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Abstract 

The recent increase in the operating frequencies and demand for compact as well as 

low-power electronic devices, has highlighted the previously neglected interconnect 

and Electromagnetic Interference (EMI) effects in high-speed designs. The success of 

high-speed designs depend heavily on the accurate and timely estimation of EMI and 

related interconnect effects like reflection, delay and crosstalk. However, at gigahertz 

frequencies, conventional EMI and interconnect macromodels become inefficient, es

pecially when applied to massively coupled interconnects with long delay. This ineffi

ciency is mainly because of the large coupled circuit that results from the application 

of conventional macromodels. Hence, to address this problem, a new algorithm that 

combines the advantages of recently developed algorithms, namely, the Waveform 

Relaxation and Transverse Partitioning (an efficient method to simulate coupled 

interconnects), and the Delay Extraction-based Passive Compact Transmission-line 

macromodel (an efficient macromodel for long interconnects), is presented. This al

gorithm achieves a significant reduction in simulation time. Additionally, a parallel 

EMI analysis algorithm that further decomposes the simulation into time blocks is 

also presented. This parallel algorithm results in further CPU time savings and is 

found to scale well with the number of processors. 
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Chapter 1 

Introduction 

In the recent days, interconnect analysis constitutes a major part of circuit simulations 

that are performed in high-speed designs. In these designs, the signals attain sub-

nanosecond edge rates with considerable power in the GHz region of the frequency 

spectrum. At GHz frequencies, most interconnects are electrically long and behave 

like transmission lines. Transmission line effects like reflection, delay and crosstalk can 

severely affect the quality of the signals and in turn the performance of the product. 

Signal propagation on long interconnects is also susceptible to electromagnetic in

terference (EMI) caused by natural as well as man made sources. Long interconnects, 

in the presence of EMI, act as good antennas by efficiently coupling the radiated 

noises into the circuit, thereby degrading the signal integrity or even damaging the 

product. Hence, the capability to simulate long interconnects, usually modeled as 
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multi-conductor transmission lines (MTLs) excited by incident electromagnetic fields, 

is essential for an accurate EMI analysis. 

In current designs that have multi-gigabit bus speeds, conventional EMC design 

rules are not applicable and can even result in product failures. In addition, some of 

these rules are too restrictive, in that they do not give the designer much scope for 

improvement. Consequently, EMI analysis using fast solvers is replacing the conven

tional rule-checking approach for EMC design, as the electronic products are targeting 

reliability, low cost, higher performance and shorter design cycles. 

Fast solvers are built using analytical models [1] derived for specific EMI prob

lems, unlike full-wave EM solvers which directly solve the Maxwell's equations. The 

analytical model is derived from the Maxwell's equations with simplifying assump

tions that are valid for the problem. Using these analytical models, fast solvers allow 

the designers to simulate multiple scenarios of the EMI problem in a reasonable time. 

These simulations aid the designers to make critical decisions during the design phase. 

The fast EMI analysis algorithms, presented in this thesis, focus on the analysis 

of massively coupled interconnects excited by radiated fields from far EMI sources. 

These algorithms use a SPICE-like circuit simulation environment, and hence, al

low easy simulation of nonlinear terminations connected to the interconnects. The 

proposed algorithms are based on field coupling models for transmission lines that 

formulate the EMI problem in the form of inhomogeneous Telegrapher's equations [2]. 
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The simulation of high-speed interconnects and EMI effects described by the Tele

grapher's equations is faced with the major challenge of mixed frequency/time domain 

analysis. This is due to the fact that the solution to the Telegrapher's equations is 

best described in the frequency domain, however, most practical circuits have nonlin

ear terminations that can be only be described in the time domain. Therefore, solving 

such circuits require multiple transformations between the frequency and time domain 

using FFT/IFFT, in turn making the simulation slow. 

To solve this mixed frequency-time problem, several time domain macromodels 

that approximate the solution of Telegrapher's equations have been proposed [2-5]. 

However, the effectiveness of these macromodels degrades considerably in the presence 

of massively coupled interconnects because these macromodels result in large coupled 

system of equations. Thus making the overall simulation memory inefficient and 

extremely slow. In order to efficiently simulate massively coupled interconnects, the 

WR-TP algorithm [6] was recently proposed, which formed the motivation for this 

work. 

Another major challenge faced in EMI simulation is the efficient simulation of long 

low loss lines. The conventional methods have difficulty handling long transmission 

lines (resulting in large circuits or higher order approximations), making them com

putationally inefficient. To overcome this problem, the delay extraction-based passive 

compact transmission-line macromodel (DEPACT) was proposed [7]. 



A new EMI analysis algorithm is proposed in this thesis, by combining WR-TP 

algorithm with the DEPACT macromodel. The proposed algorithm can efficiently 

simulate massively coupled interconnects having long delays. 

1.1 Contributions 

In this thesis, fast algorithms for EMI analysis of massively coupled interconnects 

having long delays are proposed. The specific contributions made in this thesis are 

listed below. 

1. A new algorithm for EMI analysis is proposed, combining the advantages of 

waveform relaxation and the delay-extraction-based TL macromodel (DEPACT). 

2. An analytic formulation of the equivalent EMI sources and WR sources used 

in the new algorithm are derived in the time domain, to avoid time/frequency 

conversions during transient simulation. 

3. A new parallel algorithm for EMI analysis that efficiently utilizes multiple 

processors using the concept of physical and time partitioning [8] [9], is 

proposed. 
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1.2 Organization of the Thesis 

This thesis is organized as follows. Chapter 2 provides a review of field coupling 

analysis of interconnects using existing macromodels. Chapter 3 provides a review of 

WR-TP method for the simulation of interconnects. Chapter 4 presents the details of 

the proposed algorithm for fast EMI analysis of interconnects and numerical examples. 

Chapter 5 presents the details of the proposed parallel algorithm for EMI analysis 

and numerical examples showing the scalability of the algorithm on multiple cores. 

Finally, in Chapter 6, conclusions are made, and few ideas for future research are 

presented. 



6 

Chapter 2 

Review of Field Coupling Models 

for Interconnects 

The most accurate method for analyzing an interconnect excited by an electromag

netic field is to use a full-wave solver [10], which solves Maxwell's equations on a 

3D model of the interconnect structure and the surrounding medium. However, this 

method is computationally expensive and requires a significant modeling time. Also, 

it is very difficult to interface these full-wave models with SPICE-like nonlinear circuit 

simulators due to the mixed frequency/time problem. 

A significant simplification can be achieved by modeling the interconnect behav

ior using transmission lines that are based on TEM analysis, where the electric and 

magnetic fields are assumed to be limited to the transverse plane. However, TEM 
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approximation is only valid for the case of a uniform transmission line made of perfect 

conductors in a homogeneous medium. Instead, a more practical approach is to use 

the Telegrapher's equations [11], which is based on a quasi-TEM assumption. In the 

case of a quasi-TEM assumption, a small component of the fields in the longitudi

nal direction is also considered. These longitudinal fields can account for the small 

losses in the conductors and inhomogeneities in the medium observed in practical 

interconnects. 

Field coupling models derived using a quasi-TEM assumption can accurately pre

dict the load response to EMI, in most practical cases. It is worth noting that 

interconnects excited by a field can have transmission line mode (differential mode) 

as well as antenna mode (common mode) currents propagating. Even though quasi-

TEM models only give the solution of transmission line mode currents, these models 

also yield good approximations for the load response due to the following reasons [1]. 

The antenna mode currents typically reduce to zero at the loads, therefore the accu

racy of the load response is not affected. Moreover, in the case of transmission lines 

that are referenced to a ground plane, the effects of antenna mode currents can be 

reasonably neglected. Hence, a quasi-TEM based method for field coupling analysis 

is used in this thesis. 

This chapter is organized as follows. In section 1, the formulation of the EMI 

analysis problem using an existing field coupling model is reviewed. In section 2, 
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the solution of the resulting inhomogeneous Telegrapher's equations is reviewed. In 

section 3, various macromodeling algorithms that can be used to model the solution 

of inhomogeneous Telegrapher's equations are reviewed. 

2.1 Problem Formulation 

In the EMI problem considered here, we are interested to know the response at the 

terminations of a MTL excited by an EM field. Analysis of field coupling to MTLs 

have been widely studied in the literature [2,12-17]. 

These existing field coupling models represent the EM excitation using distributed 

voltage and current sources connected along the length of the MTL. The distributed 

excitation of a MTL can be represented using inhomogeneous Telegrapher's equations. 

Two popular formulations for these equations are available in the literature [1], which 

differ in the way the forcing function (inhomogeneous part) is calculated. 

1. Taylor's method: Distributed voltage and current sources are used to repre

sent the magnetic flux linking the conductors and electric flux terminating 

on the conductors, respectively. 

2. Agrawal's method: Distributed voltage sources alone are used to represent 

the electric field along the conductors. These electric fields are calculated 

by considering field coupling as a EM scattering problem. 
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These two methods are equivalent [1], however, Agrawal's method was chosen here, 

as it leads to a simpler formula for the distributed sources. 

Consider an n-line MTL excited by an electromagnetic field, as shown in Fig

ure 2.1. The geometry of the MTL satisfies the conditions for the quasi-TEM assump

tions to be valid, namely, d <C I, and w <C d; where d, I and w are the separation, 

length and width of the lines, respectively. 

In Agrawal's method, the total field around the conductors is expressed as the sum 

of incident field and scattered field. The incident field is the field that is present when 

the conductors are removed. The scattered field is the field produced by the currents 

and charges induced on the conductors. Then, the transverse and longitudinal electric 

field around the conductors can be written as 

E t = EJ"c + Ef (2.1a) 

E2 = Ef c + Ef* (2.1b) 

where the subscripts t and z denote transverse and longitudinal fields, respectively. 

Now, the voltage on j t h line due to scattered field can be defined as [2] 

Vfct(z,t) = - f Ef • 51 (2.2) 
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Figure 2.1: n-line MTL structure. 

where the line integral in (2.2) is defined in the contour shown in Figure 2.2. 

Also, the total voltage of j t h line is related to the scattered voltage as 

V3{z,t) = V3
sa{z,t) + V™{z,t) (2.3) 

where 

v™(Z,t)=- r E? 
J a 

•51 (2.4) 

It is to be noted that the above relation (2.3) will be used later to obtain the total 

voltages from the scattered voltage and would be represented as terminal sources in 

the macromodel. 
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(xj.yj-) line j 

iu 
line 0 

7-

Figure 2.2: Contour for calculating line voltages. 

