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Abstract. This paper presents a novel technique, which unseger linear pro-
gramming (ILP) to minimize the leakage power in @aalethreshold static
CMOS circuit by optimally placing high-thresholduitees and simultaneously
reduces the glitch power using the smallest nurabdelay elements to balance
path delays. The constraint set size for the ILRlehés linear in the circuit size.
Experimental results show 96%, 40% and 70% redudtioleakage, dynamic
and total power, respectively, for the benchmarkuii C7552 implemented in
the 70nm BPTM CMOS technology.

1 Introduction

In the past, the dynamic power has dominated fwdaler dissipation of a CMOS
device. Since dynamic power is proportional togheare of the power supply voltage,
lowering the voltage reduces the power dissipatitmwever, to maintain or increase
the performance of a circuit, its threshold voltad®uld be decreased by the same
factor, which increases the subthreshold (leakageknt of transistors exponentially
[1]. Therefore, with the trend of CMOS technologgaling, leakage power is
becoming a dominant contributor to the total poa@nsumption. To reduce leakage
power, a large number of techniques have been peahdancluding transistor sizing,
multi-Vth, dual-Vth, optimal standby input vectalsction, stacking transistors, etc.
Dual-Vy, assignment [2-6] is an efficient technique to dase leakage power. Wei
et al. [3] describe an algorithm to find the optimal thig,, for different circuit struc-
ture. However, in reality, the available threshutdtages in a process are predeter-
mined and a designer does not have the choicebdfay Vy,. Theback tracealgo-
rithm [3] used to determine the dudj; assignment also has a disadvantage. Because
the back trace search direction for non-criticahpas always from primary outputs to
primary inputs, the gates close to the primary oigt@lways have the priority to be
assigned highvy,, even though their leakage power reduction duéitincrease may
be smaller than that of gates close to the pringuuts. This algorithm only gives a
possible solution, not an optimal one. On the @mirusing ILP, a global optimiza-
tion solution can be easily achieved. Ngugeal. [6] use linear programming (LP) to
minimize the leakage and dynamic power by gatengizind dual-threshold voltage
devices assignment. However, they have not coresidére glitch power, which can
account for 20%-40% of the dynamic switching poy@r To eliminate these unnec-
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essary transitions, a designer can adopt techniofuleszard filter [7] or path balance
[8]. Rajaet al. [8] have proposed a technique which uses a redduoestraint set
linear program (LP) to eliminate dynamic glitch pw

The present work was motivated by the above reke&rmew ILP model is pro-
posed to minimize leakage power by dWglassignment and simultaneously eliminate
dynamic glitch power by inserting zero-subthreshadday elements to balance path
delays. To our knowledge, no previous work on ojaling dynamic and static power
has adopted such a combined approach.

This ILP method is specifically devised with a eétonstraints whose size is linear
in the number of gates. Thus, large circuits camdmedled. The ILP either holds the
critical path delay corresponding to the all-ldfy gates, or allows an increase by a
user-specified amount. As a result, a tradeofivbeh power saving and performance
degradation can be allowed.

To deal with the complexities of delay models agmkhge calculation, two look up
tables for the delay and leakage current are agststl in advance for each cell. This
greatly simplifies the optimization procedure.

To further reduce power, other approaches sucla@ssiging can be easily imple-
mented by extending our cell library and look upl¢a.

2 Leakageand Delay

The leakage current of a transistor is mainly #wult of gate leakage, reverse bias PN
junction leakage and subthreshold leakage. Compar#te subthreshold leakage, the
reverse bias PN junction leakage can be ignored.slibthreshold leakage current is
the weak inversion current between source and daan MOS transistor when the

gate voltage is less than the threshold voltage §libthreshold current is given by [2]:
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whereuy is the zero bias electron mobility, ands the subthreshold slope coeffi-
cient. Due to the exponential relation betw&gnandlg,, we can increase thé, to
reduce the subthreshold current sharply.

Our SPICE simulation results on the leakage ctiroéra two-input NAND gate
show that, for 70nm CMOS technologydd=1V, Low V;;=0.20V, HighV,=0.32V),
the leakage current in a higk, gate is only about 2% of the leakage current iova |
Vin gate. If all gates in a CMOS circuit could be gssd the high threshold voltage,
the total leakage power consumed in the activeséanaddby modes can be reduced by
98%, which is a significant improvement.

