27%-76% in total power. We believe some of
the other techniques, such as gate sizing and dual power
supply can also be incorporated in the MILP formula-
tion. Ongoing work incorporating process variation in this
power reduction technique will be the topic of a future
publication.?! The transmission gate delay elements avoid
the comparatively larger capacitive dissipation and sub-
threshold leakage inherent in the alternative design of two-
inverter type of delay elements. However, the gate leakage
of the transmission gate delay element could become a
concern and will require further investigation.

Acknowledgments: The authors are thankful to review-
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