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Abstract—An analytical model for computing the supply the following. First, the worst-case delay can be simulated by
current, delay, and power of a submicron CMOS inverter is pre-  replacing complex CMOS gates with their worst-case equiv-
sented. A modified version of thenth power law MOSFET model 4161t jnverters. Second, a number of efficient transistor-level

is proposed and used to relate the terminal voltages to the drain techni f duci CMOS logi t t valent
current in submicron transistors. By first computing definable echniques for reducing 0gic gales 1o equivalen

reference points on the output voltage waveform, and then using inverters are available [10], [11]. Third, and most important,
linear approximations through these points to find the actual the clock distribution networks and busses in a digital VLSI
points of interest, the desired speed and accuracy of the inverter chip are based on inverters or inverter-like circuits which must

model are achieved. The most important part of the analysis is a pe carefully designed and modeled. These circuits account for
three-step approach for computing the time and output voltage | fracti f the total i
when the short-circuit transistor changes its mode of operation. & 'arg€ fraction ot the total power consumption.

The time and output voltage when the charging/discharging N this paper, an analytical model for computing the supply
current reaches its maximum are also calculated and then used current, delay, and power of a submicron CMOS inverter is pre-
to evaluate the propagation delay and characterize the output sented. The effect of the Miller capacitance is also modeled. A
voltage waveform. The model has been validated for both 0.8m modified version of the:th power law MOSFET model [12] is

(5 V) and 0.25um (2.5 V) CMOS technologies, for a wide range . .
of inverter sizes, input transition times, and capacitive loads. It proposed and used to relate the terminal voltages to the drain

predicts the delay, peak supply current, and power dissipation to Ccurrent in submicron transistors.
within a few percent of HSPICE or ELDO simulations based on The outstanding feature of the inverter model proposed in this
accurate physically based MOSFET models, while offering about paper is its comprehensiveness: it computes the maximum cur-
two orders of magnitude gain in CPU time based on a MATLAB  rents in addition to both the delay and power, and the same
implementation. . . L

_ _ model is used regardless of whether the input voltage switching

Index Terms—Analytical model, CMOS logic currents, delay transition is fast or slow. Furthermore, by first computing defin-

estimation, inverter model, peak supply currents, power esti- gpja reference points on the output voltage waveform and then
mation, short-channel MOSFET models, short-circuit currents, ina i imati th hth ints to find th
short-circuit power dissipation, submicron MOSFETS, switching using linear approximations through these points to ind the ac-
transition. tual points of interest, the desired speed and accuracy of the in-

verter model are achieved.

| INTRODUCTION II. SuBMICRON MOSFET MODEL
O MINIMIZE the logic circuit design time, com- . . .
puter-aided design (CAD) tools must include efficient A desirable submicron MOSFET model for the fast analysis

. ; " 0of CMOS ICs involves a small number of parameters, is reason-
techniques for the rapid, yet reasonably accurate, estimation . . .

. Lo y accurate, and does not require computationaly expensive
critical path delays, power dissipation, and peak supply currents

S T . rocedures to extract the model parameters. In particular, the
in digital integrated circuits. The problems of controlling thgth power law model, proposed by Sakurai and Newton [12],

timing and the power C°r!S“TT‘p“°” are growing as CMOS teco'ers a simple, yet accurate enough, empirical model for the
nology advances. For reliability design, the peak supply-curre,\rh SEET drain current:

values are also needed to properly size the power and groun o ,

lines in order to avoid electromigration failures and voltage ) VPs < Vpssa: (linear region)

drop problems [1].

