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Abstract

As technology scales down, timing verification of digital integrated circuits becomes an extremely
difficult task due to the gate and wire variability. Therefore, statistical timing analysis (denoted by
G6TA) is becoming unavoidable. In this paper, two new approaches for doing statistical gate timing
analysis for Gaussian and non-Gaussian sources of variation in block-based 6TA are presented. To
start, a variationa RC-m load is approximated by using a canonical first-order model. Next, an
accurate variational gate timing analysis (VGTA) technique, which accounts for variational RC-nt
loads, statistical input transitions, and a variation-aware gate library, is introduced. The proposed
method relies on a novel static effective capacitance calculation method and its variational form.
Experimental results demonstrate that VGTA exhibits an average error of only 4% for gate delay and
output transition time with respect to the Monte Carlo simulation with 10* samples. Next, a more
efficient variational gate timing analysis (called F-VGTA) based on a single-iteration variational
effective capacitance calculation is presented. Experimental results show F-VGTA achieves an
average error of 7% for gate delay and output slew time with respect to the Monte Carlo simulation

with 10* samples, but with runtimes that are about two times faster than VGTA.

* This paper combines and extends results of our works, which were presented at the 2005 International Conference on

Computer Design and the 2006 Asia-South Pacific Design Automation Conference.



1. Introduction

Process technology and environment-induced variability of gates and wires in VLSI circuits makes
timing analysis of such circuits a challenging task [1]. More precisely, advanced analysis tools must
be developed which are capable of verifying the changes in the circuit timing that stem from various
sources of variations. These sources are in turn due to the following: imperfect CMOS
manufacturing processes (e.g., variationsin L, Tox, Vr or ILD thickness), environmental factors such
as dropsin Vyq (resistive drop and ground bounce), substrate temperature changes (due to migration
of local hot spots over the chip ared), and device fatigue phenomena (e.g., electro-migration, hot

electron effects, and negative bias temperature instability) [2].

oTA approaches can be classified into two major groups: path-based and block-based. . In the
path-based algorithms, a selected set of paths is submitted to the statistical timer for detailed
analysis. Path-based statistical timing is accurate and has the ability to realistically capture
correlations, but suffers from other weaknesses. For instance, it is not clear how to select paths for
the detailed analysis since one of the paths that is omitted may be critical in some part of the process
gpace. In addition, path-based statistical timing often does not provide the diagnostics necessary to
improve the robustness of the design [2]. Due of shortages of path-based 6TA, block-based 6TA has
received alot of attention. In block-based 6TA, every timing quantity of interest (e.g., delay and slew
time, arrival time and required arrival time) is represented as a function of global sources of variation
(denoted by X;) and independent random sources of variation (denoted by S) in a canonical first-
order (denoted by CFO) form. The advantages of such a formulation are that it can capture many of
the key correlations and can produce delay sensitivities due to changes in a variety of environmental
and process-related parameters [2]. Sources of variations have often been assumed to be Gaussian,
which in turn simplifies the block-based 6 TA. However, it has been recently reported that certain

process parameters exhibit non-Gaussian probability distributions [3].

Block-based 6TA breaks its analysis into two parts: 1) variational interconnect timing analysis,

and 2) variational gate timing analysis. Variational interconnect timing analysis has been studied by a



number of researchers. References [4] and [5] presented reduced order modeling approaches for
interconnect propagation delay calculation, which accounts for manufacturing variations. These
approaches are computationally expensive due to the lack of closed form expressions. The authors of
[6] expressed the canonical first-order model of the interconnect delay in closed form and showed
how to propagate it through the interconnect. The authors of [7] described a modeling technique for
gate delay variability considering multiple input switching. In [8], a model for calculating statistical
gate delay variations caused by intra-chip and inter-chip variabilities was presented. These works,
however, do not provide an accurate means of analyzing the gate propagation delay and output slew
time as a function of variational RC-n loads, statistical input transitions, and a variation-aware gate
library. In this paper, two new techniques are presented for determining the variational gate timing
behavior.

The first technique, called VGTA (for Variational Gate Timing Analysis), performs the following
steps. Given the variationa resistive-capacitive load (where all resistances and capacitances are
represented in the CFO form), an efficient and accurate algorithm will be presented to calculate the
variational RC-nt load. To perform the analysis, we calculate the variation-aware admittance
moments (cf. section 0), and as a result, the resistance and capacitances in the RC-rt load can be
written in the CFO form. Based on the statistical RC-r load obtained in this way, we calculate the
variational effective capacitance in the CFO form. To accomplish this goal, first a new approach for
effective capacitance calculation in static timing analysis (STA) is presented (cf. section 4.1.) This
effective capacitance calculation method is used to calculate the variational effective capacitance
considering non-Gaussian process and environmental sources of variation in the CFO form (cf.
section 4.2.) Given dtatistical input transition times, variation-aware gate library, and variational
effective capacitance (c«) load in the CFO form, we calculate variational gate delay and output

transition time in the CFO form (cf. sections 2.2.1.)

The second technique, which is called F-VGTA for Fast Variational Gate Timing Analysis works
as follows. The first step of F-VGTA is similar to the first step of VGTA algorithm. To determine

the variational gate delay and output slew time in the CFO form, a “variation-aware effective



capacitance” technique is proposed in section 4.3, which is based on the single-iteration Ce
calculation approach of section 4.1.

We point out that although, in this paper, we focus on the random variables in CFO form to
represent process and environmental sources of variation as well as the performance quantities of
interest, the work itself is not limited to the first-order approximation of these sources of variation. In
fact, it is straightforward to extend the approach to more complex (e.g., second-order) forms for both

Gaussian and non-Gaussian parameter variations.

The remainder of this paper is organized as follows. In section 2, we review the background of
parameterized block-based 6TA. We also show how to convert a quantity, which itself is a function
of global and independent sources of variation, into a canonical first-order (CFO) form. The
variation-aware RC-n calculation is presented in section 0. Section 4 explains two new statistical
gate timing analysis techniques which handle statistical input rise times, variation-aware gate library,
and variational RC-rt load. Section 5 presents experimental results. Finally, conclusions are discussed

in section 6. We use the notation shown in Table 1 throughout the paper.

