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Table 3: Normalized Area/Power for various supply voltages for Plots 2,3,4 in Figure 10.
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Figure 9: Pipelined implementation of the simple datapath.

Architecturetype | Voltage | Area Power
Simple datapath
(no pi [F))el ini nSpor 5V 1 1
paralelism)
Pipelined datapath 2.9V 13 0.39
Parallel datapath 2.9V 34 0.36
Pipeline-Parallel 2.0V 3.7 0.2

Table 2: Architecture summary.
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Figure 3: Data demonstrating delay characteristics folgomple first order theory

Corrponent # Of Area Comments
(all in 2um) transistors

MinOCOd[z‘i]DSP Chib 44802 94mnt | 20-bit datapath

Multiplier 20432 122mn? | 24x24 bits

Adder 256 0.083mnf | corventional

static

Ring Oscillator 102 0.055mn? 51-stages

Clock Generator 56 0.04mnt | cross-coupled

NOR

Table 1. Details of components used for the study in Figure 3.
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Conclusions

With the continuing trend of denser technology through scaling and ve®dment of adanced packaging
techniques, a nedegree of freedom in architectural design has been made possible in which silicon area can
be traded dfagainst paver consumption. &allel architectures, utilizing pipelining or harake replication,
provide the mechanism for this tradd-bf maintaining throughput while using sler devzice speeds and thus
allowing reduced oltage operation. The well-beled nature of the dependencies ofvpo dissipation and
delay as a function of supplpltage @er a wide ariety of situations allws optimizations of the architecture.

In this way, for a wide wariety of situations, the optimunokage vas found to be less than 1.6lt$, belav
which the @erhead associated with the increased parallelism becomes pvehibiti

There are other limitations which may not allthe optimum supplyoltage to be achved. The algorithm
that is being implemented may be sequential in nature andi@férdback which will limit the dgee of par-
allelism which can bexploited. Another possibility is that the optimungdee of parallelism may be sodar
that the number of transistors may be inordinatelgdathus making the optimum solution unreasonable.
However, in ary case, the goal in minimizing wer consumption is clear; operate the circuit aglsl@as pos-
sible, with the lavest possible supplyoltage.
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Conclusions

figure represents the wer dissipation which wuld be achieed if there were nowerhead associated with
increased parallelismoFthis case, the peer is a strictly decreasing function ofijand the optimumaltage
would be set by the minimunaklue allaved from noise main constraints (assuming that no recgdiottle-

neck was reached). Cuevs assumes that the infmocessor capacitance has a%1dﬁpendence while Cua\6
assumes an ?Njependence. It ixpected that in most practical cases the dependence is actually les$,than N
but even with the gtremely strong ﬁldependence an optimalue around 2V is found.

Curwves 2 and 3 are obtained from data from actual layouts[22],dmllitea dependence of the intack
capacitance which lies between linear and quadratic on gnealef parallelism, N.df these cases, therasv
no interprocessor communication. Ces\v2 and 3 arexéensions of thexample described in Section 4.5 in
which the parallel and parallel-pipeline implementations of the simple datapath were duplicated N times.
Curwve 4 is for a much more compglexample, a 7th order IIR filtealso obtained from actual layout data. The
overhead in this case arose primarily from interprocessor communication. Thasterminates around 1.4V
because at that point the algorithm has been made maximally parallel, reaching erbotiisneck. &r this
case, at a supplyolitage of 5V the architecture is basically a single haadevunit that is being time-multi-
plexed and requires about 7 times moreveothan the optimal parallel case which is aaddewith a supply of
around 1.5VIn Table 3 is a summary of thewer reduction and normalized areas that were obtained from
layouts. The increase in areagas an indication of the amount of parallelism beigated. The ky point is
that the optimal @ltage vas found to relately independentwer all the cases considered, and occurred around
1.5V for the 2.@x technology; a similar analysis using a 0.5V thresholdy précess (with an 4 of 0.5.)
resulted in optimal @itages around 1With paver reductions inxxess of adctor of 10. Further scaling of the
threshold wuld allov even lover wltage operation, and henoeea greater pwer s&ings.

6.0 Conclusions

There are aariety of considerations that must bee@aknto account in i@ pover design which include the
style of logic, the technology used and the logic implementaecioFs that were sham to contrilute to paver
dissipation included spurious transitions due to hazards and critical race conditions, leakage and direct path
currents, pre-chge transitions and peer consuming transitions in unused circuitkypassate logic amily
with modified thresholdaltages vas found to be the best performer fawdpower designs, due to the minimal
number of transistors required to implement the important logic functions. An analysis of transistor sizing has
been shan that minimum sized transistors should be used if the parasitic capacitances are less thaa the acti
gate capacitances in a cascade of logies,
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Optimal Supply Voltage

— U Cip(N) Cinterface(N) YARE;
P ormalized + NC + ] (EQ 12)
O ref

ref r ef

At very low supply wltages (near the diee thresholds), the number of processors (and hence the corre-
sponding merhead in the alve equation) typically increases atater rate than theMerm decreases, result-

ing in a pever increase with further reduction inltage.