. W, V V2
A number of methods for computing the delay and/or power Ip = B —(Vgs — V)" <2 % DS _ VQDS )
dissipation in CMOS inverters have been recently presented € DSsat DSsat
[2]-[9]. The emphasis on modeling the inverter stems from (1+AVps) (1)

2) Vpbs > Vpseat (Saturation region)
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Fig. 1. Sketch of the dependence of the MOSFET threshold volkagen: |
(a) the effective channel length, ; (b) the effective channel width’. ; and
(c) the drain—source voltag€'ps in short-channel devices (drain-induced ip
barrier lowering effect).
-~ Cum icharg
Vi o i} > _/: Vo
The technology-dependent constantsm, K, and B de-
scribe the short-channel effects in an empirical manner, while i L.
A = Ao + A1 Vs models the channel-length modulation effect. _| l'n‘ Ise CL
L. and W, are, respectively, the effective channel length and >
width. Vps, Vas, andVsg are the drain—source, gate—source,
and source—bulk voltages, respectively, whife denotes a A

threshold voltage.
However, thenth power law model neglects the threshold-

voltage variations due to the short length, narrow width, and (b)

drain-induced barrier lowering (DIBL) effects, which are signif-_ ) o ] o o

icant in submicron MOS technologies (as illustrated in Fig. @?'Cﬁérgﬁ'\é'%ser'g’re{f:hn;'riﬁl;'at)_(a) Discharging inverter (rising input).

[13]. To model these variations, the threshold voltage at zero

body-bias can be expressed as a linear function of the effec-

tive channel length-to-width ratio [14]. Thus, théh power law lll. THE CMOS NVERTER

MOSFET model [12] has been augmented [14] with the fol- Consider the CMOS inverter circuit in Fig. 2. The effec-

lowing equation; tive load Cy, includes the drain-bulk junction capacitances
of the nMOS and pMOS transistors, the gate-to-bulk and
gate-to-source capacitances of the nMOS and pMOS devices

)+’7VSB- (4) of the driven inverters (i.e., the input capacitances of the
fanout gates), and the interconnect capacitances. The Miller

capacitanc€’; consists of the nMOS and pMOS gate-to-drain

ﬁapacitances. The nonlinear voltage-dependent MOSFET

empiical factorf describes the dependencelafon L. and horcac oapadiances are replaced by equnalent consiant

We, Wh"e_’y models the_ body e;ffect. . . intrinsic gate capacitance is assumed to be a constant fraction
For a given feature size, a simple one-time procedure is th

o . e 51the effective gate-oxide capacitance [15].
Iftléogvc?vs;r) I?;x [\)/\t”r?"nlggér([a(f)e t ((Zlg]si\(l)err]tr?:rl\jggtlslrzs'liIggzggfr?st For the discharging inverter, the input voltage waveform is
best fit the measuret,—Vp s characteristics (for differents s Gssumed to be a rising ramp with transition tiifje
values) over the range of nMOS/pMOS channel widths used in spt,  0<t<1T,
circuit design [14]. Note that, although} was assumed inde- vi(t) = {V ST
pendent ofVps in (4), the DIBL effect is still implicitly ac- PD: "
counted for to some extent by extracting;a, value optimized wheres, = Vpp /T, is the slope of the rising input voltage
over the full range of operatingps voltages. ramp. This input waveform approximation is widely accepted

L
We

Vi=Viw <1+f

V; denotes athreshold voltage arg, is the corresponding zero
body-bias threshold voltage for wide-channel transistors. T

(®)
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p on and off. HereV;.,, and|Vi.,| are the effective nMOS and
I pMOS threshold voltages, respectively, and are extracted from
Pmax the Ip—{ Vs s| characteristics dfps| = 0.01Vpp [14]. Note
that, as discussed in [14], the empirical paraméfein equa-
tion (4) is significantly larger than the threshold voltage as it is
normally defined (i.e., thg/;s| needed to induce a strongly in-
verted channel under the gate).

Hence, the objective is to determide i, and Ip 5%, aS
well as their times of occurrence. The determination of the
former is straightforward and is discussed in [14].

