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Abstract

This thesis develops a new algorithm to simulate incident field coupling with high-
speed interconnects. The interconnects considered in this thesis are represented by
nonuniform multi-conductor transmission lines and are described through the Teleg-
raphers Equations. The developed algorithm is based on the concept of model-order
reduction via projection onto Hilbert space, where a reduced-order model representing
the transmission line is constructed and employed as a stamp for representing the line.
The incident field is represented by a set of terminal sources obtained from the projection
operator used in constructing the reduced-order model. In addition to being developed
to handle nonuniform transmission lines, the proposed algorithm offers an advantage by
guaranteeing the passivity of the reduced order model. Several examples are presented
to validate the validity and accuracy of the proposed algorithm.
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Chapter 1

Introduction

1.1 Background and Motivation

Rapid advancement in VLSI (Very Large Scale Integration) and wireless industry to-
ward higher operating frequencies, miniature designs and increased integration of mixed
analog/digital systems is making the signal integrity analysis a challenging task. Operat-
ing at high frequency has highlighted effects such as signal distortion, dispersion, delay,
crosstalk, electromagnetic radiation and interference, which are giving major challenges
in the design of high-speed electrical systems [1], [2]. These effects if not considered
properly during the design stage can effect the functional performance of the system as
well as may lead to permanent hardware failure. Considering this effect timely would
significantly reduce post-production corrections, time to market, reduce cost and would
result in more reliable product.

Interconnects can exist at all levels of design hierarchy such as on-chip, packaging
structures, multi chip modules, printed circuit boards and backplanes. At high frequen-
cies, a simple wire interconnect cannot be treated as a short-circuit as it behaves as
a distributed structure. Moreover these distributed structures have to be incorporated
along with other circuit components in general circuit simulator. Hence a reliable pre-
diction of their behavior and its effect on system performance requires proper modeling
and efficient analysis tools.

One of the major challenges that arise in designing systems with high speed inter-
connects is the susceptibility to electromagnetic interference (EMI). EMI can severely
degrade the signal integrity of the system. The basic mechanism for EMI occurs as
a result of the coupling between the incident electromagnetic field and the electrical



interconnect which typically functions as an antenna [3], [4], [5].

Modeling of high-speed interconnects is usually done with various levels of complexity
that could range from simple RC Ladder networks to full-wave 3D models derived from
Maxwell’s equation [1], [6], [7], depending on the operating frequency and the size
of the interconnects. However, when the interconnect becomes electrically long at the
highest operating frequency, a Transverse Electromagnetic Mode (TEM) becomes the
dominant mode of propagation along the interconnect. Under the Quasi TEM operation,
interconnects are modeled as lossy coupled Multi-conductor Transmission Lines (MTL)
with per-unit-length parameter matrices which could be frequency dependent to capture
the peculiar high frequency phenomena such as proximity and edge effects [2].

In fact, MTLs are represented by the Telegrapher’s Equations (TEs) which are par-
tial differential equations (PDEs) that involve the time dimension and a single spatial
dimension representing the longitudinal dimension along which the signal propagates.

The objective of estimating EMI effects on high-speed interconnects has been mainly
approached by treating the interconnects as MTL, while representing the incident field
by a distributed source added to the TE as a forcing term.

Nonetheless, the main bottleneck in including the TE with general circuit simulators
remained in the fact that they are PDEs that involve a spatial dimension in addition to
the time domain. Although the TE can be converted into a set of ordinary differential
equations (ODEs) via the Laplace transformation, there is a little value to be harvested
from having such a pure frequency-domain description, given that general circuits contain
nonlinear elements which can be only represented through the time-domain. The problem
of incorporating the TE in general circuit simulators is known as the mixed frequency-
time problem and has been described extensively in [1].

Several approaches have appeared in the literature to handle the mixed frequency-
time problem in the context of simulating the incident field coupling with MTLs. In
general accurate analysis of circuits having interconnects under external field necessitates
incorporating field coupling equations with conventional circuit formulation techniques
such as Modified Nodal Analysis (MNA). For this purpose, SPICE models were proposed
for the field coupling to lossless transmission lines [8], [9], [10] based on method of
characteristics [11], [12] and model-order reduction approaches [13] based on asymptotic
waveform evaluation [14]. Also, lossy MTLs were handled in [15] by discretizing the
distributed sources along the lines (which quickly becomes inefficient for long lines), based
on method of characteristics [16], and in [5] based on multi point expansion technique
and complex frequency hopping [6].



However one of the major difficulties with the above methods is that they do not
guarantee the passivity of the MTL macromodel. Passivity is an important property
because stable but nonpassive models may lead to unstable transient simulations. Passive
matrix-rational approximation (MRA) [17], {18] based on closed-form MTL macromodel
was suggested for field coupling analysis in [3] and was extended to efficiently handle low
loss interconnects [19).

Nevertheless, MRA based techniques have been developed based on the exponential
matrix which is valid only for uniform MTL (UMTL) in which the per-unit length pa-
rameter matrices are independent of the spatial variables of the TE. Nonuniform MTL
(NMTL), on the other hand, represent an important segment of interconnect structures
in which the per-unit-length parameter matrices are functions of the spatial variable in
the TE. Unfortunately the MRA technique can not handle the case of NMTL since the
corresponding TE cannot be solved analytically using the matrix exponential.

1.2 Objective of the Thesis

The main objective of this thesis is to develop a passivity-preserving algorithm to simulate
electromagnetic field coupling with circuits having high speed interconnects that are
modeled as NMTL. The developed algorithm should be equipped to handle NMTL while
at the same time be valid to treat UMTL as a special case.

To achieve these objectives, this thesis will investigate the idea of using the concept
of Integrated Congruence Transform (ICT) in developing the macromodel and the equiv-
alent sources representing the incident electromagnetic field. It is to be noted that the
ICT algorithm was first introduced in [20] and later extended in [21] to handle the NMTL
simulation but with no EMI. The work presented in this thesis seeks to generalize the
ICT framework in order to address the problem of incident field coupling.

1.3 Contribution

The basic contribution of this thesis is the demonstration that the theoretical framework
of the ICT algorithm can be carried and extended to simulate the incident field coupling
with NMTLs, while providing a guarantee of passivity for the macromodel used in the
simulation. The thesis presents an algorithm for using the ICT to derive a macromodel
for NMTL as well as equivalent sources representing the incident field that is suitable for



circuit simulators. The proposed algorithm has been validated by comparing the results
obtained to the results obtained from the analytical solutions available for special cases
of NMTL. Good agreement between both results have been observed and reported in the
thesis.

1.4 Organization of Thesis

Chapter-2 presents a brief introduction to the transmission line theory and derives a
compact form of the TEs that includes the incident electromagnetic field. Chapter-3
discusses the simulation techniques used to simulate the case of incident field coupling to
transmission line. Chapter-4 discusses the fundamental theory of Integrated Congruence
Transform, and presents a new algorithm to employ this theory to simulate the incident
field coupling with nonuniform transmission lines. Chapter-5 presents the numerical

examples and Chapter-6 presents the conclusion and suggestions for the further research.



Chapter 2
Formulation of Interconnects

Depending upon the desired accuracy and the operating frequency, different interconnect
models may be necessary and each model presents different challenges for simulation. In
this chapter we will briefly discuss different interconnect models. We will also discuss
the derivation of inhomogeneous Telegrapher’s equations describing the quasi-TEM dis-
tributed models of interconnects exposed to EMI.

2.1 Interconnect Models

Generally the modeling approach used in modeling high speed interconnects can be
classified as either one that is based on simple realization using lumped network, or one
that is based on distributed models. While the lumped model uses a heuristic way to
capture mainly the effect of the interconnect using simple RC circuit, the distributed
model is derived from the basic principles of electromagnetic theory using Maxwell’s
Equations. It should be noted, however, that the realization of a distributed model
can be accomplished via a network of lumped components, which should be clearly
distinguished from a lumped network not based on the Electromagnetic Theory.

