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Abstract:

In the recent years, the impact of noise on chip level signals has become a significant source of static timing
errors. This paper presents a new technique to generate accurate non-linear driver models which can be used for static
timing and noise analysis, with inductive interconnect and multi-source nets. The new technique is efficient because it
relies on existent gate characterization for timing, does not require additional non-linear circuit simulations and gen-
erates re-usable models.

Introduction:

One of the problems that has gathered much attention recently is the effect of switching
noise on chip level timing (delay noise or dynamic noise). Static timing analysis determines the
extremes of signal propagation, being the main tool used for predicting the speed performance of
the digital IC’s. Since switching noise can overlap with and affect logic signals, it will directly
impact the chip level timing and the reliability of the final product. A good description of the dif-
ferent types of noise, their impact on circuit activity and ways to model and analyze it is given in
[23]. Other tools and methodologies for functional noise analysis are proposed in [19], [10] and
[1]. Special circuit modeling techniques to asses global noise impact have been proposed in [12],
[13] and [18].

The impact of switching noise on chip level timing is generally split into functional noise
and delay noise. Functional noise is noise induced in quiet nets (victims) by switching neighbors
(aggressors). For high levels of induced currents, it can cause unwanted logic activity and even
functional failures. The delay noise is caused by the same switching activity on the neighboring
nets, but it happens while the victim net is itself active. In this case the noise can modify the time
of flight and slew-rate of the useful signal and it can cause delay (timing) errors.

Switching noise analysis is performed in two steps: a first stage where all possible aggres-
sors are considered, some being filtered based on functional constraints, clock domains, timing
windows, etc., and a second stage where the actual effect of noise on delay is being determined
through circuit simulation. Most of the research in this area has been focused on the first step,
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Figure 1 Capacitively and/or inductively coupled nets interact with each other. a)
interaction with quiet victim net driver: the aggressor will induce a noise pulse on
the victim net (functional noise). b) interaction with active victim net driver: the
aggressor will induce a variation in the victim net signal shape (delay noise).

mainly on the alignment of the aggressor noise signals for worst/best case analysis and conver-
gence of the timing analysis in the presence of noise [3], [4], [7], [22], [24], [15], [25] and [26]. In
this work, our attention is focused on the second step, mainly on the derivation of efficient and
accurate logic gate models for noise analysis. In this area, the existing models can be separated
into two groups:

a) linear timing models: in [9], [2] and [15] the authors have developed linear gate models that
include current injected by aggressors, based on the static timing gate models developed earlier by
[21] and [8], and,

b) best-fit resistance models: an analytic model based on the equivalent resistance of the pull
up/down transistor chain proposed in [6] and a “transient holding” resistive model proposed in
[24].
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In the case of functional noise, since the victim net driver is holding low or high, the
driver is correctly approximated by a linear (RC) model and the analysis is reduced to linear cir-
cuit simulation. In the case of delay noise, functional nkeeanalysis is used to determine a
worst-case alignment of the aggressor noise pulses which are then “merged” with the victim net
logic signal. In the “merging” step it is crucial to take into account the very complex non-linear
interaction between the driver gate and noise injected from aggressors. This complex interaction
is modeled by an iterative process which tries to match the current (charge) injected into the
driver. In the case of [9], [2] and [15] the delay/charge measurements with an effective capaci-
tance must match the delays of the perturbed circuit. In the case of [24] the area under the noise
pulse must be matched by the area obtained with a “transient holding” resistance model of the
driver. In the case of [6], the driver is modeled by a simple pull-up/down resistance derived from
the physical devices.

In this paper we present a new logic gate modeling technique well suited for the basic
static timing and functional noise analysis as well as accurate delay noise analysis. Our proposed
solution is a non-linear dynamic model of the gate driving port, controlled by both input and out-
put signals. Some of the distinguishing features of our modeling technique are: a) our models are
derived for a range of input and output conditions so they are re-usable, b) the modeling process is
based on the existent delay measurements taken during the pre-processing step of the static timing
analysis flow and no extra characterization work is needed, c) the modeling technique allows the
user to control the accuracy of the models being generated.