Ipmin A. Maximum Short-Circuit Curremfp ;.5

Let¢,; be the time when the short-circuiting pMOS transistor
Fig. 3. Piecewise linear approximation of the short-circuit curigntused leaves the linear region and enters saturation. SImUI.at.Ion re-
to c.on.1pute the short-circuit energy dissipatiBp. of the discharging inverter sults have shown that, for the purpose of computiig, it is
(rising input). valid to assume that the short-circuit current reaches it max-
imum valuelp .« att = t,;. The special case a@f; = tp0
because of its simplicity and effectiveness. The differentiabrresponds to very fast input ramps where the pMOS device
equation describing the discharging of the CMOS inverter fgrns off before entering saturation. This occurs;ifreaches

then given by Vbp — |Vip| (switching the pMOS transistor off) before the
dv, T— Cu output voltage waveform has completed its overshootand
& CLiCu + Cp + O o7 for0<¢<T..  has dropped beloWpp — V|-
(6) Lett,, be the time when the nMOS device leaves saturation

. ) and enters the linear region. Sinceat v, boththe nMOS and

In the following analysis, the current, delay, and power a0 transistors must be in saturation, the pMOS device must
derived for the case of a discharging inverter. The analysis 19fer saturation before the nMOS device leaves it. Therefore,
the charging inverter case is symmetrical. we havet,; < tumi, Wheret, g = min(ta,, tm).

During the time intervat,,; < t < t.m1, the pMOS tran-
sistor operates in its linear region until timg, when it satu-

For the CMOS inverter circuit in Fig. 2, the dynamic energyates. The nMOS device, on the other hand, remains saturated
dissipation per switching event (i.e., the full charging and digver the entire time interval. A three-step approach is used to
charging of the output node) is given by evaluatet,,;. First, the short-circuit current, is neglected and

_ 2 2 an approximation te,,; is computed. Second, this approximate
E=C1Vop +20uVhp + Buc. ) timerif corrected for the shorﬁ-circuit current (neglre)f:ted in the
The first two terms represent the energy dissipation due to ti&t step), yielding a point on the inverter’s switching trajectory
charging and discharging of, respectively, the effective load cg@ose tot,,. Finally, the tangent to the output voltage waveform
pacitance’;, and the Miller capacitanc€},. The short-circuit gzt this point is used to computg, andw, (t,;).
energy dissipatiort’,. is due to the direct-path current from step 1)Assumei,, = 0, i.e., neglect the short-circuit current.
supply to ground when the nMOS and pMOS devices are sigrthermore, since,; occurs at the early stage of the falling
multaneously on. Note that, for the discharging (charging) igutput voltage an&ps, = v,, the channel modulation effect
verter in Fig. 2, the nMOS (pMOS) transistor is the dischargingan be approximated by + A\, Vpsn =~ 14+ A\ Vpp in the
(charging) transistor while the pMOS (nMOS) transistor is re;mMOS drain current equation.
ferred to as the short-circuiting transistor. As will be shown in Equation (6), withi,, expressed in terms of its terminal volt-
Section VI,E,. can account for more than 35% bt Further- ages using thmodifiednth power law equations, is now solved
more, with the ongoing trend toward scaling down the suppf¥ get an approximation for the output voltage waveform during
voltage and the minimum feature size in CMOS IC’s, the contljhe time intervak,; <t < tpmi. If vo(tpo) > Vob — [Vipl,
bution of the short-circuit current to the total power dissipatiofhen the pMOS device will turn off before entering saturation. In
IS InCreasing. this caset,; = t,o is used and the following steps are skipped.
A simple, yet accurate enough, approach for evalualing Otherwiset,, is solved for, noting that the output voltage when

is to approximate the short-circuit currents (n the charging the pMOS device changes its mode of operation is given by
inverter andi,, in the discharging inverter) by piecewise linear

functions of time [8]. This is shown in Fig. 3 for the case of Vo(tpt) = VoD = Vspp.,
a discharging inverter. Thus, we can express the component of =Vpp — K;(Vpp — [Vip| — setp)™.  (9)
E. for the discharging inverter as Step 2)Since the short-circuit curreri, was neglected in
Voo Step 1, the computed values#f andw,(t,;), denotedt, and
Esc i =——|I max t - tn I mint 8 ' . . NP 1

|d|scharge— 2 P max(tpo 1)+ L mintp] (8) Vg, respectively, are onlgpproximationsto the true values.
wheret,; = Vien/s,» andtye = (Voo — |Viep|)/s» are the The effective current available to discharge the load is actually
times when the nMOS and pMOS devices turn, respectivebnly 4,, — i, because the pMOS transistor is on during the time

