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Abstract

Abstract

3D electromagnetic modelling and simulation of various Printed Circuit Board
(PCB) components is an important technique for characterising the Signal Integrity
(S1) and Electromagnetic Compatibility (EMC) issues present in a PCB. However,
due to limited computational resource and the complexity of the integrated circuits, it
is currently not possible to fully model a complete PCB system with 3D
electromagnetic solvers. An effort has been made to fully model the PCB with all its
components and their S-parameters has been derived so as to integrate these S-
parameters in 1D, 2D static or quasi-static field solver or circuit solver tool. The
novelty of this thesis is the development and verification of active circuit such as
Input and Output buffers and passive channel components such as interconnects, via
and connectors and deriving their S-parameters in order to model and characterise
the complete PCB using 3D full field solver based on Transmission Line Matrix
modelling (TLM) method.

An integration of Input/Output (1/0) port in the 3D full field modelling method
allows for modelling of the complete PCB system without being computationally
expensive. This thesis presents a method for integration of Input/Output port in the
3D time domain modelling environment. Several software tools are available in the
market which can characterise these PCBs in the frequency as well as the time
domain using 1D, 2D techniques or using circuit solver such as spice. The work in
this thesis looks at extending these 1D and 2D techniques for 3D Electromagnetic
solvers in the time domain using the TLM technique for PCB analysis. The
modelling technique presented in this thesis is based on in-house developed 3D TLM

method along with a developed behavioural Integrated Circuit (IC) — macromodel.



Abstract

The method has been applied to a wide variety of PCB topologies along with a range
of I1C packages to fully validate the approach. The method has also been applied to
show the switching effect arising out of the crosstalk in a logic device apart from
modelling various discontinuities of PCB interconnects in the form of S;; and Sy
parameters.

The proposed novel TLM based technique has been selected based on simplification
of its approach, electrical equivalence (rather than complex mathematical functions),
time domain analysis for transients in a PCB with an increased accuracy over other
available methods in the literature. On the experimental side two, four and six
layered PCBs with various interconnect discontinuities such as straight line, right
angle, fan-out and via and IC packages such as SOT-23 (DBV), SC-70 (DCK) and
SOT-553 (DRL) has been designed and manufactured. The modelling results have
been verified with the experimental results of these PCBs and other commercial
software such as HSPICE, CST design studio available in the market. While
characterising Sl issues, these modelling results can also help in analysing conducted
and radiated EMC/EMI problems to meet various EMC regulations such as CE, FCC

around the world.
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CHAPTER 1

INTRODUCTION

In the year 1965 Gordon Moore, the founder of Intel first proposed the idea about
doubling the Integrated Circuit (IC) complexity every two years [1]. His ideology
has been followed till now with a slight correction where the functional density
seems to reach a saturation point. Driven by the need for improved cost and
performance, the recent advancement of the microprocessor technology as shown in
Fig. 1.1 has created newer types of products with ever complex I1Cs such as System
on Chip (SoC), System in Package (SiP) with cheaper production cost and extended
Moore’s law. The smaller ICs with improved performance means a higher
Input/Output (1/0) density at the periphery of the chip and it creates an increased
demand in the complex routing constraint where a significant space of the Printed
Circuit Board (PCB) is confined by interconnects for connecting these various ICs.
Although there has been a dramatic shift over the last decade from its old parallel
bus towards serial single ended and differential bus such as PCIE, HDMI, SATA,
USB, Fibre Channel 16G, XFI etc. for interconnecting ICs, it has created a new set
of issues for its routing constraint and signal quality in its transmission. The
severely stressed PCB design - process can provide a poor yield and an increase in
the PCB manufacturing cost.

At the same time the consumer electronics market of present years is driven by ever

decreasing small, portable, flexible and cost effective consumer electronics products
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such as smart watch and it is likely to continue for the next few decades till the
complete integration of many of the functionality such as internet browsing,
networking, memory application, display, audio, various type of sensing applications
and power - on time is successfully achieved. The sizing of the IC and PCB board

can create tremendous pressure on the functionality and reliability of product.

How small can a transistor be?

The evolution of microprocessor manufacturing processes
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Fig. 1.1 Microprocessor architecture trends
(Source: http://royal.pingdom.com/2012/02/29/the-single-atom-transistor-is-here-the-amazing-evolution-of-
microprocessors-infographic/)
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In addition, an increased competition in the consumer electronics market has made it
necessary to design the product first time right and manufacturable within a very
short design cycle time. A typical product design cycle consists of specification
preparation as per the intended function of the product, schematics capture, pre-
layout simulation, component placement and routing, post layout simulation,
prototyping and testing, manufacturing, and finally system integration. Because of
the tighter constraint of the board space, the most critical path is the pre-layout
simulation, component placement and routing and post layout simulation. Although
an analytical or Spice models in some instances may be used to model these
interconnects and packages but a poor mathematical representation of these
interconnects over a wide range of frequencies can create an inaccurate result and
thus can lead to an incorrect simulation output. These all issues have heightened to
model and simulate the design in a full field solver before releasing the PCB for
fabrication so as to minimise the market lead time, commercial loss and resource
wastage.

With the edge rate or signal switching well beyond GHz range and higher IC density
in the portable devices within a limited design cycle, these high performance designs
require a high quality and critical point — to — point connections between various 1Cs
within its design cycle time frame. While a digital signal is based on low and high
voltage thresholds but with increased switching rate and timing issue these same
digital domain signal can behave as analogue signal. The analogue signal is much
more susceptible to signal quality issue creating Signal Integrity (SI) issues during
signal transmission. Poor signal quality such as Inter Symbol Interference (I1SI),
crosstalk, non-monotonic behaviour, noise coupling, overshoot, undershoot, ringing

effect and timing issues such as timing delay, jitter, skew and change in slew rate
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can sometimes produce an incorrect logic state resulting in unintended functionality.
The Electromagnetic Compatibility (EMC) is defined where a product does not
cause any external interference or get affected by any external interference. Since Sl
deals with the unintended signal behaviour, this can be one of the sources for EMC
arising in PCBs. Hence SI and EMC are all interconnected and a concurrent
methodology to address these issues needs to be applied. If the approach for solving
the interaction of SI and EMC is applied at the earlier stage, it becomes simpler and
cost effective in alleviating the issue arising out of SI and EMC. However as the
design stage progresses and gets advanced, the SI and EMC issues become more
complex and costly wherein it requires a crisis management approach and might not
have any solution except for the revision of the board. Simulation is required to
assist a designer in making a right decision, optimising the board space for its
various design rules and constraints, innovating new design rules and verifying
existing interconnects at the earliest possible stage in the process.

With increased complexity of PCBs, modelling and simulating the ICs and
interconnects is becoming more and more important. The simulation of these
components can only be achieved if a numerical model could be developed so as to
integrate and run it in computer environment. The history of macromodel generation
goes about three decades back. In 1980s, macromodel was proposed by T. G. K.
Chen and James J. Whalen for speeding up the simulation and handling the complex
integrated circuits within reasonable accuracy [2]. In the year 1991, S. Graffi from
Univ. of Bologna published a study on 741 Operational amplifiers for 50 MHz signal
[3] and the correlation between simulation based on macromodel and experimental
result was used to integrate the macromodel in a simulation environment for its

accuracy. Based on these contributions, an Input Output Buffer Information



Chapter 1 - Introduction

Specification (IBIS) format was developed by Intel Corporation in early 1990s with
an IBIS open forum group. The first behavioural model as an IBIS specification [4]
was published as IBIS version 1.1 under the acronym ANSI/EIA-656. The IBIS
specification has subsequently been ratified with several modifications including the
high frequency noise on power supply pins, package and pin’s [RLC]. An alternative
to IBIS, the macromodel technique was proposed by Canavero et al. in the year 2001
[5].

In 1985 the effect of the EMC on a microprocessor 8085 was published by J. G.
Tront [6]. Subsequently lots of journal papers for EMC and SI effects on ICs and its
packages between 1990 and 1995 were published. While working in Nanyang
Technological University, Singapore in 1990s H. K. Tang showed that
Electromagnetic Interference (EMI) could cause counting inaccuracies and byte swap
issues [7]. In the early 1990s many books were also published describing effects of
Sl and EMC in a PCB. Martin Robinson et al. modelled the effect of EMC on the
propagation delay of an IC for the first time at a higher frequency of more than 200
MHz [8].

Transmission Line Matrix modelling (TLM) is a numerical technique, primarily
developed for solving electromagnetic field wave propagation in the time domain
[9], but some work has also been accomplished for solving the TLM in frequency
domain [10]. The TLM method has been implemented and used for solving complex
electromagnetic behaviours over the last few decades. Today a vast set of literature
apart from many books exist for solving variety of problems such as analysis of
microstrip structures [11, 12], analysis of microwave structures for its EMC [13-15].
Johns and Beurle from University of Nottingham first suggested the idea of solving

two dimensional scattering parameters in a computer environment using the TLM in
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1971 [16]. A review of TLM in 1985 was given by Hoefer [17]. Although TLM was
developed for solving electromagnetic field propagation, there has been little work in
solving the PCB domain interconnects and IC packages in a full field environment
using this technique. On the other hand, the simulation of PCB domain components
can be achieved by 1D, 2D or hybrid tools but the accuracy of the result is often
jeopardised in comparison to a 3D tool. 3D tool can take into account of its
surrounding effect while representing the complete geometry which can help in an
accurate analysis of complex interacting signals similar to a physical model.
However a major limitation with a 3D toolset lies in its computational resource
requirements and timescale of the simulation for a complete system or subsystem.
With a due recognition to the requirement where higher risk is concerned, 3D tool
can be used to simulate a subsystem by subdividing the system into active circuits
such as ICs and passive circuits such as IC packages, interconnects, via and
connectors. A 3D full field solver tool can also help in modelling via, sockets,
connectors and various package dies, post-layout verification with a very high

accuracy.

1.1 Organisation of the thesis

The research focus of the thesis as described in Chapters 5 and 6 is the TLM method
for the simulation and verification of various interconnect traces and different IC
packages of the PCB along with the development of macro-model as an alternative
to IBIS. The generated simulation data is verified with the experimental
measurement data and other commercial software packages. A typical end-to-end
transceiver link can be accurately designed if the PCB materials such as dielectric

and conductor behaviour and their intrinsic properties and channel design such as I1C
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breakout region, interconnect topologies, via, discrete components and interface
connectors’ behaviour could be completely described at a range of frequency. As a
background of the original work presented in chapters 5 and 6, chapter 2 describes
about frequency behaviour of various individual components used in a typical PCB
such as discrete components [RLC], dielectric and conductor, the PCB
manufacturing technique, the underlying principle of transmission line, various
effects such as skin depth, Maxwell’s equation, various boundary conditions for
terminating the signal, Bewley lattice diagram and description of various
discontinuities in PCB interconnects and extraction of their S-parameters. Chapter 3
briefly talks about the need of numerical solution and different electromagnetic
numerical methods such as Finite Difference Time Domain (FDTD), Method of Moment
(MoM), Finite Element Method (FEM) and Boundary Element Method (BEM) and
development. A short comparison of these methods is also described.

Chapter 4 discusses TLM principles in 1D and 3D domains which is the basis of the
research work as developed in chapter 5 and 6. It also discusses about modelling
techniques of inhomogeneous media while applying different boundary conditions.
This chapter concludes with different PCB dielectric materials and its behaviour over
a range of frequencies. A novel 3D time domain modelling tool for 1/O ports and
interconnects in the PCB, PCB fabrication and experimental setup along with
equivalent circuits for the discontinuity has been described in chapter 5 and 6.
Chapter 5 talks about the 1/0 port macromodelling technique and the simulation
result of the time domain technique has been compared against the experimental
result and other available software while chapter 6 discusses about the result, its S-

parameters for different 1C packaging, trace configurations using time domain
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modelling technique. Finally the conclusions and future scope have been described

in chapter 7.
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CHAPTER 2

High Frequency PCB methodology and Analysis

With the increased complexity and higher frequency of operation of various devices
inside PCBs, it is not uncommon for any board to go through more than two or three
revisions before releasing it into the market. PCB revisions may arise because of the
failure to meet the expectation of its functionality due to its incorrect layer stack-up,
complex routing over the constrained PCB space, density and placement of its
components and IC interconnects, wide frequency behaviour of these components
and interconnects, cost target of PCB manufacture. These set of issues can be
avoided if there could be some pre-layout simulator which could produce result
during its design phase well before the physical translation of its electronics design.
A full field solver which can take into account of its surrounding effects along with
physical component integration can be a perfect fit for providing the solution. Since
the result of a PCB component and IC lies in the time domain, it becomes important
for the field solver to present a time domain analysis. This time domain analysis has
been part of my research work and has been presented in the subsequent chapters. In
order to show the complexity of cad design in the present time, a typical six layer
Intel chip based densely routed and complex motherboard has been shown in Fig.
2.1. As shown in this Figure, the motherboard consists of a high density single
socket dual core Intel Central Processing Unit (CPU) for processing the

instruction/data, an 1/0 Controller Hub (ICH) for connecting and controlling various
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I/0 interfaces such as the Peripheral Component Interface (PCI), Peripheral
Component Interface Express (PCIE), Universal Serial Bus (USB) and Serial
Advanced Technology Attachment (SATA) and a Graphics and Memory Controller
Hub (GMCH) for memory and graphics devices. These ICs are available in BGA
and LGA package with a pin count of 400 to 700 pins and a pitch of 200 pm. With
the separation of 200 um, the trace routing in the vicinity of its periphery becomes

quite complex, leading to a multi-layered and complex board.