2.1.1 Lumped Models

At low operating frequency, interconnect could be modeled using RC or RLC circuit
models. RC tree model is RC circuits with capacitors from all nodes to ground (no float-
ing capacitors and no resistors to ground). RC circuits response are monotonic in nature.
The signal delay through RC circuit is often estimated by using Elmore delay [7] model.
Typically RC circuit is a low pass filter, therefore RC model is not an accurate model if

5



we wish to incorporate the high frequency issues like cross talk and ringing. This model
implies that the high frequency components of the current flowing in the interconnect
return through the capacitors and also does not say anything about the return path of
dc or low frequency components of the current. With this assumption, it is difficult to
model inductance, which is defined by the closed loop. Therefore, RLC model [22] can
be used for estimating inductive effect such as delay, overshoot etc. The response of the
RLC circuits may be non-monotonic. A single time constant approximation with Elmore
delay is not generally sufficient for such circuits. Two time-constant models have been
shown to improve the accuracy, but only as compared to RC tree monotone response ap-
proximations [23]. Usually lumped interconnect circuits extracted from layout contains a
large number of nodes that make the simulation highly CPU intensive. Figure 2.1 shows
general lumped interconnect model, where L is the inductance, R is the resistance, G is
the conductance and C' is the capacitance of the interconnect.

L R
o AVAVAY

Figure 2.1: Lumped Transmission Line Model

2.1.2 Distributed Models

When the interconnect length becomes electrically large, i.e., the structures largest di-
mension (length) is much larger than the shortest operating wavelength then the con-
ventional lumped model cannot be used and we have to use distributed models derived
from the electromagnetic theory using Maxwell’s Equations.

One of the basic assumptions that can be made about the propagation of electro-
magnetic field over interconnects is that it satisfies a Transverse Electromagnetic Mode
(TEM) in which both of the electric and magnetic field are perpendicular to each other
and to the direction of propagation.



With this assumption, Maxwell’s Equations can be shown to reduce to a set of coupled
partial differential equations known as the Telegraphers Equations (TEs). A convenient
advantage of these equations is that they model the interconnect in terms of voltages and
currents rather that in classical electromagnetic quantities, which is more appropriate in
the context of circuit simulators.

It should be noted, however, that other higher operating modes may exist in addition
to the TEM modes. For example, having electrically large cross-sectional dimensions or
using imperfect conductors may violate the TEM mode assumption. Moreover, operating
at high frequency gives rise to the skin edge and proximity effects which in turn violate
the stand-along TEM mode propagation underlying the TEs.

Nonetheless such effects can be incorporated by using the so-called quasi-TEM (Q-
TEM) in which the TEs are modified by using a resistance per-unit-length parameters
matrix to account for the losses in the interconnect conductors and by allowing the per-
unit-length matrices to be frequency-dependent to account for the high-speed effects such
as skin, depth and edge and proximity effects.

Derivation of the TEs from Maxwell’s equations can be found in [2]. Given that the
main focus of this thesis is on the effect of incident field on interconnects the following
section will present the derivation of TEs with the presence of incident electromagnetic
field.

2.2 Derivation of Telegrapher’s Equations with Inci-

dent Field Coupling

The incident field on the multiconductor transmission lines may be in the form of uniform
plane waves such as those generated by distant transmitting antennas or they may be
non-uniform fields such as those generated by a nearby radiating structure. We can
incorporate the effect of incident EMI field on the multiconductor transmission line as a
distributed source along the lines [2].

The effect of incident EMI field on the transmission line was first considered for two-
conductor lines in [24], [25]. This was later extended to multiconductor lines in {15].
The assumption of quasi-TEM mode is valid if the conductor length is much smaller than
the wavelength of interest and conductor losses and effect due to inhomogeneity of the
dielectric media are small.

In this section, we will derive TEs for the multiconductor transmission lines in the



presence of incident field. The derivations presented here are based on the presentation
given in [26].

2.2.1 Derivation of first Telegrapher’s equation with IFC

Consider an (n + 1) conductor uniform transmission line as shown Figure 2.2. Applying

Maxwell-Faraday law [27] over the rectangular area S; enclosed by contour C; we get

z

Line 0, reference canductor

Figure 2.2: Interconnect excited by arbitrary incident field

f Bl = —s 7{ B.ds (2.1)
C; S;

where E and B are the phasors of the total electric and magnetic fields, s is the complex
frequency and subscript i stands for the i** conductor. Expanding the integral in LHS
of (2.1) and separating the magnetic field B into its incident and scattered components
Binc and Bt respectively, we get

z+Az
| Bpzesad- [ Blenad- [ Eye2)ds
o(@i,y:) z p(@i,y:)

z+Az
+/ E.(po, z)dz= —s/ Bi”C.dS—s/ B**.dS (2.2)
z Si S,

%



where Ep(p, z) and E’;(pi,z) are respectively, the components of the electric field in
the transverse plane and the z-direction and p is a parameter that defines points in
the transverse plane. Since the structure supports Quasi TEM mode of propagation,
the transverse fields are of static nature. Hence the voltage between any point in the
transverse plane can be written as

Vo) = - [ Blead
(i)

fl

Vie+Az) = — / Ey(p, 2+ Az)dp (2.3)
p(@i,yi)

Since the magnetic filed is of the transverse nature, the scattered magnetic field can be

»

line-i

line-0

>y

ay Vi

Figure 2.3: Transverse plane parameters of the MTL system

related to the currents via the per-unit length inductances (L;, it* conductor) as

: 1 psct jo -
Jim = ; B*.dS = — ;Liklk(z) (2.4)

Let us represent the imperfect conductors with per-unit-length resistances, R;. The total
longitudinal fields are related to the currents on the conductors are as follows

z+Az .
/ E.(pi,z)dz = RAzILi(z)

z+Az n
— / E.(po:2)dz = R,Az» Ii(2) (2.5)
z k=1
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The current in the signal conductor is assumed to be equal to, and opposite in direction
to the current in the reference conductor. This is equivalent to considering differential
mode current and neglecting common mode currents. Neglecting common mode current
is valid assumption since we are interested in the final results at the termination where
only differential mode current flows. Substituting (2.3)-(2.5) in (2.2) we get

~Vi(z+A2)+Vi(2)— Ribzli(2)—RoA2 Y Ii(2) = sAz Y Luli(z)—s / B dS (2.6)
k=1 k=1 Si

Dividing (2.6) by Az, taking the limit Az — 0, and expressing in matrix form we get

d o
ZEV(Z) + (R+sL)I(z) = Sfp(zi,y,-) Biredp (2.7)

We see that the RHS of (2.7) depends on the incident magnetic field. The forcing function
in RHS of (2.7) can be more conveniently expressed in terms of only the incident electric
fields by using Faraday’s law around the contour C; in terms of incident fields alone,

24-Az
/ EX(p,z + Az)dp ~ / EY(ps, z)dz — / E(p,z)dp +
o(Ti,yi) z A

Ti,Y)

z+Az . N .
/ E}(po, 2)dz = —s/ B™.dS (2.8)
z Sy

1

Dividing (2.8) by Az, taking the limit Az — 0

ninc 7 d inc Y inc inc
s Brdp=-g [ Bread+ B - B (29)
o(zs,y:) o(zs,y:)

Substituting (2.9) in (2.7), we obtain the first set of inhomogeneous TE’s as

d L L .
a;V(z)+(R+sL)I(z) = -4 oeiys) Lo (P 2)dp + EJ(pi, 2) — EP(po, 2) | (2.10)
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2.2.2 Derivation of second TEs with IFC

The second MTL equation can be derived by enclosing the i** conductor with a closed
surface as in Figure 2.4 and applying the continuity equation

Figure 2.4: Defining Surface for MTL equation

7{ J.d8 = —5Qenc (2.11)
Si

Over the end caps, i.e, at the Senq, we have
/ J.d8 = Iz + Az) — L(2) (2.12)
Send
Over the sides of the surface, i.e, at the Sgge, we have

JdS =0 / Et.dS (2.13)
Sside S,

side

Here, Efft represents the transverse component of the scattered electric field and o, € are
the conductivity and permittivity of the surrounding homogeneous medium, respectively.
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Now we define the per-unit-length conductance and capacitance matrices as

