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Abstract—A circuit design methodology minimizing total power 10000 f/
drain of a static complementary metal—oxide—semiconductor #— fo (MHZ)
(CMOS) random logic network for a prescribed performance, 1000 | *——* UP Power
operating temperature range, and short channel threshold voltage +—— P Powef Dnsty (W/cm®
rolloff is investigated. Physical, continuous, smooth, and compact —a V(W)
“Transregional” MOSFET drain current models that consider 100 e R
high-field effects in scaled devices and permit tradeoffs between Joreraegy
saturation drive current and subthreshold leakage current are 10 1 1997 N'ﬁ?‘S

employed to model CMOS circuit performance and power dissipa- projections

tion at low voltages. Transregional models are used in conjunction Sag
with physical short channel MOSFET threshold voltage rolloff LI N . ~ele.

o P— : i Linear best-fit =
models and stochastic interconnect distributions to project optimal £1SSCC d
supply voltages, threshold voltages, and device channel widths o L2 ata
minimizing total power dissipated by CMOS logic circuits for 1970 1980 1990 2000 2010 2020
each National Technology Roadmap for Semiconductors (NTRS) Year

technology generation. Optimum supply voltage, corresponding

to minimum total power dissipation, is projected to scale to 510 o ] o ]

mV for the 50-nm 10-GHz CMOS generation in the year 2012. Fig. 1. Historical trends with 1997 NTRS projections for microprocessors.
Techniques exploiting datapath parallelism to further scale the

supply voltage are shown to offer decreasing reductions in power

dissipation with technology scaling. . ) . .
performances given the competing requirements of high per-

formance and low standby power at low voltages [1], [3], [7] in
the presence of short channel threshold voltage rolloff [8].

In Section I, the physical Transregional MOSFET drain cur-
. INTRODUCTION rent model, verified by HSPICE simulations, is described and

EDUCTIONS in total power dissipation of Comp|emenemployed to calculate the drain current of a MOSFET in all re-
R tary metal—oxide—semiconductor (CMOS) circuit desigr@ons of operation. In Section Ill, a generic CMOS datapath is
for ASIC’s, microprocessors, and semiconductor memori€odeled as a chain of critical path gates. Wiring loads at the
have emerged as a key design constraint over the last few ye#f#uts of each gate in the critical path are estimated using a
[1]. This is motivated not only by high-performance requirestochastlc interconnect distribution [9] based on Rent’s rule.
ments in a portable environment where the size, weight ahhese distributions have been verified for actual microproces-
lifetime of batteries are critical, but also by heat dissipation ar@@rs- Analytical expressions for propagation delay for scaled
packaging issues in larger desktops and parallel machinesSgges-connected MOSFET circuits are derived using the Tran-
well [1]-[6]. Scaling the supply voltage for logic and memor);regmnal drain _current moqel and verified with HSPICE sim-
circuits has historically been the most effective way to lowéflations. Analytical expressions for the supply voltage are de-
power dissipation as this reduces all components of power di¢gd using the above model for propagation delay. Section IV
is felt globally across the entire system. The 1997 Nationtroduces a simplified analysis of total power minimization.
Technology Roadmap for Semiconductors (NTRS) [7] projecﬂ“s section calculates the optimal supply voltage, minimizing
the supply voltage of future gigascale integrated systemstRSE“ power per gate for a given performance, and elucidates
scale from 2.5 V in 1997 to 0.5 V in 2012 primarily to reducéh® minimum power methodology implemented rigorously in
power dissipation and power density (Fig. 1), increases gfction V. A simple analytical expression for optimal supply
which are projected to be driven by higher clock rates, highggltage gives a rough quantitative estimate of the dependence
overall capacitance, and larger chip sizes. A key challen§bthe optimal supply voltage on material, device, circuit, and

drain for a single datapath using a numerical methodology. The
. . . _calculations performed to determine minimum total power are
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constraints imposed (by the cost of packaging) at levels of infe-the saturation region (3) is therefore given by the sum of its
gration and clock rates projected by the NTRS may not pernditift and diffusion components
critical path gates to drive average wire lengths. High local clock W 1o C
frequencies are assumed to apply only within a zone of syn- lincar = O 7
chrony—a macrocell of a short-wire cellular array architecture L(1+0[V,s —Vi]) <1 + & )
whose cell size is calculated using the stochastic interconnect LE.
distribution by imposing heat removal limits on average wire VI 4. Qpo
length. Section VI extends the minimum power methodology to | Vos = Vi) Vas — o + §¢F Cox
parallel datapaths by employing a simple, generic parallel data- 3/2
path model to calculate the increase in overhead power dissipa- <1 + Vs ) _ <1 + 3 Vs ) ) ) )
2¢F 2 2¢F
The gate voltage at which the device transits from the sub-

tion with each additional parallel datapath.
threshold region (weak inversion only) to the saturation region

II. A T RANSREGIONAL MOSEET MODEL is given by (6) and (7). This voltage is determined by imposing
' the requirement of continuity and differentiability of the product

Compact, analytical, physical Transregional models dg_fthefleld-dependent mobility and the areal _mob|le charge den-
scribe MOSFET behavior in the subthreshold, saturationty @t the boundary between these two regions
and linear regions of operation including high field transport
effects. These new models provide smooth current-voltage %74 1
characteristics across all regional boundaries to enable accuraldsat = A (tteft) Cox 7 Vew\
calculation of propagation delay and t(_)tal power dissipation <1 LEC>
per gate.The principal reason for engaging the Transregional

2
model is that its primarily physical rather than empirical origin . <(Vdd — Vio)Vasat — % + % OF %BO
enables greater insight into the MOSFET parameters that are ox
most critical to the performance of future generations of CMOS 1 Visat 8/2 1 3 Visat
logic circuits. + 2|¢r| - 9 2|or|
In weak inversion, where the areal inversion layer mobile car- 2
rier density is much less than the depletion region charge, the 1 o 1
subthreshold drain current (1) is dominated by diffusion 4+ = ____B {1 — ¢ AVaa—Vasa)y
n 4nb6
I+ —+1
U 2 p
W 2 /_3 )
Isub = 5 NOCOX Y
Ln 4nb
1+ /—3 +1
w 1 vz,
. /3 v v 1 14 4779 1 = f (Neﬂ)cox W <‘/dd - ‘/to)vdsat - dé £
- ex _ s — o — — [ A— sal
. (]_ _ e—,ﬁvds) . Q y 32 .
w n /3 n BO < dsat ) < dsat )
~ s s —v.. 1Y + = 1+ —1+=
T HoCox gz X0 {n <V”'* Vo= 5 @) 597 0, 2|¢r| 2 2|¢r|
The subthreshold slope factpe= 1+(Cy/Cox) WhereC, is 4)

_the channel d_epletlon capachance dnd the gate oxide Capac- rhe areal charge density of the immobile bulk charge is
itance per unit area. The device channel width-to-length ratio Is

given by(W/L) andy, is the low field carrier mobility, given ]
by model(s répc))rted in [10] fa¥ and P channel devices. Degra- @po = =\/4aeNalél- ®)
dation of mobility due to vertical fields in (2) and (3) is modeled he transition gate voltage from weak to strong inversion is
with giegr = (1o /(1+ e(vgs — V), whered = (11, /2Vnormtox)
[11]. The reciprocal of the thermal voltage= q/%T. 7 13 [Cux 4n6