Table 1. Useful notation and ter minology

Notation Description
A deterministic variable (which does not take into account any statistical
A
variation)
o An arbitrary (non-CFO) random variable, which is afunction of mglobal and p
A independent random sources of variation
A CFO random variable, which is afunction of mglobal and p independent
w <a> m p
A o A=A+ AAX +) AL AS,
random sources of variationi.e., i=1 k=1




2. Background

In 6TA, it is required to evaluate the distribution of the delay and slew time of the critical paths.
Until now, this goal has typically been achieved by calculating the mean and variance of the
distributions of the delay and slew time. However, as mentioned earlier, sources of variation may
have an arbitrary (i.e., non-Gaussian) distribution. Therefore, in general, in addition to calculating
the mean and variance of the electrical and timing parameters, one must calculate at least the
skewness of their distributions, i.e. one must at the minimum calculate the first three moments of the

circuit parameter variations.

Definition 1: The degree of asymmetry of a probability distribution function is called its skewness
(denoted by k.) A distribution, or data set, is symmetric if it looks the same to the left and right of the
center point. The skewness of a normal distribution is zero. Negative values for the skewness
indicate distributions which are skewed to the left whereas positive values for the skewness indicate
distributions which are skewed to the right. By left (right) skew, we mean that the left (right) tail is

Hs
K=—
heavier than the right (left) tail. The skewness of a distribution is defined to be o° where Uz is

the 3" central moment and o7 is the variance (second central moment.)
d
Definition 2: We say X is equal to Y in the first three moments (X =Y) if the mean, variance, and

skewness of X and Y are equal. (i.e., they have the same first three central moments.)

Lemma 1: Suppose AS,,...,AS, are n independent random variables with distribution AS ~ Dist
(u=0, 6°=1, x;). Then,

. 3
8’ x
> aAs=[> a® AS, where AS, ~Dist| u=0,0"=1x=—-"1—



Proof: Using expectation value properties, we have

n n n

:1E(a1AS'):zaiE(ASI)=Za~0:o

i=1 i=1

(Zess)-

and

E(\/?-Aseq]=\/?~E(Asm)

From Definition 2, because the mean value of the two side of the equality should be equal

1/_Zn:ayzE(Aseq)zo = E(AS,)=0

For the variance of ASy, we have

E[Z aAS T = Z E(aAS )2+2§n: Z E(aAS -a,AS))

i=1 j=1zi
Since ASi's are independent, we have

n

-y E(aas) 0= 3 a'E(a) = T a’

i=1
and

E[\/?.Agequzgafﬁ(ﬁm)z

From Definition 2 and since the mean value of AS4is0, then
Y aE(as,) =Y a? = E(as,) =0
i=1 i=1

SinceE(AS,)=0 = 0,4 °=1



In addition, for the skewness of ASy distribution, we have

E[Zn: ayAS,j =Z E(aAS )3+3Zn: Zn: E((aiASI )z.ajASj)

i=1 i=1 j=1#i

Since ASI 's are independent, we have

n

=ZE(@AS)3+0=Z;¥E(AS.)3=Z;&3&

i=1
and

E[\/?'ASWJ:{ i_laZJS-E(Aseqf

From Definitions 1 and 2

=]

2.1 Canonical First-Order (CFO) Representation for Timing and Electrical Parameter

Modeling

In block-based statistical timing analysis tool, a first-order variational model is employed for all

timing quantities such as the gate and wire delays, arrival times, required arrival times, slacks and

slew times, i.e., any timing quantity, a, isexpressed in the CFO form as:



a= a, + Z aAX +a . AS,
i=1

where ag is the nominal value of the timing quantity of interest; AX;'s represent the variation of m
global sources of variation, X;, from their nomina values, g’s are the sensitivities to each of the
global sources of variation, AS, is the variation of independent random variable S,, and am.; is the
sensitivity of the timing quantity to S,. By scaling the sensitivity coefficients, we can assume that AX;
and AS, have distributions with p=0 and 6?=1 and skewness= k denoted by Dist(1=0,0°=1,%).
Moreover, we define aj/ag as the normalized sensitivity coefficient (denoted by NSC.)

Variation in the physical dimensions of the wire causes change in its resistance and capacitance,
thereby, making the gate delay and slew time as well as interconnect propagation delay and slew time
to vary accordingly [9]. Therefore, we need to capture the effect of geometric variations on the
electrical parameters of the interconnect. For instance, resistance and capacitance in the CFO form

are calculated as follows:

<> m <> m
F=ry+ Y LAX +1,,AS, C=Cy+ ) CAX, +C,,AS
i=1 i=1

where ro and ¢y represent nomina resistance and capacitance values, computed when the wire
dimensions are at their nominal (or typical) values. AX;‘'s are the global sources of variation and AS
and AS: represent the independent random sources of variation for the resistance and capacitance,
respectively r; and ¢; are the sensitivity coefficients of resistance and capacitance with respect to the
sources of variations, respectively. Again we have the assumption for the distribution of AX;, AS,
and AS..

o £
Observation: Invariant Functional Form Property: This property states that: Y= () &Y =1(X)

which simply underlies the fact that the form of function f operating on some input variable x to



produce output variable y is independent of its input/output type (i.e., whether x and y are

deterministic or variational.)
2.2 Converting a Variational Function into a CFO Form

As mentioned before, it is important to represent timing and electrical quantities in the CFO form.
This in turn enables one to propagate first order sensitivities to different sources of variation through
a timing graph [2][9]. Additionally, it makes variational computations efficient and practical and
provides timing diagnostics at a very small cost in terms of the cpu time. The remaining question is
how to convert a quantity of interest (which itself is a function of different CFO variables) into the
CFO form.

The following subsection presents a technigue to answer the above question. We use an
important example to illustrate the various steps of the proposed procedure. The problem we address
is how to convert the gate output transition time into the CFO form. However, this method can be

easily applied to any other quantity of interest.
2.2.1 Example: Gate timing analysis for lumped capacitive load in block-based cTA

Problem Statement I: Given is a variational CMOS driver where its input rise time, ti, is in the
CFO form and drives an output capacitive load, also, in the CFO form. Note that the distribution
characteristics of al global and independent sources of variation (u=0, 6°=1, k) are given. The

objective isto calculate the output transition time, t;, in the CFO form:

tr = tr,O + Ztr,iAXi +tr,m+1AS,
i=1
i.e., caculate the nominal value (t; o) and the sensitivity coefficients (t.; and t;mn.1) as well as the

skewness of distribution of AS;.

