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Abstract

The rapid development of high-speed, high-density integrated circuits has brought about
a situation where the delay times and distortion of signals transmitted on the
interconnections (microstrip lines) within these packages are now comparable with those
of the devices in the circuit. Hence when designing high-speed digital systems the effect
of signal delay, distortion, and attenuation, on these interconnections has now become a
necessary part of integrated circuit design. Therefore accurate modelling and simulation
of interconnects is a very important subject for research.

These interconnections can create a number of problems such as signal delay, distortion,
attenuation, and crosstalk between lines of close proximity. These microstrip lines have
the same behaviour as exhibited by transmission lines and can therefore be described
using the well-known Telegrapher's equations.

A quasi-distributed equivalent circuit model describing the behaviour of such microstrip
lines is implemented into the SPICE circuit simulator. This allows an investigation into
lossless and lossy line characteristics and illustrates the importance of choosing the
correct impedances for both the lines and devices within the integrated circuit package.
The model is then extended to include crosstalk between neighbouring lines, by means of
a transformation network. This study of crosstalk illustrates that logic functions lying in
an intervening space between the pulse-activated lines are found to be affected more than
the outside lines.

The MATHEMATICA package is used for the calculation of capacitance, inductance,
impedance, time delay and transformation network control parameters for any set of
microstrip lines of a given geometry. The results obtained from these calculations are
then used for further simulation runs using the SPICE software for different line
configurations.

The results obtained are seen to be consistent with all previous work conducted on

coupled three line structures, and give good verification of both the Mathematica
program and the SPICE equivalent circuit model.
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1.0 : Introduction

The rapid development of high-speed, high-density integrated circuits has brought about
a situation where the delay times and distortion of signals transmitted on the
interconnections (microstrip lines) within these packages are now comparable with those
of the devices in the circuit. Hence when designing high-speed digital systems the effect
of signal delay, distortion, and attenuation, on these interconnections have now become a
necessary part of integrated circuit design. Therefore accurate modelling and simulation

of interconnects is a very important subject for research.

For the development of high-velocity logic circuits with a large scale integration, it is
necessary to characterise the effects of interconnections, in the time domain, for signals
having a rise time of about 10ps. These interconnections are microstrip conducting lines
because they are compatible with a planar technology and the VLSI. The distortion of
the signals are essentially due to losses (in the conductors and the substrate), to
impedance discontinuities (at the line endings, at the changes of section or level, when

the lines are crossing), and to coupling effects between the different lines.

To allow a comparison of results and verification of the method used, with those from
previously published work, an example of an eight line bus has been chosen (Chilo and
Arnaud 1984), which is depicted in figure 1.1. The eigenmodes (characteristic impedance
and time delay) for each of the eight lines are given in table 1.1. This particular example
was chosen because it can be used to evaluate the development of the coupled line
equivalent circuit model, and for the investigation of the effects of rise time, upon

coupled line configurations.

The thesis is organised into seven chapters, the contents of which are detailed briefly in
the rest of this chapter. Chapter 2 contains a literature review giving the current state of
research in the field of computer modelling and characterisation, of microstrip

transmission lines. The review discusses single and coupled lines, and the methods by
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which the electrical parameters (impedance and propagation velocity) can be calculated,
and how different loss mechanisms (dielectric loss and skin effect) may be employed into
the method. Different types of time domain and frequency domain modelling techniques

(circuit simulators and numerical methods) are reviewed.

All the relevant background mathematics necessary for the calculation of impedance and
time delay for a single line and a pair of coupled microstrip lines, are discussed in chapter
3. A generalised method for the calculation of the impedance and time delay for n

coupled parallel microstrips is also developed.

A detailed study of ideal transmission lines is given in chapter 4, discussing how the time
delay and impedance of the lines are related to the capacitance and inductance of the
transmission line. Reflection diagrams are used to explain by the use of appropriate
examples, the behaviour of various types of discontinuities which may be encountered in

the design of microstrips within a high-speed IC.

Chapter 5 illustrates the development of a SPICE equivalent circuit model for the
simulation of a lossless transmission line and its further development into a lossy line
model. The coupling between a set of parallel microstrips is then considered. An
appropriate transformation network is used in the development of an equivalent circuit
model for the simulation of coupling between any set of n transmission lines. An
investigation into crosstalk and the effect of rise time upon the coupling between lines,
using the example given above, is also presented. The lossy equivalent circuit model is

then modified for the study of the skin effect.

The results obtained from the program developed using Mathematica, from the equations
outlined in chapter 3, for calculating the impedance and time delays for single and
coupled lines are presented in chapter 6. The whole emphasis of the chapter concentrates
on the results obtained using the program, rather than any details of the workings of

Mathematica or the development of the program. An example of a three line bus

3



(Belahrach 1990) is used for the evaluation of these calculations. The results obtained are
then used for SPICE simulations to in order to validate the generalised method for »

coupled transmission lines.

The conclusions reached from the work undertaken in this thesis are detailed in chapter
7. Areas for possible further work, that could be undertaken in the future, are also

outlined.



Line Number Impedance (Q2) Time Delay (ps/mm)
1 62 8.53
2 63 8.53
3 109 8.53
4 116 8.53
5 159 8.53
6 160 8.53
7 316 8.53
8 715 8.53

Table 1.1 : Eigenmode characteristics for the eight line bus example.
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2.0 : Introduction

During the seventies an important shift took place in the design of hardware with the
advent of smaller and denser integrated circuits and packages. Previously, the hardware
components consisted of both physically and electrically large discrete components. Stray
elements and coupling among the components were small in most cases and the
interconnections between the components were electrically insignificant. The
corresponding electrical network models were therefore highly decoupled with sparse
network analysis matrices. This led to simple analysis models and techniques for the

electrical performance of these systems.

Modern technology has however shown an increasing trend towards faster circuits,
shorter rise times, and smaller pulse widths (Schutt-Aine and Mittra 1989, Deutsch et al
1990). At the same time, the physical dimensions of modern integrated circuits and
- packages are becoming ever increasingly smaller (Ruehli 1979, Deutsch ef al 1990). This
technology has resulted in very high speeds such that the behaviour of the
interconnections can no longer be neglected. These integrated circuits now have delay
times that are comparable with the delays of the interconnections used in packaging these
circuits. This means that the transmission line properties of these interconnects need to

be taken into account.

Furthermore, due to the resistive nature of the interconnections used in some of these
devices, the transmitted signal pulses can exhibit attenuation and distortion of
considerable magnitude (Groudis 1979, Liao et al 1990). Hence when designing high
speed digital systems, both the components and their interconnections must be
considered or the system performance may be impaired. This has led to accurate
modelling and simulation of propagation delays and signal distortion apparent on
interconnection lines becoming increasingly more important in the design of high speed

integrated circuits.
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The advances being made in circuit density and speed, both at the chip and package level,
are placing increasing demands on the performance of interconnection technologies.
Designers are reducing the wiring cross-sections and trying to pack the lines closer
together, whilst at the same time the propagated signals are being switched with faster
rise times. The proximity of the lines to each other may result in a significant amount of
cross coupling (Palusinski and Lee 1989, Van Deventer ef a/ 1994) between the different

lines, for which accurate modelling and simulation are also necessary.

The losses and coupling among a group of physically close transmission lines are
important factors, especially when high density IC interconnects are considered. The
combination of these two parameters gives rise to four basic models (Chowdhury ez al

1992) for simulating transmission lines:

1. uncoupled lossless.
2. coupled lossless.
3. uncoupled lossy.

4. coupled lossy.

These models offer various degrees of complexity in terms of interfacing transmission
lines with non-linear active devices and computing the transient response of the IC circuit
as a whole. Frequency dependent transmission line behaviour, such as skin effect

(Wheeler 1942) adds to the complexities already encountered in the basic models.

Considering the losses apparent on a transmission line poses many problems (Pucel ez al
1968, Schneider 1969, Deutsch et al 1990). The inclusion of loss renders some
transmission line parameters, such as the characteristic impedance, to become dependent
upon the signal frequency (Krage and Haddad 1972). Thus analysing the transmission
lines in the frequency domain would seem to be the appropriate method. The transient
response of integrated circuits is however usually easier to obtain in the time domain,

than it is in the frequency domain (Griffith and Nakhla 1990).
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A general description of the electrical properties of an interconnection line (assuming

transmission line characteristics), requires four parameters (Yaun ez al, 1982):

1. line capacitance.
2. line inductance.
3. series resistance.

4. shunt conductance.

In integrated circuits, where only high quality insulators are used, the component of
shunt conductance can generally be neglected without losing generality (Deutsch ez a/
1990). The series resistance can however be of significant importance as it is determined
by the material from which the interconnection is manufactured. Hence, only the
capacitance and the inductance reflect the properties of the substrate on which the

interconnects have been fabricated.

For guidance in the design of integrated circuit components, data are required on the
parameters of coupled pairs of microstrip transmission lines. The parameters needed to
characterise such a structure are the characteristic impedance and propagation velocity of
the two normal propagation modes; transverse electric and transverse magnetic
(Djordjevic ef al 1987). It is also necessary to know how the characteristic impedance,
phase velocity and attenuation of the dominant microstrip mode depends on geometrical

factors, electrical properties of the substrate and conductors, and on the frequency.

2.1 : Microstrip Transmission Lines

The term "microstrip” is a nickname for a microwave circuit configuration that is
constructed by printed circuit techniques, modified where necessary to reduce loss,
reflections, and spurious coupling, but retaining advantages in size, simplicity, and
reliability (Schneider 1969). The microstrip however shares some of the troublesome

12



properties of dispersive waveguides, in that conductor dimensions influence not only
characteristic impedance, but also the velocity of propagation (Pucel ez a/ 1968, Gupta et

al 1979).

Microstrip transmission lines, consisting of a conductive ribbon attached to a dielectric
sheet with conductive backing, are widely used in both microwave and computer
technology. During the 1960's the design of equipment employing microstrip lines was,
however, hampered by the lack of ability to predict the electrical transmission properties
of such lines, especially their characteristic impedance and wave propagation velocity.
Therefore it became essential to consider the geometry of the microstrip lines in order

that the electrical properties can be modelled as accurately as possible.

Given a single line or set of coupled lines, (e.g., a set of microstrips on a printed circuit
board or in an integrated device) capacitance and inductance matrices can be numerically
computed once the geometries of the lines and the dielectric constant of the
inhomogeneous coupling material are given and the transverse electromagnetic (TEM)
mode of signal propagation is assumed. Algorithms to compute these parameters, and
those concerning the impedance and propagation delay, are well known with many

articles having been published on the subject (Gupta ez a/ 1979, Silvester 1968).

A microstrip line is a parallel, two-conductor line that is made of at least one flat strip of
small thickness. For mechanical stability the strip is deposited on a dielectric substrate
which is usually supported by a metal ground plane (Long and Butner 1990). The basic

configuration is shown in Figure 2.1.

The dielectric parameters of a microstrip required for circuit design are impedance,
attenuation, unloaded O (quality factor) (Schneider 1969, Gupta er al 1979),
wavelength, and propagation constant. These parameters are interrelated when the

following assumptions apply:
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(1) The propagating mode is a transverse electromagnetic (TEM) mode, or it can be
approximated by a TEM mode.

(2) Conductor losses in the metal strips are predominant, which means dielectric losses
can be neglected.

(3) The relative magnetic permeability of the substrate material is g, = 1.

In order to describe the propagation of electromagnetic waves along any transmission
structure, it is necessary to specify both, the characteristic impedance, Z, and the
propagation coefficient of the structure. At a first approximation perfect conductors are
assumed, so that the propagation coefficient is uniquely specified by the velocity of

propagation v,. The characteristic impedance is related to v, by

Z, = @2.1)

where C is the electrostatic capacitance per unit length of the transmission line.

In order to determine the characteristic impedance and propagation velocity of the line, it

is also important to note that

o= (Eg)c 2.2)

Z, = (2.3)

where C, is the capacitance that the line would exhibit if the dielectric possessed unit

relative permittivity (i.e. air suspended line) and c¢ represents the speed of light in a
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vacuum.

In Figure 2.2 the conductor geometry is assumed to be defined by a strip width W, a
ground plane spacing 4, and a small strip thickness z. It is also assumed that this is an air
line with a characteristic impedance Z,, a wavelength A, an attenuation per unit

length «,, and an unloaded Q. For the line shown in Figure 2.1 with a dielectric support

material having a relative dielectric constant £, the new line parameters are given by

7= Q (2.4)
gre
- m (2.5)
&, :
a= a6, dB (2.6)
20 1
0=0,= 2.7

" In(10) @, 4,

The effective dielectric constant £, has to be measured or computed as in equation (2.8)

(Ross and Howes 1976, Bahl and Garg 1977).

_ 0 =172
£, = gr2+ Ly gr?_ ! (1 + IW”) (2.8)

It is also found that the effective dielectric constant is related to the capacitance (John

and Arlett 1974) of the microstrip line as follows (Schneider 1969):

&, = — 2.9
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From equations (2.2) and (2.9) the velocity of propagation in a single microstrip line is

given by

y = £ (2.10)

For a very narrow strip (W « h) and a very wide strip (W » h) the characteristic

impedance is given by (Schneider 1969)

Z = 601n(87;1—) Q  (W«h) 2.11)
Z, = 12;/”}' Q  (W»h (2.12)

Useful expressions given in terms of rational functions or series expansions can be

obtained by generalisations of equations (2.11) and (2.12) as follows

Z, =60 In ia,, (-%) Q  (W<h (2.13)

n=1

z = 1297 Q W2k (2.14)

(3]

where a, and b, are terms of the series expansion. The number of terms used in the series
determines the accuracy of the approximations. Equations (2.15) and (2.16) give an
accuracy of + 0.25 per cent for 0 < W/h < 10, this being the range of importance for most

engineering applications (Gupta ef al 1979).
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8h W w
Zy,=60In| —+—1Q —=<1 2.15

Z, = Q >] (2.16)

6
W ora -0l (1 - —h-)
h w w

120 w
h

This is however based on the assumption that the microstrip line is of zero thickness. The
inclusion of strip thickness into the calculation is important, having the effect of lowering
the impedance of the line. This phenomenon can be taken into account by adding an

extra term to the expression for the effective permittivity (Ross and Howes 1977).

;= s,+l+e,—l(l+10h) : +0_468(g,+o.5)\/z (W/h < 2) 2.17)
2 2 /4 1.5 /4

e+l ¢-1(. 10n\?
_&Hl e-1f Wih>2 2.18
e ) wh=2)  @18)

As the line thickness increases so the impedance of the line decreases and has been

recognised in several publications (Gunston and Weale 1969, Bahl and Garg 1977).

A large number of investigations have been carried out in order to study the
characteristic impedance of a microstrip line, using numerical methods. One such method
is based on the application of Fourier and variational techniques (Yamashita and Mittra
1968, Yamashita 1968). It is has been shown that the impedance, velocity, and
attenuation can be determined by calculating the field distribution surrounding a
microstrip line bounded by a shielding wall (Stinehelfer 1968, Krage and Haddad 1970).
Two other methods used for calculating the impedance of a microstrip line are the

method of moments (Farrar and Adams 1970 & 1971) and the method of lines (Nam ez
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al 1989).

The Green's function (Collin 1960, Rickayzen 1980, Ishimaru 1991) has been used in
several publications for the calculation of the impedance (Bryant and Weiss 1968,
Silvester 1968, Hill e al 1969, Gladwell and Coen 1975, Cheng and Everard 1991) of a
microstrip and the capacitance (Kammler 1968, Weeks 1970, Patel 1971, Silvester and
Benedek 1972(a) & 1972(b), Balaban 1973, Benedek 1976, Vu Dinh et al 1992)

associated with a microstrip structure.

2.2 : Computer Aided Analysis

The type of analysis required for a particular system depends on its performance and
purpose. The electrical analysis may be a very simple one for low speed and low
frequency circuits since the reactance of the capacitances is high and the inductances may
be assumed to be short circuits. For this a simple analysis may suffice involving only the
key capacitances, resistances, or inductances. In contrast, complex models are required
to represent high speed and high performance systems, where the analysis may involve a

large number of components.

The signal transitions in very low speed digital systems may be in the micro- or even
millisecond range. Conversely at the other end of the spectrum, we may be concerned
with the analysis of a very high speed logic circuit where the signal transitions may be in
the picosecond range (Chilo and Arnaud 1984, Hasegawa and Seki 1984, Seki and
Hasegawa 1984, Schutt-Aine and Mittra 1989, Qian and Yamashita 1993, Son et al

1994).

A rigorous analysis of multiconductor transmission lines is very involved, especially if the
response at high frequencies is to be properly evaluated (Krage and Haddad 1972,

Djordjevic et al 1987). First a real multiconductor transmission line is most frequently
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embedded in an inhomogeneous medium, and thus the waves propagating along the line
are not of a transverse electromagnetic (TEM) nature. However even if the medium is
homogeneous, due to losses in the conductor, the line is unable support TEM waves

(Pucel et al 1968, Zysman and Johnson 1969, Djordjevic ez al 1987).

At very high frequencies (in the microwave region), the cross sectional dimensions of the
line become comparable to the wavelength of the propagating signal, allowing higher
order (non TEM) modes to propagate (Djordjevic et al 1987). Secondly the analysis
becomes complicated further if the influence of discontinuities (Tripathi and Bucolo
1987, Chen and Gao 1989, Orhanovic ef al 1990, Zheng and Chang 1990, Sabban and
Gupta 1992) (present at line ends, bends, crossovers, etc.), or nonuniformity of
microstrips (Palusinski and Lee 1989, Mao and Li 1991, Dhaene and De Zutter 1992,
Schutt-Aine ‘1992) (e.g. tapered) are to be included. Finally to evaluate the response of a
transmission line terminated by arbitrary networks, which are generally non-linear (e.g.
active components) with memory (i.e. contain capacitors and inductors), it is necessary

to consider every part of the system simultaneously.

A survey of computer-aided electrical analysis of integrated circuit interconnections has
been published (Ruehli 1979) providing a comprehensive analysis of techniques being
employed to simulate microstrip interconnects. Although microstrip lines do not support
signals of a TEM nature, they are generally simulated using TEM waveforms, which give
a very good approximation. This is known as the quasi-TEM wave approximation

(Gladwell and Coen 1975, Paul 1975, Chowdhury e al 1992).

2.3 : Single Microstrip Line

Consider a single microstrip line with its resistance, inductance, capacitance and
conductance per-unit-length defined as R, L, C, and G respectively (Yaun ef al 1982,
Zhang et al 1992). Under the quasi-TEM wave approximation, the microstrip line can be
described by the well known Telegrapher's equations; the following partial differential
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equations can be used to describe » uniform transmission lines (Paul 1973).

adsoy) "ﬁ(i”) = [Ri(x.1) - [L)2 ’;’;”) (2.19)
and
i’%’_) - [G]v(x,1) - [€)Z ”g” ) (2.20)

where v(x,f) and i(x,) are the voltage and current respectively at each point x along the

line at a time 7.

The method of characteristics has been used (Branin 1967) to provide a simple analytic
solution for the transient analysis of a uniform lossless transmission line. For solving
these equations the method of characteristics is based on a transformation in the x-f plane
which accomplishes the conversion of the telegraph equations (2.19) and (2.20) into a

pair of ordinary differential equations. The transformation uses the equations:
(2.21)

which define the characteristic curves for the forward and backward waves. When L and

C are constant the characteristic curves are straight lines and the phase velocity 1/ JLC is
constant. By appropriately combining these relations with equations (2.19) and (2.20),
the differential equations (2.22) and (2.23) may be derived. The forward characteristic of

the line being:

\[%di +[Rj +\/%Gv)dx+dv =0 (2.22)

and the backwards characteristic given by
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—\/Edi+ Ri—\/:I:Gv dx +dv=0 (2.23)
C C

Equations (2.22) and (2.23) hold true along different families of characteristic curves in
the x-f plane; one family corresponding to the forward or incident wave and the other to
the backward or reflected wave. It is not possible for these equations to be directly
integrated (Branin 1967). However if these equations are used for the case of the lossless
transmission line, where R = 0 (i.e. no resistive loss in the conductor) and G = 0 (i.e. no
conductance between the microstrip and the ground plane), these equations can be
directly integrated, yielding exact solutions of the form Av=+Z  Ai and Av=-Z, A,
where the characteristic impedance of the line Z, = JIJ_C . This leads to an efficient
algorithm that yields not only the input and output responses but also the incident and

reflected waves.

Many papers have been published concerning the analysis of a single lossy line in the time
domain where the series resistance of the conductor is taken into account (Schreyer et al
1988). The conductance may also be taken into consideration (Chang 1990), but is not
essential for an accurate lossy line model. The transient response of uniform RLC
transmission lines has been studied (Cases and Quinn 1980), where the case of a general
RLC transmission line was investigated, with specific reference to a line with low total

series resistance.

