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ABSTRACT influence of the short circuit current was ignored and the
The resistive-capacitive behavior of long interconnects whichSimplified case of step input was examined, thus resulting in
are driven by CMOS gates is analyzed in this paper. The analyslgnited accuracy. ) _ _
is based on theemodel of an RC load and is developed for N [4] an effective capacitance in order to replace the RC
submicron devices. Accurate and analytical expressions for thBUtPut load was calculated by an iteration procedure based on
output voltage waveform, the propagation delay and the shorgimplified assumptions for the shape of the Qutput response. The
circuit power dissipation are derived by solving the system of€@l ~output ~ waveform  was approximated by the
differential equations which describe the behavior of the circuit charging/discharging of the effective capacitance until the time
The effect of the coupling capacitance between input and outpl0int Where the output voltage becomes equal Vig/2.
and that of short circuit current are also incorporated in thd>@pturing of the remaining portion of the output response is
proposed model. The calculated propagation delay and shofichieved by a simple resistive model.

circuit power dissipation are in very good agreement with SPICE__ A time varying Thevenin equivalent model was proposed in
simulations. [5] for the estimation of the gate delays. The gate was replaced by
an equivalent circuit model composed of a linear voltage source
1. INTRODUCTION and a linear resistor where the_ir values were determined_by using
As the minimum feature sizes for integrated circuits scaleemplrlcal factors thus reducing the accuracy, especially for

L - submicron technologies.
downwards, the resistive component of the interconnect loads 9 . ) .
A good approximation for an interconnect load is obtained

becomes comparable to the gate output impedance and a sm%eth the z model, achieving an accuracy better than 3% in delay

capacitor is no longer a valid gate load model. More accurat% lculations [7]. In this way analytical expressions for the
load models have to be used for taking into account the increased. : Y P

role of the resistance in the determination of the load behavi(;,FrOpmatlon delay and the output waveform can be found if the

. . oad is replaced by it8 equivalent and the corresponding system
gg?esconsequently the propagation delay of the driving CMO equations are solved. This is the method followed in this paper in

Much research effort has been devoted and very powerfu(l)rder to capture with higher accuracy the performance of CMOS

methods have been proposed during the last years for modelir‘%ates driving RC interconnect loads.

CMOS gates driving simple capacitive loads [1], [2]. Expressions

for the propagation delay of CMOS gates driving RC loads have 2: TRANSIENT RESPONSE A_NALYSIS_

also been derived [3], [4], [5] but they present significantly lower ~ A circuit composed of an inverter driving an equivalent

accuracy mainly because they are based on simplifiednodel is considered, where the gate-to-drain coupling

assumptions for the transistor operation and use simple modef@pacitanceCr, is taken into account (Fig. 1). Tlepower law

for the representation of the interconnect loads. Recently, in [6nodel [1], which considers the velocity saturation effect of short

an analytical method with emphasis on the short-circuit powe,channel devices, is used for the transistor current representation :

dissipation has been presented for an inverter driving amr RC g 0 Vgs € V1o: cutoff region

load. - B< _ al2

. . . ) |(Ves VTO)

In order to find analytical expressions for the propagation 0 a ) . .

delay and the output waveform shape, an interconnect load may O ks(VGS_VTQ Vbs 2 Vp-sar : Saturation region

be modeled in different ways [7]. Such an expression for thavhere Vpsaris the drain saturation voltage [W, , k are the

propagation delay of a load modeled simply by a resistor in seriegansconductance parameteasjs the velocity saturation index

with a capacitor, was derived in [3]. However, the driving andVqq is the zero bias threshold voltage.

transistor was considered to operate always in linear mode, the

Vbs Vis <Vp_sar : linear region (1)



Vop This expression describes the small overshoot of the output
— waveform due to the coupling capacitai@g Generally for the

i
oy ils case of driving long interconnection lines, sinCg<<C, the
f'P* o overshoot value is almost negligible avig, can be considered
equal toVpp without significant error in this region. This region
\ EI in q DD g g g

Vool
extends until timet; = where Vi,=V7o.

which can not be solved analytically. In order to obtain an
J_ analytical expression for the output waveform in this region, the
— current term is approximated by a second order Taylor series at
t=r/2 whereV,,;=Vpp/2 with excellent accuracy (error < 1.5%) as

Cm Vg R A DD
I I AN Region 2 {;<t<1). The nMOS device operates in saturation and
e : - » the input signal is still in transition. Equation (3) becomes :
im 1di L av av, v, k OV f
. C C L + L _ in +_s DD -~ —
— I: iln d b a g TG Ty ey T =00