IV. POWER DISSIPATION
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proximate time corresponding 19 = Vpp /2. They then con-
sider an approach similar to ours to improve on this estimate of
ts0. However, in their approach, the output voltage, whose cor-
responding time, is to be improved, is preset to a value of
Vbp/2. Therefore, the times when the nMOS and pMOS tran-
sistors change their mode of operation (itg;,andt,,;) must

be first determined to be able to compuge.. To find ¢,,; and

tns, the output voltage waveform was assumed by them to fall
linearly from Vpp att = t,; to Vpp/2 att = t50, which is

a large voltage excursion. As a result, the nonlinear behavior of
the transistors was not accurately accounted for.

In our approach, on the other hand, a reference point in time
t, is to be improved on. Sincg was derived to correspond to
t,; for the case of, = 0 (i.e., neglecting the short-circuit cur-
rent), it is by definition smaller than the actug}. Therefore,
the mode of operation of both devices over the entire time in-
tervalt,; <t < {, is known: the nMOS is in saturation and the

. PMOS is in the linear region. Hencé),. can be simply com-

Drain Currents

Fig. 4. Piecewise-linear approximations of the discharging curign

(— — —) and the short-circuit currerij, (—), used in Step 2 of the derivation Puted (as described above), regardless of how the output voltage
of the maximum short-circuit currenfp ,,.x for the discharging inverter js changing.
(rising input). Step 3Now, [t,, Vo] represents an actual point on the output

_ voltage waveform very close to the desired pdipt, v,(¢,.)].
intervalt,; <t < t,0. Hence, for the output voltage to aCtua”yTherefore, the output voltage waveform nearcan be approx-

drop toVo,, the output node must be discharged by imated by the tangent line &,, Vo,], whose slope is readily
ta te . obtained from (6). Using this linear approximation to solve (9)
Qq = / i dt = / (in —ip) dt (10) vyields an improved value of,;, which takes into account the
tnt tnl

short-circuit current. The corresponding output voltagé ;)
can now be determined, and the maximum valge, . of the
short-circuit current is computed witts ¢, = Vpp — st and
Vspp = Voo — vo(tp).

wheret, is theactual time required for the output voltage to
drop toVp,. Hence, defining

t‘] t‘]
Qs = / ipdt and Quua = / (in —ip)dt  (11)

tht ty
it follows from (10) thatQaaq = Qse. V. PROPAGATION DELAY AND MAXIMUM DISCHARGING
Here,Q,. represents the amount of charge which leaked from CURRENT
the power supply through the short-circuiting pMOS transistor |n 3 cMOS inverter circuit driving a capacitive load, the
during the time intervat,.; < ¢ < t,. To compensate fo@.., qgytput voltage transition can be properly characterized by the
the output node must be discharged, during the time interyghqent fine to the output voltage waveform at the time when
tq <t < tq, by anetadditional charg@aaq to allow the output o charging/discharging current reaches its maximum. This

Vollt_age to actually dLOP Wqu-] drai . 4 is shown in Fig. 5 for the case of a discharging inverter. The
0 computeq),.. an .Qadd’.t € drain currgnta,, (t) an tp(?) derivation of the delay time using this approach is straightfor-
are represented by piecewise linear functions of time, as show

