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Abstract obvious these variations are becoming even higher. Reducing

This paper describes and explores the design space ohominal s and electronically controlling their variations [7],
four power-supply rail methodology (called Mixed Swing[z_] are possible solutions, but they are both difficult and expen-
QuadRail) for performing low voltage logic in a highs've'_ _ ) ) )
threshold voltage CMOS fabrication process. Power an!n this paper, we describe the Mixed Swing QuadRail method-
delay trade-offs are studied to suggest approaches f‘ol_ogy_, which addresses_mammurn possmle_ voltgge scaling
efficient selection of voltage levels and buffer transistcVith little or no reduction in operating speed, in a high thresh-
sizes. Posynomial models for QuadRail power and deIzOld voltage CMOS fabrication process. The described archi-

are derived to show that at reduced /O swings (Sub_lvtecture requires four power supply rails to be distributed to all
both under- and over-sizing of transistors can lead tlcircuits sharing this signalling methodology [8], and logic is

) . .. . _performed by intermixing high and low swinging voltage sig-
steeply increased .de.""?ys- Transistor sizing techniques “nals. The design space of Mixed Swing QuadRail is explored
propoged for opt|m!2|ng delay and energy per Iogl(to study the power and delay trade-offs. A static power driven
operation as a function of load capaCIIange and VOItagvoltage scaling approach is described for selection of high and
levels. Experimental results from detailed HSPICE,, swing voltage levels, by evaluating the ratio of off- to on-

S"T‘Ulat'o_ns and. an And-Or-Invert (AOI222) QuadRail teSyriye currents for a worst-case on-drive scenario. Posynomial
chip fabricated in the Hewlett-Packard (i process are power and delay models for QuadRail are derived to study de-
presented to support the models and demonstrayice sizing tradeoffs and techniques are proposed for efficient
significant power reduction compared to static CMOS.  transistor sizing to optimize delay and energy per logic opera-

1 Introduction tion. Comparisons of our power and delay models to HSPICE

The fast-growing portable communications industry, driven bsimulations using Level 13 BSIM1 models in the Hewlett-
9 gp Y, Packard CMOS14TB On process are performed. Experi-

:ggkgeaef I:)?/\r/ pirvacg:mr?fsh;ggﬁggghrﬁ ?n?;:;ﬁr:niﬂ::g/ﬁ'mental results from detailed HSPICE simulations and an And-
P ’ P 9 Or-Invert (AOI222) QuadRail test chip fabricated in the same

low power circuit design techniques [1]. Most of these tect N
. : .~~~ process are presented to demonstrate significant power reduc-
niques have focused on using standard CMOS logic circui. .
tion compared to static CMOS.

and lowering the power supply voltage (voltage scaling) [2
because of its quadratic influence on dynamic power consurr 2 Mixed Swing QuadRail gate architecture
tion. For instance, a recently published low power microprcThe essence of the Mixed Swing QuadRail methodology, is
cessor [3] and DSP embedded processor [4] targeted at pothat it allows the designer to exploit the best aspects of both
ble applications operate at power supply voltages significantyoltage scaling, and full-swing CMOS. As the name suggests,
below the process-permitted maximum voltages. Howevethis requires an additional pair of power supply rails and spe-
when power supply voltages are scaled below the sum of tcial low swing drivers. Unlike other low swing transceiver
threshold voltages of a NMOS and PMOS devicg #MVypl),  techniques, we propose efficient off-chip low voltage supplies.
gate delays increase steeply making them a substantial critibynamic power reduction is obtained by driving loads at re-
path delay contributor. Furthermore, variations in devicduced voltage swings while performing logic at high swings.
threshold voltages due to inevitable variations in the IC fabrFor typical digital ICs, the power used to drive interconnect
cation process have limited the lowest possible operating voloads can be 50-80% of total power. As feature sizes shrink,
age to slightly above the larger of\or Vi, [5]. In @ CMOS  this percentage will grow because interconnect capacitance
process with nominal 8 of 0.75V, this lower bound is about (due to fringing) falls more slowly than gate capacitance (due
1V. Random variations in transistog ¥re inversely propor- to active area). Thus the technique will be even more applica-
tional to ,/L DWW , and the constant of proportionality can be aple at reduced feature sizes.
high as 30m\lam [6]. With rapidly reducing feature sizes, it is Fig. 1 shows a two stage Mixed Swing QuadRail gate, consist-
ing of a logic stage and driver/buffer stage. The buffer stage is
a CMOS inverter, with high swinging inputs (Vdd1-Vss¥x
and low swinging outputs (Vdd2-Vss24), both centered to
maximize noise margins. No DC path exists between the sup-
plies. PMOS devices in both stages are 2.5X wider than the
NMOS to equalize rise/fall times. The buffer transistors are ra-
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Figure 1: Mixed Swing (two-stage) QuadRail 3-input OR gate.