However, the gate delay increases with the increé%g,. From SPICE simulation
result for a NAND gate delay when the output fansto a specified nhumber of in-
verters, we observe that the gate delay increa8&&49% by increasindy, form
0.20V to 0.32V.

Thus, we can make tradeoffs between leakage paweeperformance, leading to a
significant reduction in the leakage power whilergicing only some or no circuit
performance. Such a tradeoff is made in the ILBuURe in Section 4.1 show that the
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leakage power of all ISCAS85 benchmark circuits lbarreduced by over 90% if the
delay of the critical path is allowed to increage2b%.

3 Integer Linear Programming

To minimize the leakage power, we use an ILP modeletermine the optimal as-
signment ofVy, while controlling any sacrifice in performance. Digethe constraints
on the maximum path delay, all the gates on thealipath are assigned Iow,. The
Vi assignments of gates on the non-critical pathdatermined jointly by their delay
increases and leakage reductions if hghwere assigned to them. To eliminate the
glitch power, additional ILP constraints determithe positions and values of the
delay elements to be inserted to balance path sleldwlike the heuristic algorithms
[2-5], this ILP gives us a globally optimal solutio

We can easily make a tradeoff between power reatluethd performance degrada-
tion by changing the constraint for the maximurhpaglay in the ILP model.

3.1 ILPfor Leakage Power reduction

Rajaet al. [8] proposed a LP formulation to reduce dynanlitcly power by a re-
duced constraint set linear program whose numbeowstraints is proportional to the
total number of gates. We first modify their formtibn into an integer linear program
(ILP) to reduce subthreshold leakage power as itestbelow.

3.1.1 Variables

Each gate has two variables.

Ti: the latest time at which the output of gate@an produce an event after the occur-
rence of an input event at primary inputs of threugt.

Xi:  the assignment of low or high, to gatel; X is an integer which can only be 0 or
1. A value 1 means that gatés assigned low/,, and 0 means that gdtés as-
signed highvy,.

3.1.2 Objectivefunction
In a CMOS static circuit, the leakage power is

Peak = ddzlleaki )

If we know the leakage currents of all gates, #ekbge power can be easily ob-
tained. Therefore, the objective function for thiP is to minimize the sum of all gate
leakage currents, which is given by

MinY (X, O, +([-x,)a,,) 3

I.i is the leakage current of gatevith low Vi,
Iy is the leakage current of gateith highVy,
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The leakage current of a gate depends on the wgmibr. Therefore, we make a
leakage current look up table, which is indexedHhsy gate type and the input vector.
Ii andly; can both be searched from this look-up table. vidiees in this lookup table,
as found by Smart-SPICE simulation, are the tatakdge currents including sub-
threshold and gate leakages of a cell under spegfut vector conditions.

3.1.3 Constraints
® Constraintsfor each gate:
T, 2T, +X, D, +{1-X,)D, (4)

0< X, <1 (5)

Constraint (5) assigns either Iof, (X; =1) or highVy, ( X; =0) to gatei ;

Dy; is the delay of gatewith highVy,;

Dy; is the delay of gatewith low Vy,.

With the increase of the fanout, the delay of thee@lso increases proportionately.
Therefore, a second look-up table is constructesaecifies the delay for given gate
type and fanout numbeb,; andDy; can be searched from this look-up table indexed
by the gate type and the number of fanout of gate

We explain constraint (4) using the circuit of Figu. Let us assume that all pri-
mary input (PI) signals on the left arrive at thenge time. For gate 2, one input is from
gate 0 and the other input is directly from a B.donstraints corresponding to ine-
quality (4) are given by

Fig. 1. Circuit for explaining ILP constraints.

T,2T,+X,[D,,+(-X,)ID,, (6)
T,20+X,[D,, +{1-X,)(D,, )

T, that satisfies both inequalities is the lateseteh which an event (signal change)
may occur at the output of gate 2.

® Max delay constraintsfor primary outputs (PO):
T < T ®)

Tmax Can be the critical path delay when all the gatesassigned low,, or the
maximum delay specified by the designer. We usémpliied ILP model, whose
description is omitted here, to find the delayof the critical path. T, equalsT,
the objective function of our ILP model will be tinimize the total leakage current
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without affecting the circuit performance. By makif«larger thanT., we can fur-
ther reduce leakage power with some performancepcamise, and thus make a
tradeoff between leakage power consumption andpasnce.

