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Abstract

As feature sizes for VLSI technology is shrinking, associated with higher operating
frequency, signal integrity analysis of on-chip interconnects has become a real challenge
for circuit designers. For this purpose, computer-aided-design (CAD) tools are necessary
to simulate signal propagation of on-chip interconnects which has been an active area for
research. Although SPICE models exist which can accurately predict signal degradation
of interconnects, they are computationally expensive. As a result, more effective and
analytic models for interconnects are required to capture the response at the output of
high speed VLSI circuits. This thesis contributes to the development of efficient and
closed form solution models for signal integrity analysis of on-chip interconnects. The
proposed model uses a delay extraction algorithm to improve the accuracy of two-pole
Elmore based models used in the analysis of on-chip distributed RLC interconnects. In
the proposed scheme, the time of fight signal delay is extracted without increasing the
number of poles or affecting the stability of the transfer function. This algorithm is used
for both unit step and ramp inputs. From the delay rational approximation of the transfer
function, analytic fitted expressions are obtained for the 50% delay and rise time for unit
step input. The proposed algorithm is tested on point to point interconnections and tree
structure networks. Numerical examples illustrate improved 50% delay and rise time
estimates when compared to traditional EImore based two-pole models.

Keywords

Delay, distributed RLC model, interconnects, moment matching, simulation, tree, VLSI,
CAD.
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CHAPTER 1

INTRODUCTION

1.1 Background Review and Problem Identification

The process of creating integrated circuits by combining hundreds of thousands of
transistors into a single chip is usually referred to very-large-scale-integration (\VVLSI).
VLS| began in early 1970s when complex semiconductor and communication
technologies were being developed. Now a days, VLSI circuits and integrated circuit (I1C)
chips find application in numerous fields like mobile and satellite communication,
computer hardware, micro-electromechanical systems (MEMS) devices, robotics and
other electronic systems. VLSI circuit density and complexity has exponentially
increased over the years leading to miniaturization of electronic systems, increase in
speed of production from circuit specifications to actual hardware development and a
resulting decline in prices of electronic devices. The rapid decrease in featured size has
followed by a commensurate increase in operating frequencies. At gigahertz range [1]
frequencies, design of clocks has been very critical which mainly determines the speed of
operation of such circuits. As anticipated by Moore’s law, the number of transistors in an
integrated circuit (IC) has doubled every two to three years. Modern ICs are now
composed of millions of transistors switching simultaneously within a fraction of a

second.



At present, 32 nm technology is in production and microprocessor clock frequencies
are well above GHz range. The speed of an electrical signal in an IC is governed by two
components. The first component is the switching time of an individual transistor, known
as transistor gate delay, and the second one is the signal propagation time between
transistors, known as wire delay or interconnect delay. In modern VLSI circuits, major
challenges include layout optimization, high power dissipation at high frequencies of
operation, increased interconnect delays, crosstalk noise between mutually coupled
interconnects and simultaneous switching noise (SSN) in the power/ground plane pair. It
has been analyzed that signal integrity problems in interconnects determines the
performance of overall circuits. It is important to predict signal degradation like
propagation delay, crosstalk noise, signal overshoot, ringing and attenuation in the early
design cycles [2]-[5] which can critically affect system response. Using computer aided
design (CAD) tools for signal integrity, simulations have replaced the more time-
consuming and inefficient practice of circuit development and testing at every stage of
the design cycle for modern IC circuitry. However interconnect simulations suffer from a

myriad of issues which require sophisticated CAD tools for analysis.

In the past, interconnects were modeled as a single lumped capacitance. Then
lumped resistance-capacitance (RC) models were introduced in the analysis of the
performance of on-chip interconnects [6], [7]. However, the electrical length of
interconnects have become a significant fraction of the fundamental and harmonic
wavelength of the transient signal [8] at the gigahertz speed of operation with multiple

devices switching simultaneously. This means inductance effect will come into play



when dealing with these high speed interconnects. At such high speeds, interconnects
must be modeled as distributed resistive-inductive-capacitive (RLC) transmission lines as
opposed to lumped resistive-capacitive (RC) models to account for the non monotonic

nature of the response [9].

Since overall circuit performance depends on interconnect delay, low dielectric
metals like copper has been used in IC technology to decrease the line resistance and
capacitances [10]. However this does not significantly decrease the line inductances. This
has led to inductive line effects being a significant contributor to signal degradation. As
the inductive effect of the line becomes dominant, the propagation delay of the line
increases. Since feature sizes shrink in deep sub-micrometer technology to 90nm and
beyond, signal propagation delay in interconnect has been found to outweigh the gate
delay [10], [11]. This delay, if not effectively quantified can cause improper triggering
and timing uncertainty. Line inductance can also lead to effects like ringing and non-

monotonic response contaminated with spurious glitches on active lines.

As mentioned in the previous paragraphs, on-chip interconnects were modeled as
RC lines and single-pole Elmore-based models [6], [12]-[14] were most widely used to
estimate signal delay. However predicting signal waveform in tree structure interconnects
has been prime concern. ElImore based model is used as a delay model for the
buffer insertion in RC trees and wire sizing [15]-[24]. The popularity of this model
is due to the fact that it has analytic expression for predicting 50% delay and rise
time which is computationally fast and well suited for considering simulations of

millions of transistors in VLSI circuits. Traditional Elmore based models have



limitations modeling RLC distributed interconnect networks, since these RLC lines may
give non monotonic responses. As a result modeling RLC interconnects for modern
circuit designers has been the centre of intense research [25]-[43]. To predict signal
transients in high-speed interconnects, the lines are modeled as single line, coupled line
and tree structure interconnects. In broad perspective there are mainly two ways to model
on-chip interconnects which are SPICE macromodels and closed-form analytic models.
SPICE is the most common simulation tool that generally uses numerical
integration or convolution techniques to provide accurate results. SPICE
macromodels include both lumped model and models based on delay extraction using
techniques such as method of characteristics [25]. The conventional lumped models or
rational approximation models (such as PRIMA [44], MRA [29]-[30], compact
differences [45]) represent interconnects as resistive, inductive and capacitive circuit
elements or as ordinary differential equations (ODE). However for high frequency
applications, the signal delay can be significant. These algorithms approximate the
propagation delay implicitly without using delay extraction. Nonetheless to model long
lines with significant delay these algorithms require higher order rational approximations
to accurately capture the delay of the signal leading to inefficient transient SPICE
simulation. For more compact class of models the method of characteristics [25] has
been used which is based on extracting the line-propagation delay [26]-[30] .Since the
delay terms can account for the high frequency characteristics of an interconnect, these
models allow more compact discretization of the line and lead to smaller matrices when

applied to low loss, long lines. Simulation of on-chip interconnects using lumped models



or method of characteristic algorithms requires numerical integration or convolution
techniques which obviously provide excellent accuracy but they are computationally
expensive to be used in layout optimization [23] since this requires simulating

circuit networks composed of millions of logic gates.

In order to avoid the computational complexity of SPICE simulations closed-form
analytic models have been developed. In order to derive closed form analytic models for
on-chip interconnects, far end transistor is modeled as parasitic capacitor and near end
transistor is modeled as resistor serially connected to a voltage source. These models are
usually effective for obtaining the far end solutions. Such circuit scenarios represent a
point-to-point interconnect system in IC designs ([16]-[24]) useful for initial design or
layout optimization cycles and use simple low order rational function to approximate the
transfer function so that it can be easily converted to the time-domain in a closed form
manner without requiring any numerical integration. Since these methods don’t use
numerical integration of large matrices they are computationally more efficient. Single
pole EImore based RC model [12] was the first analytic closed form model for on-
chip interconnects. Considering the inductance effect of RLC interconnects, two
pole model (second order approximation) was developed in order to capture non
monotonic responses of RLC lines. To obtain more accurate models, multi-pole
transfer functions [12]-[14], [31]-[32], traveling-waveform technique [34]-[35], modified
Bessel function [37]-[40] and Fourier analysis [41] were introduced later on. However,
extending these techniques to efficiently analyze RLC tree structures is a challenging

task.



Even though Elmore based models have limited accuracy, they are commonly used
to analyze integrated circuits composed of millions of gates, since it is often impractical
and time consuming to use accurate modeling techniques to evaluate the signal delay at
each node in the circuit . These techniques can provide quick relative delay estimates of
different paths in large circuit networks, allowing for more in-depth and time consuming
simulations to be performed on critical paths. The difficulty, in modeling inductive
dominant RLC interconnects is that these networks may exhibit significant signal delays.
Elmore based models rely on one or two pole approximations to estimate the delay. As a
result, it is extremely difficult to capture the delay of longer lines of interconnect. To

overcome this problem a new algorithm is proposed in this thesis.

1.2 Objectives and Contributions

The objective of this work is to use a delay extraction technique to improve the
accuracy of two-pole Elmore-based models for RLC interconnects. Since inductive
dominant RLC interconnects may exhibit significant signal delays, it is extremely
difficult to model these networks using only a two-pole transfer function. As a result, the
proposed algorithm provides a mechanism to explicitly model the signal delay caused by
RLC on-chip interconnect without significantly increasing the computational complexity

of the model.

The proposed delay extraction based equivalent ElImore model is derived from the
second order approximation of distributed RLC model since they provide better accuracy

compared to lumped RLC model. In the proposed scheme, the time of fight signal delay



is extracted without increasing the number of poles or affecting the stability of the
transfer function. This algorithm is used to obtain the far end time domain responses for
both unit step and ramp inputs. From this analysis, analytic fitted expressions are
obtained for the 50% delay and rise time for unit step inputs using curve fitting
techniques. The proposed algorithm is tested on point to point single line interconnects
and balanced and unbalanced tree structure networks. Numerical examples illustrate
improved 50% delay and rise time estimations when compared to traditional Elmore

based two-pole models.

1.3 Organization of the Thesis

The thesis is organized as follows. Chapter 2 reviews the challenges of
interconnect simulation in detail. Contributions made in literature to address these
problems are also reviewed with special emphasis on some of the latest closed form
models proposed. Chapter 3 deals with the proposed algorithms and shows the
development of this model. Extracting the time of fight signal delay, the model is
developed using the idea of second order approximation of distributed RLC model for
both unit step and ramp inputs. Using curve fitting techniques, analytic expressions are
provided for the 50% delay and rise time signals for unit step inputs. Chapter 4 deals with
several numerical examples (single line, balanced and unbalanced tree structures) to
proof the validity of the proposed model with HSPICE analysis and traditional two pole
model for both unit step and ramp inputs of different rise times. The thesis is concluded

with chapter 5 which summarizes the proposed work and also lists future related work.



Chapter 2
LITERATURE REVIEW
2.1 Introduction

There are many different technologies in which chips can be made but
complementary metal oxide semiconductor (CMOS) technologies are the most important
and common technologies for very large scale integrated (VLSI) applications such as
computers, digital signal processing, telecommunication, medical image processing,
cryptography and digital control systems. CMOS circuitry dissipates less power than
logic families with resistive loads. Since this advantage has increased and grown more
important, CMOS processes have become very popular and dominate, thus the vast

majority of modern integrated circuit manufacturing is on CMOS processes [46].

In a CMOS technology, doped silicon substrate is used to fabricate MOS device
with a gate of polysilicon on top of a thin layer of oxide. Then n+ or p+ doping is used to
make drain and source of the transistor. At first some voltage is applied to gate in order to
create the channel between source and drain. Then voltage is applied at the drain terminal
As a result, current flows from drain to source. In order to interconnect transistors, a stack
of metal layers is available to the designer. Lower level metal layers have higher
resistance values and upper level metal layers have lower resistance values. Also the
parasitic capacitances and inductances of on-chip interconnect vary from one metal layer

to another.



