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Short-Circuit Energy Dissipation Modeling for
Submicrometer CMOS Gates

L. Bisdounis and O. KoufopavligiMember, IEEE

Abstract—A significant part of the energy dissipation in static Hodges [3] square-law MOS model that ignores the carriers’
complementary metal-oxide-semiconductor (CMOS) structuresis velocity saturation effects of submicrometer devices. In [4]
due to short-circuit currents. In this paper, an accurate analyt- - gnq [5] an expression without the simplifications of [2] was
ical model for the CMOS short-circuit energy dissipation is pre- derived' However. the square-law MOS model was still used
sented. First, the short-circuit energy dissipation of the CMOS in- : o a ; ;
verter is modeled. The derived model is based on analytical ex- @nd the expression of the output waveform was derived with
pressions of the inverter output waveform which include the influ- negligible short-circuit current. Recently, a similar model was
ences of both transistor currents and the gate-to-drain coupling ca- proposed in [6]. In this, two fitting parameters are inserted
pacitance. Also, the effect of the short-circuiting transistor’s gate- to the expression of the output waveform derived in [4], in

source capacitance on the short-circuit energy dissipation, is taken . . L .
into account. Thea-power law MOS model that considers the car- order to include the reaction of the short-circuiting transistor

riers’ velocity saturation effect of submicrometer devices is used. t0 the output charge or discharge operation. In [7], an inverter

Second, the inverter model is extended to static CMOS gates by short-circuit energy dissipation model, which is still based on

using reduction techniques of series- and parallel-connected tran- the square-law MOS model, was presented. It includes the

sistors. The results produced by the suggested model for a com-jnfj ences of the short-circuit current and the gate-to-drain
mercial 0.8-um process, show very good agreement with SPICE - - -

simulations. coupling capacitance on the inverter output waveform. In

o ) o _ [8], the short-circuit energy dissipation is evaluated through

__Index Terms—CMOS gates, circuit modeling, circuit simulation, 5 equivalent short-circuit capacitance. The derived average

inverters, short-circuit power dissipation, submicromete MOS- L .

FETs. short-circuit current depends on the ratio between the output
and the input transition times of the inverter. However, as
mentioned in [6], in the cases where this ratio is lower than

. INTRODUCTION 3, the average current may exceed the maximum average

INCE energy dissipation is one of the most critical desig$hort—circuit current obtgined in [2] for zero-load cgpa(_:itance.
Sparameters in very large scale integration (VLSI) circuits, N order to develop simple yet accurate short-circuit energy
accurate and efficient energy evaluation during the design ph&égsipation models for modern submicrometer technologies,
is required, in order to meet the desired specifications withotifPle and efficient MOS models [9]-[10] including the car-
a costly redesign process. Energy dissipation in complementﬂﬁfs’ velocity saturation effect of submicrometer devices, have
metal—oxide—semiconductor (CMOS) circuits consists mainfgen used. Sakurai and Newton [9] presented a formula for
of two parts, the capacitive and the short-circuit dissipation [1f}€ Short-circuit energy dissipation, which is a direct extension
Capacitive dissipation caused by charging and discharging ffethe formula presented in [2]. The only difference is the
load capacitance of a CMOS structure, is well understood a#ge Of thea-power MOS model for the saturation current
easy to be estimated. During switching in a static CMOS gateS¥Pression instead of the square-law MOS model, while all
direct path from the power supply to the ground is establishdfl€ assumptions of [2] are retained. Vemuru and Scheinberg
resulting in short-circuit energy dissipation. [11] proposed a formula for the evaluation of the short-circuit

The first goal of this work is the analytical evaluation oPower dissipation based on thepower MOS model, where
short-circuit energy dissipation in CMOS inverters. The firdf€ analytical expression of the output waveform does not
closed-form expression for the evaluation of the short-circdfi¢lude the influences of the short-circuit current and the
energy dissipation in a CMOS inverter was presented by Vediate-to-drain coupling capacitance. Also, it was assumed that
drick [2], where zero-load capacitance and current waveforte Ipad transistor operates only in the saturation region during
which is mirror symmetric about a central vertical axis (at thi'e time when short-circuit current flows.
half of the input transition time) were assumed. This expression!n [12], the short-circuit current waveform was approximated
gives pessimistic results mainly due to the assumption wjth a piecewise linear function of time, in order to estimate

zero-load capacitance, and is based on the Shichman Hgyshort-circuit energy dissipation. However, the energy of the
reverse current due to the gate-to-drain coupling capacitance

is subtracted from the short-circuit energy dissipation. This re-
verse currentis provided from the inverter input (or the supply of
Manuscript received February 22, 1999; revised June 15, 1999 and Marchtt® previous gate), so its energy component cannot be included
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was proposed, which uses a simple MOS model [14] for sub- VDD“

micrometer devices. In this, the short-circuit energy dissipation Ceep ilsc

is evaluated through a fictitious short-circuit capacitance. The — F=

inverter output is approximated by a linear waveform, based on Lo

the inverter propagation delay which is calculated [15] using the 401 I: ¢Ip

empirical timing model proposed in [16] and [17]. Also, during

the short-circuit part of the transition, the charge through the Viz/_ C|M| o, 410_ _‘Com

short-circuiting transistor is assumed to be the same in linear © I

and saturation regions. ' .
o L

of the short-circuit energy dissipation in a CMOS inverter,

based on thex-power law MOS model [9], is derived. For the

derivation, analytical expressions of the output waveform in tiegy. 1. The CMOS inverter.
operation regions which are required for the evaluation of the

short-circuit energy dissipation, are used. These expressigiglysis for a falling inputis symmetrical. The differential equa-
take into account the current through both transistors. In ordgyy which describes the discharge of the load capacitaice
to obtain better accuracy, avoiding an overestimation of thgr the CMOS inverter (Fig. 1), taking into account the current
short-circuit energy dissipation, we consider the influence g{rough the gate-to-drain coupling capacitaf€g; ) is written
the input-to-output coupling capacitance (gate-drain capagi

tance of both transistors) and the short-circuiting transistor's

gate-source capacitance. The derived model is more accurate ¢, @Wour _ Cs <dVin _ dvout> I, —1I,. 1)
and efficient than that proposed in our previous work [18], dt dt dt P

where a less accurate and simpler MOS model [14] was used.