O/P Voltage, Short Circuit Current (A Xx10E-5)

Figure 2: Mixed Swing QuadRail DC transfer chanracteristics.

Figure 3: Mixed Swing (three-stage) QuadRail 3-input NOR gate.
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Both these problems are best addressed by developing CAD
tools that can assess these problems and can design to meet
noise margin specifications. Noise margins are set by maxi-
mum allowable totempole currents in the logic stage, and are
approximatelyV,/2 as shown in Fig 2. The multi-stage gate
has high gain, fully restored outputs, and essentially Class B
power/switching characteristics.

This technique can be extended to three (or more) stages as
shown in Fig. 3 to allow larger voltage differences between the
highest and lowest swing stages by using intermediate stages.
These are also CMOS inverters (or gates), and can perform
logic (not shown here). Because the buffer’'s input swing is in-
creased, the gate’s output drive is greater for a given buffer
size. Although the extra stage adds delay, the increase in drive
can result in a 4X reduction in the driver’s size and input load.
Alternately, the steeper slope at the output can cause lower
short circuit power in the fanout gates, and lower delay even
with the added stage. Any number of high or reduced voltage
logic stages can be cascaded to form more complex functions,
and followed by a buffer to deliver the output to the next gate.
This is desirable because grouping of several clustered gates
into a single more complex gate reduces delay, power and area.
These added intermediate gates consume negligible static
power, because of their full swing inputs. The avoided buffer
stages would have added input load (driven full swing) like the
extra intermediate gate itself, as well as parasitic output load.

The analysis presented in the ensuing sections is for the two
stage architecture in Fig 1, but can be extended to more num-
ber of stages.

3 Mixed Swing QuadRail power and delay models
The dynamic power dissipated by a QuadRail gate driving a
load capacitanc€y,4 can be expressed as the sum of the en-
ergies drawn by each stage from their respective supply rails
over one clock cycle [2], i.e.,

- ? ?
Payn= o kG TRV Oy 0 0045V Teik )

where,Cj, is the gate capacitance per inputs the switching
activity, o is the input signal frequency, akds as defined in
section 2. Parasitic source/drain capacitances for each stage
are accounted for i8;,,4andkC,. The static and short circuit
power components in the logic stage are as given in [9], and are
negligible for the buffer stage. As the buffer transistor size in-

tioed by a factok (>=1) relative to logic stage transistors tocreases, logic stage loading increases, increasing the dynamic
improve current drive. Each stage has its own N-well in orddPower. This decreases the buffer's switching time, reducing

to minimize body effect. Since the devices are drive(Mpy

short circuit power in all receivers (this reduction is more sig-

V,p)/2, switching performance remains good. The ratio of loanificant for large fanouts). Thu@uadRail circuit power dissi-

to driver input capacitance (which in typical ICs is large), sefPation is a posynomial [10] function of buffer transistor size.
an upper bound on power savings compared to static CMO{The quadratic relationship between dynamic power \&nd
The logic stage is identical to a CMOS inverting gate topologsuggests that smallé, is desirable for minimal power. This
except its inputs have reduced swings. This is tolerable kis limited by the smallest I/O swings possible under noise mar-
cause the transition region in a CMOS gate is smaller than tgin constraints [11]. The maximum separation between logic
input range. Noise margins are smaller in absolute terms, tand buffer swings is limited by totempole off-currents in the
still large compared to some logic families, e.g., ECL. Howevogic stage. Thus, selection of high and low voltage levels in-
er, care must be taken to control both power supply noise avolves careful consideration of the off-drive currents. Section

crosstalk, especially from high swing lines to low swing lines# explains our static power driven approach for optimal volt-



age level selection. transistor size for a gate (for minimal delay) as a function of
Transistor level optimization problems have typically adopteVoltage levels and load capacitance. Section 5 explores the se-
RC-tree delay models [9], which deviate from SPICE simulélection of buffer transistor size for delay and energy per logic
tions by 10-20%, yielding suboptimal solutions [12]. This ioperation optimization.