Input and Output
connectors

Input and Output
Controller Hub

Contolier Hub : iiillllllllﬂlll\

Memory connector

CPU socket

Fig. 2.1 A typical six layered motherboard (source Intel)
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The operation of this high density PCB depends on Sl between its components, and
EMC. Sl is often inseparable from the EMC issue and therefore a solution of the SlI
issue can lead to EMC fulfilment. Hence a good design and its pre-design analysis
require an in-depth understanding of the signalling between each of the components
lying on the board. The complete PCB system as shown in Fig. 2.1 can be classified
by its discrete components (e.g. resistors, capacitors, inductors etc.), transmission
lines (various types of single and differential traces) and integrated circuits. For a
low operating frequency, the passive components work as expected per the
manufacturer provided datasheet, however as the frequency increases these
component lose their characteristic. For a PCB designer it becomes important to
know the limitation of these passive components.

Further various PCB traces can be designed to create these passive elements and due
to space constraints and reliability reasons the latest trend has been to embed these
elements in the PCB itself. The EMC of a PCB design is dependent on the behaviour
of these PCB elements. Once the behaviour is analysed completely, the Sl issue and
hence the EMC issue can be solved. The high frequency behaviour of these various

elements of the PCB is described in the following sections.

2.1 Analysis of Discrete components

2.1.1 Lumped Resistors

A resistor is often manufactured in three different types: Metal film resistors (these
come in different packages, 01005, 0201, 0402, 0603, 0805 etc.), wire wound and
carbon resistors (these are inexpensive resistors, made of low conductive carbon).
Wire-wound and metal film resistors can carry high current and usually have tighter

tolerances and lower temperature coefficients. An equivalent circuit for a metal film

-12-
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resistor is shown in Fig. 2.2 while its frequency dependant behaviour using Pspice is
shown in Fig. 2.3. As seen in Figs. 2.2 and 2.3, the parasitic inductance and
capacitance value dominates the resistance value at a higher frequency, increasing
the effective impedance. In Fig. 2.2, R is the resistor’s value while L;, L, and C;, C;

are the stray capacitances and inductances respectively.

L, R Ly L,

Fig. 2.2 Metal film resistor

Impedance for 50 Q Resistor with L;=0.2 nH, L,=8 nH and C,=0.3 pF
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Fig. 2.3 Frequency dependent impedance plot for a typical thin film resistor
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An equivalent circuit for the resistor model can be defined by Figs. 2.2 and (2.1) [1].
Z(Q) = (((R+ Xp1) Il Xc1 ) + Xz + Xp2) [ Xez —(21)

. . 1 1
Here X.; =j2xfL, and X, =j2xfL,; and X¢; = — and Xcg, = P

Based on the packaging of the resistor, C, can be ignored. The impedance plot of a
typical metallic film resistor is shown in Fig. 2.3.
A general guideline as described by equation (2.2) can be used for selecting an

effective chip resistor [2], here f is the frequency of operation and R is the resistance

in ohms.
f < R <3X101°Hz 99
3X1010Hz — 50 — f (2.2)

The above formula can be applied for the best usage of resistor without a loss of

signal quality arising out of a chip resistor.

2.1.2 Lumped Capacitors

Capacitors are usually associated with a power supply and are often used for
bypassing noise, dc-decoupling or power supply source. However in a signal
environment, it can be used for AC-coupling, integrators, filtering as well. These
capacitors are not a perfect component but it includes resistive and inductive
components and hence it does not show its pure capacitive nature throughout its
operating frequency but it can describe its pure capacitive nature only up to a certain
frequency range. The extra components affecting its property are defined as the
Equivalent Series Resistance (ESR), and the Equivalent Series Inductance (ESL).

The ESR value is based on manufacturer, package type and capacitance value. For a

-14-
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10 nF X7R/X5R package, ESR can vary from 1.7 mQ (for 1210 type) to 20 mQ (for
0402). Similarly the ESL value is based on the manufacturer, package type and
capacitance value. For a 10 nF X7R/X5R package, this can vary from 1070 pH (for
1210 type) to 450 pH (for 0402). Other package types like Y5V, Z5U have
significantly higher ESR and ESL. The ESL causes the capacitor to stop behaving
like a true capacitor at high frequencies as the impedance starts to increase rather
than keep decreasing. The ESL has a more undesirable value when a capacitor has its
lead in its package, rather than a surface mount or leadless capacitor. As the lead
inductance increases, the high frequency impedance limitation also increases. Hence
a higher frequency design should avoid a lead component and instead leadless
components should be used in critical designs. When multiple capacitors are placed
in parallel, the combinational effect of these capacitors plays a role, and a resonance

can cause relatively higher impedance.

A capacitance’s equivalent model can be represented by Figs. 2.4 and (2.3) [3]. Here
Rhysteresis aNd Rinsulation €an be ignored for any reliably manufactured capacitance and
hence a capacitor can be represented by its ESR, ESL and its capacitive reactance.
Z(Q) = Xgsr + XgsL + X¢ —(2.3)

1

Here the Xgsi and Xc can be described using Xgg;, = j2afL and X¢c = ——

Rinsulation

ESL ESR I
e = [[ —t—

Rhysteresis

Fig. 2.4 Equivalent capacitance model
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Similar to a resistor’s behaviour, the capacitor’s typical impedance plot for a 10 nF

capacitance using Pspice has been shown in Fig. 2.5.

x 10° Impedance for 10 nF capacitor with 20 mQ) ESR and 470 pH ESL
16 T T T T T T T T

=
N

Impedance Q)
-
N

10

[ | [ [ | [

L
10 100 1K 10K 100K M 10M 100M 1G 10G
Freq. (Hz)

Fig. 2.5 Frequency dependant impedance plot for a capacitor

2.1.3 Lumped Inductor

Like a capacitor, inductors also have other parasitic elements. This includes the DC
resistance (DCR) and the Inter Winding Capacitance (IWC). Just as the capacitor
stops behaving like a capacitor at high frequencies, an inductor also stops behaving
like an inductor at high frequencies. The high frequency causes a resonance effect in
the circuit and is decided by its inductance and its associated parasitic capacitance.
At the resonance point, an inductor will have a substantial rise in its impedance and
above the resonance the inductor altogether stops behaving as an inductive element
and instead it becomes a capacitive element. This resonance can cause issues in

signal transmission and interference in its operation and should not be ignored.
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L L DCR
— Y'Y Y \__o :> —eo—LYY Y \_AAAA—9—

IwWC
Il

Fig. 2.6 Equivalent inductance model

An inductor’s equivalent model can be represented by Figs. 2.6 and (2.4) [4] and can

be described by its Inductive value, DCR and IWC, where X;, = j2zafL and Xyyc =

1

—— Rpcr is the DC resistance.
]ZTI:fCIWC

Z(Q) = (Rpcr + XLl Xiwe —(24)
The impedance plot of a typical 1.2 uH inductor with 20 mQ DCR and 20 pH IWC

using Pspice is shown in Fig. 2.7.

Impedance for 1.2 pH Inductor with 20 mQ DCR and 20 pH IWC
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Fig. 2.7 Frequency dependant impedance plot for an inductor
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2.2 PCB technology and its high frequency behaviour

2.2.1 Overview of a manufactured PCB

On a PCB the components are soldered through interconnect traces which convert an
electrical design into a physical form. These traces and components are connected
through a multi-layer prepreg with conductors. Normally a typical motherboard for a
PClserver has four to twelve layers stack-up, while a telecom board has twelve to
twenty-eight layers stack-up. The consumer electronics board is defined in four to
eight layers. Interconnects among layers are made using via which is drilled holes
and can be plated with copper. There are different types of via in a PCB. These via
can be classified as plated through holes, blind and buried. These layers are
described by its following manufacturing elements. An example of a six layered
PCB is shown in Fig. 2.8.

Through Hole Via Core, Fr4 Prepreg Blind Via Solder Paste
Copper Trace

Buried Via
Signal Layer 1 \
¥

A
Gnd/Vce Layer 2 /
Signal Layer 3 ‘
Copper Plane H
Signal Layer 4
v ‘\\‘
Gnd/Vce Layer 5
v

Signal Layer 6

A
=

v

Fig. 2.8 A six layered PCB overview

1. Core: The core material is a rigid sheet usually made of cured fibreglass resin
material that provides isolation between layers. Most commonly used core

materials are Fr4 epoxy glass, cyanate ester, polymide glass and Teflon. The
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dielectric strength, coefficient of thermal expansion and cost of the core play an
important role in selecting the core for PCB design.

2. Prepreg: The prepreg is made of a material similar to core material but is
uncured. It behaves as an adhesive to bond the copper layers. When heated and
pressed, the prepreg will cure (harden) holding the copper layers firmly, hence it
is used to stick the core layers together.

3. Copper foil and traces: Copper foil is a thin sheet of copper that bonds to the
prepreg layer. Traces are formed by etching the copper foil. The usual thickness
of copper layer is 16.25 pum, 32.5 um and 65 pm, depending on the impedance,
current carrying capacity and thermal effect of the trace. The trace width is a
design parameter, depending on the required impedance of the trace.

4. Copper plating: Copper plating is primarily used only on the finished board, on
the external layer, and provides an additional thickness of copper to the board.
The external plating is only done after the board is drilled and etched.

5. Drill: This layer defines the location and sizes of drill holes and via on the
board.

6. Solder flow/paste: This layer is used to apply solder over exposed copper to
prevent it from oxidation and also forms the base for surface mount devices. In a
related process called Solder Mask over Bare Copper (SMOBC), the board is
‘masked” and only exposed copper (usually pads or areas that have surface
mount components) can be coated with solder.

7. Solder mask: This coating is done on the top and bottom layers of the PCB,
which prevents solder from freely flowing on the board. It also insulates the
board electrically, and protects the board from the environment. This layer

provides the characteristic green, red or other colours in the most PCB boards.
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8. Silkscreen: This is the documentation layer containing component references,

pin numbers and PCB details like lot number, manufacturer logo etc.

2.2.2 Behaviour of the PCB media at higher frequency

At lower frequency, the wave mode supported by various PCB traces are somewhat
straightforward but with the increased operating point of frequency, other conductor
and media specific properties play a significant role. Hence the field description on a
stripline/microstripline requires some correction based on the conductor behaviour
and losses associated with it. These behaviours are described in the following

subsections.

2.2.2.1 Lossy behaviour of the conductor

At higher operating frequencies there is some resistive loss in the conductor itself
and this loss is frequency dependent. Main component of a lossy line can be defined
using the series resistance of the trace and dielectric loss of the prepreg. The loss can
be represented using two distinguishable parts, DC resistance Rqc as defined in (2.5)
and AC resistance R, as defined in (2.6). Hence the resistive loss of a conductor at

higher frequencies can be defined using (2.7) [5].

l
Ry = £ — (25)
Rac = I—W _ (26)
R(w) = \/(Rdc)z + (Rac:)2 - (27)

R is a function of the signal frequency and the resistance per metre of 1 0z. (35 um
thick) copper (with its resistivity of 1.68e-06) for a 150 pum microstrip trace width
has been plotted using Matlab and is shown in Fig. 2.9.
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Resistance for copper
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Fig. 2.9 Resistive behaviour of copper used in PCB traces

2.2.2.2 Skin depth

With an increase in frequency, the current is forced to flow nearer its surface rather
than penetrating inside the conductor and flowing uniformly across the cross section
of the conductor. As a Matlab plot shown in Fig. 2.10, this skin depth for a copper
layer (with its conductivity, 6 = 5.95¢05 Sm™) falls exponentially with increasing
frequency. The skin depth is an important property because of the copper pouring in
the PCB especially in the situation where the current demand is significant. A careful
selection of the copper weight can save some PCB cost. The skin depth is
analytically derived as in (2.8) [6 - 7] and depends on the conductor’s conductivity

‘c” and the frequency ‘f* of the signal.

5= 1
Tofo

— (2.8)
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Skin depth in microstrip line configuration
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Fig. 2.10 Frequency dependant skin depth

The skin effect also causes frequency dependence of the strip line inductance;
inductance of the trace is higher at low frequencies and falls noticeably at the
transition frequency where skin depth becomes comparable with conductor
dimensions. With the increase of operating frequency although the flux density
between the microstrip trace and reference conductor remains constant, the magnetic
flux of the microstrip trace keeps reducing, hence the inductance at higher frequency
becomes low. These effects produce altogether different copper characteristic

impedance than originally designed for.

