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Abstract

With submicron technologies, gate delays are dominated by gate
load delaysrather than intrinsic gate delays. Whilethe common ap-
proach for computing gate load delay (or total gate delay) isthrough
delay tables (or k-factor equations), there are important methodol-
ogy problems associated with the delay table approach. In this pa-
per, we propose agate driver model with a Thevenin equivalent cir-
cuit consisting of aramp voltage sourcewhoseslew timeis obtained
from the gate slew tables, and adriver resistance in series with the
gateload. Wethen develop analytical gate delay formulasusing this
Thevenindriver model and modeling theload with variousgateload
models under both rising and falling ramp input.

1 Introduction

With submicron technologiesthe overall path delay between gates
isdominated by interconnect delays (including both the effect of in-
terconnect on thedriving gate and the pureinterconnect propagation
delay), rather than intrinsic gate delays. To compute pure intercon-
nect propagation delay, various techniques based on either simula-
tion [10, 12, 14] or analytical formulas|[1, 3, 4] havebeen proposed.
However, total gate delay between aninput and output pin pair must
still beaccurately determined. We expressthistotal gatedelay (Dag
in Figure 1) asthe sum of intrinsic gate delay and gate load delay:
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Figure1: Total gatedelay isthe sum of intrinsic gatedelay and gate
load delay.

¢ Intrinsic gate delayisdelay dueto physical devices(e.g., tran-
sistors) in the gate. Intrinsic gate delay can be thought of as
total gate delay with infinite load at the output.

+ Gateload delay isthe delay dueto the load connected to the
output of the gate.

Two popular approachesto gate delay computation are (i) com-
putation of delay through delay tables (or k-factor equations), and
(ii) computation of delay by modeling the gate with a Thevenin equiv-
alent circuit of voltage sourceand aresistancein serieswith the gate
load. It turns out that the Thevenin equivalent model is a more ef-
fective delay model when the load is not purely capacitive, sinceit
naturally capturesthe interaction of the gate’s output resistance and
the RC/RLC load. However, both models are empirical; in particu-
lar, the Thevenin equivalent model requires empirical fitting [9] to
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approximatethe resistancevalue asafunction of input slew rate and
output load.

In practice, total gate delay or gate load delay for various load
valuesis usually stored for each gate/cell in the library in delay ta-
ble format, which we describe next. Theintrinsic gate delay is also
known for each gate/cell in thelibrary. While the delay table format
has become quite popular, note that the total gate delay can also be
computed directly by modeling each gate as a linear resistor with
voltage source and then modeling the (discrete or distributed) load
using various gate load models.

Delay TableFormat. Delay tables specify thetotal gatedelay and
the output slew rate (rise and/or fall time) for each gateinthelibrary.
Thereexistsat least onepair of tables (one tablefor delay, onetable
for slew rate) for each cell/gatein thelibrary. Typically, delay tables
are developed/characterized as functions of only the input slew rate
(rise or fall time) and a single capacitance value which represents
the effect of theload. Thisdelay tableformat isequivalentto the so-
called empirical “k-factor” formulasfor delay and output risetime.1

There are important methodology questionsassociated with the
delay table approach. In practice, delay and rise-times may be ob-
tained by loading the gates with a discrete load capacitor and then
changingboth theload capacitanceand input rise-times. Butin real-
ity, theoutput of the gateis connectedviainterconnectsto other gate
inputs. Modeling the load at the gate asa single load capacitor may
work well for technologies and designs where the area of intercon-
nect at the gate output is small or theinterconnect parametersare not
dominant compared to gate parameters. With sub-micron technolo-
gies the interconnect resistance, capacitance, and inductance must
be consideredin the delay table characterization (inductance effects
will definitely be an issuein the next process generation).

Given the disadvantages of the delay table approach, this pa-
per explores the computation of gate delay by modeling the gate
with a Thevenin eguivalent circuit of voltage source and a resis-
tancein seriesto the gateload. We propose agate driver model with
a Thevenin equivalent circuit of ramp voltage source having slew
time derived from the gate slew tables and driver resistancein se-
riesto the gateload. We then develop analytical gatedelay formulas
using this Thevenin driver model in conjunction with various gate
load models.