In the linear region described by (2), the gate voltage is large Va=Ve+ ] In 2 n \ ncy 1+ B 1
enough for mobile charge density to be much greater than the n
depletion charge along the entire channel length and the drain = Vi + 3 (6)
current (2) is primarily determined by its drift component. In the
saturation region, the gate voltage is large enough to stronﬁwh
invert the channel at the source end, but the drain voltage is also V2qe, N,
large enough to cause a weak inversion region. The drain current Vi=Vio+ gw—ox(\/vbS + 2|y - \/2|¢f|) @)
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TABLE |
AVERAGE WIRE LENGTHS AND WIRING
CAPACITANCE CALCULATIONS FROM STOCHASTIC INTERCONNECT
DISTRIBUTIONS [9] USING NTRS FROJECTIONS OFASIC DIE SIZE AND
TRANSISTORCOUNT. NUMBERS IN ITALICS ARE OBTAINED FROM THENTRS

1.0

0.8 {

(um) | size, x10° | pitth GP | (GP) (wm)

------ TRM VGS=‘!.0V ] em? (um)
0.4 OHSPICE Simulation 1997 | 0.25 | 480 | 640 | 8.66 8§32 72.05 32
7999 | 0.18 | 8.00 | 1867 | 655 954 | 6249 375
5-0"0-0-0"0-00"0"0"0"0" 00 2001 | 045 | 85 [ 2267 | 612 | 978 | 5985 | 359
- 2003 | 013 | 9.0 | 360 5.0 1036 | 51.80 323
/ L=0.25um 2006 | 010 | 10.00 | 66.67 | 387 | 1118 | 43.6 25.9
0.0& , , , 2009 | 0.07 | 11.00 [ 11733 | _3.06 | 1197 | 36.63 22.0
0.0 0.5 1.0 1.5 2.0 2012 | 0.05 | 13.00 | 21667 | 245 12.90 | 3161 18.9

Drain Voltage (V)

Drain Current (mA)

@ critical path ofn,,, two-way NAND stages, each stage driving
10° average wire lengths and three identical gates. Average wire
—— TRM lengths, in units of gate pitches, are determined from stochastic

* HSPICE interconnect distributions, derived recursively using Rent’s rule,
and verified for actual microprocessors [9].

The need for a progressively higher clock frequency asso-
ciated with increasing average chip sizes prompted the NTRS
to project “global” as well as “local” clock frequencies where
the difference between the two becomes increasingly larger
across the roadmap due to degradation of signal delays for

0.0e+00 long interconnects. In the analysis described in this section,
3.0 » : .

critical path gates clocked at global clock frequencies drive
wire lengths averaged across the entire chip, given chip sizes
(b) and transistor counts forecast by the NTRS. Critical path gates
Fig. 2. (a) Comparison of 0.26m CMOS HSPICE drain characteristics with clocked at higher local frequencies drive wire lengths averaged
the Transregional model (TRM)Y” = 2.0 um. All device parameters used \iihin 5 macrocell of a “short-wire” cellular array architecture.

are given in Appendix A. (b) Comparison of 0.2%n CMOS HSPICE gate A . . L.
characteristics with the Transregional model (TRM).= 1.0 um. All device The cell size is calculated using the stochastic interconnect
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parameters used are given in Appendix A. distribution by imposing a maximum heat removal coefficient
Q of 50 W/cn¥ on the average wire length of the cell.
and The two-way NAND gate, with an average fan-out of three,
\/W as a basic circuit building block in the_ cri_tical path, has a
Vie = Vi + 2|5 — s talPf1 (8) performance that parallels that of other circuits actually used in

Cox processor critical paths in reflecting technology improvements

The drain saturation voltagg... (9) is determined either [13]. Propagation delay models for scaled series-connected
by channel pinch-off or carrier velocity saturation—whichevdVlOSFET circuits, derived using the Transregional model, are
occurs earlier at the point correspondingd@@y;,... /0y, ). The employed to calculate the dependence of supply voltage on
critical electric field B, = veai/pen [12] is the lateral electric €ycle time, logic depth, range of operating temperatures, and
field in the device when carrier velocity reaches its saturat®#dring capacitance.
value vy, [11]

A. Total Capacitance Driven by a Critical Path Gate

Vi = LE. [ 14 2(Vaa — Vio) 1) 9) In logic-intensive CMOS chips, packing densities are inter-
LEcn connect limited [14] where the effective size of a gate is deter-

mined by its wireability [15]. The gate pitch is estimated from

Sions for dram curtent nthe liear and the saturaton regiopT S PIIECtons for ASIC chip size and transistor count as-
. . . 9 sFming an average gate has six transistors. The gate pitch is
models the effects of mobility degradation due to high lateral _ . . . D
fields. Fig. 2(a) and (b) compares the drain and gate charact%sf-ed in calculating the average wire length in microns, for global
N P g . critical paths, for each NTRS generation (Table 1). Assuming

'S]ta'(f-iEéec?;t%dzbyr;hg,\;ggstr:cgﬁﬁgil, moiel Vg:z'HiTLct:sEtE:a qual interconnect cross-sectional dimensions and that neigh-
llf|SI:>ICE IeveI-'S Siarameters used in 3\3{5 s?rgulatilgn ! boring wiring levels in a multilevel network provide an approx-
P ' imate ground plane, total capacitance per unit length, including

fringing eff i im ing analytical models repor
Il A SINGLE DATA-PATH MODEL " [?619 effects, is estimated using analytical models reported

In this section, the performance of a generic CMOS processofThe interconnect density function [9] predicts the number of
is modeled using a simplified cycle time model, assuming @int-to-point interconnects. Real designs, however, use wiring
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TABLE I
AVERAGE WIRE LENGTHS AND WIRING CAPACITANCE IMPOSED BY HEAT REMOVAL FOR THE LAST THREENTRS (GENERATIONS SUPPLY VOLTAGE ASSUMED
EQUALS THE AVERAGE VALUE FORECAST BY THENTRS. SzE AND NUMBER OF MACROCELLS ARE CALCULATED USING THE STOCHASTIC
WIRING DISTRIBUTION [9]. NUMBERS IN ITALICS ARE OBTAINED FROM THENTRS.Q = 50 W/cm?, @ = 0.1

Year | Vg F fax Gate Cyw Lavg Lavg Ngates/ Neells
V) | (um) | (local) area (local) | (GP) | (um) cell
(GHz) Agate (fF) (local) | (local) | x 10°

(pm?)
2006 | 1.05 | 0.10 | 35 150 | 1555 | 966 | 3738 | 0924 | 72
2009 0.75 | 0.07 | 60 9.4 11.14 | 872 | 2677 | 0.441 | 266
2012 | 0.55 | 0.05 | 10.0 6.0 793 | 778 | 19.06 | 0.196 | 1105

“nets” that more efficiently connect the source to each of its sinkith gate delays reaching within 20% [Fig. 6(b)] of the intrinsic
terminals. Using a simple model to convert the point-to-poininloaded gate delay for

interconnect length to a wire net distribution, the average wire

length is estimated in units of gate pitches using the expression Cw/CrL =04. (15)
below [9]. For the 0.25:m generation listed in the NTRS, as- o ) -
suming a Rent's exponent pf= 0.6 and the number of gateSSubstltutlng (15) into (14), we can solve for the average wiring