The gate output transition time is a function of the input transition time, the logic gate

characteristics (e.g., the WIL ratio, threshold voltage of transistors, V4¢, and temperature), and the



output load. In commercial ASIC cell libraries, it is possible to characterize various output transition

times (e.g. 10%, 50%, and 90%) as a function of above variables; i.e.;
w
t, =TF(t,,G,z) where Z:{—,VT,Vdd,Temp,...} (1)
L

where t; is the output transition time and TF is the corresponding output transition time function. z
captures the gate characteristics and environmental factors, ti, is the input transition time, and ¢ is
the output capacitive load. Based on the Invariant Functional Form Property, the form of function TF
is independent of its input type (deterministic or variational.) Hence, we extend the above equation
to the variational case. In block-based 6TA, tin, ¢, and every parameter zis given in the CFO form as
afunction of m global and exactly one independent random sources of variations. Therefore, t; itself
is a non-CFO random variable. Hence, to represent the non-CFO t; in the CFO form, we replace t;n,
¢, and z with their corresponding CFO models and collect terms. Now, by differentiating with
respect to the global and independent random sources of variation, t, as a function of m global

sources of variation and p independent random sources of variation can be approximated as:

o
t, =TF (AX,..AX,,AS..AS, ) =

! = TF|ax, o+z ITF

l=1..m 2
-AS. where @)
As=0 7 0AX,

. k=1..p

Z oTF
Ax| J a AX|
AS< 0 ASK 0

Considering that AS’s are Distj(u=0, 0’=1, &), Eqn.(2) can be re-written as;

t —TF|AX, 0+Z JTF

-A
As=0 o3 OAX, 3

p
AX, + Z BT_F
AX,=0 j=1 a SJ AX,=0
A5=0 AS,=0

From Lemmal,

10



AS, ~ Dist u=0,0*=Lx= 50

In Lemma 2, we present the key results, which enable us to do addition, multiplication, and
division of two CFO forms and putting the result in anew CFO form. (Notice that thislemmaallows
us to evaluate the above equation.)

Lemma 2: Suppose a and b are two given CFO random variables as follows:

a=a,+> aAX +a,,AS,  b=b+) hAX +h, .AS
i=1

i=1
The following describes the result of various operations performed on a and b.

a) Addition and subtraction:

c=atb=(a,th)) +zm: JAX, + /A" + b AS,

b) Multiplication:

c=axb=afy+ ) (ah +al)aX, +yf(ah,.) + (a.0) aS

c) Division:

o4
n

=i+iaib0_a0q AX. + aTTH-l a0 m+1 ZAS
o & B :

~ b, b2

U%lmv

11



Proof: Based on the aforesaid operations, we have

. a(?iii;j , a(ﬁﬁ?j
+27 -AX + z S -AS

<> <> <>
c=|atxhb

=0 S 9AX, ! =t aASj ¢
A5=0 AX,=0 AX,=0
AS=0 AS=0
2 2
oS L7 PP n 9b 2| 9a 2 3D
=al Ax‘ zl A -AX, J_r_zl v AX, + zl SAS +Z_1 SAS ‘AS,
AS=0 AS,=0 I'1AX =0 ! I1AX, =0 1= i |ax,=0 1= i |a%,=0
AS=0 AS=0 AS=0 AS=0
—a0+b0+ZaAX +ZbAX +ya,.,°+b °AS
which proves part (a). For part (b), we have
2
<> <A m a(aij 2 a(aij
c= axbj +Y =24 AX+ Y] ‘AS,
AX=0 i=1 aAXI j=1 aASJ
450 AX, =0 AX, =0
AS=0 AS=0
= xDb +za— bl -AX+) a .9b -AX;
AX, =0 ax=0 4= ani - AX,=0 = =0 ani -
AS,=0 AS=0 AX=0 "Ag=0 AS=0 AX,=0
AS=0 AS=0
2 2
2 <> 2 - <>
z 08 AX + z AX,=0 o AS,
j=1 aASJ AX‘ -0 Asi - J =1 | aASJ AX, -0
AS=0 AS=0

—ao><b0+2aboAX +ZaohA>< +a,, 7 +ah,, )

Part (c) can be proved similarly. Therefore, we can write

12



b i=1 by b02
2
w J [a} d [aJ
<> a m b 2 b
== - -AX. N .AS
i; AX =0 ' IZ=1: JAX; o ; 0AS, ©
AS,=0
AX=0 AX,=0
AS=0 AS.=0
2 2
o g aan g (o] (] g
i=1 b, b, b,

3. RC-r Load Calculation in the CFO Form

In VDSM technologies, one cannot neglect the effect of interconnect resistance of the load on the
gate delay and output transition time. In STA, an adequate approximation of an n™ order load seen by
the gate (i.e., aload with n distributed capacitances to ground) is obtained by replacing the load by a
second order RC-r model [10]. Equating the first, second, and third moments of the admittance of
the real load with the first, second, and third moments of the RC-rt load, we can compute c;, r,, and

¢ asfollows[11]:

where Yin denotes the K moment of the admittance of the real load. In 6TA, it is necessary to

consider the effect of variability of the load on the gate timing analysis.

Problem Statement 11: Given is an RC network representation of the load of alogic gatein adesign
as exemplified in Figure 1(a), where each r and c is in the CFO form. Note that the distribution

characteristics of al global and independent sources of variation (u=0, 6°=1, k) are given. The

13



objective is to calculate an equivalent variational RC-nt load (where c,, rn, and ¢; are in the CFO

form), while its admittance matches the admittance of the real load in the frequency range of interest.

a> <> W <>
hy "2 ¢, | TC
— MM A n i f
> < Yy - =
<> <> I <1> CZI
Yo=Y % 7T

@ (b)

Figure 1: (a) avariational RC network representation of anet in adesign. (b) the
equivalent variational RC-t model.