2.2.2.3 Dielectric loss

Dielectric loss occurs when the propagating field interacts with the dielectric
material of the PCB and hence it is an intrinsic property of a dielectric material. The

wave propagation in microstrip line and even in strip line is not a pure TEM mode
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and the electromagnetic wave can interact with the substrate underneath. The
microstrip line trace forms a parallel plate (filled with an insulator) structure with
ground plane, hence it can be considered as a capacitor. Because of imperfect
medium (air on one side while dielectric on the other side), an out of phase current
does exist. Dielectric material can be defined by its two important parameters such
as dissipation factor (also known as loss tangent, tan &q) and relative dielectric
constant (g;). The frequency dependant behaviour of these parameters is necessary
for characterising a PCB dielectric. The effective relative permittivity can be defined
using a combination of real and imaginary terms as defined in (2.9), the relationship
between imaginary and real term can be defined using dielectric loss tangent in

(2.10) while the propagation constant “y* can be defined using (2.11) [8].

& = & — j&r - (29)
&

tan(6,) = o —(2.10)

Y= w\[(uoeo)(S’r —Jjer) - (211)

Based on the above equations, the attenuation factor for a homogenous quasi-TEM

line as symmetric strip line can be determined using (2.12) under low loss condition
[9].
a.(N) = nf tan((Sd)\/e—T -(212)

The amount of the dielectric loss is dependent on generated electric field density of
the structure apart from the nonlinearity of the polarisation. While taking into

account of this effective dielectric constant and capacitance of the microstrip line
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(assuming filled with air) Cempty, the effective capacitance Ces of the microstrip line
can be defined by (2.13) and effective dielectric loss by (2.14) [9].
Ceff = (8;' - J SIII')Cempty - (2-13)

Geff = (*)S;Cempty - (214)

Apart from conductor and dielectric characteristics, the conductor is often coated
with an anti-oxidant material such as nickel/gold/silver to protect the trace from
oxidation and corrosion. This can also affect the performance of the transmission

line.

2.2.3 Transmission Line requirement on trace

With higher frequencies of operation, falling power level of these ICs and increased
edge rate (rise and fall time) of the signal, the interconnection link between different
devices can become a transmission line and as part of its function can produce a
reduced noise margin. A transmission line is a conducting medium which can be
used to guide energy from one position to another position in the form of an
electromagnetic field. The transmission line contains transverse electric and
magnetic fields. The voltage difference between the transmission line trace and the
surrounding planes is a measure of the strength of the electric field. The magnitude
of current flowing in a transmission line is a measure of the strength of the magnetic
field. Hence a PCB trace can be seen as a flow of electromagnetic fields from one
point to another point. Electromagnetic waves travel at the speed of light, ‘c’ (that is
3x10°® m/s) in free space. However, the dielectric medium has a relative dielectric
permittivity, &. Hence the speed of electromagnetic wave in the presence of

dielectric media is guided by its effective dielectric constant and the speed of
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propagation for a strip line trace is represented by C/ \/_ where e IS the effective
Eeff

permittivity. The effective dielectric constant of effective permittivity is dependent
on surrounding media (homogenous or inhomogeneous) and its dielectric constant.
Assuming ‘w’ being the width of the metal plate and ‘h’ being the height of
dielectric slab, e of a wide microstrip trace (where electric field can be considered
to be located at the centre of the strip) can be defined by the (2.15) [10] while &ef can

be approximated to g, for w >> h.

ee+1 -1 1 w
Eoff = — + — for —>1 —(2.15)
2 2 L 1z h

Similarly for a thin microstrip trace (which have its electric field throughout its metal

strip) €t can be defined by the (2.16) [11] while & can be approximated to 0.5(s; +

1) for h>>w.
[ ]
e+ 1 e — 1| N w
Eoff = + | + 0,004 (1-—) | forps<1 —(216)
2 2 = d | h

Hence the effective dielectric constant of a Microstrip line can have a range of 0.5(e,
+ 1) < et < &. However the effective dielectric constant for Fr4 dielectric with its
dielectric constant of 4.4 becomes 3.25 and varies with frequency. The frequency

dependant plot can be plotted using Matlab and is shown in Fig. 2.11.
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Effective Dielectric Constant for g~4.4 in microstripline
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Fig. 2.11 Effective dielectric constant for a microstrip line

The transmission line can also be represented by its characteristic impedance Z, in
an electrical parlance, which is the ratio of the voltage to current. Whenever there is
an impedance mismatch between the transmission line impedance and the load
impedance, there is a reflection of current and voltage. In some cases where the
frequency of operation is less than 30 MHz, the lumped circuit theory is appropriate
in analysis and design and there is no need to solve the classic Maxwell equations of
electromagnetic theory. Electrical theory techniques, such as Ohm's law and
Kirchhoff’s laws and superposition theorems nicely serve to determine the
waveforms. However if a digital system is being designed for a wide frequency of
operation, the question arises when the system should be judged as lumped or as
distributed. The primary factors that determine whether SI should be considered are
interconnect length and signal slew rate (minimum of the rise and fall time). Logic
levels, dielectric material, and conductor resistance are among the secondary
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determinants. A transmission line contains inductance, resistance and capacitance
effects distributed in it. Hence an analysis of the unit length of this transmission line
trace can be a true representation for presenting a combined effect of the
transmission line. This unit length can be defined using a lumped parameter model
using [RLGC] parameters and its unit propagation delay, T = \/m . The time
needed for a signal to travel to the end of the line, the one way transmission time,
can be designated by the symbol t,s. However this propagation delay t,y can be
represented as (l/u), where ‘I’ is the length of the transmission line and ‘u’ is the
velocity of signal propagation (can also be defined as (1/t)). Hence one way
transmission time can alternately be described as tyq = (It). If 2t4<< tys, the two way
transmission time is shorter than the signal’s transition time, and hence no significant
time delay is involved. In this case, the circuit is considered lumped. If 2t,e>>ts, the
signal delay can’t be neglected and hence the circuit can be considered as a
transmission line [12]. In deciding the exact relations for distributed and non-
distributed component modelling, the rise/fall time of the signal plays a major role
than its natural frequency. The following equations (2.17) — (2.19) can be used to
determine propagating line effects for a PCB trace [12, 13]. When the delay from
one end to the other end (defined as propagation delay, t,q) as represented in (2.17) is
greater than the “minimum of (rise time, t, or fall time, t;)/2”, the line is considered
electrically long. However if the delay as defined in (2.18) is less than (rise time)/4,
the line is electrically lumped while if the delay is in-between these two relationships
as represented in (2.19) the line can be considered short line. Lumped and short lines
can be modelled using lumped circuits while an electrically long line requires

distributed circuit consideration.
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t
— <2 —(217)
tpa
t
— >4 —(2.18)
tpd
t
4>-"L>2 - (2.19)
tpd

Based on these equations, if twice of the trace length delay is greater than the rise
time of the signal, the trace can be considered as a transmission line and hence there
could be identifiable voltage and current reflection, otherwise the trace is considered
as short or lumped component and can be solved using lumped electrical circuit
theory. The circuit theory of the transmission line is described in section 2.3. Apart
from the circuit theory, the transmission line can also be solved using (electrical and
magnetic) field propagation and this is particularly required when the frequency of
the interest is in GHz range and/or the transmission line requires an accurate

characterisation. The field mode propagation is described in section 2.4.

2.3 Transmission line theory using circuit analysis

Transmission line behaviour in a guided medium can be described using a
distributed electrical circuit theory of a two conductor line for representing up to a
few hundred MHz frequencies. A higher frequency operation needs to be defined
using a field theory in order to capture its complete behaviour. The general solution
of solving a two conductor line is to divide the complete line into a number of very
small cascaded segments in representing each segment by R, L, G and C
components. The boundary condition or termination can be represented using a

desired linear/nonlinear load in time/frequency domain. Then an entire line can be
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represented using matrix parameters, R, L, G and C and a mathematical model can
be established to represent its behaviour. After representing it using matrix
parameters, one can apply a suitable analytical/numerical equation to solve this
mathematical model while taking care of boundary conditions. Figs. 2.12 and 2.13
show a generic equivalent circuit, consisting of R, L, G and C (per unit length) for
one space - step. Any interconnect can be modelled using infinite numbers of these

small sections, making Ax — 0.

X X + AX

N

] Signal Layer
@
x=0
] Gnd Reference
R Ly ’ Ry Ly Ly
———— * . AANA—Y YN ‘ e * .
Y - L Ry PR N
._.-G e G C :TG SC
RZ Lz RZ I—Z T Lz E
A S S i L o e, & . :
Rz

I (X) I (X + AX)
—_— Rl Ll _—
+ — AAAA—YTYY o +
4 G l c 4
V(X) V(X+Ax)
Y v

Fig. 2.13 RLGC equivalent of an interconnect unit of a transmission line
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Transmission Line equations in its time - domain can be defined using telegrapher

equation by (2.20) and (2. 21).

avg;,t) — _RiGD) Lé‘>i(;<t,t) — (2.20)
i(x,t) _ Sv(x 1)
PV —Gv(x,t) — C 5t -(221)

Because of simplicity of mathematical operators in frequency domain, a frequency —
domain behaviour of (2.20) and (2.21) can be represented using (2.22) and (2.23) by

applying frequency transformation.

d\éf(x) - _(R+jol)IX) _(2.22)
d:j(:) = (G + joC)V(X) —(223)

We can solve (2.22) and (2.23) to obtain the relation of (2.24) and (2.25).

d2d\>/<(zx) —y?V(x) = 0 —(2.24)
d;'X(ZX ) 2100 = 0 _ (2.25)

Where y = /(R +joL)(G + jwC) =jwVLC [1+ jwiL is the complex propagation

constant while the characteristic impedance is defined using (2.26).

_ /(R + jwl)
Zo - m - (226)

Assuming the dielectric loss is zero at the frequency of interest (unless the signal is
in GHz range), the propagation constant y can be represented as (2.27) and
expanding (2.27) for the real a and imaginary [ term, and we can rewrite it as (2.28)

and (2.29).
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= f it H(EY - () -
.= g fg — (2.28)
=i 50 (o) | -(229)

Solving these voltage and current equations (2.24) and (2.25) using a second order

differential equation method, we can obtain (2.30) and (2.31).

V(x) = Vie ™ + Vet —(2.30)
VA \

I(X) = ——e X — 2t — (231
Z Z (2.31)

The impedance can be derived using (2.30) and (2.31) for any point between its
boundary points [-1, 0]. The reflection coefficient at the boundary point, x=0 can be
defined using (2.32). Hence at length |, voltage and current can be derived using

(2.33) and (2.34) leading to characteristic impedance of (2.35).

_ V%
n=F —(2.32)
V() = Vet + Vet = Vi(e™ + T, e™) —(2.33)
+ Vi Vi3
— O atyl 0 ayl — O (atyl _ -yl —
1() 7 e 7 e 7 (e e (2.34)
et + T e
Zi = ( e — (2.35)

o (e+yl — I_‘l e—yl)
Expanding numerator and denominator using mathematical functions and replacing
I by [(Z21 = Zo)/(Z) — Zo)] we get (2.36). Simplifying (2.36) further it can be

expanded to (2.37).
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(cosyl + jsinyl) + @, _ZO)/(Zl +7,) (cosyl — jsinyl)
Zin = Zo

— (2.36)

(cosyl + jsinyl) — @, _ZO)/(Zl +7,) (cosyl — jsinyl)

°Zy+ jZ,tan (yl)

Zin = - (237)

As mentioned previously, lossy line y is equal to the sum of real a and imaginary [3
part. Hence a lossless transmission line can be defined by its R and G being zero and
the propagation constant will have only imaginary component as defined in (2.38)

while the characteristic impedance can be defined using (2.39).

v = V(jwL)(jwC) = jwVLC — (2.38)
L
Zo= |¢ — (2.39)
Similarly the reflection coefficient can be defined as in (2.40).
I,(z) = Tet2k — (2.40)
I(1)
: Ru L Rt o R - I(n+1)
............. J_ —
v
@ RoL ST " G%”‘C N V(n+1)
*— ALY Y Lg |

Fig. 2.14 Cascading of RLC network

Fig. 2.14 can be represented in a matrix form where the transfer characteristic for the
transmission line segment can be represented by a matrix relationship using (2.41)

[14] where “y’ is the propagation constant and ‘I’ is the line segment.
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cosh(yl) jZ,sinh(yl)
[C.] = [isinh(y1)
Zy

cosh(yl) - (241

Hence once transfer characteristic is known, the matrix can be expanded and solved
for the complete structure of the transmission line. The above equation works
completely for a generic transmission line. However when there is an initial
condition/termination (either at source or load or anywhere in the path) in the
network, these initial conditions need to be suitably included in the generic
transmission line equations. Assuming the transmission line of length ‘I’ with a
source signal applied at x = 0 and a termination network connected at length ‘I’, a
suitable boundary condition at source and load point can be rewritten as (2.42) and
(2.43), respectively.