3.2 ILPfor Leakage Power and Dynamic Glitch Power reduction

Glitches can account for 20%-40% dynamic power T4.eliminate these unneces-
sary transitions, a designer can adopt techniqgtieazard filter [7] or path balance [8].
Combined with the method of path balance, the tiegienof Section 3.1 can be ex-
tended to reduce leakage power and dynamic glitekep simultaneously. Such an
extended ILP model is developed below.

321 Variables

Each gate has four variables:

Xi:  the assignment of low or high, to gatei; X is an integer which can only be 0
or 1. A value 1 means that gates assigned low/,, and 0 means that gatés
assigned higVy,.

Ti:  the latest time at which the output of gatan produce an event after the occur-
rence of an input event at primary inputs of theugt.

t;: the earliest time at which the output of gatean produce an event after the
occurrence of an input event at primary inputshefcircuit.

4d;;: the delay of the inserted buffer at fhgnput path of gate

3.2.2 Objective Function
The objective function for this ILP is to minimizee sum of all gate leakage currents
and the sum of all inserted delays:

Mir{zi:l,eaki +ZZj:Adi‘iJ:Min[Z(Xilu +@-X)! Hi)+izszdi‘jJ ©)

Besides the objective to minimize the leakage poe@mrsumption which is the
same as Equation (3), an additional objective fonds to minimize the glitch power.
We insert minimal delays to balance path delayseaiminate glitches. This leads to
another objective function:

Miny. 3" Ad,, (10)

Our objective function (9) combines objectives &8y (10).
When implementing these delay elements, we usertriasion gates with only the
gate leakage, which is much smaller than the sebltoid leakage and can be ignored.

3.2.3 Constraints
® Constraintsfor each gate:

0< X <1 (11)
T, >=T,+Ad,, +(X, [D, +@-X,)[Dy) (12)
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t <=t +Ad, +(X, [D, +@-X,)[D,) (13
X (D +@=X) Dy >=T, —t, (14)

where,i is the the gate on which constraints are setj éthe the gate whose out-
put is gate’s fanin. Constraints (12-14) ensure that g&teinertial delay is always
larger than the delay difference of its input pdiisnserting some delays on its faster
input paths. Therefore, glitches can be eliminated.

We explain constraints (12-14) using the circuibwh in Figure 1. Let us assume
that all primary input (PI) signals on the leftiaer at the same time. For gate 2, one
input is from gate 0 and the other input is dineétbm a PI. Its constraints corre-
sponding to inequality (12-14) are:

T,2T,+X,[D,+(-X,)[D,, (15)
T,20+X,[D,, +(1-X,)(D,, (16)
t,<t, +X,[D,,+(1-X,)ID,, (17)
t,<0+X,[D,+(1-X,)(D,, (18)
X, D, +(1-X,)ID,, =T 1, (19)

Time T, that satisfies both inequalities (15) and (16this latest time at which an
event (signal change) may occur at the output tf Ba

Timet; is the earliest time at which an event may octuhea output of gate 2, if it
satisfies both inequalities (17) and (18).

Constraint (19) means that the differenceTptndt,, which equals the delay dif-
ference between two input paths, is smaller thae 8s inertial delay, which may be
either lowVy, gate delayD,,, or highVy, gate delayDy,.

® Max delay constraintsfor primary outputs (PO):
T<T, (20)

As in Section 3.1T,.x can be the maximum delay specified by the cirdagigner
or the critical path delay.

When we use the ILP model to simultaneously mingmeakage power with dual-
Vi assignments and reduce dynamic power by balandcitiy gelays with inserted
delay elements, the optimized version for the diricuFigure 2 is shown in Figure 3.
The label in or near a gate is its inertial delay.

Three black shaded gates are assigned\Whjgéince they are not on the critical path
and their delay increases do not affect the ctiizah delay. Two delay elements
(grey shaded) are inserted to eliminate glitchdthotigh delay elements, if imple-
mented as buffer gates, may consume additionabtgakower, we may assign high
Vi, to them. Therefore, the three oWy, gates (without shading) on the critical path
still dominate the total leakage power. Actually, dur design, delay elements are
implemented by CMOS transmission gates that havsubthreshold leakage. Trans-
mission gates also consume very little dynamic pairece they are not driven by any
supply rails [9].
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Fig. 2. Unoptimized circuit with potential glitches Fig. 3. Optimized circuit

4 Results

To study the increasingly dominant effect of leakagpwer dissipation, we use the
BPTM 70nm CMOS technology. Low, for NMOS and PMOS are 0.20V and -
0.22V. HighVy, for NMOS and PMOS are 0.32V and -0.34V, respebtive

We regenerate the netlists of all ISCAS’85 benchnaancuits using a cell library
in which the maximum gate fanin is 5. Two look-aples for gate delays and leakage
currents, respectively, of each type of cell arestaucted using SPICE simulation. A
C program parses the netlist and generates thdraomsset (see Section 3) for the
CPLEX ILP solver in the AMPL software package [IOPLEX then give the optimal
Vin assignment as well as the value and position efyedelay element.