[ ‘/ISCt(Z)
1 o 2 i :
lim — B dS = |~Gi - ik — Gin sct 2.14
TR Wi R L | R BT
| Va2 |
[ ‘/ISCt(Z) T
elim — [ BedS=|-Cy--- > Cigro = Cin| | VPNU2) (2.15)
Az—o AZ Seide o1 )
| Ve (2) |
By Gauss’s Law [27] we have
Qe =€ [ E<dS (2.16)

Sside
Now substituting (2.12), (2.13), (2.15) into (2.11), and dividing both side by Az and
taking limit as Az — 0 we get

dizz(z) +(G +5sC)V*z) = 0 (2.17)

We can write the same equation in total voltage form as

V) = V) - [ B2 (2.18)

o(z.y)

Substituting (2.18) into (2.17) gives the second set of inhomogeneous Telegrapher’s equa-
tion
d -

C—i—Z—I(z) +(G+sC)V(z)=~(G+5C) | [0 E};"c(p, z)dp (2.19)
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2.3 Compact Form of Telegrapher’s Equation with
Incident Field Coupling

We have derived the two fundamental equations for TEs in the above section. Now we

will write them in compact form. We can write(2.10) and (2.19) as
d | V(z,s) V{(z,s) -
= = + F(z, 2.20
4 [ o } Qls) [ o | FEEe) (2.20)

where

0 -R 0 -L
Q(s)=[_G 0 }—'_S{—C 0 (2.21)

The distributed source due to incident fields in (2.10) and (2.19) is represented by F(z, s)
in (2.20), and is given by

d y/inc inc
F(z,s5) = Vizs) | _ | GV (= 9) + Vi) (2.22)
I4(z,s) (G + sC)V(z,s)
where
V) = | by B lotenn o
VE(es) = | Er(aim, %)~ BX(20,40,2) (2.23)

2.3.1 Distributed Sources due to Incident Plane Wave

For most practical cases, the wavelength of the incident field is small compared to the
distance between the interferer and tested system. Therefore, in such cases the analyzed
transmission lines are situated in the far field of the spherical incident field, which could
locally be approximated by uniform plane wave [2]. In this case, the electric field of the
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-

« ' 7
- { 0 >
PN Line 0, reference conductor

Figure 2.5: Incident Field Parameter

incident uniform plane wave can be represented in the frequency domain as [28]
E(z,y,2) = Eo(s)(Agay + Aya, + A,a,)eskethuythsz) (2.24)

where Ey(s) is the complex amplitude of the plane wave and A,, A, and A, are the
components of the incoming uniform plane wave along z, y and z axes of rectangular
coordinate system respectively.

The components of the electric field can be defined in terms of the direction cosines
as follows. We can define direction cosines of the electric field vector as

= sinfgsind

8
!

—sin @gcos 0 cos ¢ — cos O sin ¢

= —sinfgcosfsin ¢ + cosfg cos ¢
—cosf

[
I

> s
<
Il

c
—sinfcos ¢

c
sin 0 sin ¢

ky = ——2 ,
- (2.25)

where c is the speed of the phase front. Now we can derive closed form formulation
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of distributed current and voltage sources by using (2.24) and (2.25) as shown in the
following sections.

2.3.2 Simplyfing Distributed Voltage Sources

In this section, we seek to simplify the representation of incident distributed sources
in (2.22) and (2.23). The manipulation of these sources carried out in this section has
been based upon the derivations presented in [19] and is mainly aimed at facilitating the
implementation of the proposed algorithm given in Chapter 4 [2]. From Fig 2.3 we see
that

T N T;
p d
y _ 4%
p d
d = (z;+y)? (2.26)

Now (2.23) can be simplified using the above relation and (2.24)

. d A:c I A 1
‘/tmc(z’ S) — _EO(S)e—-skzz /0 ( iy ; Y )e—s(kmz¢+kyyi)§dp
(Agzi + Ayyi)

= —F —sks2
o(s)e s(Azz: + Ayy;)

[1 — g7 s(kamithyy)) (2.27)

Using the assumption made earlier about the quasi-TEM mode, whereby the cross-
sectional dimension of the TL was assumed to be much smaller then the smallest wave-
length of interest, we can approximate the exponential term by the first two terms of its
Taylor series. This leads to the following

i _ Az + Ayy:)
Vjinc ~ —E skzz( T yJ
t (Z, S) 0(8)6 S(kz.’L’i + kyy.,;)

= —Fo(s)e """ (Azzi + Ayyi) (2.28)

[s(kas + kyyi)]

Therefore p
d—thinC(z, s) = sszo(s)e“Sk"z(AI:ci + Ayyi) (2.29)

From (2.23) V" can be computed for the i line using (2.24), where we obtain
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Vire(z,s) = Eo(s)Az(e“s(k’””"+kW") — 1)e%k=* (2.30)
Now approximating the exponential term in (2.30) by its linear Taylor series expansion,
we get
V(2 8) & —s(kyx; + kyyi) Eo(s) Ae k= (2.31)
Using (2.29) and (2.31) the distributed voltage sources for the i** line can be represented
as
d inc inc
V:i(zvs) = E;V;E (Z, '5) +V; (Z,S)
= sszo(s)e_Sk’z(Azxi + Ayyi) — s(kgx; + kyyi)EoAze_Sk’z
= SE()(.S') [kz(Awl'z + Ayyi) - Az(k)zl'i + kyyi)]e_Skzz (232)
Let

)

VE = ki £k (2.33)

Distributed voltage source vector can be represented by using (2.33) in a convenient form

as
Vi(z,s) = sEy(s)e™ b (2.34)

For transmission medium without a solid ground plane, we have

)

v = kz¢+ - Az@b:_ (235)

For a ground plane backed structure (such as a microstrip), it can be proved on similar

grounds, using image theory that

O = | k(@7 +07) — AW —y7) (2.36)



17

2.3.3 Simplyfing Distributed Current Sources

Using (2.28), the distributed current source for the incident field as represented in (2.22)
and (2.23) can be written as

Iy(z,s) = (G+sC)| —Ey(s)e ***(Azz; + Ayyi)

= Ey(s)e™**(G + sC)po (2.37)

For the case of transmission medium without a solid ground plane, we can write as

VUpp = —Qﬁ (2.38)

For a ground plane backed structure (such as a microstrip), we can write as

Vra = | —(&F + ;) (2.39)
Now the distributed source derived can be written as

-~ _ Vd(Z,S)
Flzs) = {Id(z,s) }

= I(s)e** (2.40)

Where f(s) describes the interaction of the incident field with the lines in the transverse
plane and from (2.34) and (2.37) we have

sU,, 0 ] [ﬁm} 2.41)
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where U, is a unity matrix of size n. Note that n represents the number of signal
conductors in the MTL system.

Therefore the Telegrapher’s equation for the incident field coupling represented in
(2.20) can be re-written as

d | V(z,s) | _ . V(z,s) (s
e ] e | e eme 242



Chapter 3

Simulation Techniques of High

Speed Interconnects

This chapter presents a brief background on the main approaches that appeared in the
literature to address the problem of simulating the incident field coupling with intercon-
nects modeled as MTLs.

It will be demonstrated that those techniques have been mainly developed for uniform
MTYL in which the per-unit-length parameters are independent of the spatial variable z of
the TEs. Handling the more general case of nonuniform MTL was described in [29], [8]
and was approached mainly by dividing the nonuniform line into many sections such
that the per-unit-length matrices may be considered constant over the length of each
section. With this technique the NMTL can be treated as many cascaded sections of
uniform MTL. The main difficulty with this technique lies in the piecewise-constant
approximation of the characteristic impedance which causes abrupt reflections at the
boundary of each section and can be only minimized if the lengths of the individual
sections become infinitesmally small.

Another issue of equal importance in addressing the problem of simulating the in-
cident field coupling with MTL in general is the issue of passivity. This issue typically
arises in the macromodeling of the interconnect, where a non-passive mcacromodel can
be unstable when terminated with nonlinear commponents representing the circuit termi-
nations of the interconnect. The issue of passivity will also be highlighted in the course
of reviewing the main techniques presented in this chapter.