Thei ¢ t modeling the i . ] the f The output load”y, consists of the inverter drain junction ca-
€ Importance of modeling the Inverter comes from Ihe fa Ecitances, the gate capacitances of fan-out gates, and the inter-

that a great fraction of the energy dissipated in CMOS VLSI ci onnect capacitance. The equivalent gate-drain capaciance

cuits i due to the clock driving circuits and 1-O drivers (pads, . the sum of the gate-to-drain capacitances of both transistors,

which are based on inverters. In a system designed with sStgfigie, congists of the gate-to-drain overlap capacitance and a

logic, the clock driving power reaches 40% of the tqtal .pOV\.'?{art of the gate-to-channel capacitance. Itis calculated using the
(excluding the off-chip driving power), while the logic circuit rameter€’,. (gate-oxide capacitance per unit area) dhg,

POW; ' E‘ Io(\;vgr than 28% [19]|.dl\/tI)oreover, Lhe plosv(\)//er ?'Sr?'patigate—drain overlap capacitance per unit channel width) [23].
In of-chip arivers (pads) cou e_moret an o of the tot For the expressions of the transistor currents the four-param-
chip power [19]. Another equally important reason to have

accurate model for the inverter short-circuit energy dissipatiolrpferOé_power law MOS model [9] is used. The parameters are
. - e velocity saturation indexx), the drain curren{po) at
is that several fast methods for reducing a CMOS gate to y ) Uno)

; : cs = Vps = Vpp, the drain saturation voltagd/p,) at
equivalent inverter have been proposed [20]-[22]. For the exte[pés — Vbp and the threshold voltag&/r). After no?mal-

sion of the proposed inverter model to static CMOS gates, t%‘?ng voltages with respect to the supply voltagén), i.e.
series-connected transistors, when operated as a charging or dis=_ +, IVob, tow: = Vout/Vobs 7 = Virn/Von 'p _
charging block, are reduced to an equivalent transistor usingﬁ ”;H |/‘};D ud’ o Voo O‘/‘VDD U/’d o |VD(:L |/VD]; and
method proposed in our previous work [22]. Also, a reductiou ingpthe va’riab(ig: —t/r T;he PMOg device cSrrent is given
technique for the case where the series-connected transistorsD !

the following equation:
erate as short-circuiting block is proposed. The channel width (%F{ geq

—
In this paper, an analytical expression for the evaluation 4{ ¢

1

the equivalent transistor in the case of parallel-connected tran- k(1 — x — )P 2(1 — o),
sistors is extracted by adding the widths of the switching tran- 1 — tous < 1y, Linear region
sistors. ,
Ip = § kp(l— 2 —p)>», (2)

The rest of the paper is organized as follows. In Section II,
our method for the evaluation of the inverter short-circuit energy
dissipation is presented. The extension of the proposed inverter 0, z > 1—p, Cutoff region
model to static CMOS gates is discussed in Section IIl. Res%ere
and comparisons with previous works and SPICE measurements
are given and discussed in Section IV. Finally, we conclude in b — Tpop 1y = Ipop
Section V. Tl =-pt T ugep(1— p)e/?

1 — Uout 2 Uiy, Saturation region

l—xz—p\ 2
U’/dop =Udop \ —
[I. SHORT-CIRCUIT ENERGY DISSIPATION OF THECMOS 1-—p

INVERTER . . .
and the NMOS device current in a similar way.

The derivations presented in the following are for a rising For the evaluation of the short-circuit energy dissipation, an-
inputramp:Vi, = Vpp - (¢/7)for0 <t < 7,Vi, =0fort < 0 alytical expressions of the output waveforms in the two first in-
andVi, = Vpp fort > 7, wherer is the input rise time. The verter operation regions (Fig. 2) are required. In regido ¥
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Sd(x —n)? Ay (x—n)ontt

Normalized _
Voltage 2 ap +1 “)
1= where
| R=y'l—c™), d=—
cauration t " L VoolGut )
line ~| t i Very fast ramp and o
1_ud0p : : response A, = _em
: 1 Voo (CL + Cur)
i E Ramp The normalized time values,, , satisfies the PMOS satura-
! ! response tion condition:ugy, = 1 — u’dop. In order to solve this equation
Input ramp | | a Taylor series expansion around the paint 1 — p — n up
M i i to the second-order coefficient is used, for both, anduy,, ,.
; ! The normalized time valug; where the output voltage over-
0 n x; Xsatp 1p X shoot finishes is calculated by the equatiQp; = 1, using the
Taylor series expansion af,,,; around the point = 2n. Equa-
Fig. 2. Operation regions of the inverter. tions (3) and (4) give waveforms very close to those derived