N e Ward and is discussed in [14]. However, to evaluate the delay,
in Fig. 4. The current values at= ¢, are calculated from the . ; ;
. i : the timet,,,, and output voltage, (t,..,) when the discharging
NnMOS and pMOS drain current equations based on their respec- ) : .
. . . LT current reaches its maximui .., Must first be computed,
tive terminal voltages, with the approximatiop(t,) ~ Vo,. as described below
Fort¢ > ¢,, the drain currents are described by linear functions '
of time with rates of change equal to thosetat ¢,. Thus,
equating@,. andQ,qq Yields
—AT + /AT? +2Q,.Adi The discharging current, reaches its maximum when the
- (12) nMOS transistor leaves saturation and enters the linear region
(att = t,s), but not later than the time wheW;s,, attains
its maximum value oVpp (att = 7;.). Defining t,,m1 =
min(t,s, tpo) aNdtnme = min(t,s, I;.), it follows that the time
0., — EIP (o — t01) + lip(fq)(fq —t) tnm (Whené,, = I max) Must occur within one of the following
2 two intervals.
1) Time Interval 1:t,; < t < tomi
wheret, = (i,(ty)tn1 — Ipmintq)/(ip(tp) — I min)- Both the pMOS and nMOS devices are saturated. For
Note that in [2], Embabi and Damodaran use an expression ¢ < tum, Vpsn = v,(t) is larger tharVsp, = Vpp —
derived by Sakurai and Newton in [16] to compuig, the ap- Vbsn becausey,(t) is a falling signal andv,(t,,) is

A. Maximum Discharging Currerfty ,,ax

ty =1, +

with AT = 4, (t,) —ip(t,) andAdi = d/dt (i, —ip)|,_;_ . From
Fig. 4

(13)
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T T T T T T T T

close toVpp /2. Thus, a possible simplifying assumption,

to be used in the drain current equations for the nMOS 1 SRR ........ ------ Ncirmal»iéedw-% ......... 1
and pMOS devices, iS: + \,,Vps, ~ 1 + X, Vpp and / \ i/ 1\. Discharging :
14+ X Vspp = 1. L » - Currenti,
. . Normalized o : : :

An expression for the Output V0|tage waveform durlng 08k Ane AN g / ......... i

. . . Output : o
the time intervalt,; < ¢ < ¢,,1 can be obtained by P ‘ :

solving equation (6), withi,, and:, expressed in terms
of their respective terminal voltages using timedified

nth power law equations and with initial conditiop(t,, )
(computed in Section V). This, combined with the value
of the output voltage when the nMOS device changes its
mode of operation

Uo(tns) = VDSnsat = Kn(srtns - Vvtn)rnn (14)

yieldst,;. If t,s < t,0, thent,,, = t,;. Otherwise, time
interval 2 must be used to computg, .
2) Time Interval 2:t,0 < t < tm2
The pMOS device is offif, = 0), while the nMOS : Time (sec)
device is saturated. Steps similar to those above yield the , o , _
. . . Fig. 5. Linear approximation of the output voltage waveform for a discharging
output voltage waveform during the time mter\t% < inverter (rising input). The output voltage transition can be fully characterized

t < tpme and the timé ;. If ¢, < T, thent,,,, = t,s. by the tangent line to the output voltage waveform at tityg,, when the
Otherwiset,,, = T... discharging current, reaches its maximum.

The maximum valuéy .., of the discharging current is finally
computed wWithVs,, = Sptnm @andVps, = vo(tnm)-

300

VI. RESULTS

ay [psec]

The proposed analytical model, implemented in MATLABz
has been tested with a wide range of inverters designed in b &
a 5-V 0.8um BiCMOS process and a 2.5-V 0.28n CMOS
technology. To validate the model, the delay, peak supply ct
rent, and power dissipation were compared with the “exac
values obtained by simulating the circuits in the ELDO sim
ulator using Nortel's MISNAN MOSFET model [17] for the ° 53 o5 os s o6 o7 o8 o5
0.8-um process, and in HSPICE using the BSIM3(V3.1) mod¢
for the 0.25xm technology. Most of the results presented hel
are for the 0.25:m technology. References [14] and [18] con (@
tain results for the older technology.

hargi

1SC!