Reduced threshold diees tends to leer the optimal gltage; havever, as seen in Section 3.3, at thresholds
belov 0.2V, paver dissipation due to the subthreshold current will soon start to dominate and limit further
power improzement. An gen lover bound on the peer supply wltage for a CMOS werter with “correct”
functionality was found to be 0.2V (8kT/q) [26]. Thisvgis a limit on the pmer-delay product that can be
achieved with CMOS digital circuits; heever, the amount of parallelism to retain throughput at tbisage

level would no doubt be prohibite for ary practical situation.

So far, we hae seen that parallel and pipelined architectures caw &loa reduction in supplyoltages to
the “optimal” level; this will indeed be the case if the algorithm being implemented does not displecan
sion (feedback). Heever, there are a wide class of applications inherently reeiiginature, ranging from
the simple ones, such as infinite impulse response andwaflpirs, to more compkecases such as systems
solving non-linear equations and adaptcompression algorithms. There is therefore also an algorithmic
bound on the el to which pipelining and parallelism can beleited for wltage reduction. Although the
application of data control flagraph transformations can aliate this bottleneck to somegtent, both the con-
straints on latencand the structure of computation of some algorithms careptreoltage reduction to the

optimal wltage levels discussed akie[27,28].

Another constraint on theu@st allavable supply vltages is set by system noise giarconstraints (Myise

magin)- 1hus, we must leer-bound the “optimal” vltage by:

< <
noise margin — Voptimal - Vcritical (EQ13)

with V. itical defned in Section 4.4. Hence, the “optimal” suppbitage (for aiked technology) will lie
someavhere between theoltage set by noise ngin constraints and the criticabivage.

Figure 10 shws paver (normalized to 1 at }{=5V) as a function of Y for a \ariety of cases for a 210
technologyAs will be shavn there is a wideariety of assumptions in thesarious cases and it is important to

note that the all hae roughly the same optimunalue of supply @ltage, approximately 1.5\Cure 1 in this
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Optimal Supply Voltage

the level of pipelining also has thefe€t of reducing logic depth and henceveo contrituted due to hazards

and critical races (see section 3.1.1).

Furthermore, an alious etension is to utilize a combination of pipelining and parallelism. Since this archi-
tecture reduces the critical path and hence speed requiremeradtgreof 4, the eltage can be dropped until

the delay increases by actor of 4. The peer consumption in this case is:

= 2 = 2|:Tl’_ef D:._
I:)parpipe Cparpipe Vparpipe fparpipe (2'5Cref)(o'4vref) 2 [ O'Zpref (EQ 10)
The parallel-pipeline implementation results in a 5 times reductionwermpdable 2 shas a comparate

summary of the arious architectures described for the simple addeparator datapath.

From the abee examples, it is clear that the traditional time-multigé architectures, as used in general
purpose microprocessors and DSP chips are the least desirable-fuxter applications. This folles since
time multiplexing actually increases the speed requirements on the logic cirthitsynot allaing reduction
in the supply vltage.

5.0 Optimal Supply Voltage

In the preious section, we sathat the delay increase due to reduced supptpages bele the critical wlt-
age can be compensated bpleiting parallel architectures. Ma@ver, as seen in Figure 3 and Equation 3, as
supply wltages approach thewdee thresholds, theage delays increase rapid@orrespondinglythe amount
of parallelism andwerhead circuitry increases to a point where the adderthead dominates wmains in
power reduction from furtheroltage reduction, leading to theigtence of an “optimal” elitage from an archi-
tectural point of vier. To determine thealue of this wltage, the follwwing model is used for the yer for a

fixed system throughput as a function oftage (and hence geee of parallelism):

.f_r_e_f.+ 2

r ef
N i nterfacev f ref

Power(N) = NC__ V2 — +C. V2
ref ip

N (EQ 11)

whereN is the number of parallel processdCgy is the capacitance of a single procesSgyis the inteipro-
cessor communicatiorverhead introduced due to the parallelism (due to control and routingJ; gk IS
the overhead introduced at the intece which is not decreased in speed as the architecture is made more paral-
lel. In generalC;, andCiertace @re functions oN, and the paer improvement oer the reference case (i.e.
without parallelism) can bexpressed as:
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Voltage Scaling

One vay to maintain throughput while reducing the suppiitage is to utilize a parallel architecture. As
shawn in Figure 8, tw identical addecomparator datapaths are used,veithg each unit to wrk at half the
original rate while maintaining the original throughput. Since the speed requirements for the@augera-
tor, and latch hee decreased from 25ns to 50ns, thiage can be dropped from 5V to 2.9V (tludtage at
which the delay doubled, from Figure 3). While the datapath capacitance has increasadtbyda 2, the
operating frequenchas correspondingly decreased byetdr of 2. Unfortunate|ythere is also a slight
increase in the total “dctive” capacitance introduced due to tié& routing, resulting in an increased capac-
itance by adctor of 2.15. Thus the per for the parallel datapath issgn by:

_ 2 _ orret
Poar = Cour Vpur fon = (2:15¢,,)(058v )2HEA D 0.360 €09

par par f

This method of reducing peer by using parallelism has theeshead of increased area, anowd not be
suitable for area-constrained designs. In general, parallelism wéllthe werhead of ktra routing (and hence
extra paver), and careful optimization must be performed to minimize treshead (for @ample, partitioning
techniques for minimalwerhead). Interconnect capacitance will especially plagra wnportant role in deep
sub-micron implementations, since the fringing capacitance of the interconnect capaci{giige~(Carea™t
Chringing + Cwiring) €an become a dominant part of the total capacitance (equghid Ciynctiont Cwiring) @and
cease to scale [4].