[V(0)] = [Vl — [Zs][1(0)] —(242)

VDT = [Mioad] = [Z1oadl [I(D] —(243)

Here [Vs] and [Viocad] are the open circuit voltages at source and load respectively
while [Zs] and [Z0aq] are the circuit impedance at source and load of the network.

If there is any discontinuity in the transmission line, the entire transmission line can
be conveniently broken into different pieces while the discontinuity can be
represented by a suitable formula which can be found out using its S-parameter or
through measurement using vector network analyzer. This cascade of the
transmission line can be represented as in Fig. 2.15 using an impedance matrix
defined in (2.45) and (2.46) for transmission line, apart of a matrix derived out of S —
parameters for the discontinuity. For the transmission line, Z. y, | are the
characteristic impedance, propagation constant and length of the transmission line

while Ty, is the T — parameter representation of various discontinuities and can be
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obtained after the computation of S-parameters of (2.44). The S-parameters help in
defining the discontinuity and its direct multiplication with other transfer functions.

Hence the entire transmission line can now be defined using (2.47).

Fig. 2.15 Cascade representation of transmission line with discontinuity

[& T11Ty; — T12T21]

S11 512] _ |T22 Ty, I
= — (244
s sel=| F (244)
T, Ty
cosh(y;l;)  Zy1sinh(yyly)
[FTLl] = Sinh(]/1l1) — (2.45)
———  cosh(y;1l4)
Zo1
[FDiscontinuity] = [T21] - (2-46)
cosh(y,l;)  Zy,sinh(y,l,)
[FTLz] = Sinh(]/zlz) —(2.47)
—_— cosh(y,l5)
Zo2
[FTL] = [FTLl] [FDiscontinuity][rTLz] - (2-48)

2.3.1 Lattice diagram for transmission line

The reflection coefficients can be used to determine the reflected and incident waves

along a transmission line as in Fig. 2.16.
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Vs VLoad
Rs l Transmission Line l

Dielectric Material R.

Ke2
i

Fig. 2.16 Transmission line for circuit simulation

A Lattice diagram [15] is the most commonly used technique to calculate incident
and reflected voltages along the transmission line — discontinuity using circuit
theory. Assuming the reflection coefficient at the end A and B of the transmission
line be defined using (2.49) and (2.50) while the propagation delay for this
transmission line is described using tyq, the reflection voltage and current at various
points of time in the transmission line can be described using Figs. 2.17 and 2.18,
respectively. The Lattice diagram has been used to calculate the crosstalk at the far
end and near end of the transmission line as described in the appendix, hence a
background of the theory has been provided here in order to develop and simulate

the crosstalk for a transmission line.

_ (Rs - Zo) 2
I, = —(Rs 7. —(249)
_ (RL - Zo)

As discussed in the previous section, the velocity of the propagation can be defined
by (2.51). This velocity is used to calculate the distance of the load and source
termination. However at t = 0, the incident voltage and current at the end ‘A’ of the
transmission line can be defined using circuit theory as in (2.52) and (2.53)
respectively, while the final steady value of the voltage and current in the

transmission line can be defined using (2.54) and (2.55), respectively [16].
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Vs=Va

t = 2{5q

VS = VA (1 + FB + FAFB)

t = 4tyq

VS =VA(1 +FB+FA FB+FAFBZ+FA2 FBZ)

t = 6{5q

t = 8tyq

— (251)

— (252)

— (253)

— (2.54)

— (2.55)

Viead = 0

t=tpd

Vioad = Va (1 +Tg)

t = 3tyq

Vigad = Va (1 +T8)( 1+ TaTks)

t = 5t5q

Vioad = Va (1 +T)( 1 +TaTg) (1 +TA*I'5?)

t =7t

t = 9tyq

Fig. 2.17 Lattice diagram for voltage
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ls=1la lLoaa =0

t=th
t = 2tg lLoag = Ia (1 - Tg)
ls=1a(1-Tg-Tals) t=3tpg
t = 4tyg lioas = la (1 - Te)(1-TaTe)
ls=la(1-Tg-TaTg+TaAT? + TA2 T8 t =5tpg

load = Ia (1-Tg)(1-TaTg) (1+TA%TEY)

t =7t

Fig. 2.18 Lattice diagram for current

The Lattice diagram for the voltage and current reflection in the transmission line is
shown in Figs. 2.17 and 2.18 while Matlab plots of the voltage and current lattice
diagram are shown in Figs. 2.19 and 2.20. Here the voltage source is assumed to
generate a trapezoidal signal with 3 V amplitude and 0.2 ns rise/fall time with a
period of 10 ns. The source series resistor Rs is assumed to be of 25 Q while load
resistor is assumed to be of 150 Q for 8 mm length transmission line of 50 Q

characteristic impedance.
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Lattice Diagram for 50 ohm, 88 mm transmission line
35
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Fig. 2.19 Voltage in transmission line for Ry = 25 Q, R, = 150 Q

Lattice Diagram for 50 ohm, 88 mm transmission line
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|
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Fig. 2.20 Current in transmission line for R; = 25 Q, R = 150 Q
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2.4 Wave propagation in PCB using field theory

Before solving a transmission line using field theory some basic background of the
theory (Maxwell’s equation and boundary conditions) is required. Similar to the
distributed network theory, the field theory can be applied at each of the segment of
this transmission media before integrating for the whole area and applying suitable

boundary conditions for limiting its problem space.

2.4.1 Maxwell’s equation

Maxwell differential equations, which define magnetic field as B, magnetic flux
density as H. electric flux density as D and electric field as E can be expressed using
(2.56) - (2.59) in the time domain and its constitutive relations of (2.60) and (2.61)

where p,?and M are charge, electric and magnetic current density.

VXH):E+J — (2.56)

vxE:—@—ﬁ’ — (2.57)
ot

VD=p — (2.58)

V.B=0 — (2.59)

B= pH — (2.60)

D= ¢E — (2.61)

(2.56) - (2.59) can also be correspondingly defined with respect to integral equations
using (2.62) - (2.65) for providing alternate mathematical solutions. Another
fundamental equally important equation is the equation of continuity which can be

written as (2.66).
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—_ = 6 - —— > ——
ﬁé H. z:—j D.dS— | j.ds — (2.62)
C at S S

- — 6 - — —_—
ﬁé l=——deS— M.dsS — (2.63)
C at S S
jﬂ DE:j pdV — (2.64)
S %4
ﬁé B.dS=0 — (2.65)
S

- 0p
V= —— — (2.66)

For a linear isotropic material characterised by its permittivity €, permeability u and

conductivity o the constitutive relations can be defined using (2.67) - (2.69).

D= ¢E+P — (2.67)
B= u(H+ M) — (2.68)
.= oF — (2.69)

Here € and u are the permittivity and permeability of the medium while o is the
electric conductivity. The permeability of the medium is defined by 4mur x 107 H/m
while the permittivity of the vacuum is selected as 8.85¢, x 10 F/m. The electric
and magnetic flux can be defined by D and H, while E and B’ are the electric and
magnetic field vector and J; is the conduction current vector. Similarly_PT electric
polarisation vector describes how the material is polarised when an electric field is
present while M, the Magnetisation vector describes how the material is magnetised
when a magnetic field H is present. For linear materials, the polarisation as defined

by (2.70) is directly proportional to the electric field, where y. is the electric
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susceptibility. Similarly in linear materials, the magnetisation is directly proportional

to the magnetic field as defined by (2.71), where ¥y, is the magnetic susceptibility.

wl}

= 80(1 + xe)E = soer = ¢E —(2.70)

—

(1 +  JH = popH=n —(2.71)

w!
Il

The parameters ¢ and y, are the relative permittivity and permeability of the material
respectively. Usually these are scalar properties but these can be defined in a vector
form to account for the variation in all three directions as in (2.72) and (2.73) by a

3x3 tensor for a general isotropic material.

p, O 0
w=1[0 n, O —(2.72)
0 0 w,
ex 0 O
E = 0 sry 0 - (273)
0 0 g

(2.69) - (2.71) can be generalised as (2.74) - (2.76).

Jo= oE+1, — (2.74)
D= soer + D_r) — (2.75)
B = uoprﬁ+ W — (2.76)

Here D, is the remnant displacement, which is the displacement when no external
electric field is present while B, is the remnant magnetic flux density when no

external magnetic field is present.
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2.4.2 Boundary condition

The boundary condition at material interfaces and physical boundaries require
special attention in order to describe any electromagnetic problem and often an
infinite boundary condition can be simulated using a finite suitable boundary
condition. This limits the problem space for the existing problem. Based on the
permittivity (g), permeability (u), surface current density (3:) and charge density (ps),
the field components, E, B, D and chontinuity is defined. If there are two different
media where €, 4 and o are different, a boundary condition can be suitably applied.
The tangential and normal components arising out of integral from Maxwell’s
equations of these fields can form an equation for these continuous media. At
interfaces between two media, the boundary can be described mathematically using

(2.77) - (2.80) [17].

n,x(E,— E;)=0 —(277)
n,.(D; — D) = p, —(2.78)
n, x (H; — H,) = I —(2.79)
n,.(B,— B,)=0 — (2.80)

Of these four equations (2.77) - (2.80), only two are independent. Hence these
equations can be combined to form two independent conditions. Further the current

density at the interface can be obtained as (2.81).

s 2 ap,
Various special conditions for (2.77) to (2.80) can be derived. Assuming no surface
current, (2.77) and (2.79) can be reduced to (2.82) and (2.83), respectively. The

electrical field pattern of a travelling wave can be defined as in (2.84) [18].
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n,x(E,—E,) =0 —(2.82)
1
V X (M_VX E(xY, z)) —k3eE(x,y,2) = 0 — (2.84)

Depending on the solution for electric and magnetic field, these conditions can be
analysed separately. Like, while solving for E the tangential component of the
electric field has to be always continuous and thus (2.82) always gets satisfied. But

(2.83) can be represented using (2.82) and hence it can be defined as (2.85).

Similarly when solving for H, the tangential component of the magnetic field has to
be always continuous and thus (2.83) always gets satisfied. (2.82) can be represented

using (2.83) and hence it can be defined as (2.86).

2.4.2.1 Interface between a dielectric and perfect conductor

A perfect conductor has infinite electric conductivity and thus no internal electric
field, otherwise it could produce an infinite current density. At the dielectric — metal
interface as shown in Fig. 2.21, the boundary condition for the electric field E and
field displacement D can be simplified. Assuming the perfect conductor in region 1,
then E; and D1 can be considered as zero. For a general time varying case, B and D;
becomes zero. Now using equations (2.77) - (2.80) with these imposed conditions,
(2.87) - (2.90) can be obtained.

—n,XE, =0 — (2.87)
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—n,.D, = p, —(2.88)

—n,xH, = — (2.89)

-n,.B, =0 — (2.90)
W

€ E H
o’ N 7, 2t T Do, 2t T Byn
ol — o, 7 I8
Ex " Hy n

Fig. 2.21 Boundary condition for a microstrip line

The magnetic and electric field at any point in the space can be defined by its
tangential as well as normal components; electric and magnetic field in the region 1

can be defined as (2.91) and (2.92), respectively.

El = Elt + jE1n —(291)
ﬁl = H)lt + Jﬁm —(292)

Similarly electric and magnetic field in the region 2 can be defined by (2.93) and

(2.94) respectively.

E2 = EZt + By —(2.93)
ﬁz = H)Zt + Jﬁzn - (294)

Here field uniformity is assumed for the microstrip line trace and core configuration.
As we know, any tangential component of the electric field is continuous and

uniform across a structure, Ey = Eo while surface charge current, Je is defined by the

-44-



Chapter 2 — High Frequency PCB methodology and Analysis

difference of the surface charge current and hence Ha - Hi =35 x 7 where 7 is the
normal vector. Similarly the normal component of the magnetic field is the same
across its boundary and hence Bin = By while the difference of the normal
component of the flux density is equal to the surface charge density and hence Don —
D, = ps. Applying these derived boundary conditions for the region 2 and using
(2.91) - (2.94), we can calculate electric and magnetic field as defined by (2.95) and

(2.96) in the media 2 using components of media 1 [19].
Ez = Elt + (pS + 81E11’1) - (295)

Hye = Hyp + 3 x A — (2.96)

A boundary can be defined by either of the conditions, Perfect Electric Conductor
(PEC), Perfect Magnetic Conductor (PMC), Absorbing Boundary Condition (ABC),
and scattering boundary condition. These boundary conditions are explained in the

following sections.

