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Abstract 2 Review of Gate Load Models

) ] ) ] ) With smaller interconnect geometries, the resistive component of the
We describe an improved iterationless approach for computing the gfte load is comparable to or larger than the gate output resistance: the
fective capacitance of an interconnect load at a_dr|V|_ng gate output. e does not “see” all of the capacitance loading since the metal re-
speed and accuracy of our approach makes it suitable for the angj¥tance “shields” some capacitance. The resistance shielding effect is
sis loop within performance-driven iterative layout optimization. Wegery significant for deep-submicron technologies. For example, if we
present an iterationless approach for computing the effective capgsirease the interconnect resistance of the load and keep the gate out-
tance of an interconnect load at a gate output when the slew timeig resistance constant, the total gate delay at the outputledhease
non-zero (i.e., aramp). We then extend this effective capacitance algiice the interconnect resistance shields some of the load capacitance.
rithm to complex gates, i.e., channel-connected components. Preliithis case, while the total gate delay decreases, the increased inter-
nary experimental results using the new effective capacitance approgshhect resistance will increase the signal propagation delay along the
show that the resulting delay estimates are quite accurate —_W|th|n Idterconnect. We say that thetal gate delayis the sum ofintrinsic
of HSPICE-computed delays on data taken from a recent micropro delayand gate load delay Intrinsic gate delayis delay due to
sor design in 0.25m CMOS technology. The improved driver modephysical devices (e.g., transistors) in the gate, and can be thought of as
reduces the cell delay calculation errors to below 10%; this indicaiggal gate delay with zero load at the outp@ate load delayis the
that accurate modeling of effective capacitance is no longer the doayay due to the load connected to the output of the gate.

nant source of errors in cell delay calculation. Variousload model$ave been proposed in the literature for model-
ing the driving point admittance at the gate output. Given these models,
1 Introduction gate delays are estimated either through a delay table methodology or

through explicit simulation. The simplest approximation of the driv-

With interconnect delavs dominating overall path delavs for dee Sin_ point admittance of a load interconnect tree is the total capacitance
Y 9 P Y P S¥fithe tree Ciot). This is pessimistic because interconnect resistance

micron integrated circuits, h_euristics for logic and Iayout_ Optimizaé'hields a part of interconnect capacitance. Another simple method —
tion must accurately model interconnect effects. For logic synthe roximating the load tree by a single Il.Jmpié(I segment model

32%ﬂoeosrt?riqa;trgggn’jSsrf'éaeyngc?:;?érﬁﬂm# ttlgnbgs Sseedd?r?.as?r?(t:-rlgy h resistance and capacitance equal to the total interconnect resis-
y esl . =Nt enoug . arce Rior) and capacitance(y) — is optimistic because the total in-

taI_ mappmg/layqut/m-place optimization loop or du_rlng_performanc rconnect resistance is lumped together and shields the total capaci-

driven area routing. In these contexts, accurate estimation of gate d ;

and rise time depends on having an accurate model for the driving point <., .. . . )

admittance of a load interconnect tree at the output of a gate. Vari?gso Brien and Savarino [9, 10] proposed using a one-segimenodel

e _ 10 approximate the load at the gate output while still considering re-
approaches have been proposed to address the resiféogve capac sistance shielding effects. Their model approximates the load inter-
itanceproblem [7, 15, 12, 6, 13].

connect at the gate by matching the first three moments of the driv-
In this paper, we improve the iterationless approach for compirg point admittance of the interconnect load. Let the driving point
ing the effective capacitance of an interconnect load at a driving gatimittance at the gate output be represented fg) = 5° ; Ais =
output. We use an accurate driver resistance computation to enablegf-1 A, + S3A;+.... The parameters of the equivalent circuit are
fective capacitance calculation when the interconnect load is drivendbtained by matching the first three moments of the admittance with

complex gates, i.e., channel-connected components. Our new appre@gfesponding coefficients of the driving point admittance oftHead
is considerably faster than previous methods for computing effectiygdel, i.e.,