Another possible approach is to apply pipelining to the architecture, &s $héigure 9. Vith the addi-
tional pipeline latch, the critical path becomes the M@l Teomparatdh @llowing the adder and the compar-
ator to operate at a sler rate. Br this &«ample, the tw delays are equal, alling the supply @ltage to agin
be reduced from 5V used in the reference datapath to 2.9Vdlage at which the delay doubles) with no
loss in throughput. Heever, there is a much Yeer area werhead incurred by this technique, as we only need
to add pipeline mgisters. Note that there isaig a slight increase in hardve due to thexéra latches, increas-
ing the “efective” capacitance by approximatelyacfor of 1.15. The pwer consumed by the pipelined data-
path is:

2 - 2:  ~
Poipe = Cpipe Y pipe fpipe = (1.150ref)(0.58\/ref) L =0.39 P (EQ9)

f

With this architecture, the per reduces by attor of approximately 2.5, priming approximately the same
power reduction as the parallel case with theamtivge of laver area wverhead. As an added bonus, increasing
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Voltage Scaling

very little penalty in speed performance. This implies that there is littendatye to operating ab®a certain
voltage. This idea has been formalized by Kakumu et. al., yielding the concept of a “coitiageV which
provides a laver limit on the supply eltage [24]. The critical altage is defined as\= 1.1EL o, Where E is

the critical electricield causing locity saturation; this is theoltage at which the delays. V44 curve

approaches ]A\Tckj dependence.df 0.34 technologythe proposed eer limit on supply wltage (or the criti-
cal wltage) vas found to be 2.43V

Because of this #&dct, there is some raement to a 3.3V industriabltage standard since at thigeéof wolt-
age reduction there is not a significant loss of circuit speed[1,25]. @kifownd to achie a 60% reduction in

power when compared to a Blvoperation[25].

4.5 Architecture-Driven Voltage Scaling

The abee mentioned “technology” based approaches are focusing on reduciraitége while maintain-
ing device speed, and are not attempting to aehtbe minimum possible p@r. As shevn in Figures 2 and 4,
CMOS logic agites achiee lover paver-delay products (engy per computation) as the supplgltages are
reduced. Indct, once a déce is in \elocity saturation there is a furthergdadation in the engy per compu-
tation, so in minimizing the engy required for computation, Kakunsucritical wltage preides anupper
bound on the supplyoltage (whereas for his analysis it yided alower bound!). It nev will be the task of the

architecture to compensate for the reduced circuit speed, that comes with operatrfdetlitical wltage.

To illustrate hav architectural techniques can be used to compensate for reduced speeds, a simple 8-bit data-
path consisting of an adder and a comparator is analyzed assumipgnaec@inologyAs shevn in Figure 7,
inputs A and B are added, and the result compared to input C. Assumingrgiecase delay through the
adder comparator and latch is approximately 25ns at a supttigge of 5Ythe system in the best case can be
clocked with a clock period of T = 25ns. When required to run at this maximum possible throughput, it is clear
that the operatingoltage cannot be reducedydirther since noxdra delay can be tolerated, hence yielding
no reduction in pwer. We will use this as the reference datapath for our architectural study and pregemt po
improvement numbers with respect to this reference. Thepfor the reference datapath isegi by:

ref = Cref Vr2ef frGf EQ)
where G is the total dective capacitance being switched per clogkle. The efective capacitance as

determined byeraging the engy over a sequence of input patterns with a uniform distioi.
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Voltage Scaling

Also plotted in Figure 6 are simulation results froxtr&cted layouts of an 8-bit adder carry chain for three
different deice (W/L) ratios (N=1, N=2, and N=4). The cerfollows the simpleifst-order model devied
very well, and suggests that thisaenple is dominated more by thdeeft of cate capacitance rather than para-
sitics. In this case, increasingvitees (W/L)’s does not help, and the solution using the smallest possible (W/L)
ratios results in the best sizing.

From this section, it is clear that the determination of an “optimal” sumbigge is the & to minimizing
power consumption; hence we focus on this issue in theAfirlipsections. First, we will xéew the pre&ious
work dealing with choice of supplyoltage which were based on reliability and speed considerations[23,24],
followed by an architecturally dien approach to supplyltage scaling.