Next, the inhomogeneous Telegrapher's equations representing the field coupling 

to MTLs can be written as [2] 

—Vsct(z, t) + KL(z, t) + L - I ( z , t) = VF(z, t) 

J^ICM) + GVsct(z,t) + C^Vsct(z,t) = 0 

(2.5a) 

(2.5b) 

where V^ is the forcing function defined as 

VF(z,t) = &%(z,t)-E™{z,t) (2.6) 
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and I(z, t) is the row vector of line currents as a function of position z and time t; 

Ysct is the row vector of voltages on the lines due to the scattered field; R G R"Xn, 

L G Kn x n , C G M"x" and G G R"x" are the per-unit-length (p.u.l) resistance, in

ductance, capacitance and admittance parameter matrices, respectively. These p.u.l 

parameters can be extracted from the cross sectional dimensions of the uniform struc

ture, using a field solver such as [18]. E*n?(;z,t) is the longitudinal electric field along 

the position of j t h line, with all the lines removed. E*™(z, t) is the electric field along 

the reference conductor. 

Using a plane wave assumption for the incident fields, the expression for the 

sources in (2.2) and (2.6) can be simplified. The details of plane wave coupling to 

MTL is given in the next section. 

2.1.1 Plane wave coupling to MTLs 

Radiated fields of EMI sources can be approximated using a uniform plane wave in 

the far-field regions of the source. Consider a plane wave incident at the origin of the 

coordinate system, at an angle 4> from the y axis and 8 from the x axis, as shown in 

Figure 2.3a. The polarization of the electric field vector is shown in Figure 2.3b. The 

plane wave can be represented using phasor notation, in the Cartesian coordinates as 

l i n c ( s , y, z, s) = E0(Axax + Ay^ + AzSix)e-'^x+^+K'^ (2.7) 
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where 

E0 = ^{EQ} is the Fourier transform of the time-domain envelope of the 

EMI pulse; 

Ax, Ay, Az are the direction cosines; 

ax, ay, az are the unit vectors; 

KX, Ky, KZ are the wave vectors; 

s = icu where UJ is the angular frequency of the phasor and i is the imaginary 

number yf—1. 

The direction cosines and wave vectors can be found from the geometry of the wave 

incidence as [2] 

Ax ~ sin BE sin 6 (2.8a) 

Ay = — sin BE cos 6 cos <f> — cos BE sin 0 (2.8b) 

Az = — sin BE cos 6 sin 4> + cos BE COS 4> (2.8c) 

A2
x + A2

y + Al = l (2.8d) 
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. ^ 

(a) 

-ae E 
/ 
BE 

K W a0 

Figure 2.3: (a) Plane wave incidence, (b) The polarization of the incident E-field. 

AC 7-

Ky — 

cos 9 

c 
sin 6 cos < 

c 
sin 9 sin c 

Kr. = ~-

(2.9a) 

(2.9b) 

(2.9c) 

Next, we consider two special cases of plane wave coupling to MTL: (1) when a 

conductor at the origin is used as a ground return, (2) when a perfect electrically 

conducting (PEC) ground plane is used as a ground return. 
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Case 1: Ground Conductor at the Origin 

Substituting the field components (2.7) in (2.6), and placing the reference conductor 

at the origin, an expression for the forcing function sources can be written in the 

frequency domain as [19] 

VFtj(s, z) = E0(Aze-SK*z(e-s(KxX>+Kyyi] - 1)) (2.10) 

where the subscript j denotes the sources for j t h line, Xj, yj is the location of the j t h 

line. Using the first order Taylor series approximation for the exponential term, we 

obtain a simplified formula [19] for the forcing function 

VFJ(s, z) = se-SK*zEQAz{KxXj + Kyyj) (2.11) 

Next, to simplify the formula for the terminal sources (in (2.3)-(2.4)), we substitute 

(2.7) in (2.4), and write the line integrals in terms of cross-sectional coordinates 

(xj,yj) of j t h line. Let (xa, ya) be a point on the contour (line from the origin to 

(xj,yj) in Figure 2.4). Then, 
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x' 

y-
J 

*a 

L 

jrf 
/P\ 

j t h line 

1 

• 
(0,0) ya 

Figure 2.4: Cross-sectional view of j line 

P = VXa2 + Va2 

dj = ^Xj2 + Vj
2 

Xa = P-

Va = P 
dj 

(2.12a) 

(2.12b) 

(2.12c) 

(2.12d) 

Substituting (2.7) and (2.12) in (2.4) 

V™(z,s) = -E0e-
Jo \ Xdj 

+A4'e S{KX^+Ky^)P (2.13) 
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V™(z, s) = -E0e-SK*Z ^xXj + AyVj\ [1 - e-*K*xi+K»ri] (2.14) 

Approximating the exponential using first order approximation [2], we obtain a sim

plified formula for the terminal sources in the frequency domain [19] 

V&(z, s) = -E0e~s^{Axx3 + Ayyj) (2.15) 

Case 2: PEC Ground Plane 

Considering the case of lines referenced to a perfectly electrically conducting (PEC) 

ground plane, a reflected field is also present around the conductor, as shown in 

Figure 2.5. Using the PEC boundary condition, the reflected fields can be written 

as [2] 

Eref = E0(Axax - Ayay - Azaz)e
SK'xe-SKyye~s^z (2.16) 

The total field around the conductors, when conductors are removed can be written 

as 

Etot = Einc + Eref (2.17) 

Using the expression for incident and reflected waves (2.7 and 2.16) in (2.17), the 

resulting electric field in the z direction along the j t h line can be written for the case 
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Figure 2.5: Plane wave reflected from a PEC ground plane. 

of an infinite PEC ground plane as [2] 

E%(z,s) = -2iEQAzsm{uKxx)e-SKyye- (2.18) 

Using (2.18), the forcing function in (2.6) for the case of a PEC ground plane can be 

written as 

VF(Z,S) = El°t(z,s)-Ei%z,s) (2.19) 

where Ezfl(z,s) = 0. 
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U)KxXj — ^ 

Since the cross-sectional coordinates Xj and yj are electrically short, the quantities 

7rXl and tJKyyj = -^ are small. Then, Vpj in (2.19) can be approximated 

as [2] 

VFJ(z,s) = -2sEoAznxXje-SKzZ (2.20) 

Hence, the forcing function for the inhomogeneous Telegrapher's equation in (2.5) 

can be written as 

VF 
F(a) = 

0 
= e-

SK*zr(s) (2.21) 

where 

T(s) = sE0 

VF 

0 
and VF = £iJ~\.rr t\i jr JU -i , j = l ,2 , . . ,n (2.22) 

Similarly, the terminal sources given by the integral in (2.4) can be approximated for 

the case of a PEC ground plane as 

Vtf(z, s) = -2E0AxXje- (2.23) 

Vt
inc(z, s) = -2E0e~s^ 

0 

(2.24) 
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V 7 - ZJi.xXj , j = l ,2 , . . ,n (2.25) 

So far, we have formulated the inhomogeneous Telegrapher's equations and simplified 

formula for its forcing function representing the field excitation.Next, we consider the 

solution of these equations. 

2.2 The Solution of Inhomogeneous Telegrapher's 

Equations 

A time-domain solution of the Telegrapher's equation is desirable for incorporating 

them in a nonlinear simulator, however, for the case of lossy MTL, there does not 

exist a closed-form solution in the time domain. Hence, first we solve these equations 

in the frequency domain and later we approximate these solutions in the time domain. 

The Telegrapher's equations (2.5)-(2.6), representing field coupling to MTLs, can 

be expressed as a set of coupled ordinary differential equations (ODE) in the frequency 

domain as 

Vsct(z:s) _ Vsct(z,s) 

I(z,s) I(z,s) 
dz 

+ F(z,s) (2.26) 
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Q(s) 
0 - R - sL 

- G - s C 0 

F(z,s) = 
Vf(z,s) 

0 

;V^(z,s) % ( z , s ) - E ^ c ( z , S ) 

The solution of the ODEs in (2.26) can be written as 

Vsct(l,s) 

1(1, s) 
= e 

Q(s)l 
Vsc t(0, s) 

1(0, s) 

+ 3(s) 

w here 

J ( s ) = f eQ^l-z)F(z,s)dz 
Jo 

(2.27) 

(2.28) 

(2.29) 

(2.30) 

Noting that the line voltages due to the scattered field V?ct are related to the total 

voltages of the lines as (2.4) (a simplified expression for the terminal sources have 

been derived in (2.23)), the solution (2.29) can be expressed in terms of total voltages 

as 

V(/ ,s) 

1(1, s) 
= e 

Q(s)l 

u 
V(0,s) 

1(0, s) 

vr(o,s) 

0 

+ 3(s) + 
v r (i, s) 

0 

(2.31) 

where Vjnc(0, s), Vl
t
nc(l, s) represent the sources at the near and far terminals of the 
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lines, respectively, and J(s) represent the distributed EMI sources. 

The matrix exponential in (2.31) can be easily evaluated in the frequency domain, 

however, it does not have an equivalent closed-form expression in the time domain. 

Hence, interfacing this solution with a nonlinear simulator like SPICE becomes diffi

cult, and is referred to as mixed frequency/time problem [11]. To solve this problem, 

several time-domain macromodels for transmission lines have been proposed in the 

literature [7,20-22]. Also, several methods for EMI analysis of transmission lines have 

been proposed [23,24]. Some of these macromodels that are relevant to this thesis 

are reviewed in the following section. 

2.3 Macromodels for E M I Analysis of MTLs 

Macromodels such as lumped segmentation, method of characteristics (MoC), matrix 

rational approximation (MRA) and delay extraction-based passive compact transmission-

line macromodel (DEPACT) have been proposed to overcome the mixed frequency/time 

problem. Macromodels approximate the matrix exponential (2.29) in the time do

main using equivalent circuits, and the EM excitation using distributed sources. A 

brief review of these macromodels is given in this section. 
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2.3.1 Lumped Segmentation 

The lumped segmentation model [20] represents a given transmission line using a 

cascade of sections containing RLC lumped elements connected in a T, II or T ar

rangement. Each lumped section has a length Az that is electrically small at the 

frequency of interest. The EM excitation is represented using voltage and current 

sources connected to each lumped section. The lumped segment model can be de

scribed using the Telegrapher's equations discretized in space as 

vfc+i(t) - vfc(t) = AzRifc(i) + AzL-i f c ( t ) + vEE(zk,t) (2.32a) 
at 

ik+1(t) - ifc(i) = AzGvfc(i) + AzC-v f c ( i ) + iEE^it, t) (2.32b) 

where A; G {l , . . ,m} is the section index, m is the number of sections, Az = l/m, 

and VEE(zk,t) and iEE{zk,t) are the equivalent EMI sources for the kth section. A 

schematic of a lumped section for the case of a single line is shown in Figure 2.6. 

