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Abstract—Reduction in leakage power has become an impor- voltage CMOS (MTCMOS) circuit technology was proposed
tant concern in low-voltage, low-power, and high-performance by inserting high-threshold devices in series to normal circuitry
applications. In this paper! we use the dual-threshold technique [14], [16]. However, only the standby leakage power can be
to reduce leakage power by assigning a high-threshold voltage ’ ) ’ : R
to some transistors in noncritical paths, and using low-threshold reduced and the large inserted MOSFET's _W'” increase the
transistors in critical path(s). In order to achieve the best leakage area and delay. Moreover, the data retention must also be
power saving under target performance constraints, an algorithm considered [18].
is presented for selecting and assigning an optimal high-threshold  For a logic circuit, a higher threshold voltage can be
\éoltage. A general leakage current model which has been verified ,oqi006 to some transistors in noncritical paths so as to reduce

y HSPICE simulations is used to estimate leakage power. Results . . S
show that the dual-threshold technique is good for leakage power '€2kage current, while the performance is maintained due to the
reduction during both standby and active modes. For some low-threshold transistors in the critical path(s). Therefore, no
ISCAS benchmark circuits, the leakage power can be reduced additional transistors are required, and both high performance
by more than 80%. The total active power saving can be around ang Jow power can be achieved simultaneously. This dual-
50% and 20% at low- and high-switching activities, respectively. 041014 technique is good for leakage power reduction during

Index Terms—CMOS, critical-path, delay, high performance, both standby and active modes.

low-power design, low voltage, power estimation. Dual-threshold voltages can be achieved by body biasing
[17]. A source to well reverse bias can be applied to some
|. INTRODUCTION transistors to achieve high thresholds. Recently, a #@ual-

MOSFET process was developed [5], which makes the imple-

ITH THE growing use of portable and wireless elecfnentation of dual,;, logic circuits more feasible.

tronic systems, reduction in power consumption has However, due to the complexity of a circuit, not all the

become more and more important in today’s very large scale . . i . L
integration (VLSI) circuit and system designs [1], [2]. Yansistors in nonritical paths can be assigned a high-threshold

. o T . oltage, otherwise, the critical path may change, thereby
In CMOS digital circuits, power dissipation consists o|¥ncreasing the critical delay. We presented a breadth-first

dynam|F: and static components. Since dynamic power s'garch (BFS)-based algorithm for selecting and assigning an
proportional to the square of supply voltagg, and static

) ) . ! . optimal high¥;y in [12]. In this paper, a levelization back-
power is proportional td/;, lowering V4 is obviously the . . C .
. . . tracing algorithm is given to achieve the best leakage power
most effective way to reduce power consumption. With the

scaling of supply voltage, transistor threshold voltadf@,X Eav”l)g under gleréotr)m?_'nscslg)Enst_ralr}tstz A Iegkage drr][odelt\(v h'ih
should also be scaled in order to satisfy the performan gs been veritied by simuiations 1S used to estimate

requirements. Unfortunately, such scaling leads to an incre %%::age power O(; a C|r_cu|t. Standb;:j If‘ik?ge tpower, aCt'V?
in leakage current which becomes an important concern age power, dynamic power, and total active power o

low-voltage high-performance circuit designs. singled%;;, and dualVy, circuits are compared and analyzed.

Multiple thresholds can be used to deal with the leakage Il. DELAY MODEL
problem in low-voltage high-performance CMOS circuits. This
technique has commonly been used in DRAM chips by raisimg Definitions
threshold voltages of the array devices with a fixed body bias

. _ o . A combinational circuit can be represented as a directed
[4]. For large scaled integration (LSI) circuits, multithreshold P

acyclic graphG(V, E). Each node (except for primary inputs
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Fig. 2. Equivalent PDN of-input NAND gate. tors, respectivelyCi,; represents the interconnect capacitance
per fan-out.Fy; is the number of fan-outs of the gate, whilg
Tmax(z), Where represents the number of fan-ins. Forainput NAND gate,
we haveF; = n.
Toax() = max {Ta(a:)[i]}. () Assuming that each nMOSFET has the same on-resistance,
¢ Gl tanins the worst-case delay of the PDN can be simplified as follows:
The departure timeI{(x)) of nodex is defined as toir, = 0.69[Ry Cun Fy (Fr — 1) + Fy Ry Cy]. (6)
Ti(z) = Tax(x) +tp(z). (2)  Although the on-resistance depends on the operation point