Cn, Iz, @nd ¢ are functions of the admittance moments as seen from Eqgn. (3). Hence, by
calculating the variational admittance moments, we can calculate the CFO parameters of the RC-nt
load (by using the equations given in section 2.2.) This can be done by differentiating expressionsin
Eqgn. (3) with respect to the sources of variation (c.f. section 2.2.) However, asit will be shown next,
a recursive operation is utilized to calculate the variational admittance moments. In each recursion
step returns a non-CFO random variable which will feed in the next recursion step and this may

increase the compl exity of the calculations.

Therefore, instead, we represent the admittance moments in the CFO form throughout the
recursion. This helps us by controlling the complexity of representing the moments as the recursive
function proceeds. The following shows how to calculate the input admittance moments of a real
load in the CFO form.

Consider the RCY segment shown in Figure 2. Assume that the admittances at nodes j and i are

represented by infinite series using the admittance moments:

14



2 ks
YJ(S):SYl,j +S Y2,j +..+S Yk,j +...

Yi(s) =sYy; + szYz,i +..+ skYk,i +...

where Y,; denotes the K™ moment of the admittance of the nodej. In STA, the admittance at node i is

recursively computed in terms of the admittance at node j as follows[11]:

Yl,i :Yl,j +G

@
Yk,i :Yk,j — zYl,iYk—l,j - riC’lYk—l,i for k=2
=1

Figure 2: an RCY segment model for recursive admittance moment cal culation.

Using the Invariant Functional Form Property, we extend the above equation to the variational
case. Assume the admittance moments of node j are written in the CFO form. Thus, by

differentiating Y; with respect to the sources of variations, the Yi; moments can be also represented
in the CFO form (c.f. section 2.2.)

As an example, consider the circuit shown in Figure 1. To calculate the admittance moments of
Yin=Y1 in the CFO form, we need to start from the far end nodes of the RC tree (Y> and Y,) and

recursively apply Eqgn. (4). Therefore, we calculate the first three moments of Y, in the CFO form as
follows:

15



<> <>

1) Y1,4 =G,

(2 <4 <> <> <> <l>2

2) Y2,4 :_r4C4Y1,4 =—10C

3 Cd culate\;;;

12 a> <A <>

4) Y3,4 =-0G Y2,4 ;

5 Cd cuIateYZi1 ;

Based on the problem statement assumption, c, is in the CFO form, thereby, Y14 is aso in the
CFO form. However, since Y, 4 and Y3 4 are nonlinear functions of the CFO variables and as a result
they are complex random variables, we ought to use the techniques described in section 2.2 to
transform Y24 and Y34 to the CFO form. Similarly, the first three admittance moments of Ys as a

function of the moments of Y, are obtained as:

<> <> <> <>

D QiS:YlA+g:c4+g;

2) %2’3 = Y<:4_ F: YTa Yj:‘ F: éz YTa ;

3) Calculate \;:3 ;

4) Yi),s = Yq;_ F: (\?fs \;:4"' \;z: \a:j - F: 2 \;z: )
5 Cdculate Yj3 ;

By using the above recursive operations, we easily compute the moments of Y;j,=Y; in the CFO

form, and hence, calculate the values of c,, r,, and c; in the CFO form using Eqgn. (3).
4. Gate Timing Analysis for the RC-r Load in Block-Based 6TA

Problem statement I11: Given is a variational CMOS driver, whose input rise time, ti,, is in the
CFO form and drives a variational RC-rt load. The resistance and two capacitances of this load are

also in the CFO forms. Note that the distribution characteristics of all globa and independent sources

16



of variation (u=0, 6°=1, «) are given. The objective s to calculate the output transition time, t;, in the
CFO form:

tr = tr,o + Ztr,iAXi -i_tr,erlASr
i=1

i.e., calculate the nominal value (t; o) and the sensitivity coefficients (t;; and t;m+1) as well as the

skewness of distribution of AS;.

Section 2.2.1 solves the same problem where the gate drives a variational purely-capacitive load
in the CFO form. (cf. Egn. (1)) Therefore, if we substitute the RC-nt load with its equivalent
variational effective capacitance, C«, in the CFO form, then the solution to problem statement | is an
acceptable solution to problem statement 111. Based on this reasoning, the following subsections
propose a solution for calculating the effective capacitance in the CFO form. Section 4.1 presents a
new effective capacitance calculation method in static timing analysis. This method is used in section
4.2 where a technique for statistical effective capacitance calculation is presented. Section 4.3
utilizes a heuristic combined with the technique presented in section 4.1 to present the second

technique for faster variational gate timing analysisin section 4.3.
4.1 A New Effective Capacitance Calculation Method in STA

The effective capacitance is a pure capacitance that replaces an RC-nt load and has the property that it
gives the most accurate result from a timing model that is characterized with lumped capacitance.
Typically, the effective capacitance stores the same amount of charge as the RC-nt load until a certain
point of the output voltage transition [11][12][13] (e.g., the 50% trip point of the output transition.)
Figure 3(a) depicts a typical CMOS driver with its input waveform and RC-nt load. The output
voltage waveform may be modeled as a weighted linear sum of ramp and exponential waveforms as
shown in Figure 3(b). We therefore assume that the actual cg; can be obtained as a weighted average
of that obtained for the ramp output waveform and that obtained for the exponential output

waveform.

17



In the following, we calculate cg for ramp and exponential waveforms of the gate output voltage.

Suppose that output voltage of a gate is approximated with an exponential waveform:

In[l_aj
Vy (t) =V (1-e‘pt) where p=+ﬁ
.

where V\(t) is the gate output voltage waveform in time domain and t; is the output rise time from

0% trip point to % trip point of this waveform.