4.3 Reliability-Driven Voltage Scaling

One approach to the selection of an optimalgrosupply wltage for deep-submicron technologies is based
on optimizing the trade-bbetween speed and reliability[23]. Constaaltage scaling - the most commonly
used technique - results in higher electric fields that create hot carriers. As a result of thiscéiseddgade
with time (including changes in thresholdltages, dgradation of transconductance, and increase in sub-
threshold currents), leading teemtual breakdon[11]. One solution to reducing the number of hot carriers is
to change the ptsical device structure, such as the use of LDD (lightly doped drain), usually at the cost of
decreased performance. Assuming the use of an LDD structure and a constant hot cgimgeamaptimal
voltage of 2.5V was found for a 0.35technology by choosing the minimum point on the defay y4qcurve
[23]. For woltages abee this minimum point, the delayas found to increase with increasinggVsince the
LDD structure used for the purposes of reliability resulted in increased parasitic resistances.

4.4 Technology-Driven Voltage Scaling

The simple first order delay analysis presented in Section 4.1 is reasonably accurate for long cheesel de
However, as feature sizes shrink beld.Qu, the delay characteristics as a function wfddng the supply oit-
age deiate from theifst order theory presented since it does not consider caeligcity saturation under
high electric ields[11]. As a result ofelocity saturation, the current is no longer a quadratic function of the
voltage lut linear; hence, the current dé is signifcantly reduced and is approximatelywgn
by | = WCox(Vdd _Vt)"m
delay for submicron circuits is reledily independent of supplyitages at high electric fields.

ax [4]. Given this and the equation for delay in Equation 3, we see that the

A “technology” based approach proposes choosing thepsupply wltage based on maintaining the speed
performance for a geén submicron technology[24]. Bx@oiting the relatie independence of delay on supply
voltage at high electrigdlds, the wltage can be dropped to someemt for a elocity-saturated deéce with
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Voltage Scaling

( +NC ref ) ref

Vv
Ty = K = K(1+a/N) Lef
N _ —
(NCref) (V.o — V)2 (Vo — V)2 (EQ4)

whered is defined as the ratio of,@o G, and K represents terms independent ofatewidth and wlt-
age. for a gven supply vltage Vs, the speed up of a circuit whose WIL ratios are sized up agtarfof N
over a reference circuit using minimum size transistors (N=1yendiy (1 +0 / N) / (1 +0). In order to eal-
uate the engly performance of the tvdesigns at the same speed, thitage of the scaled solution is alled
to vary as to kep delay constant. Assuming that the delay scales gg(igworing threshold eitage reduc-
tions in signal swings) the supplpltage, \{;, where the delay of the scaled design and the reference design

are equal is gen by:

_(1+a/N)
N (1+a) ref (EQ5)

Under these conditions, the eggeiconsumed by the first stage as a function of Nvisrgby:

1+ a/N)3v2
ref
(1+0a)?

Cref(

Energy(N) = (C,+ NC, o )V3 (EQ6)

After normalizing aginst E¢s (the energy for the minimum size cad&pure 6 shws a plot of Enggy(N) /
Enegy(1) vs. N for various alues ofd. When there is no parasitic capacitance coutiol (i.e.0 = 0), the
enepy increases linearly with respect to N, and the solution utilizingcdg with the smallest (W/L) ratios
results in the lvest paver. At high \alues oftl, when parasitic capacitanceglveto dominate wer the aite
capacitances, the per decreases temporarily with increasingicke sizes and then starts to increase, resulting
in a optimal alue for N. The initial decrease in suppbitage achieed from the reduction in delays more than
compensates the increase in capacitance due to increasingv/idff@fter some point the increase in capac-
itance dominates the ach#ble reduction in eltage, since the incremental speed increase with transistor siz-
ing is very small (this can be seen in Equation 4, with the delay becoming independeasdi goes to
infinity). Throughout the analysis weveassumed that the parasitic capacitance is independenic# diz-
ing. Hawvever, the drain and source fliion and perimeter capacitances actually increase with increasing area,

favoring smaller size déces and making the ab® a worst-case analysis.
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We also galuated (throughxperimental measurements and SPICE simulations) thgyaed delay per-
formance for seeral diferent logic styles and topologies using an 8-bit adder as a reference; the results are
shovn on a log-log plot in Figure 4. &\see that the peer-delay product impnees as delays increase (through
reduction of the supplyoltage), and therefore it is desirable to operate atlthwest possible speed. Since the
objective is to reduce pwer consumption while maintaining theevall system throughput, compensation for
these increased delays atvlgoltages is required. Of particular interest in tiggife is the range of erges
required for a transition at avgin amount of delaylhe best logicemily we analyzed (eer 10 times better
than the worst that we inesticated) vas the passge imily, CPL, (see section 3.2) if a reducedue for the
threshold is assumed]8].