from SPICE simulations (as shown in [24]). Note that, in [11] a

r < n) the NMOS transistor is off and the PMOS transistafough approximation fof ., , is Us€d(xstp, = 1 —p —n). In
is in the linear region, while in region @ < z < z.a:p) the [13], a linear output waveform and a constafjt,, are used in
NMOS transistor is saturated and the PMOS transistor is stillgtder to calculate,; ,, and the PMOS transistor current is ne-
the linear regionz,,; , is the normalized time value when theglected during the calculation af . The above approximations
PMOS transistor is entering the saturation region. Part of tbéprevious works result in important errors in the evaluation of
charge from the input which injected through the gate-to-draihe short-circuit energy dissipation.
coupling capacitance causes an overshoot at the early part ofhe short-circuit energy dissipation in the case of rising input
the output voltage waveforifd < z < ;). During the over- is the energy of the curreritls¢) provided from the power
shoot there is no current from power supply to ground becausgply (Fig. 1). The inverse current which flows during the in-
the output voltage is greater than the supply voltage. In the sperval [0, z2] (Fig. 4) is due to the presence of the gate-drain
cial case of very fast input ramps, the PMOS device is turnedupling capacitancé’y,) and the gate-source capacitance of
off after its linear region without enters saturation (Fig. 2). Thithe PMOS transistofCys;,). The current through these capac-
occurs because the output voltage overshoot finishes whenithaces is provided from the input (or the power supply of the
PMOS device is already off. In this case there is no short-circpitevious gate) during its transition. As shown in Fig. 4, the cur-
energy dissipation. rent throughC,, causes a decrease in the positive short-circuit

The analytical expressions of the inverter output waveform gurrent pulse resulting in reduced short-circuit energy dissipa-
the above regions have been derived by solving the differentialn.
equation (1) (using some efficient approximations) in our pre- The short-circuit energy dissipation during a falling output
vious work [24]. In region 1, the output voltage is expressed asnsition is defined as

— —_ z T3
Uouws = 1 + Cm¥Yn 1(1 —e ) (3) Eégo = Vbp / IscTdx
where a Tont p @3
n op/2 = VDD </ Isc’/' d$+/ Isc’/' da:) (5)
YUn = Alp (1 i 2 5) ] Tsat p
A - k'lpT Where_[sc = Ip — Ingp-
Y Voo(CL + Cu) The current througl®’,,, during the input transition is given
and by
Cu
e = — M dVin Vbn
Cr+Cu ICssp = Cgsp dt = Lgsp P (6)

In region 2, the PMOS current is approximated by a linear fungy,q yalue ofc:

. . : . i =sp depends on the PMOS transistor operating
tion of the normalized time (Fig. 3);, = Iymin + 5(z — 7). mode, and is calculated using the parametéss and Ci,,
I, min is calculated using the PMOS current equation in t

. , ' r‘@ate-source overlap capacitance per unit channel width) [23].
linear region and the value of the normalized output voltage at|, the first integral of (5) a linear approximation of the PMOS
z = n in (3). The current slopé'is calculated by equating the. nsistor current is used (Fig. 4)

exact PMOS current in the linear region [see (2)] with the ap-
proximated one, at the point. = (1 — p)/2. After that, the I, =5z —x1). @)

output voltage waveform is described by ) ) )
S’ is the slope ofl,, and is calculated by equating the exact

Uous = 1+ cm(x —n 4+ R) + I mind(x — 1) PMOS current in the linear region [see (2)] with the approxi-
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Ip
Approximated current
Exact current
0 k—%
' N lized ti
Ipmin o X, Xsatp 1-p ormalized time (x)
Region 2

Fig. 3. Linear approximation of the PMOS current in region 2.

Exact PMOS current i - Ip E
P Ige

Approximated

PMOS current

X
0
\ 7 X Xsatp X3 1-p  Normalized time (x)
S~

Fig. 4. PMOS and short-circuit current waveforms of the inverter.

mated one, atthe middle of the intera, ... ,|. INnthe second  The analysis for the evaluation of the short-circuit energy dis-
interval of (5), the PMOS current equation as given from th&pation during the rising output transition is symmetrical, and
a-power MOS model [see (2)] for the saturation region, is usesults to the following expression:

After that, the short-circuit energy dissipation is given by the

following expression: BT = VD2DT (Tentn — )
Bec” = %(xsatp o) X | (zearn + 22 — 221) 8" — —2OgS:VDD
X | (@saep + 22 = 201)8" = @ E—Dﬁ—s% [(1 =7 — Zgarn)* Tt
o (0= — (1= 1= 20)™ ] = Vi (@3 —uain) (1)

—1-p- xg)‘”P“] — OgSpVDQD(.Tg — Zsatp). (8) wherer is now the transition time of the falling inpug’ is
the slope of thePMOS transistor current, andzy,z2, 3 are

The valuer; is the normalized time point where the short-Circuifg|ated to the current pulse of tRMOS transistor. Finally, the
current equals zero, and is easily calculated by the equation g, ot-circuit power dissipatioRsc is given byPsc = (E150+

sSC
0—1 i itchi
(22 — x1) — Cysp(Vop /7) = 0. ) EgcHt, wheret is the switching frequency.