An MIS (metal-insulator-semiconductor) microstrip line model has been used to analyse
the interconnection delay on very high speed LSI/VLSI chips (Hasegawa and Seki
1984). An MIS is a microstrip formed on a surface passivated semiconductor substrate
with a metallised back. Given an interconnection geometry, the equivalent circuit
parameters were calculated. By substituting these into the analytic expressions for the
characteristic impedance and propagation constants based on the equivalent circuit,
waveforms under arbitrary excitation and termination conditions are calculated by

inverse Laplace transformation.
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A lossy transmission line model (Groudis 1979) has been developed for implementation

into the source code of the SPICE circuit simulator (Sussman-Fort and Hantgan 1988).

The scattering matrix representation (Schutt-Aine and Mittra 1988, 1989) was used for
the time domain simulation of transient signals on dispersive, lossy and non-linear,
transmission lines terminated with active devices. Any linear two-port network can be
described as a set of scattering parameters which relate incident and reflected voltage
waves. These waves are variables which depend on the total voltages and currents at

each end of the two-port.

Recently the method of lines has been used (Chen and Li 1991) for the analysis of a
planar transmission line with discontinuity. If a pulsed signal is considered in a structure,
the time-domain method of lines is useful not only for obtaining the characteristics of a
uniform transmission line and for calculating the scattering parameters of its
discontinuities for a wide range of frequencies, but also for studying the behaviour of a
pulsed signal in a structure such as a high-speed digital circuit. The fast Fourier
transform (FFT) technique is also used in order to greatly reduce the calculating time

(c.f. Nam et al 1989) when the number of points is large.

To a large extent the analysis of a single line in the frequency domain has been neglected.
However, a waveform relaxation method was proposed for the analysis of the single
lossy transmission line (Chang 1990, 1991). The idea of simulating a transmission line by
iteration originates from the observation that the voltage (current) waveform at each
transmission line terminal is composed of an infinite sequence of incident and reflected

waves.
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2.4 : Coupled Microstrip Lines

To study the coupling effects experienced on a set of » parallel transmission lines, we
start with the self and mutual, inductance and capacitance along the lines (Sato and
Cristal 1970, Schutt-Aine and Mittra 1985). These parameters characterise the coupling
in the vector form of the telegrapher's equations (2.19) and (2.20), where e and 7 are
replaced by n x 1 voltage and current vectors. R, G, L, and C become »n x n series
resistance, shunt conductance, inductance, and capacitance per unit length matrices,

respectively.

The study of coupled lines is of significant importance, as the proximity of
interconnection lines has brought about conditions where the coupling effects between
the lines could cause an error in the logic states on inactive lines within a logic bus.
Initially, as for the case of the single transmission line it is easiest to consider a set of n

coupled lossless transmission lines (Ho 1973).

Use has been made of the method of characteristics to produce the distributed
parameters, and the trapezoidal rule of integration for the lumped parameters, in order to
formulate a nodal admittance matrix method (Dommel 1969). Numerically this leads to
the solution of a system of linear (nodal) equations in each time step. This method was
used for the analysis of electromagnetic transients in arbitrary single and multiphase
networks with lumped and distributed parameters. It is also suggested that resistive lines
can be represented by several sections of an ideal transmission line with a resistor

between each ideal line section.

The normal mode method (Chang 1970) has been used to solve the problem of a coupled
lossless transmission line system. To derive the computational algorithm, an equivalent
circuit consisting of » decoupled transmission lines in conjunction with two congruence
transformers was constructed and converted into two disjointed resistive n-ports; the

transformer parameters being calculated from the capacitance per unit length matrix.
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This model was further modified by using the method of characteristics for both lossless
(Tripathi and Rettig 1985, Ho 1973) and lossy (Groudis and Chang 1981, Orhanovic ef
al 1990) lines, and has also been applied to the case of interconnections in high speed
digital circuits that are best represented as coupled transmission lines (Yaun ef al 1982,
Seki and Hasegawa 1984). All these models are mathematically identical in that they all

represent the exact solution of the coupled transmission line equations.

An investigation was carried out to look at the time domain behaviour of an eight line
interconnection bus in a high speed GaAs logic circuit (Chilo and Arnaud 1984) for high
velocity logic signals with a 10 ps rise time. Emphasis was given to the coupling effects
and distortion of signals in the time domain. For this an analogic simulator was used to
evaluate the performance of the bus. To do this a modal expansion was required, which
assumes that the set of lines are characterised by the [L] and [C] matrices representing

the magnetic and electric couplings.

These [L] and [C] matrices for different line structures were obtained by use of the
magnetic and electric Green's functions (Collin 1960, Coen 1975, Rickayzen 1980). The
results obtained by this method (Chilo and Arnaud 1984) show how crosstalk could be a
possible cause of logic errors. The paper goes on to discuss two methods for reducing

the amount of crosstalk present in the eight line bus.

The first method introduces shield lines, by grounding the input and output ends of
alternate microstrip lines. This has the effect of greatly reducing the amount of crosstalk
seen on the adjacent signal lines but, does however reduce the wiring capacity by a factor
of two and introduces further distortion. This implies that the shield lines react with the

active signal lines.

The second method involves the introduction of a second ground plane above the

microstrips. This reduces the level of crosstalk, but has an extremely detrimental effect
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upon the distortion of the signal seen at the output end of the line. This increase in
distortion is brought about because the characteristic impedance of each line is
considerably reduced by the addition of the second ground plane, therefore making the

lines prone to a considerably higher level of distortion.

Decoupling of the transmission line equations by writing the solution in the form of a
perturbational series (Yang ef al, 1985), instead of numerically integrating the coupled

equations, has been proposed.

A coupled transmission line system can be decoupled into a set of independent
transmission line equations by linear transformation (Chang 1970, Tripathi and Rettig
1985, Romeo and Santomauro 1987, Gao et al 1990, Parker et al 1994). A distributed
characteristic wave model can be used to represent the transmission effects in the time
domain. The solution of the decoupled Telegraph equations can then be represented by a
set of time varying equivalent circuits. This type of model can then be implemented into a
general purpose circuit simulator; e.g. SPICE (Sussman-Fort 1988, Banzhaf 1989,
Rashid 1990, Wirth 1990, Huang and Wing 1991), ASTAP (Weeks ef a/ 1973, Groudis
and Chang 1981), iSMILE (Gao et al 1990).

To allow simulation of lossy transmission lines with a circuit simulator, it may require the
characteristic solutions of the Telegraph equations to be modelled by equivalent current
sources and impedances using the integral method (Gao ef al 1990). Each terminal
voltage waveform of a transmission line is approximated by piecewise linear function
time, allowing easy evaluation of the convolution integral. The conventional multistep
integral method could not be applied to the convolution integral and therefore the

convolution is done directly, producing an approximated summation of nodal voltages.
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2.5 : Skin Effect

When a signal of low frequency is transmitted along a wire, the current is distributed
uniformly throughout the cross-section of the conducting medium. However as the
frequency of the transmitted signal is increased, the current is redistributed, with a
tendency to crowd towards the surface of the conductor until, at very high frequencies, it
is effectively confined to a thin skin just inside the surface of the conductor. The

determination of such a current density as a function of frequency is a major problem.

The "skin effect” (Wheeler ef al 1942) is the tendency for high frequency alternating
currents and magnetic flux to penetrate into the surface of a conductor only to a limited
depth. The "depth of penetration" is a useful dimension, dependent upon the signal
frequency and the properties of the conducting material (i.e. conductivity and
permeability). If the thickness of the conductor is much greater than the depth of
penetration, its behaviour toward high frequency alternating currents becomes a surface
phenomenon rather than a volume phenomenon. Its "surface resistivity" is the resistance
of a conducting surface of equal length and width, and has simply the dimension of
resistance per square. In the case of a straight wire this width is the circumference of the

wire.

The depth of penetration & is defined as the depth at which the current density (or
magnetic flux) is attenuated by 1 Neper (in the ratio 1/e = 1/2.72, -8.7 decibels) (Wheeler
et al 1942). At this depth, there is a phase lag of 1 radian, so Jis 1/2n wavelength or 1
radian length in terms of the wave propagation in the conductor. The depth of

penetration, by this definition, is (Wheeler ef al 1942, Djordjevic and Sarkar 1994)

0= ! metres. (2.24)

N fuo

where f is the frequency of the AC signal, u is the permeability of the medium, and o is
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the conductivity of the conducting wire.

The interconnection lengths, rather than the device speed, have become one of the main
limitations to very high-speed digital system performance because of the development of
very high-speed semiconductor devices. The long interconnects are responsible for the
delay and deformation of digital pulses. The standard approach of scaling down their
physical size is limited by the increasing line resistance because of the finite resistivity of

the conductors.

The loss calculations for interconnect structures typical for digital applications have been
primarily based on the DC resistance. This assumption holds only at low frequencies. At
high frequencies and especially in integrated microwave circuits, Wheeler's incremental
inductance rule (Wheeler 1942, Pucel ef al 1968) has been successfully applied, taking
into account the skin effect. The requirement for Wheeler's theory to be applicable is that
the cross-sectional dimensions of the conductor are large compared with the skin depth
of penetration, &, say about four times the skin depth of penetration. The whole
frequency spectrum of very high-speed digital pulses often includes, in addition to the
above-mentioned ranges, an intermediate frequency range where the skin depth of
penetration is in the order of the transversal conductor geometry and thus neither the DC

assumption nor Wheeler's theory hold (Wlodarczyk and Besch 1990).

The formulae concerning skin effect in a circular conductor have been well documented
(Wheeler 1942) and extended for investigation into the resistive and inductive skin effect
apparent in rectangular conductors (Weeks ef a/ 1979) which can then be applied to the

case of a microstrip transmission line system.
Brenan and Ruehli (1978) proposed a time domain skin effect model using only resistors

and lossless transmission lines, which leads to efficient simulation due to the simplicity of

the circuit; all capacitances and inductances have been discarded.
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The skin effect has been extensively studied, firstly on coaxial lines by approximating the
line series impedance by use of the function A + B+/s (Nahman and Holt 1972), where A
and B represent a resistance along the line and s is a Laplace frequency domain function.
This function was used to investigate the frequency dependence of transient signals being
transmitted along coaxial cables. This method was further extended to include arbitrary

resistive terminations (Calvez and Le Bihan 1986).

A comprehensive study of the time domain transient analysis of lossy transmission lines
has been presented (Yen ez al 1982). A skin effect equivalent circuit consisting of
resistors and inductors is derived from the skin effect differential equations for simulating
the loss on a transmission line. This involved dividing the line into N sections. These
_sections of cable are further subdivided into M rings to represent the change in current
density between the surface of the conductor and its centre. Deriving directly from the
skin effect differential equations, an equivalent circuit consisting of M resistors and M-1

inductors was constructed, to allow the simulation of skin effect loss.

An accurate equivalent circuit for modelling the skin effect apparent in a microstrip line
has been proposed (Vu Dinh et al 1990(a)). The method uses no specific approximation
to the frequency behaviour therefore making it applicable for any microstrip line
geometry. This method is of more appropriate use when the thickness of the line is
greater than its width. The investigation into the frequency dependent parameters of a
microstrip transmission line using this method was carried out with the SPICE circuit

simulator.

This method divides the line into a series of elementary bars so as to allow for the
difference in current density from one portion of the line to another. The dimensions of
the bars at the outside of the line are smaller than those of the bars in the centre, to allow
for any increase in current density closer to the surface of the line. The method however
assumes that the ground plane is a perfect conductor. In reality, because of the returning

current in the ground plane, there is always a resistive loss and a perturbation in the field
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of the dielectric film, especially at high frequencies.

This method was then extended (Vu Dinh et al 1990(b)) to account for loss due to the
returning current in a resistive ground plane. Because the currents flowing into the strip
and the ground plane are in opposite senses, the mutual inductances are negative. Due to
proximity and fringe effects, the current density concentrates in regions of the ground
plane located underneath the strip and at the edges of the plane. The attenuation constant

is found to increase when losses in the ground plane are taken into account.
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3.0 : Introduction

This chapter describes all the relevant background mathematics required for the
calculation of the parameters relating to microstrip interconnections, and are used later in

chapter 6.

3.1 : Impedance of a Single Microstrip Line

The closed form expressions for the impedance, Z,,, of a single microstrip line and
effective dielectric constant, &, can be described in terms of the width, W, of the
microstrip and its height, 4, above the ground plane. The following closed form
expressions (3.1)-(3.4) for Z, and &, (Hammerstad 1975) are based on the work of

Wheeler (1965) and Schneider (1968).

z, =% (% + o.zsﬁ) (_’K < 1) G.1)
e, \W h h

z, —\/(19—20[5 }% +1.393 + o.esm(% + 1.444)]_] (% > 1) (3.2)

g = 8'2+ L, 3'2‘ L)) (3.3)

F(w/h) = {8 i 12:%;:2 +0.04(1 - W/h)’ E% z 3 54)

3.2 : Capacitance Calculations

Design equations for coupled microstrip lines should relate even and odd mode
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impedances and effective dielectric constants to the coupled line geometry; i.e. strip
width, W, spacing between the strips, S, dielectric thickness, A4, and relative dielectric
constant, £ (Gupta ef al 1979). Design equations for these characteristics may be written
in terms of the parameters of coupled lines. Alternatively, static capacitances for the
coupled line geometry may be used as an intermediate step. The latter approach yields
simpler design equations. Therefore even and odd mode characteristics will be described

in terms of static capacitances.

3.2.1 : Even mode capacitance

The even mode capacitance, C,,, where the lines are separated by a magnetic wall

even>

(figure 3.1) is given by (Gupta et al 1979):

Co=C, +C, +C, (3.5)
where C, is the parallel plate capacitance between the microstrip and the ground plane:
C =¢¢— (3.6)

and C,is the fringe capacitance between the outside edge (no neighbouring line) of the

microstrip and the ground plane:

1/+¢ w
C, =— =~ - — 3.7
4 2{020", “o h} 3.7

and Cf' is the modified fringe capacitance between a line edge neighbouring another and

the ground plane:
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c, = & & ‘ (3.8)

f v
1+ A(ﬁ)tanh(loé) Ere
S h

A= exp {— 0.1exp (2.33 - 2.53%)] (3.9)

3.2.2 : Odd mode capacitance

The odd mode capacitance, C,,,, where the microstrips are partitioned by an electric wall

(figure 3.2), is given by (Gupta et al 1979):

Coa =C, +C, +Cpy + C,, (3.10)

where C,, is the capacitance between two lines through the dielectric medium:

_&E, s 0.02 1
Cog === ln[coth( 4h]] +0.65C, [—S/h Je + (1 - 2)} (3.11)

r

and C,, (Owyang and Wu 1958) is the air gap capacitance given in terms of elliptic

functions, where k and %’ are defined in equations (3.13) and (3.14)

C, = 520—% (3.12)
___Sh
k= S/h + 2W/h (3.13)

36



k=1- K ' (3.14)

3.3 : Parameters of a Coupled Microstrip Pair

Coupled microstrips are characterised by the characteristic impedances and phase
velocities for the two modes. When two or more parallel microstrip lines are considered
the self and mutual inductances and capacitances must be taken into account in order that
the coupling parameters can be determined. The impedances and signal propagation
velocity may be calculated in terms of the odd and even capacitances, C,,; and C,,,,

respectively.

3.3.1 : Evaluation of self and mutual capacitance

The self capacitance per unit length, C,, of each line is defined as the average of the odd

and even mode capacitances thus (Krage and Haddad 1970):
1
CO = E[Cadd(gr) + Ceven(gr)] (315)

The mutual capacitance per unit length, C_, between the two lines under consideration is

given by half the difference of the odd and even mode capacitances:

lfn [\ ~  f_\]
C = 1 (3.16)
Cm = E[Codd(gr) - Ceven(gr)]
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3.3.2 : Calculation of self and mutual inductance

Calculation of the self and mutual inductances, L, and L, respectively, requires the odd
and even mode capacitance to be determined for a microstrip structure with no dielectric

substrate (i.e. air suspended line), where ¢, = 1 = g, (Krage and Haddad 1970).

Ho & 1 1
;- N (3.17)
° 2 {Codd(go) Cm,,(é‘o)}
Ho & 1 I
L = B (3.18)
2 { Ceven (80) Codd (80 ) }

3.3.3 : Evaluation of impedance

Determination of the even mode impedance, Z,,, ,, and the odd mode impedance, Z,,,

even?

require both the even and odd mode capacitances respectively, for the lines with and

without a dielectric substrate as follows:

Z - .uo 80 . 9

oever \/Ceven(go)ceven(gr) (3 l )

Z, .= o % (3.20)
o \/Codd(go)codd(gr)

The total impedance of each line can then be determined using the odd and even mode

impedances thus (Gupta et a/ 1979):

Z, =z

Oeven

Zooda (3.21)
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The above set of equations (3.15)-(3.21) can however only be used for calculating the

parameters appertaining to a pair of parallel microstrip lines of equal width.

3.4 : Inclusion of Strip Thickness

The closed form expressions (3.1)-(3.4) assume a zero line thickness (i.e. # = 0), and
therefore contain inherent inaccuracies. It is therefore important that the thickness of the
line, ¢, be taken into account, in order to reduce the magnitude of any errors that are
contained within these empirical formulae. The effect of strip thickness on Z,, and &, of
microstrip lines has been reported by a number of investigators (Wheeler 1965, Kaupp
1967, Gunston and Weale 1969, Silvester 1968, Stinehelfer 1968, Yamashita and Mittra
1968, Schneider 1969, John and Arlett 1974, Kumar ef al 1976, Ross and Howes 1976,

Bahl and Garg 1977).

3.4.1 : Evaluation of impedance

The effect that 7 has upon the calculation of line impedance, can be incorporated into the

calculations by means of defining an effective width, W,, which is dependent upon the

thickness of the line as follows (Bahl and Garg 1977):
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The effective width, W,, can then be substituted back into the single line impedance

equations, (3.1) and (3.2), to give the following:

(% < 1) (3.24)

om 8 h

re

Z = 60 ln(&+0.25w")
|14

e

-1
z, = _120”[2/2 +1393 + 0.6671n(p}'f ¥ 1.444)] (—h— x1] (329

&

re

I
N—

3.4.2 : Calculation of effective dielectric

The effective dielectric constant, £_, has a further correction term, £, added to account

s Crer

for a finite line thickness (Bahl and Garg 1977).

g =5t & e _E (3.26)
2 2
where
g=%-1_1n 3.27)
4.6 JWih

It can be observed that the effect of thickness on Z , and ¢, is insignificant for small
values of #/h. This agrees with the experimental results reported by Gunston and Weale
(1968) for t/h < 0.005, 2 < £ < 10 and W/h = 0.1. However, the effect of strip thickness

is significant on conductor loss in the microstrip line.
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3.4.3 : Effect upon odd mode capacitance

The inclusion of a finite line thickness, 7, also introduces a further capacitance term, C,,

(Gupta et al 1979):

8

{ .
C,=2¢g— 3.28

which is added to the odd mode capacitance, C_,, (equation (3.10)), thus:

Cota =C,+C, +Cpy +C,, +C, (3.29)

Due to the increase in even and odd mode capacitances with finite strip thickness, the

even and odd mode impedances are expected to decrease.

3.5 : Impedance and Time Delay of » Microstrips

Now let us consider a set of » coupled lossless transmission lines. If we assume the
transverse electromagnetic (TEM) mode of wave propagation, the distribution of
voltages and currents along the lines is given by the generalised telegraphists' equations

(Magnusson 1970):

o) le o) 650

where the vectors v(x, #) and i(x, f) denote voltages and currents respectively. The
superscripts x and 7 denote differentiation of the signals with respect to space and time,
respectively, L is the per-unit length (PUL) inductance matrix and C is the per-unit

length (PUL) capacitance matrix.
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3.5.1 : Capacitance matrix calculation

The per-unit length capacitance matrix C is given by

F Q.l —Cl,z . . . . _(:I,n
_CZ,I Cz,z
c=| . : : . (3.31)
__Cn.] _Cn2 Cn.n _J

The matrix C is symmetric, diagonally dominant, and positive definite (Pease 1965,

Schwarz et al 1973) such that the diagonal elements are given by (Paul 1973):

Ci,i =G T Zcx‘_j (3.32)
=

J=i

where c,, is the capacitance PUL of line i/ with respect to ground, and ¢, is the
capacitance PUL between line 7 and line j. The off diagonal elements of the matrix are

given by:

C,=-c, (3.33)

The capacitance PUL of line i, c,,, can be calculated in the following way, using the odd

and even mode capacitances of a single microstrip line, thus:

1
ci.O = E[Ceven + Codd] . (334)
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and simplifies to the following in terms of parallel plate capacitance, C,, and the fringe

capacitance, C, shown below in equation (3.35).