capacitance, yet suffers little or no loss of accuracy. Thus, the approach
is compatible with tight synthesis-analysis loops in performance-driven —AZ A% A%
physical design. Preliminary experimental results that the improved Ry = <l Ci=A— A3 C= A’ @)
driver model reduces cell delay calculation errors to below 10%. Be-
cause of the accurate driver modeling, computation of effective capaghe disadvantage of tH@ model is that delay tables must have four
tance is no longer a dominant source of errors in cell delay calculatigimensions: slew time of the input voltage, along with the tHfee
Our discussion begins in Section 2 with a review of gate load moghodel parameter®;,Cy,Co.
els. Section 3 then briefly reviews previous effective capacitance ap-Various works, e.g., by Pillage et al., approximate the load at the
proaches, and presents our new effective capacitance algorithms fog#te output using the O’Brien and Savarino [9, IDinodel. To make
cases of simple and complex gates under ramp input. Section 4 gwgs model compatible with k-factor delay formulas (i.e., the delay
HSPICE simulation results for various RC loads and driver sizes in @ible modeling methodology), the load must be approximated by an
0.25umprocess. effective capacitance
To model the driving point admittance of a distribute@ intercon-
nect tree, Kahng and Muddu [2] proposed a new one-segRErii
*Author to whom correspondence should be addressed: Dr. Sudhakar Muddu, silifdRdel, withpredeterminecparameter values that depend only on the
Graphics, Inc., muddu@mti.sgi.com. total resistance and total capacitance. This model approximates the




entire interconnect tree by an equivalent open-eriRiétine whose re- function allows the effective capacitance to be characterized over the
sistance and capacitance are equal to the total interconnect resistanicenge of parameter values.

and capacitance. The distributed nature of the load interconnect is stillPileggi and coauthors propose an effective capacitance calculation
considered in calculating model parameters, but the approach is ntbeg approximates the output waveform for single stage gates by using
efficient since the moments of the driving point admittance are obtaireetivo piece output waveform [15, 12]. This approach calculates an ef-
without recursive tree traversal. The admittance of an open-eR@edfective capacitance by equating (i) the current at the gate output with

line can be obtained from the 2-port parameters as [2] driving-point admittance as the load, and (ii) the current at the gate out-
put with a single effective capacitor as the load. It is difficult to obtain
tanh(0) SZRthtZOt 532Rt20tct30t a single effective capacitance that will exactly match the actual load
Y(s)= 7 SGot — 3 + 15 tee in terms of current at the gate output, at all timiesHence,average

currentsfor both models are equated over some period of time, say,

where the propagation constaht= +/RiorsGot, and the characteristic Until the gate output voltage reaches the 50% threshold. The approach
rovides accurate results for computing cell delays. In general, how-

impedanceZo = /& The first three moments of the driving pOIngver, previous effective capacitance approaches require costly iterations

admittance aréq = Cior, Ap = — R{otsctzot’ Ag = 2thi!5C[3m_ Substituting (€--» 5 t0 10 iterations until the method of [15] converges) and moment

in Equation (1) yieldsT model parameters computations for the entire load (even thom_Jgh the moment computation
is linear, three moments of accuracy requires three traversals of the in-

12Riot Ciot 5Ciot terconnect topology). They also typically involve empirical equations
Ri= 25 Ci= 6 and C; = 6 (2) that assume fast input transitions and/or require extensive characteriza-
tion effort.

Last, when segmented models are used, each interconnect line idVe now propose two new and simple, yet accurate, techniques for
represented by multipl®C or RLC segments. The admittance is reeffective capacitance calculation. We model the load at the gate out-
cursively computed using the admittance expression for a sRigie  put with a simple open-endeéRIC 1 model, which eliminates any need
segment. The admittance at nddie represented as an infinite serie§or moment computations at the gate output. We also model the gate

using the admittance moments as with a Thevenin equivalent circuit to compute the closed-form equa-
tion for the voltage response at the gate output. The value for effective
Yi(s) =S¥ _|_52\(2’i +... -I-SkYk,i T capacitance can be computed by matching the delay/slew time for the