Note that, at high frequencies, the number of sections required for a lumped 

segmentation model can be very high as indicated by the formula [11] 

Ti X I , 

m = 1(M (2.33) 

where Tj = yLjjCjj is the p.u.l delay of the line and tr is the rise time of the prop-
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vk Vfc+i 
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AzL AzR 

Az 

lk+l 

z + Az 

Figure 2.6: RLC section used in lumped segmentation 

agating signal. The large number of sections required by the lumped segmentation 

model can result in excessive simulation time. 

2.3.2 Method of Characteristics 

The method of characteristics (MoC), originally proposed for lossless lines [21], pro

vides an analytical model for transient simulation of transmission lines. The circuit 

equivalent of this model can be represented using time-delayed sources and the char

acteristic impedance Z0 as shown in Figure 2.7. The delayed sources are defined in 

(2.34) 
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- * H zn 

Vl 
w2 

Figure 2.7: Equivalent circuit for MoC macromodel (lossless line). 

w^t + r) = 2v2(t) - w2(t) 

w2(t + r) = 2Vl(t) - Wl(t) 

(2.34a) 

(2.34b) 

The MoC was extended to include field coupling to the lines [3], by adding sources 

representing the field coupling to the matched scattering parameter formulation of 

transmission lines. The scattering parameter formulation for a single line with an 

incident field can be written as [3,25] 

B2 

Sn S\2 

S2i S22 A2 

Bfi 

Bf2 

(2.35) 



26 

where Ai,A2,Bi,B2 are current waves. Bfi, Bf2 are the equivalent sources due to the 

incident field, which are given by 

i ri 
Bfi = -~ / e-^z(Yc(s)Vd - Id)dz (2.36) 

^ Jo 

Bf2 = - \ f e-^l-z\Yc(s)Vd + Id)dz (2.37) 

where Yc(s) is the characteristic admittance of the line, V& and Id are the distributed 

sources due to incident fields, and 7(s) is the propagation constant given by 

7 (s) = y/(R + sL){G + sC); (2.38) 

To implement this formulation in a nonlinear simulator, (2.35) has to be trans

formed into a circuit represenation in the time domain. However, transforming the 

transcendental functions of s: Bfi, Bfi, e~ 7 ^ requires numerical Laplace inversion 

or rational function approximation, making it computationally expensive. Moreover, 

MoC does not guarantee passivity when used for lossy MTLs, hence, this model does 

not guarantee the stability of transient simulation of the overall circuit. 
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2.3.3 Matrix Rational Approximation 

The matrix rational approximation (MRA) was proposed [22] for macromodeling lossy 

lines while ensuring passivity. The MRA macromodel approximates the transmission 

line stamp (2.29) using the Pade approximation [11] as given in (2.39). It is to be 

noted that the coefficients of the Pade approximation can be pre-calculated using 

closed-form formulas in the case of exponential function. 

=(A+sB)i _ 
T n T12 

T21 T22 

[Xiv(Z)]-1^Jv(Z) (2.39) 

where XN(Z), fijv(Z) are polynomial matrices given by 

N N 

XN (Z) = J2^' nN(z) = Y,QV 
i=0 i =0 

(2.40) 

and Q, & are the pre-calculated coefficients. A field coupling model based on MRA 

was proposed in [4]. In this method, the equivalent EMI sources represented by J(s) in 

(2.30) are approximated as rational functions. Then the solution of the Telegrapher's 

equation can be written in the form of admittance parameters as 

1(0) 

i(0 

- T ^ T n T - i 
-•-12 

T rri rr\ — lrri m rr\—1 

21 — J-22 J-12 -"-n A 22 J12 

V(0) 

. v ( / ) . 

+ 
WO) 

WO 
(2.41) 



Isc(O) 

Isc(l) 

_ T - i 
X 1 2 0 

-T22T12 IL, 

J(S) 
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(2.42) 

where Isc(O) and l s c (0 a r e equivalent EMI sources at the terminals of the line. Since 

all the terms in (2.42) are expressed as rational functions, it can be easily synthesized 

in the time domain and simulated using a nonlinear simulator. However, in the case of 

long delay lines with low loss, the rational expressions typically require higher orders 

for good approximations, thus limiting the application of this method to relatively 

short lines. 

2.3.4 DEPACT: Delay Extraction-based Compact Macromod-

eling Algorithm 

The DEPACT macromodel [7] combines the advantages of both MoC and MRA 

macromodels, i.e. it is compact like MoC and ensures the passivity of the model like 

MRA. It is based on the modified Lie product formula (MLF) [26]. In the DEPACT 

macromodel, the matrix exponential of a transmission line (2.31) is approximated 

using a product of exponential terms that can be easily represented in the time 

domain. The the Modified Lie product formula-I (MLF-I) approximation of matrix 
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exponential can be written as 

where 

3 (A+sB) '*n^ 
i=\ 

Q. 
Al sBl Al 

1 • = g 2m g m g 2m * 

A = 
0 

G 

- R 

0 

; B = 
0 - L 

- C 0 

(2.43) 

(2.44) 

(2.45) 

Here, m is the order of approximation for the DEPACT macromodel. 

In the case of long low-loss lines, it is more accurate to use Modified Lie product 

formula-II (MLF-II) approximation [7] 

0(A+sB)l n^ (2.46) 

where 

Q; (2.47) 

It is to be noted that the difference between MLF-I and MLF-II is that the former 

splits the lossy term eAl into two terms, whereas the later splits the lossless term esBl 

into two terms. DEPACT macromodel (MLF-II) can be realized using a cascade of 

m DEPACT sections, each of which consists of one lossy resistive network embedded 
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between two lossless delay elements as shown in Figure 2.8. 

Later, in [5], EMI effects were incorporated into the DEPACT macromodel and 

closed-form formulas have been derived for the equivalent EMI sources. It was shown 

that the EMI effects represented by the convolution integral in (2.30) can be repre

sented as a set of distributed sources vj, id and terminal sources va, ia, vc, ic as shown 

in Figure (2.9). These sources are defined for the kth DEPACT section as [5] 

v*(t) 
= E0(t - Kzkj-)y 

= -E0(t-Kz(k + l)J-)cp 

(2.48) 

(2.49) 

where 

v$(t) 
E0(t - Kz(k + -)-) 

I m 
U„ ¥> 

¥> 

-i - i 

^ U n x n L i vF 

0 

(2.50) 

(2.51) 
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Figure 2.8: Schematic of the DEPACT macromodel (MLF-II.) 

As we saw earlier in this chapter, two additional terminal voltage sources vl
t
nc(0, t) 

and vlnc(l,t) are required to get the total voltage from the scattered voltage. 

vlnc(0,t) = E0(t)VT 

vinc(d,t) = E0(t-nzd)VT 

(2.52) 

(2.53) 
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Figure 2.9: Coupled EMI macromodel based on MLF-II 
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2.4 Summary 

EMI analysis of interconnects plays an important role in the recent high-speed de

signs. In this chapter, we reviewed the existing EMI analysis methods that use 

the inhomogeneous Telegrapher's equations to model field coupling to MTLs. Next, 

the solution of Telegraphers's equations in frequency domain and the existing time-

domain macromodels for field coupling to MTLs were reviewed. More importantly, a 

DEPACT based EMI macromodel was reviewed that would be used in the later chap

ters to derive the proposed EMI analysis macromodel for long interconnects. In the 

next chapter, a review of fast solution techniques for massively coupled interconnects 

is given. 
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Chapter 3 

Review of Waveform Relaxation 

The waveform relaxation method [27] was first proposed in 1982, for transient analysis 

of large scale integrated circuits, as an attempt to provide a faster alternative to direct 

solvers. The key idea in WR is to decompose the circuit into smaller subcircuits that 

can be solved independently and to arrive at the overall simulation result using an 

iterative process. In this chapter, first a brief review of the WR method for simulation 

of general circuits is given. Then, the WR method is reviewed with a specific focus 

on the simulation of interconnects, namely the waveform relaxation and transverse 

partitioning (WR-TP) is discussed. Finally, a delay-extraction based WR method 

suitable for long delay interconnects is reviewed. 

Transient simulation of distributed high-speed interconnects and EMI effects using 

conventional SPICE-like nonlinear simulators typically involve the following steps: 
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1. The Telegrapher's equations are discretized using appropriate macromodels 

to obtain a time-domain circuit representation of the distributed transmis

sion line. 

2. Equivalent EMI sources obtained from the field coupling models are calcu

lated. 

3. Stable integration methods such as the Backward Euler method and Trape

zoidal rule are applied to the circuit equations, which are in the form of 

ODEs. These integration methods convert the ODEs into a set of algebraic 

equations. In the case of nonlinear terminations, a set of non-linear algebraic 

equations are obtained. 

4. Nonlinear algebraic equations are solved using Newton iterations. Each 

iteration requires one LU decomposition of the circuit MNA and a forward-

backward substitution. 

For the case of massively coupled interconnects, the first step results in a large 

coupled circuit, whose size grows proportional to n2, where n is the number of lines. 

In the subsequent steps, this circuit is solved using conventional simulators that use 

direct LU solvers. The CPU expense for LU decomposition of a sparse linear system 

is proportional to Na, where N is the size of the MNA and 1.5 < a < 2. Hence, the 

CPU expense of the overall interconnect simulation of n coupled lines is proportional 

to n13, where 3 < (3 < 4 [6]. This relation shows that for a large number of coupled 
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lines, the simulation time can become prohibitively high. Moreover, the number 

of lines that can be simulated efficiently is limited by the memory capacity of the 

computer that is used to store the MNA information and the EMI sources. 

These limitations can be overcome using decomposition methods that partition 

the simulation problem into smaller manageable pieces, which can be simulated more 

or less independently. Such a method based on waveform relaxation, called waveform 

relaxation and transverse partitioning (WR-TP) was recently proposed [6]. Before we 

go into the details of WR-TP, the WR method is briefly reviewed in the next section. 

3.1 The Waveform Relaxation Method 

Transient simulation using the waveform relaxation method involves two key steps [27]: 

the partitioning process and the relaxation process. The partitioning process decom

poses the system of nonlinear ODEs representing the circuit, into subsystems of non

linear ODEs. Each subsystem of ODEs physically represents a subcircuit, and can be 

simulated independently using conventional methods. Each subcircuit is connected 

to WR sources that represent the coupling between the subcircuits. The voltage and 

current variables of each subcircuit are referred to as its internal variables, and all 

other variables external to the subcircuit are called the external variables with respect 

to that subcircuit. 