Figures 2, 3, and 4 suggest that the delay andyghehaior as a function of \ scaling for a gien tech-
nology is “well-behaed” and relatrely independent of logic style and circuit comyile. We will use this
result during our optimization of architecture fowlpower by treating Y4 as a free ariable and by allwing
the architectures taavy to retain constant throughput. Byp®iting the monotonic dependencies of delay and
enegy versus supplysitage that hold wer wide circuit ariations, it is possible to makelatvely strong pre-
dictions about the types of architectures that are bestfigudaver design. Of course, as mentioned/fesly,
there are some logic styles such as NMOS pass-transistor logic without reduced thresholds whose delay and
enegy characteristics auld deviate from the ones presented about even for these cases, though the quan-
titative results will be dferent, the basic conclusions will still hold.

4.2 Optimal Transistor Sizing with Voltage Scaling
Independent of the choice of loganhily or topology optimized transistor sizing will play an important role

in reducing pwer consumption. & low power, as is true for high speed design, it is important to equalize all
delay paths so that a single critical path does not unnecessarily limit the performance of the entire eircuit. Ho
ever, beyond this constraint, there is the issue of whétra the (W/L) ratios should be uniformly raised for all
the deices, yielding a uniform decrease in ttegegdelay and hence allimg for a corresponding reduction in
voltage and pwer. It is shavn in this section, that ifoltage is allaved to \ary, that the optimal sizing for Vo

power operation is quite dérent from that required for high speed.

In Figure 5, a simple tergate circuit is shan, with the first stage diing the @te capacitance of the second,
in addition to the parasitic capacitancgdie to substrate coupling and interconnect. Assuming that the input
gate capacitance of both stages is giveNBy.s, where Ggt represents the gate capacitance BIGS deice

with the smallest allwable (W/L), then the delay through the firat@at a supplyaltage V¢fis given by:
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rail DCVSL family consumes at leastdvtimes more in engy per input transition than a oc@ntional static
family. Hence self-timed implementations canyar@o be gpensve in terms of engy for datapaths that are
continuously computing.

4.0 Voltage Scaling

Thus far, we hae been primarily concerned with the contitibns of capacitance to thewer expression
CV4. Clearly though, the reduction of V should yielde@ greater benefits; indeed, reducing the supgly v
age is the & to lowv-power operation, een after taking into account the modifications to the system architec-
ture which is required to maintain the computational throughput. Firstjesvref circuit behaior (delay and
enegy characteristics) as a function of scaling supplage and feature sizes will be presented. By compari-
son with eperimental data, it is found that simpiest order theory yields an amazingly accurate representa-
tion of the \arious dependenciev@r a wide wariety of circuit styles and architectures. A syrof two
previous approaches to supplgitage scaling is then presented, which were focused on maintaining reliability
and performance. This is folled by our architecture-aieén approach, from which an “optimal” supplglty
age based on technolg@yrchitecture and noise ngam constraints is dered.

4.1 Impact on Delay and Power-Delay Product
As noted in Equation 2, the eqgrper transition or equalently the pwer-delay product in “properly

designed” CMOS circuits (as discussed in Section 2), is proportion&l fbhis is seen from Figure 2, which
is a plot of tvo experimental circuits whichxhibit the expected \ dependence. Therefore, it is only necessary
to reduce the supplyoltage for eguadratic improvement in the pwer-delay product of a logiammily.

Unfortunately this simple solution to @ power design comes at a cost. Aswhan Figure 3, the é&ct of
reducing V4 on the delay is shwn for a \ariety of diferent logic circuits, that range in size from 56 to 44,000
transistors spanning anety of functions, alléibit essentially the same dependence (sdxeTl). Clearly
we pay a speed penalty for ggweduction, with the delays drastically increasing ggapproaches the sum of
the threshold eltages of the daces. Een though thexact analysis of the delay is quite compiethe non-
linear characteristic of a CMOSig are tain into account, it is found that a simple first-ordena¢ion ade-
guately predicts thexperimentally determined dependence andvsmgby:

S CL*Vag _ CL *Vyq €03
d — | - _v )2
uCOX(W/ |_)(vdo| V)
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with 60 mV/dec being the Veer limit. Clearly the laver §;, is, the bettersince it is desirable to ha the
device “turn-of” as close to Yas possible. As a reference, for an Lyl 8/=7Q1 NMOS deice, at the point
whereVs equals Y, with V; defined as where the sack iversion chage density is equal to thelk doping,
approximately [UA of leakage current isxgibited, or .01f1A/micron of gate width[16]. The issue is whether
this extra current is ngligible in comparison to the timesarage current during switchingoFa CMOS
inverter (PMOS: W=a, NMOS: W=8.1), the current \&s measured to be |6A over 3.7nsec at a supplph-

age of 2V This implies that there auld be a 100% peer penalty for subthreshold leakage if theide were
operating at a clock speed of 25 MHz with anaistifactor ofp, = 1/6th, i.e. the deces were left idle and
leaking current 83% of the time. It is not advisable, therefore, to use a true zero thregilselduieinstead to
use thresholds of at least 0,2khich prwides for at least taworders of magnitude of reduction of subthreshold
current. This preides a good compromise between inyament of current dve at lav supply wltage opera-
tion and leeping subthreshold per dissipation to a mgigible level. This \alue may hee to be higher in
dynamic circuits to prent accidental dischge during thewluation phase [11].dftunately device technol-
ogists are addressing the problem of subthreshold currents in future scaled technologies, and reducing the sup:
ply voltages also sees to reduce the current by reducing the maximunwalbbe drain-sourceoltage
[17,18]. The design of future circuits fomtest paver operation should thereforgpdicitly take into account

the efect of subthreshold currents.