M model response with that of the single capacitance model. We now
give details of the effective capacitance computation for the ramp input

with Yy ; being the coefficients af is thek!” moment of the admittance ) ; -
Y configuration of the driver model.

of subtreeT (i).
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Figure 1: A singleRLC segment between nodeand j. B VBeﬁ
v RS
For thesingle segmenirom nodei to nodej in Figure 1, thekt S Ceﬁ
admittance coefficient at nodlés computed according Observation ;E

1: The admittance at nodein Figure 1 is computed recursively in | |
terms of admittance at nodeas [KM96f]: ] ‘

Figure 2: A Thevenin equivalent model of ramp input source, and a

Vi = Y, +G driver resistance for the gate. The load at the gate output is modeled
k-1 k-2 in two different ways: (i) using an effective capacitance model, or
Yii = Yo =R Y YiiYenj—Li ) YiiVie11,j — RGYica; (ii) using a higher-order model such aslanodel.
(=1 =1

—LiGYk—2; fork>2 . .
3.1 Effective Capacitance Under Ramp Input

3 New Methods for Computing Effective Capacitance We model the gate with an equivalent circuit consisting of a ramp input

i i i ) ____source Ys(t)) and a linear source resistand®s), as shown in Figure
The previous work of McCormick [7] obtains the effective capautanqg). We propose to use the open-endiechodel for theRC (RLC) net-
as a function of total capacitand&¢), astep input capacitancahich ok at the output of a gate to estimate the driving point admittance.
depends on the gate output s_Iew rate, and the EIr_nore delay of the '?ﬁg‘i‘)te that the proposed algorithms are independent ofRBdoad
The step input capacitance is chosen to approximate the load adipidye| used for computing the admittance.) Under these conditions,
tance such that the output voltage waveform of the cell passes throygh-ompute the gate output response analytically using the source re-
the endpoints of some critical output voltage range (e.g., 0% and 7503/?5)tanchD with ramp input and with the load modeled a8l anodel.
atidentical times. In [13] the effective capacitance is derived as a func- 1, response at the gate outjin transform domain is given by
tion of four parameters (output slew and thiée model parameters)
in such a way that these parameters can be reduced to two normalizeq/ (1+sRCy)
parameters. Normalizing the parameters of the effective capacitance x(S) 1+ s(RpC1 + RoCz + RiC) + S?RpR1C1Cp

Vin(s)



Vo(l—efs-rR) i - Rp(C1+Cp)

- Tr I s Input Slew || Load Cap. Idp rdn
(ps) (pf) (ohm-um) | (ohm-pm)
(1+sRiCp) 1 (1+9RC) 1 100 0.05 717 259
_ S_ _ S_ 100 0.5 6336 2283
bosi(s1— ) (S—51)  ph(s1—) (S—%) 100 o i 220
100 15 9900 3687
where b; =Rp(C1+C2) +RiC2 , by =RoRiCIC, , andsyp = 100 2.0 10293 3836
—by£+/b%—4b, 200 0.05 1045 350
2b, ’ 200 1.0 9515 3620
Depending on the sign tbi} —4h,, the poles of the transfer function 200 2.0 10514 3922
can be either real or complex; the time-domain response is computed
separately for each case. Substituting for the coefficienésmdb, into Table 1: Device parameters for an 0B process.
the condition, we obtain
bf—4b; = RB(C1+Co)”+RIC+2RoR1C2(C2~Cy)
222 AtA whererg, andrgp, are resistances for auh device, andh, Wy, are the
2 173

R3(C1 +C2)? + RECS + 2RpRiCa(

)(3) device widths in microns. Typical values fof, andrgp for 0.25 pm

technology are given in Table 311.

inally, the effective capacitance is computed in the range between
Zg{input capacitandBstep and total load capacitand&qt. This is
ecause: (i) when the gate response (or slew rate) under no load is
Jaaﬁt the gate will not see all the load capacitance, and (ii) when the
Inverter response is slow, then the gate will end up charging all the
load capacitance. The range betwé&ggmp and Gt is enforced by
computing (i) the load delal| p of the gate withCio: as load, and (ii)