Go=C, +2C, (3.35)

are equal to the mutual capacitance, C, ., between line i

The off diagonal elements, ¢ i)

ip

and line j which is given in terms of static capacitances in equation (3.36).

c.=C

i ni.j

1 '
) =5[Cu+ CutCa-C, ] (3.36)

3.5.2 : Calculation of inductance matrix

Given a set of coupled lines, e.g., a set of microstrips on a printed circuit board, the
entries of matrices L and C can be numerically computed once the geometries of the
lines and the dielectric constant of the inhomogeneous coupling material are given and
the TEM mode is assumed. Algorithms to compute these parameters are well known and

documented above in this chapter.

In the cases of common interest, e.g., connections on printed circuit boards, the nature of
the media in which the transmission lines are embedded is such that the magnetic
properties are not dependent on the type of dielectric used and are equivalent to those
obtained when the dielectric is replace by a vacuum (Romeo and Santomauro 1987).
Bearing this in mind, the values of the entries of matrix L are computed by means of the

relation (Chang 1970, Yaun et al 1982):

L=L,= ¢ [C(go)]_l | (3.37)
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where C(g,) is the capacitance matrix for the same set of transmission lines with the

dielectric replaced by a vacuum.

3.5.3 : Matrix diagonalisation

Let us now consider the following change of basis for v to v, and from i and i
v=M,v, (3.38)
i=M,i, (3.39)

where M, and M,, are n by » constant matrices. Substituting equations (3.38) and (3.39)

into equation (3.30), we obtain (Romeo and Santomauro 1987):

|d(x,t) C, 0 |d(x,t)
where L, and C, are given by Chilo and Arnaud (1984):

L,=M;'LM, (3.41)
C,=M,'CM, (3.42)
Due to the particular nature of the physical problem, a number of results can be proven.
The first proposition is that the matrices LC and CL share the same eigenvalues A,(i = 1,

2, ..., n). Secondly the corresponding right eigenvector matrices, M, and M,, satisfy the

following equation (Chang 1970):
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M =M’ (3.43)

Matrices C,, L, (LC), and (CL), given by (Romeo and Santomauro 1987):

C,=M!CM, (3.44)
L, = M;'L[M;'] (3.45)
(LO), = M;'L[M;'] MICM, = L,C, (3.46)
(CL), = MICM,M;'L[M;'[ = C,L, (3.47)

and are diagonal in the new basis obtained by equations (3.38) and (3.39).

3.5.4 : Determination of time delay and impedance

The change of basis represented by equations (3.38) and (3.39) is the generalisation of
the even mode and odd mode decomposition to the case in which » coupléd lines are
considered. Equation (3.40) represents a set of n decoupled lines. Each line propagates
one and only one of the n propagation modes of the system in equation (3.30) (Romeo

and Santomauro 1987). The time delay matrix, T, is given by
T, = (L, C,) (3.48)
while the characteristic impedance matrix, Z,, is given by

z,=,L,Cc,)c; (3.49)
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All matrices in equations (3.48) and (3.49) are diagonal and this makes the computation
of square roots and inverses trivial. Moreover, since both T, and Z, are diagonal
matrices, the set of # coupled lines can be represented by » single lines with parameters
T, and Z, and simulated using an equivalent circuit model in the SPICE circuit

simulator.
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4.0 : Introduction

An ideal transmission line is a line through which a signal can be sent without undergoing
any attenuation or distortion (Rashid 1990). As a first approximation transmission lines
are generally thought of as ideal. This chapter looks at the theory of the ideal

transmission line, and how it can be related to microstrip line circuits.

4.1 : Electrical Characteristics of Transmission Lines

4.1.1 : Two-wire transmission line

The end of a two-wire transmission line that is connected to a source is ordinarily called
. the generator end or the input end. The other end of the line, if connected to a load, is

called the load end or the receiving end.

The electrical characteristics of two-wire transmission lines are dependent primarily on
the construction of the line. Since two-wire line is nothing more than a long capacitor,
the change in its capacitative reactance will be noticeable as the frequency applied to it is
changed (Duffin 1965). Since long conductors will have a magnetic field about them
when electrical energy is being passed through them, the properties of inductance will
also be observed (Duffin 1965). The values of the inductance and capacitance present are
dependent on various physical factors, and the effect on the line's associated reactances
will be dependent upon the frequency applied. Since no dielectric is perfect (electrons
will manage to move from one conductor to the other through the dielectric), there will
be a conductance value for each type of two-wire transmission line (Deutsch et al 1990).
This conductance value will represent the value of current flow that may be expected
through the insulation. If the line is uniform (all values equal at each unit length), one

small section of the line may be represented as shown in figure 4.1 (Miller 1983).
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4.1.2 : Equivalent circuit

If given, values of resistance, capacitance, inductance, and conductance in the circuit
(figure 4.1) would represent lumped values. It is convenient to analyse one section of the
line at a time. To do this adequately, the values should be significant. This type of
analysis is valid because at some operating frequency, these values will become highly
significant and an integral part of either the output circuit of a stage or part of the input
circuit of the next stage (Miller 1983). These values can cause decreased gain, distortion,
and undesirable phase shifts (Sinnema 1979). To prevent these undesirable effects, the
lumped values may be incorporated into the circuit as usable components, compensated
for, or simply tolerated. However, it is important to know their effects to be able to

understand the circuits that employ these values as usable components.

In many applications, the values of conductance and resistance are insignificant and may
be neglected (Chilo and Arnaud 1984). If they are neglected, the circuit will appear as
shown in figure 4.2 (Miller 1983). Notice that this network is terminated with a
resistance that represents the impedance of the infinite number of sections exactly the
same as the section of line under consideration. The termination is considered to be a

load connected to the line.
4.1.3 : Characteristic impedance

A line infinitely long can be considered to be composed of an infinite number of
inductors and capacitors. If a voltage is applied to the input terminals of the line, current
will begin to flow. It will continue to flow as long as the capacitors and inductors were
able to assume a charge. Since there are an infinite number of these sections of line, the
current will flow indefinitely. If the infinite line were uniform, the impedance of each
section will be the same as the impedance offered to the circuit by any other section of

line of the same unit length. Therefore, the current would be of some finite value. If the
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current flowing in the line and the voltage applied across it are known, the impedance of
the infinite line can be determined using Ohm's law. This impedance is called the
characteristic impedance, Z,, of the line. If by some means the characteristic impedance
of the line were measured at any point on the line away from the ends, it would be found
that the characteristic impedance would be the same (Blake 1993) and is also sometimes

called the surge impedance.

In figure 4.2 (Miller 1983) the distributed inductance of the line is divided equally into
two parts in the horizontal arms of the T. The distributed capacitance is lumped and
shown connected in the central leg of the T. The line is terminated in a resistance equal
to that of the characteristic impedance of the line as seen across terminals A and B. Since
the circuit in figure 4.2 is nothing more than a series-parallel LCR circuit, the impedance
of the network may be determined by the formula that will now be developed. The

impedance, Z,, looking into terminals AB of figure 4.2 is

_Z, ZZ[(ZI /2) + Zo] ' |
Ly=5t Z,+(2,/2) + Z, @1

Simplifying gives:
Z,Z,/2) + Z,Z
Zo=é‘+(]2/)+02 (42)
2 Z,+(z/)2) + z,

Expressing the right-hand side in terms of the lowest common denominator leads to:

, Z,Z, + (22 2) + 2,2, + (22,Z,)2) + 22,2,

° 2[z, +(2,/2) + Z,] (43)

Multiplying both sides of this equation by the denominator of the right-hand side, the
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result obtained is:

27,7, + Z,Z, + 272 = 2,Z, + (2} 2) + 2,Z, + (22,2,/2) + 2Z,Z, (4.4)
Simplifying to:
ZZ
272 =227, + = (4.5)
or
Z 2
Z} =27, + (?') (4.6)

If the transmission line is to be accurately represented by an equivalent network, the T-
network section of figure 4.2 must be replaced by an infinite number of similar sections
(Miller 1983). Thus, the distributed inductance in the line will be divided into n sections,
instead of the number (2) as indicated in the last term of equation (4.6). As the number

of sections approaches infinity, the last term Z, /n will approach zero. Therefore:

Z, =Z,Z, (4.7)

Since the term Z, represents the inductive reactance and the term Z, represents the

capacitative reactance:

Z, = [2afl—— (4.8)

and therefore:
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3
Z, = \/g (4.9)

The derivation resulting in equation (4.9) shows that an ideal transmission line's

characteristic impedance is dependent upon its inductance and capacitance.

4.2 : Propagation of DC Voltage Along a Transmission Line

4.2.1 : Physical explanation of propagation

To better understand the characteristics of a transmission line with an AC voltage
applied, the infinitely long transmission line will first be analysed with a DC voltage
applied. This will be accomplished using the circuit shown in figure 4.3 (Miller 1983). In
this circuit the resistance of the line is not shown, and therefore the line will be assumed

to be loss-free; i.e. lossless.

Considering only the capacitor C, and the inductor L, as a series circuit, when voltage is
applied to the network, capacitor C, will have the ability to charge through inductor L,.
It is characteristic of an inductor that at the first instant of time when voltage is applied, a
maximum voltage is developed across it and minimum current is permitted to flow
through it (Duffin 1965). At the same time, the capacitor will have a minimum of voltage
across it and a tendency to pass a maximum current (Duffin 1965). The maximum
current is not permitted to flow at the first instant because of the action of the inductor,
which is in the charge path of the capacitor. At this time the voltage across points ¢ and
d is zero. Since the remaining portion of the line is connected to points ¢ and d, there will
be OV developed across it at the first instant of time. The voltage across the rest of the
line is dependent on the charging action of the capacitor, C,. It will require some finite
time for capacitor C, to charge through inductor L,. As capacitor C, is charging, the

ammeter records the changing current. When C| charges to a voltage which is near to the
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value of the applied voltage, capacitor C, will begin to charge through inductors L, and
L,. The charging of capacitor C, will again require time. In fact the time required for the
voltage to reach points e and f from points ¢ and d will be the same time as was
necessary for the original voltage to reach points ¢ and d. This is true because the line is
uniform, and the values of the reactive components are the same throughout its entire
length. This action will continue in the same manner until all of the capacitors in the line
are charged. Since the number of capacitors in an infinite line is infinite, the time required
to charge the entire line would be an infinite amount of time. It is important to note that

current is flowing continuously in the line and that it has some finite value.
4.2.2 : Velocity of propagation

When an electromagnetic field is moving down the line, its associated electric and
magnetic fields are said to be propagated down the line (Blake 1993). It was found and
mentioned previously that time was required to charge each unit section of the line, and
if that line were infinitely long, the line would require an infinitely long time to charge.
The time for a field to be propagated from one point on a line to another may be
computed, for if the time and the length of the line are known, the velocity of
propagation may be determined. The network shown in figure 4.4 (Miller 1983) will be
used to compute the time required for the voltage wavefront to pass a section of line of
specified length. The total charge (Q) in coulombs on capacitor C, is determined by the

relationship:
0=CE (4.10)

Since the charge on the capacitor in the line has its source at the battery, the total

amount of charge removed from the battery will be equal to:

Q=IT ' (4.11)

56



Because these charges are equal, they may be equated thus:

CE =IT (4.12)

As the capacitor C, charges, capacitor C, contains a zero charge. Since capacitor C}'s
voltage is distributed across C, and L,, at the same time the charge on C, is practically
zero, the voltage across C, (points ¢ and d) must be, by Kirchoff's law, entirely across L,.

The value of the voltage across the inductor is given by:

e=L— : (4.13)

Since current and time start at zero, the change in time and the change in current are

equal to the final current and the final time. Equation (4.13) becomes:

ET=1LI (4.14)

Solving the equation for I:

j=2L (4.15)

Solving equation (4.12), that was a statement of the equivalency of the charges, for

current gives:

[==— (4.16)

Equating both of these expressions gives:
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ET_CE 4.17)

Solving the equation for 7:

T = IC (4.18)
or
T=AJILC 4.19)

Since velocity is both a function of time and distance, the formula for computing

propagation velocity is:

D
V== (4.20)

where V, is the velocity of propagation, and D is the distance of travel.
It should again be noted that the time required for a wave to traverse a transmission line

segment will depend on the value of L and C and that these values will be different,

depending on the type of transmission line considered.

4.3 : Loading of the Line

4.3.1 : Maximum power transfer

Up to this point, only transmission lines that are terminated in a resistive load equal to

the characteristic impedance of the line have been considered. This is the ideal case and

58



certainly the target condition, but other load conditions are found that are less than ideal.
Maximum power transfer occurs when the load is resistive and equal to the characteristic
impedance of the line and, furthermore, when the line impedance is equal to the source
impedance. Under these arrangements, the highest percentage of transmitter output

power will appear across the line-terminating impedance (Sinnema 1979).

4.3.2 : Nonresonant lines

The conditions for maximum power transfer describe a transmission line that is termed
nonresonant. The load ‘is resistive and matches the characteristic impedance of the line.
All of the power put into the line by the transmitter will move down the line and appear

across the load resistance (minus some small conductor losses) (Deutsch ez a/ 1990).

4.3.3 : Resonant lines

The transmission line is termed resonant when the load impedance does not match the
line impedance or is not purely resistive. The load impedance may be either larger or
smaller than the characteristic impedance of the line and méy also be resistive and
reactive. The energy sent down the line by the transmitter is not all absorbed by the load
(Djordevic et al 1987). The quantity of energy not absorbed, is reflected back up the line
to the transmitter. There are now two energy waves moving through the line at the same
time, but in opposite directions. The incident wave is the wavefront moving from the
source to the load, and the reflected wavefront moves in the opposite direction, along the
line from the load back toward the source. Both waves are continuous in nature; that is
to say, for an AC signal, there are two sinewaves moving through the line in opposite
directions at the same time (Blake 1993). There will be moments in time when the waves

will be in phase or antiphase.
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Although the incident wave and the reflected wave are constantly in motion along the
line, the positions along the line where the waves add together and cancel each other do
not move at all. This creates a standing wave of voltage along the line that is stationary.
The minimum value of the standing wave voltage may go to OV, and the crest of the
standing voltage wave will reach a maximum of twice the source peak voltage (2V)).

Figure 4.5 shows the basic configuration used for simulating a resonant transmission line.

4.3.4 : Reflection Coefficient (p)

The lower-case Greek letter rho (p) is used as a symbol for the reflection coefficient. The
value itself is a decimal number used to represent the percentage of energy coming down
the line that is not absorbed by the load, in other words, the percentage of reflected
energy. The coefficient can be determined by any of several standard ratios (Sinnema

1979):

r

reflected

E

applied

et (4.21)

Emax
Emax + Emin
ZL )

2 -2
| . + Z,

This is depicted in figure 4.5 where:

v = v, (4.22)

Vot = V(14 £,) (4.23)
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_Z— 4 (4.24)

pp=ln=t (4.25)

4.4 : Limits of L.oad Impedance

The load impedance is ideal when it is equal to the characteristic line impedance. In

reality, the load impedance could be any value between zero and infinity. There are only

a few occasions when the load would be open circuit (Z, = ) or when the load would
be short circuited (Z, = 0), but it be easy to see and understand that these are the
extreme limits. In practice, it would be unusual to find the load impedance different from

the line impedance by more than a factor of 5.

4.5.1 : Open circuit load impedance

When the load impedance is removed, the output end of the transmission line becomes an
open circuit and therefore an infinite impedance. A train of waves moving through the
transmission line from the source will reach the open end of the line and encounter an
impedance that will absorb no energy at all; the wave is therefore completely reflected

back up the line to the source (Sinnema 1979).

Since there is no current through an open circuit, the voltage at the open circuit terminals
is at a maximum, and equal to twice the peak source voltage. Looking at the voltage as it

moves back up the line toward the source, we can see that the incident wave and the
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reflected wave start to add and cancel at points along the line.

For an open circuit line, at the load end, p,,, is given by

=21 (4.26)
o0

Figure 4.6 shows the basic configuration used for simulating a transmission line with an
open circuit load. Using the reflection coefficients, at the input and output ends of the
line a reflection diagram may be constructed which gives an accurate analysis of the

voltages, seen at the sending and receiving ends for an ideal transmission line.

For simulation of a line with an open circuit load the following parameters were used; Z,,
= 100Q, Z, = 200Q, and time delay, 7, = 10 (arbitrary units). The mismatch at the
sending end of the line is used otherwise the resulting reflection diagram would be of
little interest. The reflection diagram obtained is shown in figure 4.7, where the voltage
values in the boxes represent the voltage at particular points along the line; both at the
is given by

sending and receiving ends of the line. This voltage, V.

sunmd

Vr =V 0 V" +V'.p (4.27)

prev

where V, , is the previous voltage apparent at that point on the line, V* is the
transmission voltage moving towards the end of the line, p is the reflection coefficient for
that end of the line, and V__, is the new voltage apparent after the voltage wavefront has

reached the end of the line.

The transient response of the open circuit is given in figure 4.8, where the received signal

has undergone many multilevel transitions.
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4.5.2 : Short circuit load impedance

The same general conditions apply to the short circuit load. That is, the source still feeds
a train of pulses down the line, and the short circuit load, reflects the total energy back
toward the source. The reflected wave, however, is not the same as for the open circuit
load conditions, because here Z, is equal to zero. The current through zero resistance is

at its maximum value, while the voltage drop across the short circuit is at its minimum

(or zero).

For a short circuit load, the reflection coefficient at the receiving end, is given by:

=1 (4.28)

Figure 4.9 shows the basic configuration used for the simulation of transmission lines
with a short circuit load, where the output end of the line is connected directly to
ground. A single transmission line would not however be used in this configuration, but
may be used in other configurations for shaping of a signal received on a line »adjacent to

the short circuited line (Long and Butner 1990).

For simulation of the line with a short circuit load, the same line parameters are used as
for the case of an open circuit line; Z,, = 100Q2, Z, = 200Q2, 7, = 10 (arbitrary units).
Figure 4.10 shows the reflection diagram obtained using these parameters and the
transient representation is displayed in figure 4.11. The short circuit load has a severely
detrimental effect upon the signal at the input end of the line, with the signal becoming

significantly negative after the falling edge of the input pulse.
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4.5 : Discontinuities

A discontinuity is a point on a line at which the impedance changes (Chen and Gao 1989,
Nam et al 1989, Orhanovic et al 1990, Oh and Schutt-Aine 1993). This may be caused
by a change in line width, a bend in the line, or the intersection of three or more lines at

the same point.

4.5.1 : Effect of a step change in line width

If two lines of different impedances are joined together (figure 4.12(a)) (e.g. a line joined
to a connection pad of a larger size) (Chen and Li 1991) the reflection coefficient at the
intersection of the lines for a signal travelling in the forward direction will be different

from that for a signal travelling in the backward direction.

The forward reflection coefficient, p,,, is given by:

Z, - Z]
= 4.29
p for Z] + 22 ( )
with the backward reflection coefficient, p,,,, is given by:
ZI — Zz
= 4.30
pback Z] + Z2 ( )
From the above two equations it can be seen that:
pback = _pfor (43 1)

The configuration shown in figure 4.12(b) is used for simulating the effect of a step
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change in the impedance of a microstrip transmission line. For the simulation carried out,
the following load parameters are used; Z, = 50Q, Z, = 400Q2, Z, = 100Q2, Z, = 200Q.
These parameters give rise to the following set of reflection coefficients (referred to in
figure 4.13), p, = -1/3, p,, = 1/3, p,.o = -1/3, p,,, = 1/3. The results of the simulation
using these parametefs is given in figure 4.13; whereas before the voltage values at the
sending and receiving ends of the lines are in boxes and calculated using equation (4.27).
The reflected voltage, V, 4., is shown in smaller typeface next to the boxes showing the
voltages at the points on the line. The voltage at the intersection of the two lines, V,,,,

(also in boxes), is calculated by:

I/;nter = Vprev + ijr + Vfar'pfor + I/;:ack + Vback'pback (432)
where V,, is the voltage travelling in the forward direction, and V,, is the voltage front
travelling in the backwards direction. The voltage travelling away from the intersection in
is given by:

the forward direction, V,

intfor

I/;ny'or = Vfar + Vfar'p Jfor + I/back'pback (43 3 )

and the voltage travelling away from the intersection in the backward direction, V, ,,,, is

given by:

I/inlback = I/bar:k + I/ba.';lx"pba(:k + Vor'p Jor (434)

The transient representation of the results is given in figure 4.14 where it is seen that the
output pulse undergoes some distortion, but the overall shape of the pulse is preserved.
This output pulse would probably be good enough for use within a logic circuit, without

any possibility of an error in logic occuring.
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4.5.2 : Bent microstrip line

A bend in a microstrip line introduces a different problem, in that the section of the line
making up the corner will almost certainly have a different impedance from that of the
two adjoining parts of the line. Figure 4.15(a) shows a schematic representation of a
bend in a microstrip line, and how the line may be split into separate lines of differing

impedances.