and varies during the switching transient, we still can make a

The path which determines the maximum speed of the CirC\"v'etasonable approximation by using a fixed value. This value

is called the critical path. There may be more than one critiq@l the average of the resistances at the end points of the
path. Critical delay 1. itica1) IS the delay along the critical

transitions [6]. The on-resistance of an nMOSFET is given by

path.
Ry — RuMos| Vi =via + BuMos [V =vi. /2

B. Elmore Delay Model 2

Let us look at ann-input NAND gate (Fig. 1). ThevAND _! <@ Vbs )
gate can be analyzed using an equivalBat network. Each 2\ Ip lvy=via Ip Vour=Vaa/2
MOS transistor has an equivalent on-resistafige and each _ Vaa n Via
node in then-input NAND gate has a capacitan€g (j varies T kn(Vag — Ve )e V2,
from 1 ton). The equivalentRC network of the pull-down kn [2(Vdd — Vrn)Vaa = T}
network (PDN) is shown in Fig. 2. 7)

The worst case occurs when &l}’s are discharged simul-
taneously. Based on the Elmore delay model [6], the woMthere Vrx is the threshold voltage of an nMOSFET and
case delayt{nr) of the PDN is given by ky is the gain factor. The constant is 2 and 1.3 for
long-channel and short-channel MOSFET's, respectively. The

i J relationship betweeR - andVx at different supply voltages
tpur = 0.69 Z <Cﬂ' Z Rk)' (3 is shown in Fig. 3. For a pMOSFET, the on-resistanBg X
7=t k=1 can be evaluated similarly. For simplicity, we assume that
The capacitance of each internal ngd¢j = 1,---,n — 1) |Vo~n| = [Vrp| = [Vin| and Ry = Rp.

in the n-input NAND gate is given as follows: For the pull-up network (PUN), the worst case occurs when
only one pMOS transistor is “on.” The worst case delay 1)
Cj=2Can (4) can be expressed by
whereC,y is the diffusion capacitance of an nMOSFET. The trin = 0.69Rp C,. (8)
capacitance of the gate at output is given by The worst-case propagation delay of a CMOS gate is

Cn = Fo (Cgp + Con) + F1 Cap + Can + Fo Cine (5) t, = (teur + trin)/2. 9)
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Following a similar procedure, we can get the worst-cag Static Power Estimation

propagation delay of the other gates. _The leakage power of a CMOS circuit is determined by
Process variation will introduce variations in the transistqpq leakage current through each transistor, which has two e

parameters such as threshold voltage, which will influengg.in sources: reversed-biased diode-junction leakage current %r’H

the circuit performance. For the worst-case propagation del@yyy supthreshold leakage current. Diode-junction leakage is 3

threshold variation can be considered by changiig 10 yery small and can be ignored [6]. Subthreshold leakage

Vi + AVay, in the on-resistance equation, whekd’y, is the oy nonentially increases with the reduction of threshold voltage

threshold variation. Since the total threshold variation can making it critical for low-voltage circuit design. Therefore

controlled to be within 20 mV and the local variations are.” - simulation. we focus on subthreshold leakage power
significantly smaller than global variations [20], we assUmgsimation. '

that AV, is 20 mV. When the supply voltage is 1 V- and |, grder to estimate leakage power accurately, a general

threshold voltage is 0.2 V, the propagation delay variation cgnsistor model [10], [11], which considers sub-zero gate-to-

be less than 5%. source voltageY(s) for nMOS and super-zertis for pMOS

(occurs when multiple series connected transistors are turned

off), body effect and drain-induced barrier lowering (DIBL),

is used. The following analysis is done for nMOSFET's, but
For a CMOS circuit, total power includes dynamic and statis equally applicable to pMOSFET's.

components at active mode. It can be expressed’as= From a Berkeley short-channel IGFET (BSIM) MOS tran-

Pyyn + Peak, » WherePyy,, and Pe,x, are dynamic power and sistor model [13], the subthreshold current of a MOSFET can

active leakage power. In standby mode, the power dissipatio@ modeled as

(Peax,) is mainly because of the standby leakage current. In .