D

Loading capacitance, C;_ [pF]

A. Delay

In Fig. 6(a), the delays computed using the proposed mocg
are compared with those produced by HSPICE for a very Iarq%ﬁ
inverter W,, = W, = 12 pm). Note the agreement even§
for a load of 250 fF, which is small for such a large inverter 2
Then, to verify the validity of the model over a wide range o_%”
inverter sizes, the delays in the case of a minimum size invert 3
(W, = W, = 0.8 um) are compared in Fig. 6(b). The ac-"
curacy of the model over a wide range of switching condition . : v | . ; . :
is demonstrated in Fig. 7, where the input transition tifhés e s @ s & 70 s s 1% 1o
varied over the rangeé.1 — 1 ns, and the corresponding delay
is plotted for several values &, /W,,. Note thatZ; = 0.1 ns
corresponds approximately to the transition time of the chau- ®

Loading capacitance, Cy_{fF]

Fig. 6. Dependence of the delay time on the loading capacitance for inverters
(in 0.25:m CMOS technology) with fast and slow input transition tiniEs(a)
Very large CMOS inverterl{/,, = W, = 12 pm). (b) Minimum size CMOS
1All results in the following are quoted for the 0.26n CMOS technology inverter (V.. = W, = 0.8 um). Proposed model: (***). HSPICE simulation:
unless it is stated otherwise. (—).
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Fig. 7. Dependence of the delay time on the input transition time for inverters (inOREMOS technology) with different transistor-size ratid§, /W,
(W.,, = 4 pm), and for small and large loading capacitan€gs a)C';, = 150 fF and b)C';, = 750 fF. Proposed model (***). HSPICE simulation: (—).

acteristic waveforthfor the 0.25xm technology. Results from for several values o#V,,/W,,. Since the peak supply current
HSPICE simulations are also given for comparison. For corns largest for fast input transitions, the test was performed for
pleteness, this test is performed using a medium size inverfer = 0.5 ns. HSPICE simulation results are also plotted for
with W,, = 4 um. The maximum error in the delay, computedomparison. The maximum error observed for the peak supply
using the proposed model, is less than 8% compared to HSPIGErent is 2.5%.

simulation results.

C. Power Dissipation

B. Peak Power-Supply Current o .
W upply LU Table | compares the energy dissipations per switching event

In Fig. 8(a), the input transition tini; is varied and the cor- computed using the proposed inverter model for the 0r8-
responding peak supply current is plotted for several values@10s technology with those obtained ELDO simulations.
the inverter aspect ratid}’,,/W,. Note how the peak supply Both the short-circuit energl,. and the total dynamic energy
currents computed using the proposed model follow precisety are given. Inverters of different sizes were tested under
the nonlinear change (with input transition time) of the “exacljiverse switching conditions of input transition time and
peak-supply-current curves produced by HSPICE. To verify thi@pacitive load. The maximum error if, calculated using
validity of the model over various loading conditions, the peglqe analytical model, is 5%, while the corresponding ratio
supply current fo’z, = 0.15 — 1 pF is displayed in Fig. 8(b) of £, /E is 38.8%. Therefore, in addition to proving the

validity of the model, this confirms that the short-circuit power

°The characteristic waveform is defined as the definite waveform towaFHSS'Pat'on Can_ no longer be neglected in submicron CMOS
which the voltage waveform converges in a series of identical inverters.  Circuits, even with 0.8§sm channel lengths.
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Peak supply current [mA]

Peak supply current [mA]

Loading capacitance, Cy, [pF]
®

Fig. 8. Variation of the peak power-supply current with: (a) input transition film@';, = 450 fF) and (b) loading capacitan€g;, (1; = 0.5 nsec), for inverters
(in 0.25:m CMOS technology) with different transistor-size rafl®s /W.. (W,, = 6 gm). Proposed model: (***). HSPICE simulation: (—).