The configuration shown in figure 4.15(b) can be used to simulate a discontinuity such as
a bend in a microstrip line (Zheng and Chang 1990, Huang and Wing 1991, Sabban and
Gupta 1992, Harms and Mittra 1993) where the impedance Z, represents the corner
section of the bend, which would be different from that of the two adjoining lines. This
configuration will lead to multiple reflections thus introducing distortion to the signal
(Huang and Wing 1991). With this type of discontinuity the impedances Z, and Z, will

generally be equal.

Figure 4.16 shows the reflection diagram for the simulation of a bent microstrip line with
the following parameters; Z,, = 50Q, Z, = Z, = 1002, Z, = 200Q, Z, = 1000€2, and the
time delay of all lines being 10 (arbitrary units). These parameters give rise to the
following set of reflection coefficients (shown in figure 4.16); p,, = -1/3, p,,, = 1/3, P
=-1/3, Py, = -1/3, Poy.u = 1/3, p,,, = 0.818. The voltages at the sending and receiving
ends of the line are calculated using equation (4.27), and the voltages at points a and b,

the intersections at the bend in the line, are calculated using equation (4.32).

Figure 4.17 shows the transient analysis results from the simulation carried upon the bent
microstrip. The signal received at the output end still retains the essential pulse shape,
although the top of the pulse has become distorted. A bend within a microstrip would

appear not to be as detrimental to the received signal, as may at first be thought.
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4.5.3 : Multiple line intersections

Another type of discontinuity which may occur is when more than two lines intersect at
the same point (figure 4.18(a)) (Blood 1988). Within a high speed logic circuit it may be
required to connect the output of an IC, which may act a source to more than one
device, and therefore a microstrip may be branched several times in order that this may
be achieved (Blood 1988). Within some microwave circuits it is necessary to introduce
stub interconnections in order to give a transmission line the correct characteristics

(Sinnema 1979).

For a forward travelling signal going from line 1 into lines 2 and 3 (figure 4.18(b)), the

reflection coefficient, p, ., is given by:

ZL — Zx
= 435
pmler ZL + Zl ( )
where
ZZ
Z, =—23 436
A | (4.36)

If Z, = Z, = Z, = Z, (the simplified case) the following can be calculated from equations

(4.35) and (4.36).

Z, (4.37)

N -
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) - %Zo — Zo
inter
%Zo + Zo
1
__z2% (4.38)
37,
__1
3

For the purposes of simplicity the following parameters were chosen; Z, = Z, = Z;, =
1002, R, = 100Q2, R,, = 1000Q2, R,, = 100Q2. These parameters were chosen so that
there would be no reflections produced at the input end of line 1, and no reflections
produced at the output end of the stub section of line. This is to make the calculation of
voltages travelling away from the intersection easier. With more than one voltage
wavefront meeting at an intersection at the same time the calculation would become very

cumbersome and difficult to carry out by hand.

The resulting reflection diagram is shown in figure 4.19. For a given voltage, V, .,

entering the intersection from one of the three lines, the voltage that travels down the

other two lines, V.., is given by:
V;ntout = Vintin + Vinrin'pinter (439)
where, V. is the voltage wavefront travelling towards the intersection of the lines, and

P, 18 the reflection coefficient of the intersection.
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The transient analysis results are displayed in figure 4.20, from which it can be seen that
the signal seen at output end 1, may not be of the required magnitude for a logic circuit,
but has preserved its overall pulse shape better than the output signals seen for both a
microstrip with a step width change and that for a bent microstrip. However the output
signal seen at output end 2 (matched load), would definitely not be adequate for use in a

logic circuit.
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Figure 4.7: Reflection diagram for an open circuit load, Z,, = 10082, Z, = 200S2.
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Figure 4.10 : Reflection diagram for short circuit load, Z, = 10082, Z,= 20052.
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Figure 4.13: Reflection diagram for intersection of two lines, Z, = 5082, Z, = 40082,

Z,=10082, Z, = 2009.
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Figure 4.16: Reflection diagram for a microstrip bend.
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Figure 4.19 : Reflection diagram for multiple line intersection.

89



"2u1] qnis 2ouvpaduit po) payout v J0f SISAIPUY JUIISUDL], : )7 'p 24nS1]

(sd) oumy,
001 06 08 oL 09 0S oy 0€ 0T 0l 0
0
e A | | | “ E j j 00
ek AR : :
f—/ -— —- .N.% ‘¢
\A VT T a .
AN T TN T T Ty ] ; 70
\ \ 3% ] .
- e A \ ST T TN . g
b \ \ / ; Iy 7’0 e
[puginding .. —.. - \ \ Jro—r—ime— N 2
\ \ 17 A j YV =
zpugmding . _ . _ / " \J1 : ! )
Atk 0 SUU / ! 90
uonoun[ QIS . ... - _.\v\/.(.l..l.l- S N L e
pug ndup — _ _ _ 80
adejjop Induj

0l

90



Chapter 5

SPICE Equivalent Circuit Modelling



5.0 : Introduction

Due to the increase in the packing density of interconnects and the increase in signal
speed, simulation of an interconnect structure has become a very important part of
integrated circuit design. This can be done using numerical methods or by using an
equivalent circuit model implemented in a circuit analysis program such as SPICE
(Rashid 1990). An equivalent circuit model can be used to simulate signal propagation
on lossless and lossy transmission lines either coupled or uncoupled (Chowdhury et al

1992).

A circuit simulation program such as SPICE provides a transmission line model that is
considered to be lossless (Rashid 1990). This is considered reasonable for a circuit
analysis program with integrated circuit emphasis, since transmission lines within an
integrated circuit (probably stripline or microstrip) are going to be very short, both
physically and electrically. The loss in a short transmission line is normally quite small (a
fraction of a dB) and can be considered negligible for most purposes (Chilo and Arnaud

1984).

The lossless transmission line is therefore a good first approximation, to the problem of
simulating a microstrip line or interconnect within an integrated circuit package. This
does not however take into account the problems of dielectric loss (increases with line
length) (Pucel ez al 1968, Deutsch et al 1990) and skin effect (significant at high
frequencies) (Wheeler 1942, Weeks ef al 1979, Wlodarczyk and Besch 1990). The rapid
development of high-density, high-speed integrated circuits has caused the effects of
dielectric loss and skin effect to become highly significant. The high-density of such
devices also leads to interconnection lines becoming closer together (Yaun et al 1982),
and has therefore given rise to the problem of crosstalk (Palusinski and Lee 1989, Van
Deventer et al 1994) between neighbouring lines to become a very important part of
integrated circuit design. This has led to the simulation of both single and coupled lines

becoming a necessary part of integrated circuit design (Ruehli 1979).
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5.1 : Ideal and Lossless Transmission Line Model

An ideal or lossless transmission line is a line through which a signal can be sent without
undergoing attenuation or becoming distorted (Branin 1967). This does not however
happen in a practical case, but is a useful reference point for further simulation. A
lossless transmission line can be simulated mathematically; e.g. method of lines (Branin,
1967), or by the use of an equivalent circuit model implemented in a circuit simulator

such as SPICE.

By definition a lossless line will transmit a signal without it undergoing any attenuation.
Such a line would not therefore contain any resistive or conductive elements, these being
the major causes of attenuation and distortion to a transmitted signal. A lossless
transmission line can be considered to be made up of capacitative and inductive elements
(Groudis 1979), thereby neglecting any attenuation or distortion caused by dielectric loss

or skin effect.

5.1.1 : Equivalent circuit model

An equivalent circuit model can therefore be constructed using capacitors and inductors
as shown in figure 5.1 (Ho 1973). The line shown in figure 5.1, is constructed from, 7,
number of LC filter sections. Given the impedance, Z,, and the time delay, 7, of the

transmission line to be simulated, the values of each C, and L, component may be

calculated using the following equations:

L
Z,= | = 5.1
I .1
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T,=.LC (5.2)

Tl

Equations (5.1) and (5.2) may be rearranged to give the following two equations for C,

and L;:
L = 1aZy (5.3)
T,
C =-+% 5.4
=7 (5.4)

Equations (5.3) and (5.4) thus allow any line of a given impedance, Z, and time delay,
T, to be constructed, from capacitors and inductors alone as shown in figure 5.1. The
configuration used for the simulation of the equivalent circuit model is shown in figure
5.2.

Due to the maximum power theory when the input impedance, R, , and the output

in?

impedance, R, match the line impedance, Z, the output voltage, V,_,, will be %Vs, where

oup

V. in the input voltage. Because of the impedance matching there will not be any
reflected waveforms from the receiving end of the line. Reflections are a major cause of
signal distortion, and are therefore of great concern when designing input and output
impedances of the components connected to the line. However to receive only half of the
input voltage, is not always desirable, and therefore due attention is required to find the
correct loads, which will give a signal of the required magnitude with the minimum of

distortion occurring on the received signal.
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5.1.2 : Comparison with SPICE ideal line model

Figure 5.3 shows the input pulse, (V), and the voltage waveforms present at the input

and output ends of the line, V, , and V_, respectively, for the ideal lossless transmission

in out
line model available in the SPICE circuit simulation program. The parameters used
during the simulation were, Z, = 100Q, 7, = 10ps, R, = 100Q, R, = 100Q. The input

pulse, V, used was of 50ps duration with rise and fall times of 15ps.

Figure 5.4 shows the same simulation carried out using the LC filter equivalent circuit
model, given in figure 5.1. The number of LC filter sections used for this simulation was
fifty. It is seen that the output waveform in figure 5.4 closely resembles that of the output
waveform in figure 5.3, with the exception of some slight ringing before the voltage
settles to a steady value. This ringing is due to the passive nature of the components used

in the circuit model but is not of a significant magnitude to render the simulation invalid.

5.1.3 : Input and output load mismatches

Further tests were carried out to check the effect of varying the number of LC filter
sections used in the equivalent circuit model when simulating a lossless transmission line,

the number of sections used being varied between five and ninety.

Figures 5.5-5.8 show the output voltage pulses obtained by using different numbers of
sections to simulate the line; these being 5, 10, 20, and 50 respectively. All other
parameters were kept constant where Z, = 100Q, 7, = 10ps, R, = 100Q), R, = 100Q.

The input pulse, V, used was again of 50ps duration with rise and fall times of 15ps.

Figures 5.5-5.8 illustrate how as the number of sections used is increased, the ringing
seen at the top of the output pulse becomes better defined. It is however found that there

is negligible difference in the signal shape when using twenty or fifty sections for the
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simulation. There is however an increase in the simulation time required for the larger
number of sections; from about 20 seconds for 10 sections to over 6 minutes for 90

sections.

All the above tests were carried out using a time delay of ten picoseconds, and as such
the model is only confirmed for use when transmitting high speed signals. Further tests
are therefore required in order to validate the model for lines with a longer time delay of
up to one millisecond. Figures 5.9-5.11 shows a set of simulations carried out using time
delays of 1 ms, 1 ps, and 1 ns réspectively. These simulations give confirmation that the
equivalent circuit model is just as valid for signals with a delay time of one millisecond as

it is for the high speed signals.

Figures 5.12-5.14 show further simulations carried out on the equivalent circuit model,
with varying load impedance, R,, whilst keeping the input impedance, R, line
impedance, Z,, time delay, 7,, and input pulse, V,, at the same values as used for the
above simulations shown in figures 5.3 and 5.4. The load impedance, R,, used in figures
5.12, 5.13 and 5.14 were 20002, 400€2, and 800Q2 respectively. These graphs show how

when the input impedance, R, , is matched to the line impedance, Z,, the output signal

increases in magnitude, but does not become distorted from its original shape. The signal
at the input end of the line does however become increasingly distorted but is of no
importance to the received signal due to the impedance matching between the line and

the input resistor, R,,.

The variation in magnitude of the output signal can be given by

— RL

V.,= V 5.5
out RL+RM s ( )

which is only valid when R, = Z,. However when R, # Z, and R, # Z,, reflections from

both ends of the line will cause a severe amount of distortion to be observed in the
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received signal.

Figures 5.15-5.18 show the simulations carried out when R, = 50Q, and R, is varied
through 100Q, 200Q2, 300L2, and 500Q) respectively. Figure 5.15 illustrates that when
the output load is matched to the line impedance, Z, there are no reflections, and
therefore no distortion occurs to either the input or output signals. However due to the
mismatch in impedance between the input load, R,,, and that of the line, the magnitudes
of the signals seen at both ends of the line are increased when compared to those seen in

figure 5.4.

When the output impedance is increased so as to be greater than the line impedance, the
signals undergo a further increase in magnitude. However the signals exhibit distortion,
(figures 5.16-5.18), which only occurs when the output impedance, R,;, does not match
the line impedance, Z,. This mismatch at the receiving end of the line causes a signal to
be reflected back to the sending end of the line. When this reflected signal reaches the
sending end of the line, the signal will become distorted, thereby altering its shape. The
time at which the signal is distorted from its original shape is called a break point.

If the input impedance, R,,, is also not matched to the line impedance, Z,, then a signal

will be reflected back again to the receiving end of the line. At the point when this signal
reaches the other end a further break point will occur. These signals will be reflected
back and forth along the line causing further distortion every time a break point occurs.

Due to the time delay, 7, being ten picoseconds for the above simulations, each break

point will occur, 10ps after a change in signal shape at the other end of the line.

From figure 5.16 we find that the voltage levels at which the first break point occurs at
both the sending and receiving ends of the line, are greater than those seen in figure 5.12,

due to R,, being smaller for the simulations carried out in figures 5.15-5.18.

When the input resistance is increased to 200Q (figures 5.19 and 5.20), where R, is
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20090, and 400Q respectively, the voltages at which the break points occur are lower

than those seen in figures 5.12 and 5.13, where the input resistance, and line impedance

are the same.

5.2 : Lossy Transmission Line Model

A lossy transmission line causes signal attenuation to become apparent due to the internal
line resistance, this being independent of the line impedance (Deutsch ez al 1990). This
line resistance can be added to the transmission line model by means of resistors placed
between each LC filter section used for the lossless line model. This creates an RLC 'T'
section, which is the basis of a lossy transmission line and is used to form a quasi-

distributed circuit model (figure 5.21).

The total series line resistance, R,,,, is given by

Rpor = in (5.6)

where R, is the line resistance in each section, » is the number of RLC 'T' sections used to

simulate the line.

5.2.1 : Lossy line simulation results

Figures 5.22 and 5.23 (Z, = 100Q and Z, = 200Q respectively) show how as the line
resistance, R;,,, is increased, the level of attenuation of the signal at the output end, V, ,
becomes greater. The conditions used for each simulation are 7, = 10ps, R, = 100Q, R,
= 100Q2 and the input pulse, ¥, used was of 50ps duration with rise and fall times of
15ps.
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The attenuation, ¢, in dB of the output signal, V_, is defined as

a= 20]og,0[M] 5.7

5

where V, (R) is the voltage at the output end of a lossy line and V_ (0) is the output
voltage on a lossless line (R = 0) at a time, t = 35ps, this being the midpoint of the output
waveform for the current simulation. Figure 5.24 shows a plot of line resistance to line
impedance ratio against attenuation in dB confirming that as the line resistance increases

the attenuation becomes greater.

5.3 : Coupled Line Models

Coupling between lines that are physically close is of great importance when designing
interconnections within high-speed integrated devices, such as logic circuits (Crozat et al
1988, Gilb and Balanis 1990, Qian and Yamashita 1993). The study of crosstalk between
the interconnection lines on high-speed digital circuits is necessary because this
phenomenon may lead to the distortion of the desired logic functions (Chilo and Arnaud
1984). This coupling also leads to the attenuation of signals and may lead to unwanted
signals being seen on neighbouring lines. These signals if of a significant magnitude, may

lead to the possibility of an error in logic occurring.

On-chip interconnects in high-speed digital circuits are regarded as being transmission
lines (Gao ef al 1990). For n coupled lossy lines, the TEM analysis is given in terms of a
set of coupled equations connecting (# x 1) symmetric [L] and [C] matrices to (n x 1)

voltage [V] and current [I] vectors (Chang 1970).
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'5.3.1 : Development of coupling network

Using values of the characteristics of the eigenmodes [Z,] and [T,] for a set of, N,
interconnection lines of a given geometry, a FORTRAN program is developed to

calculate values of individual components L, , C,; and R, ; using the following equations:

L, =TZ, (5.8)
Z,
C, ==4 5.9
4 7:1,- ( )
R, = Fror (5.10)
n

where 7 is the ith line, j is the jth section used, # is the number of sections, and R,,, is the

series line resistance of line /.

These values are then stored in an input file for the SPICE package (Banzhaf 1989). For
the implementation of crosstalk, the transformation network (Romeo and Santomauro
1987) is described by means of voltage controlled voltage sources (VCVS) E(x) and
current controlled current sources (CCCS) F(x) as shown in figure 5.25. The controlling

parameters for each £(x) and F(x) can be calculated by using the following set of

equations:
E() = 3M, V() - ¥ () (5.11)
R = Y.ML - 1) (5.12)
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where summation extends over all N lines. Assuming the coupling is between adjacent
lines only and to be independent of line length and impedance, the matrix elements M,
are calculated according to a simplified model (Romeo and Santomauro 1987). The

transform network depends upon the number of coupled lines but not on their electrical

parameters.

5.3.2 : Application of coupled line model

Using values of the characteristics of the eigenmodes [Z,] and [T,] for an eight line bus
with the geometries and dimensions (Chilo and Arnaud 1984), as described in chapter 1,
the FORTRAN program is used to calculate values of individual components L, , C;; and
R, for each line using Equations (5.8)-(5.10). Figure 5.26 shows the schematic diagram
of an eight line bus in a high-speed GaAs logic device. Each line is Imm long , 2pm wide
and 0.3um high. Inter-line separation is taken to be 3pum thick. Logic pulses of 1V and
5V are input to one or two chosen lines. The characteristics logic signals are 50ps long

including rise and fall times of only 10ps.

5.3.3 : Simulation results

The simulation is initially run using ten sections of the RLC "T" circuit for each line,
passing a one volt logic pulse along the first line with the other seven lines inactivated. It
is seen that the use of unmatched loads results in severe distortion of the transmitted
signal due to the reflected waveform (figure 5.27). The line capacitance causes a slight
ripple in the output signal, with the series resistance bringing about a small amount of
attenuation. The induced signals on the nearest neighbouring lines are often large enough
to introduce possible errors in logic level. The simulation is also repeated by using
twenty and fifty sections for each line. Although no significant changes in the waveforms

have been noticed, the overall simulation time increases from three minutes for ten
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sections to six minutes for fifty sections.

Figures 5.27 to 5.34 show the waveforms present at the input and output ends of the
eight line bus under consideration, and illustrate the way in which crosstalk is transmitted
from one line to another. If V, is the voltage at time 7 on an inactivated line /, the

crosstalk (£) in dB at a particular position on the line is defined as:

&= 2010g,o[ "(t)} | (5.13)

where V, is the voltage on the activated line at the same time 7. In our present
investigations, & is calculated at both input and output ends at the time ¢ = 25ps
corresponding to the mid-point of the logic pulse. Four curves shown in Figures 5.35 to
5.38 illustrates the crosstalk between adjacent lines under different operating conditions.
As shown in Figures 5.35 and 5.36 the crosstalk decays gradually in a non-linear fashion

with increasing distance from the activated lines.

When signals are applied to the third and sixth lines, large crosstalk is observed for the
fourth and fifth lines due to the superposition effect (vide Figure 5.37). The value is in
the order of 6dB at their input ends is approximately 2dB higher than those for the

second and seventh lines.

Referring to Figure 5.38, the crosstalk for line 3 remains at almost the same level
whether line 4 is activated on its own or along with line 5. When the voltage pulse input
is increased to 5V, voltage levels of transmitted and reflected waveforms are found to be
now much higher than before but their essential features remain the same, implying that
the effect on crosstalk is independent of ECL (emitter coupled logic) and TTL

(transistor-transistor logic) inputs.
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Further analysis (Chilo and Arnaud 1984) shows that with the use of the second ground
plane at a distance of Sum above the bus, the decrease in crosstalk is not significant

enough to compensate for associated increases in signal distortions.

5.4 : Risetime Effects

The risetime of a signal travelling along a transmission line is a very important factor to
consider (Son ef al 1993, Qian and Yamashita 1993). The faster the risetime the more
ringing and distortion to the output signal will occur. It is therefore important that the
fastest possible risetime is calculated, so that the line can be evaluated for its suitability in
a particular application, such as a high-speed digital circuit, where excess ringing may
introduce severe signal distortion and induce an error in logic on a neighbouring line

(Qian and Yamashita 1993).