2.4.2.2 Perfect Electric Conductor (PEC)

A perfect electric conductor has € = 1 and p= 1 and as shown in Fig. 2.22 it can be
defined as perfectly conducting metal surface. If 6/0s and 0/0n are assumed as the
tangential derivative and normal derivative for a surface, the boundary condition for
a perfect conducting metal surface defines its tangential electric field as zero
(represented as (2.97) - (2.100)) [20] and since the total electric field being the sum
of tangential electric field and normal electric field, the incident electric field gets a
complete reflection. Hence the reflection coefficient at PEC is ‘-1” with its absolute
magnitude of incident and reflected signal being the same while the phase difference

of reflected signal is 180 degree out of phase with the incident signal. This creates a
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perfect reflecting wall for a PEC media and is also called as short circuit in electrical

parlance.

AXE =

A.B=0

A.D

Ps

ﬁszjs

EEENEENNNNRAANERREE

Perfect Electric Conducting

Fig. 2.22 Perfect Electric Conducting surface

— (2.97)

— (2.98)

— (2.99)

— (2.100)

In the transient case under PEC, the tangential component of the magnetic vector

also becomes zero. Whenever the initial condition is not zero, the PEC condition can

be used and hence a general magnetic potential boundary condition can be obtained.

2.4.2.3 Perfect Magnetic Conductor

Here the tangential magnetic field is zero and since total magnetic field is the sum of

tangential and normal magnetic field, the incident magnetic field gets a complete

reflection. This boundary condition is defined by its reflection coefficient of ‘1’ and

hence the absolute magnitude of the reflected signal is the same as the incident

signal while the phase difference being zero. This condition can be achieved by open

circuit in electrical parlance and can be defined using (2.102) - (2.104) [21]. A

perfect magnetic field surface is shown in Fig. 2.23.

Perfect Magnetic Field surface

Fig. 2.23 Perfect Magnetic Conducting surface
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AxH=0 — (2.102)
A.D=0 —(2.103)
A.B =1 — (2.104)

2.4.2.4 Absorbing Boundary Condition

This allows the field modelling in an unbounded space. Total flux-vector contained

inside the boundary — area as shown in Fig. 2.21 can be defined as (2.105).
jﬁl.d§ + jﬁz.dg = jpdﬁ — (2.105)

Here D, denotes the value of D in medium 1, and D, denotes the value of D in
medium 2. For a boundary condition, interface line — width “dl’ can be considered to
be very small. Assuming By, to be the normal component of D and ds is the area of
each base while 7 is the normal unit. Hence the outward flux can be approximated
by (2.106).

(D1 - Dpy)ds = (D, — D,).Ads — (2.106)

By taking the limit over its boundary, (2.105) can be rewritten as (2.107).

. (D, — D) = ps —(2.107)
The above equation shows that the flux density on a surface is changed by its surface
charge density. The magnetic field can be also established using Gaussian theorem
and hence (2.108) needs to get satisfied [22].

A.(B,—B,)=0 — (2.108)
Here the incident signal gets completely absorbed and hence the reflection

coefficient becomes zero.
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2.5 Discontinuities in a transmission line trace

Any transmission line can be defined by its mode of propagation and these modes
can be classified as Transverse Electromagnetic (TEM) modes, Transverse Electric
(TE) mode, Transverse Magnetic (TM) mode and hybrid (a combination of TE and
TM mode) mode. The discontinuity in the transmission line causes a change in the
TEM/TE/TM mode and signal would create multitudes of TE, TM modes (known as
local fields) to satisfy the boundary conditions arising out of these discontinuities.
Hence discontinuities can change the transmission line characteristics and deteriorate
the signal. The characteristics of a discontinuity also changes with the increase of
frequency as the wavelength becomes comparable to the dimension of the
discontinuous structure. This discontinuity can be defined using parasitic elements of
the structure. The discontinuity arising out of straight line, right angle bend, fan-out
and via will be extensively described in chapter 5. Apart from these there are many
more other types of discontinuities which are discussed in the subsequent sections.
These discontinuities can be characterised by their S-parameters either using a field
or circuit solver. The S-parameter in its simplest form can be generated using a
circuit solver using the impedance parameters of the circuit. S-parameters help in
noise analysis, transmission characteristic and resonance associated with all these
trace discontinuities/configurations. A device can be accurately modelled using
frequency response such as S-parameters; hence the S-parameters have been
calculated and plotted in this chapter and chapter 6 using 3D field solver. For a 2-
port network as shown in Fig. 2.24, the Z-parameter in an electrical circuit can be
defined using (2.109) - (2.110).

Vi = Zyh + Zy,l, —(2.109)

Vo = Zylh + Zppl, —(2.110)
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4O > 2-port network < Oy
Vl V2
lo ol

Fig. 2.24 Z-parameter for a two port network

b
Zs=1Z, i» i 2, ﬁ
AAANA O O
T 2-port network T Z =
Vi P V, )
) )

Fig. 2.25 S-parameter for a two port network

Similarly using Fig. 2.25 the S-parameter can be defined using (2.111) and (2.112),
where a;, a, are incident voltage at the port 1 and 2 respectively while b; and b, are
reflected voltage at the port 1 and 2 respectively.

b; = S;1a4 + S15a, —(2111)
b, = S,,a, + S,a, —(2.112)
Using (2.111) and (2.112), we can obtain the reflection and transmission coefficient
as (2.113) for input reflection coefficient, (2.114) for forward transmission
coefficient, (2.115) for output reflection coefficient and (2.116) for reverse

transmission coefficient while applying the condition Z, = Z; = Z,,

by
a,=0
b,
S21 = — —(2114)
al a,=0
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b
Sy = a—z —(2.115)
a;=0
b
Sy, = — —(2.116)
az a;=0

S-parameters can be expressed in terms of Zi;, Zi, Zx and Zy, impedance
parameters in (2.117) to (2.120) [23]. This can be conveniently implemented using a

Spice program or Matlab software.

(21— D(Zp+ 1) = Z13Zy

Si1 = — (2117
U@+ Dy + 1) — 24375 ( )
27
Sy = 12 — (2.118)
(Zy1+ 1)(Zypy+ 1) = Z13Z5
27
Sy = 21 — (2.119)
(Zy1+ 1)(Zypy+ 1) = Z13Z5
Z..+ 1) Z,, — 1)—Z,,Z
s, _(Zy )(Z,, ) 12421 _ (2120)

C(Zp+ D)(Zyp+ 1) — 71575

Minisolve has been used to generate S-parameters using following procedure. The
time domain signal is used as a source for various structures of section in the present
chapter and chapter 6. This signal generates a 5 GHz bandwidth signal if its Fast
Fourier Transform is obtained. This can be verified using a Matlab script for Fast
Fourier Transform (FFT). A matching lumped component, which is available in
Minisolve tool, corresponding to the characteristic impedance of the structure is used
to terminate at its input and output. The structure definition using metal plate and
dielectric material has been provided in discontinuity block description. The

equivalent structure has been defined in Minisolve using its inbuilt library. The time
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generated signal as shown in Fig. 2.26 has been used as its voltage source from its

Minisolve library.

Guassian signal

Source signal

Amplitude (volt.)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (ns)

Fig. 2.26 Gaussian source signal

The incident voltage is obtained from that of an infinitely long microstrip line, while
the reflected voltage is obtained from the difference of the open-end voltage and the
incident voltage. The infinitely long microstrip line helps in avoiding higher modes
of the generated signal near its discontinuity so that these higher modes could not
have any effect on S;; and Sy; parameter calculation. Any voltage and current
response, i.e. incident/reflected signal can be represented as (2.121) and (2.122).
Here ax and by are residues while s and px are poles of the function which can be
used to describe a transient signal. Here n is 0, 1, .... N-1 while M and L are number

of poles and At is the sampling interval used to define the function.
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=
I
1=

ay eSkMAt - (2.121)
k=1
L
I, = Z by, ePKnAt _(2122)
k=1

Applying Fourier transform for (2.121) and (2.122) of these voltages and currents,
the frequency domain current and voltage response can be obtained as (2.123) and
(2.124). The time domain to frequency domain conversion has been obtained using a

Matlab script.

_ Ak
I(f) = b —(2.124)
~j2nf — py '

After obtaining the frequency response of voltage and current for incident and

reflected signal, Si1, Sz1 parameter is calculated using (2.125) and (2.126).

_ Vlref (f) _
511 B Vlinc(f) (2.125)
521 — VZref(f) ZOl(f) _ (2126)

Vlinc (f) ZOZ (f)

Here Vinc and Ve are the incident and reflected voltages at the corresponding ports
while Zy; and Zy, are the characteristic impedances of microstrip lines at port 1 and
port 2. These S-parameters are generated for a number of times based on different
time steps. The passivity of the response is checked (wherever the passivity violation
arises and can generate an unstable and erroneous data) and can be modified using
interpolation of its data at all of its frequency while maintaining its causality. If all of
the S;1 and S;; parameter converges within a defined error - range, then S;; and Sy;

parameters are accepted as correct. After obtaining the converged S;; and Sy
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parameter, vector fitting algorithm with number of poles in the range of 10 - 12
available from Matlab is applied for correctly defining the characteristic. Similarly
S22 and S;, parameters are obtained and since all the structures are symmetric, a
sanity check is performed for Si;; = Sy and Sy; = Sio. As a reference, the S-
parameters for these structures using Ansoft based HFSS [24] has been obtained so

as to verify these results.

2.5.1 Trace over split plane

A typical split plane [25] as shown in Fig. 2.27 arises in a complex multi layered
board which has a number of power/ground planes. For maintaining signal spacing
and length of the trace in the signal bus it is not possible to route an impedance
controlled signal entirely on one plane and instead it is routed across various
reference planes, sometimes crossing two different power or ground planes. The Si;
and Sy; parameters of a 250 um width and 7.5 pm thick microstrip line trace routed
over 125 um Fr4 prepreg of the dielectric constant 4.4 with a split reference plane of

30 um gap has been shown in Figs. 2.28 and 2.29 respectively.

Planéné"""---'.,_' e
“ Trace '

-~ Planel

=1 T

Fig. 2.27 Trace configuration in split — plane
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S, Parameter for a trace routed over split planes

0 T T T T T
S, parameter

15+

20+

Amplitude (dB)
N
[6)])

30 i
351 i
40 |- i
45| i
_50 L [ [ L L L [ [ L
0 0.5 1 1.5 2 2.5 3 35 4 4.5
Freq. (GHz)

Fig. 2.28 S1; parameter for a trace routed over split — plane

821 parameter for a trace routed on split planes

0 \

-0.005 -

-0.01

-0.015 -

Amplitude (dB)

-0.02 -

-0.025 -
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T

[ 1

T

821 parameter

-0.03 ‘ .
0

Fig. 2.29 S,; parameter for a trace routed over split — plane

2

1
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2.5.2 Tee-junction

This type of discontinuity is often found in fan-out IC configuration, impedance
matching network, stub filters and directional coupler. As shown in Fig. 2.30, its
main arm’s characteristic impedance can be defined using Z, while the side arms’
impedance can be defined using Z,,. The S;; and Sy; parameters of a T-junction with
250 pm width and 7.5 um thick microstrip line trace routed over 125 pum Fr4 prepreg
of the dielectric constant 4.4 are shown in Figs. 2.31 and 2.32 respectively. The
perpendicular edges contribute surplus capacitance while additional inductance is
contributed by its additional current flowing through its perpendicular length. The
parameters involving the circuit representation of a T — junction can be defined using

(2.127) - (2.130) [25].

N
2

Br

N
2

T)————-——————e-
N Y

|ZOZ
W1 :
Fig. 2.30 — a Tee — junction Fig. 2.30 — b Equivalent circuit

% _ 5085 1—2@<i>2 Zo1 — (2.127)
D2 . Zoz 1:pl Zoz .
d z Zo TV Zu| Z
2 =05- |005+0.7exp (—1.6 il) +0.25 == <—> — 01722 —(2128)
Dl Zoz 02 pl 02 02

F\*[1 (Zo1)\2 d,\?
n?=1-1 (—) [— (Ll) + <0.5 ——2) l — (2129

f..) 112 \Z,, D, ( )

-55-



Chapter 2 — High Frequency PCB methodology and Analysis

]
| d,
| — —(2.130)
m, ) |

2

Here d;, f, and A are the equivalent parallel plate line width, first higher order mode
cut-off frequency and the guide wavelength of the microstrip line. Subscripts 1 and 2
represent series and shunt lines respectively. In the above equations, D; and fy; are
defined using the relation (2.131) and (2.132) where 1 is characteristic impedance in

air, 377 Q and h is the thickness of the substrate in mm.

h
D, = (fo_z) _ (2131)
f= 040/ inGHz _(2132)

S11 parameter for a T-junction trace

0 T T T T T
S11 parameter

10k 4

15L i

201t i

Amplitude (dB)

-30 4

-35 i

-40 ! I I ! ! I !
0 0.5 1 15 2 2.5 3 35 4 4.5 5

Freq. (GHz)
Fig. 2.31 Sy; parameter for Tee — junction trace
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821 parameter for a T-junction trace
0 T T T T T
821 parameter

-0.01 i

-0.02 - i

-0.03 - i

-0.04 - i

Amplitude (dB)

-0.05 i

-0.06 - i

-0.07 ! I I ! ! I ! ! I
0 0.5 1 15 2 2.5 3 35 4 4.5 5

Freq. (GHz)

Fig. 2.32 S,; parameter for Tee — junction trace

2.5.3 Open end

This situation as shown in Fig. 2.33 usually arises when a trace terminates at a test
pad for signal testing. Here the TEM field does not stop at the boundary but gets
carried away for a while (Al) due to its fringing field effect. The electric field in an
open end trace configuration penetrates some distance out of the trace length once
the trace is excited. The magnetic field generated out of the excited signal gets
decayed at some distance within its trace length. Fig. 2.34 shows the S;; parameter
of a 250 pm width and 7.5 pm thick microstrip line trace routed over 125 pum Fr4

prepreg of the dielectric constant 4.4.