Similarly, the normalized time value; is calculated by the fol- IIl. EXTENSION TO MULTIPLE-INPUT CMOS GATES

lowing equation: In order to extend the proposed energy dissipation model of

kop(1 — 2 — p)® — Cop(Vop /7) = 0. (10) the invertertp multiple-input static CMOS.gates, Fhe serigs-con—
nected transistors when operate as charging or discharging block
In order to solve (10), we use a Taylor series expansion of thea gate, must be reduced to an equivalent transistor. Also,
termks, (1 —x—p)®» around the point = [z.as,+3(1—p)]/4 a reduction technique for the case where the series-connected
up to the second-order coefficient. transistors operate as short-circuiting block, is required. The
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channel width of the equivalent transistor in the case of par-
allel-connected transistors is simply extracted by adding the
widths of the switching transistors. In the reduction techniques
the effect of the internal nodes” capacitances must also be taken
into account.

In our previous work [22], a reduction technique for se-
ries-connected transistors when operate as the charging or
discharging block of a CMOS gate, was presented. A part
of it is required for the evaluation of the short-circuit energy
dissipation, and is presented here. Since, the main goal of
the reduction process is the determination of the equivalent
transistor’s width, the following alternative current expressions
of the a-power MOS model [9] are used, which include as a
parameter the transistor’s channel width (W)

PC(IV/L)(VGS - L{I'H)a_.
Vbs = Vb, Saturation region

PL(W/L)(Vas = Vrn)*/*Vps,
Vps < Vo, Linear region

Ip = (12)

where Vo = Py (Vas — Vrn)®/? is the drain saturation
voltage, and P, = P /Py .Pc and Py are easily extracted
from the current—voltage (I-V") characteristics of the device.
For the determination of the device threshold voltage (Viry)
a linear approximation of the body effect is used [10], which
results to the following simple formula
Ve = Voo + 11 Vss (13)
where Vro is the zero-bias threshold voltage, Vsp is the
source-bulk voltage, and ~; is the body effect coefficient.

In Fig. 5, a multiple-input NAND gate is illustrated. First, the
case when all transistors are switching together is analyzed. The
input voltages are assumed to be ramps with input rise time 7.
When the serial array performs the discharge operation, initially
the topmost transistor operates in the saturation region, while the
rest operate in the linear region. As shown in Fig. 6, in the case
when the topmost transistor is still saturated after the end of the
input transition (fast input transitions compared to the output
one), its source node (2) is charged up to a plateau voltage and
maintains that voltage level until all transistors enter in the linear
region (t = tgat n1—Fig. 6). Then it follows the output voltage
of the gate to ground. The plateau voltage (Vp) is calculated by
equating the saturation current of the topmost transistor with the
linear current of the rest transistors [22]. The voltage at node 2
is considered linear for the interval between the time fox and
7. ton is the time where the chain of the serial transistors starts
conducting. It is calculated by analyzing the influence of the
internal nodes’ capacitances (gate-drain, gate-source, and dif-
fusion capacitances) on the chain operation [22], [25]. After the
calculation of the plateau voltage and the time point foyn the
slope of the voltage waveform atnode 2 (V3 ) can be determined.
The discharge current through the serial array when the topmost
transistor operates in the saturation region, is given by

ID = Pg(”'—l/L) [Vm —_

Ip = Pe(Wy/L) [1 -

Vro = (1 +m)Ve]™

1+~)Va ™ N
%] (Vin = Vro)™. (14)
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Fig. 5. Multiple-input static CMOS gate.
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Fig. 6. Voltage waveforms of a three-input NAND gate for fast inputs.

The above equation has the same form as the current equation in
the saturation region of a single transistor, the equivalent width
of which is given by

(13)

149V ]™
Weq = W, {1—( +m) 2]

Vin — V10

In (15), the equivalent transistor” width is given as a function of
time because V5 and Vj, are linear functions of time. A reason-
able approximation for the mean value of the equivalent width in
the interval [ton. 7] is obtained for t = (ton +7)/2. This value
of the equivalent width is enough for the determination of the
equivalent inverter output waveform in the interval where the
equivalent short-circuiting transistor operates in the linear re-
gion, which is required for the computation of the short-circuit
power dissipation. In the plateau region, the equivalent width is

calculated by (15) for Vj, = Vpp and Vo = Vp. In [22], the
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reduction process is given for the rest of the output node dis-

charge. 5
In the case where the topmost transistor is entering the lineal L

region before the end of the input transition (slow input tran-

sitions), its source node exhibits a peak value lower than the 4r
plateau one, before the input reaches its final value (Fig. 7). This . |-
peak value occurs when the topmost transistor is entering thezs 5l Input Output
linear region. The equivalent transistor's width is determined < AN yd
by using a procedure similar with that used in the previous case §0 B
[22]. —§ oL
The output response of a multiple-input gate is a function of Source voltage of
the number and the position of the switching transistors in the the transistor M, (V)
chain. When the input transition is sufficiently faster than the 1r AN

output one, the topmost terminal switching exhibit faster dis-
charge operation. This is because the lower transistors must dis o  teatnd
charge the upper transistors’ internal capacitances. As the inpu Y ! 13 5 55 3 35
transition becomes slower, the lower terminal switching exhibits Time (nsec)

faster operation. This is because the transistor nearest to the

ground has a smaller threshold voltage, while the magnitudergy. 7. voltage waveforms of a three-inputND gate for slow inputs.
its gate-source voltage is greater than the other transistors in the

chain. Hence, it will have a higher conductance than the other TABLE |

switching transistors and the discharge operation will become VALUES OF THE FACTORS 1., ; AND ..

faster. This influence of this phenomenon is not significant in (INPUT 1 CORRESPONDS TO THE OPMOSTTRANSISTOR OF THECHAIN)
the first case where the input transition is sufficiently faster than

the output one, because the input reaches its final value early Switching Mt MMhvs
(when the difference between the output voltage and the supply Inputs N=3 | N=2|N=3|N=2
voltage is small).