primarily due to not considering input waveform slope ani 4 Static power driven voltage level selection
short channel effects, both of which become significant at su . . . . .
As mentioned in section 3, selection of high and low voltage

micron feature sizes. Further, at reduced power supply VOltaIeveIs in QuadRail is critical for minimizing static power as

es, transistors are predominantly operating in the saturation - . .
. well as noise margin degradation. In order to ensure strongly

gion, and a resistance approximation of a transistor durlrturned-off devices in the logic stage, we must restrict the off-

switching is inadequate. We have derived an analytical ga . .
. o . . currents (static power) to an extremely small fraction of the av-
delay model for QuadRail gates taking into consideration bo . . .
erage on-drive currents (dynamic power). Fig. 4 shows the ra-

input waveform slope (approximated as a ramp signal [13tio of logic stage totempole off-current to the worst-case on-

and channel length modulation, a dominant short channel ‘drive current vs high voltage swing for buffer swings of 0.4-
. o vici . . .
fect [9]. The expression for the 50% rising/falling delay OTl.OV for the 3-input OR gate (Fig. 1). It is observed that all

each stage is as follows (mathematical derivations are omitt L . . .
due to space constraints): graphs have two distinct regions - a steeply falling region,
P ' where Ly (I falls quadratically (linearly) with Mg;c, and a

1
Sela ) 20K OG . 1 DnE'V| +XE+ flat region where J; faI.Is exponen.tially with %gic, dug to
Yogic By A +v. _y [P BVI 1% sub-threshold conduction. Selecting g/l ratio defines
%A b "tlo O3 *30 unique logic voltage swings at these buffer voltage swings; the
tr— (2)  smaller this ratio, the tighter the turn-off. As an example, se-
. lecting the “knee” of these graphs as operating points, the static
T 1 o currents are less than 2.5% of the on-drive currents. Fig. 5
IV, 2 [H%MVb‘thE?_HA‘thE?D o O - S+l
b HA+Vb_thD shows these “knee” points on a buffer swing vs logic swing
plot. It is observed that the graph is approximately linear and
bl ) Cload . %4%&+Vb—vt25—vb%+ corresponds to roughly3ic = Vputter + 2V¢- Any operating
% uffer KB [HAJer_VtZE "2 a%mvb—vtzg—vbg point above this line implies a larger static dissipatigg ¥
mit 2.5% of ) and any operating point below this line implies
1(r/f) @3)  even tighter turn-off at the cost of increased logic and buffer

stage delays. Thus, scaling down operating buffer and logic

where, is the first stage output’s rise/fall time, given by: T L .
G g P 9 y voltage levels along this line offers an efficient technique for

O 1 0O simultaneous reduction of static and dynamic power dissipa-
2 [k [IC, O 09vV+r g . A ! HIC ¢ P :
Y n= D\'“ 0 1 On0 A g4 tion, without degrading the switching characteristics and noise
(7H” By O +Vb_vt15? BA+Vp -V, * %S margins. As an example, ajoyc = 2.0V and \jfe;= 0.6V, a
o dynamic power reduction of 10X compared to static CMOS
T

operating at 2.0V is obtained for the same load capacitance,
t ; . . .

T 1 B Bo buffer size, and clock frequency, while ensuring sufficient
— +V, -V, O _Or_v + -

3V, P EH%A o~Vuad ~HP "V O turn-off characteristics.