In Section 1 we are discussing the differences between functional noise and delay noise. In
Section 2 we are giving a brief presentation of the existing gate models used in static timing and
noise analysis and an introduction to the Finite Elements Method (FEM) used at the core of our
modeling technique. The new modeling technique is described in detail in Section 3 followed by



results (Section 4) for various test cases in which the new models are used to determine the impact
of noise on delay, the propagation of signals in nets with multiple drivers, the response of gates
with inductive output loads and others. In Section 5 we are reviewing the major contributions of
the proposed modeling technique and setting goals for future work.

1. Functional noise vs. delay noise.

In all the examples shown in the paper we have used the same victim driver, a medium
sized 4-input NAND gate from a Motorola MPC755 PowerPC-Compatible microprocessor. The
gate has 48 transistors, 6 diodes, 725 parasitic capacitors and 322 resistors. In all examples, the
active input signal has been wvhile all others (4, A, and As) were tied to Vdd. The gate is

driving a long wire routed on the upper layers of metal (M5). For the aggressor net, we have used
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Figure 2 Test circuit used throughout this paper. A NAND4 gate driving a very
long wire coupled to an aggressor. Each net’s load is within the range specified for
its driving gate.

a strong inverter as driver and it has been routed along to victim at minimum spacing (about 40%
of total wire capacitance is coupling to its neighbor). The two nets were coupled for 75% of the
victim net’s length. The aggressor signal has been offset such that its effect is overlapping the far
end victim signal obtained in the absence of noise. In Figure 3, the victim input signal and the vic-
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Figure 3 a) The effect of switching noise on delay Comparison between func-
tional noise and delay noise.

tim far end signal without noise are shown. In addition, the functional noise has been determined
with the victim driver holding low. Then the far end signal in the presence of noise has been deter-
mined using accurate spice simulation of the full circuit (*with delay noise” waveform) and by
adding the functional noise to the far end signal without noise (“with functional noise” wave-
form). It is apparent from figure 3 that functional noise can be a very poor estimate of delay noise.



The last stage of the gate, the driving port, can be seen as comprised of two variable resis-
tors: one modeling the P FETs and one for the N FETs. These two resistors will have opposite
variation during the transition of the output and, as a consequence, any noise pulse injected in the
output pin will see this variable resistive path to ground. In Figure 4 we are showing the equiva-
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Figure 4: The equivalent resistance seen at output pin during output transition.

lent driver resistance seen at the output port during the output transition (for the input-output sig-
nals pair shown in Figure 3). Note how the resistance varies between 100 and 1000 ohms during
the active interval. Since one of the existing methods to model the driver for delay noise [24]
relies on computing a “transient holding resistance”, it is clear from Figure 4 that such a single
value resistor model will not be able to accurately capture the complex driver behavior.



2 Background

In section 2.1 we are giving a succinct presentation of the different linear driver models
currently used in timing and noise analysis. In Section 2.2 we give a brief introduction to the
Galerkin method for Finite Elements, which is being used at the core of our modeling technique.

2.1 Logic gate models for static timing and noise analysis.

In the timing pre-characterization process of a logic block, detailed simulations of all the
possible signal paths are performed for different input signals and output loads. The delay mea-
surements are stored in table format or even post-processed as delay equations. This delay data
(equations) is usually generated for simple output capacitive loads. However, due to interconnect
resistance and inductance, the output load of the gate is modeled by complex RLC circuits which
vary from simpld1 models to high order models. During timing analysis, the simple delay data
(equations) is used to generate driver equivalent circuit models using an iterative process (often
called C-effective algorithm). These models were first developed by [21], later their accuracy has
been greatly improved by [8].

In the C-effective algorithm, the driver is modeled by a Thevenin like circuit: an ideal volt-
age source - step or saturated ramp- and a driver equivalent resistance (Figure 5). The iterative
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Figure 5: Driver logic gate is modeled (usmg C effectlve) by a Thevenln like linear
circuit while the interconnect input impedance is modeled (using AWE)Y by a
model and transfer functions between driver output and sink pins.