The relaxation process is an iterative process. The relaxation process is started 
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with an initial guess of the WR sources. Using these WR sources, the individual 

subcircuits are simulated for the whole time interval of interest, so as to obtain the 

updated values of the internal variables. The WR sources are updated after every 

iteration using the current values of all the variables. This process is iterated until all 

the variables converge within an acceptable tolerance. Next, we review the WR-TP 

method suitable for interconnect networks. 

3.2 Transverse Partitioning of Transmission Lines 

In the transverse partitioning (TP) approach, a system of coupled transmission lines is 

subdivided into single lines. Coupling between the lines is represented using waveform 

relaxation sources. The mathematical formulation of the relaxation sources and the 

decoupled circuit equations derived in [6] are reviewed here. 

Consider a MTL having n conductors, represented using the homogeneous Teleg

rapher's equations in the time domain 

—v(z,t) = -Ri(z,t)-L—i(z,t) (3.1) 

—i(z, t) = -Gv(z, t) - C—v(z, t) (3.2) 

where R, L, G, C are the p.u.l parameter matrices of the MTL, v(z, t) and i(z, t) 

are the vectors of voltage and current at the position z of the MTL and the time t, 
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respectively. From (3.1), the equations for the j line can be written as 

d d 
—Vj{z, t) = -Rjjij{z, t) - Ljj—i^z, t) + ej(z, t) (3.3) 

d ~ - d 
fcij(z> t) = -GjjVjiz, t) - Cjj—v^z, t) + qj(z, t) (3.4) 

e,(z, t) = - ^(R-jpip + Ljp—ip) (3.5) 
P = I 

n r. 

qj(z, t) = - ^{Gjpivj - Vp) + Cjp-^ivj - vp)) (3.6) 
P = I 

where Gjj = X)p=i Gjp a n ^ Cjj = Y^=i Cjp a r e the self admittance and capacitance 

of the line, respectively. The terms ej(z,t) and qj(z,t) represent the coupling effects 

due to the neighboring lines, on the jthline. The equation for the j t h line (3.3) can 

be simplified in the frequency domain into an inhomogeneous ODE of the form 

^ X , ( z , s) = FjXjiz, s) + ¥,-(*, s) (3.7) 



where 

XJ-(z,s) = 
V3(z,s) 

Ij{z,s) 

Fj(s) = 
Kjj SLjj 

^*jj s^jj 

**(*,*) = 5Z 
P = i l~xjp Slsjp 

T? — eT 
3P 3P 

0 

V,-(z,s) - 14,(2;, s) 

Jp(z, s) 
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(3-8) 

(3.9) 

(3.10) 

Here, Vj(z, s) = Jr{vj(z, £)} and Ij(z, s) = J7{ij(z, t)} where T{.} is the Fourier trans

form operator. Now, the equation (3.7) for j t h line can be decoupled and expressed as 

a recursive set of ODEs, by applying waveform relaxation [28]. The (r + 1) iteration 

of this relation can be written as 

d - ( r+l ) ( r+1) . f W / Tx-r'i*'») = F^J^ *)+*r(*. *) dz 
(3.11) 

where ^j(z,s)r is calculated from (3.5), using values of voltages and currents from 

the previous iteration (r). Solving the inhomogeneous ODE in (3.11), we get the 

following expression for the WR sources: 

* srcj \Z-i S) 

*srcj [%•> S) 

= r e
p ^ z - " ) * 5 p ) (77, s)d?7 

Jo 
(3.12) 



40 

The relaxation sources (in (3.12)) are calculated by evaluating the convolution 

integral numerically, using a suitable integration formula. Integration formulas ap

proximate the integral in (3.12) using a weighted sum of the form 

l-Z m 

/ eF^-^j(V,s)dr) = J2wkeFj{z~Zk)*3(zk,s)Azk (3.13) 

where Wk is the weighting factor, m is the number of discretization points, and Azfe = 

Zk — Z(k — 1). These frequency-domain sources(in (3.13)) are transformed into the 

time domain using IFFT so that the resulting time-domain relaxation sources can 

be connected to the end of each line, as shown in Figure 3.1. These sources are 

referred to as the single-ended sources. Note that in the circuit implementation of 

these relaxation sources, piecewise linear (PWL) source option available in SPICE-like 

simulators can be used. 

The single-ended representation of the relaxation sources requires evaluation of 

h(0,t) Linel i^l.t) 
| Linel ! ^ ( 0 , 0 o+ 1 I I 0 *—O " l C O 

O-iH r4<3 „ (D vlsre(l.f) 
! ! . hsrcU-t)\ 

V * 
i2 (0, t) Line 2 

j (0 .0 O - * — | h 
Ct) v2src{l,t) 

rAj-^1 •_! 17(0,0, Line 2 i2Q,t) 
°~H : M^ "2(0.0 Q-»—I hn 0 *—O "2G.O 

caoi 

Figure 3.1: Transverse partitioning using single-ended sources. 
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the convolution integral and time/frequency conversions at every iteration, making 

this method computationally expensive and less robust. A more efficient method 

that uses time-domain distributed sources and lumped segmentation was proposed 

in [6]. The key idea of using distributed sources is to represent the weighted sum 

using time-domain sources that are connected to each lumped segment of the line, 

instead of explicitly calculating the convolution integral in (3.13). The distributed 

sources for the kth section can be calculated as [6] 

~ef{zk,t) = -wk J2 (&ZkR3Pi{;] + AzkLjp-ff J (3.14) 

tf\zk, t) = -wk J2 UzkG^ - <>) + A z f c C , p | ( ^ - i f ) ) ) (3.15) 

Here ij(zk,t), qj(zk,t) are the voltage and current sources, respectively. Vj, vp, ij, 

ip are the voltages and currents of the kth section, from the previous iteration. The 

circuit realization of the distributed sources approach is shown in Figure 3.2. 
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» l (0 , t ) 0 - » f 1 lumped I I Q •—+ f->—I lumped | | Q 1 • — O " l C O 
z0 (T) Zl zm-l © Z™ 

9l(Zl.0T 5l(Zm-0T 

i2(0,0 , , , h(?i.t) Line 2 , , , *2 C W ) h(U) 
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?2 (zi, t ) T q2 (zm. 0 " 

Figure 3.2: Transverse partitioning using distributed sources. 

3.3 Waveform Relaxation Method for DEPACT 

macromodel 

In the previous section, WR-TP was used to decouple the MTL into single lines. These 

single lines were modeled using the conventional lumped segmentation macromodel. 

However, the lumped segmentation model requires a large number of sections to 

accurately model electrically long lines, as indicated by the formula (2.33). These 

long lines can be represented more efficiently using the DEPACT macromodel, which 

was reviewed in Chapter 2. The DEPACT macromodel requires fewer sections and 

also guarantees the passivity of the resulting model. However, using the DEPACT 

algorithm directly on massively coupled interconnects result in large coupled circuits. 

As we saw earlier in Chapter 2, simulation of coupled circuits can be computationally 

expensive when the number of lines are large. To address this massive coupling, 

transverse partitioning of the DEPACT macromodel using WR was proposed in [29], 



43 

and this method achieved a linear growth in CPU time with respect to the number 

of lines. Next, we review this WR based DEPACT macromodel. The transverse 

partitioning and calculation of relaxation sources for the DEPACT sections, namely, 

lossy section and lossless section of the DEPACT macromodel are considered next. 

3.3.1 Transverse Partitioning of DEPACT Lossy Sections 

For a DEPACT lossy section, the terminal voltages and currents can be written using 

the matrix-exponential stamp [30] as 

v(lm,t) 
= e 

Al„ 
v(l0,t) 

i(l0,t) 

(3.16) 

where lm is the length of one section; v(lm,t), i(lm,t) and v(lo,t), i(lo,t) are the 

voltages and currents at the near end and far end of the section, respectively. This 

relation is in the form of the T-parameters denned for a linear multi-port network. 

v(lm,t) Tn T12 

T21 T22 
) 

v(l0,t) 

i{lo,t) 

(3.17) 
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The T-parameters can be converted to the Y-parameters using the relation given 

below. 

Y\\ Y\2 

V 21 J 22 

-. A 
12 

y T 2 1 — T22T12 Tn T'22 '̂12 I 

(3.18) 

Therefore, the terminal voltages and currents of the section can be written as 

i(lo,t) ^ 1 1 ^ 1 2 

^"21 ^ 2 2 J 

v(l0,t) 

v(lm,t 

(3.19) 

Equation (3.19) can be re-arranged to group together the terminal voltages and cur

rents of the same line 

ii(lo,t) 

ii(lm,t) 

in{k,t) 

' * „ Yin 

•* n l ' •* 7i 

vi(lo,t) 

Vl(lm,t) 

Vn(lo,t) 

(3.20) 

where Y is the rearranged Y-parameter matrix, and the off-diagonal terms Y J P rep

resent the coupling between the lines. From (3.20), a closed-form formula for the WR 



sources can be derived as [29] 

Xi 
Xj{lo,t) 

A.jv'mi t) 

£ 
P = i 

/ 

V 
• 3P 

vp{lo,t) 
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(3.21) 

Here, the WR source Xj c a n be represented as current sources at the near and the far 

ends of a DEPACT lossy section. The resulting decoupled lossy sections are shown 

in Figure 3.3. 

3.3.2 Transverse Partitioning of DEPACT Lossless Sections 

The DEPACT lossless sections are decoupled using single-ended relaxation sources, 

discussed in Section 3.2. Note that the single-ended sources in the case of DEPACT 

lossless section result in closed-form time-domain sources (unlike the lumped seg

mentation model that required the numerical evaluation of a convolution integral). A 

closed-form formula for the time-domain WR source was derived in [29], for a coupled 

' Line 1 i 

°"H lossy |—\ 

1 1 
! Line 2 i 

o ^ lossy |—J 
1 ' 

1 
I 

i i ( i 0 .0 Line 1 
ViUo.t) O-* r-\ lossy 

\ ^ > 
h src Qo> 0 

t - O vx{lm,t) 

rt ^ hQ-o.t) , Line 2 
lossy 

hsrcQ-Oit) 

*-° v2(lm,t) 

Figure 3.3: Decoupled DEPACT lossy section. 
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n-line lossless section. The essential details of the derivation are reviewed here. 