All simulations in this section are carried out using the example described in chapter 1
(Chilo and Arnaud 1984), either upon a single line of the given dimensions or in the case
of coupling the eight line bus is used. The lossy line model and coupling network,
developed in sections, 5.2 and 5.3 respectively are used for the analysis of risetime

effects.

5.4.1 : Step input analysis

The circuit used for simulating changes in risetime is the lossy line equivalent circuit
developed in figure 5.21 where R, = Z,, so that there are no reflections back from the

receiving end of the line. This allows the evaluation of percentage overshoot and settling

time for any signal with a particular risetime, as illustrated by figure 5.39.
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Figures 5.40-5.47 show the transient response of a line, where Z, = 100Q2 and 7, = 10ps,
when the input signal risetime is varied from 30ps down to 1ps respectively. It is seen

that the percentage overshoot, 7, increases as the risetime decreases; 7, is given by

- Vovor — I/setlle % 100% (514)

settle

where, V_,,, is the final steady state voltage the output signal attains and, V,,,, is the

settle>

maximum voltage of the first peak in the output signal.

In figure 5.48 a graph of risetime against percentage overshoot, 7, is given and from this
we see that as the risetime is decreased from 30ps down to Sps the change in percentage
overshoot is of a linear fashion. Below 5ps the overshoot becomes very large rising to
over 25% for a risetime of 1ps. This graph (figure 5.48), would suggest that about 5ps is

the fastest viable risetime for a signal being sent along this particular transmission line.

Figure 5.49 shows how the settling time for a step input varies with the signal risetime.
The settling time, 7_,,,, is defined as the difference between, the time at which the signal

first rises to 90% of its final steady state voltage, V. ., and the time when the signal

settle>

settles to within +1% of V.

settle

(figure 5.39).

The graph in figure 5.49 shows how as the signal risetime is reduced the time taken for
the signal to settle to within £1% of V_,,, increases quite sharply below Sps. For the
signal with a risetime of 1ps (figure 5.47) the signal does not settle to within £1% of

V.

settle

over the duration of the simulation (100ps).

5.4.2 : Effect upon pulse shape

Excess ringing may cause a logic error in the received signal as the voltage level may

104



pass through the critical logic voltage levels more than once in a single pulse. Distortion
to the signal shape may also be detrimental as the length of the pulse may either become
shorter or longer. If a series of pulses are sent and their width becomes lengthened,
errors in timing could occur and become propagated further on through the system until

it no longer resembles the original signal.

Figure 5.50 shows the output waveforms for pulses of width 50ps, with rise and fall
times varying between 1ps and 10ps. This illustrates that as the risetime is decreased the
level of ringing increases. It also however displays how as the risetime is increased the

shape of the pulses become smoothed out.

This phenomenon is even better displayed in figure 5.51 where the width of the pulses
used is 25ps, again varying the rise and fall times between 1ps and 10ps. When the rise
and fall time is 10ps the output pulse does not display a flat plateau region, as is seen at
the top of the output pulse in figure 5.50 for a signal of the same rise and fall time, but
twice the overall pulse width. This would suggest that to be able sustain the pulse shape

the width of the top of the pulse must be longer than the rise and fall time of the pulse.

Figure 5.52 shows the output obtained whén a pair of pulses of overall width of 25ps
separated by a 25ps space are sent along a microstrip with various rise and fall times.
There is however little or no difference seen in the shape of the second pulse, when
compared with the first pulse and that shown in figure 5.51. A shorter space would

probably cause a difference to be seen but still not of a significant nature.

In figure 5.53 it can be seen that although the risetime of the input signal is 1ps the
risetime of the output takes a far greater time. From this graph (figure 5.53) we see that
as the pulse width is increased the risetime of the output signal increases. The overall
width of the pulse becomes broadened; in the case of input pulse widths of Sps and 10ps
the overall width is increased by about 1ps. In addition to this is the time taken for the

output to settle back to the zero level.
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Of great concern is what happens to the output signal when a continuous train of pulses
is sent along the transmission line. A continuous pulse train with rise and fall times of 1ps
and overall pulse width of 10ps, with a space of 10ps, is used with the results presented
in figure 5.54. The first pulse received at the output is seen to be smaller than all the
subsequent pulses by about 0.5 volts. For example, the first pulse is of a high enough
voltage level for a logic level of 1 to be obtained, where the threshold voltage required
for a high logic signal, on an HCMOS device, is 3.15V (Fairchild 1987). The width of
the output pulses may however be of a smaller width than the originally transmitted

pulses. This is due to the very fast rise time of the pulse train used.

5.4.3 : Coupled line effects

When coupled lines are under consideration it is important to know what effect changing
the risetime will have upon the level of crosstalk between a set of lines. If the signal
induced on another line were to cause an error in logic, due to a change in risetime this

would set a limiting factor upon the speed of the risetime transition.

In this section three different line activation configurations are carried out in order to
make a study of risetime upon the level of crosstalk. The example chosen, is again the
eight line bus described in chapter 1. For each different configuration of activated lines,
simulations are carried out using pulse signals of width 50ps and risetimes varying from

Ips to 20ps.

Figure 5.55 shows a 3D plot of the peak voltage for each line against the signal risetime
for only line 1 activated. It can be seen that for all different risetime values chosen, there

are none which could possibly cause an error in logic to occur.

Figure 5.56 shows a 3D plot of the peak voltage for each line against the signal risetime
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where lines 3 and 6 have been activated. It can be seen that for all different risetime
values chosen that the signals on lines 4 and 5 may possibly cause an error in logic to

occur, especially for a very fast riestime (e.g. 1 ps).

Figure 5.57 shows a 3D plot of the peak voltage for each line against the signal risetime
for lines 4 and 5 having been activated. It can be seen that for all different risetime values
chosen, the voltage levels seen on the neighbouring lines (3 and 6) would not cause an

error in logic to occur.

It is also noted that, for all three line activation configurations (figures 5.55-5.57), as the
risetime is increased so the voltage level seen on all lines decreases, and that the further
away from the activated line, the less effect that a change in the signal risetime has upon

the voltage level seen on the inactive line under consideration.

5.5 : Skin Effect Model

In practice a transmission line acts in the same way as a low pass filter, and therefore
signals of a frequency higher than that of the cutoff will be attenuated. This is however a
simplistic view of the behaviour of a transmission line. The filter-like behaviour is due to
the skin effect and for high frequency signals the current distribution becomes
nonuniform over the cross-section of the transmission line or microstrip. For very high
frequencies the current becomes confined to a skin around the surface of the conductor,

thereby attenuating the signal (Yen et al 1982).

Figure 5.58 gives a representation of how, when a high frequency signal is transmitted
along a circular conductor, the current distribution is non-uniform (Wheeler 1942,
Gordon 1992). Figure 5.59 shows how for an air suspended microstrip as the frequency

increases, the current is drawn to the outside of the conductor, and then at even higher
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frequencies the current is drawn down towards the ground plane (Hwang and Turlik
1992). The higher the frequency of the signal the smaller is the depth of penetration of
the skin into the conductor and the greater is the attenuation of the signal produced. The
lossless and lossy transmission lines, developed in sections 5.1 and 5.2 respectively, do
not however display this characteristic satisfactorily (results of AC analysis given below)
and therefore a suitable equivalent circuit model must be developed in order to

accurately simulate the behaviour of such a line.

5.5.1 : Development of skin effect equivalent circuit model

Due to the nonuniform nature of the current density within the conductor it is important
to find a means of simulating this without disturbing the characteristic impedance and
time delay of the line, and thereby altering the transmission characteristics of the line.
One method suggested is using a network consisting of a resistor in series with an
inductor, and then having several of these in parallel to each other (Vu Dinh er al
1990(a), 1990(b)). However, it is not mentioned how the values of the components are
chosen. This is also the method chosen here for simulating the skin effect with the

equivalent circuit model shown in figure 5.60.

Due to the time delay and impedance of the line being dependent upon the inductance
and capacitance in each section of the line, it is necessary that both of these are
unchanged. This requires that the overall inductance, L, ,, and resistance, R, of the
sections in parallel, must be equal to L, and R, respectively. For an infinite number of

sections in parallel the following holds true:
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Referring to figure 5.59 the following relationship is true:
R, =2 Ry (5.17)
and
L;=2Loy (5.18)

However for accurate modelling of skin effect the number of sections required can be
reduced due the rapid convergence of the series in equations (5.15) and (5.16). The
actual number of parallel sections, m, that are sufficient can only however be determined
by investigation of the results obtained carrying out simulations with various equivalent

circuit set-ups; i.e. varying the number of parallel RL sections.

5.5.2': Analysis of results

All simulations in this section are carried out upon a single microstrip line of the given
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dimensions as described in chapter 1 (Chilo and Arnaud 1984). The following load
parameters are used throughout all the skin effect simulations: R, = 200Q2, Z, = 1662,

R, =2000Q2, and ¥ isa 1V AC signal.

Figure 5.61 shows the frequency response plot obtained using the lossy line model
developed in section 5.2, using 20 lossy line sections. It is observed that the frequency
plot obtained is not however smooth, with many spikes at the roll-off point. It is for this
reason that a viable equivalent circuit model for simulating the skin effect is required.
Figure 5.62 shows the transient response for a pulse input with rise and fall times of 10ps

and total pulse width of 50ps.

Figures 5.63 and 5.64, show the frequency response results obtained from using 10 and
20 parallel RL sections respectively, for a line with 10 skin effect sections in series, with
a negligible amount of difference between the two. It is however noticed that these plots
also suffer from spikes at the roll-off point, and that the frequency at which the roll-off

begins is lower than for the lossy line model (figure 5.61).

Figure 5.64 shows the transient response obtained from the skin effect model, using 10
series sections of line and 10 parallel RL sections, with the same pulse parameters as
used for the transient response analyéis for the lossy line model (figure 5.62). It is clearly
seen that there is very little difference between the transient responses obtained using the
lossy line model (figure 5.62) and the skin effect model (figure 5.64). Further transient
analysis on the skin effect model with varying number of skin effect sections in series and
RL sections in parallel displayed no further change in the transient response. Therefore
the skin effect model developed is also a good lossy line equivalent circuit, but the lossy
line model developed in section 5.2 would be preferred over the skin effect model as it is

much simpler and therefore leads to much faster simulation times.

Further frequency analysis was carried for lines with 20 and 30 skin effect sections, and

for each of these, a further two analyses was carried out using 10 and 20 RL sections in
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parallel (Figures 5.66-5.69). Comparing the results of figures 5.66 and 5.67 with those of
figures 5.63 and 5.64 it can be seen that the position of the roll-off frequency has
increased and is in fact very similar that seen for the lossy line with 20 sections (figure
5.61). For the simulations using 30 skin effect sections, the roll-off frequency is yet
further increased. This alteration of the roll-off frequency with the number of sections
used in the simulation is very undesirable and is most probably due to the way in which
SPICE sets up the mathematical equations used for each individual simulation. This can
also be used to explain the problems of the unstable frequency analysis, where proper
convergence of the results can not be obtained. The use of a more recent version of

SPICE may allow the correct convergence of the results.

However smoothing of the frequency response for each simulation was attempted with
results also displayed on the same set of graphs (figures 5.63-5.69). From these
smoothed curves it is possible to obtain an approximate value for the 3dB cut-off point
for each simulation. The 3dB cut-off frequency varies from 214 GHz, 420 GHz and 626
GHz, for 10, 20 and 30 skin effect sections respectively. This confirms the link between

the cut-off frequency and the number of sections used.

5.6 : Summary

This chapter illustrates the development of the quasi-distributed equivalent circuit model,
and its implementation into the SPICE circuit simulator. This equivalent circuit model is
then used for the simulation of lossless transmission lines, and modified for the

simulation of lossy transmission lines.

The simulations carried out demonstrate the importance of choosing the correct input
and output impedances, in order to minimise the distortion inherent when unmatched

loads are used. The effect of attenuation due to series line resistance of a lossy
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transmission line is investigated showing how it is independent of the line impedance.

A time domain study of crosstalk between the interconnection lines on high-speed digital
circuits using the SPICE circuit simulator is presented. This analysis shows that for the
case of two activated lines, an increase in crosstalk is seen on the lines between them, but
little or no change is seen on the other lines, when compared to the case of a single
activated line. These results are seen to be consistent with those obtained from previous

work.

The lossy line model is then used to investigate the effect that the risetime of a signal
travelling along it, has upon the received signal. This is done using a step input with
varying risetimes and pulses of varying risetime and width. Studies of the effect of
risetime upon coupling is also carried out and show that under certain conditions may

induce an error in logic to occur.

An equivalent circuit model for simulating the skin effect is developed, and used to
investigate the frequency response of the line. It is however found that SPICE does not
provide a set of satisfactory results and changing the number of sections used in the
simulation alters the cut-off frequency. This is due to the nature of way in which SPICE

sets up the mathematical equations used for analysing such a circuit.

112



jno

‘1o Juapparnba aury uoIssnusuDLy pap1 uv Jo wWw3vip oPVIOS : 'S I4NSLY

JudwWSas aul [edp]

114



S

‘au) diygsosonu 213uis v Suyppmuis 10f pasn uoypansifuo) : z-¢ adnSry

jno

LLLSS

AWV

ﬁrNhoN

1274

ut

115



HADIdS U1 2]qUIIDAD [2POoLd 2Ul] UOISSIUISUDAY [DIPT dY) SUISN JNO PILLIDD UOPDINUALS © £°C 24T

(sd) ouuy,
08 0L 09 0S ov 0€ 0T 0l 0
1 ™ 0
10
(4
€0
vo <
=2
S0 @
o
pugdinQ ....... 90 S
pug indup _ _ _ _ Lo
reusiginduy 80
60
!

116



08

*[°S 24n81f ur umoys japows o412 Juavainba ayp Suisn yno parLwd uoyVMUIS : p°C 2N

(sd) auny,

0L 09 0S ov 0¢ 0T 01 0

puginding .......
pug indup . _ _ _

jeugig induy

0"

0

70
<
S

0 o9
[¢]
S

90

80

117



08

U00I = g ="7 ="y ‘pasn suonoag )7 ¢ ‘au1 ssajssoy : ¢°¢ 24n8f

(sd) suury,
0L 09 0S oy 0¢ 07 01
LT
puginding .......
puginduy _ _ _ _

reugig induy

(A) 98u3j0A

118



08

U001 = Y ="7 ="y ‘pasn suondag ) g1 ‘oul] ssajsso : 9°¢ 24nSLy

(sd) dump,
0L 09 0$ oy 0€ 0T 0l

puginding .......
pug induy — _ _ _

reudis indup

0"

0

z0
S
)

V0 o
[4-]
S

90

80

119



08

U001 = Y ="7 ="y ‘pasn suoysag Y7 0z ‘au1) ssajssoy : £ ¢ a4nS1y

(sd) oy,
oL 09 0S ob 0¢ 0T 01

N\ ‘ 7/

B
..... e ——— g ——

puginding .......
pug induy _ . _ _

[eusig nduj

4

< N
o )

(A) 33ey0A

o
=)

80

120



08

0001 = "y ="7 ="y pasn suondag T s ‘ou] ssa|ssoy : §°¢ aanSLy

(sd) sy,
0L 09 0s oy

0¢

0¢

01

pugding .......
pug induy _ _ _ _

eusiginduy

c0-

< 2
o (]
(A) 98e310A

It
o

80

121



SpYo) payvut Y ‘st aut) Jo Mvjap sty : 6°¢ a4n1y

(sw) ourry
L 9 S v € [4 [ 0
(At
“ - 0
4
1Y
puginding ....... 90
pug induy _ _ _ _
eusisinduy 50
[

(A) 23u30A

122



'Spvo) payowu yim ‘ST auy) fo Avjap awiry : O[°S 24ns1y

(sn) own]
L 9 S v 3 [4 [ 0
o
- - 0
(A
v0
pugnding ....... 90
pugnduy — _ _ _
eusignduy 50
I

(A) 98e310A

123



'SpYOo) payavu yim ‘suy aui fo dvjap awty : [1°€C 24n3Ly

(su) sury

L 9 S v € [4

puginding .......
pug induy _ _ _ _

uSignduy

0

zo

1Al

90

80

(A) 9830

124



08

0007 ="Y T00I =°Z o001 =

0L 09 0S

u.

(sd) ounp,
o

0¢

"y fou] SSaISSOY : 71 24n8u

0¢

01

pugnding .......
pug indup _ _ _ _

jeusig induy

(A) 3307

125



08

ul.

000k =" 00l =7 ool =

(sd) suir,
0oL 09 0¢ oy

"y ‘ou1] sSaIsSOT : £1°¢ 24nd1y

0€ 0¢

0l

pugndinQg .......
pug indup _ _ _ _

[euSiginduy

o

70

1A\

90

80

(A) 23e310A

126



08

U008 ="y T00I =°Z T00I ="y ‘ou1) ssa|sso : pI°S 24n3t

(sd) owy,
0L 09 0S b i]3 0T 01

pugndinQ .......
pugindup _ _ _ _

reudisnduy

0"

80

127



08

0L

‘U001 ="y ‘D001 =0Z ‘TS =

09

ut

"y fou1) ssajssoT : §1°¢ aunS1y

(sd) dum,
o 0€ 0T

01

pug ndinQ

pug indu] _ — _ _

eusiginduy

..... R e T "
<.

(4"

vo

90

80

(A) ?3uy0A

128



000z =" TO0I ="Z TS ="y ‘auy s52is507 : 91§ 24nB1,|

(sd) ouny,
08 0L 09 0s ov 0¢ 0¢ 01
I'-V‘u-l'lw.'l/” "—v
~ / -
pugnding .......
pugnduy _ _ _
[eusiginduy

(A

[4Y)

1AY

90

80

(A) 33ey10A

129



000E =" 00T ="Z T0S ="y ‘ou1) ssajss0° : L[S 2m31]

(sd) oun
08 0L 09 0¢ ov 0¢ 0¢

01l

pugindinQ .......
pug nduy _ _ _ _

jeusiginduy

co-

0

0

vo .M
5
aQ
o

90 \W

80

4

130



000S =" D00I ="Z T0s ="y ‘ou1) ssajssoq : 91°s aans1

(sd) auup,
08 0L 09 0S o 0€ 0T

0l

pugwmding .......
pugnduy _ _ _ _

Jeusis induj -

1A%

[

Ay

1Ay

90

80

(4!