TABLE2.1
INCREASING CLOCK SPEED IN IC TECHNOLOGY

Maximum Clock Speed

Year Technology (nm) (GH2)
2004 90 4
2007 65 6.7
2010 45 115
2013 32 19.3
2016 22 28.8

As Moore’s law predicts, the number of transistors in an integrated circuits (IC)
will double every two to three years. For over 30 years, the feature size of CMOS
technology has shrunk to dimensions into the nanometer region. According to
International Technology Roadmap for Semiconductors (ITRS) [47], [48], feature sizes
will further decrease at the rate of 0.7x per generation [1]. As a result of this continuous
scaling, higher circuit speeds, lower power and larger packing densities of transistors are
achieved. At present, Intel has started producing 32 nm technology microprocessor with a
clock frequencies of well above GHz. The speed of an electrical signal in an IC depends
on transistor gate delay (i.e. switching time) and the interconnect delay. Since
interconnect delay is more important that switching delay, modeling of on-chip

interconnects have been an intense area for research.
2.2 VLSI Interconnect with Physical and Electrical Parameters

As technology is scaled, interconnect delay starts to dominate the gate delay
which is shown in Fig. 2.1. Because of high operating frequencies and technology shrink
inductance effect can no longer be ignored. Inductance is a physical property of a closed

current loop. Inductive coupling can occur over a long distance, whereas capacitive
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Fig. 2.1 Interconnect and gate delay with IC technology evolution.[47]

coupling is limited to adjacent interconnects. As a result, it is not straightforward to
extend the existing parasitic extraction approach to perform inductance extraction in on-
chip interconnects.

Interconnects in VLSI and integrated circuits can be considered as strip lines or
microstrip transmission lines. For microstrip lines it consists of a conductive strip of
controlled width on a low-loss dielectric material mounted on a conducting ground plane.
Microstrip is by far the most popular structure, especially for VLSI and other integrated
circuits. The major advantage of microstrip is that all active components can be mounted
on top of the board. The physical structure of such interconnect is shown in Fig. 2.2
where w, t, h are the interconnect width, height (or thickness), inter-layer dielectric
thickness respectively. Interconnect width, height and length can be controlled by the
circuit designer. Transmission lines are best described by Telegraphers equation where
per unit length resistance, inductance and capacitance (R , L ,C) are needed. From the
physical design of interconnect structures it is important to extract the electrical
parameters of the interconnect in terms of per unit length resistance (R), capacitance (C)

and inductance (L) before performing the timing analysis in the design flow. In standard
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Fig. 2.2 Cross-section of a single-strip shielded transmission line

cell design, quick interconnect parasitic extraction and delay estimation are done at the
place and route stage for optimum placement. These extraction becomes important since
the interconnect design affects every stage of the design flow.

There are usually two ways to extract interconnect electrical parameters from
their physical parameters. One is analytical expressions which are fast to calculate and
another way is to use field solver [49], [50]. Analytical expressions of the interconnect
per unit length resistance and capacitance are given by following equations [51] for the

structure shown in Fig 2.2

R= w (2.1)
_ I.[ 271, E, N (o —0.5t)g,¢, } 2.2)
In(h/t) h

where ¢, and g, are dielectric constant, and relative permittivity respectively. The

interconnect inductance equation is from the predictive technology model [52]

L =’u—°|[ln(2—|)+0.5+w} (2.3)

27 w+t |
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where o is the permeability in free space.

Another approach for determining the per unit length parameters is to use 2-D and
3-D electro-magnetic field-solvers [50], [53]. In HSPICE the physical parameters of
interconnect based on latest technology can be given to extract the electrical R, L, C
parameters. Field solver provides better accuracy when compared to analytical formulas
at the expense of computational complexity. Once the electrical parameters are identified,
it is necessary to develop a model to estimate the delay. There are several closed form
interconnect models which have been developed over the years. Next section will discuss

some of those closed form models.
2.3 Introduction to Closed Form Interconnect Modeling

Analysis of on-chip interconnects are based on either simulation techniques or
closed-form analytic formulas. When it comes to modeling of on-chip interconnects for
signal integrity verification, the most important difficulty is the numerical integration
problem. This is because the distributed interconnects are best described by Telegraphers
partial differential equations which can provide an exact transfer function for the far end
response in the frequency domain only. However it does not have an exact time domain
representation. To provide an accurate time domain representation, numerical integration
techniques [54] are required at every time step. Simulation tools such as SPICE use
numerical integration or convolution techniques at every time step to provide accurate
results. However, these techniques are computationally expensive to be used in layout

optimization [34].
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Fig. 2.3: Circuit Model for Single Line Interconnect

For an iterative layout design of densely populated integrated circuits composed
of hundred millions of gates, accurate analytic models are needed to efficiently predict
the delay and rise times of interconnects. One of the traditional methods was to express
the frequency domain transfer function of interconnects as a simple rational function
which could then be converted to poles and residues form [12]-[14], [31]-[33]. As poles
and residues have a direct representation in the time domain, the interconnect response
can now be evaluated without numerical integration at every time step. Using this idea,
on-chip interconnects were analyzed as single-pole EImore-based RC models [6], [12]-
[14] to estimate signal delay at early stages. In current integrated circuit designs, wire
inductance can no longer be ignored due to higher operating speeds and longer electrical
line lengths. Thus, analytic RLC interconnect models are required to efficiently

characterize the signal responses of today’s high-performance integrated circuits.

All of the above factors contribute to make on-chip interconnect modeling highly
challenging. Closed form models are important because of their simplicity while
maintaining reasonable accuracy as compared to SPICE. The next section deals with

various closed form models proposed in the literature.



14

2.4 Review of Closed Form RLC Interconnect Models

2.4.1 Frequency Domain Representation of Transfer Function

The analysis of on-chip RLC interconnects starts with Telegraphers equation in
frequency domain. All closed form RLC models assume a quasi-TEM mode of signal
propagation. This means that the effect of imperfect line conductors and inhomogeneous
surrounding medium resulting in a component of the mutually transverse electric and
magnetic fields along the line axis is considered negligible [3]. The Telegrapher's
equations are a pair of linear differential equations which describe the voltage and current
on a transmission line with distance and time. The equations come from Oliver Heaviside

who in the 1880s developed the transmission line model. These equations are [55]

%V(x, 5)=—(R+5sL)I(x5s)

0
~ 1(X,5) = —SCV (X, 5) (24)

where s is Laplace transform variable, x is the position variable; V(x,s) and I(x,s)
represent the voltage and current of the transmission line respectively in the frequency
domain; R, L and C are the per-unit-length resistance, inductance and capacitance
respectively. The per unit length conductance G is assumed to be negligible for on-chip

interconnects. The solution of (2.4) can be expressed using the exponential matrix as

V(l,s) | 4| V(O,s)
{—I(I,s)}_e {I(O,s)} (25)
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Fig. 2.4: Circuit Model Tree Structure Interconnects
0 -Z
where D= (2.6)
-Y O
Z=R+sL, Y=sC and | is the length of the transmission line. The exponential matrix of (2.5)

can be expressed using the cosh and sinh functions as shown below [55]:

{V(I,s) }_[cosh( IWZY)  -Ygsinh (INYZ )]{V(O,s) } 27

~1(,s)] |-v,sinh(INYZ)  cosh(1¥ZY) |- 1(0.5)

where Y, =Y(\/ﬁ)‘l. Now we look the circuit network for a RLC interconnect line
which is shown in Fig. 2.3. This represents a point-to-point interconnection driven by a
transistor (modeled as voltage source V,, serially connected to a linear resistance R, ) and
connected to the next gate (modeled as a capacitanceC,) and is commonly used in VLSI

design theory [17]-[30]. Considering this interconnect circuit as shown in Fig. 2.3, the

boundary conditions are represented as
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V,, =V(0,5)+R.1(0,5) (2.8)

V(l,s) = —sC, I(l,s) (2.9)

Using (2.7)-(2.9), the far end transient response of single line interconnect can be

described as

V, = Vin — (2.10)
A+ sR,C,)cosh(I") + (R,Y, + sC,Y, ")sinh(I")

where T = (1W/YZ).

Figure 2.4 shows an example of a distributed RLC tree which is often used to
analyze clock distribution networks. In that example, a driver with an output resistance is
Rs connected to the root of the tree No. All of the output nodes (Ns.....No) are called leaves
and connected with load buffers which can be used to drive the RLC trees in the next
level. The load buffers are modeled by capacitors. All of the branches in the tree are
represented by distributed RLC lines. The tree can be balanced or unbalanced; but

unbalanced trees exhibit more complex characteristics than balanced trees [41].

i
out

The output voltage V., from the voltage source to a certain node N; is [41],

Vi.-Z., 1

v/ =—" "t 2.11
out Rd+ZL‘0Hcosh(l‘k)jt(zoyk/ZL’k)sinh(Fk)) (2.11)

where I, and Z,, are the propagation operator and characteristic impedance of the Kt

line, respectively; Z, , is the input impedance observed at node N, and k is the index
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Fig. 2.5: Circuit model of EImore RC interconnect.

following each branch in the path from node Ny to N;. If node N; branches out to a single

interconnect k (such as nodes N, of Fig. 2.4), then the input impedance Z, ; is defined as

Z . coshT, +Z,, sinhT,
Zy 5= Zoy > ok Kk (2.12)
’ " ZycoshT +Z , sinhT

If node N; branched out to multiple interconnects (such as node N; of Fig. 2.4), then the

input impedance Z, ; at node N; is the parallel combination of the input impedances of

the downstream branches which are connected to node N;.

These transfer functions of single line and tree structure interconnect (2.10),
(2.11) have no direct representation in the time domain and thus real-time prediction of
delay of RLC interconnects. Various closed form models [12]-[14], [31]-[41] were
developed to provide efficient representation of (2.10)-(2.12) in time domain and will be

now discussed.

2.4.2 Elmore Delay Based Models (Single Pole Model)

One of the earliest and popular models for Sl verification in interconnects was the

Elmore delay based models as proposed in [12]. For ease of presentation without loss of
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generality, each interconnect is explained as simple lumped RC circuits as shown in Fig.

2.5. This model is commonly used in VLSI design theory [17]-[30].

Transfer function of such RC circuit is given by

1

R =10 SR.C,)

(2.13)

where Rt =Rs+R and Ct =C,+C are the total interconnect resistances and capacitances
respectively which includes sources resistance and load capacitance. Now if the input is a

unit step function, then the time domain solution is given by
Vou () =@ —exp(—t/Ty) (2.14)
where Tp represents the time constant which is Ry Cr.

Elmore model is particularly appealing for tree structure interconnects where each
interconnect in tree structure is considered as lumped RC circuits which is shown in Fig.

2.6. The transfer function of such tree structure at node i is given by

1

)= 1+ Szck Ri)

(2.15)
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where k is the index that covers every capacitor in the circuit; R, is the common

resistance respectively, from the input to the node i and k [12],[56]. This first-order
approximation matches the first moment of the transfer function at node i but

approximates the higher-order moments by

m; = (‘ZCkRikjl (2.16)

2
H(s)=1+m;s+m,s* +..... :1—s(—ZCkRikj+sz(—ZCkRikj S (2.17)

k

Elmore model is basically single pole model (first order approximation).There is a simple

closed-form solution for the time constant T, for the tree shown in Fig. 2.6. The time

constant at node i is given by

T, = ZCk R, (2.18)

I k
The equation of 50% delay for unit step input becomes

t.y,, =0.693T, (2.19)

Since, the delay of an exponential function of (2.14) is well defined and easy to
analyze, this model was very popular among circuit designers. However, this model does
not consider inductance effect which is very obvious when modern switching speeds

touched the GHz range. As a result transient response of interconnects may become non



20

Fig. 2.7: Lumped RLC Section for Equivalent ElImore Delay

monotonic due to the large line inductances. For such cases instead of RC model, RLC

models (two pole) or even multi-pole models are required.