We recall from Section 3.2 that the single-ended relaxation sources can be defined 

in the frequency domain as a convolution integral 

*j STC\Z-I S) 

Jo 
(3.22) 

In the case of lossless section, (3.22) can be simplified as 

f 
JO 

eF^lm'r>)^j(r],s)dr] (3.23) 

where 

F;(s) = 
0 -sL 33 

-sCJ3 0 

*jfo>s) = £ 
-sL 3P 

SLsjp U 

VP(ri,s) 

(3.24) 

(3.25) 
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Next, define a vector Wn(s) containing voltages and currents of the lines at position 77 

Wv{s) = (3.26) 
Vn(r), s) 

In(v, s) 

and WQ is the near-end voltages and currents at 77 = Z0. The voltage and current of 

pth line can be selected from Wv(s) using a selector matrix XJP as 

IP(V, s) 

= lJPWv(s) (3.27) 

where elements UPi. € {0,1}. Then, ^fj(s) can be written as 

* j ( s ) = -sBjWr, where BjW,, = J^ 
P=\ 
V+3 

0 L 
3V 

CjP 0 

U„ (3.28) 

Next, the voltages and currents of the lines are expressed in terms of near-end 

voltages and currents of the lossless section WQ(S), using the matrix exponential 



stamp of the line. 

0 -L 

-C 0 

Using the equations (3.23)-(3.29) the WR sources can be written as 

(3.29) 

(3.30) 

f m e ^ ^ - ^ B j - e * 6 " W0(s)dr] (3.31) 
Jo 

The exponential matrices in (3.31) can be diagonalized as 

eF^m-v) = 0. 
eTj(lm—n) Q 

Q e-Tj(.lm-v) 
P^ (3.32) 
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where /3 • is the eigenvector of Fj/s and Tj = y/LjjCjj, and 

;Br, = p 

3*71^ 

0 
aSfnV 

-S7177 

0 
-STn*? 

(3.33) 

7 i . . -7n and T are the eigenvalues and eigenvectors of B, respectively. Next, substi

tuting (3.32) and (3.33) in (3.31) and evaluating the integral, we get 

*j srcy^rm $) 

-PiHjT-'Wois) (3.34) 
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where Hj is a 2 x In matrix whose elements are defined as 

H. (i,p) 

K (i,p) 

fp-Tj 
\pS%U 

TA L 

pSTjlm P= l , .-,n, 

(i.p) 

_Kj' T re-^(p-»)'™ - eST 'H , p = n + 1,.., 2ra. 
^ T(p-n ) r 3 L J 

i f . (2,P) _ 

K: (2,P) 
J ps7pLm p STjlm 
, - T , L J 7 p - T j 

p = l , . . ,n, 

(2,P) 

-—i-^— [e
_'s;i'(p-n)'m — e~sr;,/ml p = n + 1,.., 2n. 

, 7 (p -n ) rJ L J 

K ^ ^ B f 

(3.35a) 

(3.35b) 

(3.35c) 

Next, the time domain equivalent for these WR sources can be obtained by repre

senting the exponential terms in (3.35) as time delays. That is, the WR sources can 

be obtained as a function of time-delayed near-end waveforms. We define a vector 

* ( * ) = 

02n(*) 

f W0(t) (3.36) 

where W0( i) is the vector of near-end voltages and currents in time domain. Then, 

the closed-form formulas for time-domain WR sources can be written as 

* j srcy^mt v 

*j src\<"mi t) 

-Pi (3.37) 
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K(hP) 

fjl(f) = X! :r~Z ^P(* + V m M * + Vm) ~ <£p(* + Tjlm)u(t + Tjlm)] 
p = l 7 P TJ 

+ ^ ~ ^ ~ Z [ ^ P ( * ~~ 7(p-n)^m) 'w( t - 7 ( p _ n ) / m ) - ^ p ( t + Tjlm)u(t + T jZ m ) ] 
7(p-ra) T j p = n + l 

(3.38) 

" - K ( 2 ' p ) 

/ j 2 ( * ) = XI _~ 1. [ ^ P ( * + %lm)u(t + 7p^m) - 0 p ( * - Tjlm)u(t - TjZm)] 

p= l 7 P TJ 

2n _J((2'P) 

+ X] ~ ^ [ ^ P ( * ~~ %-n)lm)u(t - %-n)lm) ~ 4>p(t ~ Tjlm)u(t - Tjlm)] 
p=n+l 7 < P - " ) ^ 

(3.39) 

where u(t) is the unit step function. The resulting decoupled lossless sections are 

shown in Figure 3.4 

-, h(ln.t) Linel , iiVm.t) 
; Linel I i>i(*o.O O-*—| lossless 1 I Q «-0 Vi('m,0 

i j l = ^ > j 

I , L m e 2 , I in rt Line 2 i2('m-0 

o ^ to»ie» I Z > K > vAlo>t) ^ q ,„„,- h-T--o—«-o v2am,t) 
' — - llsrcQm.t)] 

Figure 3.4: Decoupled DEPACT lossless section. 
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3.4 Summary 

In this chapter, the transient simulation of interconnect circuits using the waveform 

relaxation method was reviewed and its merits over the conventional methods were 

highlighted. Application of the waveform relaxation and transverse partitioning (WR-

TP) to coupled interconnects was reviewed. Also, it was shown that the distributed 

relaxation source approach lead to a time-domain representation of the WR sources, 

which is suitable for SPICE-like nonlinear simulators. Finally, a DEPACT-based 

macromodel using WR-TP that is suitable for long interconnects was reviewed. In 

the next chapter, we use these concepts presented to derive a new EMI macromodel 

that can efficiently handle large interconnect networks having long delays. 
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Chapter 4 

EMI Analysis of Massively 

Coupled Interconnects with Long 

Delay 

As highlighted in Chapter 2, the conventional methods for EMI analysis of MTLs re

sult in large coupled system of equations that cannot be efficiently solved using direct 

solvers. To solve such massively coupled interconnect circuits, the WR-TP method 

was proposed [6], which was reviewed in Chapter 3. Using WR-TP, a faster EMI 

analysis method for massively coupled interconnects was proposed in [8]. Although, 

this method addressed the problem of massive coupling, its application is limited to 

relatively short lines because it is based on the lumped segmentation macromodel. 
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Long lines can be modeled efficiently using delay-extraction based MTL macromod-

els like the DEPACT. A DEPACT-based EMI macromodel was proposed in [5,19], 

however, this macromodel did not use any partitioning strategy. Hence, the large size 

of the resulting coupled system limited this method's application to small number of 

lines. 

A new macromodel for EMI analysis that combines the advantages of the DEPACT 

macromodel and the recent advancements in waveform relaxation [29] is proposed in 

this chapter. This macromodel can be used to efficiently simulate massively coupled 

interconnects having long delays, which are encountered in practical problems. The 

proposed macromodel can be formulated using either the MLF-I or MLF-II structure 

of the DEPACT macromodel. Both these formulations are detailed in this chapter, as 

they differ slightly in accuracy and simulation efficiency, and could provide the user 

an option to tradeoff between speed and accuracy. 

This chapter is organized as follows. In Section 4.1, the proposed method based 

on MLF-I is derived from the field coupling models discussed earlier. In section 4.2, 

a MLF-II formulation for the proposed method is derived. In Section 4.3, numeri

cal examples are presented to demonstrate the speed and accuracy of the proposed 

method. 
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4.1 EMI Macromodel Based on DEPACT (MLF-I) 

Macromodel 

EMI effects on interconnects can be analyzed by modeling these effects as field cou

pling to a MTL, represented using the inhomogeneous Telegraphers's equations [2], as 

discussed in Chapter 2. The solution of these equations can be written in the matrix 

exponential form given in (2.31). Next, to arrive at the proposed macromodel, we ap

proximate the matrix exponential (2.31) in the time domain, using the MLF-I based 

DEPACT macromodel. Next, we find the equivalent distributed EMI sources to rep

resent the convolution integral in (2.30). Finally, to obtain the proposed macromodel, 

we decouple the individual lossy and lossless sections of the DEPACT macromodel 

using WR-TP. 

4.1.1 Derivation of the Distributed Sources 

The matrix exponential in (2.31) can be approximated as cascade of m MLF-I DEPACT 

sections. Each DEPACT section consists of one lossless delay element and two lossy 

lumped resistive sections. The kth DEPACT section for the case of a single line is 

shown in Figure 4.1. 

Field coupling to each section is approximated as the integral (in (2.30)) evaluated 

for a lossless line of length —. The voltages at the terminals of the lossless section, 
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resulting from the scattered fields, are marked as Vf01, V^01, and the total currents 

at the terminals are marked as I\, 12- These voltages and currents at the terminals 

of the lossless section can be written using the equations derived for field coupling to 

MTLs (in 2.29) as 

\TSCt 
v 2 

= e m 
-ysct 

II 

+ I 2 esB{z2-z)¥{z,s)dz (4.1) 

where F(z, s) is the forcing function defined in (2.21) as 

F(z,s) = es^T(s), (4.2) 

Lossy 

Al 
e2m 

k 
f 

h 

Lossless 

,BK 

TJSCt 

Lossy 

Al 
e2m 

Figure 4.1: kth DEPACT section. 

file:///TSCt
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and z\ and z2 are the near and far end positions of the kth section. 

z\ = k— 
m 

z2 = {k + 1)— 
m 

(4.3) 

(4.4) 

The integral in (4.1) can be evaluated as 

esBz2 f 2
 e-(sB+V2nX2nSK2)z r ( s ) d z 

J z\ 

e
sB™e~

SK*Zl — e~
SKzz2 (sB + U2nx2nSKz)-

1r(s) (4.5) 

Substituting (4.5) in (4.1) and collecting the e ™ terms together, we get B i 

\rsct 
v 2 

= e 
s B -

/ 

V 

•ysct 

h 
+ 

v a 

la 

\ 

) 

+ 

-
vfc 

I6 

(4.6) 

where V a , Vj,, I a , I& are EMI sources connected to the terminals of each DEPACT 

section, which are defined as 

In 

-SKZZ\ 
" 'z ' - 'nxn ^ 

-K; Kz\Jnxn 

-T(s) 
s 

(4.7) 

„-SKzZ\ e-SK*zlE0cp (4.8) 

file:///rsct


Here, (p is independent of s, and is defined as 

<P 

- i - 1 

K-z'-'nxn ^ vF 

0 

Similarly the far-end sources can be written as 

Vfc 

= e 
!Eo<p 

58 

(4.9) 

(4.10) 

It is to be noted that the complex exponential in (4.8) and (4.10) can be rep

resented as delays in the time domain. Therefore, the closed-form formulas can be 

written for equivalent time-domain EMI sources, in terms of the time-delayed enve

lope of the electric field E0. The sources for the kth section can be written as 

EQ(t - Kzk—)ip 
m 

-E0(t-Kz(k + l)—)(p 
m 

vj"c(0) = -2E™c(t)VT 

vlnc(l) = -2E™c(t - nzl)VT 

(4.11) 

(4.12) 

(4.13) 

(4.14) 
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Field coupling model based on the DEPACT (MLF-I) macromodel can be obtained 

by cascading m DEPACT sections, along with the embedded distributed EMI sources 

defined in (4.11) and (4.12), and the terminal sources defined in (4.13) and (4.14). 