N = 6.4 x 105, the wiring capacitancé, is calculated below. capacitance

Average Wird_ength (in Gate PitchesBee (10), given at the 204 404
bottom of the page, where Cp<—5%5 o Cp<—/5L. (16)
afaViy SafakVi,
X =4/(fou +3). (11 - . . o
Substituting (16) into (13), yields the power density limited av-
Capacitance per unit length:= 2.08 x 10~ 2 (F/cm) [16]. erage wire length within a macrocell. This average wire length
Gate Pitch fim): substituted in (10) yields the size and number of cells. Wiring
Areap, capacitance, wire length, and cell size are tabulated in Table Il
GP = \/Agate = N X —8.66. (12) above.
gates The total capacitano€, driven by each gate is calculated as
Average lan-Out: f,,;; = 3. the sum of its three components
Thus
Cr=Cuw+Cy+Cy a7

Ciw = Layg X GP X ¢ X fouy =432 x 1071 F. (13)

Chip size, gate pitch, average interconnection length, and #{Bere¢s andCy are the gate and drain capacitances, respec-

wiring capacitance are listed in Table | for each of the 199%€lY- _ _
NTRS technology generations. The gate capacitance is calculated as

With simple scaling of dimensions, power deng(y) in-
creases with increasing integration: as capacitances scale only Cy = Cyo X fous <<K) + <E) ) (18)
linearly with technology, but device count per unit area increases Ly, L P
as the reciprocal square of feature size, energy dissipated per
unit area in charging or discharging capacitances increases. T
constraints imposed by the cost of packaging may thus prevent C. =20 (19)
the levels of integration projected by the NTRS from achieving 9 .
high local clock rates. Imposing a heat removal coefficient of The drain capacitancg, seen at the output of an unloaded
50 W/cn?, the maximum load capacitance driven by an averageatic gate has three components: 1) the gate—drain overlap ca-
local critical path gate is calculated using pacitance for the NFET and PFET devicés,, and C,,, re-

~ 1 2 spectively; 2) the drain junction bottom capacitantg; and 3)

FPeore = 3 aC1Vagfar and Pate < Q@ X Agare- - (14) the junction side-wall capacitan€®..,. Thereforeﬁz;

For a given wiring load, the performance of a static CMOS
gate increases asymptotically with increasifi§//L) ratios, Cu = (Con + Cop) + Cji, + Cjsse (20)

Cyo given by

=8.32 (10)

p—05 p—0.5 . p— 14 4p—05

< Y T prosvn <2(p+0-5)p(p—1)>)
D p-05 | o035V

2p(p—1)(2p-3)  6pV/N p—1

Lavg = XLpoint'point =X
Np70.5
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0.9 T T . T . . - TABLE 1l
PROJECTIONSUP TO YEAR 2012 GRRESPONDING TOMINIMUM POWER FOR
08 TECHNOLOGY GENERATIONS LISTED IN THE 1997 NTRS. NIMBERS
IN ITALICS ARE TAKEN FROM THE NTRS
0.7 ;
0.6 | Year 1997 | 2001 | 2006 | 2012
— F(nm) 250 150 100 50
205 ¢ to(d) | 45 | 27 | 18 | 8
g “fax (Mhz) | 750 | 1400 | 2000 | 3000
= 0.4 1 xj(nmn) 75 45 30 15
3 o
> L ox;j 5%
0.3 ol 6.7%
02 | Vadope (V) | 1.32 | 1.08 | 0.85 | 0.51
v Vaae (V) | 74 1059 | 0.46 | 0.27
1L 7 . : . Viope (V) 22 [ 02 | 018 | 015
0.1 ~ |n6reasing vV, toft 3
e 4 / out
0.0 - e — : ‘ ‘ Nep 15
00 02 04 06 08 10 1.2 14 AV, (mV) | 111 [ <106 | 80 | 36
V4 [volts] Vadopt/ 599 | 538 | 471 | 3.38
—Viop (¥)
Fig. 3. Va.a: dependence ob,,. Devices remain mostly in saturation until Ww/L)opt | 35 50 45 39
output node swings by,./2. (Wyp/L)ope 42 59 53 45
Lin( GP) 832 | 978 | 11.2 | 12.9
Cy, (fF) 432 | 359 | 259 | 189
From [17] we have CL(F) [ 1749 | 1472 92.0 | 504
1 Gate aregt 7.5 3.75 15 0.6
Cd = <_ Cgo + 3§ij2 + stwL> (x107cnr’)
4 “Pr(uW) | 195 | 252 | 143 | 486
W W Payn(pW) 114 | 119 6.6 1.94
X <_> + fin <_> (21) Py(uW) | 60 | 110 | 65 | 2.65
L n L p Py (uW) 2.1 2.3 1.2 0.27
_ ) ) ) ) BCOVED [ 1517 ] 858 | 332 | 65
where ¢;; is the junction bottom capacitance per unit area Paensity 260 | 672 | 953 | 81
and (s, is the junction side-wall capacitance per unit length. (W/em®)
Trench isolation is assumed between active regions when fc.(kc(za)x) 0.97 1 231 | 404 | 7.11
z

calculating the sidewall capacitance. The junction bottom
capacitance is calculated assuming a doping concentration that
is an order of magnitude lower than that seen in the channelthe gate delay of a stage, with a finite rise time at its input, as

region [18]. in a chain of symmetric inverters with equal rise and fall times,
. . is derived as the time taken for its output waveform to transit by
B. Propagation Delay,q, of a Static CMOS Gate 1V,a, less the time taken for its input waveform to move through

Analytical expressions for propagation delay for an invertdalf its complete swing
or a genericN-input gate are derived as the time required for ,
a 50%-50% transition [19] between the input and the output?pdoramp) =1 +t2 —t1 =2t +t2 —ty =t +12 (24)

waveforms. "_1 sho_r t channel d_ewces w_here the d_ram Sat_uratlﬁﬂeret’l +t9 is the time taken for the output waveform to transit
voIt_ageVdsat is limited by carrier yelocﬂy s_aturanoﬂ(dsat IS 1o Ly,, andt; is the time taken for the input to rea%l‘Vdd.
typically less than%Vdd. The driving transistor thus remamsThé delay#’, (= 2¢,) corresponds to the time taken for the

in the saturation region while driving its load through the ﬁr%put waveform to complete its entire transition and the delay

half of the transition at the output of a static CMOS gate. F r equals the time taken for the output waveform to re3thy
the same reason, the slope of the output waveform at half

N R ce the input waveform has completed its transition.
transition is, to a good approximation, independent of the sIopeFrom Appendix B, the closed-form expression for (24) is
of the input transition. Fig. 3 shows thg.,; dependence ovi,, '

using (9) for threshold voltages in the neighborhood of optimal ¢ b 4ty = Cr.Vaa Cr,
values calculated rigorously in Table IIl (see Section V). pdo(ramp) =L 2= o 0T T
The slope of the output transition at half the transition in a 2Vya + Vr Vaa — Vr

chain of identical symmetrical gates is thus approximated as ) [ 6 - < 3 )

d‘/out Idsat . Idsat.33 + Idsat.GG >:| 25

‘ |~ C (22) < o (25)
|ntegrating (22), we get the inverter propagation de|ay in r@uhere the device threshold volta@’g) is modified to include
sponse to a step reductions due to temperature and short channel effects (SCE)

using
Vaa/2 CrdVow  CrVaa
tpdo(step) = / Tow — 2. @& Vi = Vio + AVio(AT) + AV, (SCE). (26)
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Fig. 4. Comparison of 0.25m CMOS HSPICE inverter propagation delayFig. 5. Comparison of 0.2pm CMOS HSPICE delay dependence on fan-in
with (20) and (22)IW = 0.5 um. All device parameters are given in AppendixWwith (30)-(32). All device parameters are given in Appendix A.
A.