S T T T T T
IS | | | |
I([) N ¥ 3 | | IR 45 .
7 amp
§0.s %, _
= |
Il(t) IZ(Z) Eo.A—fffffﬂ ,,,,,,,, :,,,

5 | |

C = I I
n@ ? Cf 80.2 ‘f ‘ ‘ ‘ _

% ! ! | |
© % 0 ‘2 4 t‘s g 10

Time(s)
(€Y (b)

Figure 3: (a) A gate, which drives an RC- &t calculated load.  (b) Gate output

waveform is neither ramp nor exponential.

t. isafunction of the input transition time (ti,) and the output load. Thus, the iterative effective
capacitance equation for matching any 6% trip point of the gate output transition time may be written

as.
rivn g

cs”(6)=G(t,.C,.1,.C; ) =C, +key (8)C,  Where

kExp (9) = {1+%<eln(1—e)/>'_1)} and

Y=In(1_aj- G
1-5) t, (tm,cde"“’(e))
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Similarly, for the ramp output voltage waveform, we have:
Car " (6) 1Co

Kearp (6) = [1—5 (1- H/X)} and
r.c
t (G ™ (6))

H (t,,C. 1,0 Cp ) = C, +Kegp (6)-C; Where

x=(f-a)

Now, based on the assumption made above, an iterative equation for actual ce calculation for

any 6% trip point of the output transition may be written as:

ot (i @) urc) |
{1, (005" (0). o, 0
Cat (6) = F (t; (tCr (8)),C 1€y ) = -G +(1-¢) - H

Car” (6)

%cj;g

—~

2
Il

where 0<{<1 is the weighting factor for the linear combination of exponential and ramp waveforms.
In practice, we have observed that when 6%=50%, then {=0.5 results in the minimum error between

the iterative c« equation in Eqn. (5) and the actual sign-off ¢« value.

4.2 Variational Gate Timing Analysis (VGTA)

Suppose tin, Cn, ', and ¢; are given in the CFO form as:

t _tInO+ZtIHIAX +t|n m+1ASn (6)

i=1

<> m
Co =Coo+ D CoiAX +C, s AS @)

n,m+1
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rﬂ' = rﬂ',O + Z r7z',iA>(i + rﬂ',m+1ASr,, (8)
i=1

<> m
Cs :Cf,0+ch,iAxi "‘Cf,m+1AS‘cf 9)
i=1
AS ~Dist(#=0,0°=1x_)  AS ~Dist(z=0,06"=1x,)

AS, ~Dist(u=0,0"=1x,)  AS, ~Dist(u=00"=1x, ) (10)

The effective capacitance for this problem generally becomes an arbitrary (non-CFO) random

o
variable, i.e. Car | Thus, we approximate it with its CFO form and the objective becomes to calculate

the coefficients of cgf in the CFO form as well as the skewness of AS.« as:

<>

m
Car = Ca 0T 2 Gt 1AX; +Cog PTASS (11)

i1
2
such that E[(Ce,rf -F (tr (tm,ceﬁ )’C”’ I, Cs B ] is minimized.

Function F is given in Egn. (5) and E(.) denotes the expectation value.

Theorem: For a variational circuit, where tin, Cn, ,, and ¢ in the CFO form are written as in Egns.
(6)-(10), the coefficients of cg; in the CFO form (Egn. (11)), can be calculated as:

Coro=F (tr (tin,O’Ceff ,0)’Cn,0’ rﬂ,O’Cf,O) 12)
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F F
atr . aj 'tini + 'Cni ai .r”'i + ai 'Cf,i
ot ) Lot ' G oy

eff i nom
L(FEYT [
ot, OCy

(13)

. aj nom' atr nom
ot, OCy

tin 2 cn 2 I 2 cf 2
Ceff ,m+1 = (Ceff ,m+1) + (Ceff ,m+1) + (Ceff ,m+l) + (Ceff ,m+1) (14)

Z (C:ff ,m+1)3 Ku

H 2 ue
AS,, ~Dist| u=0,0"=Lx=—"=

whereU ={'t,"'

in 1

and

— L1 -t
ot ot. in,m+1
r in

(¥

in —
Celff L T

nom nom
atr Jc off

aj nom . r
ar” ,m+l
1— [BF] atr
Btr ac off

rl[ —
Ceft m1 =

Proof: Based on the proposed effective

equation can be rewritten as:

[;(c;f,m+1)2j (15)

l'Cf .}

( aF jnom
N ! Cn m+1
ac, ’

Cn —
Ceff L T nom ot nom
1— (aF] r
atr ac off
[a':]nom .
Ccf ~ acf f,m+1
eff Ml

1_[6)':] atr
atr aceﬁ

capacitance equations in section 4.1, the cg iterative
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Cur :F(tr(tm,ceﬁj,cn,r”,cszg’ G(t (tm,c ],cn,r”,cf]
+(1—§)-H(tr (tin,ceﬁj,cn,r ,cfj

<>

Next, we need to compute Cy such that:

2
E[[ceﬁ—F(t, (tm,ce,ﬁ),cn,r”,cf D ] isminimized (16)

<>

Cett = Cait O+Zceff (AX +Cyp A,
=)

m
=Cqrot Z Car i AX +CF 1A, +CF 0 AS,
=
+C maAS +C5 AS,

Using the partial derivations technique, we can expand the non-linear function F around the

global and independent sources of variation as:

[, (a:,s;j,é:,ﬁ;é:jzp(n (R RN

AX; + o —F

AX,=0 BAS
AS,=0

0
AS + F A
AX,=0 S|n aASC” SQ\
AS.=0

AX;=0
AS=0

+Z an

d

d
+ IS, AS +

F F
ax=0 " O0AS,
AS, =0

AS,

AX;=0
AS,=0

Therefore, to satisfy Egn. (16), we need to have:
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Coir o= F (tr (tin,O’Ceﬁ ,0)'Cn,0’ rzz,O’Cf,O)

d .
Cq i ==——F Vie{l.m
ot OAX;  |ax=0 € {L-.mj
A;(:O (17)
U _ 1 (] (] (] 1
and C‘*f’””l_EFAxl:o foruU E{tm "Gy e }
AS=0
Expanding Eqgn. (17) will give us the following:
F At 0  OF & o,
3 ot, age'; 0AX; ot, BE: dAX,
%t =A%, |axo - - >
' 5o |,OF 9,  OF dr,  oF IC
aé: JAX, a;; 0AX, aé: JAX, co
AS,=0
= ajaic +87F.ai.t_ _+ai.c _+ai.r _+ai.c
dt, dce o' at o, ™ ac, ™ ar, ™ odc, o
AS,=0