procedure tries to determine an “effective” output capacitance load such that for a specific time
interval the total charge stored on the simple capacitance is the same as the total charge stored on
the complex load and the delays and rise times derived from pre-characterized data for this simple
effective capacitance match the ones obtained through the simulation of the linear driver model
and thel RC load:

t1 tl

= [In(Ddt = Qcerr = [lcen(t)at
to ty
TDp = GateTI( T X, Ceff) TX, = GateTX TX, Ceff)
whereQ is charge] is current,TD is delay time,TXis rise time GateTDandGateT Xare the gate
delay and rise time coming from pre-characterized data.
In practice, the C-effective technique is stable and converges rapidly and it has been in use
for almost a decade with different flavors in most static timers, commercial as well as corporate



EDA tools. Switching noise effects, on-chip interconnect inductance and multiple source nets are
relatively recent issues for static timing and there has been significant work done to extend this
simple algorithm to these cases. In [2] the authors are extending the algorithm to general output
load models in reduced order format [20][14]. Later [17] and [16] developed an extension of the
RCI model to a stable RLO model with good accuracy for chip level timing.

For delay noise analysis there are a couple of models proposed in the literature:

1) An extension of the C-effective algorithm to model the injected current as additional capac-
itive load [9]. The C-effective algorithm is applied simultaneously to the victim and the aggressor
resulting in a system of non-linear equations solved efficiently using the successive-chord
method. It is worth noting that the same algorithm can be applied to the situation of a single net
with multiple sources.

2) The “transient holding resistance” model proposed in [24] which models the reaction of the
gate to the injected current with the help of a fitted resistance. Each iteration contains the follow-
ing steps: a) for each aggressor in isolation (with victim and other aggressors grounded) the cur-
rents injected in the victim is recorded; b) a non-linear simulation is performed to determine the
response of the gate with the induced current at its output. From the comparison of this output
with the one obtained in the absence of noise a delay noise pulse is obtained; c) a “transient” resis-
tance value for the victim driver is then computed to match the area of the delay noise with a func-
tional noise pulse.

In [24] the authors have compared the two methods and reported much better results for
the later technique. It is important to note that, in order to be accurate, the second modeling tech-
nigue requires a non-linear circuit simulation at each iteration.

2.2 Introduction to finite elements method

The finite elements method is being used extensively in engineering (e.g. for solving field
eqguations, in various civil and mechanical engineering problems and electronic device parameter
modeling). The success of FEM comes from its simplicity and flexibility. Furthermore, the
method can be used very efficiently (such as the Galerkin method) by reducing the non-linear
dynamic problems to simple linear systems of equations. In this section we are giving a very brief
introduction to finite elements tailored to the Galerkin method. This introduction follows closely
the treatise of the subject from [5].

To introduce the basic concepts from FEM we take a simple one-dimensional differential
equation with essential boundary conditions:

Find g = g(t), a real valued function defined on a finite donfair [t t,,] OO ,
g:' - O, which satisfies the following differential equation:

g"(t) +cq Ly'(t) + ¢ Lh(t) = f(1) (1)
with the given boundary conditions:
9(ty) = gy andg(ty) = gy - 2)

The finite elements method relies on the possibility to approximate any function within a
desired accuracy limit as a combination of certain building functions also called basis functions.

For example, any polynomial of order three or lBgbx) = a3x3 + a2x2 +a; X+ @, can be



exactly and uniquely represented using the following family of basis funcig(s) = X :

2
Po(X) = X7, p1(X) = x andpy(x) = 1.
Let us assume that we have such a family of basis fundons{ a,, a5, ..., a,} and

n
that the solution to our problem is sought to be in the following foy(t): = Z a; Lo (t) .In
i=1
order for this set of basis functions to provide a reasonable approximation of the solution, each
basis function must be continuous, bounded and twice differentialdie lororder to simplify the

interpolation, the “solution” is defined only on a set of notles {t;, t,, ..., t,_;, .} within

with t; = t andt, = t,, . As our natural choice for a set of basis functions we use the Lagrange

interpolating polynomials. For our domdinwith n nodes we define basis functions such that
each one is 1 in one node and 0 in all others. The family of basis functions is defined as:

a(t) = Eﬂ(t—tk)E(En(ti—tk)g 1<k<n withk#i. (3)
k k

In Figure 6 we give examples of Lagrange interpolating polynomials for 2, 3 and 4 nodes in the
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Figure 8 First, second and third order Lagrange polynomials as basis functions.