with
Othertermsin (25), derived in detail in Appendix B, are defined
1 [glNaes
as K =— (32)
Cox 4¢F
I an = 1y (v = Yaat2VT 27)
dsat.33 = Jdsat | Vgs = 3 and f;, = number of series-connected devices.
The propagation delay model given by (25), when substituted
into (33), yields the cycle time equation (34) that relates supply
2Vaa + V- i i i
T <Vg L= dd3 T) (28) voltage (35) to device parameters, logic depth, and cycle time
Nepbpdo
Tcycle = prd fineff (33)
. . wheret is the clock skew factor and., the logic depth or the
Lasar = Lasar (Vs = Vaa). (%) maximum number of gates between two clocked latches
The above propagation delay models (23) and (25) are com- 1 Nep finerCr [5Vaa + Vr
pared with HSPICE simulations in Fig. 4 for the device param- “evele = "¢" == =3 1~ 6
eters given in Appendix A. Figs. 2—6 assume no reductions in Via — Vir Liat 53 + Lacor o
threshold voltage due to short channel effects. Threshold rolloff - < 3 ) < e I e )} (34)
dsat

using (26) is considered only in Sections V and VI.
For long channel devices, delay of a series-connect&@lving for the supply voltage from the above cycle time equa-

MOSFET circuit increases linearly with fan-in. This followstion

from a simpleRC model where the resistance to the flow of 201 cycred asatt 1 2 (Ieat.33 + Lusat.e6

current through a sgriesfconnepted structure increases linearly FinettepCL T <3 - 3 < Tieat1 ))

with the number of identically sized devices. At short-channéfdd = 5 2 [ Tuorss + Lasor 66

lengths, the improved delay dependence on fan-in at short 373 < .I - )

channel lengths [20], [21] brought about by velocity saturation dsatl 35

is due to a smaller reduction in the drain saturation current with (35)

a rise in the source voltage of the topmost series-connectedhe PFET channel width that yields identical rise and fall

MOSFET. This effect on delay in a series-connected MOSFHimes is calculated by equating the saturation drain currents of

circuit is modeled physically using (30)—(32) by calculatinghe two-way NAND gate that charge and discharge the load [see

the fractional reduction of the normalized saturation drai86), given at the bottom of the next page].

current for the series-connected structure. The reciprocal ofwith a rise in temperature, the two competing effects [22]

this quantity yields an “effective fan-infin.s. Fig. 5 compares of threshold voltage reduction and carrier mobility degradation

the delay predicted by this model with HSPICE and the simptietermine the worst case delay and consequently the minimum

RC model. Appendix A lists the level-3 HSPICE parametersupply voltage necessary to maintain cycle time requirements

used in this comparison over an entire range of operating temperatures. Slow cycle times
permit low supply to threshold voltage ratios where perfor-
tpd = tpdo X finett (30)  mance improves with temperature as reductions in the threshold

voltage with temperature dominate degradation of carrier mo-
bility. Fast cycle times translate into larger supply-to-threshold
2 fin — 1) Vitaas <1 _ i) 1+ r) voltage ratios, and, consequ_ently, reductions in the threshold
V2 (31) voltage due to temperature rise do not affect the performance
as much as the reduction in carrier mobility does, causing
performance to degrade with temperature.

fineff =1 +

Vsa.
(Vaa+ Vi) - 25
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The temperature dependencies of threshold voltage are asFhe activity factora equals the average switching rate, i.e.,

sumed to be [23] the total number of logic transitions that occurihclock cy-
cles divided byN for large enoughV [24]. For random logic
Vin,p(1+27) = Vinp + Vin pAT. (37) networks is typically 10% [3]. This value is used throughout

the analysis presented in this paper. The load capacitance
The temperature coefficients of threshold voltagg , are ob- equals the sum of the wiring, gate output capacitance, and the
tained by differentiating the threshold voltage w.r.t. temperatut@Put capacitance of the next stage as calculated in (13)—(21).
[23] and range from-1.2 to—0.6 mVFK for technology gen- Short-circuit power dissipation is typically 5-10% of the total
erations listed in the NTRS. power [4] and is neglected in this section, but is calculated nu-

Stochastic interconnect models and physical Transregiofagrically in Section V.

drain current models are used in this section to derive a cyclelhe clock frequencyeu equals the clock rate thatis a conse-
time model that predicts the dependence of supply voltage @aence of imposing (39) and (40) atig, is the subthreshold
device, circuit, and system parameters. The stochastic interctfkage current given by (1). The cycle time equation (33) used
nect length distribution is used to calculate the average wifethe analysis presented in this section assumes a gate propaga-
length driven by a critical path gate switched at global clodion delay given by (23). The logic depth,, = 15 gates [25],
frequencies. Heat removal constraints are used to calculate &ffective fan-infinq = 2, and clock skew factos = 0.9.
average wire length driven at local clock rates with the size andThe simplified minimum power methodology incorporates
number of macrocells calculated using the stochastic distrigigsults from two revealing graphs, Fig. 6(a) and (b), to establish
tion given this requirement on average wire |ength_ This Cyd@lo valuable approximations that will enable a lucid interpreta-
time model is used in Section V conjointly with short channdion of minimized total power. Fig. 6(a) depicts the normalized
threshold voltage rolloff models and NTRS projections of cycleropagation delay versus the supply to threshold voltage ratio
time, parameter tolerances, chip size, and transistor count toggwith fixed V;,, W,,, andW,, to illustrate thel:.,.i. saturation
timate the total power dissipated by a critical path gate. ata

v
Vdd =~ ~ 6. (39)
IV. A SIMPLIFIED ANALYSIS OF POWER MINIMIZATION to
A simplified methodology to minimize the total power dissi- The optimum(Vaa/Vi,) ratio is chosen at the approximate

" . . : saturation point of th&,..i. curve, which occurs somewhat be-
pated by a critical path of static CMOS logic gates is presente§nd a slope of negative one. Increaskig beyond five times

in this section to provide physical insight into the calculation . AT . .
i . = V.. yields diminishing improvements in performance. Fig. 6(b)
optimal design parameters for a specified technology generatiofi 7" . 5
examines the propagation delay versus the load-to-wiring ca-

and performance. In essence, optimal values of supply voltage . . L :
Va4, long-channel threshold voltadé,,, NFET channel width pacitance ratiqC’y /Gy ) with fixed Vaq andV;, and depicts
T,y Saturation at

W,, and PFET channel widthV,, are determined by scaling

down V, and V;, while increasing transistor widths until the CL _

rate of change of static power is equal and opposite to that of Cw 3 2.5. (40)
dynamic power. NTRS projections [7] for feature size and gate

oxide are assumed to provide a technology guideline. Increasing the transistor widths such th@g /Cw ) is greater

Simple power dissipation and cycle time models are erffan three leads to marginal performance improvements.
ployed to elucidate the methodology of power minimization. £-channel transistor widths are calculated such that rise—fall
In this simplified analysis, the total power dissipation of #mes are equal
static CMOS logic gate is assumed to be equal to the sum of its

; X Hell
dynamic and static components Wy = finen ueﬂp W, (41)
P =a % CLVfd fork + Vaalsuy- (38) wherepen, andu.r, are the effective carrier mobilities [11].