3.4 Power-down strategies

In synchronous designs, the logic betweeyisters is continuously computingegy clock gcle based on its
new inputs. D reduce the pmer in synchronous designs, it is important to minimize switchingiactly
powering davn execution units when tlyeare not performing “useful” operations. This is an important con-
cern since logic modules can be switching and consumingrpwen when thg are not being actely utilized
[19].

While the design of synchronous circuits requires special dedign afd pever-down circuitry to detect
and shut den unused units, self-timed logic has inherenwgedown of unused modules, since transitions
occur only when requested. Wever, since self-timed implementations require the generation of a completion
signal indicating the outputs of the logic module agdy there is additional@rhead circuitryThere are se
eral circuit approaches to generate the requisite completion signal. One method is to use dual-rail coding,
which is implicit in certain logicdmilies such as the DCVSL[13,20]. The completion signal in a combina-
tional macrocell made up of cascading DCV&iteg consists of simply ORing the outputs of only the kst g
in the chain, leading to smalerhead requirements. Wever, for each computation, dual-rail coding guaran-

tees a switchingwent will occur since at least one of the outputs mveuate to zero. Wfound that the dual
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3.2 Conventional Static vs. Pass-gate Logic

A more clear situationx@sts in the use of transfeatgs to implement logic functions, as is used in the CPL
(Complementary &sg@te Logic) aimily [8,10]. In Figure 1, the schematic of a typical static CMOS logic cir-
cuit for a full adder is slvan along with a static CPLevsion [8]. The passde design uses only a single trans-
mission NMOS gte, instead of a full complementary pagego reduce node capacitancas$tate logic is
attractve as fever transistors are required to implement important logic functions, such asX@Rh only
require 2 pass transistors in a CPL implementation. This particuléidieef implementation of an XOR is
important since it isdy to most arithmetic functions, permitting adders and multipliers to be created using a
minimal number of déces. Likewise, multiplexers, rgisters, and otherely building blocks are simpliéd
using passate designs.

However, a CPL implementation as sk in Figure 1 has tabasic problems. First, the threshold drop
across the single channel pass transistors results in reduced cumeeandrhence sheer operation at reduced
supply wltages; this is important forwspower design since it is desirable to operate at thvedb possible
voltages leels. Second, since the “high” inpuiliage leels at the rgeneratre inverters is not g the PMOS
device in the iwerter is not fully turned éfand hence direct-path statiowper dissipation could be significant.
To sohe these problems, reduction of the thresholtbge has pnen efective, although if takn too &r will
incur a cost in dissipation due to subthreshold leakage (see section 3.3) and reduced gios€elinampwer
dissipation for a pasage family adder with zero-threshold pass transistors at a supftyge of 4V vas
reported to be 30% \eer than a corentional static design, with the @ifence beingven more signi€ant at
lower supply wltages [8].

3.3 Threshold voltage scaling

Since a signi€ant paver improsement can beained through the use ofwethreshold MOS dé&ces, the
guestion of har low the thresholds can be reduced must be addressed. The limit is set by the requirement to
retain adequate noise mgars and the increase in subthreshold currents. Noisgimsawill be relard in lav
power designs because of the reduced currents being switcheaygndhe subthreshold currents can result in
significant static paer dissipation. EssentiaJlgubthreshold leakage occurs due to carriéugldn between
the source and the drain when tlagegsource oltage, {5 has @ceeded the weakversion point, bt is still
below the threshold eltage V, where carrier drift is dominant. In thisgirme, the MOSFET bekas similarly
to a bipolar transistpand the subthreshold current ipenentially dependent on thatg-source altage \js,
and approximately independent of the drain-souctege Y for Vyg approximately lager than 0.1VAsso-
ciated with this is the subthreshold slogg #hich is the amount ofoltage required to drop the subthreshold
current by one decade. At room temperature, typihies for g, lie between 60 to 90 mV/(decade current),
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3.1.2 Short-circuit currents

Short circuit (direct-path) currentg.in Equation 1, are found in static CMOS circuitswéeer, by sizing
transistors for equal rise ardllftimes, the short-circuit component of the totavpodissipated can bejt to
less than 20% [9] (typically < 5-10%) of the dynamic switching component. Dynamic logic doedibit e
this problem, gcept for those cases in which static pull-upides are used to control chyarsharing[13] or
when clock skw is significant.

3.1.3 Parasitic capacitance

Dynamic logic typically uses ¥eer transistors to implement avgn logic function, which directly reduces
the amount of capacitance being switched and thus has a direct impact owéheeglay product[14,15].
However, extra transistors may be required to insure thatggraharing does not result in incorrecileation.