+V, -V
Vo~V . . .
ke, 22 A +Vp ~V,,0-0.1v, 5 Delay driven buffer size selection
B, [Hmvb—vtzgﬂng 0.1V, E While optimal logic and buffer swings are set by static power

(4)  driven techniques, selection of buffer transistor sizes is deter-
A is the seperation between rails, i.e., Vdd1-vVdd2 = Vss:mined by delay constraints. From (3) it is seen that for large
Vssl, tris the input rise/fall time) is the channel length mod- loads, unit-sized buffers have inadequate current drives and
ulation factor [9],8,andp are the transconductance gain fachigh delays. Since QuadRail delay is posynomial, there exists
tors of the logic stage and a unit-sized (1X NMOS, 2.5)an optimal buffer transistor size (guaranteed to be a global
PMOS) transistor respectively\and V;, are the logic and minima [10]), for which delay is minimized. Trielay optima
buffer stage threshold voltadeand m is an empirically fitted is determined by differentiating (2)+(3) with respeckt@he
constant for a given set of voltage ledels optimal buffer transistor size dependsgﬁlo'ad By , and
Increasing the buffer transistor si#¢ keads to increased load @PProximately on the square root of the ratio giéto Viog.
on the logic stage while improving the buffer current driveic: Since QuadRail power is also a posynomial function of
i.e., QuadRail delay is also a posynomial function of buffePUffer size, there exists a valueloffor which power is also
transistor sizeThis suggests that there exists an optimal buﬁem'g'm'zed' Thlsqu\lfvezj_optlma:an be dete;mlgedblff:‘he fanout
1.logic and buffer stage threshold voltages are different because opposa_n Interconnect loading on a gate, and the buffer transistor
type devices are in conduction for any input combination that causes a SIZ€S of those fanout gates are known. In general, larger the
transition at the output. ‘ fanout, larger the power reduction obtained due to sizing the
2.since only a portion of the logic stage output’s slope affects the bUffe'driving buffers at thipower optimaThus, increasing the buff-

stage delay, the input waveform slope’s contribution is empirically fitted . . . .
through HSPICE Level13 BSIM1 models in our analysis. er transistor size towards thelay optimasimultaneously of-
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6 Analysis of QuadRail power and delay models

To analyze the QuadRail power and delay models, we ha
considered a 6-input And-Or (AO222) gate cascade circu
Fig. 6 and 7 show the gate and experimental circuit setup. T
driving gate drives all the fanout gates’ inputs in addition to

a

on-drive current ratios vs. logic stage voltage.
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Figure 6: QuadRail 6-input AND-OR (AO222) gate.

AQ222 OouUT1

- e 50 fF

AO222

300 fF

mTmooO®w>»
'

AO222 ouT2

e

Figure 7: AO222 experimental circuit setup.

50 fF

voltage swings, although there still existpawver op-
timavery close to unit size.

capacitive load of 300fF (corresponding to approximatel

300Qum of metal interconnect in the HP 0.5um process). T

HFig. 9 shows the power and delay for the same circuit setup ob-

fanout gates have unit sized buffer transistors. Fig. 8 shows @ined at one operating pointilc = 2.2V and \ffe;= 0.8V

power and delay for this setup obtained from our model wi
Vputter = 0.8V, k varying from 1-10 and \;c
1.5-3.0V. Some important conclusions can be drawn frol

these graphs:

* As Vggic is scaled towards prer + 2V4, i.€., more
tighter logic stage turn-off, non-optimal sizing can
cause steep delay penalties, both for over- and under-
sized buffers. As }gic -> 3.0V, buffer overdrive in-
creases and optimal sizing does not significantly im-
pact delay. We conclude that optimal buffer transistor
sizing is critical at reduced power supply voltage

swings.

*  As Vjggic-> 3.0V, non-optimal sizing of buffer transis-
tors incurs a power penalty because of the high short
circuit power component with minimum sized buffers.
This penalty depends on the driving gate’s fanout and
interconnect loading. As ;i is scaled, the short cir-
cuit power diminishes cubically, and power penalty
due to minimum sized buffer transistors also diminish-
es. We conclude that minimum sized buffer transistors
are best for optimal power at reduced power supply

{(i-e., a snapshot of Fig. 8 withqyjc = 2.2V). Our models show
varying from good agreement to HSPICE simulation results; the optimal

buffer transistor size predicted by our models is within 2% of
HSPICE results over many operating voltage levels and capac-
itive loads. Notice that both Fig. 8 (our models) and Fig. 9
(HSPICE simulation) correctly show a less steeper delay pen-
alty for over-sizing than under-sizing as expected. This is due
to the relative dominance of the logic and buffer stage delays
in the total delay (egn. (2) and (3) respectively).