D. CPU Time rerun several times to find the average CPU time required to sim-
Since the CPU time required to simulate a circuit usinkj'at? the inverter circuit. Results show that the_inver_ter model,

HSPICE or ELDO depends strongly on the time step and thignin MATLAB,_offers about two orders of magnitude improve-

duration of the transient analysis (or stop time), the following'€Nts in CPU time over HSPICE or ELDO. It can therefore be

precautions were taken in running the HSPICE or ELD®&XPectedtobe significantly faster if codedin C.

simulations.

1) Thetime stepwas set to the largest step which still allows
the capture of the delay and the time of the peak supply

current to the nearest 2%, whereZ¢ is the transition  An analytical model for computing the supply current, delay,
time of the characteristic waveform for the technologgnd power of a submicron CMOS inverter has been presented. It
(0.5 ns for the 0.8:m and 0.1 ns for the 0.2pm CMOS s based on a modified version of th¢h power law MOSFET
technology). model. The inverter model’s accuracy is achieved by computing
2) Thestop timewas selected to correspond to the shortegtference points on the output voltage waveform, which are de-
duration of the transient analysis which yields the suppfined in terms of the states of the transistors, and then using
energy dissipation to within 5%. linear approximations through these points to find the actual
Several inverters of different sizes and various loads were sipwints of interest. The most important part of the analysis is a
ulated for various input transition times. In each case, an initidiree-step process for computing the time and output voltage
simulation was carried out to determine the required time-stehen the transistor carrying the “short-circuit” current changes
and stop-time settings in the simulator. Then, the simulator wigs mode of operation. The time and output voltage when the

VIlI. CONCLUSION
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TABLE |

SHORT-CIRCUIT ENERGY DISSIPATION AND TOTAL DYNAMIC ENERGY DISSIPATION PER SWITCHING EVENT. RESULTS COMPUTED USING THE PROPOSEDM ODEL
ARE COMPARED WITH ELDO SMULATION RESULTS FORDIFFERENTCMOS INVERTERS(WITH TRANSISTORWIDTHS W,, AND W,,, IN 0.8um CMOS
TECHNOLOGY) UNDER VARIOUS CONDITIONS OF INPUT TRANSITION TIME 7’; AND LOADING CAPACITANCE C'y,

Short-Circuit Energy|Total Dynamic Energy
E,, E
% Error
T | Wa| W, | G () ®) o B [0
Analytical | ELDO | Analytical ELDO E
()] (wm)| (wm)) () | et | Simulator | Model | Simulator
100 0.951 1.29 445 451 28.6 1.3
6
250 0.837 0.900 8.07 7.88 114 24
6
100 1.65 2.10 5.63 5.67 37.0( 0.70
12
250 1.50 1.55 922 8.87 174 39
200 1.94 2.65 8.878 9.079 29.1 22
2 12
350 1.88 2.17 12.56 12.35 17.5 1.7
12
200 3.32 4.29 11.24 11.40 37.6 14
36
350 3.26 3.63 14.92 14.49 25.0 2.9
6 1.99 2.74 '9.23 9.72 28.1 5.0
416 250
12 3.42 4.52 112 11.80 383 5.0

charging/discharging current reaches its maximum are also calf3] S. Dutta, S. S. Mahant Shetti, and S. L. Lusky, “A comprehensive delay
culated and then used to evaluate the propagation delay and to model for CMOS inverters,JEEE J. Solid-State Circuitsrol. 30, pp.

characterize the output voltage waveform. The model has beegy
validated on the basis of accurate, physically-based, submicron

MOSFET models using both 0,8m (5 V) and 0.25:m (2.5

V) CMOS process parameters. Results have been presented for
a wide range of inverter sizes, input transition times, and capaci-
tive loads. They demonstrate that the proposed analytical mode[q6
can predict the delay, peak supply current, and power dissipation

to within 8% of HSPICE or ELDO simulation results, while of-

fering about two orders of magnitude gains in CPU time. Since
the tested model was implemented in MATLAB, one can expect
a significant increase in performance from a fully coded imple-

mentation.
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