The resulting coupled macromodel is shown in Figure 4.2. 

The coupled DEPACT sections can be computationally expensive when the num

ber of lines are large as in the case of high-speed buses. To address this issue, a 

decoupled macromodel based on waveform relaxation is proposed for EMI analysis 

involving massively coupled interconnects. 

4.1.2 Proposed Decoupled EMI Macromodel (WR-TP + MLF-

I) 

The DEPACT sections can be decoupled into individual lines using WR-TP [29], 

by adding the appropriate WR sources to each section. The closed-form formulas 

of these WR sources defined for the lossy and lossless DEPACT sections can be 

obtained as detailed in Sections 3.3.1 and 3.3.2. The WR sources for the DEPACT 

sections are combined with the EMI sources while developing the proposed decoupled 

macromodel. 

The steps required for EMI analysis using the proposed macromodel can be de

scribed as follows. First, using the geometry of the MTL and the incident wave 

parameters, the equivalent EMI sources defined in (4.11)-(4.14) are calculated. It is 
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inc(O) 

-0-

„">c (0) 

Lossy 

1,/V 

Lossless] Lossy 

e v 2m 

Figure 4.2: Coupled macromodel based on MLF-I 

to be noted that if the EMI sources for the first section are calculated, sources for the 

other sections are just time delayed versions of the these. Next, the MTLs are rep

resented using the decoupled DEPACT sections (along with the corresponding WR 

sources) as shown in Figure 4.3. Although, the EMI sources and WR sources con

nected to individual sections are shown separately for clarity, these can be combined 

into one voltage and current source in the circuit realization. Once the equivalent 

circuit for the proposed macromodel is built, transient simulation can be performed. 

Transient simulation is started by assuming an initial guess for all the WR sources 

(usually 0). The individual lines are simulated to obtain updated values of the termi

nal voltages at each DEPACT section. These updated values of voltages and currents 

are used to calculate the WR sources for the next iteration. The individual lines are 

again simulated with the updated values of the WR sources. This iterative process 
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is repeated until the line voltages and currents converge within an acceptable error. 

The above steps are summarized in Pseudocode 4.1.2. The final macromodel which 

has both the EMI sources and WR sources is shown in Figure 4.3. 

Pseudocode 4.1 Proposed EMI analysis algorithm (MLF-I) 

Subdivide the coupled interconnect into n lines using WR-TP. 
Represent each line using DEPACT sections 
Calculate the EMI sources for the first section using (4.11)-(4.12) and then using 
appropriate time delays obtain sources for the rest of the sections 
i <— 1 {iteration} 
while e > TOL or i < iter MAX do 

if i = 1 then 
Assume Vsrc = 0, isrc = 0 {initial guess for WR sources} 

else 
Update WR sources using previous iteration solution v ^ _ 1 \ i(*_1) 

end if 
for I — 1 to n do {loop of lines} 

Simulate the line / with EMI sources and WR sources, to obtain t>W, 

5 

6 

7 

8 

9 

10: 

11: 

12: 

13: 

14: 

15: 

16: 

end for 
e = norm(vW - v^"1', i« - i^"1)) 
i <-i + 1 

end while 
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4.2 EMI Macromodel Based on DEPACT (MLF-II) 

Macromodel 

An interconnect macromodel with better accuracy can be realized using MLF-II 

DEPACT sections [7]. A coupled macromodel based on MLF-II was derived in [5], 

which was reviewed in Chapter 2 (see Figure 2.9). However, for massively coupled 

lines this model can be inefficient because of the resulting large coupled system. 

Hence, a decoupled macromodel based on WR-TP is proposed [31]. 

4.2.1 Proposed Decoupled EMI Macromodel (WR-TP + MLF-

II) 

The decoupled MLF-II EMI macromodel is obtained by using similar steps as in 

the case of decoupled MLF-I model. That is, each MLF-II DEPACT section in 

the coupled model is decoupled using waveform relaxation to obtain individual lines 

with corresponding WR and EMI sources. Excluding the differences in the structure 

and the EMI sources, the steps required for transient simulation using MLF-II based 

macromodel are similar to the steps in MLF-I based model listed in Pseudocode 4.1.2. 

The final MLF-II based macromodel having the appropriate WR and EMI sources is 

shown in Figure 2.9. The corresponding EMI sources are defined in (2.48)-(2.50). 
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4.3 Numerical Examples 

In this section, the proposed algorithms (both MLF-I and MLF-II based macromod-

els) are employed to simulate several interconnect structures that are excited by a 

plane wave as well as terminal sources. For the purpose of accuracy comparison, the 

simulation results are compared with the conventional EMI analysis that uses cou

pled lumped segment transmission line macromodel and time-domain EMI sources 

calculated using IFFT. In these experiments, the EMI sources are calculated with the 

assumption that a homogeneous dielectric medium is present all around the conduc

tors. 

Examples 1 and 2 demonstrate the validity and accuracy of the method while 

using linear and nonlinear terminations, respectively. Example 3 uses a large coupled 

interconnect structure having long delay, which demonstrates the CPU benefits of the 

proposed method. The proposed algorithm was implemented partly in Matlab, which 

was used to calculate the WR and EMI sources in each iteration. These sources (as 

PWL data) were fed to HSPICE, which was used to simulate the resulting interconnect 

subcircuits. 

Example 1: Two Lines Illuminated by a Plane Wave 

A two conductor transmission line with microstrip structure of length 2.5cm (Figure 

4.5) is considered in this example [32]. This structure is excited by a plane wave 
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incident at the origin as shown in Figure 2.3, where 9 = 45°, <p = 0° and polarized at 

an angle OE = —90°. The time envelope of the electric field was defined as a Gaussian 

pulse [8] of amplitude lkV/m and pulse width of 0.1ns. 

In the proposed method, the MTL structure was divided into single line subcir-

cuits having appropriate WR and EMI sources. Each line was represented using the 

DEPACT macromodel with an approximation order of m = 4. The simulation results 

of the proposed (WR-TP + MLF-I/II +EMI) models were compared with the results 

of conventional coupled lumped segmentation model [2] (shown in Figures 4.6 and 

4.7). As seen from the graphs, the results obtained using the proposed MLF-I and 

MLF-II based EMI analysis models and conventional coupled model (using lumped 

segmentation) are in good agreement. It is to be noted that the proposed EMI anal

ysis algorithm converged within 3 WR iterations to obtain results comparable to the 

conventional analysis method. The difference between the conventional and proposed 

method results were measured at each iteration, and the corresponding 2-norm of the 

errors are presented in Table 4.1. 
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Figure 4.5: Example 1: Structure of 2-line MTL. 
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ure 4.6: Example 1: Comparison of transient responses at the far end of line 1. 
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0.8 

Proposed (WR-TP + MLF-II + EMI) 
Conventional (coupled) 
Proposed (WR-TP + MLF-I + EMI) 

Time (sec) x10 
1.5 
-9 

Figure 4.7: Example 1: Comparison of transient responses at the near end of line 2. 

Iteration 

1 
2 
3 

Proposed method 
(MLF-I based) 

|| error \\ 

11.5 
0.187 
0.135 

Proposed method 
(MLF-II based) 

|| error \\ 

11.5 
0.146 
0.053 

Table 4.1: Example 1: Comparison of error norms for MLF-I and MLF-II based 
models. 
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Example 2: Lines Terminated by Nonlinear Devices 

In this example, we consider a nonlinear circuit containing a 3-line microstrip of 

length 30cm (Figure 4.8). The Line 1 is connected to a CMOS inverter. These lines 

are excited by a plane wave incident at the origin as shown in Figure 2.3, where 

9 = 45°, 0 = 0° and polarized at an angle BE = —90°. The time envelope of the 

electric field was denned as a Gaussian pulse of amplitude — 500 V/m and pulse width 

of 2ns. In addition, a trapezoidal pulse voltage source (rise/fall time Ins, amplitude 

1.8V, pulse width 5ns ) is connected to the near-end of the line through a series 

termination of 60f2 as shown in Figure 4.8. 
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Figure 4.8: Example 2: Structure of 3-line MTL. 



70 

The proposed method is used to simulate this interconnect. The results obtained 

after 3 iterations of WR are shown along with the conventional method results in 

Figures 4.9 and 4.10. The results from the proposed EMI analysis method (WR-TP + 

MLF-II) matches well with the conventional method (coupled lumped segmentation) 

[2] results, after 3 iterations. The difference between the conventional and proposed 

method results were measured at each iteration, and the corresponding 2-norm of the 

errors are presented in Table 4.2 
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Figure 4.9: Example 2: Comparison of transient responses at the far end of line 1. 
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Figure 4.10: Example 2: Comparison of transient responses at the near end of line 3. 

Iteration 

1 
2 
3 

Proposed method 
(MLF-I based) 

|| error \\ 

4.14 
0.331 
0.311 

Proposed method 
(MLF-II based) 

|| error \\ 

4.14 
0.064 
0.022 

Table 4.2: Example 2: Comparison of error norms for MLF-I and MLF-II based 
models. 
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Example 3: Large coupled interconnect 

A microstrip with 10 conductors, each of length 60cm is considered in this example. 

The cross-sectional geometry of the MTL is shown in Figure 4.11. The near and far 

ends of the MTL are terminated to ground using 50f2 resistors and IpF capacitors, 

respectively. The line 1 is connected to a trapezoidal pulse current source. Also, this 

structure is excited using a plane wave, with electric field having a Gaussian temporal 

envelope with peak of 6000V/m and pulse width of 2ns. 
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Figure 4.11: Example 3: Structure of 10-line MTL. 
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Using the proposed method, this MTL was divided into 10 single line subcircuits 

having appropriate distributed WR and EMI sources. Each line was represented 

using the DEPACT macromodel (MLF-II) with an approximation order of m = 6. 

Accuracy comparison of the simulation results from the proposed macromodel (WR-

TP + MLF-II + EMI) and the conventional method (coupled lumped segmentation) 

is given in Figure 4.12 and 4.13 (after 4 WR iterations). 

In the next part of the experiment the scalability of the algorithms is investi

gated by measuring CPU times for varying number of lines. Table 4.3 provide the 

corresponding CPU times, and Figure 4.14 gives a graphical comparison of the CPU 

times of the proposed (WR-TP + MLF-II + EMI) and conventional method (cou

pled lumped segmentation [2]). Also, the CPU times of proposed method is compared 

with a recently published EMI analysis method (WR-TP + lumped segmentation + 

EMI [8]) in Table 4.4, and the corresponding graph is presented in Figure 4.15. As 

seen from the results, the proposed method scales well (almost linearly) with number 

of lines while yielding superior performance to both the existing methods. 
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Figure 4.12: Example 3: Comparison of transient responses at the near end of line 1. 
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Figure 4.13: Example 3: Comparison of transient responses at the near end of line 
10. 
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Figure 4.14: Example 3: Simulation time comparison of proposed EMI analysis 
method (WR-TP + MLF-II + EMI) vs conventional (coupled lumped segmentation) 
method. 