7 CMOS vs. QuadRail comparison results

In this section we present power and delay comparisons be-
tween QuadRail and static CMOS for the AO222 gate. Quad-
Rail operates at the same operating point as in sectiogdy.(V

= 2.2V and VY fer = 0.8V) and CMOS operates afj+ 3.0V

and at a Yqfor which QuadRail and CMOS delays are approx-
imately equalized, i.e., difference in delays is less than 1.5ns
(Vgq = 1.6V). The comparison results are obtained through
HSPICE simulations in the Quin process. Load capacitances

in the range 0-1pF and buffer sizes of 1X, 2X, and 4X are con-
sidered for both cases. Fig. 10 shows the worst-case delay of
the CMOS and QuadRail AO222. Fig. 11 shows the power
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consumption of both CMOS and QuadRail gates at 50MK R1X e
anda = 1. With increasing loads, both QuadRail and CMO¢ "_"§R axX

delays increase with the same steepness, but QuadRail's po'
increases less steeply than CMOS due to reduced load volt: 51
swing. Thus, at a load capacitance of 1pF, with equal delay:
3X power reduction is obtained compared to CMOS, and 3
10X power reduction is obtained compared to CMOS gtV d
3.0V (corresponding delay penalty = 3X), when both are size 0g 02 04 06 08 1.0Cpad (OF)
optimally for that load. The power savings is even higher ¢_. . . ) .
load capacitance increases beyond our range of analysis.F'gure 10: CMOS vs. QuadRail comparison: AO222 falling delay vs.
Cioag for 1X, 2X, and 4X buffers.
small loads (< 150fF), CMOS power dissipation is better CONC,,,4= 1pF as opposed to their optimal size of 4X.

pared to QuadRail when their delays are equal: this is due .
QuadRail'snot-fully-turned-off-logic-stagsubthreshold pow- 8 AOI222 Test-chip measurement results

er dissipation. Since static CMOS inputs swing rail to rail, thA 6-input And-Or-Invert (AOI222) QuadRail test chip was
only off currents (and hence static power) is due to leakafabricated in the HP On process, to compare power and de-
currents of parasitic p-n junctions formed by the transistor dilay of QuadRail vs. static CMOS. 17 AOI222 gates were cas-
fusion regions and well/substrate. Fig. 10 re-emphasizes tcaded together with each AOI222 driving the next AOI222's 6
importance of selecting the optimal size for buffer transistoiinPuts and an additional load of 0.25mm, 0.50mm, 1.0mm, and
in QuadRail - a 2.2X delay penalty if the buffers are 1X fo2.0mm of metal interconnect capacitance. The buffer




voltage CMOS fabrication process, while maintaining high

AO222 power (W) performance. Static power driven selection of the high and low
100 o—2CNIoS 1¥ (Va1 6 ;wing voItage levels in QqadRaiI offer.s simultaneous_reduc-
>—oEMAS 2% V3331.6V M tIOf:I of static and .dy.namlc power W|thqut degradatl'on of

80 -<_58M8§ % Vgg;i% : switching characteristics and noise margins. QuadRail delay
5:7%%'%2 ax Vdd=3.0v I and power models reveal the importance of optimal selection

60 QR 4X I 1 of buffer transistor sizes at sub-1V 1/O swings: both under- and

Y over-sized buffer transistors can lead to steeply increased de-

4071 v ) lay penalties. Comparison results between static CMOS and

v ) g QuadRail show that significant power savings can be achieved

20t v through optimal selection of voltage levels and buffer sizes.
o Detailed HSPICE simulations using Level 13 BSIM1 models
=" and test results from a 6-input AOI222 chip fabricated in the

0002 04 06 08 10 Cioad(PF) HP O b : dels and d
Figure 11: CMOS vs. QuadRail comparison: AO222 power Viga& UM process substantiate our models and demonstrate

for 1X, 2X, and 4X buffers. significant power reduction compared to static CMOS.

stage:logic stage transistor size ratio is 2.5X. The AOI222 gz 10 Acknowledgments

is constructed in a NAND-NAND-INVERT configuration as We would like to acknowledge many insightful discussions
in Fig. 3. For the QuadRail AOI222s, the first (preamplifierwith faculty at CMU, particularly Rob Rutenbar and Donald
stage 2-input NAND gates and second (logic) stage 3-inpThomas. This work was supported in part by the Defense Ad-
NAND gate operate at supply voltage swings of 2.0V and 3.0vanced Research Projects Agency and the National Science
respectively. The buffer stage supply voltage and I/O swin¢Foundation. The government has certain rights to this material.
are 1.0V. For the CMOS AOI222 all three stages operate References