T
T
g T
Open trace Open traciem l
Al 1
Fig. 2.33 — a Open end trace Fig. 2.33 - b Equivalent circuit
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S11 parameter for open end trace

0 T T T T T
S11 parameter
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Fig. 2.34 Sy; parameter for open end trace

As shown in Fig. 2.33, the open end impedance can be defined using (2.133) where
w is the width of the trace, h is the height of the substrate, & is the relative
permittivity of the substrate, k is a multiplier constant and C, is the capacitance of
the open end trace. Additional formulas (2.133) - (2.139) [26] provide a relationship

between additional length Al and substrate height.

Al e,
Z. =k Ver — (2.133)
Cp
Al §1&3 85
T bk — (2.134)
0.8544
081 4+ 026 (W/h) + 0.236
&, = 0434907 e — (2.135)
€081 — 0189 (W/h) + 0.87
0.371
w
£, =1+ % _(2.136)

235¢.+ 1
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1.9413/6
0.5274 tan™! [0.084(W/h) l
53 = 1 + 679é9236 - (2137)
1.456
£, =1+ 0037 tan~t [0.067 (/1) ] X[6—5exp{0.036(1— &)}  — (2.138)
§&5 = 1- 0218 exp(-75%/) — (2.139)

The open end becomes particularly significant at higher frequency of operation

where it behaves like antenna.

2.5.4 Steps in width

Because of space constraint near Ball Grid Array (BGA)/Land Grid Array (LGA)
balls or space constrained area, this situation often arises however this creates a
mismatch in the characteristic impedance. The trace shown in Fig. 2.35 can be
considered as open circuit end with junction inductance at the discontinuity. The
junction capacitance Cs and junction inductance Ls can be defined as (2.140) and
(2.141) which in turn defines L;, Ly as (2.142) and (2.143) [27]. Lwi is the
inductance per unit length of the microstrip for width w; as defined using (2.144) and
(2.145). The S1; and Sy; parameters of a 150 um and 250 pum width and 7.5 pm thick
connected microstrip line trace routed over 125 um Fr4 prepreg of the dielectric

constant 4.4 are shown in Figs. 2.36 and 2.37 respectively.

T,

Trace Di_scoritinuity P L,

“u 4
W, § ﬂ W, —> 1
E v ~~Cs

Fig. 2.35 —a Step discontinuity in trace width  Fig. 2.35 - b Equivalent circuit
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Cs = Jwyw, [(10.1

w
loge, + 2.33)W—1— 126 loge, — 3.17| pF — (2.140)
2

2
L, = 0.000987h (1 - /—) — (2.141)

Lwl
L, = L
! Lwl + sz °
sz
L, = L
2 Lwl + sz °

-16.64 \

— (2.142)

— (2.143)

— (2.144)

— (2.145)

S,, parameter for a trace of different width step
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0
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2.36 S1; parameter for the step discontinuity
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821 parameter for a trace of different width step
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Fig. 2.37 Sy; parameter for the step discontinuity

2.5.5 Discontinuity by gaps

This situation often arises when two different traces lie at a close space and this
becomes a source of crosstalk. This gap can be represented by a capacitor circuit as
shown in Fig. 2.38. For a narrow gap structure, Cq can be reduced to zero. A useful
and intentional application is the gap coupled antenna design, e.g. bow-tie antenna.
Assuming s being the spacing between two traces and w being the width of the trace,
the equivalent capacitances C, and Cq are related to Ceven and Coqq USIiNg (2.146) and
(2.147), respectively. However, Ceen and Coqg can be defined using (2.148) and

(2.149) which in-turn can be defined using (2.150) - (2.153) [28, 29].
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Traces €
—' _ — ~C, C, T
->5si<—
Fig. 2.38 —a Gap in trace Fig. 2.38 - b Equivalent circuit
Coven = 2C, — (2.146)
Coaa = 2C, + C, — (2.147)
Coaa [ pF _ (&0 s\
o ( /m = (ﬁ) (W) exp(kg) —(2.148)
Ceven pF _ & \29 s\ Me
T( /m | =12 (%) (W) exp(k,) — (2.149)
Here m, = = [0.619 log(/,,) — 0.3853] — (2.150)
And ko, = 4.26 — 1.453 log("/, ) — (2.151)
w 0.12 S
m, = 0.8675: k, = 2.043 (ﬁ) for0.1 <= <05 — (2.152)
_ 156 1; ke =197 003 fr05<S<1O 2.153
me = (W/h)016 ; ke =1, w/h or 0. =5=1 (2.153)

The Si11 parameter for 250 um trace width and 7.5 pm thick microstrip line trace
routed over 125 um Fr4 prepreg of the dielectric constant 4.4 is shown in Fig. 2.39

while its corresponding S; parameter can be shown in Fig. 2.40.
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S,, parameter for a trace with gap
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Fig. 2.39 Sy; parameter for a gap in trace

S, parameter for a trace with gap
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Fig. 2.40 S,; parameter for a gap in trace
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2.5.6 Shorted end

This is used to provide EMI, EMC protection in PCBs by the use of a metallic plate.
A shorted trace configuration and its electrical equivalent circuit are shown in Fig.
2.41. Assuming the width ‘w’, height ‘h’ and thickness ‘t” of the bonding material in
mm, the equivalent circuit can be defined by a simple junction inductance as (2.154)
[30]. The S;1 parameter for 250 um width and 7.5 pm thick microstrip line trace
routed over 125 um Fr4 prepreg of the dielectric constant 4.4 has been shown in Fig.

2.42.

w+t .
+0.2235 —— + 05| innH — (2.154)

L. =0.2h |l 2h
s MW+t h

) =

Fig. 2.41 — a Shorted end trace Fig. 2.41 - b Equivalent circuit
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< 10° S,, parameter for a shorted end trace

0 T T T T T
S11 parameter

Amplitude (dB)
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[ 1 [ 1
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Fig. 2.42 S;; parameter for shorted end trace

2.6 Conclusion

The PCB manufacturing technique with the high frequency characteristic of its
various components has been described here. The PCB can be divided into its major
components such as ICs, traces, dielectric media, cable, case etc. All these individual
components in a typical PCB have been simulated for its wide band of frequency. As
is the case in a PCB environment, it is important to simulate the PCB for its
behavioural accuracy, this chapter reviewed different approaches such as circuit and
field theory to produce simulation outputs. For limiting the problem space and hence
efficient resource usage, different boundary conditions have also been described.
Based on the frequency of operation and its required accuracy and resource

availability, either the circuit or field theory or a hybrid approach can be selected to
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obtain its result. The S-parameters of various configurations have also been obtained
and shown here in order for the completeness of the PCB modelling. After obtaining
the S-parameter of the circuit, it can be embedded in the system solution for its
completeness. As PCB design and manufacturing is a complex, time consuming task
with significant production cost, even a very slight change in the range of millivolt
of the expected signal behaviour can cause a new revision of the PCB because of
many EMI, EMC, ESD regulations conducted by several national bodies such as CE,
FCC, UL around the world, and it often brings cost implication, lost capitalisation of
the timely delivery in the market, a delay in product - release puts enormous amount
of pressure on the product designer. Hence it becomes quite important to know the
behaviour of their individual PCB components over a range of frequency, that too in
a 3D environment during its design phase well before producing a physical board.
The full field solver described in the next chapter can offer these solutions in

advance.

-66-



Chapter 2 — High Frequency PCB methodology and Analysis

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

TDK. 1999. Equivalent circuit model (X7R/X5R) [online]. Available at:
http://www.tdk.de/company/ecm_library/cap.pdf [Accessed: 10 January 2013].

Agilent Technologies. 2008. Accessories selection guide for impedance
measurements [online]. Available at: cp.literature.agilent.com/litweb/pdf/5965-
4792E.pdf [Accessed: 15 January 2013].

Texas Instruments. 1999. Understanding basic analogue passive devices
[online]. Awvailable at: www.ti.com.cn/cn/lit/an/sloa027.pdf [Accessed: 15
January 2013].

Naishadharn, K. 2001. Experimental equivalent-circuit modelling of SMD
inductors for printed circuit applications, Electromagnetic Compatibility, IEEE
Transactions on, 43(4), 557-565.

Johnson, H. & Graham, M. 1996. High speed digital design: a handbook of
black magic, Prentice Hall.

Rautio, J. C. 2000. An investigation of microstrip conductor loss, Microwave
Magazine, IEEE, 1(4), 60-67.

Rautio, J. C. & Demir, V. 2003. Microstrip conductor loss models for
electromagnetic analysis, Microwave theory and techniques, IEEE
Transactions on, 51(3), 915-921.

Orfanidis, S. J. 2010. Electromagnetic waves and antenna [online]. Available
at: www.ece.rutger.edu/~orfanidi/ewa [Accessed at: 20 February 2013].

Mardei, F., Haixin, K. & Hubing, T. H. 2009. Full-wave model of frequency-
dispersive media with Debye dispersion relation by circuit-oriented FEM,
Electromagnetic Compatibility, IEEE Transactions on, 51(2), 312-319.

Hammerstad, E. O. 1975. Equations for microstrip circuit design. Microwave
Conference, 5th European, 1975, 268-272.

Sainati, R. A. 1996. CAD of Microstrip antennas for wireless applications,
Artech House Incorporated.

Inan, U. S. & Inan, A. S. 1999. Engineering Electromagnetics, Addison-
Wesley, Menlo Park, CA.

Hirasuna, B. 2005. Transmission Line applications in PSpice [online].
Available at:
w2.cadence.com/appnotes/TransmissionLineApplicationsinPSpice.pdf
[Accessed: 5 February 2012].

-67-



Chapter 2 — High Frequency PCB methodology and Analysis

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Eudes, T., Ravelo, B. & Louis, A. 2011. Transient response characterization of
the high-speed interconnection RLCG-model for the signal integrity analysis,
Progress in Electromagnetic Research, 112, 183-197.

Trueman, C. W. 2001. Bounce user’s guide. Electromagn. Compat. Lab
[online]. Available at:
http://www.ece.concordia.ca/~trueman/bounce/index.htm.  [Accessed: 20
March 2013].

Rao, N. N. 2004. Elements of engineering electromagnetic, Prentice-Hall,
Englewood Cliffs, NJ.

Born, M. & Wolf, E. 1993. Principles of optics, Pergamon Press.

Senior, T. B. A. 1960. Impedance boundary conditions for imperfectly
conducting surfaces, Applied Scientific Research, Section B, 8, 418-436.

Collin, R. 2000. Foundations for microwave engineering, Wiley-1EEE Press.

Kane, Y. 1966. Numerical solution of initial boundary value problems
involving Maxwell's equations in isotropic media, Antennas and Propagation,
IEEE Transactions on, 14(3), 302-307.

Rengarajan, S. R. & Rahmat-Samii, Y. 2000. The field equivalence principle:
illustration of the establishment of the non-intuitive null fields, Antennas and
Propagation Magazine, IEEE, 42(4),122-128.

Collin, R. E. 1991. Field theory of guided waves, IEEE Press, NJ.

Vendelin, G. D., Pavio, A. M. & Rohde, U. L. 2005. Microwave circuit design
using linear and nonlinear techniques (2”0' Ed.), John Wiley and Sons, 194-195.

Ansoft HFSS (2003) version 9.0, Ansoft, USA. [online]. Awvailable at:
www.ansoft.com [Accessed: 5 August 2011].

Gupta, K. C. 1996. Microstrip lines and slot lines (2™ Ed.), Artech House,
Norwood, MA.

Hammerstad, E. 1981. Computer-Aided Design of microstrip couplers with
accurate discontinuity models. Microwave Symposium Digest, 1981 IEEE
MTT-S International, 15-19 June 1981, 54-56.