domain which corresponds to first, second and, respectively, third order polynomials. If, for exam-
ple we have measurements of a functior: h(t) inevery ppint h(tg) = h; h(t,) = h, :
n
etc., the approximation ¢fusing the Lagrange polynomials is simptyt) = z h; T, (t)
i=1
The FE method first transforms the differential equation into an integral equation by not-
ing that if equation (1) is identically satisfied by the solution then the following form:

[T " () + 0, [ (1) + 0 CO(O—F (D)t = O @

m
holds for any test functior(t), T(t) = z bj EBj(t) defined also over a set of basis functions
i=1
Biest = {Bq, Bo -.., By Which must be continuous, bounded and at least once differentiable on
I". Integrating by parts the second order derivative term of equation (4) we get:

[T O W0 100 Ho, () + ¢ O - fONE+TO O =0 ()



Equation (5) must hold for any choice of a test functi@f) and that gives us the possibility to
choose test functions that are identically equal to 0 at the boundary points which will cancel the

t . . . .
extra termt(t) [g'(t) |tM . At the same time, since the test function can be expressed as a combina-

tion of basis functionB; we can rewrite equation (5) as:

m
tM
> b Egt (—B;" (1) L' (1) + B;(t) Hey Ty’ (t) + co L(Y) - f(t)))dt% =0 Ob, 00 (6)
i= "
which is valid for an)bj values and that gives usindependent equations:

_[IM(—BJ-’(t) (' (1) + B;(t) ey [’ (1) + ¢ LO(T) — f(1)))dt = O j=L..n (7

If the approximation of the actual solutionggt) = z a [o;(t) , equation (7) becomes:
i=1

tmD n l:I n n DD
. E}—Bj’(t) O a (1) +B;(1) umllmz 8 ['i(t) + ¢, 0Y & Eni(t)—f(t)%jdt -0 -

i=1 i=1 i=1
j=1..,m

n t, ' ' | .
i;ai Ea'tm (=B (1) Coy(1) + B; (1) Tcy Coy(1) + co oy (1))t = JB0 of ot o

j =1 ...,m
Equation (4) has been reduced to a system of linear equations (9) which can be written as
Qxa=r whereQ = [qij] | e Isanx n matrix with its entries defined as:
i<n j<m
ty
Gy = [, (=B (1) Loi(t) + By (1) Hey Lori(t) + ¢ Lo (1)) at, (10)
T - . T .
a= [al ar] is the vector of scalar coefficients for the solution ansd [rl rnJ is the

vector of right hand side terms with each entry defined as:
th
r = Itm B;(t) Lf (t)dt. (11)

At this point, the remaining step is to evaluate the integrals of equations (10) and (11),
usually done through Gaussian integration.

There is a trade-off between the number of nodes and the accuracy of the approximation.
In order to keep the computational cost low, thdomain is usually split into elements as
r=1[1 E,. This allows us to use low order basis functions and low order Gaussian integration.

p
In the case when there are two variables (as in our models), the most flexible domain par-

tition is obtained with triangular elements. However, this is cumbersome for the automated mod-
eling process and rectangular elements are used instead. The Lagrange interpolating polynomials
in two dimensions are also straightforward to obtain as products of one-dimensional polynomials.
In Figure 7 we are showing a rectangular element with 9 nodes and the expression of a two-
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Figure 7: An example of a rectangular elemé&jtf¢r the two-dimensional case.
The basis functiony((x,y)) that takes value 1 in the poinfy3).

dimensional basis function derived using second order one-dimensional basis functions. In Figure
8 we are plotting two of these basis functions, ;(X, y) and,(X, y) . The use of two-dimen-

Figure 8: Two dimensional basis functions using second order one-dimensional
Lagrange interpolating polynomials.

sional Lagrange interpolating polynomials on rectangular elements (bi-linear, bi-quadratic basis
functions, etc.) guarantees the continuity of the approximation at the boundary between elements.



3. Non-linear driver models for timing and noise analysis.

The switching noise pulses inject/draw charge in/from the victim net, effectively changing
the size of the interconnect load seen by the victim net driver. As a consequence, the driver
response depends simultaneously on the input signal and the noise pulse and it is not possible to
separate these effects without incurring errors. Our solution is a simple non-linear model which
has either a Thevenin or a Norton form. In the following, the Thevenin type model is used to
present the modeling process and its properties.