this section, we will present the power-estimation methodsw = 4 ¢™** (Vo — Vs — Viu, —4' Vs +1 Vps)

used in our simulation: a Monte Carlo-based statistical method (1 — e~ Vps/KTy (11)

to estimate dynamic power and an accurate leakage power-

estimation method, which considers circuit topology as weNhereA = 1ioCoxWes /Lo (KT/q)?e®. Cox is the gate oxide
as signal levels. capacitance per unit arepg is the zero bias mobilityn’ is

the subthreshold swing coefficient of the transistary, is the
zero bias threshold voltage. The body effect for small values
of Vs is very nearly linear. It is represented by the teyts,
Ignoring power dissipation due to direct-path short-circuivhere ' is the linearized body effect coefficient. is the
current, dynamic power of a CMOS circuit is due to th®IBL coefficient.
charging and discharging of load capacitances and internalif transistors are connected in parallel and are both turned
node capacitances, which can be evaluated as follows:  off (such as in the pull-down network of a¥DR gate), then
the values ofVps and Vs are the same for each transistor.
Payn = Payn, + Pagn, The leakage contribution of each transistor can be calculated
separately and added together. However, things become more
1 5 complicated if they are in series. Consider the pull-down
~3 | Vaa Z (i) + Vaa Z Z (a3 Ci3Vij) netwr:)rk of ann—inpﬁt NAND gate. Without loss of gerl?erality,

' B we consider the case where all NMOS transistors are turned
off. The quiescent subthreshold leakage through each transistor
must be identical, given that other leakage components are
where Pyyn, and Fayn, are the dynamic power due to thenegligible. Thus, we equate the current of the first (top) and
load capacitances and the dynamic power due to the interredeond transistor. Equation (12) can be obtained by solving for
node capacitances, respectively.is the clock frequency: Vpg, in terms ofV,, (we assume thals, < V) as follows:
represents the gateandj denotes thejth internal node in a

I1l. POWER ESTIMATION

A. Dynamic Power Estimation

(10)

gate.V;; is the voltage swing of thgth internal node of gate v, — _ kT ln <é e@Vaa/W' KT 1) (12)
i, which equals toVq — Vii. a; and oy; are the switching q(1+2n+7) Ao

activities (the probability of switching) at gateand at the kT (14 Ay (1 _ (—q/kT)Vnsi,l)

jth internal node of gate, respectivelyCy, andC;; are the Ps: = g(1++") . A; © '
load capacitance and th¢h internal-node capacitance of gate (13)

i, respectively.

The switching activity can be determined by a Monte Carlo One can similarly equate the current through ¢he- 1)th
based statistical method. The basic idea is to simulateaad:th transistors, solving fobpg; in terms ofVpg,_,. This
circuit with random patterns applied to the primary inputgesults in (13). (A more detailed derivation of (12) and (13)
Such patterns conform to the given signal probabilities (tl@n be found in [10].) Equation (13) can be used iteratively to
probability of a signal being logic ONE) and activities [9]. Afind Vps, (3 < ¢ < N). Finally, the voltage offset at the source
stopping criterion is used to determine when node activitie$ each transistor is given bys, = Zf;iH Vbs;, and Vps,
have converged to the correct values [7], [8]. can be determined byy4 — Vs,. Now (11) can be used to



WEI et al: DESIGN AND OPTIMIZATION OF DUAL-THRESHOLD CIRCUITS FOR LVLP APPLICATIONS 19

calculate the quiescent leakage for any transistor in the stacilue of the high threshold. If it is too small, there is little
which should be the same for each transistor. Finally, the totéifference of propagation delay between |&{; and high-

leakage power can be determined by Vi transistors. Hence, more nodes can be assignedihjgh- e
without influencing the critical delay, but the leakage current 22
Peak = Z Ips; Vps;- (14)  improvement for each highy, transistor would be small. On Qm
g the other hand, if the high-threshold voltage is too large, the ¢

The sensitivity ofP,... With respect toV;y, is given by leakage current can be reduced by a large amount for each

5P oI such transistor. However, fewer nodes can be modified. Hence,

leak Z DS g, = _/L Prai (15) among the allowable values for high-threshold voltage, there

IV P IV n'kT exist an optimal one. In this section, a levelization back-tracing

h th tion is taken f It ist algorithm is given to select and assign the optimal higf-
w Ter:e € surlnmaﬂ;oTj 'Sf axen f[).r al ral;m5|s ors. ¢ | The first step in our algorithm is to initialize a circuit with a