Kirschning, M., Jansen, R. H. & Koster, N. H. L. 1981. Accurate model for
open end effect of microstrip lines, Electronics Letters, 17(3), 123-125.

Itoh, T. 1974. Analysis of microstrip resonators, Microwave Theory and
Techniques, IEEE Transactions on, 22(11), 946-952.

-68-



Chapter 2 — High Frequency PCB methodology and Analysis

[29] Garg, R. & Bahl, 1. J. 1978. Microstrip discontinuities, International Journal of
Electronics, 45(1), 81-87.

[30] Terman, F. E. 1950. Radio Engineers handbook, McGraw-Hill, New York.

[31] Hoole, S. R. H. 1993. Computing transients on transmission lines in teaching
electromagnetic, Education, IEEE Transactions on, 36(2), 250-255.

[32] Christopoulos, C. 2007. Principles and techniques of electromagnetic
compatiblity, CRC Press, London.

[33] Pozar, D. M. 2005. Microwave engineering (3" Ed.), John Wiley and Sons.

-69-



CHAPTER 3

COMPUTATIONAL ELECTROMAGNETIC METHODS

The core of the modern electromagnetic engineering for solving 3D problems
directly or indirectly is based on Maxwell’s equations as defined in (2.56) — (2.59)
and their constitutive relations of (2.60) and (2.61) [1]. The numerical solution to
these equations is known as Computational Electromagnetic (CEM) [2]. Full-wave
CEM methods approximate these Maxwell equations numerically, when no initial
physical approximation have been made. The performance of interconnects in PCBs
can be obtained accurately only by solving it through Maxwell’s equation in three
dimension, this is often known as full field solver. The full field solver is
computationally expensive tool and is potentially very accurate for its possibility to
simulate 3D objects while considering metallic interconnect and dielectric
components, but it requires an enormous amount of resources for simulating a large
sub-circuit or an entire board. At the expense of accuracy to reduce the
computational resource, the three dimensional representation can be reduced to a two
dimensional field solver by considering strips or slots of uniform and finitely thin
cross-section. The majority of the commercial software tools fall in this category.
However a hybrid technique, 2.5D has been applied without compromising on
accuracy and yet yielding an optimum use of computational resources. Here the
complete structure is discretized using an approach based on its maximum frequency

(minimum wavelength) of the operation, required accuracy and computational
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resource availability. This discretization of the problem space is also termed as
meshing. It subdivides the complete geometry into a large number of fine/coarse
elements. The meshing may be achieved either as one-dimensional or two-
dimensional surface elements (often triangles), three-dimensional tetrahedral
elements, a regular polyhedral or hexahedral grid, depending on the problem and the
method applied. Each element of the meshed geometry assumes a simple functional
dependency on its neighbourhood for its completeness. In general, the accuracy of
the method is related to its resolution of discretization (i.e. mesh size). The finer is
mesh, the better is accuracy of these methods and hence is its simulation result.
However the largest mesh size (alternatively, the finest geometrical resolution) is
limited by the available computational resources. The CEM solution is based on
dividing the structure by a multiple of around ten segments per wavelength for
one/two or three dimensions [3]. For curved surfaces, this guideline can become 100
segments or more per unit square area. When very accurate field data is required, a
finer mesh may be used at least near the inhomogeneity or the discontinuity of the
problem space e.g. via, bend, edge etc. Although full-wave methods share the basic
idea of discretization, and have been able to provide a very general framework, there
have been developed different implementations based on the required accuracy, the
total simulation time, the type of results required, and the frequency bandwidth. The
electrical characteristics of a physical structure of the system are affected by the
frequency of operation. If the frequency of operation is small, the simulation is quite
straightforward and the physical or dielectric structure does not have any bearing
while the complete structure can be simulated by assuming a single lumped
component or at the maximum of a number of lumped components. However for

large frequency of operation (e.g. in 100s of MHz or GHz range which leads to a
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wavelength of fraction of mm), every structure and component of the PCB has its
own effect and here distributed circuit (with R, L, G, C Parameters) [3] comes into
picture. The electromagnetic field can be primarily solved, either by the frequency or
the time domain approach and methods. The frequency domain method works on the
principle of generating the frequency response of the system up to the maximum
effective frequency. In order to obtain transient (time) response, this entire range of
frequency response has to be Fourier transformed. However this approach requires a
significant amount of computational resource. This becomes less efficient when
system is wideband, since a frequency domain response provides a solution only on
the frequency of interest. In the time domain method, the required data is calculated
directly in the time domain and hence it is valid over a wideband frequency. This
approach is only limited by its computer resource requirement apart from the

bandwidth of the incident pulse and the time sampling used in developing the model.

3.1 Computational Electromagnetic modelling approach

Verification of the EMC compliance for a product involve building the prototype of
the PCB and testing them as per various regulatory bodies such as CE and FCC
regulations, however sometimes a system can be simulated and these field solver
methods can be applied for modelling, verification and testing purposes. Typical
simulation methods simulate the design at high frequency for electromagnetic
behaviour and simulate the surrounding effect of physical and dielectric structure. In
general, these methods should deal with following requirements:

1. Geometrical features - The software and its application should be capable of
modelling various types of objects and shapes, including open, enclosed, semi-

enclosed regions that are commonly found in a PCB environment.
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2. Material properties - EMC problems have a wide range of materials and the
software and its application must be capable of dealing with non-uniform, nonlinear,
lossy and anisotropic materials.

3. Physical scale - It is not unusual in a PCB design to have a problem that is infinite
in extent or very long trace length passing through many types of discontinuities and
modelling these fine features available in a PCB (e.g., thin and densely routed trace
on a multi-layered board or thin wires or narrow planes). The software and its
application must have adequate facilities to deal with fine as well as coarse features
and open/closed boundaries.

4. Time scale — The developed application should provide output over a wide range
of time or, conversely, a wide range of frequencies. These tools should have an
adequate and efficient coverage over a broad band for its SI and EMC purposes
within an accuracy limit.

Based on these requirements, following field solver methods have been deployed
across industries, academia.

1. Finite — Difference Time Domain modelling method [4]

2. Method of Moments modelling [5]

3. Finite Element Modelling method [6]

4. Boundary Element Modelling method [7]

The principal application for these methods dealing with electromagnetic problems
lies in calculating and solving guided waves, scattering and antenna modelling.
However microstrip, stripline and other embedded transmission lines can also be

simulated through these tools.
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3.1.1 FDTD modelling

The Finite Difference Time Domain (FDTD) technique starts with a discretization of
the entire space based on finite difference in space and time domain. A pair of
differential equations (Maxwell [8] or Telegrapher [9]) is converted to a group of
differential equations that needs to be solved for staggered time and space intervals.
These segmentations can be performed using cells of equal and/or different sizes, in
different directions, and of regular or arbitrary shapes. It directly approximates the
differential operators in the Maxwell curl equations, on a grid staggered in time and
space._E'and H fields are interleaved by As/2 relative to each other while propagating
in discrete time At, where As and At are the spatial and temporal discretization. The
E-field is updated at (n+1)At using the previous E-field at t = nAt and H-field at t =
(n+1/2)At while H-field is updated at t = (n+1/2)At using the previous H-field at t =
(n-1/2)At and E-field at t = nAt. A 3D representation of FDTD (also known as Yee’s

diagram [10]) is shown in Fig. 3.1.
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Ed(i, i, k+1) A —r
A1, k+1)/Ez(iy i1, k+1)
Ey(i j+1,k) ‘
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o Hy(i, i+1, k+1)
Ex(i, j, k)
: X s Ex(i, j+1, k)
g Ey(i-1, j+1, k+1
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y Ey(i-1,+1, k)

Fig. 3.1 Yee’s diagram
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In a 3D FDTD, each electric field is encircled by four magnetic field components
and is only defined at a whole number of time step; similarly each magnetic field is
encircled by four electric field components and is only defined at a multiple of half
time step. For a uniform, isotropic and homogenous media with no conduction
current the field components in the x-direction can be obtained as in (3.1) and (3.2)
using Maxwell’s equation and finite difference approximation [11, 12]. Similarly

other field components can be obtained.

Exi'k:Exiij“_lZ'- /Z‘Hz ../2
vJ ' SAy la]+11k l’]’k
At 1 1
——lHy n /2 —H, nr /zl -(31)
eAz i,jk+1 i,j k
3 AP I
He|" 72 =He " "2+ —|By|; j k= By ik —1
ik gk RAzETS I
At n n

In comparison of other frequency domain based method, FDTD is quite efficient
because of its time domain response and its simplicity of its application with lesser
memory requirement however FDTD technique unlike TLM technique samples the
electric and magnetic field components at staggered space and time which can

decrease the accuracy of simulation results.

3.1.2 MoM modelling

The Method of Moments (MoM) was developed in the early 1960s for the simulation

of electromagnetic fields and interconnects in the frequency domain. This method is
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theoretically based on the volume integral equation derived from Maxwell’s
equations and divides a complete system into a number of interconnected nodes. If
the solution for these nodes can be calculated then the entire region can be solved
using tangential field components at the interface between these nodes’ subsection.
The simulation with the MoM method employs a frequency domain mixed potential
integral equation (MPIE) [13] or Electric Field Integral Equation (EFIE) [14] and
Rao - Wilton - Glisson (RWG) basis functions [15] for the mathematical formulation
prior to the discretization. Since surface currents on the conductor are unknown to be
solved by the numerical method, these surface currents are discretized by the rooftop
expansion [16] and with the help of integral equation and the boundary condition on
the surface, these integral equations are solved. Here a mesh represents a primitive
grid like cell of triangles and rectangles for discretization.

The underlying integral equations (either MPIE or EFIE) using Green’s function can
be used to solve a wide range of electromagnetic problems. Green’s function G [17]
can be defined as (3.3) where & is dirac delta function and its solution can be

obtained as (3.4).

+f2 27 ei]ﬁl?—?’l 3 3
G (r, r ) = W - ( . )
(V2 + w?pe) (P, 7)) = —4ns(P —1') —(3.4)

The general solution for electric field and magnetic field using Green’s function can

be obtained as (3.5) and (3.6).

E() = Eo(N) + jou j () G ) v _ (35)
\"%
H() = Ho(r) + j () [V x GG, )] dv” _ (36)
\"%
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The MoM method can be applied to a microstrip line with a superconducting strip of
finite thickness. In order to guarantee field continuity, the appropriate boundary
condition must be enforced through a selection of suitable Green’s function. The
efficiency and accuracy of the momentum simulation, which are a trade-off
relationship, directly depends on the operating frequency and mesh density. The
MoM incorporates a radiation condition that is based on its distance, i.e. the correct
behaviour of the field far from the source is proportional to 1/r where ‘r’ is the radial
distance. The method is important when developing the solution for radiation or
scattering problems. The working variable is the current density, from which many
important antenna parameters (impedance, gain, radiation patterns etc.) may be
derived. However using Somerfield potential [18], efficient formulations may be
derived for stratified (layered) media. Some examples are printed circuit board

components, antennas, and feed networks (e.g. microstrip technology).

3.1.3 FEM modelling

The Finite Element Modelling (FEM) is one of the methods for solving
electromagnetic partial differential equations and can handle inhomogeneous
materials and complex geometries with ease. In general a structure (assuming a
structure with constant permittivity, permeability and conductivity) is divided into
finite elements which can completely define the surface. After its division, an
approximate function can be defined. With a suitable basis function, unknown
approximate coefficient and its linear combination (or a non-linear combination if
necessary) the whole structure can be analysed. This reduces the solution to a single

equation with some unknown approximate coefficients. Since these are approximate
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coefficients, a residual function or a special variational function can be used. Based
on the obtained solution from an approximate coefficient, the nature of the function
can vary. A more appropriate residual or variational function can be weighted
function (function multiplied with a number of proper weighting functions). While
exploiting a properly weighted function as much as the approximate coefficients, a
set of simultaneous linear functions can be obtained which can uniquely provide a
solution of the problem space at every point in the finite element. Next integrating
over the area of interest, a global approximation of the solution can be obtained.
Typically triangular elements are used for surface meshes and tetrahedrons for
volumetric meshes, although many other types of elements are available. Triangles
and tetrahedrons have certain attractive properties that can be best summarized as
having the simplest geometrical forms with which two-dimensional and three-

dimensional regions can be meshed.

Fig. 3.2 Triangular meshing of a microstrip line

As shown in Fig. 3.2, the entire microstrip line can be divided into quadrilateral or
triangular or any suitable sized finite elements where electric field and magnetic field
over the microstrip line can be defined by (3.7) and (3.8) using x-dependent

electric/magnetic field. Here ‘y’ is the propagation constant. After deriving the
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electric and magnetic field at a particular element, integration can be performed to
obtain the solution for the entire space. The size of these elements should be less

than one-tenth of the smallest wavelength for the signal of interest.