Therefore, ce; value can be calculated as Egn. (13). Using the same method, we can derive

tin
Ceffe1 -
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Ceff m+1tin -9
' aAS[|n AXl =0
Sk =0
<> a4
_|OF oty 9Ceff L OF dt  dtin
oty <> 9AS. Oty <> 9AS
0 Ceff n dtin n AX| =0
ASk =0
oF ot t: oF ot t:
=303 : 'Ceff,m+1'n+?'at—_r'ceff,m+1'n
r OCeff r dlin AX,;=0
AS, =0

. . . . C
where ¢ ., will be calculated after collecting terms. Similarly Cgf”f’mﬂ, Coi muand Cgt ,q @€

calculated and Eqn. (14) is proved. Finally Lemma 1 proves Eqn.(15).m

Egn. (12) is the iterative cy calculation under the nominal conditions of the circuit. Hence, Ceto
can be evaluated by using the effective capacitance calculation presented in section 4.1 or any

conventional effective capacitance calculation[12][13].

tini » Cni, Iz, Cii, are given (cf. Egns. (6)-(9).) To evaluate Egns. (13) and (14), we must calculate
the derivatives of function F (function F is given in Egn. (5)) with respect to t;, c,, r, ¢, and evauate
these derivatives for the nominal values of the circuit parameters (when al sources of variation are
set to zero i.e., (OF/ot,)™", (OF/ocy)™", (OF/or,)™", and (0F/dc)™") These terms are easy to
evaluate. For the remaining terms, we need to calculate the derivatives of the output transition time
(t-) with respect to ti, and cg and evaluate them under the nominal condition of the circuit (i.e.,

(0t,/ot;) ™™ and (9t,/9ce)™™.) To do this, we propose two different solutions,

1) Updating the gate library look-up table and utilizing the additional data during 6TA: The
revised tables now provide not only the timing quantity for each combination of t;, and ¢;, but also
the derivatives of the timing quantity (t;) with respect to t;, and ¢ for each combination of t;, and

C.
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2) Using the existing gate library look-up table, but performing additional calculations during
oTA: To approximately calculate (ot,/oti,)™" we read t, (from the gate library) for <tino ; ¢ o >
nom

and < ting+d; ¢ o >. Next, we calculate At,/o as the approximation. (dt;/dCes)
calculated.

can be similarly

Using any of the above solutions, Eqgns. (13) and (14) become closed form expressions, which
can be evaluated in constant time. Note that we calculate (dF/a,)™", (F/de)™", (Flok ™", and
(FI1d)™™ only once in constant time. The complexity of our method is thus dominated by the
iterative effective capacitance calculation under the nominal conditions. It is therefore important to

try and improve the efficiency of the statistical cg calculation as is done in the next sections
4.3 Fast Variational Gate Timing Analysis (F-VGTA)

As mentioned earlier, to perform accurate gate delay and output slew time calculation, an iterative
calculation of cg; is inevitable [12][13]. However, as the number of sources of variations increases,
the number of required cg runs rises exponentially (it is proportional to the number of corner points
in static timing analysis), which becomes very CPU-intensive very quickly. In the previous section,
we presented a dtatistical cg calculation technique. Here, we present another, more efficient,

technique to find cg; in the CFO form.

Suppose the actua ¢ in the CFO from can be represented as.

ceff =Gy 0+ZcEff AX; gt iAS,, = Cay O[1+Z Cat ma AS%J (18)

i-1 Cut 0 Ce‘f 0

<> a>
Kk

Since ¢ calculation is iterative, we define Ct a5 an approximate representation of actual Cor ,

which is obtained from the first k iterations of the statistical iterative ce agorithm as follows:

<> k

C
ck = effo+Zceﬁ,AX oo madSy =Clr g (1+Z o ijScéfj (19)

i=1 eff ,0
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Cet’ Means representing C using the total capacitance (i.e. ¢, +Ci), Ce#- means the value of the
effective capacitance obtained by using a single iteration, and so on. We define ceffk,i/ceﬁk,o and
Ceiti/ Ceft 0 &S iterative and actual normalized sensitivity coefficients (denoted by NSC's), respectively.
The NSC’s capture the effect of the load variation on the cg value. It can be shown that in each
iteration, the iterative NSC's change dlightly (for k>1), and they converge to their actual NSC values;
i.e;

Cei Coi 1<is<m,

~

=k
Csto Caro 1<k

(20)

Using the above observation, problem statement 111 can be solved by the following steps:

<>

1) Evaluate cf, (section 4.1) and therefore find ¢, , and cf; ; for 1<i<m+1.

2) Find the actual ¢ , by performing conventional iterative effective
capacitance agorithm for the nominal conditions of the circuit.

3) Using Eqn. (20) and the results of steps 1 and 2, determine

k
i

Cait . .
Caii =Cqio = Vi,I<i<m+l
Ceff,O

4) Having found ¢ , and ¢ ;, for 1<i<m+1, calculattec:f . Using the
method presented in section 2.2, determine the gate delay and output
slew in the CFO form and the skewness of AS .

Figure4: (a) A gate, which drivesan RC- &t calculated load. (b) Gate output waveform isneither

ramp nor exponential

Step 2 is performed by using STA-based (non-variational) Cg agorithm presented in section 4.1
or any other conventional effective capacitance calculation [12][13]. Step 3 is a simple algebraic

equation while step 4 is performed as per section 2.3. For step 1, the following sections show how to

<> <>
c? c
caculatethe & and f
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<> <>

0
4.3.1 Finding Cot from et

As we mentioned before, cer’ approximates cg With the sum of the total capacitance (i.e., c,+c).

<>
<> <>
0

Thus, the Cot s equal to the sum of Co and ,i.eif

<> m <> m
Ch=Cno* ch,iAXi +CmiAS; Cf =Cio+ Zcf iBAXi +CrmuAS,  (27)
i=1 i=1
Therefore,
< m 2 2
Cm"’Cfl Chm+l TCf mu
0 , , 0
Ceit =(Cno+Ci 0) 1+Z ' |+\/ ASe @
i1 Cno+Cfo (Cn,o+Cf,o)

We must calculate cg for the nominal condition of the circuit (i.e., any quantity in the circuit is at
its nominal value) to get c« 0. Therefore, by using Egns. (18), (20), and (22) the variationa effective

capacitance can be written as.