Number of lines 

10 
16 
24 
36 
46 

Conventional (coupled) 
simulation time (s) 

52.2 
139.6 
665.4 

3430.3 
10400.8 

Proposed method 
simulation time (s) 

23.1 
47.5 
85.6 
156.6 
306.9 

Speed-up 

2.3 
2.9 
7.8 

21.9 
33.9 

Table 4.3: Example 3: Simulation time comparison of proposed EMI analysis method 
(WR-TP + MLF-II + EMI) vs conventional (coupled lumped segmentation) method. 
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• WR-TP + lumped segmentation 
- G - Proposed (WR-TP + MLF-II + EMI) 

25 30 35 
Number of lines 

50 

Figure 4.15: Example 3: Simulation time comparison of proposed EMI analysis 
method (WR-TP + MLF-II + EMI) vs existing (WR-TP + lumped segmentation + 
EMI) method. 

Number of lines 

10 
16 
24 
36 
46 

WR-TP + lumped segmentation 
simulation time (s) 

74.4 
124.9 
211.9 
437.9 
755.8 

Proposed method 
simulation time (s) 

23.1 
47.5 
85.6 
155 

306.9 

Speed-up 

3.2 
2.6 
2.5 
2.8 
2.5 

Table 4.4: Example 3: Simulation time comparison of proposed EMI analysis method 
(WR-TP + MLF-II + EMI) vs existing (WR-TP + lumped segmentation + EMI) 
method. 
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4.4 Summary 

In this chapter a new macromodel for fast EMI analysis of large interconnects with 

long delay was proposed. This macromodel exploits the recently proposed WR-TP 

algorithm that can handle large coupled interconnects, and additionally uses the 

DEPACT macromodel to model long lines efficiently. The numerical examples showed 

that the proposed method achieves a linear growth in computational complexity 0(n), 

compared to 0(n4) required by conventional method. In addition, the proposed 

method achieves a 2X-3X speed-up compared to the existing WR-TP based EMI 

analysis method. Next, a parallel algorithm for EMI analysis of interconnects will be 

presented. 
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Chapter 5 

Parallel EMI Analysis of Massively 

Coupled Interconnects 

Recently, computing platforms are experiencing a paradigm shift from uniprocessor 

based platforms to multiprocessor based platforms. The popularity of multicore archi

tecture is evident from the recent surge in availability of multicore processors having 

dual, quad and even more cores. In addition to the speed advantage provided by the 

parallel hardware, parallel application development for multicore processors is greatly 

supported by the recent progress made in standardizing the programming environ

ment, like OpenMP [33] that ensures quicker development and longer life cycle for 

the applications. Also, considering the large memory and processor requirements of 

interconnect simulation problem, it is a suitable application that can greatly benefit 
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from parallel processing. 

The parallel circuit simulation features offered by many vendors are limited to 

multi-threaded model evaluation [34], but the parallel simulation of the circuit (solv

ing the MNA equations) has not been fully exploited. Moreover, interconnect simu

lation does not gain a noticeable advantage by speeding up just the model evaluation 

because of the large size of the corresponding circuit (mainly due to large number 

of nodes required to represent the distributed interconnect). Hence, parallelizing the 

simulation is important to gain any significant speed-up in the case of interconnect 

simulations. 

Recently an EMI analysis algorithm suitable for parallel processing was proposed 

in [35], which uses physical partitioning based on WR-TP. However, this algorithm 

does not achieve an optimum processor utilization when the number of processors 

is not an integer multiple of number of lines. This can be deduced from the results 

in [9], where it was showed that just using the physical partitioning based on WR-

TP may not be sufficient to achieve 100 percent CPU utilization. To achieve better 

CPU utilization, time partitioning was suggested in the same paper and the resulting 

parallel simulation using physical and time partitioning (PS-PTP) algorithm showed 

a superior CPU utilization and speed-up characteristics with different numbers of 

processors. In the time partitioning scheme, the total time interval is subdivided into 

time blocks that can be simulated independently. 
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In this thesis, the scope of PS-PTP [9] is extended for handling parallel EMI 

analysis of interconnects. The details of the proposed parallel algorithm and a brief 

review of background material is presented in this chapter. In Section 5.1, the EMI 

analysis method based on physical partitioning is reviewed. In Section 5.2, the details 

of the proposed algorithm are presented. In Section 5.3, numerical examples and the 

simulation speed measurements are presented. 

5.1 Review of EMI Analysis of Interconnects Us

ing Physical Partitioning 

Partitioning of the computation problem into smaller tasks is an important step in 

the design of any parallel algorithm. A natural way to partition the interconnect 

problem is by using physical partitioning that divides the coupled interconnects into 

single line subcircuits. 

In this section, we review the EMI analysis algorithm based on the lumped seg

mentation macromodel and WR-TP, suitable for parallel processing [8,35]. This algo

rithm uses the WR-TP approach to partition the interconnects into single lines. The 

resulting macromodel will have the equivalent EMI sources given by (2.48)-(2.50) and 

the WR sources given by (3.21) and (3.37) connected to each lumped segment. These 

sources can be combined to get the VEEWJ and IEEWJ sources (EEW indicates that 
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these are sources obtained by combining equivalent EMI sources and WR sources). 

The final macromodel with the EEW sources connected to the lumped segments is 

shown in Figure 5.1. 

VEEWj(Zk, t) = VEE,j{zk, t) + ek{Zk, t) (5.1) 

iEEWj(zk,t) = iEE,j(zk,t) + qtc(zk,t) (5.2) 

where VEEJ and IEEJ are the equivalent EMI sources for j t h line discussed in Sec

tion 2.3.1, e.k and q~k are the distributed WR sources discussed in Section 3.2, and Az 

is the length of each lumped section. 

Using this method for a n-line interconnect, we get n subcircuits that can be 

simulated in parallel. If we consider simulation of each of these subcircuits for a 

particular line and iteration as one task, then the maximum number of tasks available 

for parallel execution is n. In other words, the maximum concurrency of this approach 

i i(0, t) Line 1 hv0-1) 
Vi(0, t) 0 - » 1 1 lumped I I Q •—4 f-» 1 lumped I I O 1 • — O " iC- 0 

Zo (T) Zl Zm-l © z
m 

lEEW.l (Zl-1) T iEEW.l (Zm, t ) T 

i n (0 , t ) ' vEEWjl(zuf) Linen '• %£w.»(Zm,0 i„ (d , t ) 

V„(0, t) O - * + 1 lumped I I O »—+ f"» 1 tumped I I O f »—O U"C- 0 
Zo (T) Zt Zm-! 0 Zm 

'«W.n (Zl, t ) T iEEWn (zm, t)[ 

Figure 5.1: EMI macromodel based on WR-TP and lumped segmentation. 
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is limited to n. This limited concurrency results in poor CPU utilization efficiency 

because some processors may be starved of tasks. The CPU utilization efficiency 77 

for this approach is given by [9] 

n 
v = — 

Up 

n 
Up 

(5.3) 

where n is the number of lines, rip is the number of processors and [.] is the ceiling 

operator. From (5.3), it is clear that the CPU utilization is less than 100% when 

n is not divisible by np. Next, we discuss the time partitioning approach that can 

overcome this problem to a great extent. 

5.1.1 Review of Parallel Interconnect Simulation Using Phys

ical and Time Partitioning (PS-PTP) 

The CPU utilization efficiency of the above algorithm can be improved, if there are 

enough tasks at each stage of execution to avoid having idle processors. More tasks can 

be created by using a finer decomposition method based on time partitioning [9], used 

along with the physical partitioning. In time partitioning, the transient simulation 

of each line is divided into n# time blocks, and simulation of a particular time block 

for a particular line and iteration is defined as a task. These tasks can be executed 

in an order that is determined by the following conditions: 
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1. Simulation results from the previous iteration of that particular block should 

be available, so that the WR sources can be calculated. 

2. Simulation results from the previous time block for the current iteration 

should be available, so that simulation of current time block can be initial

ized. 

The main advantage of using the time partitioning scheme is that the simulation 

of next iteration of a time block can be started without waiting for the simulation of 

all other time blocks in the previous iteration to finish. 

The CPU utilization efficiency for PS-PTP approach, when n > np is given by [9] 

nnpnj [nnpnj 
V= 

np np 

where np is the number of time blocks and nj is the number of WR iterations. 

From (5.4) it can be shown that a 100% CPU utilization efficiency can be acheived 

if np = np is chosen [9]. Note that here it is assumed that the simulation tasks 

are of equal size. In practical circuits, it may not be always possible to divide the 

simulation tasks into equal sizes, which can result in some idle time for processors, 

however, the PS-PTP method will provide better efficiency compared to the PS-PP 

method in most cases. 

(5.4) 
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5.2 Proposed Parallel EMI Analysis Algorithm 

Even though the physical partitioning of interconnects facilitates parallelization of 

interconnect simulation, it does not achieve a good CPU utilization efficiency, as we 

had noted earlier. Similar is the case of EMI analysis based on physical partitioning. 

To achieve near optimum utilization of processors, the proposed algorithm partitions 

the simulation problem into time blocks. 

In the proposed algorithm, we start with RLGC parameters of the coupled trans

mission line along with the geometry of the interconnect structure and the details 

of the plane wave incidence. From these parameters, the distributed EMI sources 

are calculated using the field coupling models discussed in Chapter 2. Next, these 

coupled lines are partitioned into single line subcircuits using the WR-TP method. 

These single lines are represented as lumped circuits using appropriate transmission 

line macromodel. Once the MNA for these circuits are built in the shared memory, 

the transient simulation can be performed. 

It is to be noted that transient simulation is divided into time blocks, and simu

lation of each time block for a particular line and iteration constitutes a single task. 

The number of time blocks n# required is determined by the number of processors 

available np. As discussed earlier, optimum CPU utilization is obtained when using 

UB = np. 

The tasks are scheduled for execution in an order determined by the conditions 
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given in Section 5.1.1. This is done by creating a work pool of all possible tasks 

(n x UB x nj tasks) and checking them one by one to identify tasks that are ready 

for execution. The tasks that are ready for execution are assigned to the available 

processors. 