_'he general method of computing leakage power Tor a argﬁ]gle low V;y. During the initialization procedure, each node
circuit involves the following steps. Given a particular 5% assigned a level number. The level of each primary input

of circuit input values, determine which pull-up and PDN’sI.S defined to be zero. The level of a nodedenoted ag(x)
are turned off. Within each network, the transistors which ar '

L . fn be calculated =1 ax{l(7)}, wherej varies
turned on can be treated as short circuits. Transistors that ) + max{l(j)} J

. . e fJf all fan-in nodes of nodes. For each primary input,
parallel to a transistor that is turned on can be eliminated frog:l

) ) ; A =0, T,(x)=0,T(z) =0, andT.x(z) = 0. For each
the leakage calculation. Given the resulting simplified networ (z) (z) ) (2)

. - . . odez inlevel 1,T,(x) = 0, Tyax(z) =0, andT; = t,(x).
estimateVpgs for the remaining transistors using (12) and (13)rherefore, level by Iév)el, the para(m)etezr,s(@, Ta(la?), TJ;EQC;

Finally, the magnitude of leakage current and resulting IeakagﬁdT (x)) associated with each nodecan be computed
power can be computed. by (1) and (2) during the initialization procedure. By checking

Ihe t_abO\(;e _meth:)d dlli very d swltablet_for Iea(l;ag?h p(i\_NS | the primary outputs and then back-tracing, the critical delay
estimation during standby mode. In active mode, the Mg, o jjicq) path(s) can be identified using a first-in-first-out
required for the leakage current in transistor stacks to co IFO) queueQ

verge.to its fmal valug s determined by the internal-no The pseudo-code for the initialization procedure is shown
capacitance, input conditions, and subthreshold leakage currg&%w Note that,?0 does not map to a gate in a circuit, and
[15]. Subthreshold Ieak_age current strongly depe_ndé/@ln each PO has only one fan-in gatifanin( PO)].

and temperature. If the internal-node capacitance is small and. lizat
temperature is high, the given method can also be used'[Bt'a'Z_at'onlo {I o H nod
estimate active leakage power of Id; circuits, especially ~ ~SSIgn a level number to each node

at low-switching activities. Considering the fact that standby Calculate the propagation delay(x) of each noder

leakage current depends on input signal levels, the averageC2/CUlatElnax(2) andl}(x) of each noder level by level
Teritical DY checking the maximur¥i (fanin( FO))

leakage power can be evaluated with random patterns appliedldentlfy :
to primary inputs. For each primary outpuPO {
If (1;(fanin(PO)) = Tyritical)
Mark fanin(PO) as a node in critical path
IV.  ALGORITHM Add nodefanin(PO) into a FIFO queue

Due to the exponential relationship between threshold volt- }
age and drain current in the weak inversion region, a higher While (¢ not empty){
threshold voltage will significantly reduce leakage current, Remove noder from
thereby reducing leakage power. However, Fig. 3 indicates For each fan-iny of nodex {
that a higher threshold voltage will increase the equivalent If (Ti(y) = Tmax(2)) && (y is not a primary input)]
on-resistance of each transistor, which results in a higher Mark z as a node in critical path
propagation delay. Normally, threshold voltage is empirically Add nodey into queue®
defined to be around 20% of supply voltage to maintain the }
performance of a circuit [19]. For low-supply voltage circuits, }

the threshold voltage could be very small, leading to a IargeThe next step is to assign a high threshold to some transis-

Ieakqge current. . i tors on noncritical paths under performance constraints. This
This problem can be circumvented by using dual-threshold yo trmed by back-tracing the slack of each node level by

voltages. A lowVyy, is a_SS|gne.d to the transistors in crltlcg|eve|_ Slack of a nodeZ]s(z)] denotes the amount by which

path(s) in order to achieve high performance, while a highe gate can be slowed down without affecting the circuit

Vin may be assigned to some transistors in noncritical patisitormance. For the nodes in critical path(s), slack is zero.
to reduce leakage power. The lower bound of 18%, is £, 4 po

determined by noise margin. The possible high, value

should be in the range from low,, to 0.5V,,;. However, not T5(PO) = Turitical — Ti(fanin(PO)). (16)
all the transistors in noncritical paths can be assigned the highFor any other node, Ts(x) can be expressed by

Vin. Otherwise, some noncritical paths may become critical. () = min ((T5(y) + Toan(y) = T(@)} (A7)