2 Review of GateLoad Modéls

Various load models have been proposed for modeling the driving
point admittance at the gate output. The gate delays are estimated
using these models either through the delay table methodology or
through an explicit simulation of the gate with the givenload model.
Beforewediscussour analytical (closed-form) expressionsfor thresh-
old gate delay, we briefly summarize a range of existing gate load
models.

2.1 Lumped Models

The simplest approximation of the driving point admittance of the
load interconnecttreeisthetotal capacitanceof thetree (Gt), which
isa(pessimistic) first-order approximation. Theactual delay ismuch
smaller than that derived from the lumped capacitance model, be-
cause the interconnect resistance acts as a shield to reduce the load
capacitance seen by the gate driver. Another simple approximation

1Standard industry delay calculators use 2-dimensional tables for delay and output
dew rateof gates. Synopsys[15] usesasimilar format for characterizing delaysduring
logic synthesis.



is the lumped RC segment model with resistance equal to the to-
tal interconnect resistance (Riqt) and capacitance equal to the total
interconnect capacitance (Ciot). Thisyields an optimistic delay es-
timate becausethe total interconnect resistance is lumped together
and shieldsthe total capacitance.?

2.2 O’'Brien/Savarino N Moddl

With thinner interconnect geometries, the resistive component of
the gate load is comparable to or larger than the gate output resis-
tance, andthe gate doesnot “ see” all of the capacitanceloading since
the metal resistance“ shields’ some capacitance[11]. For example,
if we increase the interconnect resistance of the load and keep the
gate output resistance constant then the total gate delay at the out-
putwill decreasesincetheinterconnect resistancewill tend to shield
some of the load capacitance. (In this case, while the total gate de-
lay decreases, the increasein interconnect resistancewould increase
the interconnect propagation delay.)

O'Brien and Savarino [7, 8] proposed using a one-segment I
model to approximatethe load at the gate output while still consider-
ing resistance shielding effects. Their model approximatesthe load
interconnect at the gate by matching the first three moments of the
driving point admittance of theinterconnect|oad. The disadvantage
of the ' model isthat delay tables need to be expanded to four di-
mensions: rise time of input voltage, and the three N model param-
etersRy,Cq,Co.
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Figure 2: One-segment M model for matching the first three mo-
ments of the driving point admittance of a load interconnect tree.

Let the driving point admittance at the gate output (X) berepre-
sented by

:'ZAisi =SA; + A +SAG .. 1)

The parameters of the equivalent circuit are obtained by matching
thefirst three moments of the admittancewith corresponding coeffi-
cients of the driving point admittance of the M load model in Figure
2,i.e,
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2.3 Effective Capacitance M odel

The cell tables (or k-factor formulas) for delay and output rise time
of gatesdepend only on theinput slew rate and asingleload capac-
itance, which representsthe effect of the load. Therearetwo differ-
ent approachesin the literature for computing such an effective ca-
pacitance: (i) McCormick’s Effective Capacitance Model [6], and
(i) Pillage et a.’s Effective Capacitance Model [11, 13]. Theam
of each approach is to approximate the load at gate output using a
single effective capacitance.

2.4 Open-Ended RC I Modd
In apre-routing timing analysis, exact routing topology is not avail-
able. The paper [2] approximates an estimated interconnect tree by

2The lumped capacitance and lumped RC models are referred to as Wire Load
Model 1 and Wire Load Model 2 in Synopsys manuals[15]. Similar lumped modelsare
availablewith other industry timing analysistools.
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Figure 3: An open-ended RC line to capture an RC interconnect
tree, and the RC I model.

an equivalent open-ended RC line whoseresistanceand capacitance
are equal to the (estimated) total interconnect resistance and capac-
itance, as shown in Figure 3. The open-ended RC line approxima-
tion still considersthe distributed nature of theload interconnect in
the calculation of model parameters, but is more efficient since only
Riot and Gt values are used. The admittance of an open-ended RC

lineisY(s) = ta”h = Ciot — §Ru—ﬁ+§%+..., where

0 = VRt Cot and Zy= ﬁ. The three moments of the admit-
tance function when substituted into Equation (2), yield M model
circuit parametersRy = 8¢ C; = % and Cp = %%« Com-
parisons of the open-ended model and various other load modelsare
givenin [5]. The open-ended N model can be extended to include
inductance effectsin the gate load delay computation which will be
an issuein the next process generation.