2.4.3 Equivalent EImore Delay Model (Two Pole Lumped Model)

The transfer functions of (2.10) and (2.11) include hyperbolic functions of the
complex frequency variable s and do not have a direct representation in the time domain.
This makes it difficult to analytically predict the signal delay of interconnect networks.
As a result the extension of equivalent two-pole Elmore delay models for RLC tree
networks is developed in [42]-[43],[56]. For the case of two pole lumped model [56],
single line interconnect is represented as lumped resistive-inductive-capacitive (RLC)
elements as shown in Fig. 2.7. As a result, the circuit of Fig. 2.7 has second order transfer
function which is given by

1
LCs? + RCs +1

H(s) = (2.20)
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This transfer function is expressed in terms of its damping factor ¢ and natural

frequency o, as

2
a,

H(s) = L 2.21
() s+ 2w S+ @’ (221)

where

__RC __1
cj—zm & o, = (2.22)

The poles of the transfer function of (2.21) are

P,=0,(-¢C+{%-1) (2.23)
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For the case of tree structure network, each interconnect in the tree is modeled as
lumped resistive-inductive-capacitive (RLC) elements, as shown in Fig. 2.8. Typically,
moment matching techniques are used to express the transfer functions of this tree

structure interconnect as a power series [43]

H(s):Vom ~1+ms+m,s’ z;z (2.24)
V., 1+bs+b,s
where the moments m; are
j
m, _ 1 d'HE) i=12,... (2.25)
j! ds’
and

b,=-m, b,=m’-m, (2.26)

The first two moments of this tree network at node N; can be calculated using the
following simple closed-form expressions [56] where first moment is similar to equation

(2.16) of RC circuit of Fig. 2.8.

m; = > C.Ry (2.27)
k

miz :(ch Rik} _ch Lic (2.28)
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where k is the index that covers every capacitor in the circuit; R, and L, are the
common resistance and inductance, respectively, from the input voltage node to node N;

and Ny [56].

For the general RLC tree shown in Fig. 2.8, the voltage drop at any node as N;

compared to the input voltage is

Vi (8)—Vi(s) = D_CV, (S)s(Ry + Ly;S) (2.29)

If the input is a unit impulse, V., (s) is equal to 1.0 and the voltages at the nodes of the tree

are the unit impulse responses of these nodes. Thus, the normalized transfer function g;i(s)

at node N; of tree structure is given by V., (s)and is
g (s)=1- ZCka (S)S(Rki +Ly s) (2.30)
k

Using the moment matching techniques o, and ¢; at this transfer function of node N; of

general tree structure is given by

ZCkRik
k

Lo & g -t (2.31)

2 ’ch Ly " zck Lk
K K

The time constants RC and +/LC in single line structure are replaced by the summations

of the equivalent time constants in the tree structure.
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Once the transfer function of single line or tree structure interconnect is obtained
in the form of damping factor and natural frequency, the time domain response of (2.21)

for a step input with supply voltage of V is given by

gh (—¢+¢%-1) etn(—g—\/cz—n

Voo .
271\ —¢c+yfct-1 —¢—cr-1

Vou(t,) =Vpp + (2.32)

where t, is a dimensionless time variable defined as t, =tw,. The output voltage of
(2.32) is a nonlinear function with respect to the variable . As a result, an analytic
formula is not directly available for the 50% delay since the solution of (2.32) is obtained
iteratively using methods such as Newton-Rhapson’s method. For this reason, (2.32) is

solved for various values of ¢ by setting V,,, to 0.5V, and solving for t. Fig. 2.9 plots

out

the time scaled 50% delay for various values of . The results of this analysis are stored

and fitted to the following functions [56]

t.,, = (1.047e7¢°% 11.39) / o, (2.33)

where t.,, corresponds to 50% delay with respect to time t. This equation is like the

extension of 50% delay of single pole EImore model of (2.19) considering inductance
effect of the interconnect. Equation (2.32) can also be used to calculate the rise time by

setting V,,, t0 0.1V, and 0.9V, and solving t, for different values of ¢ . Fig. 2.10 plots

out

the time difference of V,, to reach 0.1V, to 0.9V,,. Similar fitted expressions can also

out

be obtained for the rise time response [56].
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So the expression of rise time is given by [56]
t =(6.017e "% _5e=¢"10% L 4390) / @, (2.34)

where t; corresponds to the rise time.

2.4.4 Two Pole Distributed RLC Interconnect Model

The exact transfer function of single line and distributed RLC trees are hyperbolic,
but very complicated. In [43], the accuracy of the two pole model is improved by directly

approximating the distributed hyperbolic functions of (2.10) and (2.11) as a power series
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1

SRECH)S?

cosh T, z1+%Rkalfs + (% L C I} +

Z,sinhT, ~ Ryl + (Ll +%Rfcklk3)s+

CRLC + 5 RICH))S*

Z;isinhT, zCkas+(%Ckalf)sz

to convert the transfer function to the form of (2.24) as

1

HE)=—
®) 1+b;s+h,s?

26

(2.35)

(2.36)

(2.37)

(2.38)
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where

W, = —— (2.39)

EEN LI

b, 1
b,

In [43], it is shown that the Maclaurin series approximation from (2.35)-(2.37) to
obtain the moments of the transfer function of (2.38) are more accurate than the moments
calculated from the lumped model since the distributed RLC model are directly derived
from the hyperbolic functions of (2.10) and (2.11). Once the transfer function of (2.38) is
derived the fitted expressions of (2.33) and (2.34) can be used to analytically calculate the

50% delay and the rise time.

Elmore based models such as the fitted expression of (2.33) & (2.34) are widely
used in VLSI circuit design for fast delay estimation due to its computational efficiency.
However, the accuracy of EImore models is limited since two poles may not be accurate
enough to capture the high frequency effects and signal delays of RLC lines. The next
chapter provides a methodology to improve Elmore based two pole model of RLC

interconnects by extracting the delay from the transfer function.
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Chapter 3
Delay Extraction Based Equivalent EImore Model

For RLC On-Chip Interconnects

3.1 Abstract

In this chapter a delay extraction algorithm is utilized to improve the accuracy of
two-pole Elmore based models used in the analysis of on-chip distributed RLC
interconnects. In the proposed scheme, the time of flight signal delay is extracted without
increasing the number of poles or affecting the stability of the transfer function. This
algorithm is used for both unit step and ramp inputs. From the analysis, analytic fitted
expressions are obtained for the 50% delay and rise time for unit step input. For ramp
input, a lookup table can be created for the 50% delay and rise time. Since the time of
flight delay is extracted from the transfer function, the proposed algorithm provides a
mechanism to improve the accuracy of two-pole Elmore-based models without

significantly increasing the computational complexity.

Elmore based models rely on one or two-pole transfer functions to estimate the
delay. As a result, these approximations are not capable of capturing the early transient
responses required for predicting long signal delays and rise times caused by inductive
dominant on-chip interconnects.The proposed model basically extends the concepts of
two pole model [43], [56] to obtain the time domain analysis for any balanced and

unbalanced complex tree structures using delay extraction techniques. The transfer
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function is obtained analytically in terms of predetermined coefficients and the per unit
length parameters. As a result, the proposed model provides a mechanism to improve the
accuracy for cases when inductive effects are significant, length of the line increases or
when rise time of the signal becomes sharper. The algorithm is used for various single

and tree structures interconnect scenarios for both unit step and ramp inputs.

The organization of the chapter is as follows: Section 3.2 develops the proposed delay
extraction based equivalent ElImore model for unit step input. Analytic fitted expressions
have been obtained for calculating 50% delay and rise time. Then the model is extended
for ramp inputs in section 3.3 where prediction of 50% delay and rise time has also been

discussed.
3.2 Proposed Model for Unit Step Input

Even though Elmore based models have limited accuracy, they are still commonly
used to analyze integrated circuits composed of millions of gates, since it is often
impractical and time consuming to use accurate modeling techniques to evaluate the
signal delay at each node in the circuit The objective of this work is to use a delay
extraction algorithm to improve the accuracy of this Elmore-based models for RLC

interconnects.

3.2.1 Extracting Time of Flight Delay

As illustrated in chapter 2, moment matching techniques are used to express the

transfer functions of on-chip RLC interconnect as follows [43]
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1

H(Gs)=—
(%) 1+b;s+h,s?

(3.1)

Equation (3.1) usually refers to EImore based two pole model. The proposed algorithm
uses a delay extraction based rational approximation to improve the accuracy of (3.1).
The first two moments of (3.1) are calculated using the same conventional moment
matching techniques such as the methodologies described in section 2.4.3 and 2.4.4. In
this paper, the procedure outlined in [43] is used since the hyperbolic approximations of
(2.35)-(2.37) were shown to be more accurate than the lumped model moment
calculations of (2.27)-(2.28). Once, the moments of the transfer function are calculated,
the time of flight delay T, is extracted from (2.21) as proposed in [57] to obtain

He) = & (L+5T, +055°T2)-e~™

3.2
$* + 2w S+ o} (3.2)

where 1+ sT, +0.5s*T; corresponds to a Maclaurin series approximation of e*™ . The
delay operator e*™ ensures that the voltage at the far end appears only after the time-of-
flight delay T,. Furthermore, the Maclaurin series approximation of e*™ only changes

the numerator of (3.2) and does not increase the number of poles or affect the stability of
the transfer function. For the interconnect network of Fig. 2.3, a lower bound estimate of

the time of flight delay is
T4 =1V/LC (3.3)

which corresponds to the propagation delay of a lossless line. This provides a reasonable
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estimate of the amount of delay that should be extracted from (3.2), since the voltage

signal at the far end can only appear after T, delay has occurred with respect to the input

voltage at the near end [57]. For the interconnect tree network of Fig. 2.4, a lower bound
estimate of the time of flight delay at node N; is calculated as a summation of propagation

delay of lossless lines as
Ty =Y 1/LCy (3.4)
k

where k is the index following each branch in the path from node Ny to N;j. The time
domain response of (3.2) corresponding to a step input with supply voltage of V_, can be

expressed as
V.. (t )=V, (1+ K,e D | K g b D ju(tn) (3.5)

where

O e VRl e (e (3.6)
26J¢7 —1(¢ +¢7 D)

:—1+r(§—\/§27—1)—0.5r2(§—\/§27—1)2 (3.7)
2(JCT -1 -CT 1)

K

The coefficient u(t,) is the unit step response, t, =(t-T,)o, and 7=T,®,. The
output voltage of (3.5) is zero for t <T, due to the unit step. Att =T, , the value of (3.5)

will depend on the normalized extracted delay variable z . Whenz =0, (3.5) reduces to



32

45 T T T T T
4 — Data
————— Fitted function
3.5+ 2
g -
[«5]
[a)
z;‘: 25 =0 |
8 2 |- r —
T
]
- 15F 1
£
= 1 i
0.5C 7=0.99 i
0 r r r r
0 0.5 1 1.5 2 2.5 3

Fig. 3.1 The time scaled 50% delay for different values of T and
the equation of (2.32).

To calculate the 50% delay requires solving the nonlinear function of (3.5) for

specific values of ¢ and 7. Fig. 3.1 shows the solution of (3.5) for various values of ¢

and 7 by setting V. to 0.5V, and solving for t,. The results of this analysis can be

out

stored or fitted to some function to obtain quick estimates of the 50% delay. Let the fitted

function be defined as f.y, (<, 7). Thus, the 50% delay with respect to time t can be

calculated as

togo =Ty + fSOOA]aEé,,T) (3.8)

n

Note, when the time of flight delay is not extracted (i.e. z=0), the fitted expression of

fo, (&, 7) Will give similar 50% delay predictions as (2.33).
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Equation (3.5) can also be used to calculate the rise time by setting V,,, t0 0.1V,

out

and 0.9V, and solving t, for different values of ¢ and 7. The results of this analysis

are shown in Fig. 3.2 which plots the time difference of V,, to reach 0.1V, to 0.9V, .

out

Let the fitted function for the rise time be defined as f .. (£, 7). Thus the rise time with

rise

respect to time t can be calculated as

_ frise (é,i T)

trise -
(0}

(3.9)

n

Section 3.2.2 discusses how f., (¢, 7) and f,. (<, 7) are fitted to the data values of Fig.

rise
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3.1 and Fig. 3.2, and how these functions are used to calculate the 50% delay and rise

times.