This Section is divided in two sub-sections: the main steps of our modeling technique are
presented in section 3.1 followed by a discussion on the properties of our models in section 3.2.

3.1 The proposed modeling technique

In the Thevenin form, the driver model is comprised of a non-linear voltage source, con-
trolled simultaneously by the input pin voltage and the output pin voltage, and a fixed value
impedance (resistance and capacitance) (Figure 9).

————————————

a) Simplified real driver b) Proposed model
Figure 9 a) Real driver (in its simplest form as an inverter) and b) its non-linear
model (shown here in Thevenin form).
For any input signalu) and any output capacitive loads{,q4) we can determine from the

pre-characterized data the response of the gatas(delay values on pre-defined voltage levels
(usually the 10%, 50% and 90% delays). This pre-characterized data is stored in delay tables or
curve-fitted delay equations. If we were to simulate the circuit from Figure 9.b, we would have a
single node with the following Kirckhoff current equation:

dw
dt
whereC = C,, 4+ C4 RyandCyare modeling the holding high/low output port admittance and

are considered known for the rest of this section. It remains to determine the expression of
V4(u,w) such that the output voltage that satisfies the above equatimilar at the measurement

pointswith the pre-determined output data. We assume\that is fully described by a collection

Vy(u,w)—w = R,C (12)

of pointsVy; inadomai defined bfx = { (u, w)[u U (Upjp Unaxs W O (Wi Wina,)}

(Figure 10).
The current equation of the output node can be re-written in integral form (equation (4)):
tmax
d _
J’ T E%/d(u, w)—W—RdCd—\tNEgt = 0. (13)
tmin

At this point we must explain an important difference between the traditional FE method
and our process: the former is applied to solve a differential equation (i.e. vg firelfunction



Figure 10: A simple voltage source model defined on a grid as a function of the
input (U) and outputw) signal values as a PWL functionwindw.

under the difference operator) while we actually have the solution, but we do not know the func-
tional coefficients of the equation (i\;). In some sense, we are applying the FE method in

reverse. Our goal is to find a representatiol gfu, w) which satisfies the differential equation
at the measurement pointg, ;). If the value$/ij = Vy4(u;, Wj) are known, then its approxima-
tion is:
Vg(u, w) = S Vi Oy (u, w) i=1,..,N,and j=1,..,N, , (14)
]

where eachy;; is the two-dimensional Lagrange interpolation polynomial. The same interpolation

process is applied to all other time dependent functigivgandt. For a particular input-output
signal pair, Figure 11, the time domain is partitioned by the measurement points. For the end
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Figure 11: An input-output signal pair with representative time points. In addition
to the three measurement points, we have the start and end time points.

points of the time domairiminis defined by the starting point of the input signaj)(andtmaxis
usually defined by the end point of the output signgj{g For example we can express the input
signal as:

u() = SutE) = u) G O{TI} = {tig tiyg tisy tigg tigh,  (15)

and the output as:



w(t) = ZWJ- [ (t) w; = w(t;) t; 0{TO} = {toy, 104 t05g tOgg 010} - (16)

]
Note that both input and output are defined by measuremgmt Which are taken on pre-
defined voltage levels, i.e. the valugsndw,; are known a priori.This is why the Galerkin method

is perfectly complemented by the pre-characterization process for timing: the former needs point
values which is exactly what the later provides.

The test function is also expressed using basis funcf®nshich may be different from
thea basis functions:

1(t) = Ztk By (1) T = T(ty) t, O{TIOTO} k=1,..1+J. a7)

When aII the functions are expressed using basis functions, equation (13) becomes:

ZTKEDJ' Bk(t)EEZV” iy (u, W) — aw o, +RdCZW o %ﬂtm 0. (18)

m|n
Since we can choose any test functions, equatlon (18) must be identically satisfied for any choice

of 1, coefficients, being equivalent to a system of equations. With some more algebraic manipula-
tion, each equation of the system can be described as:

max max tmax
ZV O B (U, w)dtm—zw T [ By oyt =RC O [ B [ dtd = 0 (19)
min min tmin D
wherek = 1, ...,1 +J . Every equation can be concisely written %.\/ij Cip K V=0

1]
which is part of the system of equatiodsxV = 9 where allgheefficients are ordered in

the matrix®, all the unknown voltage pOinMij are ordered in the ve¥tand all the free terms

areind .
tmax max tmax
k '
@ = [ By (u wyck zw D[ Bylojdt—RyCO [ 6, (1, dtD (20)
tmin min tmin

By solving the system of equations (20) we can obtain the set of voltage points that define our
voltage source model.