Vaa = 3'3\./' Table 1 summarizes éhf m‘faasur:ed R (ﬁv'th [1] PR. Gray, H.S. Lee, J.M. Rabaey, C.G. Sodini, and B.A.
= 1) and input-pin to OUtqu pin (_-:'ay or the Qua_l Rail an Wooley, “Challenges and Opportunities in Low Power Inte-
CMOS AOI222 blocks. The input signal frequency is 10MHz grated Circuit Design"SRC Report S94018lovember 1994,

A 3.1X power savings is achieved compared to CMOS for 51 o p. chandrakasan and R.W. Brodersoow Power Digital
2mm interconnect IOading. At this IOad, QUadRaiI AOI222 de CMOS DesignK|uwer Academic Publishers, 1995.

lay is 1.06X higher than CMOS, offering an overall pOWQI’-dE[g] J. Montenaro et al, "A 160MHz 32b 0.5W CMOS RISC
lay product reduction of 2.92X, at the same operating freque  Microprocessor"Digest of technical papers, ISSCEebru-

cy. HSPICE full-chip simulation results show good agreemer  ary 1996, pp.214-215.

(within 10%) to these experimental measurements. TH4] C. Crippa et al., "A 2.7V CMOS Single Chip Baseband Pro-

AOI222 test chip microphotograph is shown in Fig. 12. cessor for CT2/CT2+ Cordless TelephoneBfoc. CICG
May 1996, pp. 123-126.

Table 1. QuadRail AOI222 test chip measurement results. [5] S.W. Sun and P.G.Y. Tsui, “Limitation of CMOS Supply Volt-

- - - age Scaling by MOSFET Threshold Voltage Variatid®rc.
interconnect QuadRail CMOS QuadRail | CMOSdelay cicc May 1994 pp 267-270
length (mm) power (UW) | power (UW) | delay (ns) (ns) ! ! ’ o B
[6] M.J.M. Pelgrom, A.C.J. Duinmaijer, and A.P.G. Welbers,
0.25 206 383 32.82 18.24 “Matching Properties of MOS TransistordEEE J. Solid-
[7]1 3.B. Burr and J. Shott, “A 200mV Self-Testing Encoder/
1.00 275 450 34.99 20.81 Decoder using Stanford Ultra Low Power CMOBigest of
2.00 289 896 39.81 37.62 technical papers, ISSCEgbruary 1994, pp. 84-85.

[8] L.R. Carley and I. Lys, “QuadRail: A Design Methodology
for Ultra Low Power Integrated CircuitsProc. NAPA Valley
Workshop on Low Power IC Desighpril 1994.

[9] H.B. Bakoglu,Circuits, Interconnections, and Packaging for

%cﬂ%c‘: VLS|, Addison Wesley Publishers, 1990.
= = [10]J. Ecker, “Geometric Programming: methods, computations,
and applications"SIAM ReviewJuly 1980, pp. 338-362.
%mmg [11]M. Kakumu and M. Kinugawa, “Power Supply \oltage
Impact on Circuit Performance for Half and Lower Submi-
crometer CMOS LSI”|EEE Trans. Electron Deviced/0l.
37, August 1990, pp. 1902-1908.
Figure 12: Microphotograph of the QuadRail AOI222 test chip. [12]B. Hoppe, G. Neuendorf, D.S. Landsiedel, and W. Specks,
"Optimization of High-Speed CMOS Logic CircuitdEEE
9 Conclusion Trans. CADMol. 9, March 1990, pp. 236-247.
. . ) . [13]N. Hedenstierna and K.O. Jeppsen, "CMOS Circuit Speed
Mixed Swing QuadRail approach pre§ents an _effectlve met” “and Buffer Optimization"|EEE Trans. CADVol. 6, March
odology for low voltage (sub-1V) logic in a high threshold 1987, pp. 270-281.



	CD-ROM Home Page
	ISLPED Home Page
	Front Matter
	Table of Contents
	Session Index
	Author Index