3.2.2 Fitted Functions for f.,, (¢, z)and f..(<,7)

The numerical solutions for the 50% delay is fitted to rational functions for
specified ranges of z as

N,/D, 0<7<0.2
N,/D, 02<7<04
N,/D, 04<7<06
fem (,7)=4N, /D, 0.6<7<0.8 (3.10)
N,/D;, 08<7r<09
N,/D; 09<7<0.99
0 r>1

where N, and D; are defined as polynomials with respect to ¢,
N, =a,,+a,f+a,,>+a,,¢° +a,¢"
D, =b,+b,{+b ¢ +¢° (3.12)
and &, ; and b, ; are polynomials with respect to z,
Q=0+ U T T ST

[}

b =Bijo + BT+ /Bi,j,zz'2 + ﬂi,j,gfs (3.12)
The coefficients of «; ;, and 5, ;, are listed in Table 3.1 and Table 3.2. The curve fitting

for f., (£, 7)is only performed up to 7<0.99 since the variance of f., ({,7) is
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significant when ¢ is high and the extracted delay ranges from 0.99 <z <1. As a result,
higher order rational approximations would be required to fit f., (,7) from

0.99 <7 <1.

From (3.5), when z >1, the output voltage at t=T, is V,,(t=T,) > 0.5V, forall

out

values of ¢ . Thus f.,,({,7)=0 for z>1 and the 50% delay predicted by (3.8) is
mainly due to the extracted delay (i.e. t.,, =T,). As a result, (3.8) will underestimate the
50% delay when z>1 since this calculation does not include the effects of the per-unit-
length resistance R, series resistance R, and load capacitor C,. The proposed model can

provide different 50% delay estimates by modifying (3.8) to extract different amounts of

delay as

to, = KTy + tae (6, K7) (3.13)

23

where Kk is a scaling factor selected to ensure that k-z is less than one or falls
within the ranges of the fitted function f.y, (£, 7). The scaling factor k, enables a smaller

delay to be extracted from (3.2) instead of using (3.3)-(3.4). When k is set to zero, the

50% delay predicted by (3.13) is similar to (2.33) (i.e. zero delay is extracted from (3.2)).

To calculate the 50% delay the following rule of thumb is followed, which
attempts to include the effects of the per-unit-length resistances, series resistance and load

capacitors for cases when z is close to one or over one.
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Lo, = Ty + fsoo—haggj) 0<7<0.98
(- . (& k7 = 0.98)
if (TX =kT, + o >T, (3.14)
eIsetSO% =T £>0.98
fop. (&7 =0.98)
toge = Tg +—22
50% d a)n

If the extracted delay using (3.3) and (3.4) causes 7 <0.98, then (3.14) uses (3.8)
to calculate the 50% delay. If extracted delay using (3.3) and (3.4) causes 7 >0.98, then
(3.13) is used, where the scaling factor k is selected such that k-z=0.98. The scaling
factor k, allows a smaller delay to be extracted such that the output voltage at the
extracted delay is V,,(t =kT,) <0.5V,, and the transition period to reach V_, =0.5V,
includes the impediments of the per-unit-length resistances, series resistance and load
capacitors. However, when ¢ is low, the 50% delay predicted by (3.13) may yield
t., < T4, Which is not physically possible since the voltage at the far end can only appear
after T, delay has occurred with respect to the input voltage at the near end [57]. As a

result, (3.13) is only used when t.,, >T,, otherwise the 50% delay should be slightly

over T, and is estimated using

. F50s(¢.098)

,

(3.15)

ooy, = Td

Note that both (3.13) and (3.15) use f.,(£,0.98)/@,. When the contribution of

fe, (£,0.98)/ w, is significant, (3.14) uses (3.13) to calculate the 50% delay since this
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will make t;,, >T,. When (3.13) does not satisfy t.,, >T,, the contribution of
fo, (£,0.98)/ @, is relatively low and (3.14) uses (3.15) to calculate the 50% delay. This
usually corresponds to an inductive-capacitive dominant network, where low values of ¢
cause f.y, (&,7) to decrease (see Fig. 3.2). In this scenario, the 50% delay is mainly due
to T, as predicted by (3.2). However, t.,, =T, does not include the delay influences due

to the per-unit-length resistances, series resistance and load capacitors. To improve the

50% delay estimate, the function of f.y,(£,0.98)/w, is added to (3.15) to include these

effects.

The numerical solutions for the rise time is also fitted to rational functions for
specified ranges of 7 as
N,/D, 0<7r<0.22

N,/D, 022<r<0.44
N,/D,, 044<r<0.88

f (&,7)= 3.16
w& D=1y b, 088<r<iil (3.16)
N.,/D, 11<7r<1.33
0 7>+/1.8 ~1.34164
where N, and D,; are defined as polynomials with respect to ¢,
N; = a-ir,o + air,1§ + air,zé’2 + air,aé/3 + air,4§4 + air,sé/5
D, =b/ +b/,¢+b/,¢% +b/,¢% + ¢ (3.17)

The coefficients of «;;, and g, are listed in Table 3.3 and Table 3.4. Once
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TABLE 3.1
COEFFICIENTS OF ai’j]k

0 1 2 3 4
9.0213028957213 | -0.52002231195006 | 2.362101690758197 | 0.563191990612 | 1.5823872352561
10.264566953478 | -0.01554390322000 | 2.889071463278857 | 0.515067856181 | 1.6365812921766
-47.403528389451 | -28.9764859689464 | -0.24685990745238 | -5.06587672519 | -1.575542571587
i 28.301840842192 | 22.330160625387 21.320139866462 4598199829119 | 0.8502852216206
-7.258203818329 | 12.335321069538 5.3248058863799 2.738184077116 | 6.9296294393022
-72.08103057783 | 266.7515835824658 | -588.9864706708 263.3430338481 | 105.26207953608
-8.460788071761 | 3.527738691827600 | -1.7868530539725 -0.97340830311 | -0.001476898823
-23.763788517414 | -2.43306934956625 | - -0.0478945946 -0.666681240706

8.009374173386924

i i1 375.34428532929 | 174.2121228418589 | 1.652822678320948 | 24.10166053956 | 21.540760037651
-114.9076576691 | -79.935236347528 -75.846756335463 -7.77235327903 | 1.1432892251704
26.194560011856 | -42.183261662620 -14.127303787700 -3.80762259716 | -21.19409267996
236.76163797965 | -862.311729251835 | 1908.9742692272 -847.747237192 | -339.9620538476
-1.800931248953 | 1.820487108407566 | -0.3707109118679 -0.60059675085 | 0.0318294704271
62.037520966409 | 24.62604401962565 | 23.8285294000543 | -6.21876900073 | 2.7657509228355
% ;5 -852.2749830443 | -324.413412221138 | -3.3184912203897 -26.3709828568 | -48.14636380131
158.90909929518 | 95.316631443529 89.8805709580265 0 -0.281304500281
-27.83712400668 | 47.816120066613 10.7164076440579 | -2.03900836353 | 27.147255070583
-255.8992115893 | 929.089452295064 | -2064.190975158 909.4234548081 | 371.68478951209
0 0 6.85628038835035 | 2.623426126036 | -0.507037343861
-91.77171448885 | -27.5772387580119 | -24.142229648649 13.66863724912 | -4.297057094903
% ;s 600.73418437215 | 192.745734773314 | 212.30514951779 0 34.374880248783

-73.53493736538 | -38.3244086145732 | -33.761822139158 0 0
8.8870710878002 | -18.4157971935378 0 0 -11.25852446795
91.248271078542 | -334.087483010346 | 746.47333554401 -328.308465394 | -135.4207979435
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TABLE 3.2
COEFFICIENTS OF ik
0 1 2
8.613824666908954 -3.662194874735159 1.800930171393833
11.0907141810951 -4.663884458620657 2.158296775716884
-120.417803595699 45.9274611081304 -25.7679758956128
ﬂi'j]o 66.4567185897558 -17.7224984722917 2.456712551272433
45.8258199545479 -58.2874787359551 47.2533502346019
865.106915927380 -1516.191451983524 794.283139003956
-0.041125800063642 0.044012921266307 0.009056451353493
-30.0644860959776 12.516618345750294 -4.127351852794886
845.430085885382 -349.3894030751437 176.2207651699743
'Bi’jl -270.2047562906737 99.2746200174789 -6.730200090249853
-175.5203072506074 230.7226058300037 -170.9516301165219
-2825.600818190934 4949.479853335178 -2587.024382123916
0.848931685396748 -0.976390603880459 -0.215895932808289
122.2343298297111 -53.213270840375664 15.430672176741551
-1803.246519137808 804.8881251324483 -367.5528908864673
ﬂi'j’z 369.5919208781667 -166.8330888505323 8.933975900669028
228.6837993326621 -304.6330652436234 209.6315481635663
3086.540266735930 -5396.678649085249 2814.812350348027
-8.555590763338637 15.492816283283725 -1.424401823057440
-173.3075700068836 89.687578761316317 -20.688116357217538
1222.357545790275 -584.5155107465026 245.5727125667448
ﬂi'j’a -165.6138661891531 83.7630467091441 -4.455887524014941
-97.1122989152980 129.8348632303627 -86.2216925030304
-1124.616807728859 1961.853615936612 -1022.766166738894
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TABLE 3.3
COEFFICIENTS OF @ | ,
0 1 2 3 4 5
1.2322981736182 | -1.02851254239 | 0.1544780170304 | 2.9987471253908 | -5.43742970312 | 4.2403749733927
0.4658582043758 | 5.04252481259 | -0.473861261572 | -01.91383625932 | -00.0555777596 | 6.3352966095538
a0 9.2473810846620 | -2.44152823972 | 7.1291410894606 | 4.6525976129295 | 8.31260522763 | 2.5950529243614
-6.82853190933 | -15.74529428646 | 227.74330544450 | -189.74388506 | -18.13626145218
60.751051233061

-3.097967296943 | -40.5326965521 | 270.52312191488 | -579.7948747913 | 418.969004604 | -4.278333844765
0.0535602969182 | -0.08591060253 | 0.0212101061328 | 0.0369834200149 | -0.04499481714 | -0.004271562508
7.0260129032901 | -61.8303879145 | 6.7141654851516 | 49.766781023873 | -54.7674542748 | -26.75004218203

s -38.90567350365 | 5.86931381304 | -32.14092083415 | -14.42776662217 | -59.3501454638 | 9.290153185725
-180.1115617428 | 27.9782342769 | 50.436798106717 | -679.1557542068 | 594.900021278 | 70.945268248786
7.9060921750755 | 102.124634717 | -680.8567216252 | 1459.9672371948 | -1059.78099597 | 24.044885383982
-0513896773179 | 0.93117047841 | -0.300871921515 | -0.335485277013 | 0.46401505813 | 0.0794737390126
-19.76059741067 | 205.616719055 | -23.85574243288 | -164.2956079553 | 181.960463076 | 90.509780020005

%ijz 61.667744053475 | -6.30146507298 | 46.169992906718 | 36.387968565347 | 76.4031241206 | -15.37858725406
177.90254028273 | -35.1377851688 | -50.60032006604 | 670.24815870814 | -619.809061809 | -73.07688479349
-6.367252689053 | -86.2830118787 | 571.24555451821 | -1221.884356016 | 883.352561001 | -21.80021893914