> < (Cn,i +Cf,i) \/Cn,m+12+cf,m+12
=Gt 0 D o Cegp oA + Cyt oA
Ceff = Ceff 0 2 {cnoCr o) Ceff 0 AX| (v c1.0) of 00, (23)

<

Now, we can use Cot i Egn. (23) and the method presented in section 2.2 to generate the gate
propagation delay and output slew time in the CFO form. However, this approach may not capture
the effect of the variations of the resistance in the RC-rt load on the gate timing analysis. Therefore,

the next approach, finds NSC’ s based on a reasonably accurate single-iteration ce: cal cul ation.
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<> <>

1
4.3.2 Finding Cot from Cet

In this section we find the nominal value of the effective capacitance by performing iterative cgy
calculation for the nominal conditions of the circuit. Next we find NSC's by applying a single-

iteration effective capacitance method. ce’ means using single-iteration of Eqn. (5) as the gate load.

<>

1
Thus, Cat may be obtained by differentiating Egn. (5) with respect to the sources of variations (c.f.
section 2.2).
Subsequently, using the same approach as in section 4.1, we can find the Gt while the NSC's
are caculated using the above single-iteration ce technique. Experimental results confirm that
evaluating variational cg; using the above approach shows an average error of 7% in the final delay

and output slew time cal culation with respect to Monte Carlo simulation.

5. Experimental Results

Our experiments use 90nm CMOS process parameters to model gates and interconnect parasitics.
We assumed two different configurations for the experimental setup. The first one consists of two
inverters connected in series whereas the second one is a CMOS inverter followed by a 2-input
NAND gate. For both configurations, we apply a ramp input to the first inverter while its nominal
value is chosen from the set (t;)""={ 10ps,80ps,150ps,220ps,300ps} . For the first configuration, size
of the first inverter is fixed at Wp/W, =30/15um whereas size of the second inverter is chosen to be
one of W/W,={20/10, 50/25, 70/35, 100/50} um. For the second configuration, size of the first
inverter is again fixed at Wy/W, =30/15um whereas this time the size of the succeeding 2-input
NAND gate is chosen to be one of W,/W,={40/40, 50/50, 100/100} xm.

To characterize the timing behavior of the gate, a look-up table based library is employed which
represents the gate delay and output transition time as a function of input rise time, output capacitive
load, V44, and temperature. We apply different loading scenarios for the second-stage gate as

explained in the following subsections, i.e., pure capacitive load and general RC load. We have also
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considered four different global sources of variation (Vq4, temperature, Metal layer 1 width, and ILD)
and one independent random sources of variation for each electrical parameter (i.e., r and ¢) and
timing parameter (for instance ti,) in the circuit. The sensitivity of each given data to the sources of
variation is chosen randomly, while the total ¢ variation for each data is chosen to be 10% and 15%
of their nominal value. We also assumed that the sources of variation are skewed with different
skewness values as explained in each subsection. Mean, variance, and skewness of effective
capacitance, the gate 50% propagation delay, and 10%-90% output transition time (slew time) are
calculated using the approaches presented in this paper.

To compare the results, we ran Monte Carlo simulation with 10" samples on each test scenario
and derived mean, variance, and skewness of effective capacitance, the gate 50% propagation delay,
and 10%-90% output transition time. The average percentage errors for the mean, variance, and
skewness of effective capacitance, the gate 50% propagation delay, and 10%-90% output transition
time between the obtained results from the HSPICE and the calculated results based on using both
VGTA and F-VGTA algorithm are reported.

A. Pure Capacitive L oad

The load in this section is considered to be purely capacitive. Its nominal value is chosen to be
(C)™™= {400, 500, 800, 1400} fF. The scaled distribution of the sources of variation is considered to
have a skewness of 0.4, 0.6, and 0.8. We performed our experiments on both circuit configurations
explained above. The results for the first configuration (where the second gate is an inverter) are
presented in Table 2 (the skewness of the given data is 0.4) and Table 3 (for the skewness of 0.8).
The results for the second configuration are provided in Table 4 (for the skewness of 0.6).
Experimental results indicate an average error of about 3% for two different ¢ values, i.e. 10% and
15%. Aswe increase the ¢ value (i.e. the total ¢ variation for each data; e.g. ¢ variation of t;,, and ¢))
from 10% to 15%, the error in calculated mean, variance, and skewness of the delay and slew time
increase, but dlightly. The sources of error can be mainly classified into two groups:. 1) the

inaccuracy of the gate library table lookup and 2) the linear first order approximation of the timing
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and electrical parameters with respect to the sources of variation. Note that, the runtime of the

proposed algorithm in average is 129 times faster than the Monte Carlo based approach.

Table2: Averageerror for theinverter driving pure capacitive load (Skewness=0.4)

6=10% 6=15%
Slew Slew

Averageerror Delay | Delay |
time time
Mean 15% | 1.7% | 2.2% | 2.3%
Variance 12% | 1.3% | 1.8% | 1.9%
Skewness 1.0% | 1.1% | 14% | 1.3%

Table3: Averageerror for theinverter driving pure capacitive load (Skewness=0.8)

6=10% 6=15%
Slew Slew

Averageerror Delay . Delay .
time time
Mean 19% | 23% | 25% | 29%
Variance 16% | 1.7% | 1.9% | 2.1%
Skewness 14% | 15% | 15% | 1.9%

Table4: Averageerror for the 2-input NAND gate driving pur e capacitive load (Skewness=0.6)

0=10% 6=15%
Slew Slew

Averageerror Delay | Delay _
time time
Mean 30% | 31% | 3.2% | 3.1%
Variance 25% | 27% | 28% | 2.9%
Skewness 22% | 23% | 25% | 2.6%
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B. General RC L oad:

For this section, the load is considered to be an RC tree of varying topology. The nominal value of
the total resistance of the load is chosen to be from the set (R)™™= { 150, 260, 300, 710, 1000} Q2 and
the nominal value of the total capacitance of the load is chosen to be from the set (C)™" ={400, 500,
800, 1400} fF. The scaled distribution of the sources of variation is considered to have a skewness of
0.5, 0.75, and 1.