The number of equations obtained in this process must be related to the number of ele-
ments needed for the; function. Since one input-output signal pair will provide a limited num-

ber of equations, we have to extend the analysis to more than one pair. It is easier to understand
that by visualizing every input-output signal pair as a path in the input-output ddnémnigure

12.a we are showing a typical set of paths for an inverter with rising input and falling output.
These paths can be obtained by varying the input signal and/or the output pin capacitive loads. In
order to cover the lower left region of the domain we need to take other paths into account with
falling input and rising output (Figure 12.b). In order to better model the hold-up and hold-down
resistances of our model we need to better cover the lower right and upper left corners of the
domain which can be done with static noise signals on the input. Their distinctive paths are shown
in Figure 12.c. Note that the points known from measurements (marked with black squares) are
situated on one or both of the measurement thresholds. In the case of noise characterization, other
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Figure 12 Input-output signal pairs as paths through the domain of an invertor: a)
rising input falling output paths, b) falling input rising output paths and c) static
(positive and negative) noise paths for output holding high and low.

measurement rules can be applied. For example we are interested in the peak value of noise both
on input and output. Another point easy to describe is the point where input noise and output
noise pulses have the same height (points situated on the diagonal of the domain).

It is apparent from the distribution of points that we may need more accurate models of the
gate in some regions of the domain while others are sparsely populated and/or uged. The
domain can be split into elements in various ways. It is more efficient and more accurate to use the
measurement thresholds as boundaries between elements because in that case we have precise
information about the time-points at which the paths are traversing the element boundaries.

The variety of basis functions and the flexibility in the choice of a domain partition pro-
vides us with the adequate means of controlling the accuracy of our models. Depending on the
application, the user can choose to fit a model to a larger number of data points (equations) and
can use curve-fitting techniques such as Singular Value Decomposition to generate optimal (in the
least square sense) driver models.

output (w)
output (w)
o1

3.2 Properties of the proposed non-linear driver model

In a practical implementation of our driver models in the delay noise analysis flow, one
must pay attention to the stability and convergence properties.

We will define our model as follows:

Definition: Given adomairD = { (u, W) |u O (Ui Unasds W E (Wi Wnadt  We define the
driver model to be the port current function:

(u,w) = \_/_d(_u’_v_vl___w_cd l:%\tN (21)

Do O with R,

out-

Iout
givenRy andCy andV 4(u, w) = Zvij [y (U, w)
1]

In Figure 13 the dc output port current of the NAND4 gate is plotted with respect to input
and output pin voltages. In Figure 14 we are showing the points of convergence of the NAND4
gate output (the points where the output port current is zero).

The non-linear model that we have generated is not going to match the dc port current of
the original gate because it models the transient behavior rather than the steady state one. In Fig-
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Figure 13 Variation of output port current w.r.t. input and output pin voltages
(center). Contour plots of the output current for fixed input pin voltage levels (left)

and fixed output pin voltage levels (right).
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Figure 14 The convergence points of the original NAND4 gate which correspond
to the points where the dc output gate current is O.
ure 15 we are showing the port current of our model which has been obtained for a one element
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Figure 15: Variation of output pin current with the input and output pin voltages
(center) for the non-linear driver model of the NAND4 gate. Contour plots of the
output current for fixed input pin voltage levels (left) and fixed output pin voltage

levels (right).
partition of the domain and using second order Lagrange interpolating polynomials as base func-



tions. From the contour plots it can be seen that the port current is not monotonic inside the
domain and that results in multiple operating points for the same input-output voltage pair.

In Figure 16 the convergence curve of the driver port model and stability region(s) are
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-0.5 0 0.5 1 1.5
Vout

Figure 16: The convergence points of the driver model, the stable model domain
(dark shaded area) and the absolute stability domain (light shaded area).

shown.