2
<%) Hon Vi <(Vdd — Vr)Vasatn — % + §n>
<W> A <1 1B, ) (36)
L), i
finert Hor v Vad — Vi) Vasaip — d;atp + Gp}
(1+ 6,[Vaa — Vi) (ﬁ)

LE.,
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Fig. 6. (a)—(c) The simplified minimum power methodology. / V> and gate size are picked at points corresponding to the knee of the curves in Fig. 6(a) and
(b). OptimalV,, is determined by balancing static and dynamic power for the performance corresponding to this choiggaf and gate size.

Optimum values ot;,, W,,, andW,, are determined by im- voltage implicitly in terms of fundamental, material, device, cir-
posing (39)—(41) conjointly with (43). Substituting (1) and (39¢uit, and system parameters
iNto Piota1 (38) providesF; i1 as a function oV, and~

1 WO 2 Vddopt
Piotal =a = CLViyfox + Vaa — Boox <ﬂ) 14 0Vagope [ 1 — 1
2 L77 /3 n 1 1 1 P Y fineﬂnCP 1
3 (', =73\ 3 -
exp (—/— <ﬂ+%)). (42) P\ PEL oy Bl b
U v [ 2Vdd0pt

Fig. 6(c) plots the normalizet, ) versusV,, for the 0.25pm (45)

technology generation to illustrate minimuf.,. The op-
timum V,;, that minimizes total power for a prescribed39)
is calculated by minimizing.:a1 (42) with respect td/,,

Since Vyaopt is implicitly defined, an initial value for the
iterative calculation ofVy..,¢ Can be solved explicitly by
substitutingEc = (vsar/pen) [12], assumingd < 1 and

2 EcL/2V4y) < 1, such that
—ag)‘t/otal =aCrVaafork + <1 —Vaa ﬁ) WiioCox <ﬂ> (Felf2Va)
dd v L f 1 1 e
/3 U V;idinitial =7 ﬂ {hl <_ Ho el cp) - 1} .
- exp <—— <Vddfy + —)) =0. (43) B B vsarLy—1 ab
n &) (46)
Solving the previous relation fdr,,, yields an implicit expres-
sion for the optimum supply voltage The four constraints of: 1) th§/;,/V},) ratio; 2) the(Cr, /Cyw )
ratio, both corresponding to cycle time saturation; 3) equal rise
v M (o 1 and fall times; and 4) power minimization, as seenin (38)—(41),
ddopt =7 3 3?2 L Hotrox aCr fo provide insights into the optimal supply voltage dependencies
8 1 on system, circuit, device, and material parameters.
’ <% - Va@ﬁ)) - 1}- (44) This simplified qualitative analysis is extended to a more

complete and rigorous set of calculations in the next section
Assuming(3/vn) > (1/Vaa), Vasas = EcL, and substi- and is engaged to project performance-constrained limits on
tuting (23) and (33) forf.y, into (44) yields the optimum supply CMOS energy dissipation.
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Fig. 8. Increases in cycle time and static power dissipation with temperature

. . . . require the minimum power methodology to meet cycle time and minimize total
Fig. 7. Threshold voltage rolloff at NTRS-projected gate-oxide thicknesgower dissipation at the highest temperature in a given operating range. In this
supply voltage, and long-channel threshold voltage. Dotted lines assuplgt, . = 250 nm,y = 6, o, = 45 A, Vg = 2.5V, andV, = 0.42 V.
NTRS-projected variations 0£6.7% in L. +5% variations in gate oxide

thickness and source/drain junction depths are also assumed.
are assumed in Fig. 7. NTRS-projected variations—6£7%

V. A COMPLETE MINIMUM POWER METHOBOLOGY in L, produce the dotted lines in Fig. 7. This deterioration
| also assumes a variation @f5% in ¢, and«;. The rolloff

The simplified methodology in the previous section providesurves in Fig. 7 demonstrate a total reduction in threshold
physical insight into the minimum power methodology and igoltage by 60—100 mV from long channel values, potentially
extended in this section to a complete numerical analysis. Séwreasing standby power by about an order of magnitude and
eral refinements are made to the simplified analysis. These émis requiring short channel threshold voltage rolloff to be
compass: 1) short channel effects of threshold reduction as weghsidered when calculating the limits on total CMOS power.
as drain-induced barrier lowering (DIBL) [8]; 2) the effects of The majority of the transistors on a chip are assumed to
NTRS-projected parameter tolerances on threshold rolloff; Bave minimum feature size channel lengths. The reduction
temperature effects on device parameters; 4) coupling the dal-threshold voltage at this channel length due to rolloff is
culation of optimal NFET and PFET channel widths simultaassumed in calculating gate delays. This calculation assumes no
neously with that of the optimal supply and threshold voltagetglerances on device parameters. Because parameter variations
5) finite rise—time effects on propagation delay and total powesf ¢,., Lmin, andz; have a larger impact on static power than
and 6) iterating between calculations of interdependent circoit performance, their effect on threshold voltage rolloff is
and device parameters until convergence is reached. considered only when calculating static power.

Given the benefits of performance improvement, increasesBetween the competing effects of long channel threshold
in level of integration and reductions of switching energy thabltage reduction and mobility degradation on performance
accompany the scaling of transistor dimensions, the minimwine to temperature increases, as described in Section I,
feature sizel.,,,;, for a technology generation is pushed to thenobility degradation dominates (Fig. 8) requiring the worst
very edge of its physical limits [26]. The physical limit oncase delay to be met at the highest temperature for any given
minimum feature size is defined by the exponential threshoigherating range. Static power increases exponentially with
voltage rolloff characteristics of an MOSFET for that generdemperature, as shown in Fig. 8 due to both a decreasing
tion [27]. Variations in lateral and vertical device dimensionk®ng-channel threshold voltage and a lower thermal voltage,
and in the supply voltage are thus bound to impact the two-dis seen in (1) and (42). Meeting delay and minimizing power

mensional (2-D) electrostatic charge coupling between thethe highest temperature permit the methodology described
gate and source/drain regions, reducing threshold voltage ddow to guarantee that the critical path will meet cycle time
consequently increasing static power dissipation substantidity any temperature within the operating range.

[28]. Of these variations, channel length,;,, and gate oxide  The numerical calculations in the minimum power method-
thicknesst,,, have the most dominant effect on the reductionlogy sweep though a 2-D grid of long-channel threshold volt-
of threshold voltage due to the exponential dependence aafesV;, and NFET channel width-to-length rati¢g’/L),, for

threshold rolloff on these parameters [8]. The solid lines & given generation as specified by its minimum feature size

Fig. 7 show the MOSFET rolloff characteristics calculated dt,,;, and gate oxide thicknegs,.. At eachV,, on the grid,

NTRS-projected,.., Vaq, and junction depths; for the 50- the substrate doping concentratiaNs and /V4, electron and

and 250-nm generations, using physical rolloff models reportbdle saturation velocities,; » ,, and the low field electron

in [8]. Long channel threshold voltages necessary to yield taed hole mobilities.., , are calculated using models in [10].