0 0 0 0 0 -0.207169708053

14.451083927423 | -220.587216502 | 27.471328652114 | 175.64002279173 | -196.040710448 | -100.7340106623
s -33.02337993540 | 3.29885910705 | -21.05830460288 | -27.66181784236 | -26.3074468863 | 8.3868970411592
-58.47663019594 | 13.9498217768 | 15.517205764576 | -216.3477486839 | 209.374194997 | 24.792022111517
1.6322480078705 | 24.4804212615 | -160.4718572330 | 342.57240435480 | -246.94526132 | 6.5218033494768
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TABLE 3.4
COEFFICIENTS OF f3]
0 1 2 3
1.211587608488638 -2.05162928558536 | 2.042210218367738 | -1.55873699121421
0.941006553918567 5.0916341351250 -7.0921391180348 3.4582160742154
,Bir’jyo 15.2030134924340 -19.9653600923949 | 15.1646923537146 | -2.24391204870225
118.9356701047606 -189.82226531738 168.7864013569272 | -83.4171047017991
25.679695629594214 | 30.6547246848665 -34.8491399807634 | 70.3858530264564
0.049865955329878 -0.10131031092261 | 0.069914855639354 | -0.0193449151565
2.299771444231987 -72.0789519424431 | 93.1529141271554 | -51.4282933696436
ﬂifj,l -70.2331926651397 91.3348024169421 -67.7938103152162 | 6.06155422097951
-351.8206993575230 | 576.164997058308 | -512.027493437917 | 260.023260177533
-67.768457403138896 | -102.321271301402 | 80.82543955094357 | -175.22747665975
-0.480984435243962 | 1.037286442945819 | -0.76169401640458 | 0.23556061732040
-5.181830039467304 | 236.671294917510 | -310.485692762809 | 172.659360608741
'B;J"Z 114.8036302822211 -151.056199965156 | 113.0717077967981 | -14.3530943765016
346.2181741952572 -579.630350335650 | 514.9643651807950 | -268.22463308389
59.916919772245720 | 112.2691146368511 | -60.3929646698437 | 143.214782834897
0 0 0 0
0 -249.479217857748 | 336.2350782046465 | -189.4561264279
ﬂifjﬁ -61.2959007918778 82.3407826839700 | -62.3007912140839 | -14.353094376501
-113.1515207629811 | 192.8282518238725 | -170.929668734861 | 90.5602970982523
-17.553248189566055 | -41.2628448023109 | 15.17043729138193 | -39.321738444847
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again, the curve fitting of f (¢, 7) is only performed up to 7 <1.33 since the variance

of f,.({,7) is significant when ¢ is high and the extracted delay ranges from

1.33<7<+/1.8. For the rise time calculations, when 7 >+/1.8, the output voltage of

(3.5) at t=T, is V,,(t=T,)>0.9vV,, for all values of ¢ . This causes the rise time

predicted by (3.9) to be t,... =0, due to the unit step in (3.5). To estimate, the transition

rise

period of the rise time for 7 >1.33, (3.9) is modified to

Fiee(617) 0<7r<1.33

a,
e = " (3.18)
fue(C ke =133)

[0)

n

where is a scaling factor selected such that k-7 =1.33. When k is set to zero, the rise

time predicted by f,..(<,0)/ @, is similar to the rise time given by (2.34). By using k to

rise

extract a smaller delay for z>1.33, the output voltage of (3.5) is V,,(t =kT,) <0.9V,,

and a transition period for the rise time can be calculated using (3.18).

3.3 Proposed Model for Ramp Input

This section develops the far end time domain response of on-chip RLC
interconnect for ramp inputs. From this discussion the way of predicting 50% delay and
rise time for ramp input is provided.

3.3.1 Time Domain Solution for Ramp Input

For the case of ramp input, edge rate (i.e., rise or fall) of the input signal Vi, has to

be included. As a result it should be modeled as ramp function such as
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() + (-t )u(t—t,)
t

r

Vin (t) = VDD

(3.19)

where t; is the rise time. The Laplace-domain representation of (3.19) can be expressed as

(1-e™")
s’t

r

Vin(S) =Vop (3.20)

Using the input signal of (3.20), the time domain response of (3.2) corresponding to a

ramp input with supply voltage of V_, can be expressed as

t (-r- z 2
Vo () =Ve (t_n e PZé) . % JENENEEN C_Pz NP ET Ju(tn)

Voo (tti+_(—r ;24 ) +%e*m<f+ﬁ> +C—P2e-‘m<4-ﬁ> Ju(tnr) (3.21)

where,

co_ Lt 7(§ +4/¢2~1) ~ 0572 (¢ ++/¢ 2 ~1)? (3.22)
2% -1 +y¢7 1)

o LHT(¢ ¢t 1)+ 0503 (¢ ¢t 1) (3.23)
2(J¢* -1(¢-+¢* -1)

The coefficient u(t,) and u(t, ) is the unit step response, t, =(t-T,)o, and

t, =0t-T, -t )o, respectively and here 7=T,m, and P =t ®,. In this case, to

calculate the 50% delay and rise time requires solving the nonlinear function of (3.21) for

specific values of ¢,z and P.
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3.3.2Prediction of 50%Delay and Rise Time for Ramp Input

The output voltage of (3.21) is a nonlinear function with respect to three variables

which ared ,z and P. As a result, an analytic formula is still not available for the 50%

delay and rise time. The solution of (3.21) is obtained iteratively using methods such as

Newton-Rhapson. The nonlinear equation of (3.21) can be solved for various ranges of ¢

,7 and P by setting V,,, to 0.5V, to get the 50% delay. The results of this analysis can

out
be used to create a look up table. With the knowledge of this look up table , 50%
delay can be obtained using interpolation techniques. The advantage of this approach is
to avoid solving nonlinear equation of (3.21). This is crucial when dealing with large
scale VLSI circuits composed of hundreds of millions of transistors for early layout

design.

On-chip RLC interconnects may have complex conjugate poles in frequency
domain. As a result they have non monotonic response in time domain. For the case of
step input, solving the nonlinear equation of (3.5) for 50% delay and rise time results in a
continuous function with respect to t and £. That is why the functions were fitted to
rational approximations which are discussed in section 3.2.2. For ramp inputs, 50% delay
is not a continuous function with respect to £,z and P. Since this is not continuous, it is
very hard to fit these functions using rational approximations. This problem is illustrated
in Fig. 3.3. This figure is created for two specific values of P=0.3 and P=4 and for

various ranges of ¢,z solving the nonlinear function of (3.21). From the figures, the

discontinuity of the time scaled 50% function is clearly visible for both values of P and
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this is even true for many ranges of P. That's why it is very challenging to approximate
this as a rational function. In order to calculate the rise time, equation (3.21) can also be

used by setting V,,, to 0.1V, and 0.9V, and solving the time for different values of ¢,

out
7 and P. Like the 50% delay, time scaled rise time is also a discontinuous function for
many ranges of P. As a result the nonlinear function of (3.21) can be solved for a priory

values of ¢ ,zand P for calculating the 50% delay and rise time and the results can be

stored in a look up table.

The implementation details of how to create the look up table for the 50% delay
and rise time are not discussed in this thesis since the objective of this work is to illustrate
the improved accuracy of the proposed method compared with the two pole EImore based
model of [59] which also considers the ramp input. Numerical examples are provided in

chapter 4 in order to show the better accuracy of the proposed algorithm.

3.4 Conclusions

In this chapter, a delay extraction based rational approximation is proposed to
improve the accuracy of Elmore based two pole model where the time of fight signal
delay is extracted without increasing the number of poles or affecting the stability of the
transfer function. From this analysis, analytic fitted expressions are obtained for the 50%
delay and rise time for unit step input and look up table is proposed to calculate those
parameter for ramp inputs. The next chapter will present numerical examples to

demonstrate the validity of the proposed algorithm.
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Chapter 4

Numerical Examples

4.1 Introduction

This chapter presents the numerical examples to demonstrate the validity of the
proposed method. Examples of single line, symmetrical tree structure (balanced and
unbalanced) and unsymmetrical tree structure are shown here to see the difference
between the two pole model and the proposed model. In section 4.2, proposed algorithm
is tested selecting unit step response for different lines lengths of those examples.
Different ramp inputs are also used to observe the results in section 4.3 and finally a
conclusion is provided in section 4.4. The results were obtained using MATLAB R2010b
operating on Bolen Custom built T7400 64-bit workstations with clock speed 3.33 GHz

and are also compared with HSPICE and conventional two pole model [43],[56].

4.2 Selecting Unit Step Input:

4.2.1 Example 1 - Single Line Interconnect

A single RLC line proposed in [58] is considered which models the on-chip
interconnect using 65-nm technology. Three different wire types, whose RLC parameters
were extracted using field solvers [50], [53], are analyzed. The wire widths and per unit
length R, L, C parameters are shown in Table 4.1. Wire thickness is 319nm for all cases.

At first the length of the line is set to 0.05cm and then line length is increased to 0.2 cm.



TABLE 4.1
SINGLE LINE INTERCONNECT PARAMETERS
Width(um) R(Q/cm) L(nH/cm) C(fF/cm)
0.5 1610 131 1.64
1 806 12.2 2.43
15 538 11.6 3.22
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Equation (3.5) is used to get the time domain response of the proposed model for
unit step response. The 50% delay and rise time calculated with the proposed model
(equation (3.13) and equation (3.18)) is compared with conventional two pole model

(equation (2.33) and equation (2.34)) and HSPICE for various resistive and capacitive
loads of R,and C,. The results are shown in Table 4.2 and Table 4.3. The far end time

domain transient responses of proposed model, two pole model and HSPICE are plotted

in Fig. 4.1 and 4.2 for 0.05cm and 0.2 cm respectively.

When the line length is very short (such as 0.05cm) the improvement of the
proposed model as compared to two pole model is moderate for the 50% delay where
average error drops from 8.9 to 8.1 overall (RC and LC dominant interconnects), however
the proposed model predicts rise time more accurately(10.94% average error as compared
to 220%). This is due to the fact that shorter line lengths do not have significant signal
delay and hence the proposed delay extraction algorithm offers only minor improvements
for the 50% delay. From Fig. 4.1 it is seen that for very short lines of RC dominant
interconnects (Fig. 4.1 (a)), two pole model and proposed model are almost same.
However for LC dominant interconnects (Fig. 4.1 (b)), even for shorter lines proposed

model is more accurate than two pole model when compared with HSPICE.
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Fig. 4.1: Transient response of Example in 4.2.1 for 0.05cm line length (a) Line width (w) is 0.5um,
Rs=200 Q, CI=100 fF.(b) Line width (w) is 1.5pm, Rs=20 Q, CI=10 fF.
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TABLE 4.2
COMPARISONS OF 50% DELAY AND RISE TIME FOR SINGLE LINE INTERCONNECT OF PROPOSED MODEL WITH
CONVENTIONAL TWO POLE MODEL AND HSPICE FOR UNIT STEP INPUT.THE LINE LENGTH 15 0.05 CM.
(EXAMPLE 4.2.1)

HSPICE Two Pole Model Proposed Model

Width RS ¢l g ! 50% Rise 50% Rise Rise
(km) @ | () Delay | Time Delay Time 0% Time

G | 0 | e | 69 | o | 9

(ps)

20 10 | 0.48 1.18 8.4 1.93 7.83 11.20 7.9 2.7

50 50 | 0.79 | 0.83 121 16.9 13.36 25.38 11.72 18.7

oo 100 | 100 | 1.23 | 0.61 22 52.2 23.51 59.54 22.88 53.81
200 | 200 | 2.09 | 041 54.23 156.6 54.29 164.74 54.22 158.32

20 10 (04 1.26 9.5 1.3 8.26 11.12 8.8 1.28
50 50 | 0.73 | 0.95 121 125 13.06 23.53 9.9 15.38

' 100 | 100 | 1.23 | 0.74 20.1 49.5 22.8 57.69 21.95 50.7
200 | 200 | 2.22 0.51 52.9 154.5 53.28 163.05 53.2 158.64

20 10 (04 1.29 10.6 1.04 9.18 12.31 9.95 1

L5 50 50 | 0.75 1.03 12.7 11.9 14.1 26.06 10.2 16.51

100 | 100 | 1.32 | 0.82 20.4 54.8 24.58 64.49 23.62 56.58

200 | 200 | 2.4 0.58 55.5 169.8 57.21 176.62 57.24 171.6

Average Error % 8.93 219.98 7.9 10.94

Maximum Error % 20.49 1083.65 19.6 39.9

When the line length is increased (0.2cm), it is very clear that proposed algorithm
gives better accuracy in calculating both 50% propagation delay and rise time for
all types of interconnects (RC and LC dominant ). From Table 4.3 it is shown that
average error drops down to 3.4% from 13.87% and maximum error drops down to 8.6%

from 30.54% for 50% delay. For rise time average error drops down to 4.7% from 31.9%
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and maximum error drops down to 14.72% from 112%. This is due to the fact that longer
line lengths have greater signal delay and the proposed algorithm captures this delay

through its delay rational approximation.