Fig. 1 Invert_er driving thermodel of an RC load

in 2 . . . .
— = Ag+ Ait+ A t°. The differential equation is solved
A rising ramp input with transition time is applied to the C, Aot At A q

tr_anS|sto_r gates. _The case for a falling ramp IS symmetn_cal. _T_h?esulting in the following expression for the output waveform :
differential equations that describe the operation of the circuit in

t
Fig. 1 are obtained by applying the Kirchhoff's voltage law in the o
loop of ther subcircuit : Vi =dld+Gt+ GE+ G+ d2e )
dv, OA g
Vq =V +Vr O V=V, + RCLT 2 where:C5=C4—A0+2C2E?—C2AQH,
and Kirchhoff's current law in the transistors drain node using eq. A, A
(2): Ce=CA-——. (:7:__2
in+igH =i pd ,=00 2 3

and C[1], C[2] are the integration constants.

dv, d?v, avi, iy dp (3)  Region 3 g<t<ty). The input has reached its final value and the

dt +C, a2 -C3 dt +C—1 _C_l =0 nMOS transistor is still in saturation. Equation (3) becomes :
. dv, d?v, Kk

where : —L+c, 2L +_S(VDD _VTO)a =0 (8)
B _RC (G +G) _C, dt dat® G

C=C+G;+C,, G T o Cs “C resulting in:
1 1 t
In order for the above differential equation to be solved v, () = 4] - Ky t+ dd e )

analytically, the parasitic current through the pMOS transistor is

initially considered negligible. At the end of the analysis its _ kg a

influence on the output response will be determined. where K; = C_(VDD _VTO) and C[3], C[4] are the
Two main cases for input ramps are considered : for fast ) L

(slow) inputs the nMOS device is in saturation (in the linearNt€gration constants. . .

region) when the input voltage reaches its final value. In order tdf NiS région extends until timg when the nMOS transistor exits

obtain the output voltage expression analytically, four regions ofaturation. The time pompsdcalculated by the equation:

operation are considered. _ \'A _

Fast input ramps Va(t2) =Vi(t2)+ CL R_dt (t2) =Vo-sam(ts)  (0)

Region 1 (04<t;). The nMOS transistor is cut-off and

which can be solved without any approximatidéf,_c,, is the
differential equation (3) becomes : y app 0541

drain saturation voltage of the nMOS device.

2
dl +C, d°vi -C, =0 4) Region 4 (>t,). The nMOS transistor operates in linear mode and
dt dt? the solution of equation (3) becomes :
dv, 1+,/1-4CK,, 1-/1-4CeK,
i initi it = = e — e —
with initial conditions V| (0) Voo pm (O) 0 and v, ()=dg e 2C, +dgde 2% (11)
C, = C3Vpp / T . The output waveform expression is given by : a c,

d d

K, a
t where K, =C—1(VDD —VTO)Z,K3 =1+ K,C, R .Cy :?-’
Vi (1) =Vpp + Cyt- 020451— eC ﬁ ® Kk, =K,/K,

3



Slow input ramps
The operating conditions of the structure in regions 1 and 2 are

the same as for fast inputs, however region 2 extends fronttime 4
to timet,, wheret,<T. @  SPICE simulation
Region 3 {,;<t<1). The nMOS transistor operates in linear mode
while the input is still a ramp. The differential equation
describing the output evolution in this region is given by:

Proposed method

Output Voltage

av, dv, k a Q’ av, @ |
—=+C,—=-Cy+—V,, = V,p)2 + RC, —=[=0
dt 2 dlz 4 C1 ( in 10) L L dr N
12)
which can not be solved analytically. For this reasdp,is
~ V.tV
replaced by its average valug, =w. This is a
0
valid approximation since for most of the practical cases the 0 ) . s o
. . . . Time (ns)
gll:) r:g'?c:] t?]];tth;é?agé%n\);xgry small and thystakes values very Fig. 2 Output waveform comparison between simulated and
According to this, the solutibn of eq. (3) is: calculated values for (a) slow=0.5 ns,R=400Q2, C;=C,=1.5pF)
' ' ’ and (b) fast4=0.5 ns,R=100Q2, C4=C =5 pF) cases.
1+/1-4Co K, 1-1-4CyK;
__%Yio T e,

V(o) = _76+C[7] € ’ +Clsle ’ (13) Vie =Vpp =|Vip|)- The existence of the pMOS current results

k- w2 K in a decrease of the discharging current and thus in an increase of
where K5 = —'(V, - VT()) . Kg = — the propagation delay. It acts like an amount of ch@gaeitially

G 1+ KsRC, stored in the output node and which has to be removed through

C, C, the nMOS transistor. Consequently, the equivalent charge can be

S ———— e —— calculated by integrating the current of the pMOS device from
I+ KsRC, I+ KsRC), time t,, to timet,. Considering that the pMOS transistor operates
Region 4 is solved exacty as for fast inputs. for half of the intervalt,, t;] in linear mode and that the current
A comparison of the output respondg, calculated by the  waveform is symmetrical around the middle of this interval [6],
proposed method with that derived by SPICE simulations for fasQ, can be calculated as :