NTRS-projected NFET drain saturation currents of 62@;:m  Models that permit calculation of the temperature and/or doping
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concentration dependence [23] of bandgap energy, intrinsic ¢
rier concentration, and conduction and valence band densitie:
states are used simultaneously while calculating the substr

Input
L, tox Xj, fo, Cw, T, Igps @, b, otox, oL, GXj, %AV 4q

doping concentration. v
After the substrate doping concentration, carrier saturati Sweep through a 2-D grid of long-channel V., and (W/L),

velocities, and the low-field carrier mobilities have bee . Y|
calculated for a given long channel threshold voltage, tt : L
supply voltage necessary to meet the cycle time requireme Calculate simultaneously for each Viy

: . B : Na (Eg(Na, T),T), Eg(Na, T), onpMa, T), Vsatn,p(T),
calculated using (35), is simultaneously solved for with th Eony(T), OnpNo), ViwpNe)
threshold voltage rolloff [8], the PFET channel width (36) ’ ' '
effective fan-in (31), and total load capacitance (13)—(21). Tk | no N,, E, converge ?
simultaneous solution is necessary given the interdependen: >
of threshold voltage rolloff, PFET channel width, junctior A Rk
capacitance, and effective fan-in on supply voltage. The calc Calculate simultaneously for each Vi and (W/L)x
lation iterates for a given long channel threshold voltage Co(Vag, Ny T, W/L 1), Co(WIL 1),
and NFET channel width-to-length ratf®V’/L),, until supply AVio(VagtAV gy, L-6L, (+0%)), (tox+0tox) Na, T),
voltageV,y, threshold rolloffAV,,, effective fan-inf;,.x, and (W/L)y,
load capacitanc€’;, converge to within a margin specified at Vaa(CL, T, (Vior V1), (W/L)np)
the outset of the calculation. This calculation proceeds for
given cycle time and at a temperature of 100 K above roc no Vas, AVi, (W/L)p, converge ?
temperature. Fig. 9 describes the complete algorithm. yes

Total power dissipation is calculated as the sum of its d
namic, static, and short-circuit components for each value Calculate total power dissipation per gate for each Vi, and (W/L),
Vio and(W/L),, and is plotted in Figs. 10 and 11, with, and Given Vg, CL, (W/L)p, (V- AVy,) from simultaneous solution above.
(W/L),, as independent variables

Piotal = Frtatic + denamic + Biort-circuit Pick point on Vy,, (W/L), grid corresponding to
ini total
= Slle;id + % acﬁvzfdfclk + -Psc (47) minimum total power
wherel,y,, is given by (1) averaged over its value for NFET's ¢
) Output Vg, Vie, (W/L)np
and PFET'’s

as optimal parameters

Pstatic = % (Isub,n + 2Isub,p)‘/dd- (48)

When calculating static power, threshold voltage rolloff is déﬁg- QH | é“'g?fithm Usgd ih_nulmefi;]?a”y Ca'CU'g‘“”g the Loptim_a' supply voltage,
termined assuming a deviation Iny,;,, of —6.7% as projected threshold voltage, and critical path NFET and PRET/ L) rafios.
by the NTRS. A+5% increase irt.x andx; is also assumed 6.0

in this calculation. The short-circuit power component during :—=_5‘1’33Hz Total power
clock cycle is calculated by numerically integrating the PFE tz‘:; A 5.0 | —— Dynamic power
and NFET drain currents (2) and (3) as shown in (49) and (5( a=0.05 £ ——— Static power
b =09 § 4.0 [ —.—- Short-circuit power
franmp Nep =7 3 i
Psc,p = andfclk / Ip dt := 4.4fF ": 3.0 / N
. o . . (WiL), =14 g 20 | AN ]
during a rising transition at the input (49) wiL),=16 3 < RN /
o ~
1.0 r /“/—// \\}A ---------- -1
Nt
framsp 0.0 0.5 1.0
Paen = aVaafax /0 I dt Supply Voltage, V,, [volts]
during a falling transition at the input (50) L : L L
0.1 0.15 0.2 0.3
Threshold Voltage, V., [volts]
P,.= % (Psc,p + Psc,n)~ (51) Fig. 10. Total power dissipation dependence on supply and threshold voltage.

From Fig. 10 it can be seen that a straightforward scalitigne, as seen in Fig. 11, opens the window to further scaling
of supply and threshold voltage yields reductions in totaf the supply voltage, until device capacitances overwhelm
power dissipation for a given cycle time until switching anéviring capacitance. Beyond this point, further increases in
leakage energies become comparable. Increasing the chadeeglce channel width permit only asymptotically decreasing
width independently for a given threshold voltage and cycteductions in supply voltage as shown in Fig. 11, with larger
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Fig. 11. Total power dissipation dependence on channel width and supy V4 [volts]

voltage.

Fig. 12. Static power peaks at supply voltages equaltd3. Fewer gates
than optimal channel widths translating into higher pOWé’F the critical path and/or higher activity factors increase dynamic dissipation

L . . .. decreasing the optimal supply voltage until a minimum in power can no longer
dissipation due to larger gate sizes. Here we assume that |fg QeenL = 250 nm.t,. = 45 A.

critical path gates are small enough to be wireable, devices can

be made large enough not to be dominated by wiring loads. TABLE IV

Thus, with threshold voltage scaling limited by static poweProsecTiONSUP TO YEAR 2012 GORRESPONDING TOMINIMUM POWER FOR
and channel width decreases limited by Wiring capacitance, TECHNOLOGY GENERATIONS LISTED IN THE 1997 NTRS. NIMBERS

the absolute minimum in total power dissipated by a CMOS

IN ITALICS ARE TAKEN FROM THE NTRS

gate—for a given cycle time, logic depth, percentage switching Year 2006 | 2009 | 2012
activity, and operating temperature range—corresponds to the F(um) 100 70 50
optimal supply volige,optimal threshold volige, andoptimal tox (A) 15 11 8
NFET and PFET channel width calculated in this analysis. %_(%”7) 3;30 6320 ! 010500
For the minimum in total power calculated above to exist, the ’ox/ 3%
rates of change of static and dynamic power must be equal and o, 6.7%
opposite at some point within the range of supply and threshold Vaaope (V) | 1.05 | 0.75 | 0.55
voltages that correspond to a given cycle time. Static power does Viasar (V) | 044 | 032 | 0.21
not increase indefinitely as supply and threshold voltages are L“’fﬂ'(v) 0.I9 0'218 0.16
scaled and peaks at a supply voltage calculated below and shown ,,": =
in Fig. 12. This value of supply voltage is obtained by differenti- AV{(mV) | -79 -57 -39
ating static power given in (42) w#.V,, and equating this first Vadopt / 552 | 417 | 3.44
partial derivative to zero Vet @)
(WalL)ope | 26 20 17
2 (Wy/Lyope | 31 22 19
Piratic = Vaa % i exp —ﬁ @ + a . Lint(Gl;l)L 9.66 8.72 7.78
Ly Jéi n\ v Jéi C,, (fF) 155 | 1114 | 7.93
(52) CL(fF) 418 | 299 | 219
Gate area 15 0.94 0.60
. . (xlO”cmz)
(0Psatic/OVaa) applied to (52) yields the supply voltage cor- Pom(iW) | 1626 | 1002 | 655
responding to peak static power as Pom@W) | 8.06 | 505 | 341
Py WW) | 6.77 | 416 | 2.83
Yy k
Vitperk ) = (53) PiW) | 1465 08T | 041
p %L OLVAED | 23.04 | 841 | 331
Fig. 12 also shows that optimal supply voltages approaching Powny | 1084 | 1066 | 1092
this value, either due to fewer gates in the critial path or a higher (Wiem?)

activity factor, do not show a minimum in total power. Instead,
total power monotonically decreases with supply voltage until

the delay requirement can no longer be met. This turns out tofe—six. This is so because the latch delays at the start and at the
the case described below in Table IV for a local critical patlnd of the critical path count toward the logic depth as well and
with n., = 7 for the 50-nm generation operating at a locah minimum number of gates (three—four) are required for basic
clock rate of 10 GHz. The logic depth., is dependent on arithmetic and Boolean computations. The complete method-
design and generation, however, this dependence is very weldgy described above is applied to several of the 1997 NTRS
and is asymptotically approaching a limit that cannot go beloi@chnology generations and optimal supply voltages, threshold
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CMOS generation [microns] Fig.14. Exponentialincrease in power at higher clock rates. Device and circuit
parameters correspond to the 250- and 50-nm generations listed in Table IIl.