3 Driver Modd

Load

Figure 4: Driver model with ramp input, whose slew time is ob-
tained from the gate slew tables, and series resistance connected to
the load.

To model the gate driver, a Thevenin equivalent circuit model has
been used with astep input voltage source[6] and adriver resistance
whichiscomputed using the transistor linear region resistancevalue
[16]. For complex gates, estimating the driver resistance using the
transistor linear region model gives inaccurate delay values. Also,
assuming a step input as the voltage source can introduce consid-
erable error. To eliminate the latter inaccuracy, we propose a new
driver model for the gate with an equivalent circuit consisting of a
linear sourceresistance (Rs) and arampinput source (vi(t)) whose
slew time is equal to the output slew time from the cell tables; see
Figure 4. (If the model uses gate input slew time as the slew time
for the source voltage, the size of the gatewill have no effect onthe
gate delay. Hence, we use the output slew time from the cell tables
astheinput slew time for the voltage sourcein the model.) In prac-
tice the driver resistance can be computed to reasonable accuracy
by taking an average over arange of possibleinput slew times and
effective capacitancevalues[5].



4 GateDelay Computationfor Lumped Capacitance equivalent circuit can be expressedin terms of the driving point ad-
Load Modd mittance at gate output as given in Equation (2). Thevoltage at the
gate output (X) in the transform domain is
The simplest approximation models the entire load at the gate out-

put with a single lumped capacitance. The gate is modeled with a _ v (14 sR.Cy)
(sgl;artl::? rﬁr;;p4i)nput of rise time T and a series source resistance Rg x(S) = Vin(9) 1+ S(RC1 + RCs + RiCy) + SRsRiC1Cy
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Figure 5: A ramp input function: (@) finite ramp with rise time Tg, Thetime-domain responsefor t < Tr is

and (b) finite ramp decomposed into two shifted infinite ramps.
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Figure 5 showsthat afinite rising ramp input can be expressed Tr bzsf(sl ),
in the time domain as (14 SRCy)
1C2) st
—a = e
Vin(t) = ?[tU(t)—(t—TR)U(t—TR)} forallt> 0 bzs3(s1 - 52) ]
R

whereU (t) denotesthe step function. The voltageat the gate output and the responsefor t > Tr is

(X) in the transform domain is o - Vo (14 8;R1Cy)(1— e Trst) it
_ Vi@ 4§ R[" bsi(s1 - 52)
WS = T ReCa)
* (1+5RG)(1-e %) o
E(l_efsTR) |:£ _ RsGrot + RCtat :| - b S%(S _52) €%
TR s? s (s+1/RCrot) .
and the time-domain responseis Depending on the sign of (b? — 4b,) the poleswill be either real or
complex. We derive threshold delay formulas for the case of rea
-t i
wt) = Vo (TLR _ RSTCRM i RSTEQ =em ) fort < Tg o poles only. Using
_ —(t-Tp)
=V (1+ B (e7Fa — eTsfa )) fort > Tg bf—4b; = R&(CyL+Cy)”+RECS+2RRCH(C, — Cy)
. We seethat theload admittance parametersshould satisfy (C, —Cy ) =
Thethreshold delay is (2A3 — A1A3) > Ofor the polesto bereal 2 Sincethe magnitude |s,)|
isgreater than |s, |, the second termin the time-domain responsede-
Teor = RCi|In T1 _ fort < Tg creasesrapidly compared to thefirst term. Hence, for the threshold
1+ F\z/;'bR - ow delay computation we neglect the €2t term in the response. There-
o fore, an approximation for threshold delay is
RCiot (eRGa/TR —1)
= R | .
Cot [IN ( Tr (1—wvp) Troy & 1 n ( > (1+s1RiGy) ) ‘
S bosz(s1 — ) (Vih TR+ Rs(C1 +Co) — T
fort > T @ Isy 255(S1 — S2)(Vin TR+ Rs(C1 +C2) — Trp2)
fort < TR
where v, is the threshold voltage at which delay is computed. For Trls|
thecaseof t < Tr the threshold delay equation needsto be solvedit- ~ 1 n ( (1+51RCp)(e™ 1) )
eratively (typically lessthan 10iterations of simple back-substitution s1] bosf(s1 — 52)(1—vn) TR
are sufficient). Approximate formulas can aternatively be obtained fort > Tr (5)

by substituting an upper bound for Tgp in the logarithmic expres-

sion and then fitting against SPICE data. The voltage response and ; _
threshold delay expressions given an effective capacitance model 6 GateDelay Computationfor Open-Ended I L oad