3.1.4 Switching activity

The one area in which dynamic logic is at a distinct disathge is in its necessity for a pregeoperation.
Since in dynamic logicvery node must be precly@d eery clock gcle, this means that some nodes are pre-
chaged only to be immediately disclgad agin as the node ivaluated, leading to a higher aity factor If
a two-input N-tree (prechged high) dynamic NORaje has a uniform input disttition of high and I lev-
els, then the four possible input combinations (00,01,10,11) will be equally. llihere is then a 75% proba-
bility that the output node will dischge immediately after the preclarphase, implying that the agty for
such a gte is 0.75 (i.e, hr= 0.75 GV gif)- On the other hand, the adty factor for the static NOR coun-
terpart will be only 3/16,»eluding the component due to the spurious transitions mentioned in section 3.1.1
[Power is only dravn on a O to 1 transition, $ .1 = p(0)p(1) = p(0) (1p(0))]. In general, gte acwities will
be diferent for static and dynamic logic and will depend on the type of operation being performed and the
input signal probabilities. In addition, the cloclkfters to drve the prechae transistors will also require
power that is not needed in a static implementation.

3.1.5 Power-down modes

Lastly, pover-down techniques achied by disabling the clock signalveabeen used fefctively in static cir-
cuits, hut are not as well-suited for dynamic techniques. If the logic state is to be predaring shut-den,
a relatvely small amount ofxdra circuitry must be added to the dynamic circuits to presiw state, result-

ing in a slight increase in parasitic capacitance amieslepeeds.
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3.0 Circuit Design and Technology Considerations

There are a number of optiongdable in choosing the basic circuit approach and topology for implement-
ing various logic and arithmetic functions. Choices between statatynamic implementations, passgvs.
corventional CMOS logic styles, and synchronegasasynchronous timing are just some of the options open
to the system designekt another lgel, there are alsoavious architectural/structural choices for implement-
ing a given logic function; for @ample, to implement an adder module one can utilize a ripple;camy-
select, or carry-lookahead topolodyy this section, the tradefsfwith respect to v power design between a
selected set of circuit approaches will be discussedwietldoy an discussion of some general issuesamnd f

tors afecting the choice of logiamily.

3.1 Dynamic vs. Static Logic
The choice of using static or dynamic logic is dependent oty wier criteria than just itswopower per-

formance, e.g. testability and ease of designvéder, if only the lav power performance is analyzed ibuld

appear that dynamic logic has some inherenaatages in a number of areas including reduced switching
activity due to hazards, elimination of short-circuit dissipation and reduced parasitic node capacitances. Static
logic has adantages since there is no pre-gjgaoperation and chge-sharing does nokist. Below, each of

these considerations will be discussed in more detail.

3.1.1 Spurious Transitions

Static designs carxRibit spurious transitions due tmite propagtion delays from one logic block to the
next (also called critical races and dynamic hazards[12]), i.e. a node wamiuétiple transitions in a single
clock gycle before settling to the correct logiwée For example, consider a static N-bit addeith all bits of
the summands going from “zero” to “one”, with the carry input set to “zem”ah bits, the resultant sum
should be zero; weever, the propagtion of the carry signal causes a “one” to appear briefly at most of the out-
puts. These spurious transitions dissipateagpaver over that strictly required to perform the computation.
The number of thesex&a transitions is a function of input patterns, internal state assignment in the logic
design, delay skv, and logic depth.d be speci€ about the magnitude of this problem, an 8-bit ripple-carry
adder with an uniformly distrilted set of random input patterns, will typically consumexrae30% in
enepgy. Though it is possible with careful logic design to eliminate these transitions, dynamic logic intrinsi-
cally does not hae this problem, since gmode can undgob at most one peer-consuming transition per

clock gscle.
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Another important consideration, particularly in portable applications, is that cmanputation tasks are
likely to be real-time; the radio modem, speech and video compression, and speech recognition all require
computation that is alays at neapeak rates. Caentional schemes for conservingam in laptops, which
are generally based onwer-down schemes, are not appropriate for these continuallyeamtimputations. On
the other hand, there is agilee of freedom in design that ia#able in implementing these functions, in that
once the real-time requirements of these applications are met, there isntagdvn increasing the computa-
tional throughput. Thisaict, along with thewailability of almost “limitless” numbers of transistors, ala
stratgyy to be deeloped for architecture design, which if can be fe#d, will be shwn to proiide significant

power saings.