Whether a node can be assigned a highigrdepends on the s\ = Wy=fanout ()
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© ‘ (d)

nodes in critical path(low-Vth) D nodes with low-Vth nodes with high-Vth

Fig. 4. An example circuit. (a) Original circultyzg = 1V, Vi, = 0.2 V. (b) Vi, = 0.25 V. (¢) Vip, = 0.395 V. (d) Vi, = 0.46 V.

where fonin(z) and fanout (z) are the fan-in nodes and fan-oufprogram will explore every node level by level to determine its
nodes of nodex, respectively. Since the nodes are traversatack. By definition, for each node in a single threshold circuit,
backward level by level, when we deal withthe slacks of its its slack () is no less than zero. Increasing the threshold
fan-out nodes are already known. Equation (17) ensures thialttage of a node can result in a higher propagation delay and
the propagation delay of the path(s) throughs no greater departure time of this node. Therefore, slack will decrease.
than the critical delay. Whether a node should be assigned to a high threshold depends
The procedure for choosing a high threshold works am whether its slack is still positive if its threshold is changed
follows. Since the circuit has been levelized during the into high threshold. If the slack is still positive, this node will be
tialization procedure, from the nodes on maximum level, trassigned to the high threshold. Since the slack of each node on
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critical path is zero, the threshold voltage of these transistors 20 ——————— -~ v o e 0 1

will not be changed and, hence, the performance is maintained. _
. . . 1 Estimation
The pseudo-code of this subroutine is shown below: O HSPICE
Vdd=1Vv

Leff=0.32u
Wpeff=10.5u
Wheff=3u
Tox=9.8nm

o
CO

High-Viy,-Assignment (Vip,) {
presentlevel = maximum level
while (presentevel > 0) {
For each node: in presentlevel {
Calculatet,, (), T;(x), andTs(x) for high thresholdV;,,

-
n

Standby Leakage Power (UW)
o

if T5(x)>0 10 9] ° |
Assign Vi, to L nou
Assignt,(x), Ti(x), andTs(x) for Viy, to x 08 | | Uy
else
Keept, (), T;(x), andTs(x) for initial low V;y, for x 05| - .o T
} 015 020 025 030 035 040 045 050 055
Vth2(V)
presentlevel = presentevel - 1
} Fig. 5. Standby leakage power with differevify,., .
Using the method described in Section Ill, the dynamic 107 e
power and leakage power of the circuit corresponding to TV
different high-threshold voltages can be evaluated. By com- _ £--9 2-Vih, VIh1=0.2V, Vth2=0.396V ,
paring the values of leakage power, an optimal high threshold % g
(opt_Vin,) can be found. After updating the network for 2 o
opt_Vin,, the circuit can be transferred into a SPICE net list § f
and simulated using HSPICE to verify some of the results. 210’5 e
The procedure is outlined below: n%_ o &
Optimal-High-Viy, () { 8 oo T Lett-0.320
. ) . a’ er=10.5u
For each high;y, v of a set in 0.2V,qy, 0.5Vyy) { 2 R— Wheft-3u
Initialization < 1 vox=0.8nm
High-V;,-Assignment (v) Temp=110degC
EstimateP..x and Payr 100 Lo N
; 107 10° 10' 10°
If Pk}?)k is the I?st power so far Froquency (MH2)
leakyin — 4 leak
opt_Vin, = v Fig. 6. Active total power dissipation at different frequencies.
¥

Update network wittopt_Vip,

: ) benchmark circuits, we assume that the diffusion capacitance
Transfer the network into SPICE netlist

is 20% of the gate capacitance.

Fig. 4 gives an example circuit to show how our algorithm
V. IMPLEMENTATION AND RESULTS works. Fig. 4(a) is the original singl&;, circuit, where the
Ipply voltage is 1 V and the threshold voltage is 0.2 V.
9. 4(b)—(d) shows the dudfy, circuits with the lowV;;, of
.2 V and the high¥;, of 0.25, 0.396, and 0.46 V, respectively.