(Cet 1) havethe same form; simply replace Ciot by Cet - Model
G Delay C ion for M Load Mode Most generally, we canmodel theload at the gate output by adriving-
S ate ay Computation for oa o point admittance Y, , then approximate the first few terms of thein-

A second approximation models the entire load at the gate output  finite series expansion depending on the accuracy required, Y, (s) =
with the M model of [7], which captures the load admittanceupto  sA; +S?Ay+ ...+ SKXA + . . . where A is the K" moment of the load
thethird moment. Thedriver isagainmodeledwith aTheveninequiv- admittance at gate output (see Figure 6). For the open-ended RC I
alent circuit consisting of a sourceramp input with risetime TR and  model thefirst three momentsof thedriving point admittanceare ex-
a series source resistance Rs. Recall that the parameters of the M pressed in terms of the total resistance and capacitance of the load



Figure 6: Ramp input and series resistance connected to a general
admittance load model.

network. We now use these moments to compute an analytical for-
mulafor gate load delay using the same driver model as above.

The voltage at the gate output (X) for afinite rising ramp input
iswritten in the transform domain as

1
Vx(s) Vin(s)TRSYL
Vo(l—e SR) [k k k
_ Vol )[ 1 ke +_3+%]
Tr s—s s-s s s

where s; and s, are the poles of the transfer function. Solving for
all the variables, the time-domain responseis

1
wt) = Vo [—b1+t+ 152+b;sze5ﬂ+ :blszleszt]
sy -

Tr
fort <Tgr
(14 bysp)(e¥t — (- TR))
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Vo

T
Tr R+

]fort>TR (6)

Depending on the sign of (bf — 4by) the poles will be either real
or complex. We now derive threshold delay formulas assuming the
poles are red (if the poles are complex, a similar analysis can be
applied [3]). Again, |s,| > |s;| allows us to neglect the %! term in
the response, and an approximation for threshold delay is

Tros 2 ( (1+b1sy) )
sy (S2 —s1)(by + UnTR— Trp3)
fort < TR
_ LA bysp) (el — 1)
s (2 —51)TR(1—Vtn)

fort > Tg

Fort < T the threshold delay equation must again be solved iter-
atively. However, approximate formulas can be obtained by sub-
stituting an upper bound for Trps in the logarithmic expression and
thenfitting against SPICE data. Sincethethreshold delay computed
fromthe caset > Trisgreater than Tg, an alternativeformulafor the
threshold delay can be obtained as Trps = TR+ Trpa. Substituting
into Equation (6), the threshold delay is

In (1+bysp)(1— e 2Ty .
(s2—s1)TR(1—Wn)

Our approach can be applied to compute delay for falling ramp
input for all the casesabove. For the present load model, the finite
falling ramp input can be expressed in the time domain as

1
Troa = TR+ —
Is1

Vin(t) = $ MU —tU(t) 4+ (t —ToU(t—Te)] foralt>0
F

3For most practical casesthe value of G, is greater than C, (refer to [2]) and hence
the polesarereal. Also, C, > C; in the open-ended load model of [2] for the driving
point admittance.

where Tg isthe fall time. The voltage at the output node of the gate
(X) for falling ramp input in the transform domain is

Mo (Te 1 ey 1
VX(S)_TF(S 1= T o,

Neglecting the term with pole s,, we obtain threshold delay

Trps =~ i n( 1+ 015+ Tesy )‘
sy (s1—52)(enTr — by — T + Tep3)
fort < Tg
~ 1 n(TFSZ+(1+b152)(1—eSlTF))‘
1] (s1—S2)un Tk

fort > Tg )

7 Conclusions

We have proposed anew gate driver model using a Thevenin equiv-
alent circuit consisting of ramp voltage source with slew time ob-
tained from gate slew tables, and driver resistancein serieswith the
gate load. We have also developed analytical gate delay formulas
using this Thevenin driver model and modeling the load with vari-
ous gate load models. These analytical gate delay formulas can be
used at various stages of the synthesis/layout optimization loop to
speed up the delay analysis and provide insight on how gates and
interconnects together determine performance.
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