Itis in general desirable to have a close match between the original convergence curve and
the model because that impacts the steady state accuracy which is important in cases when multi-
ple drivers are driving simultaneously the interconnect (see Example 5 from Section 4). From Fig-
ure 16 it is also apparent the impact of the holding resistance value. Our chéigevis the

hold down resistance value (108ohms) and the model tries to compensate with current in the hold
high case where the actual resistance is larger. However, in Example 2 of Section 4 showing the
hold high and hold low functional noise pulses, we can see (Figure 19) that the accuracy in both
cases is comparable.

Another important issue for our model is the domain of stability. For example, in our case
the basis functions are second order Lagrange polynomials and for any input voltage value there
are exactly two points where the port current is zero. One point is the convergence point and is
characterized by:

luw) =0  and %VI (u, W) <0, 22)
and the other one is the limit of the stable region and is characterized by:
luw) =0  and %ﬂ (U, W) >0. 23)

The stable region boundary is marked in Figure 16 by the border of the dark shaded areas. The
light shaded areas are marking the boundary of the absolutely stable region. The points in this
region are characterized by:

d
d_vvl (u,w)<0 (24)
in which the port current source offers a negative feedback with respect to the output voltage vari-
ation. In general, the situation in which the model has regions of instability inside its domain is

the result of sparse measurements data present in those regions.



4. Results

In this section we are presenting some results obtained with our proposed model. We are
showing for comparison the performance of our model in the case of basic timing signal propaga-
tion, functional noise and delay noise. We are also exemplifying the robustness of our model in
the case when input signals are outside the characterization range (over-shoot and under-shoot)
and with highly inductive interconnect. We present the performance of the model in a multi-
source net case and how the steady state is captured.

Using the test case described in Section 2, the new modeling technique has been used to
characterize the timing arc of our NAND4 gate from the input gitofutput pin X. We have
used a Thevenin type model on a domain with 1 two-dimensional element (similar to the one
shown in figure 9) characterized by 9 points (a 3x3 grid), two of them with known values, the hold
high V4(0, 1) = 1 and hold low4(1,0) = 0 conditions. So, 7 points were unknowns in the

characterization process. We have used 8 input-output signal pairs, 4 for rising output and 4 for
falling output, with 2 equations for each pair (one for 0% to 50% and one for 10% to 90%). The
Ry andCy values have been determined using a simple small signal analysis on the output port
with the gate set-up to hold low.

Example 1: The first example is the test used in Figure 3. The near and far end waveforms
in the case “without noise” are shown in Figure 17.a. The near and far end waveforms in the case
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time . time )
a) without noise b) with delay noise

Figure 17: The output pin of the NAND4 gate (near end) and the sink pin (far end).

with delay noise are shown in Figure 17.b. The actual “delay noise” waveforms are shown in more
detail in Figure 18 for the far end signals.
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Figure 18 Delay noise comparison between our model and actual driver.

Example 2: In Figure 19 we are showing the accuracy of the model for functional noise
estimation. Our model is compared with the actual gate and the hold-up/down resistors.



actual driver actual driver
0.0~ with hold-down resisto - 0.0K with hold-up resisto

%'0'05' our model % -0.05¢ our model
5 -0.10f 5 -0.10t ;
> >

-0.15¢ hold-down noise -0.15¢ hold-up noise 1

0 20 40 60 80 100 0 20 40 60 80 100
time time

Figure 19: Functional noise at sink pin (far end) with the actual driver, holding
resistance model and our model for holding down (left) and holding up (right).

Example 3: One of the more difficult cases to model in static timing (for the C-effective
algorithm) is the gate response with inductive output loads. In order to show the robustness of the
driver model, a large amount of inductance has been added to the interconnect RC model. The
simulation results for the near and far end nodes of the interconnect wire are shown in Figure 20.

0 20 40 60 80 100 0 20 40 60 80 100
time time

Figure 20: Signal propagation through highly inductive interconnect: near end sig-
nals (left) and far end signals (right).