Az

from which we see that the load admittance parameters should sati
(2A§ — A1A3) > 0 for the poles to be real. For most practical cases t@
value ofC; is greater tha@y; this is also true for the open-endB€ I
model. Hence, we study the case of real poles only, with the voltag
gate outpuB being

he slew ratdy of the gate under a no-load condition, then settin
% (14SIRCo) g (1+%RICp) o NeOTES ’
vg(t) = T tfRD(C1+C2)+b%(sl_52) 7b§(s —%) 1
2 2 1 Ceff = Cramp+ (Ctot *Cramp) ﬁ (8)
fOI'tSTR + LD/ NL
Vo (1+sR1Co)(1— e Tr3) t Algorithm Template 1: Given the following information for a cell:
= —|IRr
Tr bosi(s1 — ) e thel model parametersxf,Cy,C2)
_ (1+2R1Cp)(1—e *2) e | fort > Tn @ * the characterized output delay table for the cell
boS5(s1 — 52)

Perform these steps for effective capacitance computation:

We use the above response to compute the slew time (or delayl. Computd1 model parameters using either Equation (1) or Equa-
with respect to input signal) at any user specified threshold voltage tion (2)
(e.g. 50%). Assum@/l; is the slew time at the gate output for 50% n .
threshold voltage. If we model the load at the gate output with a single2- ComputeTg,; by solving for the voltage response at the cell out-
effective capacitanc€amp (we refer to this capacitance &gamp be- put per Equation (4)
cause of the ramp input source model) then the slew time is given by. n . .
Telew= K2RoCramp. The constank; associated with the given thresh- 3. ComputeCramp from Toy andRp using Equation (6)

old voltagewy, is obtained by calculating the time-domain response for 4. Use the characterized cell delay table and obtain the dxlgy

a simpleRC circuit driven by a ramp input source: with Cio as load and the deldyy with no load
1 5. ComputeCe ¢ using Equation (8)
ko = |In fort <Tj . . . . .
2 <1+ ﬁlﬁ,thtR - %) =R As discussed in [2], we believe that our effective capacitance ap-
o ) o proach gives good delay estimates at threshold voltages between 30%
RpCiot  (eRoGet/Tr — 1) and 60% of supply. However, the tail end of the response for our ef-
= |in TR (1w fort>Tr (®)  fective capacitance model can deviate significantly from the actual re-

sponse [2]. Furthermore, the proposed methods provide accurate es-
timation of delay estimates, but do not provide accurate output wave-
forms that may be needed to derive the output waveforms of down-
stream gates.

Equating the output slew of tHé@ model with the slew of a single
capacitancdgew the single effective capacitanCemp is computed as
Tolt
k2Rs

3.2 Effective Capacitance for Complex Gates

Computing an accurate driver resistafgis quite difficult for com-
plex gate structures, e.g., channel-connected components. When many
We model the gate output resistance as a linear resisRdes.,  transistors are connected in series the total pull-down (NMOS) and
pull-up (PMOS) resistance is different from the value obtained by adding
Ro — fdn 0 NMOS individual resistance values. This is due to the change in source voltage

Cramp=

(6)

r Note that the parameters in the Table are obtained using drawn dimensions of the tran-
— Tdp for PMOS (7) sistors. Actual dimensions of transistor widths and interconnect length/width/spacing are a
Wp 64% shrink of drawn dimensions. (The26 um process refers to actual dimensions.)



of intermediate transistors due to non-zero voltage on the intermesiperimental configuration consists of two inverters connected in se-
ate node capacitors, and due to variation in threshold voltage duegi¢s. We apply a ramp input with slew time 400ps to the first inverter.
source-bulk voltage differences. The load at the second inverter is BE tree of varying topology. The

A straightforward approach for modifying our proposed effectiveize of the first inverter is fixed &, /Wh = 100/50 pm. HSPICE de-
capacitance algorithm to handle complex gates is to start with an initefs are computed by simulating the chain of inverters with different
value ofRp and iterate until we converge on correct values for bggh second inverter sizes and different I0R@ trees. We use a static tim-
andCe¢s. Such an approach is computationally expensive, and hereg tool, within which we have implemented our effective capacitance
we seek an iterationless approach for effective capacitance calculatigproach, to compute the delays. Table 3 compares delay estimates for
In this section, we develop a method for computing driver resistaree INV gate usingAlgorithm Template 1. Table 4 compares delay
accurately by evaluting the effective driver strength and consideriagtimates for a NAND2 gate, again using the effective driver resistance
body effects. computation irAlgorithm Template 1. We see that with the new effec-