N, = 15.
Fig. 13. Comparison of NTRS projectionsidf,; with optimalV/,;, calculated ’
in Tables 1l and 1V for local and global clock rates., (global)= 15 n.,

(local) andr. For a given technology generation, on increasing clock fre-

. uency, the optimal supply voltage increases to meet a higher
voltages, and NFET, and PFET channel widths calculated by formance requirement, deteriorating the threshold voltage

methodology are listed in Tables Il and IV. The optirivgl will rolloff causing static power to increase as well. Fig. 14 shows the

not permit NTRS-projected clock rates to be achieved foracogharp exponential rise in total minimum power as global clock

ventional process with thresholds around 0.7-0.9 V. HOWeVeLies are increased. Increasing optimal supply voltages and de-

f_or Processes with much lower thresholds, corresponding to qgfiorating threshold voltage rolloff are also plotted for the 50-
timal device threshold voltages-0.3 V) gate overdrive does and 250-nm NTRS generations in Fig. 14

not deteriorate as much at lowEy,;, making the NTRS projec-
tions on clock rates achievable.
Average wire lengths, which track increases in chip size and VI. PARALLEL DATAPATHS

transistor count, as calculated in Table | for global critical paths, hi i h ) i

or in Table Il for local critical paths, are assumed driven by !N this section, the opportunity to reduce power drain by ex-
each critical path gate. The global critical path assumes 15 [é%‘, iting concurrency driven voltage s_callng [2]is mv_estlgated ".ﬂ
two-way NAND gates with a fan-out of three. The local critical®V’ SUPPIY voltages and deep submicron feature sizes. Scaling
path assumes short pipeline stages with seven two-way NANE SUPPly voltage and compensating for the performance loss
gates and a fan-out of two. Of the seven gate delays assurﬂ&?dd,'ng datapaths in parallel so that the total numb_er of logic
in the local critical path, two correspond to gate delays due %)eratlons.per second) or systgm throughput remains con-
latches. stant permits the total power drain from all of the datapaths to

Table Il shows that while NTRS projections of global cloci€ réduced due to a lower operating voltage [2]. However, in-

frequency increase by a factor of four across the roadmd&pcasing the numberofparallel datapatiisincreases the com-

minimum feature size and gate oxide thickness are scaled mBieX!ty and size of the overhead circuitry required for routing,
aggressively, permitting operation at lower supply voItage'g].ljl_t'ple_Xlng an.d (;ont_rol of each Of_ 'the parallel datapaths re-
From Table I, it can be seen that the average wire Iength,stHlt'ng in the dissipation of an additional component of over-
gate pitches, increases due to larger chip sizes and highgRd Power. Also, latency increases by a fadior over the
transistor counts, permitting the average wiring capacitancis'd!€ datapath case. Below, a generic model for the dependence
to scale much less aggressively than minimum feature si2tcapcitance of overhead circuitry on number of datapaths is de-
Lower optimal supply voltages accompanied by aggressi%”bEd anq used to compare power drain of an optimized single
scaling of gate oxide thickness and junction depth translate iffg{@Path with the case for parallel datapaths.

decreasing threshold rolloff permitting the optimal threshold ' N€ clock requirements for each parallel datapath are reduced

voltage to scale to smaller values. to

Tables Il and IV show how rapidly average wire capacitance 1 N
of a macrocell must scale to cope with a maximum heat removal Toyole = w— = Fp (54)
rate of 50 W/cri using (16). Fen 0

Fig. 13 shows optimal supply voltage for global and local power drain ofN, datapaths, each operating at the above
critical path gates, operating at minimum power for NTRS-preqock rate given is given by

jected local and global clock frequencies. Static power becomes

an increasingly larger fraction of minimum total power with 1 5 I

scaling, as seen in Tables Ill and IV. The impact of increasing NpPaataparn = 9 alNpCaatapatnVia N, + PetaricNp
static power can be also seen in the increase in power density 1 )

for local critical path gates in Table IV. = 5 @CuatapattVaalo + PorasicNp - (55)
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whereCyatapatn IS the total switching capacitance along the crit- Parallel datapaths

ical path of a datapath anfl;.;. is the total static power dis-

datapath
sipated by each datapath. The increase in the switching capaci-
tance of the overhead circuitry with additional datapaths is cal- ===

foud3 Eﬁ‘
culated relative to the datapath capacitance using the following foi
generic model: 1 2403 1

Single

C(overhead ;
———— =mN +1T. 56
Cdatapath P ( )

The parametern models the complexity of theontrol cir-
cuitry and/or any other component of the overhead that does not
increase with each additional datapath. The exponent,otv
models the rate at which theuting and multiplexingequire-
ments increase with each additional datapath and is specified by
the size and complexity of the datapath. For an 8-b adder/cor ~ 20
parator datapath [29], data from layouts showed an approx
mately quadratic dependence in (56)8p. Examples in [29]
indicate a range om from 0.1 to 0.7.

The dynamic power dissipated by the overhead circuitry an
the datapaths is given by

«J 1 1
h---

foud3 E‘T

cik

-
)

dynamic 1 2
Poverhead =32 aCOVerheadV;idFo

= % acdatapath X m(Nz - 1)V(12dF0- (57)

Normalized power
—h
[=)

o
2

Static power dissipated by the overhead circuitry is assumed
increase linearly with the overhead capacitance. The overhe
circuitry capacitance is assumed to be dominated by devicec 0.0
pacitances due to the highly local nature of their placement

1.0 2.0 3.0 4.0 5.0
Number of parallel datapaths

Pstatic o Ooverhead Pstatic 58 (b)
overhead — datapath- ( ) . .
C’dampath Fig. 15. (a) and (b) Normalized power dependence on number of parallel
datapaths. Decreasinb,q/V:, ratios across the roadmap yields smaller
Total overhead power reductions in total power by exploiting datapath parallelism.
o i tati . .
Poverhead = Poyerhead T Poverhead- (59)  Fig. 15 plots the above normalized power per gate for three
generations in the NTRS showing smaller reductions in total
The sum total of datapath and overhead power power obtainable by employing parallel datapaths.
Decreasing Vy4/V;, ratios projected by the roadmap
Piotal = Np Paatapath + Poverhead (60) (Table V) increases the speed penalty for a given reduction in

supply voltage, increasing the required number of parallel pro-

or cessors significantly to compensate for the loss in performance.