19
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3.1 Method of Characteristics

The Method of Characteristic (MoC) represents one of the earliest approaches to sim-
ulation of transmission line. It was first proposed by Branin [11] to handle lossless
transmission lines and has been extended in [12] to address the general case of coupled
lossy MTL. The main advantage in MoC-based approaches is that it can handle the delay
effect separately from the attenuation effect in MTL [30]. This fact provides a significant
speed up in simulating long PCB interconnects which are characterized by small ohmic
losses and dominated mainly by delay effect.

Extending MoC-based approaches to simulating incident field coupling with MTL
was proposed in [31] and [16]. The basic approaches used there is summarized next. It
works by representing the line characteristics in terms of the scattering parameters.

|: Bl :| — |: Sll SIZ jl Al :l (31)
BQ 521 S22

A
Where Sj; is the scattering parameters, and A;, B; and A,, B represent the incident

and reflected current waves at the the two ends of the transmission line.
Incorporating the incident field into the above equation is carried out by using the

equivalent sources given by
1 [~ — -
Bn = — / H(z) [YE(s, 2) - I(s, 2)] d2
1 c — _
B = 5/ H(L-2)[YE(s,z)+I(s,2)] dz (3.2)
0

where

e L is the transmission line length.

e B;|, B, represents the equivalent current wave sources accounting for the dis-
tributed incident filed.

E(s,z), I(s, z) are the distributions of series voltage and shunt-current generators
included along the line conductors by the external fields,

H (z) is the matched transmission matrix of current waves

Y is the characteristic admittance of transmission line given by (3.3).
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Y (s) = /(R +sL)"}(G + sC) (3.3)

The existence and the expressions of these generators depend on the field coupling for-
mulation adopted: they are both present in case of a “balanced” formulation [25], while
the current source is absent in case of the “electric field” formulation [15], and the voltage
source is omitted by the “magnetic filed” formulation [32]. The equivalent sources above
are then used to augment the scattering parameters representation as follows

B Sn S A B
1| 11 912 1| Bn (3.4)
B, Sa1 Sa A, By,
The current wave variables are then converted into voltages and currents by the following

transformation

I, = YV,-2B,
A, = I,+B, (3.5)

where p = 1,2 denote the near and far ends, respectively.

(3.4) and (3.5) can be used to provide an equivalent circuit representation in the form
of the generalized Branin type. This developed equivalent circuit can be integrated easily
in SPICE-like environments.

It should be noted here that the main derivations of the above formulation are ob-
tained for uniform lines only. Another drawback with the above approach is that it does
not address the issue of passivity.

3.2 Matrix Rational Approximation(MRA)

The Matrix Rational Approximation (MRA) approach was first proposed in {17] to ad-
dress the issue of passivity. MRA is a closed-form approximation of the uniform trans-
mission line and is based on the exponential matrix, and was extended in [33] to handle
the problem of incident filed coupling. Using MRA enables writing the relation between
the terminal voltages and currents in the following form.

V(d73) _ Z V(O,S) VF(d,S)
[ I(d,s) } —° [ I(0, 5) }—'— [ Ip(d,s) } (3.6)
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where

Z = (D+sE)d

D - 0 -—-R
g =" "L} (3.7)
-C 0

and d is the length of the line. Vp(d,s) and Ir(d,s) are the distributed sources repre-

Z

senting the incident field. The matrix e is approximated using matrix rational function

as follows

z_ [ Ty T

Ta T2 ] ~ (PrarlZ)) Qun(2) (3.8)

n (3.8), T is the state transition matrix. Py »(Z) and Qy 5,(Z) are given analytically
in the form of predefined matrix polynomial, as shown next.

al M+N )wv :
X (M4 N =M .
Qnu(Z JZ M+ N)GIM = j)'(Z)J (3.9)

In terms of admittance matrix (3.6) can be represented as

s 0 V r(d)
* —ToT; U, Ip(d)

(3.10)

lI(O)]zl ~T3Tu T3 ”V(O)

Ty — TouT ;3 Ty ToTry

The second term in the right hand of (3.10) represents the equivalent source at the end
of line due to incident field coupling. The SPICE model for the equivalent source can be
expressed in terms of rational functions.
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3.3 Time Domain Space Expansion

Time Domain Space Expansion (TDSE) [30] method was developed to simulate the tran-
sient simulation of arbitrary Nonuniform Multiconductor Transmission Lines (NMTL)
excited by external fields. The method is based on weak formulation obtained by ex-
panding the voltages and currents along the line and the distributed sources due to the
incident fields into some trial functions. Linear system of ODE’s are obtained by taking
the projection of the NMTL equations through suitable test functions. TDSE is used
for lossless nonuniform transmission lines. The Telegrapher’s equations for the case of
lossless nonuniform transmission line excited by external electromagnetic field can be

given by
d_Vd%ﬁ + L(z)dfc(;’ D V(o) (3.11)
d_I_gi’_t) + C(Z)d_VCg_’Q = I'n(2,1) (3.12)

For simplicity, the line is terminated by current controlled passive linear loads, which

can be modeled with resistance matrices,
V(0,t) = RsI(0,t) (3.13)

V(1,t) = R I(1,t) (3.14)

TDSE method adopts a trial function ¢, chosen so that only one is nonzero at each edge
of the transmission line, namely ¢, and ¢p,. The choice of the basis functions leads to
the piecewise linear approximations of voltages, currents and per-unit length parameter
matrices along the line. The voltage and currents along the line are approximated in
therms of expansion coefficients into a set of trial functions ¢,.

Ny

V(z,t) =Y on(2)Va(t) (3.15)
N

I(z,t) =) on(2)Ia(t) (3.16)

Similarly the distributed voltage and current source due to the incident electromagnetic
field is also approximated with the use of trial function.
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=Y eul)Vruld) (3.17)

= en(D)Irn(t) (3.18)

Similarly the matrices formed by the per-unit length parameters L and C of MNTL are
approximated with possibly different basis function .

9= o)L (3.19)
z) = i i (2)Cl (3.20)
k=1

Linear ODE’s representing the spatial discretization of the original NMTL equations are
obtained by projecting the equations onto a third set of functions 7,,.

Yo Yoo dIL
Y AmaValt) + ZLmn ZEmann (3:21)
N, Ny N,
. AV, (t
Z Amnn(t) + Z Cmn y t( ) Z E, nIr(t) (3.22)
n=1 n=1 n=1
where p
_ [ %n
Amn = < e ,T}m> I'p (323)
Ne
=Y L:BY) (3.25)
k=1
Ne
=> L;BY¥) (3.26)
k=1

where Zp is the P x P identity matrix and Bgle = (Yn, Pk, m), P represents the number
of MNTL conductors. Since the trial functions are chosen such that only one is nonzero at
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each edge therefore (3.13) and (3.14) translate into simple relations between the boarder
voltage and current coefficients. The final ODE which is solved numerically by using 5t*
and 6" order Runge-Kutta scheme is

gbda;—it) + ®z(t) = ApF(t) (3.27)
where 1) is nonsingular if the trial and test functions are linearly independent and Ap
is a P(2N, — 2) x 2PN,, highly sparse real matrix. The vector « collects the unknown
expansion coefficients of voltage and current along the line while the vector F' collects
the expansion coefficients for the sources due to external fields.

TDSE method is implemented for lossless lines only. It is also observed that the
method presupposed that the line to be terminated by the current controlled passive
linear loads. Moreover the basis functions are chosen such that it lead to the piecewise
linear approximations of voltages, currents, and per unit length parameter matrices along
the line.

3.4 Model Decomposition Method

The commonly used method to solve the incident field coupling effect on nonuniform
transmission lines is to solve the nonuniform transmission lines as cascade of uniform
transmission lines. One of the methods developed [29] use a similar technique to solve
the case of incident field coupling to nonuniform coupled microstrip transmission lines.
In this technique, the nonuniform coupled microstrip transmission lines systems are first
decomposed into a large number of uniform sections called steplines. Then modal decom-
position method is used to model each step as a linear system with matrix coefficients.
The external incident field are modeled as inputs in the proper positions of the system.