To first order, the CMOS device driver strength without considetive capacitance approach, delay estimates are consistently within 15%
ation of body effects is proportional t§, whereL is channel length of HSPICE-computed delays.
andW is the width of the device. We propose to model the channel-
connected components by computing the effective driver strength and

then multiplying by abody effect coefficientWe have performed fits INV Size HSPICE | Estimated| Total Parasitics
to detailed simulation data in order to characterize the body effect co- || (W,/Wh)um | Delay (ps)| Delay (ps) R/IC
efficients for various types of configurations for a given process. The 24712 130 110 260Q / 0.50pF
effective drive strength for pull-down and pull-up chains is 100/50 80 90 260Q / 0.50pF
1 100/50 115 125 710Q/ 1.40pF
Whett = Kpa*[m——] 80/40 130 120 150Q / 0.40pF
wtetw 80/40 140 160 300Q / 0.80pF
1 200/100 55 65 1000Q / 1.40pF
\NPeff = KDU*[ [ L, } (9)
w et Table 3: Comparison of HSPICE-computed delays and estimated de-

- tput by our in-house timing tool. The timing tool usesGher
whereK,q andKp, are the body effect coefficients for pull-down (NMO?S ou :
and pulﬁup (PMpOS) chain of transistors, respectively. Table 3.2 sho sproach described above to compute load at the INV output.
the characterization of these body effect coefficients as a function of the

number of transistors in the chain. We use these body effect coefficients

as indicated in the above equation to compute effective driver strengths.

NAND2 Size | HSPICE | Estimated| Total Parasitics
T#ansstos [ L ] 2 [ 3 [ 4 [ 5 | (Wp,Wh)um | Delay (ps)| Delay (ps) R/C
Kog 101 1431 1801 1.85] 1.90 100,100 94 103 260Q/0.50pF
Kgd 101 1.60] 1.95 2.00 [ 2.10 100,100 129 142 710Q/ 1.40pF
80,80 147 159 150Q/0.40pF
Table 2: Body effect coefficients for one, two, three, four, and five 200,200 63 0 10009 /1.40pF

transistors for both pull-down and pull-up chains. These parameters ] )

are obtained for an 0.25MCMOS process. Table 4: Comparison of HSPICE-computed delays and estimated de-
lays output by our in-house timing tool. The timing tool uses@hes
approach described above to compute load at the NAND2 output.

Now the driver resistand@p can be expressed as

B I'dn
RO = Wperp TOPNMOS 5 Conclusions
_ _fdp for PMOS (10) We have proposed a novel iterationless approach for effective capaci-
Whe t 1 tance computation, both in the step input and ramp input regimes. Our
_ ) new approach is faster than previous methods for computing effective
wherergp andrgp are resistances for auh device (see Table 1). capacitance, with HSPICE simulations confirming that little or no loss

As described above, we model the gate with an equivalent circoftaccuracy is incurred. We believe that our technique will be valu-
consisting of a ramp input voltage sounggt) and the above expres-able within a tight synthesis-analysis loop, e.g., for performance-driven
sion for driver resistancBp. The response at the gate output when wayout optimization. The improved driver model reduces the cell de-
model the load with an effective capacitance is given by Equation (y calculation errors to between 5% and 10% (notably for complex
The output slew time from this response can be expressefRa€etf, gates); with this improvement, modeling of tRE€ load or the effec-
with the constanks associated with the given threshold voltagebe- tive capacitance is no longer the dominant source of error in the cell
ing very similar tok; in Equation (5). The effective capacitance can bgelay calculation. Our recent work has embedded this calculation in a
computed by following the steps éfigorithm Template 1. production performance verification flow for high-end microprocessor

. design.
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