Again, we performed the experiment on both circuit configurations as explained before. The
results for the first configuration (where the second gate is an inverter) are presented in Table 5 (the
skewness of the given data is 0.5) and Table 6 (the skewness of the given datais 0.75). The results
for the second configuration are also provided in Table 7 (the skewness of the given data is 1).
Experimental results indicate an average error of about 6% for different o values. Aswe increase the
o value (i.e thetotal o variation for each data; e.g. o variation of tin, Cy, 'z, and ¢;) from 10% to 15%,
the error in calculated mean, variance, and skewness of C, the gate delay, and output transition time
increase, but dightly. Similarly, as skewness increases (e.g. skewness of ti,, Cn, I'r, and ¢;) from 0.5
to 0.75, the error in calculated mean, variance, and skewness of the cg;, as well as the error in delay
and slew time increases, but dlightly. The sources of error can be mainly classified into four groups:
1) the inaccuracy of the gate library table lookup, 2) the linear first order approximation of the timing
and electrical parameters with respect to the sources of variation, 3) the error in calculating the
variational RC-rt load and 4) the error in the effective capacitance iterative equation proposed in
section 4.1. Note that, the runtime of the proposed algorithm is, in average, 95 times faster than the
Monte Carlo based approach.

Table5: Averageerror for theinverter driving general RC load (Skewness=0.5)

6=10% 6=15%
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Slew Slew

Averageerror Cu«r | Delay | C«t | Delay |
time time
Mean 32% | 35% | 49% | 3.5% | 54% | 5.8%
Variance 24% | 3.3% | 45% | 26% | 59% | 5.2%
Skewness 25% | 3.3% | 49% | 20% | 55% | 5.5%

Table 6: Averageerror for theinverter driving general RC load (Skewness=0.75)

0=10% 0=15%
Slew Slew
Averageerror Cut | Delay | Cur | Delay |
time time
Mean 35% | 51% | 53% | 3.8% | 5.9% | 6.1%
Variance 29% | 4.3% | 55% | 3.6% | 6.2% | 6.2%
Skewness 28% | 41% | 49% | 3.1% | 59% | 5.9%

Table7: Averageerror for the 2-input NAND gate driving general RC load (Skewness=1)

0=10% 0=15%
Slew Slew
Averageerror C«r | Delay | C«t | Delay |
time time
Mean 41% | 52% | 51% | 42% | 6.1% | 6.7%
Variance 39% | 54% | 52% | 4.3% | 6.1% | 6.1%
Skewness 40% | 6.1% | 56% | 4.2% | 6.5% | 6.3%

For F-VGTA agorithm, again, we performed the experiment on both circuit configurations as
explained before. The results for the first configuration (where the second gate is an inverter) are
presented in Table 8 (when the City 1S used for calculating the NSC) and Table 9 (when the single
iteration Cg is used for calculating the NSC). The results for the second configuration are also
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provided in Table 10 (when the Ciqq 1S Used for calculating the NSC) and Table 11 (when the Cigg IS
used for calculating the NSC). Experimental results indicate an average error of about 19% for
different o values when the Cioa IS used for calculating the NSC. It also shows an average error of
about 7% for different ¢ values when the single iteration Cg; is used for calculating the NSC. Aswe
increase the ¢ value (i.e. the total ¢ variation for each data; e.g. ¢ variation of tj,, C,, ', and ¢;) from
10% to 15%, the error in calculated mean and variance of Ct, the gate delay, and output transition
time increase, but dlightly. The sources of error can be mainly classified into five groups. 1) the
inaccuracy of the gate library table lookup, 2) the linear first order approximation of the timing and
electrical parameters with respect to the sources of variation, 3) the error in calculating the
variational RC-rt load and 4) the error in the effective capacitance iterative equation. 5) the error in
NSC approximation (Egn. (20)). Note that, the runtime of the proposed algorithmis, in average, 185
times faster than the Monte Carlo based approach.

Table8: Averageerror for theinverter driving general RC load when Ciy isused for calculating NSC

6=10% 6=15%
Averageerror | Delay S_Iew Delay Slevv
time time
Mean 14.6% | 15.8% | 18.1% | 18.3%

Variance 15.4% | 16.3% | 16.9% | 17.9%
Skewness 15.9% | 17.5% | 17.3% | 18.5%

Table9: Averageerror for theinverter driving general RC load when singleiteration Cg; isused for
calculating NSC

6=10% 6=15%
Averageerror Ceff | Deay Slevv Ceff | Delay SIew
time time
Mean 41% | 65% | 6.7% | 42% | 6.4% | 6.4%
Variance 3.9% | 5.6% 6.0% | 43% | 6.5% | 6.3%
Skewness 3.7% | 51% 55% | 44% | 6.9% | 6.4%

Table 10: Averageerror for the 2-input NAND gate driving general RC load when Cyyy is used for
calculating NSC

0=10% 0=15%
Averageerror Delay Slew Delay Slew
time time
Mean 16.6% | 16.8% | 19.1% | 18.2%
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Variance 16.4% | 17.3% | 17.9% | 18.8%
Skewness 16.1% | 17.7% | 17.5% | 19.0%

Table 11: Averageerror for the 2-input NAND gate driving general RC load when singleiteration Cg
isused for calculating NSC

o=10% o=15%
Average | oo | Dela ) Slew | o | gy | Sew
error y | time time

Mean 3.7% | 5.6% | 5.8% | 46% | 6.1% | 6.2%
Variance 41% | 5.4% | 5.3% | 4.5% | 5.9% | 5.8%
Skewness | 45% | 53% | 52% | 4.3% | 56% | 5.3%

6. Conclusion

In this paper we presented two frameworks to handle the variation-aware gate timing analysis in
block-based 6TA considering non-Gaussian sources of variation. To perform any of these
frameworks, first, we proposed an approach to calculate variational RC-nt load, which can be utilized
instead of the actual variational RC load for the gate timing analysis purposes. Next, we presented a
new approach for calculating effective capacitance in STA. We used this technique to calculate the
statistical cgr in canonical first-order (CFO) form, and thereby, calculated the gate delay and output
dew time in the CFO form. Experimental results show an average error of 4% with respect to
HSPICE Monte Carlo simulation.
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