The total length of lines of system is divided into N uniform sections called steplines.
Then the k** strip at £ = z; of the nth uniform step at y, < y < yn + Ay, where
yn = (n — 1)Ay is considered to obtain the voltage and current differential equations for
Telegrapher’s Equation for each step. The set of coupled differential equations for the
n'* step lossless microstrip transmission lines is given by

%f“ T jwLaIa(y) = v,(y) (3.28)
) | e,V oly) = i) (3.29)

dy
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Figure 3.1: The system of externally excited nonuniform microstrip transmission lines

where L, and C,, represents the per-unit length inductance and capacitance matrix,
which are taken constant over the subinterval. vy and iy represent the equivalent voltage
and current equation for the incident field coupling over the subinterval.

To solve the above coupled differential equations for n = 1,2..., N, first they are
decoupled by using the modal decomposition method introduced by [34]. The modal
variables for the n** step are defined by

V() =TuwnVa(y) (3.30)

I7(y) = Tindn(y) (3.31)

where T, and T, are the frequency dependent transfer matrices for voltage and current
for the n'h step. The uncoupled set of partial differential equations are obtained by
substituting (3.30) and (3.31) into (3.28) and (3.29)

424

204 juLPIR) = oF W) (3.32)
dIm . mysrm ‘m
L) 1 juorvie = i) (3.33)

where v7'(y) and ¢} (y) are the modal voltage and current sources due to distributed

incident electromagnetic field and can be represented as

V7 (Y) = Tonvn(y) (3.34)
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and
L"=T,,LT;} (3.36)
c" =T, CT;} (3.37)

After applying the boundary conditions for both the input and the output terminals
the induced terminal voltages is obtained as

A { Vi ] =£ (3.38)

where
Ew 0 |7 !
A= N ] M - J] S
0 E2N FL n=N-1

~_i=1 1 Eww 0 -1 UJJ\?
E—N (H Sn> X, + { - Ux (3.40)

Fg
]

] M, (3.39)
and

-1 \n=N-1

In this technique fullwave analysis is applied fist to analytically model the effect of an
external electromagnetic field as a distributed voltage and current sources along the
lines. This technique is used to solve for frequency domain analysis, while in the case
of the time domain analysis there is no closed form solution and IFFT is used solve for
that. Moreover since this technique used fullwave analysis its CPU intensive. Technique
was applied for only lossless line. Moreover the technique is based on decomposing
nonuniform transmission line into cascade of uniform transmission lines therefore the
overall system size will be bigger and simulating this system would to solve this will be
CPU intensive. Another difficulty with this approach is the spurious reflection due to
the abrupt change in the characteristic impedance at the boundaries of each section of
uniform transmission lines, which will further produce in accurate results.
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3.5 Discussion

We have seen in the earlier sections that MOC and MRA algorithm can be applied for
the case of uniform MTL. The basic assumption is the that current uniformly distributed
throughout the cross section of the conductors, which is good for low operating frequency.
As the operating frequency increases due to skin, edge and proximity effects [2] the
current distribution get uneven and gets concentrated near the edge of the conductor. To
model this effect, modeling based on frequency-dependent parameters may be necessary
and hence matrices R, L, G and C will be function of frequency. It is difficult to get
the time-domain PDEs [18] under this condition.

Simulation techniques discussed above to address the case of nonuniform transmission
lines with incident field coupling have the basic approach of discritizing the nonuniform
transmission line into cascade of many uniform transmission lines. When we descritize
the nonuniform transmission line into cascade of uniform transmission line then we need
large number of sections of uniform transmission line, which basically increase the system
size and CPU cost to compute will increase and efficiency with decrease.



Chapter 4

Simulation of the Interconnect in

the Presence of Incident Field

This chapter describes a new algorithm to simulate the electromagnetic field coupling
with nonuniform Transmission Lines. The algorithm developed in this chapter can handle
general nonuniform transmission lines with arbitrarily shaped PUL parameter matrices.
The proposed algorithm can also be used to simulate the field coupling with uniform
transmission lines as a special case.

The main idea behind the proposed technique is based on the concept of integrated
congurance transform (ICT), which was first introduced in [35], [20] and later extended
in [21] to simulate circuits with nonuniform TL’s (NUMTL) but without incident elec-
tromagnetic fields. The work presented here seeks to generalize the concept of Integrated
Congruence Transform, so that it can be used to simulate the effect of incident field on
nonuniform transmission lines.

One of the basic advantages resulting from extending the concept of ICT to the
problem of incident field coupling is the guarantee of passivity provided by the orthogonal
projection technique used in the proposed algorithm. This fact represents a significant
development since passivity-based algorithms available in the literature do not address
the nonuniform transmission lines.

The work presented in this chapter assumes that the PUL parameter matrices of the
line are given by a set of values at discrete points on the line and can be approximated
using Chebyshev functions [36]. To facilitate illustrating the main ideas, the chapter
starts by reviewing the application of ICT to simulate nonuniform transmission line in
the absence of any incident electromagnetic field. This part is presented in section (4.1).

29
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Using the ideas and terminology presented in this section, it will be possible to introduce
the generalization to the case where incident electromagnetic field is present.

4.1 Integrated Congruence Transform

In this section we review the application of ICT to the simulation of circuits with nonuni-
form transmission lines under no incident electromagnetic field. To this end, we reproduce
the Telegraphers’s Equations in their homogeneous form, i.e., without the forcing term
representing the incident field. We can write TEs as

T% = — (N(2) + sM(2)) X (z,5) (4.1)
z
where
_ | R(z) O ] | L(z) O
N(z) = [ 0 G(z) | M) = 0 C(z) ]
o I.] | 1)
re[2 ] we=[29) »

where I,, is an m X m identity matrix, V(z,s) and I(z,s) are the Laplace domain
voltages and currents at an arbitrary point 2z along the transmission line, and m is the
number of conductors.

The application of ICT in simulating the nonuniform transmission lines in a circuit
simulation environment can be summed up as a two-phase process. In the first phase, re-
duced system matrices are first extracted by projecting the TE’s into a Hilbert subspace.
In the second phase, those reduced matrices are employed as a stamp to represent the
NMTL as a circuit element within a general circuit, where circuit simulation techniques
can be invoked to simulate the circuit behavior in the time or frequency-domain. A brief
description of the above two phases is due next.

4.1.1 Phase-I: Extraction of NMTL stamp via projection

This step is best described by the schematic diagram sown in Figure 4.1 which depicts
the main procedures in this phase in three conceptual stages. The basic computation in
each stage is detailed next. ‘
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Moments Computation

e ™

Constructing an orthogonal basis for the
Hilbert subspace of the moments

o

Application of the ICT to obtain the reduced
matrices

Figure 4.1: Pseudo-code to compute orthonormal basis spanning Hilbert space, first q
moments

Moments Computation

The moments of TE’s can be described precisely as follows. Denote by X(z,s) a set of
2m solutions for the TE’s obtained under a set of 2m boundary conditions (BC), similar
to those conditions that need to be specified if Y-parameters matrix of NTL is sought
and the NTL is being treated as 2m — port network. Thus X(z, s) satisfies the following
BCs

X,(0,s) = [Jm om] (4.3)
Xy(d,s) = [om Jm] (4.4)

The subscript V' in the above BC’s is assigned to indicate that only the upper-half
of X(z,s), the one corresponding to the voltage variables, is being considered, whereas
a subscript I should indicate the lower half, the one that corresponds to the current
variables. Also J,, and 0,, are an m X m identity and zero matrices, respectively.