Example 4: It is often the case that chains of gates are analyzed together with their inter-
connect. If the signals are heavily altered by noise or other effects, the simple ramp-like trunca-
tions performed on signals during static timing will result in significant errors. Since our models
are characterized for a range of input signals, they are better suited for propagating a large class of
input signals. In Figure 21 we used signals obtained at the beginning and end points of an RLC
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Figure 21: The response of the gate to less common input signals.

line to test the response of the model with signals that have less common shapes. Note that in Fig-
ure 21.b the input signal has an over-shoot going outside the range of input values for which the
gate was characterized.



Example 5: In the recent years, one trend in the microprocessor clock design has been to
generate grid-like clock distribution networks with multiple drivers to reduce the clock skew
across the chip. Coupled with the higher impact of inductance on the long wide clock wires, the
analysis of these nets in the static timing flow has been very difficult and inaccurate, forcing
designers to perform extensive detailed circuit simulations. Our models capture very well the
driver behavior on nets with multiple sources as shown in Figure 22 on a 5x5 grid network with
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Figure 22: Signal propagation in a multi-source large RC grid (left). The driver
inputs, outputs and the signal in the center of the grid are shown (right).

0 20 40 . 60 80 100
time

40 wire sections driven from the four corners. Two of the drivers have a significant input offset to
magnify the voltage division across the interconnect. In Figure 22.b the waveforms at the first and
last driver outputs and in the center of the grid are shown, both with real drivers and with our
models. During the first part of the response, the two active drivers are driving each an amount of
capacitance outside their model characterization range but good accuracy is maintained.
Example 6: We have used the algorithm proposed in [24] to generate the “transient hold-
ing” resistance for comparison with our model. Through full net simulation, a “transient holding”

resistance has been determined (712.8ohms) such that the area of the noise pulse with resistance

model matches within 0.004% the area of the real delay noise pulse. The superposition of the
guiet response and the noise pulse with resistance model produces the approximation of the noise
impact on delay. The errors are tabulated in Table 1:

Table 1: Comparison with “transient holding” resistance model

Pin measurement type our model “transient” resistance
Near end | 50% delay -1.8% -10.78%
10%-90% rise time 8.10% 18.68%
Farend | 50% delay 0.54% -6.88%
10%-90% rise time 3.99% 8.45%

In Figure 23, all the near end point “delay noise” pulses (using actual driver model, our
non-linear model and “transient holding” resistance model) are shown. The plot spans 150 time
units which is the interval used for matching the noise pulse areas.
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Figure 23: Comparison between the “delay noise” pulse obtained using our non-
linear driver model and the “transient holding” resistance model at the near end.



5. Conclusions and future work:

In this paper we have proposed a new technique to model logic gates for timing and noise
analysis. The proposed models have quite a few distinct advantages over the existent driver mod-
els for timing and/or noise:

* The modeling process is using the already existent measurements data generated for static
timing analysis for each logic block. No new data or special characterization work is needed.

* No non-linear spice simulations are required in the modeling process.

* The models are simple Thevenin/Norton-like circuits with voltage/current sources dependent
on the input and output pin voltages and are represented using elementary functions (polyno-
mials). This makes their simulation extremely efficient.

* The models have variable accuracy both in terms of the range of input rise time and output
capacitance load that is being covered and in terms of the error with respect to the actual mea-
surement values used in the process.

* The models are covering large ranges of input rise time and output capacitive load and they
are re-usable (do not depend on a particular input-output situation or noise pulse).

* The models are very robust and maintain accuracy outside the characterization range.

The examples presented in Section 4 are showing the versatility of the proposed model.

We have demonstrated the accuracy of our model in different situations of practical interest:

* normal signal propagation (static timing analysis) with very good behavior throughout the
characterization domain,

» simulation of the driver response with complex output load models including inductance,

» computation of the delay variation due to switching noise,

» functional noise analysis,

» simulation of special cases such as nets with multiple drivers with significant time offsets and
complex interconnect models.

As future work, our attention is focused on circuit simulation. One draw-back of our mod-
els is that in order to simulate them we need a non-linear circuit simulator. The driver models that
we have used are piece-wise polynomial models. These models can be simulated very efficiently
by available special purpose simulators (such as ACES [11]). One can also make a simple obser-
vation that the same FE method used to generate the models can be used to simulate them and, in
conjunction with reduced order interconnect models, one can develop a very efficient simulation
engine.
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