Extensive SPICE simulations [21], [22] show that the output 1 112 | 1.07 ] 141 | 1.29
waveforms for different combinations of switching inputs are o) 106 | 1.02 | 165 | 1.60

translational, i.e., the shape of the curve is preserved except that
its transition edge is shifted to the right or to the left depending

on the combination of input signals. On the basis of this ob- 3 1.03 2.07
servation the equivalent transistor’s width for each combination

1,2 1.03 1 1.12 1

T - L 1,3 1.09 1.15
of switching inputs can be determined by multiplying the one
of the worst case (all inputs switching together) with a single 2,3 1.02 1.29
empirical factorm. m depends on the position and number of 1,2,3 1 1

the switching transistors, and on the relation between the input
and output waveforms. As a good metric of this relation, the
single lumped parametét = (Ipon7)/(VopCL) isusedipo  Table | were obtained using a 0:8n technology, forG = 0.2
is the drain current atgs = Vps = Vpp of a transistor with (very fast inputs) andz? = 10 (very slow inputs). However,
channel width equal t&V/N (W: channel width of one tran- for other submicrometer technologies these values are almost
sistor, N: number of series-connected transistors). SimulatieRe same, because they mainly depend on the number and po-
results show that the facten changes exponentially with re-sition of the switching inputs. The constahis equal to 0.42
spect toG. This enables us to use the following equation for thigr the used technology. This value is almost independeft,of
determination of the factor: at least for2 < N < 5. In Fig. 8, a comparison between the
values of factorn derived from the exponential function (16)
(16) with those produced from SPICE simulations is illustrated, for
a three-inputNAND gate. The above reduction technique of se-
ries-connected transistors when they operate as charging or dis-

m=myf+ (m'vs - m'uf) |:1 - Cid(G*O'Q):|

where is the weiaht factor for very fast input charging block in a CMOS gate, results in output voltage wave-
M f _S € e.g actorforvery fas ) puts, forms that are very close to those derived from SPICE simula-
m,s IS the weight factor for very slow inputs, and tions (as shown in [22]).
d is a constant. In the following, a reduction technique for series-connected

m., y andm,,; are given by alook-up table (part of which is giveriransistors when operate as the short-circuiting block of a

in Table ). The values of the look-up table are extracted forstatic CMOS gate, is presented. The short-circuiting block

SPICE simulations by adjusting the transistor width of an ifas a secondary influence compared to that of the charging or
verter to give the same output waveform with the multiple-inpatischarging block. However, this influence becomes significant

gate, for all the combinations of switching inputs. The values of the case of slow input transitions [24].
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Consider the multiple-inpiNAND gate of Fig. 5, with a rising
output voltage waveform. The equivalent transistor’s width is
calculated by

V.3 switching

Weq = qWL (17) —
s 18[ .
where - Vi switching
Q
R 2 i6f :
WL o W1 W2 WN § .
. . . s Vi, switching
and ¢ is a correction factor which depends on the number -z
of switching transistors in the chain. The values of factor '% L4 ]

g are extracted from SPICE simulations by excluding the
internal nodes’ capacitances of the chain (the parameters

E

Tox, Capo, Caso, and the dimensions of the diffusions areas 12 "+ o o SPICE |
are ;et to zero), and adjustirjg the transi_stor.width of an inverter — Equation (16) ;
to give the same output with the multiple-input gate, for all - e "
the combinations of switching inputs. We observe that for zero e
internal nodes’ capacitances, the output response of the gate i ¢ 1 2 3 4 5 6 7 & 9 10
independent from the position of the switching transistors, and G

depends only on the number of the switching transistors..Thi.sFils. 8. Empirical facto as a function of = (Fnox7)/(VonC's) for a
mainly due to the fact that the source voltages of the switchifgee-inputano gate.
transistors in the chain are very small compared to the source
voltages when the serial chain carries both the load and the TABLE 1II
short-circuit current. Thus, the influence of body effect in this VALUES OF THE CORRECTIONFACTOR ¢
case is negligible. When the number of the switching transistors
is increased the value of factqris decreased. This is due to
the lower conductance of the switching transistors than those
that are alreadgN. In Table I, the values of factar are given
for a 0.82:m technology process. The valge= 1 correspond 1 1.90 1.72 1.58
to the traditional model for the reduction of series-connected
transistors. It is quite accurate when all transistors operate in
the linear region. However, even in the case when all transistors 3 1.15 1.08
are switching the value aof is higher than “1,” due to the fact
that the topmost transistor is saturated after its linear region.
The second step of the reduction process is to include the
influence of the internal nodes’ capacitances of the transistfided because it is taken into account in the feedforward effect
that are alreadpN. The charging operation is slower when thef the gate, which is modeled below.
switching transistors are close to ground, because the capacias shown in Fig. 9, the contributions of the gate-drain
tances of theN transistors must be charged together with thgnd gate-source capacitances of series-connected transistors
output capacitance of the gate. In order to model the effect @fhen they operate as short-circuiting block) to the equivalent
theon transistors’ capacitances, the capacitafiges added to jnput-to-output capacitance of a gate, are accounted for by
the output capacitand€’r) capacitances between the switching inputs and the output
k (Cwr1, Crr2, Cars). Note, that the contribution of nonswitching
Z 7iCi | = 71.Cgan (18) transistors is zero. The undershoot which is caused to the early
i=1 part of the rising output waveform is due to the feedforward
effect (i.e., the charge through the switching transistors’
gate-source and gate-drain capacitances). This charge is trans-
k is the drain node of the first switching transistor [countinﬁirred through a different number of channels, depending on
e relative position of each switching transistor in the chain.