TABLE 4.3
COMPARISONS OF 50% DELAY AND RISE TIME FOR SINGLE LINE INTERCONNECT OF PROPOSED MODEL
WITH CONVENTIONAL TWO POLE MODEL AND HSPICE FOR UNIT STEP INPUT. THE LINE LENGTH 1S 0.2 CM.
(EXAMPLE 4.2.1)

HSPICE Two Pole Model Proposed Model

Width Rs | cl G T

(um) @) ) () 50% | Rise | 50% Rise 50% | Rise
Delay | Time Delay Time Delay Time

(ps) (ps) (ps) (ps) (ps) (ps)
20 10 | 095 | 0.88 | 48.9 91.5 55.08 11881 | 47.21 | 93.19

50 50 | 1.06 | 0.70 | 67.3 142.9 73.60 170.66 69.97 | 145.23

o0 100 | 100 1.2 | 055 | 964 228.1 | 102.37 256.29 99.61 | 234.01
200 | 200 | 1.46 | 0.38 | 163.7 | 429.9 | 169.18 465.12 166.10 | 436.18
20 10 | 0.79 | 107 | 371 521 48.43 92.56 3541 59.77
50 50 | 0.96 | 0.89 | 545 107.8 64.49 140.61 55.14 110.7

' 100 | 100 | 1.18 | 0.71 | 83.8 196.9 91.72 227.49 88.1 199.1
200 | 200 | 1.54 | 051 | 151.2 | 406.8 | 156.56 439.34 1541 416
20 10 | 0.73 | 1.14 | 40.2 42.8 50.19 90.79 40.3 48.32

e 50 50 | 095 | 0.97 | 52.2 102.1 67.34 145.36 50.1 111.34

100 | 100 | 1.23 | 0.79 | 85.8 211.9 97.68 247.79 93.18 | 215.74

200 | 200 | 168 | 057 | 161.3 | 446.1 | 169.89 490.21 167.91 | 462.86

Average Error % 13.87 31.9 34 4.7

Maximum Error % 30.54 112.13 8.6 14.72
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Fig. 4.3 Example of symmetrical tree structure

4.2.2 Example 2 — Symmetrical Tree Structure Interconnect

Nz

N2
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The symmetrical tree structure shown in Fig. 4.3 is analyzed in this section. For

simplicity, the branches are assumed to have the same width of 6 um. The width of each

interconnect in the tree structure is 10 um and the spacing is 6 um. The interconnect

parameters of such a structure are R=39 Q/cm, L=4.3 nH/cm, and C=3.6 pF/cm [41]. The

normalized wire lengths and load capacitances shown in Fig. 4.3 are listed in Tables 4.4

and Table 4.5 for both balanced and unbalanced structures where |, and C, are the

normalized reference lengths and capacitances, respectively.

TREE STRUCTURE INTERCONNECT LENGTHS NORMALIZED TO Ly

TABLE 4.4

Index b |1, I3 Iy Is ls I;
Balanced .05[01]|01]015|0.15]|0.15| 0.15
Unbalanced | .05]0.2|01|02 |01 |01 |0.05
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TABLE 4.5
CAPACITANCE NORMALIZED TO Cy

Index Cs |[Cs |C; |Cs

Balanced 1 1 1 1

Unbalanced | 2 1 2 5

TABLE 4.6
COMPARISONS OF 50% DELAY AND RISE TIME FOR SYMMETRICAL TREE STRUCTURE INTERCONNECT
OF PROPOSED MODEL WITH CONVENTIONAL TWO POLE MODEL AND HSPICE FOR UNIT STEP INPUT.
FOR TREE EXAMPLE OUTPUTS ARE OBSERVED AT NODE N,

HSPICE Two Pole Model | Proposed Model
bk |Rs |C | & |t [50% |Rise |50% Rise 50% Rise
Example (cm) | () | (fF) Delay | Time | Delay | Time Delay | Time
(Ps) | (ps) | (ps) (ps) (ps) (ps)
05 [10 [80 [053 [088|239 |[251 [27.40 |[41.1 235 24.77
Balanced 05 [10 [200 [ 059 [0.77 | 285 [352 [3261 |[51.43 |[29.87 | 36.24
Tree 1 |10 |80 | 060 | 0924308 |4899 | 5430 |86.12 |444 |515
1 10 | 200 | 0.62 | 0.85|50.59 | 60.5 60.43 99.04 52.4 66.46
05 [10 [20 [0.42 [1.1230.77 | 1584 |30.47 |41.48 |295 12.35
05 [30 [20 [0.70 [ 1.09 | 34.09 |24.72 | 36.94 |6548 |323 34.9
05 |10 [500 |[0.63 |[0.60 |66.2 |67.29 |64.3 106.23 | 62.1 85.62
Unbalanced 0.5 30 | 500 |14 0.55 | 100.8 | 258.9 | 109.82 | 295.96 | 107.6 276
Tree 1 10 [20 |05 |11 [591 |363 |6437 |9377 |57.4 |33.05
1 30 [20 |10 [1.02]851 |1346 [9418 |21153 |67.7 163.27
1 10 | 500 | 0.65 |0.72 | 113.1 | 103.6 | 100.91 | 180.55 | 107.33 | 13341
1 30 [ 500 | 121 |[0.64[158.6 |374.8 [ 170.29 | 42856 | 164.9 | 383.74
Average Error % 10.61 79.32 4.5 14.81
Maximum Error % 26.04 164.89 | 20.45 41.18
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Results of two pole model, HSPICE and proposed model are shown in Table 4.6.
The far end time domain responses at node N4 of this tree structure (balanced and
unbalanced) are plotted in Fig. 4.4. As it is shown from Table 4.6, for balanced and
unbalanced tree structures the accuracy of proposed model has also improved as
compared to two pole model where average error drops down to 5.4% from 10.61% and
maximum error drops down to 20.45% from 26.04% for 50% delay. For rise time average

error drops down to 14% from 79% and maximum error drops down to 41% from 164%.

4.2.3 Example 3 — Unsymmetrical Tree Structure Interconnect

The unsymmetrical tree structure shown in Fig. 2.4 has been analyzed in this
section. Here the interconnect parameter of width 1.5um of Table 4.1 has been
considered in each interconnect section of Fig. 2.4. The normalized wire lengths and load
capacitances shown are listed in Tables 4.7 and Table 4.8. Results of two pole model,
HSPICE and proposed model are shown in Table 4.9.Two nodes have been considered in
this structure, node N5 and node N7.The far end time domain responses at Ns and node N5

of this tree structure are plotted in Fig. 4.5

TABLE 4.7
INTERCONNECT LENGTHS NORMALIZED TO Ly FOR UNSYMMETRICAL TREE STRUCTURE
Index I I P I FO N V1 I5 lg 7 I Iy
Length 05(02|01|005)02 |01 {015 |01 |01
TABLE 4.8

CAPACITANCE NORMALIZED TO Cy

Index Cs Cs (o Cs Cy

Capacitances | 2 1 2 0.5 1
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TABLE 4.9
COMPARISONS OF 50% DELAY AND RISE TIME FOR UNSYMMETRICAL TREE STRUCTURE INTERCONNECT OF
PROPOSED MODEL WITH CONVENTIONAL TWO POLE MODEL AND HSPICE FOR UNIT STEP INPUT.
OUTPUTS ARE OBSERVED AT NODE N5 AND NODE Ny

HSPICE Two Pole Model Proposed Model

Ix Rs | Cy ¢ | Node | 50% | Rise 50% Rise 50% Rise
Q) | (fF) Delay | Time Delay Time Delay | Time
(cm)

(ps) (ps) | (ps) (ps) (ps) (ps)

0.5 10 20 0.82 | 0.80 | Ns 7759 | 103.55 | 846.75 | 165.85 | 761.04 | 126.5

0.5 10 | 20 1.01 | 0.93 | Ny 495 | 102.99 | 53.8 120.95 | 44.81 96.2

0.5 10 100 | 0.89 | 0.63 | Ns 102.0 | 171.6 110.00 | 227.32 | 105.10 | 187.83

0.5 10 100 | 1.08 | 0.71 | N; 65.4 146.1 73.31 172.86 | 69.83 148.01

0.5 30 20 1.00 | 0.69 | Ns 101.5 | 197.2 108.44 | 243.13 | 102.9 204.55

0.5 30 20 1.61 | 0.94 | N; 60.22 | 187.23 | 73.92 210.70 | 72.76 187.21

0.5 30 100 | 1.05 | 0.54 | Ns 134.1 | 282.8 141.42 | 327.77 | 137.10 | 292

0.5 30 100 | 1.61 | 0.69 | Ny 85.8 | 258.1 100.57 | 286.46 | 99.1 264.3

1 10 20 1.00 | 0.56 | Ns 249.1 | 495.9 265.22 | 595.87 | 256.3 521.9

1 10 20 166 | 0.94 | N; 139.3 | 376.1 151.46 | 435.88 | 149.6 389.0

1 10 100 | 1.03 | 0.49 | Ns 297.8 | 612.6 311.85 | 711.07 | 303.47 | 636.84

1 10 100 | 1.58 | 0.73 | Ny 171.1 | 4545 186.89 | 529.21 | 184.4 484.12
1 30 20 1.08 | 0.49 | Ns 299.3 | 648.8 316.2 743.81 | 307.7 672.77
1 30 20 231 | 0.98 | Ny 180.4 | 551.1 195.21 | 600.31 | 195.6 558.6
1 30 100 | 1.10 | 0.43 | Ns 356.0 | 775.1 370.86 | 880.70 | 361.5 804.9

1 30 100 | 2.05 | 0.72 | N; 218.2 | 652.2 237.63 | 718.25 | 237.2 677.42

Average Error % 9.13 19.19 6 5.05

Maximum Error % 22.75 60.16 20.8 22.16
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From Table 4.9, it also shows that for unsymmetrical tree structure, proposed
model has improved the accuracy of conventional two pole model in calculating 50%

delay and rise time calculation.

4.2.4 Summary of the Results:

As discussed in section 3.2.2, whenz <1, the output voltage at the time point of

the extracted delay (t=T,) 1is less than the 50% of the input signal
V. (t=T,)<0.5/,,. As a result the calculation for the 50% delay of the proposed

algorithm is always better than the conventional two pole model. For the case when 7z >1

the output voltage at t=T, is passed the 50% delay of the input signal (
V. t=T,)>0.5V). As a result, the proposed method sometimes underestimates the

actual 50% delay even though it adds the extracted delay with the fitted function of
1=0.99 which may be very small because of low values of £ . However for the prediction
of rise time the proposed model is always better than the two pole model since there is no
issue of initial condition. Overall results of single line, symmetrical and unsymmetrical
tree structure interconnect yield significant improvements of the EImore based two pole

model in terms of calculating 50% delay and rise time.
4.3 Selecting Ramp Input:

When the rise time of input signal gets very sharp (i.e. unit step) in time domain,
that means it has so many high frequency components. If the system has unit step input,
two pole model might not always be accurate enough in capturing those high frequency

components. As a result there is more error in calculating 50% delay and rise time for
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unit step input. When the input signal becomes ramp, it has less high frequency
components as compared to unit step input. As a result the two pole EImore model and
the proposed method will have better accuracy in predicting 50% delay and rise time for
ramp input signals. However, since the proposed algorithm is based on delay extraction it
will even improve the accuracy of the two pole model. In this section numerical
examples of single line, symmetrical (balanced and unbalanced) and unsymmetrical tree
structure interconnects discussed in section 4.2 are also presented to illustrate the

improved accuracy of the proposed method over EImore based two pole model [59].

4.3.1 Example 1 - Single Line Interconnect

A single RLC line proposed in [41] is considered. The interconnect structure is
analyzed for a height of h = 1 um and the conductor width is varied tow =2 um, w =5
pm and w = 10 um. The corresponding per unit length parameters for w =2 um are R =
88.29 Q /em, L = 15.38 nH/cm and C = 1.8 pF/cm; for w =5 pm are R =35.5 Q /cm, L =
13.6 nH/cm and C = 3.3 pF/cm; and for w = 10 um are R = 22 Q/cm, L = 12.6 nH/cm
and C = 4.9 pF/cm. The algorithm is now tested for ramp response with a rise time of
0.025 ns and 0.1 ns.