Cy Cip =

and slow inputs is given in Fig. 2 for an HP @Qrb technology, logH,

W,=30 um andW,=50 um. The accuracy of the proposed analysis I 2 G D%

. . . DD

is obvious. 0. = [i,d=2 [ kF2i-Vi v =Voplde 4y
t

[{)V ov

3. THE EFFECT OF THE SHORT-CIRCUIT The pMOS drain-to-source voltagd’(—V,,) derived in the

CURRENT ON PROPAGATION DELAY . o o
In the above analysis, the current through the pMOSpreV'Ou; sectlonklls gsed in th!s |rr1]tegral. ion delav is found
transistor, called short circuit current, was considered negligible, In this way, the increase in the propagation delay is found as

Generally, this is a valid assumption because the capacitive |0at5|e time needgd to remove the equivalent chQxgein average.
Yalue for the discharging curremd,, should be used. However, it

in long interconnection lines is large enough so that the outpu b ) d by th 0S .
voltage doesn’t change significantly until the time the pMoscan. € appro.><|m§1te y the nM tran§|stor current attgie
=in[ty/2],which is known from the previous analysi$ws, the

transistor becomes off. This means that the drain-to-sourcéﬁis_ ded disch hi h hich h
voltage of the pMOS transistor remains small and its current alsfme needed to discharge this extra charge which causes the
takes small values. Consequently, ignoring the short-circuita -

: L . ; dditional
current, in order to simplify the mathematical analysis, does not
have any significant effect on the accuracy of the presented
analysis. However, a method for taking into account its influence

in the estimation of the propagation delay of gates driving long 4. ESTIMATION OF SHORT-CIRCUIT

interconnections is presented. POWER DISSIPATION

The short-circuit current through the pMOS transistor exists ~ The short-circuit power which is dissipated during the output
in the interval {,,, t;] wheret,, is the time where the voltage switching is due to the curreit (Fig. 1), which is drawn from
overshoot at the output of the inverter ceases. That is becaup towards the source of the pMOS transistor. Curierdn be
during the voltage overshoot, the pMOS current is flowingfound by applying Kirchhoff's current law at the source of the
towardsVpp and thus no current path exists betw&gg and pMOS transistor :
ground. Timet, can be calculated by setting the voltage i
expression for the inverter outpi, in region 2 equal t¥pp. t,
is the time when the pMOS transistor turns off (when

propagation delay can be calculated,gs= & .
dis

=i (15)

s p - l(,'GS

dv;
where i =C,; —2 is the current through the gate-to-
Cos GS T

source coupling capacitance.



Energy starts being dissipated at tim@heni, starts flowing
towards the source of the pMOS transistor. Titpecan be

calculated by setting, =0 using the linear region expression for [4]
the pMOS current. The pMOS transistor starts its operation in
linear mode and then enters saturation at approximately

for *1 [5]

t, :Tﬁ [6], wherei, and consequently; reach their

sat

maximum value. Assuming that the pMOS current and
consequentlys is symmetrical arountl,, the dissipated energy
due to the short-circuit current is given by :

’Sat

E. =20 ,, J’is dt
t.s

(6]
(16)

Consequently, the short circuit power dissipation for a7

symmetrical driver and for a system clock frequecy:
Psc zzafES(,'

wherea is the switching activity of the output node.

The logic stages following a large RC load will dissipate
significant amounts of short-circuit power due to the degraded
waveform which they receive as input. Connecting the 20% and
80% point of the output waveform, an effective ramp input for
the following stages is obtained which can be used in the
corresponding formulas [1] for the calculation of the short circuit
power dissipation in these stages.

(17

5. RESULTS AND CONCLUSIONS

Since the output waveform expression for each of the regions
of operation is known, propagation delay can be calculated as the
time from the halfvpp point of the input to the haWpp point of
the output. Using this definition, the propagation delay has been
calculated for several output loads (Fig. 3). It has been observed
that in all cases the calculated values are in very good agreement
with the delay derived by SPICE simulations. The error was less
than 3.5 % while in [3] the error in propagation delay that has

been mentioned, for many cases exceeded 40 %. It has also been
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found that the effect of the input slope on the propagation delaffid- 3 Comparison between propagation delays measured with

is significant, proving that delay models which consider step
input are inadequate.

PICE and calculated values using the proposed method for
several output capacitances and two different resistance values.

A comparison between the short-circuit energy dissipation! N€ input transition time is 0.5 ns

per output transition calculated using the proposed method and
the energy which is measured by SPICE is given in Fig. 4. The
calculated energy dissipation is very close to that computed b

SPICE and it should be mentioned that it is always overestimate

which is required since design specifications should always b

met.
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