The execution of an assigned task is started by updating the values of the EEW 

sources for that particular block using the previous iteration results. In the case of 

first iteration, an initial guess equal to the value of EMI sources (VEEJ, ^EBJ) is used. 

Next, the transient simulation is initialized using the result of previous time block. 

Then, the subcircuit is simulated for the duration of the time block and the task is 

removed from the work pool. This process is continued until the work pool has no 

more tasks left. 

These steps described above are summarized in the Pseudocodes 5.1-5.3. Here, 

the individual tasks are represented by an ordered triplet (r,l,b), where r, I and b 

are the iteration, line and time block of the task, respectively. The Pseudocode 5.1 

has the main body of the algorithm, where the tasks are created using physical and 

time partitioning of the interconnect circuit. This main function also schedules the 

execution of these tasks with help of a workjpool and a task.verify function. The 

task-verify function(listed in Pseudocode 5.2) ensures that the tasks scheduled for 

execution are ready for simulation by verifying the required conditions given in Sec

tion 5.1.1. Once the tasks are verified and scheduled for execution, the simulation 
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of the task is performed by the function performjwr-iteration function listed in 

Pseudocode 5.3. 

Pseudocode 5.1 Proposed parallel EMI analysis algorithm 
1: Use transverse partitioning to divide the coupled interconnect into individual 

lines. 
2: Subdivide the time vector into n# time blocks. 
3: Calculate the EMI sources vector srcsMi-

Define work-pool = NULL { list of all the simulation tasks} 
Define task-results = NULL { stores the intermediate results between the itera
tions} 

6: for r = 1 to n/ do 
7: for I = 1 to n do 
8: for b = 1 to TIB do 
9: append task (r, I, b) to end of work-pool 

10: end for 
11: end for 
12: end for 
13: while size of work-pool > 0 do 
14: for p = 1 to np do 
15: if size of work-pool > 0 then 
16: current-task = next task from work-pool 
17: task-ready = call task-veviiy(current-task,task-results) 
18: if task-ready — true then 
19: call peviorm.Jwr-iter&tion(current-task,task-results) on processor p 
20: remove current-task from work-pool 
21: else 
22: break out of for loop 
23: end if 
24: end if 
25: end for 
26: wait for next task which is ready for execution 
27: end while 



Pseudocode 5.2 Function for task flow verification 
1: function task-veriiy(current-task,task-results) 
2: let (r,l,b) represent the current-task 
3: if b > 1 then 
4: if results of (r, 1 . . . n, b) ^ task-results or (r, /, 6 — 1) ^ task-results then 
5: return false 
6: end if 
7: end if 

Pseudocode 5.3 Function for WR iteration 
1: function perform.wr_iteration(curren£Jask,taskresults) 
2: let (r,l,b) represent the current-task 
3: if r > 1 then 
4: load results for (r — 1 ,1 . . . n, b) from task-results 
5: update the EEW sources and the WR sources using (3.21) and (3.37) 
6: else 
7: use EMI sources (VEEJ, ^EEJ) as the initial guess for EEW sources 
8: end if 
9: if b > 1 then 

10: initialize circuit simulation using results of (r, I, b — 1) from task-results 
11: end if 
12: perform transient simulation 
13: save results of (r,l,b) in task-results 
14: end function 
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5.3 Numerical Examples 

The proposed EMI analysis method was implemented using C + + and OpenMP. The 

simulation of the partitioned circuits (resulting from WR-TP) are done using an in-

house circuit simulator that provides complete access to intermediate results, so as to 

reduce the overhead related to calculation of WR sources. The numerical experiments 

were executed on a dual Quad-core AMD Opteron 2344HE processor with 2.3GHz 

clock, with ccNUMA architecture. 

Example 1: 25 Lines Illuminated by a Plane Wave 

The RLGC parameters for this large example are created from the RLGC parameters 

of the structure in Figure 5.2, by extrapolation. The length of each line is 15cm. These 

lines are excited by a plane wave incident at the origin at an angle 9 = 45°, 0 = 0° 

and polarized at 9E = —90°. The time envelope of the electric field is defined by a 

Gaussian pulse of amplitude 5kV/m and pulse width of Ins. The near and far ends 

of the lines were terminated using a 60J7 resistor and a lpF capacitor, respectively. 

The Line 1 was also excited using a trapezoidal pulse current source connected at the 

near end. 
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sr = 4.5 
tan S = 0.02 
h = 178 urn 
w = 178 um 
d = 355 fim 
t = 35 iim 

Ground plane 

Figure 5.2: 2-line MTL structure. 

In this experiment, this MTL was simulated using the proposed EMI analysis 

method that uses time partitioning, on a multicore machine with np processors. The 

MTL was represented using 80 lumped RLC sections and the transient duration was 

divided into UQ time blocks, satisfying the condition ng = np. The accuracy of the 

simulation is tested by comparing the results of the proposed parallel EMI analysis 

method with the conventional method (coupled lumped segmentation) results (shown 

in Figures 5.3-5.5). These graphs show a good agreement between the proposed and 

the conventional method results. 
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Figure 5.3: Example 1: Comparison of transient responses at the far end of line 1. 
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Figure 5.4: Example 1: Comparison of transient responses at the far end of line 1 
(With EM field excitation alone). 
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Figure 5.5: Example 1: Comparison of transient responses at the near end of line 25. 
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Example 2: Scalability of the proposed parallel algorithm 

w.r.t. number of CPUs 

The scalability of the algorithm with respect to number of processors is tested for the 

case of a 25-line interconnect structure (same as in Example 1). The run times for 

simulating this problem using different number of CPUs are listed in the Table 5.1. 

Here, the speed-up of the parallel algorithm is calculated as 

, simulation time using np processors 
speed-up = (5.5) 

simulation time using one processor 

The corresponding speed up curve is shown in Figure 5.6. It can be observed that the 

PS-PTP algorithm attains a good speed-up even when the number of lines simulated 

is not an integer multiple of the number of processors. 
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Number of CPUs 

1 
2 
3 
4 
5 
6 
7 
8 

Proposed method 
Simulation time (s) 

86.0 
45.4 
30.3 
23.0 
18.8 
15.7 
14.3 
13.1 

Speed-up 

1.0 
1.9 
2.8 
3.7 
4.6 
5.4 
5.9 
6.5 

Table 5.1: Example 2: Simulation time measurements for proposed parallel EMI 
analysis method. 

1 2 3 4 5 6 7 8 
Number of CPUs 

Figure 5.6: Example 2: Speed-up vs number of processors graph for the proposed 
parallel EMI analysis method. 
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Example 3: Scalability of the proposed parallel algorithm 

w.r.t. number of lines 

In this experiment, the proposed algorithm is used to simulate a set of coupled in

terconnects having different number of lines, and the corresponding simulation times 

are measured. The experiment is repeated for two cases: with 4 CPUs and with 8 

CPUs. The corresponding measurement results are compared with the CPU times 

of conventional coupled lumped segmentation model in the Figure 5.7. The speed-up 

measurements are given in Tables 5.2 and 5.3. 
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Figure 5.7: Example 3: Simulation time vs number of coupled lines graph. 

Number of 
lines 

16 
25 
36 
50 
58 
65 

Conventional method 
Simulation time (s) 

36.0 
90.5 
232.3 

548.5.0 
790.7 
1031.7 

Proposed method (8 CPUs) 
Simulation time (s) 

7.0 
14.5 
19.0 
27.8 
30.2 
34.5 

Speed-up (8 CPUs) 

5.2 
6.3 
12.2 
19.7 
26.2 
29.9 

Table 5.2: Example 3: Simulation time for proposed parallel EMI analysis method (8 
CPUs) 
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Number of 
lines 

16 
25 
36 
50 
58 
65 

Conventional method 
Simulation time(s) 

36.0 
90.5 
232.3 

548.5.0 
790.7 
1031.7 

Proposed method (4 CPUs) 
Simulation time(s) 

7.0 
14.5 
19.0 
27.8 
30.2 
34.5 

Speed-up (4 CPUs) 

2.5 
4.0 
7.1 
11.4 
14.4 
16.6 

Table 5.3: Example 3: Simulation time for proposed parallel EMI analysis method (4 
CPUs) 

5.4 Summary 

A new parallel EMI analysis algorithm for massively coupled interconnects based 

on WR-TP and time partitioning was presented in this chapter. Numerical experi

ments with different number of processors showed that the proposed parallel algorithm 

scales well with number of CPUs and achieves a speed-up close to the ideal speed 

up achievable. The proposed method gains significant speed-up compared to conven

tional coupled macromodel, when used to simulate massively coupled interconnects. 
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Chapter 6 

Conclusions and Future Work 

This thesis presented novel algorithms for fast EMI analysis of massively coupled 

interconnects, which are based on existing quasi-TEM field coupling models. These 

algorithms use waveform relaxation and transverse partitioning to subdivide the inter

connect circuit exposed to electromagnetic interference into independent subcircuits, 

and solve them iteratively, instead of directly solving the large coupled circuit us

ing an LU solver. In addition, the case of long-delay interconnects is handled via 

DEPACT macromodel that is used to represent the decoupled interconnect subcir

cuits. The proposed method achieved a linear growth in computational complexity 

0(n), compared to 0(nA) required by conventional (coupled) methods. 

A new parallel algorithm was also presented that extends the existing WR-TP 

based EMI analysis algorithm via time partitioning, so as to achieve better CPU uti-
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lization on parallel processing platforms. A parallel implementation of this algorithm 

was built using the OpenMP environment and was tested on a multi-core processor 

with a ccNUMA architecture. The tests performed using different number of cores 

showed a good simulation speed-up characteristic w.r.t the number of cores. 

6.1 Future Work 

Several future projects can be undertaken based on the EMI analysis algorithms 

presented in this thesis. Specifically, these algorithms could be extended to handle 

a greater variety of interconnects and different types of EMI sources. Advancements 

can be made mainly on two aspects: (1) the complexity of the field coupling model, 

(2) the convergence of WR-TP method. Some of these are listed below: 

1. Field coupling model: The accuracy of the field coupling model used for 

EMI analysis could be improved by considering the following effects which 

are ignored in the current model: 

a) Including the effects of multiple interfaces in the medium, when multi-

layered dielectrics are used in the interconnects [36]. 

b) Including the "charge and current separation" effects that are consid

erable when the line separation is comparable to the line width. [1]. 

c) Including the effects of lossy ground plane [10] to account for the sheet 
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resistance of the ground plane. 

d) Including the effects of non-plane wave excitations [13]. 

2. Convergence of WR-TP: The convergence of WR-TP algorithm in the 

case of tightly coupled lines can be improved by using sliding window par

titioning that allows more than one line in each partition [29]. 
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