VIlI. CONCLUSION

1 Coverliead
-Ptotal = 5 CLc(da,tapath‘/(12(1-Fo |:1 + M}

Cdatapath
The limits on CMOS energy dissipation shown to be imposed
y static power and by wiring capacitance are investigated using

a methodology that conjointly employs physical short-channel

This total power dissipation is normalized by dividingOSFET drain current and threshold voltage rolloff models in

by N,, the number of gates in each datapath. Usingndem with stochastic wiring distributions. This methodology
Cr = Cuatapatn/N, Where Cy, is the load at the output permits a complete evaluation of tradeoffs between saturation
of each datapath gate. The total power dissipation from all @five current and subthreshold leakage current for a prescribed
the parallel datapaths, normalized by the number of gatesdycle time performance and operating temperature range. Con-

1 Cover lea, static
+ Pstatlc head + P tat Np (61) b

dat th dat th
atapath Cdatapath atapath

each datapath is given by straints imposed by NTRS-projected package heat removal co-
efficients permit local clock rates to apply only within a macro-
normalized _ 1 2 Coverliead cellwhose size and total number are calculated using the stocah-
Pl aCLViglo |1+ SR S e
2 Clatapath stic distribution. Limits on the performance of CMOS logic cir-
| priatic Coverhiead N (62) cuits are shown to be imposed by total power dissipation which
$34e \ Clatapath rje increases exponentially with clock frequency. Optimum supply
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TABLE V
DECREASINGV 44/ V3o CALCULATED FROM NTRS FROJECTIONS OFSUPPLY VOLTAGE AND SATURATION DRAIN CURRENT PER UNIT WIDTH

Year ‘97 99 01 03 ‘06 ‘09 ‘12
fa(GHz) 75 1.2 1.4 1.6 2.0 25 3.0
NTRS Vg 25 1.8 1.5 1.5 1.2 0.9 0.6
NTRS Ly (NFET) | o, 600 600 600 600 600 600
(MA/pm)
NTRS La (PFET) | 500 | g0 | 280 | 280 | 280 | 280 | 280
(pA/pm)
Vad/Vio required (

calculated using |, 3.0 3.0 26 | 255 | 238 | 243
Transregional

mode])

TABLE VI

PARAMETER VALUES USED IN COMPARING THE TRANSREGIONAL MOSFET MoDEL WITH HSPICE

Symbol parameter NFET Parameters | PFET parameters
Vg (V) Supply voltage VDD=2.5
L(pm) Channel length L=0.25 microns
tox(A) Gate oxide thickness TOX=4.5E-9
,2,10",], low field mobility UO=305.46 U0=104.7
(cm“/V-sec)
Vsatn,p Electron saturation VMAX=1E7 VMAX=8.3365E5
(cm/sec) velocity
Lg Lateral diffusion into LD=0.025U LD=0.025U
(nm) channel from
source/drain diffusion.

Xj (pm) Junction depth XJ=0.05U XJ=0.05U
N, (cm™) Substrate doping NSUB=6.51E17 NSUB=6.51E17
b (V) Fermi potential in PHI=0.456 PHI=0.456

neutral bulk
N, (cm™) | Doping concentration in NGATE=1E19 NGATE=1E19
polysilicon gate
- Type of gate material TPG=1 TPG=1
used: TPG=1, same as
S/D diffusion
Vie (V) Long-channel device VT0=0.60 VT0=-0.60
threshold voltage
6 (VT Vertical field mobility | THETA=0.1966 THETA=0.0679
degradation factor
Sib (F/sz) Zero-.bias bulkjun-ction CJ=1.9752E-3 CJ=1.9752E-3
capacitance per unit area
- Step function doping MJ=0.5 MJ=0.5
profile at junction
boundaries
C o (Flom) | Zero-bias side-wall bulk | CJSW=7.9008E-11 | CJSW=7.9008E-11
junction capacitance per
unit length
- Bulk side-wall junction MJSw=0.5 MJSW=0.5
grading coefficient: 0.5
corresponds to a step
junction.
voltages, device threshold voltages, and device channel widths APPENDIX A
corresponding to minimum total power are calculated out to s
Iy ) ee Table VI.
the year 2012 for local and global critical paths. These projec-
tions are consistent with technology and cycle time forecasts
APPENDIX B

by the NTRS. Limits on the cycle time performance imposed
by power dissipation are projected for the same period. Con-
currency-driven voltage scaling is projected to yield decreasingThis derivation makes two key assumptions (Fig. 16) in addi-
tion to the requirement of equal rise and fall times.

percentage reductions in total power.

DERIVATION OF (25)



BHAVNAGARWALA et al: METHODOLOGY FOR PROJECTING LIMITS ON CMOS GSI 249

A \ v A
A% \V4 —— Vin
Vs
2 Vg <
4
vout >, Vout
> — > —>
/ \ / >«
N\ / .
2

Straight line approximates the /
output waveform. Slope of line equals slope /
of waveform at Vo = 72 Viu /
Waveform of each node in the symmetrical
critical path chain is assumed to have this
slope.

Fig. 16. Straight line approximates the output waveform. Slope of line equals slope of wavefasmn at % Vaaq. Waveform of each node in the symmetrical
critical path chain is assumed to have this slope.

A
Idsat <

2ty

CL(vdd ‘Vz) = Jldsat(vin )dt
0

The area under the curve given by the
Lasao.67 integral can be approximated as the sum
of a triangle and 2 trapezoids

IDS

Idsat0433
t
|-
_ / \ »
vV, x-2—t_- Vo #2V 2V, x—2t—' ——zvdd Ve ><2L Vi X%
4 3 Vi 3 Vi dd

Fig.17. Cp(Vaa—V2) = f“l I4s04(Viy) dt. The area under the curve given by the integral can be approximated as the sum of a triangle and two trapezoids.

1) The output waveform in response to a step input coushd the waveform approximated as a straight line with the above
be approximated as a straight line whose slope equalspe has a base of width
the slope of the waveform at half the transition

2) The waveform at each node in the chain of inverters has t = Cv Vaa )
a slope equal to this straight line. 2l gsat

The time delay (24) between the input and output waveformi&e time delay., defined as the time taken for the output wave-

reachingk V. is given as the sum of the following componentsform to reach; Vy, once the input waveform has completed its
transition, requires calculation &%, the output voltage at the

time when the input completes its transition.
To calculateVs

(B3)

tpa = t1 +to. (B1) o
o , L —22 = Tusat(Vin), asVi, moves from zero td/y,
The slope of the output waveform éxvdd in Fig. 16 is cal- dt (84)
culated using . .
integrating
DV dVou Lysa 2t
CpL == = Tyeae OF L= (B2) Cr(Vag — Vo) = Tasar(Vin) dt. (B5)
dt dt Cr, 0
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The drain current of a MOSFET in the saturation region &nd
between quadratic and linearly dependentign due to the

presence of velocity saturation. Integrating the right-hand side , _, ., _ CrVaa |:2Vdd + Vo <Vdd - Vw)
(RHS) of (B5) would increase the complexity of the resulting 21 gsat 6 3
expression fol, substantially. The integral in (B5) can be ap- Lisat.33 + Ldsat.66

proximated as the sum of the areas of the triangle and the two ' < T )} : (B14)

trapezoids, whose bases are equal, as shown in Fig. 17: the area

under the drain currentin Fig. 17 is given by the sum of the areas

of each of the solid figures that approximate the area under the
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