The moments of the TE’s denoted by U (z, sy), are defined as the Taylor series
coefficients of X'(z, s) when expanded at s = sy, i.e.,
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X(z,8) = Zu(i)(z,so)(s — 50)" (4.5)

i=0
Computation of the moments is typically carried out by substituting from (4.5) into
(4.2) and equating similar power of s. This leads to the following systems of differential

equations

U (2)

Taz

= —(N(2) + s5oM(2)) U (2) (4.6)

U (z)

2 = —(NG)+oME)UOE) - MEUTE) (@)

T

The above system of equations are solved recursively as Boundary Value Problems
(BVPs), where the BC’s for U¥)(z, s) are derived from the BCs in (4.3). In particu-
lar BC’s for U®)(z, s) are obtained from

UP (0,50) = | I Op | (4.8)
UP (dso) = | Om I | (49)

whereas BCs for 4% (2, s), i > 0 are obtained from

U (0,5) = [0 0, ] (4.10)
Uy (d,0) = [Om Om] (4.11)

As described previously, a subscript V' denotes the voltage portion of the moments.
Computing the lower half of the BC’s of U(¥)(z, s0), i.e., the one corresponding to the
currents, Z/{I(z)(z,so), is carried through the state transition matrix (STM). Let ®(z,s)
denote the STM for the system of TE’s then
UO(d, s0) = ®(d, s)U(0, s0) (4.12)
U (d, s0) = ®(d, s)UD(0, s0) (4.13)

We next partition ®(z, s) into 4 blocks as shown below
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(bll (b12

b =
(29) P,y Py

(4.14)

where each block is an m x m matrix, then substitute from (4.14), (4.8) and (4.9) into
(4.12) to obtain

U (0,s0) = [ —&;! (Pog X Jr) B3 (Tim) ] (4.15)
Similar substitution from (4.14),(4.10) and (4.11) into (4.13) yields
UP(0,50) = | 0m Oy | (4.16)

Notice here that both of (4.15) and (4.16) together with (4.8) and (4.10) represent a
complete set of initial conditions IC’s that respect the BC’s specified previously and
therefore enable solving both of (4.1) and (4.2) as IVP.

Computing the Orthonormal Basis

Once the system moments have been computed by solving (4.1) and (4.2) as explained
above an orthonormal basis for their subspace can be constructed using the Modified-
Gram Schmidth (MGS) [37]. However, given that these moments are functions of the
spatial variable z, they can not be described properly as elements in a Classical Eucledian
space, but rather should be treated as elements belonging to a generalized Hilbert Space
which is denoted here as £(0,d). Using MGS to construct the orthogonal basis requires

using the proper inner-product and norm mappings, which are defined as follows

(u(z)lv(z))z/o u(2)Tv(z)dz (4.17)

lJu(2)]] = /0 () u(2)dz (4.18)

where u(z) and u(z) € £(0,d).
Figure 4.1 depicts an algorithmic description for computing the orthonormal basis
Q(2), that spans the Hilbert subspace of the first ¢ moments, U™ (z,5), 0 <4 < q.
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Algorithm 1: Hilbert Space Orth (U®(z), q)

INPUT: (U9 (z),q)

/*The input argument is set of q elements, U®) € £(0,d), where 0 <i < q— 1.
Each element is a matrix-shaped function of z with size 2m x 2m, where

0 < z < d, and m is the number of conductors.*/

OUTPUT: An orthonormal basis Q(2) for the subspace of U®(z).

?

/*Split the real and imaginary parts of the input arguments.*/
—1) 4 (s =1) 940
s — {R{UL U9} Ue {U) U ()} }
/* Elements in () belong to £(0,d) and are vector-shaped functions of z with
size 2m x 1 .*/
S « [S|/* Number of elements in S.*/
Bo — ||So(2)]|/ * Use (4.18) to compute the norm.*/
Q(o)(z) - E%S
begin
k=1
while k¥ <5-1 do
Qk(2) — Sw(2);
h=0
while h <K-1 do
Ox(z) — Oi(2) — <ék(z)léh(z)> On(2) /*¥Use the definition of the
inner-product in (4.17)
h=h+1

B — Hék(z)H»
Ou(2) — 5 Qk(2)

() — {UK' ()}
k=k+1

end
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Constructing the Reduced System Matrices

The reduced system matrices obtained at this stage represent the reduced-order model
of the NMTL. The operations by which those matrices are obtained, starting from the
TEs and with the help of Q(z), are described next.

To construct the reduced model, X (z, s) in (4.1) is replaced by another set of variables
through the following change of variables

~

X(z,8) — Q(2)X (s) (4.19)

where matrix Q(z) is the orthonormal basis constructed earlier. Now substituting (4.19)
into (4.1) premultiplying by Q% (z) and integrating from 0 to d we obtain

(T + N, +sM)X(s) =0 (4.20)
where,
) d
M = i Q(2)T M (2)Q(2)d=
N, = ; Q(2)TN(2)Q(z)dz
T = ‘ Q(Z)TT%dz (4.21)

The transformation from (4.1) to (4.20) is called an integrated congruence transform
w.r.t the transformation matrix Q(z). Now expanding the matrices M, N, and T for
computational purpose we get

M = / (QF(2)L(2) Qu(2) + QE(2)C() Qv (2))d= (4.22)

d
K, = / (T (2)R(2)Qu(2) + QH(2)G(2) Qv (2))d= (4.23)

and

= /0 ‘ (Q?(z)dQL(z) + Q%)%@ dz (4.24)
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Splitting T" in two matrices such that T = N, + P where,
1 d(QF Qv (2)) T 7
p— [ 22204 - Qf(dov(@) - F 0)0v (0 (4.25)
0

and N, by definition is given by

N,=T-P (4.26)
. d dQy(2) dQs(2) 1 d(QT Qv (2))
. T T _ I
N, = /0 (QI (2) - + Q1 (2) = ) dz /0 - dz
d dQi(z) dQ¥(z)
— T _ a7
- /0 (Qv(z) 2 L Qv(z)> dz (4.27)
Note that
N, = —N, (4.28)
Defining
N=N;+N, (4.29)
and using this definition in (4.20) to obtain
(sM + N)X(s) = —PX(s) (4.30)
We also define the matrix b
o0 |’
b=| 4.31
[ —Q;(d) } (+31)

The matrices N, M and b are the reduced system matrices used to represent the NMTL
in a general circuit, as will be explained next.

4.1.2 Phase-II: Stamping the NMTL in a General Circuit

The matrices obtained from Phase-I are employed in this phase to represent the NMTL
as a circuit element within a general circuit. For this purpose, we show how these

matrices can be used to derive a relation between the terminal voltages and currents
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V(0,s), V(d,s), I(0,s) and I(d,s). Such relation will serve as the constitutive equations
needed to represent the NMTL as a circuit element. The voltages at the terminals of the

transmission line network are obtained from

V(0,8 | | Qv(08) | .
V(s) = [ Vid.s) J = [ 0v(d 5) } X (s) (4.32)

where subscript V' in (4.32) denotes only that portion of the orthonormal basis corre-
sponding to the voltage variables. From (4.25) matrix P can be defined as

P = (Q1(d))T Qv (d) — (Q1(0))" Qv (0) (4.33)

where subscript I in (4.33) denotes only that portion of Q(z) corresponding to the current
variables. V(s) is can be obtained using

— PX(s)=bV(s) (4.34)

I(s)=[ 2(0) JX(S)=BTX(S) (4.35)

Using (4.34) in (4.30) and denoting the relation of (4.35) gives us the desired relation
between the terminal voltages and currents in the following form

~

(N + sM)X (s) = bV (s) (4.36)

I(s)=b X(s) (4.37)

The key advantage of he above constitutive relation for the NMTL is that it can be
represented in the time-domain in the form of a set of ODE’s. This fact enables repre-
senting the NMTL in general circuits with nonlinear elements. To illustrate this idea,
we consider the circuit shown in Figure 4.2.

Using the reduced-order system constructed as described above, the circuit can be
represented in the time domain using Modified Nodal Admittance [38](MNA) formulation
as follows
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va

ip {eup (V2L -1}

4 1 Sy

duy
¢ A" ]| " c o dt
s T ~ Vo + - E&z
-bA" N 5 (1) 0 M d(t
d 4 (4.38)
0 ()
+ IO (ewp (’UQ/VT) - 1) = 0
0 0
where the matrices G and C € R**? are given by
=+ 0
== % ¢c=|¢ (4.39)
0 oy 0 0

and N, M € R®? are obtained using the proposed algorithm as shown above, with ¢
being the size of the reduced system. A in (4.38) is an incidence matrix that maps the
currents at the terminals of the T'L to the nodes of the network. In the case of the above
example, A is an 2 X 2 identity matrix.