4.1 Leakage Power Reduction

The results of the leakage power reduction for IS@A benchmark circuits are
shown in Table 1. The numbers of gates in coluname2for the gate library used and
differ from those for original benchmark netlists.in column 3 is the minimum delay
of the critical path when all gates have gy Column 4 shows the leakage reduction
(%) for optimization without sacrificing any perfoance. Column 6 shows the leak-
age reduction with 25% performance sacrifice. TRJGimes shown are for the ILP
runs and are, as expected, linear in circuit sizeesboth number of variables and
number of constraints are linear in circuit sizeork Table 1, we see that by, reas-
signment the leakage current of most benchmarkitsrés reduced by more than 60%
without any performance sacrifice (column 4). Beveral large benchmarks leakage
is reduced by 90% due to a smaller percentage esdaeing on the critical path.
However, for some highly symmetrical circuits, whisave many critical paths, such
as C499 and C1355, the leakage reduction is ledsim® 6 shows that the leakage
reduction reaches the highest level, around 98%, seime performance sacrifice.

The curves in Fig. 4. show the relation betweenmadized leakage power and
normalized critical path delay in a dud}; process. Unoptimized circuits with all low
Vi, gates are at point (1,1) and have the largestaggalpower and smallest delay.
With optimal Vi, assignment, leakage power can be reduced shayp80¥% (from
point(1,1) to point(1,0.4)) to 90% (from point(1,tb) point(1,0.1)), depending on the
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circuit, without sacrificing any performance. WheormalizedT,.x becomes greater
than 1, i.e., we sacrifice some performance, leakagwer further decreases in a
slower reduction trend. When the delay increasedse than 30%, the leakage reduc-
tion saturates at about 98%. Therefore, Figureo¥iges a guide for making a trade-
off between leakage and power.

Tablel. Leakage reduction due to dugj-reassignment ( @ 27).

Ckt. Gates Te IEZZI.(B(“?A)(; Sun 0S 5.7 ;izll(a(‘(% Sun OS 5.7

# (ns) (Twar=To) CPU secs. (Twar=1.25T2) CPU secs.

C432 160 0.75 61.0 0.25 95.0 0.25
C499 182 0.39 19.3 0.31 94.8 0.30
C880 328 0.67 88.1 0.54 96.5 0.53
C1355 214 0.40 25.0 0.33 93.3 0.36
C1908 319 0.57 66.4 0.57 96.6 0.56
C2670 362 1.26 90.4 0.68 97.9 0.53
C3540 1097 1.75 93.8 1.71 98.0 1.70
C5315 1165 1.59 87.1 1.82 98.0 1.83
C6288 1177 2.18 73.8 2.07 97.1 2.00
C7552 1046 1.92 96.0 1.59 98.0 1.68
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—— - C880
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Normalized Leakage Power
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Fig. 4. Tradeoff between leakage power and performance.

4.2 Leakage, Dynamic Glitch and Total Power Reduction

The leakage current strongly depends on the teryeraOur SPICE simulation
shows that for a 2-input NAND gate with lov,, when temperature increases from
27°c to 90c, the leakage current increases by a factor 10KaF&input NAND gate
with high Vy, this factor is 20X. The leakage in the look-upl¢ais from simulation
for a 27C operation. To manifest the dominant effect of lggkpower, we estimate
the leakage currents at *80by multiplying the total leakage current obtairfeaim
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CPLEX [10] by a factor between 10X and 20X as deteed by the proportion of low
to high threshold transistors.

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

05[C,, V,, [} TFO 21)

P = @
A 100q12m,)

whereC;,, is the gate capacitance of one inverfgiis the number of transitions at
gatei’s output when 1,000 random test vectors are agpiePls, and FQis the
number of fanouts. Vector period is assumed to(%% Breater than the critical path
delay, T.. By simulating each gate’s transition number, ve@ estimate the glitch
power reduction.