from the output node to ground (Fig. 5)]. The coefficiepis o el )
inserted because the charge variation due to each capacitaHe@refore, the contribution of each switching transistor to the

occurs through a different number of channels. Thus, the cdifivivalent input-to-output capacitance is modeled as
tribu_tion of t_he in_ternal noo_les’ capacitance_s depends on their Curke = 7:.Cgar + 7141Cgsk (20)
relative position in the chain. The gate-drain and gate-sour\gelt]e]ere m = (N +1— k)/N, andk is the drain node of

capacitances of then transistors are given by [23] the switching transisto®/;,. When more than one inputs are
Cyai = Cpsi = 3CoxWiLi + Cya(s)oWi (19)  switching together, the equivalent input-to-output capacitance

due to the fact that theN transistors operate in the linear regiorcan be found by adding th&,, s of the corresponding single

in most time of output transition. The capacitar¢g;, is ex- switching cases.

No. of switching q
transistors N=4 N=3 N=2

2 1.45 1.31 1.11

4 1.05

Co =

where
N+1—14
Ci =Cgai +Cysi—1 +Cpy and r; = %
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Vout during one switching cycle (both falling and rising output tran-
sitions) is plotted as a function of the input transition time. A
commercial CMOS process technology of P18 with a supply
Vy E/Il voltage of 5 V and an output load equal to 0.2 pF have been
inl Criz used to verify the accuracy of the proposed model. The transis-
Cos tors’ model parameters and dimensions are listed in Table V. In
ME v order to achieve symmetrical inverter, the widths of the transis-
in2 tors have been selected so as the drain curreisat Vps =
Vbp be equal. The basic level-3 parameters of the SPICE model
are listed in Table V. Results using the approaches for the eval-

M, uation of the short-circuit energy dissipation presented in [4],
[5],[9], [11], and [13] are also given. It can be observed that our

= model gives results closer to those derived from SPICE simula-
tions than the other methods. The error in most cases is less than

Fig. 9. Contribution of series-connected transistors (when they operatg, - : :
as short-circuiting block) to the gate equivalent input-to-output couplin 5%. This occurs because the model includes the influences of

capacitance. the short-circuit current and the gate-to-drain coupling capaci-
tance on the inverter output waveform. Moreover, the effect of

. . the short-circuiting transistor’s gate-source capacitance is taken
As shown in Table lll, the results derived from (20) are Veny+o account g g P

close to those produced from SPICE simulations. The contribu-

. e . ; . . The formula presented in [9] gives consistently larger results
tion Of. a switching transistor in the _equlvalent mput-tq-oqtp%an SPICE, because it is based on the assumption of zero-load
_capacnance can be _measqred using SPICE by ad]usnngc%?)acitance. The methods presented in [4], [5], and [11] overes-
input-to-output capacitance in an inverter so that the undershgg

) . erShORtate the short-circuit energy because they do not include the
of the inverter rising output waveform to be the same with th ;
effects noted above. The error becomes large when the input
undershoot of the gate output waveform. o .. .
oo . transition time is large and the capacitive load is small. More-
The contributions of the gate-drain and gate-source capaci-

: ) over, the method used in [4], [5] is based on the square-law
tances of series-connected transistors to the gate-source CaR3AS model. which does not reproduce the current characteris-

tance of the equalen_t short-circuiting ‘Ta”?"StO“ Whlch 'S I'ics of short-channel devices well, while in [11] an evaluation of
quired for the evaluation of the short-circuit energy dissipa-

T . - . Hammafunction is required, which is too computational expen-
tion, is modeled in a similar way by capacitances between thge . o
.SIVe and leads to large energy values for slow input transitions.

switching inputs and the ground (or between the switching Tk [13], the inverter output is approximated by a linear wave-

glrjetscz;:: ?,.&ngwgos)uif v?/gslzt;:;iitmazgﬂps tvrv?tr;]s?tor?). Th%(m. This results in significant relative error for fast input tran-
y # g (L=7x) sitions. Also, in [13], some additional simplifications are used,

and(1 — 7x.41), respectively. in_order to determine the time point where the short-circuiting

The channel width of the equivalent transistor in the case of . . . .

. . . ransistor changes from the linear to the saturation region, and

parallel-connected transistors is extracted by adding the channe . : o

. o . e : hé ending point of the output voltage overshoot, while in our

widths of the switching transistors. The diffusion capacitances . . 0
model the calculation accuracy of these time points is high (error

of all parallel-connected transistors and the gate-drain CaP3LLC than 0.5% in most cases)

tances (overlap) of therr transistors are added to the equiva- . L
( P) q In [8], the derived average short-circuit current depends on

lent output capacitance of the gate. The gate-drain capacitances " ) A
of the switching parallel-connected transistors are added to{%: .ratlo between the.output and the mput. tran§|t!on times of
€ inverter. However, in the cases where this ratio is lower than

equivalent input-to-output capacitance of the gate. Finally, tgethe average current may exceed the maximum average short-

sum of gate-source capacitances of the switching transistors . ) .
. ) N e clircuit current obtained for zero-load capacitance [2], [9]. For
gives the equivalent short-circuiting transistor’s gate-source ca-

pacitance, which is required for the calculation of the gate shoﬁtfhaergp:ﬁé g]hgp[-lcr;\r/g;fér:/g:h € dqiggl ';?;g %n:ngit\zﬁé:iﬁnscltlglg
circuit energy dissipation. ' )% p gcy