4.2 Application of ICT to the EMI problems

In this section, the framework of the ICT described in the previous section is generalized
so that it can handle NMTL’s under incident electromagnetic field. For this purpose we
consider the inhomogeneous TE’s, where the incident field is used as the forcing term.
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T______axEMI(z’ I (N(2) + sM(2)) Xgmi(z, s)+Eo(s) (Np(2) + sMp(z)) V p(z)e™*"*

oz (4.40)
where,
_lae o
Np(z) = o 0] (4.41)
_Jew@ o
Mp(z) = o Jm} (4.42)
Vi) = f’“} (4.43)
| VF2

and Xgmi(z,s) represents the vector of distributed currents and voltages under the
influence of the electromagnetic field.

Adopting the ICT framework to the EMI problem is carried out by modifying the
procedural steps described in section (4.1) to take into account the presence of the forcing
term in (4.40). Details of the required modifications to handle this situation are provided
in the following subsections.

4.2.1 Phase-I: ICT-EMI

Similar to the schematic diagram depicted in Figure 4.1, this phase aims at constructing
reduced matrices that can be used to abstract the NMTL as a system representing the

line in a general circuit simulator environment.

ICT-EMI Moments Computations

The moments of the inhomogeneous TE are defined as the Taylor series coefficients of
Xemi(z, 8), around some point sq in the Laplace-domain,

Xemi(z,8) = ZUS&I(z, s0)(s — s0)" (4.44)
=0
where, Xpmi(2, s) is a 2m x 2m matrix in which the k*" column represent a solution to the
in homogeneous TE, but with a BC corresponding to the kt* column of the Y-parameters
matrix. Thus
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Xemiv(0,s) = [Jm om] (4.45)
Xemiv(d,s) = [Om Jm] (4.46)

To simplify the mathematical manipulations involved in computing the moments, we
assume that F(s) is equal to unity, that is the pulse waveform of the EM field is simply
given by a unit impulse. Hence, substitution from (4.44) into (4.40) and equating similar

powers of s gives the following system of differential equations.

B, o)

T Oz

= — (N(2) + soM(2)) Ui (2, 50)
+ (Np(2z) + soMp(2)) V p(z)e %% (4.47)

auglg/ﬂ(z: 30)

T 0z

= — (N(2) + soM(2)) U (2, s0) — MUy’
+ (—nzz)i‘lMF(z)VF(z)e‘S"”zz
+ (—22)! (N F(2) + 5o6M p(2)) Vp(2)e™™"*  (4.48)

where Z/{é%’v (0, s0) is first found by solving (4.47) as a BVP, while higher order moments
are computed by solving (4.48), recursively.

The BC’s for LIS&LV (2, so) are derived from the BC’s of Xgmi(2,s) and are specified
as follows

Ué?&l,v (0,50) = [ Jmn On ] (4.49)
u}g:?\)[l,v (da SO) = [ Om Jm :l (450)
Uy (0,50) = Uy (d,50) = | O O | (451)

where a subscript V means, as before, that the lower portion of Ugﬁﬂy (2, s0) is considered
in the assignment. To obtain the BC’s of the upper portion, i.e., the one corresponding
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to the currents, we employ the notion of the STM described before,

(0) (0)
ol R il s Ll R T TCR (4.52)
Ugn,v (4, S0) P2 Py Upni,v (0, S0)
for ¢ = 0, and
0 (d &, ® 9 |
Z/Igg\/ﬂyl( y 50) - 11 21 ugl)vn,](o, 80) " Hg;) (d, SO) (453)
Usnr,v (d; so) Py P Ui v (0, 50)
for ¢ > 0, where
d
HO(d, s0) = / &(7, 50) (Np(T) + s5oMp(7)) Vp(r)e™*%7dr (4.54)
0

. d .
HO(d, s0) = — /O & (7, so) M(TUL D (r)dr
d
+/ ®(7,50)(—K.7) M p(T)V p(T)e™ %% Tdr
0

d
+ / B (1,50)(—k,7)" (INp(T) + 850 Mp(1)) Vp(r)e™0%7dr (4.55)
0
Partitioning Hg)(d, o) as shown below

(4.56)

; H(i) H(i)
HO(d, o) :=[ A p

Hy HY)

and substitution from the BC’s for Lléilzﬂyv(O,so), we obtain the initial conditions for
Z/{é?\)ﬂy (0, s0) as follows

[om Jm} = [<I>21 <1>22Hug;&1(o,so)}+[ﬂ§? Hg;)} (4.57)
[0n 0n] = [ @ ®n | [UOs)]+ [ HY HY|  (459)

Solving (4.57) and (4.58) enables finding a complete set of initial conditions that
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satisfy the BC’s given earlier.

ulglz/ﬂ,[(o: 30)

u(l) (0) 50) = i
M uél?AI,V(Oa 50)

(4.59)

Using the above initial conditions, the solutions to the BVP’s of the moments can be
constructed back again

Ui (2, 50) = B(2, 50U (0, 50) + HO(2,50) (4.60)
homogenu:;s solution particul;rr solution

Notice that the particular solution portion represents the solution to the inhomogeneous
TE under zero initial conditions. Further details on how to compute the STM ®(z, sq)
and the particular solution will be provided in section (4.3).

Computation of the Orthonormal Basis

Once the moments have been computed as shown above, construction of an orthonormal
basis spanning their Hilbert subspace can proceed as explained earlier for the case where
there is no EMI. We denote the orthonormal basis in this case by Qmmi(z).

Computation of the Reduced System

Constructing the reduced matrices representing the system of the NMTL under EMI
proceeds in a similar manner to constructing the reduced matrices when there was no
EMI, but with an additional modifications to take into consideration the presence of the
forcing term in the TE’s that represents the incident fields. First a change of variables
is performed in (4.40), whereby Xpgmi(z,s) is replaced by Qgwi(2)X (s) and then the
system of (4.40) is pre-multiplied by Qrmi(z)?, and integrated from 0,d, on both sides.

This yields the following system
(T + Ny + sM) X(s) = Up(s) (4.61)

where
R d
O r(s) = Bo(s) /0 Quna(2)! (Nr(2) + sMr(2)) Vi(2)e=™dz  (4.62)

while N, M and T are given as before in (4.21) but with Q(z) replaced by Qmmi(z).
One can proceed with mathematical manipulations similar to those carried out earlier
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to show that (4.61) can be used to deduce a relation between the terminal currents and

terminal voltages as follows

Il
oo

V(s)+Upr(s)
X (s)

(N + sM) X(s)

I
oo

I(s) (4.63)

where N, M and T' are given as before in (4.21) but with Q(z) replaced by Qgmi(z).

4.2.2 Phase-I1I: ICT-EMI

The reduced system obtained in (4.63) can be used to represent the NMTL under EMI
as a simple circuit element within a general circuit. For example, consider the circuit
shown earlier in Figure (4.2) and, assume that the circuit is exposed to electromagnetic
field. A generalized formulation of the circuit equations, which include the effect of the
electromagnetic field on the transmission line can be written as follows.

. dy )
([ 6 2l e o £1
-baT N || (Qt) 0 M || .
g @8 (4.64)
0 J(t)
+ | I (exp(v2/Vr)—1) | = 0
| 0 ar(t) | |
where the matrices G and C' € R**? are given by
L0 0
G=|® ||, C= ¢ (4.65)
0 % 0 0

In (4.64) @p(t) is the inverse Laplace transform of U p(s).

4.3 Further Computational Details

In this section, we present further computational details related to the computation of the
STM, ®(z, so) and the particular solution of the BVP (4.47) and (4.48). The presentation
of this section is carried out in an analogous manner to the derivation presented in {21].

We first start by describing computation of ®(z, sp).