2.0 Sources of Power Dissipation

There are three major sources ofvpo dissipation in digital CMOS circuits which are summarized in the

following equation:

Potal = Pt (CL* V*V ga* fa) + lsc™ Vad + lieakage® Vad (EQ1)

The frst term represents the switching component gfggowhere ¢ is the loading capacitandgy, is the
clock frequeng andp; is the probability that a peer consuming transition occurs (the wityi factor). In most
cases, theoltage swing, Vis the same as the suppbitage,V44 however, some logic circuits, such as in sin-
gle-gate pass-transistor implementations, thkage swing on some internal nodes may be slightly less [8].
The second term is due to the direct-path short circuit curigntyhich arises when both the NMOS and
PMOS transistors are simultaneouslyasticonducting current directly from supply to ground [9,10]. Finally
leakage current,cakage Which can arise from substrate injection and sub-threshielct®fis primarily deter-
mined by &brication technology considerations [11] (see section 3.3). The dominant term in a “well-
designed” circuit is the switching component, angl fmwer design thus becomes the task of minimizipg

C., Vyq andf.y, while retaining the required functionality

Paver-delay product can be interpreted as the amount ofgmepended in each switchingent (or transi-
tion) and is thus particularly useful in comparing thev@odissipation of @arious circuit styles. If it is assumed

that only the switching component of thenas dissipation is important then it isrgh by:

Enegy per transition = By / fok = Ceffectivevdé (EQ2)

whereGafective IS the efective capacitance being switched to perform a computation andeis ByGafec-

tive= Pt * CL.
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Introduction

Although the traditional mainstay of portable digital applications has beewipdaer, low-throughput
uses such as wrisatches and poek calculators, there are aveeincreasing number of portable applications
requiring lav-power and high-throughput.ofF example, notebook and laptop computers, representingsite f
est graving sgment of the computer industrgre demanding the same computation capabilities as found in
desktop machines. Equally demanding aneligpments in personal communications services (PCS), such as
the current generation of digital cellular telephoetworks which emplg comple« speech compression algo-
rithms and sophisticated radio modems in a poskzed deice. Even more dramatic are the proposed future
PCS applications, with wersal, portable multimedia access supporting full-motion digital video and control
via speech recognition[3]. In these applications, not only witerbe transmitted via wireless linksit ldata
as well. This will fcilitate nev services such as multimedia database access (video and audio in addition to
text) and supercomputing for simulation and design, through an intelligendnketvinich allavs communica-
tion with these services or other people at place and time. Reer for video compression and decompres-
sion, and speech recognition must be added to the portable unit to support these services - on top of the
already-lean peer hudget for the analog transeer and speech encoding. Indeed, it is apparent that portabil-
ity can no longer be associated witlvithroughput; instead astly increased capabilities, actually ktess of
that demanded of fied workstations, must be placed in avlpower, portable emronment.

Even when pwer is aailable in non-portable applications, the issue of p@wver design is becoming criti-
cal. Up until nav, this paver consumption has not been of great concern, sirge fi@ckages, cooling fins and
fans hae been capable of dissipating the generated heateddg as the density and size of the chips and sys-
tems continues to increase, thdidiflty in providing adequate cooling might either add significant cost to the
system or praide a limit on the amount of functionality that can bevpied.

Thus, it is ident that methodologies for the design of high-throughpwt;dower digital systems are
needed. 6rtunatelythere are clear technological trends the¢ gis a n& degree of freedom, so that it may be
possible to satisfy these seemingly contradictory requirements. Scalingad fiature sizes, along with the
development of high densityow-parasitic packaging, such as multi-chip modules[4,5,6], wilv&lte the
overriding concern with the numbers of transistors being used. When MOS technology has scaled to 0.2
minimum feature size it will be possible to place from 1-18xténsistors in an area of 8” by 10" if a high-
density packaging technology is used. The question then becomesihahis increased capability be used to
meet a goal of W power operation. Prgous analyses on the question ofvhim best utilize increased transis-
tor density at the chip Vel, concluded that for high-performance microprocessors the best use igitie pro
increasing amounts of on-chip memory[7]. It will be whahere that for computationally intemsifunctions
that the best use is to pide additional circuitry to parallelize the computation.
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Abstract: Moti vated by emeging battery operated applications that demand intensie computation in
portable ervironments, techniques a investigated which educe paver consumption in CMOS digital
circuits while maintaining computational throughput. Techniques br low power operation are shavn
which use the lavest possible supply eltage coupled with achitectural, logic style, circuit and technol-
ogy optimizations. An architectural based scaling strategy is ggsented which indicates that the opti-
mum voltage is much laver than that determined by other scaling considerations. This optimum is
achieved by trading increased silicon aga for reduced paver consumption.

1.0 Introduction

With much of research feirts of the past ten years directednd increasing the speed of digital systems,
present-day technologies possess computing capabilities whiehposgible poerful personal wrkstations,
sophisticated computer graphics, and multi-media capabilities such as real-time speech recognition and real-
time video. High-speed computation has thus becomeximected norm from thevarage userinstead of
being the praince of the fev with access to a peerful mainframe. Likwise, another significant change in the
attitude of users is the desire torbaccess to this computation ay docation, without the need to beysi
cally tethered to a wired netrk. The requirement of portability thus placegese restrictions on size, weight,
and pover. Paver is particularly important since camtional niclel-cadmium battery technology only pro-
vides 20 Whrs of enagy for each pound of weight [1]. Imprements in battery technology are being made,
but it is unlikely that a dramatic solution to thevper problem is forthcoming; it is projected that only a 30%
improvement in battery performance will be obtainedrahe n&t 5 years[2].
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