The method to reduce leakage power using dual-thresho
voltage transistors has been implemented in C under
Berkeley SIS environment. In order to simplify the analysig 0 v e
technology mapping was used to map the circuits to a libra te that the_ critical paths and critical delays are maintained
which containsNAND gates,NOR gates, and inverters. All &lter the assignment.
the simulation results were obtained using HSPICE with the Fig- 5 shows the standby leakage power of the example
BSIM model for a 0.5sm MOSIS process. The availableCircuit with d!ﬁ_erent thresholds. The supply voltage is 1V. At
MOSIS models do not include measured subthreshold chdr’C. the original low-threshold voltage is 0.2 V and the high-
acteristics, so we have estimated the subthreshold swing &pgshold voltagel(..,) varies from 0.2 to 0.5 V{(zn, = 0.2
related parameters from threshold voltage parameters usthgepresents the single low-threshold circuit). The squares
the technique derived by Kanet. al. [21]. A subthreshold represent the leakage power obtained by our estimation tech-
swing coefficient of approximately 1.44 was estimated arfique while the circles denote the leakage power obtained by
incorporated into the BSIM model. In order to approximatelSPICE. Clearly, the estimation results fit well with HSPICE
the behavior of low-threshold devices, we modify the flasimulation results. The convex point of the curve indicate that
band voltage parameter (VFBO0). The effective channel lendthere exits an optimal high-threshold voltage (0.396 V) which
was 0.32:m and the gate—oxide thickness was 9.8 nm. THeads to a 57.5% saving in standby leakage power.
effective channel widths for pMOSFET’s and nMOSFET's Fig. 6 shows the HSPICE simulation results of the total
were assumed to be 10.5 and:8, respectively. For ISCAS active power dissipation of singlgs, and dualV;, circuits
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TABLE |
ACTIVE AND STANDBY LEAKAGE POWER SaVINGS FOR DuAL-V; CIRCUITS

Circuit PI/PO l Max Gate [ opt.Vin, P Pleak, (uW) 1 Pieak, (W)
Chosen # level # (mV) [ WV T2V, T % JT1-VEh[2Vih | %
€432 36/7 23 206 367 108.62 45.02 58.55 4.41 1.73 60.77
C499 41/32 28 532 367 261.08 123.89 52.55 10.58 4.95 53.21
C880 60/26 22 353 396 179.35 25.01 86.06 7.3 0.95 86.99
C1355 41/32 28 517 367 252.09 126.45 49.84 10.18 5.04 50.49
C1908 33/25 35 615 333 301.29 67.79 77.50 12.21 2.45 79.93
C2670 233/140 26 807 396 414.30 71.78 82.67 16.87 2.77 83.58
C3540 50/22 41 1131 333 587.78 82.78 85.92 23.75 2.68 88.72
C5315 178/123 47 1778 367 887.00 126.24 85.77 36.12 4.57 87.35
C6288 32/32 123 2400 333 1364.56 796.00 | 41.67 56.08 31.75 43.38
C7552 207/108 47 2803 333 1466.82 224 .87 | 84.67 59.72 7.42 87.58
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Fig. 7. Active leakage power savings for ISCAS benchmarks. Fig. 8. Standby leakage power savings for ISCAS benchmarks.

at different frequencies. The circuits were simulated at 1-V _ 1000 -

High-Vth Transistors

supply voltage while the primary input switching activity is E wo High-Vth Gates
0.5. The threshold voltage of singlgy, circuit was 0.2 V at i‘»ib oo b

110°C. The low- and high-threshold voltages of d&&i; cir- e

cuit were 0.2 and 0.396 V, respectively. In addition to Ieakage% 700

power saving, the dynamic power is reduced due to the reducz ml
tion of internal-node voltage swing for high-threshold gates.
Table | and Figs. 7 and 8 show the optimal high, active,
and standby leakage power savings for ISCAS benchmar
circuits. In this experiment},; was 1 V. In active mode
(the circuit temperature was assumed to be 20), the
low Vi, was 0.2 V and highV;;, was the optimal value
obtained from the levelization back-tracing algorithm given
in Section IV. In standby mode, the circuit temperature was~
assumed to be 25C. Sincel;y, increases about 0.8 mV for
every 1°C decrease in temperaturg,, at standby mode is
about 68 mV higher than the correspondivig, in the active Fig 9. percentage of high, gates and transistors for ISCAS Benchmarks.
mode. Results show that both active and standby leakage
power can be reduced by more than 80% for some of the

circuits. Since the sensitivity of leakage power to threshold . . 0
voltage is proportional to the leakage power itself, the dugFrcentage of highs,, transistors can be more than 80%.