N - which is evaluated using the formula of [8] is more than twice
In the case of overlapping inputs, the existing waveform reﬁ1e energy calculated using the formula of [9].

resentation techniques for series—[20], [25] and parallel-con-F. 11 h . b h lculated and th

nected [20], [26] transistors can be used, which reduce the over- 9. (a_) Shows a comparison etweer_1t € caicu ate. andthe
lapping input signals of a multiple-input CMOS gate to asingl%'mma,ted Inverter short-.cwcun energy dlss'|pat|o'n during one
effective signal. When this signal is applied to all gate input§\,’vItChIng cycle as functions of input transition time, and for

the gate will have the same output response with that of the o d|ffe_rent yalues of capacitive I.an.l (0.1and0.2 pF)_. Ar_‘ im-
tual (overlapping) inputs. portant issue is to study the contribution of the short-circuit en-

ergy dissipation to the total energy dissipation (capacitive plus
short-circuit). In Fig. 11(b), the short-circuit energy dissipation
percentage of the total energy dissipation during one switching
In this section, we illustrate the accuracy of the proposeycle is plotted as a function of the input transition time for two
short-circuit energy dissipation model for static CMOS struaalues of output load. The results show that the contribution of
tures. In Fig. 10, the inverter short-circuit energy dissipatidhe short-circuit energy to the total energy dissipation increases

in3

IV. MODEL VALIDATIONS AND DISCUSSION
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TABLE Il
CONTRIBUTION OF EACH SWITCHING TRANSISTOR TO THEEQUIVALENT INPUT-TO-OUTPUT CAPACITANCE (W,, = 12 um, L,, = 0.8 um, Cox = 2.18 fF/um?,
Cyso = Cgao = 0.35 fF/um)

Switching Cuii (TF)
Input N=4 N=3 N=2
Eq. (20) SPICE Eq. (20) SPICE | Eq.(20) | SPICE

1 254 255 24.6 24 222 23

2 18.5 18 14.8 14.5 7.4 8.6

3 11 10 4.9 53

4 3.7 3.5

ot TABLE IV
of i¢ o o SPICE i i MOSFET MODEL PARAMETERS USED IN CALCULATIONS
—_ Proposed model ! ,
2 ! 1 : / Parameter NMOS PMOS
g 8- [13] : S
3 ! S L (um) 0.8 0.8
s 77 i I W (um) 4 6.55
& 6 : 1 Ino (mA) 1.72 1.72
wn
£ | | Vol (V) 1.30 245
?ﬁ o 1.245 1.37
>
5 4f | [Vl (V) 0.844 0.734
5 3t . Cox (fF/pm?) 2.18 2.18
Z Cado» Ceso (FF/pm) 0.35 0.35
e 27 h
=
w2
1r ) 1 the short-circuit current can be virtually (since subthreshold cur-
% rents will still flow [1]) eliminated, because both devices cannot
1

conduct simultaneously for any value of the input voltage.
z 3 4 5 In Figs. 13 and 14, the short-circuit energy dissipation during
Input transition time (nsec) one switching cycle for three- and four-inpNAND gates, is

plotted as a function of the input transition time, for different
Fig. 10. _ Inverter short-circuit energy dissipation during one switching cyclgases of switching inputs. The characteristics of the gates used
as a function of input transition time.

are:L, = L, =08 pum, W,, =8 um W, = 4pm, Cf, =

0.15 pF, andVpp = 5 V. The curves with the solid and dashed
when the input transition time is increased and/or the capalihes have been produced from the proposed analytical model
tive load is reduced. Hence, the percentage of the short-circafiter the application of the reduction techniques presented in
energy dissipation increases when the input signal is slow cogection IIl. The curves with the symbols have been produced
pared to the output one. As it can be observed, for sufficientiiom SPICE simulations. The relative error is maintained at the
slow inputs the short-circuit energy dissipation may exceed 408ame level with that of the inverter.
of the total energy dissipation. This fact indicates the need forin the case of fast inputs, the lowest short-circuit energy
accurate and efficient models in estimating the short-circuit ei3- dissipated when all transistors are switching together. The
ergy dissipation. major reason is that in this case the equivalent input-to-output

Fig. 12 shows a comparison between the calculated and timeipling capacitance and the gate-source capacitance of the