(A) 3363104

131



0002 ="Y4 T00I =°Z T00z =Y ‘ou] ssajsso] : 61°s 2anSLy

(sd) sun,
08 0L 09 0S o 0€ -0z 01

pugindinQ .......
pug induy _ _ _ _

reudig induy

® & 9 v %
[ o o (] o
(A) 33e30A

bt
o

132



000r =" U001 =°Z T00Z ="y ‘au1j ssajsso] : 97°§ 24nd1g

(sd) auury,
08 0L 09 0$ b 0¢ 0T 0l 0

pugnding .......
pugnduy _ _ _ _

reusisinduy

S ©o o o o
(A) 3330

133



A~

no

1M1 Juaparnba auy) uorssnusunay £sso) v fo wWwISvIP dYVdYIS : [7°C 24N

JUQWIZas aul| AsS0]

134



08

0L

09

‘D001 =°7 10f'y Surdava Jo ydvay : 77°¢ 24n81y

0S

(sd) aun,
ov

0¢

174

0l

[0

co

€0

1Al

S0

90

(A) 93u310A

135



08

0L

09

‘D007 =7 10f Yy Swadiva Jo ydvany : £7°¢ 2an81y

0¢

(sd) sunp,
ob

0¢

0¢C

1°0-

10

20

€0

vo

S0

90

(A) 3.0

136



¢

‘0L PpOo] oY) SNSIoa uoyvnuNPY fo ydviy) : pz-¢ aandig

90UR)SIS2 PEO| O} IDUBISISI UI[ JO ONjey

Sl I S0

(gp) uonenuany

137



1

0| O (0)4
O e

d NE OF

D' | ' H (0)'4
O

d O'z 0)'7

sout) duysosonu fo aiwd v Sunvpmuis 10f pasn uoyvansfuo) : 7' 24nSLy

[0y

C

VAVAYA e

u
o

('

138



AWV

0000¢C

'snq au1) 3312 ay3 Jo uovinsifuos SuyvaadQ) : 97°c 24nduy

L

AV

g oUI']

G000¢C

0000¢C

¢aury

=

0000

MW

0000t

] Sur]

A V00T

139



°I au1) Jo spua y10q v Juasadd swiofoavm 2303104 : £ 7°S 24N

(sd) suny,
0s ob o€ 0z 01

puginding .......

pug nduy _ _ _ _

AY o——
RSP R P RNt ~-=

jeudis induy

10
0
€0
vo
0]
90
Lo
80
60

(A) 98e10A

140



08

'Z au1] Jo spua y10q v Juasaad suiofaavae 23v3)0q : 97 ¢ 241

(sd) auny,
0L 09 0$ ov o€ 0z 01

Lo

01°0-

1 §0°0-

4 000

l\ -ll
ae” SeeaetTr
‘lll'll!llﬂlll ll
e RN ]
~N *
// \
~ _.
~N [}
// Y
,f
e
} f = } —t t }
A \
. \ K
l- ’ .
’ \ J;
. \ :
. \ .
[ \ ’
- // .
A .
.- / ~.
-; \ -.
- / .
.a. I/ ~\~
e . /
puginding ....... e imemm
l.llnllnt - ’
e, o0
ug indu el -7 s
pug wnduf _ _ _ _ ~~lue - :
< .
-bl-tl-.co \v

1 S00

1 010

1 S1°0

1 020

1 §¢0

0€0

(A) a8ei0A

141



08

"€ au1] fo spua 110q v yuasaad sutiofoava 23v3j0q : 67§ 24n81

(sd) suny,
oL 09 0s ov 0g 0z o1

. —_——
. \-\.\\l| [
-h — . III)
e .
- - \
[ . \
”, - .. \
.
" .
: \
. \
. \
\
' \
B \
. \
.
.
| | [ \ ! y 1 }
T T LI i T T T
.
\ -
. B
Ceea .
r/ . ,
~ U
o . s
S S
—~— .
A ~—
- ” -
ndin ; S~ 4
pugindinQg ....... . - . y
. ~
. S s

pug induf _ _ _ T

S10-

0o1o-

c00-

000

(A) 93307

S00

01'o

S1'0

142



08

‘t au1) Jo spua 130q v Juasasd swiofoavm 230304 : 0€°S 24n8]

(sd) oun,

0L 09 0§ oy 0¢ 0¢ 01 0

n\-. ..... ° r:- n
\~ O-
A\\\ |-l||..||l\|l|||l|l‘r—l./
-—— . T
P ‘. N
et * \ .
. . \
.- /
. \
- \
! ] c— 1 \ ! ! i 1
i 1 DN} Y T T T T
. \ - /
- \ B /
. \ ) /
..:r // s \\
. .
...a.-o- . . V4 .
l/f.»l.-l J 7
~ ., e /
S i /
puginding ....... ~=neal 3 /
T . \\
. e e -
pug nduy — _ _

S1°0-

oro-

S0°0-

000

(A) 98e30A

S00

oro

SI0

143



08

*¢ au) Jo spua y10q v Juasasd swiofoava 23v1j04 : [£°C 24n31]

(sd) ouny
oL 09 0¢ oy 0¢ 0¢ ]

, - '.Ifl
.~ \\\ ' T
-~ \\ . /
. 'l v /
. \\ -
fm—— . \
- . \
o ‘N \
. \
b L. ' \
. ' \
| \
N \
. \
: ! I \_ I 1 I
T Ll LN / 1 T T T
\ -
e\ .
e\ B
SO :
S~ & B
s~ S
2oLl ;
pugmding ....... OSs o
. o P
* // .
d n AN 2
pug induy _ _ _ _ " NN
~ Se e V4
.. SN .- -

80°0-

900~

v0°0-

¢0°0-

000

00

$0°0

900

800

(A) 95eyoA

144



08

‘9 2u1) Jo spua 1y10q v Juasaid suriofoavm 23310 : 7£°S 24n31]

(sd) suny,
oL 09 0S oy 0¢ 0¢ 01
LR TTTTTA
S \
. / _., /
s / . \
. ’ .
. 7 . \
o \\ . //
. i ._. \
K 4 . \
\\-.\I.ll\ . \
e S * \
. \
, \.\. .. \
’ ™ l'
| 1 ! PN N ! | |
T 1 T T ~ - T 1] T
N, -
N . i
S '
-———— .
. ~ )
. N .
. N .
. Y .
d RN 3
pugnding ....... N
[y \ e
... \ e
.. \ -
pug indu _ _ _ _ e N
See.- Se /

S00-

¥0°0-

€0°0-

¢0°0-

10°0-

000

10°0

00

€00

¥0°0

(A) 98e3j0A

145



08

*, au1] Jo spua 110q v Juasa4d suliofaavm 230304 @ ££°C 2an31]

(sd) ouny
0L 09 0§ oy 0¢ 0T 01
200"
\\\\//
pugnding ....... L7 \
il AN $10°0-
puginduy — . __ | f AN
/ \ )
IR AN 100~
) .~
Sy e, oo,

s/ TSN mm §000- o
- , ~'v N =
\ / ° N aQ
s / .— \ (¢}
tr—r “ ” “ % m pe 0 2
-s- \\ -.o // ~c... ~

s Y .

S/ O W 1 5000
»ﬁ\\\ .ol:.a/.(..n\.\
\\ \ .
e \ /] o
P N f/
. /l.lll I-\
S100

146



‘g au1] Jo spua 130q v Juasaid sui0faava 280310/ : p§°C 24n31] .

(sd) oun,
08 0L 09 0S oY 0¢ 0¢ 01
.l..-..vuv\.l...)..lll\l)l
e V4 Cevlo S
. ’ i R PR .
pugindinQ ....... i ,,/
. \ aa
’ / \ .
pug induy _ — _ _ ; J/ N
‘: Vi \ %
. \ .
3 \\ //Il-..f.
S T
\ -t
\ '-
/ N
f \.\ f f —4 1 f

90°0-
$0°0-
y0°0-
£0°0-
200
10°0-
000
10°0
200

€00

(A) a8ei0A

147



‘Aquo [ au1 uo ynduy asynd 40f ‘ou au1) sns4aa Yvisso4d Jo ydvig) : ¢g°¢ 2unsigy

*‘ON dury
v

pug mdinQ

pugndu] o

0S-

ov-

0¢-

0c-

0I-

(gp) Aeissor)

148



‘Ajuo p au1) uo ndur asynd 40f ‘ou au1) snsiaa Y pisso4d Jo ydvig : 9§ 24nS1]

‘ON dury
8 L 9 S 14 3 [4 I
Y4
0¢-
(o))
X
0
SI- Z
3
=
ol- m
puginding -
pugindu] __o
X4 0



‘9 puv ¢ soui] uo yndup asynd 10 ‘ou au1) snsiaa Yisso4d Jo ydvay : /¢ 24nS1.]

INELg |

pug nding —

pug nduf

81-
o1-
4%
cl-
or1-

(dp) essor)

150



‘¢ puv p saua) uo ndui asynd 40f ‘ou au1] snsia4 Y WISS04d Jo ydvan) : g€+¢ 24n81y

‘0N dur]

pud mdinQ —

pug indu] o

o (9] < \O [~2] (=]
— — — — — o
|} ! 1 ? ] ]

[> <]
1

@l

(ap) ieIssor)

151



saappuivavd 2unasie Jo wvadn( : 6£°s 24ndr]

Quiy,
D /
.X.O— -3 \\
\\ /
/7
Poaaradal e e e e \ /
\b \\ \\
/
puas e _ 5..:\|.' ’ « P
A - / ,
7
:..\H P /
s el
N /7
Juoy /
%2 -4 N %06 K
uuuuuuuuuuuu lﬂ..l.\\u...n/.,.luxn\\unulun\ku..)un”\nnrnxn\.\nu--:-..\.:...
I!\
%7+ "4 N

auas

4

HA200

4

152



001

auigasi sdpg : Op s adnsn

(sd) ouny
06 08 oL 09 0S oy 0¢ 0¢ 0l 0
7 ]
pugmdinQ ....... J
pug andug _ S ,
4 \\ ]
ofejoandup o
.... \\ 4
/7
7 .
e /
= — e e e ot o s e A e g g e e al e — <7

SSar

0
S0
I
Sl
T <
o
ST &
[¢]
¢ 3
S
v
Sy

153



001 06 08

0L

awnastd sdgz : [p°c aandry

(sd) awng
09 0¢ oy 0¢ 0¢ 01

pugmding .......
pugnduy — _ _ _

a3eyoa ndug

.
L e e e e o e —

See?

S0

Sl

94

S'e

Sv

(A) 2581107

154



awyasid sdgz :. zp°s aansny

(sd) awry,
001 06 08 0L 09 0S oy 0¢ 0¢ ol

puginding .......

pug nduy _ _ _ _
93e)j0A Indug
\. \\
~Q \
Qi \
QI \
’ /

o o v e T T A ﬂ»h~.| lllll .\\

(Vo)
o
(A) 98e1j0A

155



awyasta sdey : gp°s 24n81g

(sd) swny,
001 06 08 0L 09 0S oy 0¢ 0¢ 01
puginding .......
pug induy — — . _
a3e3j0A Indug

b camm e e e = s e st e ¢ e — —

e —~ e sstan e T St o
~o

i on AN
o (o]
(A) 8ejj07

<+

Sv

156



aunasu sdgy : pp s aandry

(sd) sun
06 08 09 0S ot 0¢
puginding .......
puginduy _ _ _ _
a3ejj0A Jndug

nn o N AN
o (@]
(A) 98eaj0A

<

Sy

157



auinasts sdg : Gp°c aan3ny

(sd) awny,
001 06 08 oL 09 0§ oy 0€ 0¢ 01 0
. _ _ : — . . _ 1 O
: S0
: 1
puginding ....... ‘
pug induy — . _ _ : st
. [
a8eyj0a Indug =N
X ST &
: by
e S
P e o ———— o -— —-— — Vo o e, e e b ey !l.'.'lodl-h-nlimllf.nlln“ﬂjlf’:‘ul'.h-lla»ﬂ”“l..“.“.'.q' |~-.
p o c'e
4
SY
S

158



owunaste sdg : 9 24ndry

(sd) oun
0¢S oy 0¢ 0t 01

00l 06 08 oL 09

pugmding .......
puginduy — _ _ _

a3eyj0A Indug

.
ot —

1 e e o i ey S g e e ® o e ol e ot Tt S P s o P T B g S LD e T s e S b P TV e e T T

159

(A) 233107




001

06 08

oL

st sdy : Lp°C 24n31]

(sd) aung,

09 0¢s oy

pugmding .......
pug induy _ _ _ _

a3ejj0A Indug

. . L4 . (AN H Py .
TR 2 P L r(till.lll. P ‘l.-‘\ S
’

.
.
.
L .
i .
1y
R oo !
- - . L
—_—— e e et P R T s R
S T Dl ot o ik WL D e L B e s Sl >
A - L4 v . . [
- . . . v, .
v ¢ * -, o N ..
.
[X .
[
.
‘e
Y

4

(A) 93=I0A

¢'¢

160



0¢

Y4

UUYISLL JSUIWSD J001YS1200 23VJU242d [DUSIS © 8§ °C 24n31]

0t

(sd) swn asu [eugig

Gl

0l

0
.
o1
N
e
S g
2
@]
=3
0T
94

0¢

161



0¢

UNISIL JSUI v 2uiy SuljiIas uUsis : gp°s a4ns1y

(sd) swm asu jeusIg

Y4 114 Sl 0l

01

0¢

0¢

oy

0S

09

0L

(sd) swmn Suies

162



ul

0002 ="y ‘ooz ="y ‘sdpr1

001 06 08

"v.,N

0L

¢

sdps Jo yprn asynd v puv

991 = 7 aaoymt awngasit Surdiva fo sasynd 1o0f sppusis ding) : g¢'s aan81y

(sd) suny,
0S

oy

0¢

0¢

0]

SISy

S0
00
S0
01
Sl
07¢

0t
S¢
(V%
Sv
0°¢

(A) 2383107

163



00007 ="y ‘U007 =

up

sd¢z Jo ypim asynd v puv

(sd) ouny,
001 06 08 0L 09 0S ov 0¢ 114 01
sdol —-—.—
sdg .......
sd |
sawnasTy

S0
00
S0
01
Sl
07¢
94
0¢
Gt
(U %
SY
0°¢

¥ ‘sdor =" ‘©991 = °7 a4oym awunast Surlava fo sasynd sof sppudis ynding) : [§°6 2an31]

(A) ?8e)j0A

164



sd¢z Jo yyprs asypnd v puv

30002 ="y ‘©00Z ="y ‘sdp1 =" ‘0991 = 7 24oym awngasts Surdava fo sasind Jo svd v 40f sppuSis ;nding) : 76 24n81]

(sd) ouny
001 06 08 oL 09 0¢ oV 0¢ 0t 01 0

S0

00

(A) 3383107

sawasnyy

0¢S

165



T000Z ="y ‘T007=""Y ‘sdoI =" ‘T5991 =7 24oym awnasu sdf fo sasynd snorwa sof sppusss ynding) : £¢°¢ a4nSy

(sd) sun,
¥C (44 0¢ 81 91 14! 4! 0l 8 9
o'l1-
.\,/
RARAR / . 1 S0-
AR . P
STPPRA TN .
¢\; -l.q.l \“ —#/ ..\“\\ ,/ “ \- “ 4- “ “ _ \“n\\\\-l\L. O O
\ N \ V4 {1 so
3 \ .Q
| \ / 1 01
\ ! 1s1 &
\ \ \H\ d 1 oz g
y \ { Sdg —. .~ o
\ RN £y 1 ¢z <=
"\ \.\ sdol ....... S
\ \ /e 10¢
y e " sdsz ____
e L. 0N 101 1 s°¢€
—_ \\II/ Ve ...lcV\/\ S \\ un / —n / \\un\-
| , R . . .. IAA 3S[n . )
SN’ S~ //l\\,..\ // .,. \ \...\ YIPIM as|nd (%
\ . o’ 1 ¢
N 14
0S

166



sd[ Jo awy ynf puv as14 v puv sdp[ Jo ypiss asind v pup

T000Z ="y ‘T00z ="y ‘sdp1 =" ‘5991 = °7 240y uw.y asynd v 40f spuis pantasas puv duy : pc'c 2anSty

(sd) suny,
007 081 091 ovl 0c1 001 08 09 oy 0T 0

0'l-
A » A .
/ ____ f } | | i ] | | so
ARl “— _. = —— _— 1 |
(O B T I CYCLHh B G I R I YT I CHT YL I YUY N U TH B
v

1 Yy v Iyl '}
vhl 't r__ I _.: vy ~_~__ vy 1 <o

wy
()]
(A) 23e30A

=
e e ——— e o

e
_ (V8%
__ _ o
! } _ 0'S
pugmdinQ — — — — qeudigindup 1 §S
09

—— e e —— —— ————
—— —
— — o —

——— o ———

=
T e

-
T e e e e e e - ——

———
——
—
—

-~

—-—

—

-

-

-
=
a— —

1
|
|
\
|
| g
in!
‘@

=
—

=
-

-
—— —

I
|
!
|
l
|
I
|
|
l
|
|
!

-z
-,

-

-
-

.
-

167



l6g



PaWayov 9 puv ¢ saut] 4of soquinu au1) snsiaa aunasis fo yopd advyjoa yvad (€ : 96°¢ 24nS1]

Jquny dury

8 L 9 S v 3 [4 !

j | 1 ! 1 1 . | o

(sd) awmasry 01

(A) 33e310A

169



PAIVARID € pUp p Saul] J0f Jquuinu au) JISuwsy aunastd Jo jopd advjoa yvad (€ : £ 6 2431

Jaquinp dury

8 L 9 ¢ 14 3 (4 I
07+ 1 1 ! ! | ] 0

Sl
0l

(sd) dwnasry

(A) 33wij0p

170



Figure 5.58 : Current distribution diagram for a circular conductor.
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6.1.2 : Effect of the inclusion of line thickness

The expressions for impedance of a single line taking the thickness, ¢, of the line into
account are given by equations (3.22)-(3.27). Figure 6.2 shows how the impedance of a
single microstrip line varies with the W/h ratio, for a finite line thickness (/4 = 0.1), for
various values of effective dielectric constant, €. The shape of the curves in figure 6.2
are found to be very similar to those in figure 6.1. However the values of calculated
impedance are now found to be lower (c.f. figure 6.1) due to the inclusion of line

thickness.

The results obtained for the impedance by varying the ratio of line thickness to width,
t/h, for varying Wih ratios are depicted in figure 6.3. For small values of W/h ratio (e.g.
W/h = 0.1 and W/h = 0.5) the impedance is found to decrease as the #WW ratio is
increased (approximately .from 215Q to 175Q and 100Q to 85Q, respectively).
However for larger values of W/h ratio (i.e. W/h > 0.5; where the impedance is low, e.g.

<30€2), changes in the ratio of #/ has little or no effect upon the impedance.

The above findings are seen to be consistent with previously published work (Wheeler
1965, Kaupp 1967, Gunston and Weale 1969, Silvester 1968, Stinehelfer 1968,
Yamashita and Mittra 1968, Schneider 1969, John and Arlett 1974, Kumar ef al 1976,
Ross and Howes 1976, Bahl and Garg 1977).

In the paper by Chilo and Arnaud (1984), from which the example of the eight line logic
bus is taken (outlined in chapter 1), they have calculated the impedance of one single line
on its own, with the given geometry (er = 12, 1 = 0.3um, W = 2um, 4 = 400um), to be
166Q . Using the above outlined method the impedance for this single line is 167Q

giving confirmation as to the suitability of this method.
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6.2 : Coupled Microstrip Line Pair

Equations (3.15)-(3.21) give the formulae for computing the impedance of a pair of
microstrip lines, where the even and odd mode capacitances for the lines are given by
equations (3.5) and (3.10) respectively. In this section the effect of changing the
geometric parameters upon the even and odd mode, capacitances and impedances are
studied, as well as their effect upon the overall impedance of a pair of parallel coupled

lines.

6.2.1 : Even mode capacitance

The even mode capacitance for a pair of parallel microstrip lines may be calculated using
equations (3.5)-(3.9). Figures 6.4 and 6.5 show how the even mode impedance for two
parallel microstrip lines varies with W/h ratio for three different values of W/S ratios; for
Wih between 0.1 to 1 and 1 to 10 respectively. These graphs demonstrate that changing
the ratio of W/S does not have much effect upon the even mode capacitance, whereas the
capacitance increases rapidly as the W/h ratio is increased. Figure 6.6 displays how the
even mode capacitance alters with changes in the W/S ratio for various values of W/h
ratio. The ratio of W/h is found to be the most important factor in the determination of

the even mode capacitance of a microstrip line.

6.2.2 : Odd mode capacitance

Equations (3.10)-(3.14) may be used to calculate the odd mode capacitance for a pair of
coupled lines. Figure 6.7 displays how the odd mode capacitance changes in relation to
variations in the W/h ratio, for different values of WIS ratio. As the ratio of W/h is
increased from 0.1 the capacitance falls slightly. However for W/h > 0.3 the capacitance

starts to increase, rising very sharply in the region where W/h > 2. For 0.1 < W/h <2, as
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the WIS ratio is increased so the capacitance also increases. Where W/h > 2 the

calculated capacitances for all values of W/ ratio are almost exactly the same.

Figure 6.8 depicts the variation in impedance as the W/S ratio is altered for different
values of W/h. Increases in the value of the /S ratio causes an increase in the value of
the capacitance calculated, but is not as significant as changes in the W/ ratio. Therefore
the most important factor concerning the odd mode capacitance is the ratio of line width

to height above the ground plane.

6.2.3 : Even mode impedance

Figure 6.9 shows how the even mode impedance of the line, calculated using equation
(3.19), decreases as the ratio of W/h is increased, for varyious values of W/S. For the
region W/h < 2 the impedance increases with W/S ratio, but above this little or no

difference is seen for changes in the W/S ratio.

Figure 6.10 shows how the even mode impedance changes with W/S ratio, for different
values of W/h ratio. For W/h = 5 there is negligible change in the impedance calculate,
but as the W/h is decreased so the changes in /S have more effect upon the impedance,
where there is an increase in impedance with /S and flattening a of the curve as W/S

~ tends towards 10.

6.2.4 : Odd mode impedance

The odd mode impedance for a pair of microstrip lines is calculated using equation
(3.20). It is depicted in figure 6.11 how as the W/h ratio is increased from 0.1 the
impedance also starts to rise. However, when W/h > 0.2 the impedance starts to fall with

further increases in W/h. As WIS is increased, so the impedance falls, but for the region
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where W/h > 3 changes in W/S have little or no effect upon the value of the odd mode

impedance.

Figure 6.12 displays a graph of W/S ratio versus odd mode impedance for varying values
of Wih ratio. For a value of W/h =5, changes in the ratio of W/S have little or no effect
upon the value of the calculated impedance. However as W/h is decreased, so the

impedance is also found to increase.