Equation (3.21) is used to get the time domain response of the proposed model for
ramp input. The 50% delay and rise time calculated with the proposed model is compared

with conventional two pole model and HSPICE analysis for various resistive and
capacitive loads of Ryand C, also and the results are shown from Table 4.10 to Table

4.13. Table 4.10 and Table 4.11 show the results when input signal is ramp of 0.025ns

rise time for 0.2cm and 0.5cm respectively. The corresponding far end time domain
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TABLE 4.10
COMPARISONS OF 50% DELAY AND RISE TIME FOR RAMP RESPONSE OF 0.025NS OF PROPOSED MODEL
WITH CONVENTIONAL TWO POLE MODEL AND HSPICE. THE LINE LENGTH 1S 0.2 CM. (EXAMPLE 4.3.1)

65

HSPICE Two Pole Model Proposed Model
width | Rs | o | & | P | =

(um) | (@) (F) 50% | Rise | 50% | Rise | 50% | Rise
Delay | Time | Delay Time Delay Time

(Ps) | (s) | (ps) (ps) (ps) (ps)

20 10 | 0.22 | 1.03 | 1.36 | 425 | 13.54 39.9 33.1 44.5 15.6

2 50 50 | 045 | 092 | 1.23| 483 18.8 46.8 44.4 47.5 20.4

100 | 100 | 0.83 | 0.82 | 1.09 | 56.1 53.4 59.7 80.7 52.9 70

20 10 | 0.26 | 0.82 | 1.38 | 51.7 13.7 47.5 40.8 53.6 16.3

5 50 50 | 058 | 0.77 | 1.30 | 57.32 | 19.87 56.6 61.4 56.5 21.7
100 | 100 | 1.12 | 0.71 | 1.20 66 119 76.3 140.5 61.5 132

20 10 | 0.31 | 0.70 | 1.39 | 59.2 14.6 54.7 49.1 61 17.2

10 50 50 | 0.72 | 0.67 | 1.33 | 65.3 22.3 66.7 83.4 63.7 22
100 | 100 | 1.39 | 0.63 | 1.25 | 74.33 | 205.6 96.1 215 69.6 199.9
Average Error % 8.85 141.28 4.0 12.87
Maximum Error % 29.29 273.99 6.82 31.09

responses are plotted in Fig. 4.6 and Fig. 4.7. Another ramp input of 0.1ns rise time is

applied and

responses are plotted in Fig. 4.8 and Fig. 4.9 for 0.2cm and 0.5cm respectively.

results are shown in Table 4.12 and Table 4.13 .Their time domain

From Table 4.10 to Table 4.13, it is visible that overall error (two pole, proposed

model) goes down significantly when input signal becomes ramp. Since the interconnect

delay has been extracted the proposed model becomes even more accurate than the two

pole model for ramp input and it improves the accuracy where the average error drops
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TABLE 4.11
COMPARISONS OF 50% DELAY AND RISE TIME FOR RAMP RESPONSE OF 0.025NS OF PROPOSED MODEL
WITH CONVENTIONAL TWO POLE MODEL AND HSPICE. THE LINE LENGTH 1S 0.5 CM. (EXAMPLE 4.3.1)

HSPICE Two Pole Model | Proposed Model

Width | Rs | cl | &

(km) 1 () | (F) 50% | Rise | 50% | Rise | 50% | Rise
Delay | Time | Delay Time Delay | Time

(ps) (ps) (ps) (ps) (ps) (ps)

20 10 | 032 | 04 | 1.36 | 9354 145 95.6 82.7 85.1 16.5

2 50 50 | 0.53 | 0.38 | 1.27 | 99.68 24 98.1 1121 97.9 24.3

100 | 100 | 0.87 | 0.35| 1.16 | 108.5 | 157.9 | 124.2 196.5 101.7 | 166.3

20 10 | 031 | 0.33| 1.38 | 116.8 15 103.6 103.3 118.2 19

5 50 50 | 063 | 031 | 132 | 121.9 20.7 122.9 154.8 120 22

100 | 100 | 1.12 | 0.29 | 1.24 131 260.6 | 165.9 339.9 | 123.1 | 303.5

20 10 | 035 | 0.28 | 1.39 | 134.1 15.2 120.8 125.3 136 19

10 50 50 | 0.75 | 0.27 | 1.34 140 29 148.4 213.6 138.5 42.5

100 | 100 | 1.37 | 0.25 | 1.27 | 150.8 491 216.7 516 141.3 | 470.3

Average Error % 12.96 388.31 3.8 16.17

Maximum Error % 43.7 724.34 | 9.02 46.55

down to 8.85% from 4% for ramp input of 0.025ns and 4.3% to 1% for ramp input of
0.1ns for shorter line lengths(0.2cm). Moreover the rise time prediction is even better for
proposed model than the two pole model where average error drops down to 12% from
141% for ramp input of 0.025ns and 4% to 21% for ramp input of 0.1ns for 0.2cm line

lengths.

From Fig. 4.6 and Fig. 4.8 it is evident that even for RC dominant interconnects in

shorter lines, proposed model is better than two pole model. For LC dominant
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TABLE 4.12
COMPARISONS OF 50% DELAY AND RISE TIME FOR RAMP RESPONSE OF 0.1NS OF PROPOSED MODEL WITH
CONVENTIONAL TWO POLE MODEL AND HSPICE. THE LINE LENGTH IS 0.2 CM. (EXAMPLE 4.3.1)

Two Pole
HSPICE Model Proposed Model

width | Rs | ¢ | ¢ Pl
(um) | (Q) | (fF)

50% Rise | 50% Rise 50% Rise
Delay | Time | Delay | Time Delay Time

(ps) (ps) (ps) (ps) (ps) (ps)
20 | 10 | 022 [410] 136 | 67.44 | 5266 | 70.1 | 61.69 | 68.36 51.55

2 50 50 | 045 | 368|122 | 79.72 | 66.36 | 82.18 | 76.04 80.17 69.01

100 | 100 | 0.83 |3.27 | 1.09 | 98,56 | 93.34 | 109.8 | 157.1 99.23 105.87

20 10 026 |3.27| 1.38 | 77.48 | 54.86 | 80.34 | 67.11 79.2 53.01

5 50 50 | 0.58 | 3.06 | 1.30 | 92.04 | 73.47 | 94.78 | 90.01 92.37 75.8

100 | 100 | 1.12 | 2.83 | 1.20 | 1151 | 168.6 | 1179 | 161.8 115.8 163.48

20 10 031 | 280|139 | 865 | 57.82 | 89.3 73.79 88.42 56.23

10 50 | 50 | 0.71 | 2.67 | 1.33 | 79.72 | 66.36 | 82.17 | 76.03 80.17 68.9

100 | 100 | 1.39 | 252 | 125 | 131 | 2203 | 137.3 | 226.6 1315 227.3

Average Error % 4.3 21.55 1.00 4,32

Maximum Error % 11.48 68.31 2.22 13.42

interconnects significant improvements are still visible.

Next the length of the line is increased to 0.5 cm. As it is expected the proposed
model is giving even better results. For ramp input of 0.025ns the average error drops
down to 3.% from 13% and for ramp input of 0.1ns average error drops from 7.28% to
2% .It is important to mention that as rise time of the ramp signal gets increased the
results are becoming better which is discussed at the start of section 4.3. Like previous

cases the prediction of rise time is excellent for proposed model as compared to two pole



TABLE 4.13
COMPARISONS OF 50% DELAY AND RISE TIME FOR RAMP RESPONSE OF 0.1NS OF PROPOSED MODEL
WITH CONVENTIONAL TWO POLE MODEL AND HSPICE. THE LINE LENGTH 1S 0.5 CM. (EXAMPLE 4.3.1)
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HSPICE Two Pole Model | Proposed Model
width | Rs [ cl | & | P | =

(um) 1 (€} () 50% | Rise | 50% | Rise | 50% | Rise
Delay | Time Delay Time Delay | Time

(ps) (ps) (ps) (ps) (ps) (ps)
20 10 [ 032|164 | 1.36 | 121.8 | 58.77 1215 98.9 126.2 | 61.01

2 50 50 | 053|153 | 1.27 | 1353 | 74.09 136.5 127.79 136 77.2
100 | 100 | 0.87 | 1.40 | 1.16 | 210.5 | 508.6 255.1 519.3 205.2 | 493.8

20 10 {031 |1.30 | 1.38 | 143.9 59.1 140.3 116.16 149.3 62.1

5 50 50 | 0.63 125 | 1.32 | 1594 79.5 161.3 167.17 159.3 81
100 | 100 | 1.12 | 1.17 | 1.24 | 184 294.7 205.4 347.1 180.5 | 333.0

20 10 { 035|112 | 1.37 | 1634 61.7 157.8 135.97 168.5 64.9

10 50 50 | 0.75]1.08 | 1.34 | 1815 86.4 187.4 222.57 180.1 88.4
100 | 100 | 1.37 | 1.02 | 1.27 | 210.5 | 508.6 255.2 519.3 205.3 | 4945

Average Error % 7.28 71.95 2.08 4.57

Maximum Error % 21.24 157.6 3.75 13

model. For ramp input of 0.025ns the average error drops down to 16% from 388% and

for ramp input of 0.1ns average error drops from 71% to 4% in calculating rise time. The

results validate that as the line length of interconnect and the slope of input ramp signal

increase, the accuracy gets improved. Next sections will show the results for tree

structure interconnects for ramp inputs.
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Fig. 4.10: Transient response of tree structure of node N, for ramp input of 0.05ns rise time
(a) Balanced Tree of Normalized line length I, =0.1cm, Rs=10 Q, C,=80 fF.
(b) Unbalanced Tree of Normalized line length I, =0.1cm, Rs=10 Q, C,=20 fF.
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Fig. 4.11: Transient response of tree structure of node N4 for ramp input of 0.1ns rise time
(a) Balanced Tree of Normalized line length I, =0.1cm, Rs=10 Q, C,=80 fF.
(b) Unbalanced Tree of Normalized line length I, =0.1cm, Rs=10 Q, C,=20 fF.
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4.3.2 Example 2 — Symmetrical Tree Structure Interconnect

The symmetrical tree structure discussed in section 4.2.2 is analyzed in this

section except the inputis ramp signal of 0.05ns and 0.1ns. The far end time domain

TABLE4.14
COMPARISONS OF 50% DELAY AND RISE TIME FOR SYMMETRICAL TREE STRUCTURE INTERCONNECT OF
PROPOSED MODEL WITH CONVENTIONAL TWO POLE MODEL AND HSPICE FOR RAMP INPUT OF 0.05NS. FOR
TREE EXAMPLE OUTPUTS ARE OBSERVED AT NODE N,

Two Pole Proposed
HSPICE Model Model
E | I Rs Cy
xample @ | @) | ¢ | P |t [50% [Rise |50% |Rise |50% | Rise
(cm) Delay | Time | Delay | Time | Delay | Time
(ps) (ps) (ps) (ps) (ps) (ps)
05 |10 |80 | 053|237 |088 | 5279 | 4227 |53.2 | 4887 | 5254 | 4351
Balanced 05 |10 | 200 | 059 | 2.05 | 0.77 | 58.28 | 49.68 | 58.37 | 55.9 |57.8 |52.52
Tree 1 |10 |80 |059 124|092 | 781 |67.37 | 803 |807 |77.2 |68.08
1 |10 |200 | 063|113 | 085 | 8294 | 743 |863 |905 | 8169 |805
05 |10 |20 | 042|200 | 112 |57.0 |355 |5556 |485 |56 38.1
05 |30 |20 |099]|191 107 |696 |711 |713 |95 67.7 | 93.3
05 |10 | 500 | 0.63 | 1.07 | 060 | 925 |702 |89 96.3 | 886 | 942
Unbalanced | 05 | 30 | 500 | 140 [0.97 [055 |126.7 |257.4 | 1341 |277.0 | 1330 | 2754
Tree 1 10 |20 |05 | 099|111 |94 53 888 |88 903 | 52
1 30 |20 |1.00]091 |1.02 | 1086 | 104 | 1189 | 189.3 | 101.8 | 1505
1 10 | 500 | 0.65 | 0.64 | 0.72 | 136 | 107.1 | 133 | 157 | 1265 | 1426
1 30 | 500 | 1.21 | 057 | 064 | 181 | 373 |192 |391 | 190.2 | 3853
Average Error % 381 | 3202 |3.32 15.07
Maximum Error % 9.48 82.02 | 6.99 44,71