44

4.3.1 Computing STM &(z, sg)

Given that the STM, ®(z, s¢), is the matrix-valued solution of the homogeneous differ-
ential equations, i.e., the solution obtained in the absence of any forcing terms, with an
IC given by a unity matrix of the same size [39], then considering (4.7), ®(z, so) becomes
the solution of the following system

<Td£z- + N(z) + soM(z)> ®(2,0) = Jomd(2) (4.66)

We can express ®(z,0) in Chebyshev series with H + 1 polynomials,

H
=Y BenTh(z (4.67)
h=0

Using the identities

La(T(Z) = 5(Tomin(2) + Tynoni(2))

[ e = 5@ +1

-1

/z Ty(6)dE = %(T2(z)""TO(E))

z 5 (Z __1\h+1
/ Th(§)dE = —;—(T}’;ﬁ(l)JrTZ‘_(l)) (hzlz_l (4.68)

n (4.66) and integrating yields, the following linear system in the coefficients Zg s,
2 .
|:A + a (JH—H ® T):l Ags =T (469)
The operator ® is the Kronecker product. In (4.69),

1
A= 5 (T+ T +T) (4.70)
and

Ae=[ELy Efp.1 - Egl (4.71)
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and

T

H matrices

In (4.70) matrices 77, 7, and 73 are defined as

[ 1
o - 0 %DH s -1
0 - 55=Dn s DH-1 571 (D2 — Du)
T = . ' ) . ' . ) . (4.73)
. ‘. .Dz — §D4 .D1 et §D3 -DO - E.Dz
T - v o
I hcy DnlGE Yo DAGET
[ s D, 0 e e 0 0]
sa=1(D2 — Do) w0 0 0
T, = 1(Dp-1— Dy_3) iD; 1D, 0 0| (474
1Dy, .o =lpy =Dy 0 0
—iDp 1+
7=l ... _lp _1 _1
| < S, DH-—hS_‘-_;-le)f-l‘-l ) iPr=3bo =300 0 ]
[0 ﬁ(DH_z — Dy) @%DH—1 ]
0 )
Ty = b —1Do ~3D1 i(Do — D2) i(Do — Dy)
0 0 —-%Do —%Dl Dy — %Dz
1 1
= —3 Do+ Dy — 3 D1+
Dy - ZHz Dh_zi_l)_fil. azor Tt
L = i ZhH=2 Dh-l% ZhH=2 Dh( hlz)—-l‘-l j
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4.3.2 Computing The Particular Solution

This computation is carried out on the same basis used above to compute ®(z, so). In this
part, the differential equations are assigned Zero Initial Conditions, and the forcing term
is expressed using Chebyshev expansion, where by integration we obtain a linear system
in the Chebyshev coefficients of the particular solution. Once, the particular solution has
been obtained in Chebyshev form, it can be added to the Chebyshev coefficients of the
STM multiplied by the desired initial conditions. This constitutes the complete solution
to the BVP according to the desired BC'’s.



Chapter 5

Numerical Examples

Special examples of TLs, for which an exact solution of TEs in the frequency-domain can
be obtained analytically, have been considered for validating the results obtained from the
proposed algorithm. Exact solutions in the frequency-domain are obtained by adjusting
BCs of analytical TEs solutions according to the TIL terminations with the external
circuitry. Time-domain responses are then approximated via applying the Inverse Fast
Fourier Transform (IFFT) on data sampled from the frequency-domain solutions. In all
of the those experiments, the incident field is assumed to have a piecewise-linear-shaped
pulse launched at t = 3 ns, with a rise/fall time of 0.1 ns and a pulse-width of 1.9 ns.
Also the incidence angles of the fields are assumed to be 8 = 60°, ¢ = —90°, whereas
the polarization angle of the electric field is given by 85 = —90° [2], and the amplitude
of the pulse is 0.2 kV/m. The reduced system is constructed by matching the first two
derivatives at points (s = 1,3,5,7,9 X y27 x 10° Hz).

5.1 Example 1: A Uniform MTL

The first example considered is a uniform MTL (length = 10cm) with three conductors
and a ground plane. The physical structure of the TL, its PUL parameter matrices and
circuit terminations have been described in [19]. For a UMTL, the exact solution can
always be constructed analytically using the exponential matrix [40], while the incident
field excitations can be represented by well-known equivalent terminal sources [2]. Figures
5.1 - 5.6 shows the time-domain waveforms at the terminals of the three conductors
obtained using the proposed algorithm and compares them with the waveforms obtained
from IFFT.
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Figure 5.1: Time-domain waveform at near end of conductor-1 for TL used in Example
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Figure 5.2: Time-domain waveform at far end of conductor-1 for TL used in Example 1.
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Figure 5.3: Time-domain waveform at near end of conductor-2 for TL used in Example
1.
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Figure 5.4: Time-domain waveform at far end of conductor-2 for TL used in Example 1.
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Figure 5.5: Time-domain waveform at near end of conductor-3 for TL used in Example
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Figure 5.6: Time-domain waveform at far end of conductor-3 for TL used in Example 1.
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5.2 Example 2: A Tapered Single-Conductor Nonuni-
form TL

The exponentially tapered lossless TL with one conductor and a ground reference plane
(m = 1) is a special case of NMTLs for which an analytical solution for the TE in
the frequency-domain can be found a-priori [41]. The PUL parameters for this TL are
given by, L(2) = L¢e’*, C(z) = Coe® with Ly = uoeo (1/Co), where § = 10ln4m™1,
0 < 2 € 0.1m, and Cy = 100pF/m. The TL was driven by an input pulse, V;, having
a rise/fall time of 0.1 ns with pulse width 7.9 ns launched at ¢t = 1 ns, under two cases
of terminations described by the schematic diagrams of Fig. 5.7 and Fig. 5.8. Figures
5.9 - 5.12 shows the responses computed by the proposed algorithm in the two cases of
terminations and compares them with IFFT results.

Rs
——— AN y———] Tapered TL

vs CD

RL

Figure 5.7: Case I: Terminations given by Rg = 31Q2, R, = 1262
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A A Tapered TL

Figure 5.8: Case II: Terminations given by Rg = 310, R} = 126, Cs = 1pF, C}, = 0.4pF
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Figure 5.9: Time-domain response at near end of conductor for Case I.
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Figure 5.10: Time-domain response at far end of conductor for Case 1.
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Figure 5.11: Time-domain response at near end of conductor for Case II.
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Chapter 6

Conclusion and Future Work

This chapter contains a summary of the work that was presented in this thesis. In

addition, directions for future work are also discussed.

6.1 Summary

In this thesis, ICT algorithm was efficiently extended for the case of nonuniform trans-
mission line exposed to electromagnetic field. The thesis proposed the macromodel using
ICT for the nonuniform transmission line and equivalent source due to incident field cou-
pling that is suitable for the circuit simulators. The major advantages of the proposed

algorithm are as follows.

1. The proposed macromodel reduced the order of the system while preserved the
passivity of the macromodel. The passivity of the macromodel is guaranteed by

construction.

2. The proposed algorithm was also used to simulate the case of multiconductor uni-
form transmission lines and single conductor tapered non-uniform transmission line
excited by incident electromagnetic field.

6.2 Future Work

The following further research directions are proposed
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. Sensitivity Analysis: The algorithm in this thesis provides the closed form charac-
terization of the influence of external electromagnetic fields. Therefore, they can
be used for sensitivity analysis of the NMT networks to EMI [42].

. Time Domain Solution: In the present algorithm once we get the frequency domain
solution we use IFFT techniques to get the time domain solution. Further work is
required to get the closed form solution in case of time domain solution.

. Inhomogeneous medium effects: The various simulation techniques proposed to
simulate the incident field coupling on interconnects have treated the medium sur-
rounding the interconnects as homogeneous. However the effect due to inhomoge-
neous medium is very significant and could be subject of further investigation [43].

. Nonuniform incident fields: The proposed work approximate the distant radiating
source as a uniform plane wave incident field. However interference on transmission
lines due to nearby sources can no longer be treated as as plane waves. To account
for nearby sources, the proposed algorithm will have to consider other forms of
forcing terms in the Telegraphers equations which could impact the way the reduced

system is constructed.
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