6.2.5 : Impedance calculations

The characteristic impedance, Z,, of a pair of parallel microstrip lines of equal width, can
be calculated from equation (3.21). Figure 6.13 shows how the impedance of a pair of
parallel microstrip lines is affected by changes in the ratio of line width to height above
ground plane, W/h, for varying values of W/S. The impedance of the pair of lines is found
to decrease as the ratio of W/h is increased. For the region where W/h > 2, the effect of
changing the ratio of W/S has a negligible effect upon the impedance. Where W/h < 2 the

impedance is found to decrease as /S is increased.
The above results show how the design of a microstrip with a particular required

characteristic impedance is a compromise between the different parameters of line width,

W, height above ground plane, 4, and separation between the lines, S.

6.3 : n Coupled Lines

The generalisation of the method for » coupled lines, introduces its very own unique
problems. One of these is that the calculation of the eigenvalues and eigenvectors is not a
trivial calculation, and the second problem being the calculation of the inverse of a
matrix. For matrices larger than 3 X 3, Mathematica may introduce errors which are then
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propagated rapidly through to the final evaluation of the characteristic impedance and
propagation delay. This is due to nature of the how these matrices are calculated, which
may therefore be considered to be ill-defined by Mathematica. Due to this problem,
calculation of the impédance and time delay for the example of the eight line logic bus

(outlined in chapter 1) will not be attempted.

For the above reasons, some examples of a three line bus (Belahrach 1990) will be used
to evaluate the generalised method outlined in chapter 3. Figure 6.15 shows a schematic
representafion of three parallel microstrip lines, with the geometric parameters given in
table 6.1, where € = 9. Using equations (3.31)-(3.49) all the physical properties of the

set of three lines can be calculated, from this set of geometrical parameters.

6.3.1 : Three coupled lines

Equations (3.32)-(3.36) are used for the calculation of all the elements contained in the
per-unit length matrix, C. All the matrix elements calculated for the 4 different
structures, are given in table 6.2. The per-unit length inductance matrix elements, L, ,
calculated from equation (3.37) are given in table 6.3. These results are found to be

consistent with previously published work (Belahrach 1990).

Diagonalisation of the PUL inductance matrix, L, and the PUL capacitance matrix, C, to
L, and C,, is accomplished using equations (3.41) and (3.42) respectively. Using these
diagonalised matrices the characteristic impedances, Z,, for each line can be calculated
from equation (3.49), with the results for the each individual structure given in table 6.4.
These results are consistent in there form with those obtained by Chilo and Arnaud
(1984) for an eight line bus structure. The time delay per metre matrix, T,, is calculated
using equation (3.48), with results of the calculation for each structure given in table 6.5.
These are also found to be consistent with previously published work (Chang 1970,

Chilo and Arnaud 1984).
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6.3.2 : SPICE transient analysis

Having calculated the characteristic impedances and time delays for each of the three line
bus examples, it is possible to use these parameters to construct an equivalent circuit
model, as developed in Chapter 5, and use the SPICE program to simulate the behaviour
of such a three line microstrip structure. Figure 6.16 shows the operating configuration
for the thfee line microstrip structures (outlined in table 6.1), where the component

values used in the terminating networks are given in table 6.6.

Figures 6.17-6.20 show the input and output signals seen on lines 2 and 3 for the
transient analysis of structures 1 to 4 respectively. A step function of 1V is input into the
centre of the three lines, having a rise time of 600ps. Upon investigation it is found that
there is very little difference between the transient analysis results obtained for each of
the four structures. The shape of the voltage waveforms are found to be almost identical,
with some small change in the magnitude of the voltage levels. This would suggest that
the particular changes to the geometry, in the given coupled microstrip line examples
(Belahrach 1990), do not have a significant affect upon the transient performance of such

a bus.

6.4 : Summary

This chapter illustrates the use of the program developed (appendix A) in Mathematica
for calculating the impedance, and other parameters appertaining to parallel microstrip

lines.

The effect of changes to the geometrical and physical parameters of a single microstrip
line, upon the impedance is studied, and these results are found to be consistent with all
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previous investigations.

A pair of parallel coupled microstrip lines is then investigated, in order to study the effect
that changes in geometry have upon, the odd and even mode capacitances and
impedances, and the characteristic impedance of the pair of lines. These results are also

found to be consistent with previous work on coupled microstrip line pairs.

A set of four, three coupled line microstrip interconnection buses are studied. The
characteristic impedances of each line and the associated propagation delays are then
calculated. The parameters are then used to construct SPICE equivalent circuits, for
which transient analyses are carried out. The results obtained are seen to be consistent

with all previous work conducted on coupled three line structures.
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Structure No. W (um) S (um) ¢ (um) h (Um)
1 40510 285£10 16+2 106020
2 425%10 260%10 1612 1060120
3 40510 21010 162 106020
4 30010 20010 162 1060+£20

Table 6.1 : Geometric parameters of four different three line microstrip

configurations.
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Structure No. C,, (pF/m) C,, (pF/m) C,, (pF/m) C,; (pF/m)
1 137.4 161.0 314 -7.8
2 142.0 167.1 -33.5 -8.4
3 146.6 173.8 -37.8 -10.6
4 138.5 163.6 -37.7 -12.5

Table 6.2 : Capacitance coefficients for the four example structures.
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Structure No. L,, (nH/m) L,, (nH/m) L,, (nH/m) L,, (nH/m)
1 451.2 401.7 95.2 45.7
2 439.1 390.2 96.6 47.7
3 430.8 382.6 104.7 56.6
4 459.9 4114 117.2 68.7

Table 6.3 : Inductance coefficients of the four example structures.
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Structure No. Z, Q) Z,(Q) Z, ()

1 473 213.7 253.2
2 42.1 169.2 2159
3 39.4 158.9 2144
4 42.1 187.3 248.7

Table 6.4 : Characteristic impedance values calculated for the example structures.
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Structure No. T, (ns/m) T, (ns/m) T, (ns/m)

1 7.68 7.69 7.61
2 7.68 7.69 7.63
3 7.67 7.69 7.61
4 7.69 7.74 7.50

Table 6.5 : Propagation time values calculated for the example structures.
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Structure No. R, (Q) R, (Q) R, (Q)

1 75 47 82
2 75 43 82
3 75 47 82
4 91 56 75

Table 6.6 : Terminal resistances for the three line microstrip simulation circuit.
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7.0 : Concluding Remarks

The work undertaken in this thesis provides the fundamental design and simulation tools
required by a high-speed integrated circuit designer for taking the effects of on-chip

interconnections into account.

The development of the quasi-distributed equivalent circuit model, and its
implementation into the SPICE circuit simulator has been illustrated. This equivalent
circuit model is then used for the simulation of lossless transmission lines. A modification

is made to the circuit to allow the simulation of lossy transmission lines.

The time domain transient simulations undertaken demonstrate the importance of
choosing the correct input and load impedances, in order to minimise the distortion
inherent when unmatched loads are used. The effect of attenuation due to series line
resistance (much greater in high-density integrated circuits) of a lossy transmission line is

investigated, showing it to be independent of the impedance of the line.

A time domain study of crosstalk between the interconnection lines on high-speed digital
circuits using the SPICE circuit simulator is presented for the example of the eight line
bus. This analysis shows that for the case of two activated lines, an increase in crosstalk
is seen on the lines between them, but little or no change is seen on the other lines, when
compared to the case of a single activated line. This is due to a shielding effect caused by
the activated lines, such that an activated line will cause little or no effect upon lines the
other side of a second activated line. It is found that this crosstalk can be the possible
cause of logic errors and is therefore a very important factor to be considered when

designing a coupled microstrip line structure.

The lossy line model is then used to investigate the effect that the risetime of a signal
travelling along it, has upon the received signal. This is accomplished using a step input

with varying risetimes and pulses with varying risetime and width. These results show
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that as the risetime is decreased so the level of ringing and distortion increases. This
increase in distortion with decrease in risetime is due to an associated increase in the
settling time and thus the shorter the pulse width the greater the pulse deformation. This
sets an effective limit on the risetime and width of the signals which can be transmitted
along the microstrip line. However the apparent ringing seen in the results may be due to
convergence problems within the SPICE circuit simulator, and may not be as significant

in the practical case.

A study of the effect of risetime upon coupling is also carried out and reveals that under
certain conditions (very fast risetimes) an error in logic may be induced. This is because
as the risetime is decreased so the initial peak overshoot increases and therefore the
associated increase in the voltage level induced on other lines may be higher than the
threshold voltage of the logic device, and thus an error in logic would become apparent.
The risetime is therefore a very important factor which must be considered by the high-
speed IC designer, to ensure that the circuit will perform without logic errors being

induced when using the required signal speeds.

An equivalent circuit model for simulating the skin effect is developed, and used to
investigate the frequency response of the line. It is however found that SPICE does not
provide a set of satisfactory results and changing the number of sections used in the
simulation alters the cut-off frequency. This is due to the nature of way in which SPICE
sets up the mathematical equations used for analysing such a circuit, and does not allow
proper convergence of the frequency response which also causes spikes to be seen in the

response curve,

The program developed in Mathematica for calculating the impedance, and other
parameters appertaining to parallel microstrip lines is used to evaluate the method
developed for calculating the impedance of » coupled microstrip lines. This method
provides the high-speed integrated circuit designer an easy and simple method of

calculating the impedance, time delays and transformation network parameters for any
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given set of » coupled microstrip lines.

The effect of changing the geometrical and physical parameters of a single microstrip
line, upon the impedance is studied, and the results are found to be consistent with all
previous investigations. A pair of parallel coupled microstrip lines is then investigated, in
order to study the effect that changes in geometry have upon, the odd and even mode

capacitances and impedances, and the characteristic impedance of the pair of lines.

A set of four, three coupled line microstrip interconnection lines are studied. The
characteristic impedances of each line and the associated propagation delays are
calculated. It is seen that the impedance of lines increases with distance in moving across
the three line structure. This is due to the matrix calculations producing a set of
eigenmodes, which take the coupling parameters into account and are therefore not the
true measured values of impedance. The parameters are then used to construct SPICE
equivalent circuits, for which transient analyses are carried out. The results obtained are
seen to be consistent with all previous work conducted on coupled three line structures,
and give good verification of both the Mathematica program and the SPICE equivalent

circuit model.

The calculation of the parameters for structures with more than 3 parallel lines has not
been found possible due to Mathematica not being able to provide accurate results for
the eigenvectors and the inverse of larger matrices. This problem is due to larger
matrices being ill-defined, not allowing the correct calculation of their inverse and
eigenvalues. Therefore all the calculations have been restricted to 3 coupled line

structures.

If a designer is required to investigate the performance of a coupled 3 line system using
the methods developed in this thesis, the geometrical parameters and the dielectric
constant of the substrate must be known. This data can then be entered into the

developed Mathematica program which produces a set of impedance and time delay
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values for each line and a matrix containing the coupling coefficients. These can then be
entered into the FORTRAN program which produces a file containing the SPICE
equivalent circuit model. This model then allows the designer to be able to run a series of

simulations upon the set of coupled lines, and thus be able to characterise their

behaviour.

7.1 : Possible Further Work

Further possible work which may be undertaken, is the improvement of the skin effect
equivalent circuit model, such that a proper AC analysis can be performed, so that the
cut-off frequency is independent of the number of sections used to simulate the line.
Another area for further research would be to find a viable and stable method with which
to accurately calculate the eigenvectors and the inverse of large matrices (i.e. greater
than 3 x 3). This would allow the calculation of the properties for coupled microstrip

lines where there are more than 3 lines in parallel.

The further investigation into calculating the impedance and time delay for nonuniform
lines (e.g. tapered), multilevel structures (e.g. vias) and lines containing discontinuities,
such as bends, stepped line structures and line intersections, would be extremely useful
extra tools for the designer of a high-speed IC. The further development of the

equivalent SPICE circuit models to implement these structures would also be necessary.
Another research project which would compliment the work undertaken in this thesis, is

the fabrication and testing of coupled microstrip line structures, allowing the direct

comparison of the modelling techniques to be made against practical measurements.
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Appendix A

Program Listing for Mathematica Calculations



Off[General::spell]
Off[General::spelll]
Offf Set::setraw]

Off[ SetDelayed::write]

BeginPackage["Impedance™"]

Zom::usage = "Zom([Er,t,w,h]
w is width of line
h is height of line above ground plane
t is thickness of line
er is relative dielectric constant of substrate
Calculate the impedance of a single microstrip line
with the above parameters."

Z0::usage = "ZO[Er,t,w,h,s]
w is width of line
h is height of line above ground plane
t is thickness of line
s is the separation between the lines
er is relative dielectric constant of substrate
Calculate the impedance of a pair of microstrip lines

with the above parameters."

Tline::usage = "Tline[Er,t,w,h s totln]
w is width of the lines
h is height of the lines above the ground plane
t is thickness of the lines
s is the separation between adjacent lines
er is relative dielectric constant of substrate
totln is the total number of lines
s, w, and t are the same for all lines
Calculates the time delay and impedance of a set of
linen microstrip lines with the above parameters and also
returns the transformation network control parameters."

Carray::usage = "Carray[Er,t,w,h,s,totln]
w is width of the lines
h is height of the lines above the ground plane
t is thickness of the lines



s is the separation between adjacent lines
er is relative dielectric constant of substrate
totln is the total number of lines

s, w, and t are the same for all lines
Begin[" Private™"]

EO0 = 8.854188*107-12
mu0 = 12.566371*%10"-7

MakeRuleConditional[var_, rhs_, condition_] :=
(var :=rhs/; condition)  (* Assigns var = rhs if condition is true *)

CalcCler_,t_,w_,h ]:=
Module[ {c},
c=(er-1)*t/ 4.6/ Sqrt[w/h] / h;

] (* Correction factor for the effective dielectric *)

Welt ,w_,h ]:=
Module[ {we},
MakeRuleConditional[we,
w+1.25/N[Pi]*t*(1+Log[4*N[Pi]*w/t]),
w/h <= 1/(2*N[Pi])];
MakeRuleConditional[we,
w+1.25/N[Pi]*t*(1+Log[2*h/t]),
w/h > 1/(2*N[Pi])];
we
] (* Calculates the effective width of a microstrip line *)

CalcF[w_, h ] :=
Module[ {conf},
MakeRuleConditional[conf,
1/Sqrt[1+12h/w],
w/h <=1];
MakeRuleConditional[conf,
1/8qrt[1+12h/w]+0.04(1-w/h)"2,
w/h>1];
conf
] (* Another correction term for the effective dielectric *)
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Ere[Er ,t ,w_,h ]:=
Module[ {ere, c, conf},
conf = CalcF[w,h];
¢ = CalcC[Er,t,w,h];
ere = (Er+1)/2+conf*(w/h)*(Er-1)/2-c;
ere
] (* Calculates the effective dielectric constant of the substrate and lines *)

Zom[Er ,t ,w_,h ]:=
Module[ {zom, we, ere},
we = We[t,w,h];
ere = Ere[Er,t,w,h];
MakeRuleConditional[zom,
60/Sqrt[ere]*Log[8*h/we+0.25*we/h],
w/h <=1];
MakeRuleConditional[zom,
120*N[Pi]/(Sqrt[ere]*(we/h+1.393+0.667*Log[we/h+1.444])),
w/h > 1];
N[zom]
] (* Calculates the impedance of a single microstrip lines with the given

parameters *)

Cp[Er ,w _,h ]:=
Modulef {cp},
cp = EO*Er*w/h;
cp
] (* Line to ground plane capacitance *)

CflEr ,t ,w_h ]:=

Module[ {cf, cp, zom, clight, ere},
ere = Ere[Er, t, w, h];
clight =299792458;
cp = Cp[Er, w, h];
zom = Zom[Er, t, w, h];
cf = (Sqrt[ere]/clight/zom - cp)/2;

cf

] (* Fringe capacitance for the outside of the lines *)

CalcA[w_, h_] =



Module[ {A},

A = Exp[-0.1*Exp[2.33-2.53*w/h]];
A
]

Cfpri[Er ,t ,w_h s ]:=
Module[ {cfpri, ere, cf, .A},
ere = Ere[Er, t ,w, h];
cf=Cf[Er, t, w, h];
A = CalcA[w, h];
_ cfpri = cf*Sqrt[Er/ere]/(1+A*h/s*Tanh[10*s/h]);
cfpri

] (* Fringe capacitance between the lines *)

Cgd[Er ,t ,w_,h_s ]:=
Module[ {cgd, cf},
cf=Cf[Er, t, w, h];
cgd = EO*Er*Log[Coth[N[Pi]*s/4/h]]/N[P1i]
+ 0.65*cf*(0.02/(s/h)*Sqrt[Er]+(1-1/(Er*Er)));
cgd
] (* Gap capacitance through the dielectric interface *)

Cga[w ,h ;s ]:=
Module[ {k, kpri, cga},
k = (s/h)/(s/h + 2*w/h),
kpri = Sqrt[1-k*k];
cga = EO*EllipticK [kpri]/EllipticK[k]/2;
cga
] (* Gap capacitance through the air interface *)

Cgt[t ,s ]:=
Module[ {cgt},
cgt = 2*¥E0*t/s;
cgt
] (* Capacitance due to the thickness of the line *)

Cm[Er_,t ,w_h s ]:=
Module[ {cgd, cga, cgt, cfpri, cm},
cgd = Cgd[Er, t, w, h, s];
cga = Cga[w, h, s];



cgt = Cgtlt, sJ;
cfpri = Cfpri[Er, t, w, h, s];
cm = N[(cgd + cga + cgt - cfpri)/2];
cm
J(* Calculates the mutual capacitance beween two lines *)

CiO[Er_,t ,w_,h ]:=
Module[ {ci0, cp, cf},
cf = Cf[Er, t, w, h];
cp = Cp[Er, w, h];
ci0 = cp + 2*cf;
ci0
J(* Calculates the total capacitance of a single line *)

Carray[Er ,t ,w_,h s  totln ]:=
Module[ {ctemp, ctemp2, diff, seff, carray, i, j},
Do[
ctemp =0,
Do[If [I(i ===)),
{diff = Abs[N[i-j]];
seff = diff * (s + w) - w;
ctemp2 = Cm|[Er, t, w, h, seff];
carray[i,j] = N[- ctemp2];
ctemp = N[ctemp + ctemp2]}
1
{j, 1, totln}
5
carray([i,i] = N[CiO[Er, t, w, h] + ctemp],
{i, 1, totln}

I8
Array[carray, {totln, totin}]
] (* Constructs the capacitance per unit length matrix

for the given dielectric and line dimensions *)

Tline[Er_,t ,w_,h_,s ,totln_]:=
Module[ {L, LC, Mv, Cd, Ld, Wd, Zd, CE0},
CEO = Carray[1, t, w, h, s, totln];
(* Capacitance Matrix without dielectric substrate *)
L =EO0 * mu0 * Inverse[CEO0];
(* Inductance per unit length matrix *)
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CEr = Carray[Er, t, w, h, s, totln];
(* Capacitance per unit length matrix *)
LC=L .CEr
Mv = Transpose[Eigenvectors[LC]];
(* Transformation matrix obtained from right eigenvectors of
LC matrix *)
Cd = Transpose[Mv].CEr.My;
' (* Diagonalised capacitance matrix *)
Ld = Inverse[Mv].L.Transpose[Inverse[Mv]];
(* Diagonalised inductance matrix *)
Wd = Sqrt[Abs[Ld.Cd]];
(* Time delay matrix *)
Zd = Sqrt[Abs[Ld.Cd]].Inverse[Cd];
(* Impedance matrix *)
Print[CEr];
Print[L];
{Mv, Wd, Zd}
] (* Calculates the time delay, impedance and transformation network *)

Codd[Er ,t ,w ,h ,s ]:=
Module[ {codd, cf, cp, cgd, cga, cgt},
cf = Cf[Er, t, w, h],
cp = Cp[Er, w, h];
cgd = Cgd[Er, t, w, h, s];
cga = Cga[w, h, s];

cgt = Cgt[t, s];
codd = cf + cp + cgd + cga + cgt;
N[codd]

] (* Odd mode capacitance of the lines *)

Ceven[Er ,t ,w_,h s ]:=

Module[ {ceven, cf, cfpri, cp},
cp = Cp[Er, w, h];
cf=Cf[Er, t, w, h];
cfpri = Cfpri[Er, t, w, h, s];
ceven = cp + cf + cfpri;

N[ceven]

] (¥ Even mode capacitance of the lines *)

Zoe[Er_,t ,w_h s ]:=



Module[ {zoe, cea, ceer},

cea = Ceven[l, t, w, h, s];

ceer = Ceven[Er, t, w, h, s];

zoe = Sqrt[mu0*E0/cea/ceer];
Nfzoe]
] (* Even mode impedance of the lines *)

Zoo[Er ,t ,w ,h s ]:=
Module[ {zoo, coa, coer},
coa=Codd[1, t, w, h, s];
coer = Codd[Er, t, w, h, s];
zoo = Sqrt[mu0*E0/coa/coer];
N[zoo]
]  (* Odd mode impedance of the lines *)

ZO[Er_,t ,w_h s ]:=
Module[ {z0, zoe, zoo},
zoe = Zoe[Er, t, w ,h, s];
zoo = Zoo[Er, t, w, h ,s];
z0 = Sqrt[zoe*zoo];
N[z0]
] (* Overall impedance of the pair of lines *)

EndPackage[]



Appendix B

Listing of Fortran Program for SPICE
Equivalent Circuit Setup.