TABLE 4.15
COMPARISONS OF 50% DELAY AND RISE TIME FOR SYMMETRICAL TREE STRUCTURE INTERCONNECT OF
PROPOSED MODEL WITH CONVENTIONAL TWO POLE MODEL AND HSPICE FOR RAMP INPUT OF 0.1NS. FOR
TREE EXAMPLE OUTPUTS ARE OBSERVED AT NODE N4
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Two Pole Proposed
HSPICE Model Model
E | Ix Rs CX
XAmpIe @ || ¢ | P |t [50% |Rise |50% |Rise |50% | Rise
(cm) Delay | Time | Delay | Time | Delay | Time
Ps) | (s) | (ps) | (ps) [ (ps) | (ps)
05 |10 |80 |053|4.74|088 7508 | 7596 | 759 | 775 | 7535 | 76.12
Balanced 05 |10 | 200 | 059 |4.11|0.77 | 81.84 | 79 82.62 | 82 82.12 | 79.9
Tree 1 |10 |80 |059]|248]092]| 1051 | 895 | 1058 | 995 | 1048 |91
1 |10 |200]|063|227|085]111.6 | 985 | 112.3 | 108.7 | 111 | 101.9
05 |10 |20 |042 399|112 7552 | 626 | 77.73 | 73 761 | 67.6
05 |30 |20 |099 381110952 |1069 | 9857 | 118 |975 | 1175
05 |10 | 500 | 063|214 |060 | 1175 | 915 |1165 | 113 | 1168 | 112
Unbalanced | 0 | 30 | 500 [ 140|195 055|155 |273 |1613 |288 |160.1 | 2873
Tree 1 10 |20 |050|1.98|1.11|117.9 | 748 | 1156 | 103.3 | 1151 | 79.1
1 30 |20 | 100|182 1.02]141.9 | 214 | 1451 | 200.1 | 138.9 | 202.9
1 10 | 500 | 0.65 | 1.29 | 0.72 | 160.4 | 121.3 | 158.8 | 167 | 152.8 | 155.1
1 30 |500 | 1.21 | 1.14 | 0.64 | 208.2 | 382.4 | 219 | 397.1 | 216.5 | 394.4
Average Error % 2.2 1413 | 15 7.8
Maximum Error % 5.19 38.16 | 4.74 27.86

transient responses are plotted for balanced and unbalanced tree structure in Fig. 4.10 and

Fig. 4.11 for 0.05ns and 0.1ns of rise time respectively. Table 4.14 and Table 4.15 show

the corresponding results. Results clearly show that proposed model has improved the

accuracy in calculating 50% delay and rise time for both cases.
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TABLE 4.16
COMPARISONS OF 50% DELAY AND RISE TIME FOR UNSYMMETRICAL TREE STRUCTURE INTERCONNECT OF
PROPOSED MODEL WITH CONVENTIONAL TWO POLE MODEL AND HSPICE FOR RAMP INPUT OF 0.1NS.
OUTPUTS ARE OBSERVED AT NODE N5 AND NODE Ny

Two Pole Proposed
HSPICE Model Model
CoIRs e Lege | S LT T [s0% [Rise  [s0% [Rise |50% |Rise
X (Q) | (fF) Delay | Time Delay | Time Delay | Time
(cm) (ps) | (ps) (ps) | (ps) (ps) | (ps)

05 |10 |20 Ns 0.82 | 1.82 | 0.79 | 134.6 | 132.82 | 136.9 | 159.9 132.6 | 154.7

05 |10 |20 N; 1.01 | 3.19 | 0.93 | 105.2 | 119.6 107.3 | 133.1 106.7 | 130.9

0.5 |10 | 100 | Ns 0.89 | 1.46 | 0.63 | 158.1 | 187 160.5 | 208 156.9 | 206.8

05 |10 | 100 | N; 1.08 | 246 | 0.72 | 121.8 | 164.1 125.7 | 175.28 | 123.7 | 173.9

05 (30 |20 Ns 1.00 | 1.58 | 0.69 | 154.8 | 215.27 | 159.1 | 228.16 | 154.9 | 227.5

05 (30 |20 N> 1.62 | 3.24 | 0.94 | 1235 | 211.15 | 127.3 | 215.9 124.4 | 2145

0.5 |30 |100 | Ns 1.05 | 1.25 | 0.54 | 186.4 | 291.2 190.5 | 300 189 299.1

0.5 |30 |100 | N7 1.61 | 2.38 | 0.69 | 143.6 | 275.46 | 153.3 | 281.9 152.1 | 280.4

1 10 | 20 Ns 1.01 | 0.65 | 0.56 | 299.6 | 498.9 311 529.8 307.3 | 5195

1 10 | 20 N~ 1.66 | 1.62 | 0.94 | 193.5 | 381.5 201.9 | 416.2 200 415.4

1 10 | 100 | Ns 1.03 | 0.56 | 0.49 | 350.1 | 645.3 356.4 | 628 354 631.9

1 10 | 100 | Ny 158 | 1.26 | 0.73 | 222.5 | 458.5 236 501.3 235.6 | 498.5

1 30 |20 N5 1.08 | 0.57 | 0.50 | 350 644.2 360.8 | 665.4 358.2 | 663.1

1 30 |20 N~ 2.31 | 1.68 | 0.98 | 232 550.1 246.9 | 581.2 247 580.1

1 30 | 100 | Ns 11 | 049|043 | 406.2 | 776.3 413.7 | 791.4 412.1 | 790.8

1 30 | 100 | Ny 2.05 | 1.24 | 0.72 | 269.5 | 653 288.3 | 690.1 288.2 | 686.7

Average Error % 3.6 6.7 2.72 5.6

Maximum Error % 7 20.39 6.94 16.47
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4.3.3 Example 3 — Unsymmetrical Tree Structure Interconnect

The same unsymmetrical tree structure discussed in section 4.3.2 is also analyzed
in this section with ramp input of 0.1ns and the corresponding results are shown in Table
4.16 for node Ns and node N;. Transient responses of HSPICE, two pole model and
proposed model are plotted in Fig. 4.12. Results from this example also validate the better

accuracy of proposed model as compared to two pole model.

4.3.4 Summary of the Results

For the case of ramp inputs, the output voltage at the time point of the extracted

delay (t=T,) is always less than the 50% of the input signal (V,,(t=T,) <0.5V,). Asa

result, overall results of single line, symmetrical and unsymmetrical tree structure
interconnect is always better for the proposed model than the conventional two pole

model.

4.4 Conclusions

In this work, a delay extraction based equivalent EImore model is proposed for
on-chip RLC interconnects. In the proposed scheme, the time of fight signal delay is
extracted without increasing the number of poles or affecting the stability of the transfer
function. The proposed algorithm is used for both unit step and ramp inputs of different
rise times. Usually in the case of unit step inputs, for very short lines of RC dominant

interconnects two pole model and proposed model gives similar accuracy. However for
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all LC dominant interconnects proposed algorithm predicts 50% delay and rise time more
precisely for both longer and shorter lines. In the case of ramp inputs proposed method is
usually more accurate for both RC and LC dominant interconnects. For the unbalanced
and unsymmetrical tree structure interconnects, the expression of the transfer function is
complicated and there exists higher order poles in the hyperbolic functions. The transient
responses of unbalanced tree networks are far more complicated than balanced tree
networks. As a result instead of using two poles, sometimes higher order poles are
required in order to capture more accurate time domain transient responses. As we
increase the rise time of ramp inputs the accuracy is getting better which is shown in
those examples. Since we extract the delay of the interconnect, the rise time calculation
has always better for all examples. In the end we can say this algorithm yields significant

improvements of two pole model.
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Chapter 5

Conclusions

5.1 Summary

This thesis describes a delay extraction based analytic model for on-chip RLC
interconnects used in VLSI circuits. The rapid decrease in feature size and associated
growth in circuit complexity, coupled with higher operating speeds, has made the
analysis of on-chip interconnects a critical aspect of system reliability, speed of
operation, and cost. Since the overall circuit performance depends mostly on the delay of
interconnects rather than the delay of devices, designers must consider the effect of
interconnects at the early stages of the design cycle to ensure circuit performance and
reliability.

Chapter 2 reviewed the closed form interconnect modeling that has been
developed over the years. The analysis of on-chip interconnects can be performed using
simulation techniques such as SPICE, however they are computationally expensive in
early stage of layout optimization when dealing with millions of logic gates. As a result
the importance of closed form analytical formulas has been emphasized. Closed-form
analytic formulas require per unit length resistance, inductance and capacitances (R, L,
C). How these electrical parameters can be extracted from the physical parameters has
been discussed in this chapter. Closed form formulas have the difficulty of numerical
integration problem because of Telegraphers partial differential equations. Those

equations can provide an exact transfer function for the far end response in the frequency
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domain but not in the time domain. Therefore in chapter 2, single-pole EImore-based RC
model was mentioned. Due to the limitations of RC model, equivalent EImore based RLC
models were discussed and it was shown how two pole approximations are done using
moment matching techniques. Expressions for 50% delay and rise time were given for
two pole model. Even though Elmore based two pole model have the limitations of
capturing long signal delay and high-frequency effects caused by inductive dominant
RLC lines, this model still has been widely used to analyze integrated circuits composed
of millions of gates, since it is often impractical and time consuming to use accurate
modeling techniques to evaluate the signal delay at each node in the circuit.

In Chapter 3, the proposed algorithm has been developed. Since Elmore based
models rely on one or two-pole transfer functions to estimate the delay, these
approximations are not capable of capturing the early transient responses required for
predicting long signal delays and rise times. As a result, a delay extraction based
equivalent EImore model has been proposed to improve the accuracy of two-pole models
for RLC interconnects. The proposed algorithm extracts the time of fight delay to obtain a
delay rational approximation without increasing the number of poles or affecting the
stability of the transfer function. Unit step and ramp inputs are applied to get the time
domain response at the far end. From this analysis, analytic fitted expressions are derived
for the 50% delay and rise time for unit step response. A look up table has been proposed
to predict those parameters for ramp inputs. Since the time of flight delay is extracted
from the transfer function, the proposed algorithm provides a mechanism to improve the

accuracy of two-pole EImore-based models.



79

In Chapter 4, numerical examples are provided to demonstrate the validity of the
proposed method. Single line and symmetrical and unsymmetrical tree structure examples
(both balanced and unbalanced) are given using different line lengths and different RLC
parameters. Algorithm is tested for both unit step and ramp inputs of different rise times.
Numerical examples illustrate improved 50% delay and rise time estimates when
compared to traditional EImore based two-pole models.

The proposed model provides several advantages in compared to traditional two
pole model for analysis of on-chip interconnects. Since number of poles does not
increase, there is no question of instability. Therefore this model still maintains the
stability of the system. Also for inductive dominant interconnects and longer line lengths
this algorithm improves the results of ElImore based RLC models without significantly

increasing the computational complexity.

5.2 Future Work

The analysis of on-chip interconnect mainly focuses on the timing aspects but
with increasing operating speed and decreasing feature size, energy consumption of these
interconnects is also important. In VLSI circuits an increasing portion of energy is
dissipated in interconnects [60]. As a result the demand for accurate and efficient model
for energy dissipation in on-chip interconnects has also been intense area for research as
technology scales down. This is particularly true when inductance effect is dominant and
when the width of the interconnect structure increases [60].

In order to model the energy consumption for on-chip RLC interconnects,

accurate prediction of driving point impedance and transition time (which is rise time) of
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the output voltage is very important [60]. The proposed delay extraction algorithm may
provide better estimation of the driving impedance. However this model surely gives
better prediction of the rise time of the output signal. As a result this model may provide

improved results for energy consumption in on-chip interconnects.
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