Viu technique, which reduces leakage power, can reduce fh@mpared to a BFS-based algorithm, which can provide 50%
sensitivity of leakage power tb};,. The percentages of high-leakage power savings and 60% high- transistors for some
Vi transistors and gates for different dudl; benchmark benchmark circuits, levelization back-tracing algorithm can
circuits are illustrated in Fig. 9. Results indicate that thachieve more leakage power savings.

ercentage of hi gt?—‘_Vth trans
-
(=]

0.0 |

v o AN 523 k] & S o o v
g & & F L EF s FF
[4) [9) o < (4] (4] [9)
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TABLE 1l
ToTaL AcCTIVE POWER SAVINGS FOR DuUAL-V;;, CIRcuUITS
Circuit Critical Input Payn, Payn; (W) Pyyn (uW) Pr (uW)
Chosen delay(ns) || activity (uW) 1-Vin | 2Vin -Vin | 2-Vip Vin 12V T %
C432 3.36 0.03 36.6 1.4 1.2 38.0 37.8 146.6 82.8 43.5
0.3 248.1 10.6 9.3 258.7 257.4 367.3 302.4 17.7
C499 1.45 0.03 317.0 9.6 8.5 326.6 325.5 587.7 449.4 23.5
0.3 1623.4 47.6 43 1671 1666.4 1932.1 1790.3 7.3
C380 1.5 0.03 126.1 6.6 5.3 132.7 131.4 312.1 156.4 49.9
0.3 854.8 43.1 34.2 897.9 889 1077.3 914 15.2
C1355 1.63 0.03 281.3 9.1 8.8 290.4 290.1 542.5 416.55 | 23.2
0.3 1304.8 44.8 40.7 1349.6 1345.5 1601.7 1472.0 8.1
C1908 2.25 0.03 238.5 8.9 7.5 247.4 246 548.7 313.8 42.8
0.3 1209.0 45.3 38.7 1254.3 1247.7 1555.6 1315.5 15.4
C2670 2.81 0.03 188.85 5.76 4.5 194.6 193.4 608.9 265.2 56.4
0.3 1238.8 38.8 30.9 1277.6 1269.7 1691.9 1341.5 20.7
C3540 2.95 0.03 274.1 10.7 8.7 284.8 282.8 872.6 365.6 58.1
0.3 1645.5 65.8 55.9 1711.3 1701.4 2299.1 1784.2 | 22.4
Cb315 2.32 0.03 572.9 17.6 14.4 590.5 587.3 1477.5 713.5 51.7
0.03 3783.0 121.3 98.5 3904.3 | 3881.5 4791.3 | 4007.7 | 164
C6288 7.11 0.03 418.6 13.3 12.5 431.9 431.1 1796.5 1227.1 31.7
0.3 1859.4 60.3 56.3 1919.7 1915.7 3284.3 2711.7 | 174
C7552 3.27 0.03 664.8 19.7 16.6 684.5 681.4 2151.3 906.3 57.9
0.3 4323.3 127.8 108.2 4451.1 4431.5 59179 | 4656.4 | 21.3

Total active power is an important concern for a high-[3]
performance system. Table Il gives the critical delays, dy-

namic power dissipations due to output node, and internah

node transitions Ky, and denj), total dynamic power
dissipations £u,) and total active power dissipation$’{)
for singled;, and dual¥;y circuits with maximum clock

(5]

frequency {/Teitica1) and different input activities. Since dual (6]

Vin technique can reduce the active leakage power and

the
<

dynamic power due to the internal-node capacitance, for so

benchmark circuits, the total active power can be reduced by
around 50% and 20% at low- and high-switching activities/8l
respectively. For mobile systems, since the system may be

idle for a long time, the standby leakage power can not

be]

ignored. DualVy, is a promising technique for reduction of

both active and standby leakage power.

VI. CONCLUSION

[20]

(11]

In this paper, we present a method to design and opti-
mize low-voltage dual%;, CMOS circuits. In order to reduce
leakage power under performance constraints, starting withg
single lowV;y, circuit, an algorithm for selecting and assigning
an optimal high-threshold voltage is proposed. For accurﬁa%

a

leakage power estimation, a leakage current model, which
been verified by HSPICE simulations, is used. Results

for

ISCAS benchmark circuits show that both active and standEy!
leakage power can be reduced by 80% for some circuits
under performance constraints. The total active power can [b&]
reduced by around 50% and 20% at low and high-switching

activities, respectively. Reduction of both active power a

nde]

standby leakage power without area and delay penalty makes

a dual V;;, technique a good candidate of high-performan
low-power applications.
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