simulated inverter short-circuit energy dissipation during oregjuivalent short-circuiting transistor are larger than those of the
switching cycle as functions of input transition time, and for twother two cases (top or bottom transistor is switching). Also, the
different values of supply voltage (2.5 and 5 V). A capacitivehort-circuit energy in the case where the bottom transistor is
load of 0.2 pF has been used for the measurements and the cadatitching, is lower than that of the case where the top transistor
lations. It can be observed that the proposed short-circuit eneiggwitching. This occurs because the charge and the discharge
model is also valid for low supply voltages. An important poinbperation of the output is faster in the second case.
to note, is that if the supply voltage is lowered to be below the For slow inputs, the short-circuit energy dissipation is greater
sum of the threshold voltages of the transisté#sy . + Vi), when all transistors are switching together. This occurs mainly
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TABLE V
BAsic SPICE LEVEL-3 PARAMETERS USED IN SIMULATIONS
Parameter NMOS PMOS
Transconductance parameter - Kp A/vhH 1.03x10* | 3.565x107
Gate oxide thickness - Tox (m) 15.5x10% | 15.5x10°
Maximum drift velocity of carries — Vyax (m/sec) 6.19x10* 6.13x10*
Zero-bias threshold voltage — Vo (V) 0.844 -0.734
Surface inversion potential — PHI (V) 0.791 0.757
Body effect parameter - GAMMA (V') 0.653 0.468
Surface mobility - Uo (cm*/V sec) 462 160
Substrate doping — Ngyg (cm™) 63.8x10° | 32.8x10"°
Gate-drain overlap capacitance — Cgpo (F/m) 3.5x107"° 3.5x1071°
Gate-source overlap capacitance — Cgso (F/m) 3.5x10"° 3.5x107"°
Gate-bulk overlap capacitance — Cgpo (F/m) 1.5%x107"° 1.5x107%°
Zero-bias junction capacitance — C; (F/m?) 0.29%x107 0.49x107
Zero-bias perimeter capacitance — Cjsw (F/m) 0.23x10° 0.21x107
Bulk-junction grading coefficient — M; 0.46 0.47
Perimeter capacitance grading coefficient - Mygw 0.33 0.29
Bulk-junction potential — PB (V) 0.86 0.8
Metallurgical junction depth — X; (m) 0.08x10° | 0.087x10°
Width effect on threshold voltage — DELTA 0.237 0.949

because in the case of falling output the equivalent short-ciances(Ic,.,—cq, Ic,, ., ), @nd the internal gate capacitances
cuiting transistor (which becomes from the reduction of threéd,,,), is determined. This energy is almost independent of the
or four parallel-connected transistors) exhibits larger width thamput transition time and the output capacitance, because all
that of the other two cases. However, the discharge operatiovadtages before and after the switching event are identical (i.e.,
faster and the coupling capacitances are larger. These twothé& charge on these capacitances is almost constant). On the con-
fects tend to compensate for the first one when the numbertadry, as mentioned in Section Il, the short-circuit energy dissi-
switching inputs is increased (Fig. 14). The short-circuit energpation for very fast input transitions is zero. In the following, a
in the case where the bottom transistor is switching, is greatscond measurement is performed for the desired input transi-
than that of the case where the top transistor is switching. Thign time and output capacitance. Then, the short-circuit energy
is mainly due to the faster discharge operation of the first casdissipation of the structure is evaluated by subtracting the re-
Comparing the results of Figs. 13 and 14, we observe thatsasdt of the first measurement from the result of the second mea-
the number of transistors is increased in static CMOS gates, twwement. The short-circuit energy dissipation during the rising
short-circuit energy dissipation is decreased. This is due to thetput transition of the structure is measured in a similar way, by
fact that the falling output transitions become slower, and thising a measurement subcircuit connected between the NMOS
coupling capacitance are larger (in the case where all inputs bleck and the ground.
switching). As minimum feature sizes for CMOS circuits scale down-
The SPICE simulation results used in the previous validaard, the influence of the resistive component of the intercon-
tions (Figs. 10-14), have been obtained by using the subcirauéict load on the circuit behavior, is increased. Hence, some
proposed by Kang [27]. Fig. 15 shows the scheme that is usatbrt-circuit energy dissipation models [28], [29] have been pro-
in order to measure the short-circuit energy dissipation duripgsed in order to handle CMOS gates driving resistance—capaci-
the falling output transition of a static CMOS structure. Firstance RC) load. However, our analytical model that uses purely
we perform a measurement for an extremely small input transapacitive load can be interfaced with a methodology consid-
tion time and a typical output capacitance. With this measurering the effect oRC interconnect load, by using the “effective
ment the energy of the currents through the coupling capaltad capacitance-G.g” [30]. In this, an analytical expression
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cycle, for two values of output load’;, = 0.2 pF,C;, = 0.1 pF).

Inverter short-circuit energy dissipation (a) and contribution of the
short-circuit energy to the total energy dissipation (b) during one switching

6 16 o SPICE !
sk ii Proposed modeli

ir ® Vpp =5V i
ab 1———- V=25V |

Short-circuit energy dissipation (pJoule)

Input transition time (nsec)

for two values of supply voltagéton, = 2.5V, Vb = 5 V).

transition in which short-circuit energy is dissipated [30].

Short-circuit energy dissipation (pjoule)

Fig. 13. Short-circuit energy dissipation of a three-inpartd gate during one
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Fig. 14. Short-circuit energy dissipation of a four-inputD gate during one
switching cycle, as a function of input transition time.

V. CONCLUSION

An analytical model for the short-circuit energy dissipation
of submicrometer CMOS structures, on the basis of a CMOS
inverter, has been presented. It takes into account the influ-
ences of both transistor currents and the gate-to-drain coupling
Fig. 12. Inverter short-circuit energy dissipation during one switching cycl§@pacitance on the inverter output wavefrom. Also, the effect
of the short-circuiting transistor’s gate-source capacitance has
been included. Validations have been performed for different
for C.q is derived for anyRC' load. The approach gives accu4input transition times and output loads. The results produced by
rate gate output waveforms, especially for the part of the outpghte model show very good agreement with SPICE simulations
and greater accuracy than those of previous works. The inverter
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(18]

Measurement | | T +T,,
subcircuit

[19]

[20]

[21]

(22]

1 [23]

Fig. 15. Measurement of short-circuit energy dissipation in CMOS structure£24]
for a falling output waveform.

model has been extended to CMOS multiple-input gates usinigs]
reduction techniques of series- and parallel-connected transis-

tors. [26]
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