Table 2. Leakage, dynamic and total power reduction comparfor unoptimized and
optimized circuits ( @ 9T ).

o | Peot | Pea2 [N g | Py | Y| Road | Pos2 | o

(uw) (uw) %) (uw) (uw) %) uw) uw) (%)

C432 35.8 11.9 66.8 101 73 27.4 137 85 37.7
C499 50.4 39.9 20.7 226 160 29.0 276 200 275
C880 85.2 11.1 87.0 177 128 27.8 263 139 47.0
C1355 54.1 40.0 26.3 293 166 435 347 206 40.8
C1908 92.2 29.7 67.8 255 198 22.4 347 227 345
C2670 116 11.3 90.2 129 101 21.6 244 112 541
C3540 303 18.0 94.1 333 228 315 636 246 61.3
C5315 421 9.80 88.2 466 304 34.6 887 354 60.1
C6288 389 97.2 75.0 1691 406 76.0 2080 503 75.8
C7552 444 18.8 05.8 381 228 40.2 825 247 70.1

We compare the leakage power and dynamic powelrat® Table 2. The suffix-1
means the unoptimized circuit which has all the tbweshold gates and the largest
glitch power, and suffix-2 means the optimized wiravhoseVy, has already been
optimimally assigned and most of the glitches hlamen eliminated. We observe that
for 70nm BPTM CMOS technology at @) unoptimized leakage power (column 2)
of some large ISCAS’85 benchmark circuits can antéar about one half or more of
the total power consumption (column 8). WAth reassignment, the optimized leakage
power of most benchmark circuits is reduced to thss 10%. With further glitch
(dynamic) power reduction, total power reductions fost circuits are more than
50%. Some have a total reduction of up to 70%.

5 Conclusion

A new technique to reduce the leakage and glitctadyc power simultaneously in a
dualVy, process is proposed in this paper. An integealipegogramming (ILP) model
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is generated from the circuit netlist and the AMBRLEX [10] solver determines the
optimal Vi, assignments for leakage power minimization andditlays and positions

of inserted delay elements for glitch power reduttiThe experimental results for
ISCAS’85 benchmark show reductions of 20%-96% akége, 28%-76% in dynamic

(glitch) and 27%-76% in total power. We believe soaf the other techniques, such
as gate sizing and dual power supply can alsodmporated in the ILP formulation.

References

(1]
(2]
(3]
(4]
(5]
(6]

(71
(8]

(9]

L. Wei, K. Roy and V. K. De, “Low Voltage Low Pow&MOS Design Techniques for Deep Submi-
cron ICs,”Proc. 13th International Conf. VLS Design, 2000, pp. 24-29.

M. Ketkar and S. S. Sapatnekar, “Standby Power mpétion via Transistor Sizing and Dual
Threshold Voltage Assignment?roc. ICCAD, 2002, pp. 375-378.

L. Wei, Z. Chen, M. Johnson and K. Roy, “Design @mutimization of Low Voltage High Perform-
ance Dual Threshold CMOS Circuit&oc. DAC, 1998, pp. 489-494.

L. Wei, Z. Chen, K. Roy, Y. Ye and V. De, “MixedW{MVT) CMOS Circuit Design Methodology
for Low Power Applications,Proc. DAC, 1999, pp.430-435.

Q. Wang, and S. B. K. Vrudhula, "Static Power Ojtation of Deep Submicron CMOS Circuits for
Dual Vr Technology,"Proc, ICCAD, 1998, pp490-496.

D. Nguyen, A. Davare, M. Orshansky, D. Chinney TBompson, and K. Keutzer, “Minimization of
Dynamic and Static Power Through Joint Assignmérnittoeshold Voltages and Sizing Optimiza-
tion,” Proc. ISLPED, 2003, pp. 158-163.

V. D. Agrawal, “Low Power Design by Hazard Filtegiit Proc. 10" International Conference on
VLS Design, 1997, pp. 193-197.

T. Raja, V. D. Agrawal and M. L. Bushnell, “MinimuBynamic Power CMOS Circuit Design by a
Reduced Constraint Set Linear PrograRr,0c. 16" International Conference on VLS Design, 2003,
pp. 527-532.

N. R. Mahapatra, S. V. Garimella. A. Tarbeen, “Amtirical and Analytical Comparison of Delay
Elements and a New Delay Element Desidgtrdc. |EEE Computer Society workshop on VLS, 2000,
pp. 81 — 86.

[10] R. Fourer, D. M. Gay, and B. W. KernighaiyIPL: A Modeling Language for Mathematical Pro-

gramming. South San Francisco, California: The Scientifies8, 1993