Program Transnetwork

3k 3k ok ok ok 3k ok 3k ok ok 2k sk ok 5k ok 3k ok 3k ok sk ok ok ok ok ok ok ok ok ok ok 5k ok ok sk ok ok ok ok sk ok ok 3 ok ok ok ok ok ok K 3k ok ok sk sk sk ok sk sk sk sk sk ke ok ek ok ok sk ke ok

**¥*  Given the number of lines, n (user input), the user inputs the following

*okx information:

Kok ok

Hkok )] The number of RLC sections to be used in the simulation.

*okx ii) The impedance, Z0, of each line.

*okk iii) The time delay, Td, of each line.

okk iv) The series resistance of the lines.

Hokk V) The name of a file into which the SPICE compatible output is the
*oAX be written.

%k ko

ke sk ok ok sk ok sk ok sk ok sk ok sk ok ok ok sk ok ok ok sk sk ok ok ok sk ok ok ok ke sk ok sk ok ok sk ok skok ok st sk ok ok ok ke ok s sk ok ok ok ok ok ok ok ok ook ok skok ok sk ko sk ok

*#*%*  The following information is then calculated by the program:
k% %k

*Ek 1) The value of the capacitor to be used in each RLC section.
Ak i) The value of the inductor to be used in each RLC section.
*%* iii) The value of the resistor to be used in each RLC section.
ok iv) The eigenvalues of the Toeplitz matrix.

kxk V) The right eigenvector matrix from the Toeplitz matrix.
*oAk vi) From the eigenvector matrix the transformation network
*oxk parameters are calculated.

% %k

sk ok o ok ok ok ok ok ok ok ok ok oK o ok ok ok ok ok ok ok ok sk ok ok ok o ok ok ok ok ok sk ok ok ok sk sk ok sk s s ok ok ok s ok s ok ke ok ok sk sk ok ok ke ok ok ok ok ok o ok sk o oK ok ok

***  The following information is then written into the output file, which can then be

*xk used for input in the SPICE circuit simulator.

kkk

Ak i) RLC subcircuit for each line.

*okk ii) Transmission line subcircuit for each line consisting of

oAk the RLC subcircuits.

*okk iii) Circuit containing the transmission lines and the transformation
*oxk networks for the implementation of crosstalk.

%ok ok

sk 3k s ok ok K ok 3 ok ke 3k ok oK ke ok sk ok ok ok ok sk ok sk ok sk sk ok sk ok ok sk ok ok ok ok ok ok sk ok ok ok o ok ok ok ok ok ok 3 ok o oK 3 koK R 3K R oK Sk R R Sk R KKK K SRR

Implicit Double Precision (A-H,0-Z)
Dimension r_mu(10), phi(10,10), gamma(10), r_mat(10,10),

+ u(10,10)
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Character*150 ctemp
Integer i, j, n, nsec, chanfile, itemp

Parameter (pi = 3.141592654)

3k % 3k ok ok ok ok ok 2k sk ok ok ok sk ok sk ok ok ok ok sk ok ok ok sk sk ok sk sk ke sk ok sk ok sk ok ok ok ok 3 ok ok sk ok sk sk sk sk ok sk sk ok ok sk ok ok sk sk sk sk sk Sk ok skok ok Kook ok ok

% %k k

% %k ¥

% %k %

* %k %k

* %k %k

% ok %

%k %k

* %k

*kkk

Kk Kk

* %k

ok ok

Description of the variables:

r_mu - Contains the eigenvalues of the Toeplitz matrix.

phi - Contains the eigenvectors from the Toeplitz matrix.

gamma - Holds the normalising factor for the network parameters.

r_mat - Temporary matrix used in calculating the network
parameters.

u - Holds the transformation network parameters.

n - The number of lines in the simulation.

nsec - The number of RLC sections in each line.

chanfile - The channel number used for the output file.

sk ok ok ok ok e 3k ok ok sk ok ok ok ok ok ok ok sk sk ok 3k ok sk ok ok 3k ok 3k ke ok ok ok 3k ke sk ok sk ok ke sk o sk ke sk ok e ok e ok o o ok s ok ke ok ok ok ok ke ok ok ok ok sk ok ok Rk K

%% %

X KKk

* %k %k

% 3k %k

% %k %

%k %%k

* Kk Kk

* kK

* k%

Get the number of lines
Print *, 'Input number of coupled lines:'

n=0

The number of lines must be between 2 and 8

Do While ((n .1It. 2) .or. (n .gt. 8))

Read * n

End Do

Set output channel for file to 1
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% %k %k

* k%

% %%

* %k

% %k %k

%k %k %k

% %k %k

%k %k k

* %k

*ok %k

%k %k %k

*k*k

¥k ¥k

%k Kk xk

%k %k %k

%k %k %k

%%k %k

* %k %k

chanfile =1

Open the output file

Call Openfile(chanfile)

Get the number of RLC sections to be used in each line.
Print *, 'Input number of sections for each line:'

nsec=0

Number of sections must be between 5 and 100.
Do While ((nsec .1t. 5) .or. (nsec .gt. 100))
Read *, nsec

End Do

This loop sets up the RLC and transmission line subcircuits for each line.

Doi=1,n

Get impedance of line 1.
Print *, 'Input ZO for line ', 1

Read *, zimp

Get time delay of each line.

Print *, 'Input TO for line ', i
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%ok %k

ok

% %k K

%ok %k

* %k %k

* %k Kk

K%k %k

* %%k

% %k %k

* %k %k

ok sk

* %k %k

% 3k %

* %k %k

% %k %

* % %

% %k %k

* %k %k

Read *, tdel

Calculate of the time delay of a single RLC section.

tdel = tdel / nsec

Capacitor for the RLC section.

r_ctran = tdel / zimp

Inductor for the RLC section.

r_ltran = tdel * zimp

Resistor for the RLC section.

r_rtran = zimp / (nsec * 5)

Write out the RLC subcircuit.
write (chanfile, 1000) i
write (chanfile, 1010) i, r_rtran
write (chanfile, 1020) i, r_ctran
write (chanfile, 1030) i, r_ltran

write (chanfile, 1040) i

Format statements for the RLC subcircuit.

1000 Format (‘.subckt RLC'i2.2,' 1 3")
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1010

1020

1030

1040

* kK
%k %k

% % %k

* %k Kk
%k %k %

% % %k

1100

1110

1120

* %k Kk
% kK

* %Kk

%% Kk
* %k ok

* %Kk

Format ('rtran’,i2.2,'2 3 ', e14.6)
Format ('ctran',i2.2,'2 0 ', e14.6)
Format ('Itran',i2.2,'1 2", e14.6)

Format ('.ends RLC,i2.2)

Wﬁte out the transmission line subcircuit.
write (chanfile, 1100) i, (nsect+1)
Do j = 1,nsec
write (chanfile, 1110) i, j, j, j+1, i
End Do

write (chanfile, 1120) i

Format statements for the transmission line subcircuit.
Format ('.subckt Tranml'i2.2,' 1 'i3)

Format ('x',12.2,i2.2,1x,i2,1x,i2,' RLC'i2.2)

Format ('.ends Tranml',i2.2)

End Do

End of subcircuit loop

Calculate the eigenvalues of the Toeplitz matrix.
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Doi=1n

r_mu(i)=-2* COSG *pi/(n+ 1))

End Do

k% %k

***  Calculate the eigenvectors for the Toeplitz matrix.
%k k
Doi=1n
phi(i,1) =1
phi(i,2) = r_mu(i)

Doj=3,n

phi(i,j) = r_mu(i) * phi(i,j-1) - phi(i,j-2)

End Do
End Do
* %k %
***  Calculate the normalisation factor for the eigenvector matrix.
¥k ¥
Doi=1,n
total=0
Doj=1,n
total = total + phi(i,j)**2
End Do

gamma(i) = SQRT(total)

End Do
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*ok ok

* ok ok

%k %k %k

Normalise the eigenvector matrix.

Doi=1n
Doj=1,n
r_mat(i,j) = phi(j,i) / gamma(j)
u(i,j) = r_mat(i,j)
If (i .eq. j) Then
u(i,j) =u(ij) - 1
End If
End Do
End Do
Print *, 'mu gamma'
Doi=1n

print *, r_mu(i), gamma(i)
End Do
Print *,''
Print *, 'Matrix M'
Doi=1,n
Write (*, 100) (r_mat(i,j), j = 1,n)

End Do
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Print *, 'Matrix U'
Doi=1n

Write (*, 100) (u(i,j), j = 1,n)
End Do

Format (10(f6.3))

Dé i= 1,n
Write (chanfile,110) i
Write (chanfile,120) i, i, i, '2000'
Write (chanfile,130) i, i, i, n
Write (chanfile,132) (j, j = 1,n)
Write (ctemp,134) (u(i,j), j = 1,n)
Call Linesplit(ctemp,chanfile)
Write (chanfile,140) '0', i, i, '04', i, '03'
Write (chanfile,150) i, i, n
Write (chanfile,152) (‘'vOsen',j, j=1,n)
Write (ctemp,134) (u(i,j), j = 1,n)
Call Linesplit(ctemp,chanfile)
Write (chanfile,160) i, i, '04', i, '05', i
Write (chanfile,180) i, i, n

Write (chanfile,152) (‘visen',j, j=1,n)
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Write (ctemp,134) (u(i,j), j = 1,n)
Call Linesplit(ctemp,chanfile)

Write (chanfile,140) ' i, i, '05', i, '06'
Write (chanfile,190) i, i, 1, n

Write (chanfile,192) (j, j = 1,n)
Write (ctemp,134) (u(i,j), j = 1,n)
Call Linesplit(ctemp,chanfile)

Write (chanfile,170) i,

End Do
Write (chanfile,200)

Doi=1n
Write (chanfile,210) i, i

End Do

Write (chanfile,220)

110  Format ("*'/'* Transformation network for line ',i2.2)
120  Format (‘'Rin'i2.2,1x,i2,'01',1x,i2,'02', 1x,a8)
130  Format ('e0s,i2.2,1x,i2,'02',1x,i2,'03",1x,Poly(',i2.2,")")

132 Format (+,10(1x,i2,'04',1x,'0))
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134  Format ('0',10(e14.6))

140  Format ('V',al,'sen',i2.2,2(1x,i2,a2),1x,'0")

150  Format ('f0s',i2.2,1x,'0',1x,i2,'02',1x,'Poly(}i2.2,"))
152  Format ('+,10(1x,a5,12.2))

160  Format ('xline',i2.2,2(1x,i2,a2),1x,'tranml',i2.2)
170 Férmat (‘Rload',i2.2,1x,i2,'07 0 2000")

180  Format (fls'i2.2,1x,'0',1x,i2,'07',1x,Poly(,i2.2,")")
190  Format (‘els',i2.2,1x%,i2,'07',1x,i2,'06',1x,Poly(}i2.2,")")
192 Format (+,10(1x,i2,'05'1x,'0"))

200  Format ('.tran 1p 80p')

210  Format (".plot tran v(',i2.2,'02) v(',i2.2,'07)")

220  Format ('.end’)

Call Closefile(chanfile)

End

sk 3k 3k sk 3k 3k 3K 3k ok 3k 3k %k ok sk sk sk sk sk sk sk 3k 3k 3k 3k ok 3k 3k ok 3k 3K 3k 3k ok ok 3K 3k 3k 3k 3k 3k 3k 3k ok sk ok sk sk sk ok sk sk ok sk sk sk 3k ok s ok sk ok ok ok sk ok sk ok ok ok ok

Subroutine Linesplit(ctemp,chanfile)

Character*150 ctemp

Integer i, itemp, chanfile, lend, pend
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pend = LEN(ctemp)
Call Find_Locc(ctemp,pend, 1)
i=1
Do While (i .It. pend)
lend = MINO( + 69,pend)
If (lend .1t. pend) Then
Call Find_Locc(ctemp,lend,0)
End If
Write (chanfile,'(a2,a)") '+ ',ctemp(i:lend)
i=lend

End Do

Return

End

ok sk ok 3k ok ok ok ok ok ok ok 5k ok ok ok ke ok sk ok ok ke ok e ok ok ok ok ok sk sk ok ok ok sk ok sk sk ok sk e sk sk ok ok s sk sk sk ok ke sk ok ok sk sk sk sk e ok sk sk sk sk sk ok ok sk ok

Subroutine Find_Locc(String,Pos, Type)
Character*150  String
Integer Pos, Type, itemp

itemp = Pos
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Do While (INDEX(String(pos:itemp),' ') .eq. Type)
pos =pos -1
End Do

Return

End

“ ek sk ok s of ok o sk ok ok ok sk ok sk ok sk ofe sk ok ke ok ke sk ok s ok ok ok o sk ok ok sk ke ok ok s ok sk sk sk ok ke st ok ok ok sk ok sk ok ok ok sk ok sk ok ok sk ok sk ok ok sk ok ok

Subroutine Openfile(chanfile)

Character*20 filename

Integer chanfile

Print *, 'Input Name of output file:'

Read (5,'(a20)') filename

Open (unit = chanfile, file = filename, status = ' NEW")
Print *, "'

Print *, 'Openned file : ' filename

Return

End

3k 3k ok 3k 3k 3k %k 3k sk ok % 3k ok %k 3k ok 2k 3k ok 3k 3k 3k 3k ok 3k 3k ok 5k % 3k ok 3k ok ok 3k 3k 3k 3k sk 5k sk sk ok sk 3k 3k sk >k sk K 3k sk sk ok sk 3k sk ok sk ok ok ok o sk sk sk skosk sk k

Subroutine Closefile(Chanfile)
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Crosstalk in the interconnection bus for a high-speed digital logic
circuit

B. H. PARKERY, A. K. RAY} and Z. GHASSEMLOOYt

A quasi-distributed circuit model using RLC ‘T’ elements is implemented on
SPICE to simulate the crosstalk in an interconnection bus on high-speed logic
circuits. Logic functions for the lines lying in an intervening space between the
pulse-activated lines are found to be affected more than the outside lines.

1. Introduction

The study of crosstalk between the interconnection lines on high-speed digital
circuits is important because this phenomenon may lead to the distortion of desired
logic functions. The purpose of this article is to present the results of modelling work
on crosstalk between the neighbouring lines. On-chip interconnects in high-speed
digital circuits are regarded as being transmission lines. For n coupled lossy lines, the
TEM analysis is given in terms of a set of coupled equations connecting (n x n)
symmetric [L] and [C] matrices to (n x 1) voltage [V] and current [I] vectors (Chang
1970). The problem can be solved numerically (Yang et al. 1985) or with the help of
an equivalent circuit model (Tripathi 1987, Wirth 1990). For the present purpose, a
quasi-distributed circuit model using a series of RLC ‘T’ elements for each line is
implemented on the SPICE package to simulate the behaviour of a bus. The choice
of RLC ‘T’ elements is appropriate in view of losses associated with small cross-
sectional dimensions of the lines. In an earlier work, lossy transmission lines are
individually modelled by a lumped circuit consisting of four time-varying compo-
nents, namely two resistors and two current sources (Gao et al. 1990).

2. Circuit simulation

Figure 1 shows the schematic diagram of an eight-line bus in a high-speed GaAs
logic device. Each line is 1 mm long, 2 um wide and 0-3 um high. The inter-line

200Q V8 Line 1 2000Q
F—MW—

2000 Line2 20000
l JV!‘ | : I——’W‘—-I

H

2000Q2 Line 8 i 2000Q

—W—] ——
Port A = 1 mm I Port B

Figure 1. Operating configuration of the eight-line bus. The 200Q resistor on the first line
corresponds to the output impedance of a GaAs gate. Input impedance of these gates
is taken to be 2000 Q.
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separation is taken to be 3 um. Logic pulses of —1V and +5V corresponding to
ECL and TTL levels, respectively, are input to one or two chosen lines. The duration
of logic signals is 50 ps including rise and fall times of 10 ps. The equivalent RLC ‘T’
circuit is shown in Fig. 2. The circuit / is characterized by the impedance Z; and the
propagation delay T; in terms of the net values of inductance and capacitance L; and
C;, respectively:

L\1/2
z-(z) " s T=co” 0

Values of L; and C; are generally found from the dimensions of lines and the
dielectric constant, and also from the coupling factors. The loss in the circuit i occurs
due to the total resistance

Ro,-=Z R;,

where n is the number of sections used for a given simulation.

Using values of the characteristics of the eigenmodes [Z] and [T] for an eight-line
bus with similar geometries and dimensions (Chilo and Arnaud 1984), a Fortran
program is developed to calculate values of individual components L;,, C;, and R;,
using (1). These values are then stored in an input file for the SPICE package. For
the implementation of crosstalk, the transformation network is described by means
of voltage-controlled voltage sources (VCVS) E(x) and current-controlled current
sources (CCCS) F(x) as shown in Fig. 2. The controlling parameters for each E;(x)
and F,(x) can be calculated by using the following set of equations:

8

Ei(x)= ‘21 M x‘jVj(x) —Vi(x) @)
8

Fi(x)= '21 M ijI j(x) —I(x) 3)

where summation extends over all lines. Assuming the coupling to be between
adjacent lines only and to be independent of line length and impedance, the matrix
elements M;; are calculated according to a simplified model (Romeo and Santo-

Figure 2. Lossy transmission line circuit model using a series of RLC ‘T’ elements and the
associated transformation network for the line 7 of the bus.
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mauro 1987). The transform network depends upon the number of coupled lines but
not on their electrical parameters.

3. Results

The simulation is initially run using ten sections of the RLC “T” circuits for each
line, passing a 1V logic pulse along the first line with the other seven lines
inactivated. It is seen that the use of unmatched loads results in severe distortion of
the transmitted signal due to the reflected waveform. The line capacitance causes a
slight ripple in the output signal, with the series resistance bringing about a small
amount of attenuation. The induced signals on the nearest neighbouring lines are
often large enough to introduce possible errors in logic level. The simulation is also
repeated by using twenty and fifty sections for each line. Although no significant
changes in the waveforms have been noticed, the overall simulation time increases
from three minutes for ten sections to six minutes for fifty sections.

If V; is the voltage at time ¢ on an inactivated line i, the crosstalk (¢) in dB at a
particular position on the line is defined as:

¢=201og,o [Vi(1)/Va(D)] (4)

where ¥, is the voltage on the activated line at the same time ¢ In our present
investigations, & is calculated at both input and output ends at the time t=25ps
corresponding to the mid-point of the logic pulse. A group of three curves in Fig. 3
illustrates the crosstalk between adjacent lines under different operating conditions.
As shown in Fig. 3 (a) the crosstalk decays gradually in a non-linear fashion with
increasing distance from the activated lines. When signals are applied to the third
and sixth lines, large crosstalk is observed for the fourth and fifth lines due to the
superposition effect (Fig. 3 (b)). The value in the order of 6 dB at their input ends is
approximately 2 dB higher than those for the second and seventh lines. Referring to
Fig. 3 (c), the crosstalk for line 3 remains at almost the same level whether line 4 is
activated on its own or along with line 5. When the voltage pulse input is increased
to 5V, voltage levels of transmitted and reflected waveforms are found to be now
much higher than before but their essential features remain the same, implying that
the effect on crosstalk is independent of ECL and TTL inputs. Further analysis
shows that with the use of the second ground plane at a distance of 5 um above the
bus, the decrease in crosstalk is not significant enough to compensate for associated
increases in signal distortions.

4. Concluding remarks

A time domain study of crosstalk between the interconnection lines on high-
speed digital circuits using the SPICE circuit simulator has been presented. This
analysis shows that for the case of two activated lines, an increase in crosstalk is seen
on the lines between them, but little or no change in crosstalk is seen on the other
lines, when compared to the case of a single line. Our results are seen to be consistent
with those obtained from previous work. The network used in the present simulation
consists of a simple transformation network that can be constructed separately from
the transmission lines. Alterations in line impedance can be made without requiring
the transformation network to be altered.
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Figure 3. Crosstalk versus line number, for input signals applied on (a) line 4, (b) lines 3 and
6 and (c) lines 4 and 5.
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