E(x,y,z,t) = E(y,z) e/®t=Y* —(3.7)

H(x,y,zt) = H(y, z) e/®t= Y% —(3.8)

The FEM method is based on Helmholtz equation [19] which can be represented by

electric Field, E as defined in (3.9).

v X (ivxﬁ)— w?e E = —jo) ~(39)

Here u; and ¢; are the relative permeability and the complex permittivity of the

medium respectively, fl is the applied current, and ® is the angular frequency in

radians per second. & = & — jo/o includes the result of the induced conduction
current (GE), with o being the conductivity of the medium. Assuming the

computation is performed at a large distance from the signal source then J; becomes
zero. At a large distance located from the source, the Helmholtz equation can be

redefined as (3.10).

1 3}
v x (H—v x E) _ K2, F=0 ~(3.10)

Here u, and ¢ are the relative permeability and permittivity of the medium, and the

free space wave number, ko is defined as k, = w+/(&pttp). In order to solve a
problem using the FEM method, the equivalent variational problem as described in

(3.10) can be solved by satisfying (3.11) [8].

F(B)=3 [, [= (v x B).(V x E) - Kie,E . E"] ~ (3.11)
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Assuming a wave - propagation in x-direction and using (3.10), (3.11) can be

rewritten as (3.12).

=3[

—

xE).(VexE,) — k2¢,E .
- (3.12)

*

e e e ]

+—(VtE + jkyE;) . (ViEx + jkyEr)

These above expressions contain transverse component of the electric field (E, and
E.) while Ex defines the longitudinal field component of the propagating wave.

FEM can handle two different types of problem, Eigen analysis (source-free) and
deterministic (driven) problems. Problems without any internal (or external) field
source falls into the category of Eigen analysis problems. Eigen analysis applications
are neither time nor frequency but rather Eigen value domain solvers; using a simple
transformation, it is possible to include operating frequency in a waveguide
simulation, to compute dispersion curves. The FEM method provides an efficient
solution when dealing with a large number of ports. Deterministic problems analysed
using FEM involve a source and then the response of the structure to this excitation
is computed. This represents a very large class of electromagnetic engineering
applications of the FEM, including antenna, radar cross-section, microwave circuit
and periodic structure analyses. Traditionally, the FEM has been formulated in the
frequency domain, although the time domain formulation can also be used for
specialized applications. Based on the FEM theory, several companies have been
marketing their commercial products e.g. Ansoft based HFSS package, Field solver

from Ansys, Femlab, Comsol multiphysics from Comsol etc.
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3.1.4 BEM modelling

Boundary Element Method (BEM) is a numerical technique for obtaining
electromagnetic solution and this method has a history of about six decades. Similar
to other electromagnetic numerical techniques, creating volume or surface meshing
is the first step in solving the problem. For solving the problem using boundary
element method, the geometry of the problem needs to be meshed at its surface to
define the problem. Hence a mechanism is required to create an artificial boundary
and then the model can be defined using a wired mesh or surface mesh. The basis
and principle of the boundary element method lies in the FEM method and this often
becomes the starting point for creating a mesh. Because of BEM matrices being
based on surface meshing, the BEM technique is quite efficient in computational and
memory resource usage and has been used in commercial software such as Hailey
Simulation Program with Integrated Circuit Emphasis (HSPICE). In translating a 3D
model into 2D surface meshing, it is assumed that the problem domain is
homogeneous. However if an inhomogeneous domain need to be defined, the
complete problem space can be divided into several smaller sub domains, having
different material properties. The field potential in a 3D space can be defined using

(3.13) while equivalence can be obtained in 2D space as defined by (3.14).

1 .
Q= yy— in a 3D space —(3.13)
¢ = ! | L ina2D 3.14
= o n(r) in a 2D space —(3.14)

To perform the integrations over the entire surface, the boundary is divided into a
number of elements with k nodes in an element. Maintaining the inter-element

continuity of the slope requires cubic spline or some suitable function describing the
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boundary [20]. As mentioned previously the whole problem space can be discretized
using tetrahedron, rectangular and triangular prisms. The problem in the discretized
space can be defined using the relationship of its excitation to its Laplace operator as
(3.15).

(p=f —(3.15)

Here ¢ is the Laplace differential operator, ¢ is the unknown quantity and f is the
excitation applied on the function. The total electric field in the external space of the
boundary can be solved using boundary integral equation of (3.16) where G(r) is the

Green’s function as defined in (3.17) [21].

0G(r) ) ds _ (3.16)

E —j <6EG() E
Total — s an r an

e —ikr

4nr

G(r) = —(3.17)

(3.16) is the starting point for the boundary element method. Once the function E
and its normal derivative are known at the boundary, then the solution at any point in
its interior can be calculated. However for a defined problem, either E or its normal
derivative should be known but both are difficult to calculate. The advantage of the
BEM method over FDTD, MoM and FEM method lies in its less computational
resource consumption even with an approximately equal accuracy because of small

and dense matrix. This makes BEM more suitable for 2D or simple 3D problems.

3.2 Conclusion

Various numerical methods involving CEM techniques for its use as full field solver
have been described here to characterize a 3D TEM problem space. The advantage

of the CEM technique over circuit theory solution such as Spice or analytical
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approach lies in generating an accurate behaviour, taking into account of its
surrounding effect that can be relied for proper functioning of the system apart from
developing a solution for various EMI/EMC regulatory purposes. The circuit theory
on the other hand provides a solution at the basic modelling for verifying the
function at a higher level and the solution being independent of its operating
frequency can have some error while an analytic solution can provide a quasi TEM
solution that is a hybrid of the circuit and field theory. In this chapter various 3D
methods such as FDTD, MoM, FEM, BEM have been described which are often
used for 3D modelling and simulation of PCB components. Each of these methods
has their own strengths and weaknesses. FDTD is used to solve the problem in time
domain while MoM, FEM and BEM solve the problem in the frequency domain at a
specific frequency in one iteration. FDTD is widely used in the PCB characterisation
for its time domain apart from its simplicity and lesser resource requirement for the
analysis over a wide frequency range. MoM and FEM are used for far field
modelling in the frequency domain. Apart from these used techniques, the finer
meshing plays a significant role in an accurate solution. Depending on the problem
requirement and resource availability, time domain techniques have an edge for PCB
solution due to its unlimited frequency band simulation. TLM method which is based
on time domain and is a perfect alternative of FDTD is described in the next chapter.
TLM was selected because of its simplicity to solve Maxwell’s equations in
electrical domain where all electrical theorems can be applied. The TLM method has
the advantages of sampling electrical and magnetic fields at the same position unlike
the staggered position of FDTD technique, its inherent stability due to the passive

circuit definition and a wide bandwidth simulation.
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CHAPTER 4

Transmission Line Matrix Method

The TLM [1] is a numerical technique for simulating an electromagnetic field
through an equivalent circuit model. The method is based on the equivalence
between Maxwell’s equations and the equation for voltage and current on a mesh of
two-wire transmission lines. In this thesis, the TLM based in house developed
software Minisolve has been widely used for simulating a crosstalk and its effect on
logical behaviour in a true PCB environment using the integration of 1/0 buffer with
interconnects, various trace configurations and IC packaging. The TLM method has
been selected due to its wide bandwidth operation, its ease of numerical
implementation (particularly for anisotropic media and boundary conditions over
existing FDTD methodology), inherent stability because of passive circuit structures,
in-house developmental expertise. Unlike the FDTD, the TLM method allows
sampling of the electric and magnetic field at the same point, this can provide an
accurate result for some conditions such as fine meshed structure in addition to the
advantage of TLM for its calculation simplicity and time domain usage. In 1971,
Johns and Beuerle [2] first described the TLM method based approach to solve a two
dimensional scattering problem. Since then, the method has been extended to a three
dimensional scattering problems (making a basis for 3D field solver tool) for a range
of inhomogeneous, non - linear or frequency dependant materials [3]. Any

transmission line can be discretized over a number of small step-size so as to make
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the distributed RLC parameter lumped. The TLM method uses a mesh (consisting of
transmission line segments and nodes) mechanism based on the segment length (Ax)
vs. the maximum signal frequency of interest which is provided by (4.1). As
illustrated in (4.1) the finer is mesh AX, the higher would be the accuracy of the TLM

method.

Ag| .
Ax < % —(4.1)

Here Ag 1s the wavelength for the media consisting of dielectric constant &;.

The segmentation of a transmission line based on the unit length has been shown in

Fig. (2.12) and its derivation have been described in section 2.3.

4.1 Development of 1D TLM model

The TLM can be related to the wave propagation [4] using physics. The propagation
of the electric/magnetic field and its equivalence to electrical circuit parameters has
already been explained in section 2.3. Using (2.30) and (2.31), the solution can be
thought of as two waves, one propagating in the positive x - direction and the other
in the negative x - direction. A transmission line with its source and load can be

represented as in Fig. 4.1.

Fig. 4.1 Transmission line analysis using [RLGC]

In the TLM, the entire space is discretized and hence it can be equivalently

represented as in Fig. 4.2 in its pictorial form while its electrical equivalent is shown
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in Figs. 4.3 - 4.5. Here a time step for the wave to propagate can be defined as At =
(LC)™?, while L and C are time dependant parameters and R, G are not dependant on
time. Hence Ry.1 = Ry = Rns1, Gpa = Gp = Gpea. In @ TLM discrete form [5], (2.30)
and (2.31) can be written as a sum of two different voltage/current waveforms at
time step k and can be represented as (4.2) and (4.3) where ,V{(x) is the incident
wave voltage from the left on the x™ node at the k™ time step while VA (x) is the

incident wave voltage from the right on the X" node at the k™ time step.

W)= )+ Vi) —(42)

kV1i (x) - kVZi(x)
Zy

dx) = —(4.3)

As per TLM equations, V(X) can be represented as the sum of its incident voltage V'

and reflected voltage V', hence its reflected voltage can be defined using (4.4) and

(4.5).
eV () = V() = Vi (x) —(44)
er1Va () = V(x) = (V5 (x) —(45)

Using (4.2), (4.4) and (4.5), the reflected voltage can be represented by its incident

voltage as (4.6) and (4.7).

erVi (0) = 4 V3 (x) — (4.6)

ka1Va (0) = Vi (x) —(4.7)

In Fig. 4.2, Z¢ for representing the impedance associated with Csegmen: and Z for
representing the impedance associated with Lsegment Can be defined using (4.8) and

(4.9) [6] where Z, is the characteristic impedance of the transmission line.

C - At — (48)

segment — 27
o
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AtZg
I-segment = P - (49)

Re

s >
kVan-l kVLIn-l

Fig. 4.2 TLM representation of a transmission line

Fig. 4.2 can be subdivided into three separate sections for clarity, circuit 1 with
source voltage as represented in Fig. 4.3, circuit 2 with only [RLGC] component as

represented in Fig. 4.4 and circuit 3 with load resistor as represented in Fig. 4.5.

|
kin R
AAAA-
R i +
2.VL', 2VR',
WL, ’ |::|G WVn “ VR,
Z, Z,

Fig. 4.4 Equivalent circuit for [RLGC] circuit

k|n+1
—

[] G kVn+1 |: RL
Z

; +
2VLa

Fig. 4.5 Equivalent circuit for load circuit
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Applying Kirchhoff’s voltage and current’s law in Fig. 4.3, we can write (4.10) and

(4.11). Solving (4.10) - (4.12), voltage and current can be found out as in (4.13) and

(4.14).
Ws — khiRs= W1 —(4.10)
Vi =2, VRi+ L(R+Z,) - (411)
kV1 - kVRl - kllR - O - (412)
P VRS
Rs  R+Z,
W= I - (4.13)
Rs  R+Z,
V, — 2 ,VR!
p=X2_"k_1 — (414

Similarly (4.15) and (4.16) can be derived and the incident voltage at the next time-

step can be described as (4.17).

WRL =2, VR + ,I,Z, — (4.15)
WRY = VR, — ,VR! — (4.16)
wilVRL = VLG —(4.17)

Similarly applying Kirchhoff’s voltage and current laws in Fig. 4.4, we can write

(4.18) and (4.19).

2, VLY 2, VRL
ZkTTn 4 ZkTTm

Zo R+2Z,
o = T, L, —(4.18)
Z R+Z,
V,—2 VR
_ k'n k n _
iln = (R+Z)) (4.19)
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Assuming an ideal transmission line, the total voltage at the left side of the segment
kVL, is the same as V. This can be represented as in (4.20). Similarly the right side

voltage in the segment can be represented as in (4.21).

e INA — (4.20)
WR,= 2, VR, + ,I,Z, - (4.21)
The reflected voltage can be derived using (4.22) and (4.23).

VL= Vi, — VL —(4.22)

WRL= ,VR,— VR, — (4.23)

The voltage incident at the node n from its left at the time step k+1 is the same as the
voltage reflected at the node n-1 to its right at its time step k. Similarly the voltage
incident at the node n from its right at the time step k+1 is the same as the voltage
reflected from left of its node n+1 at the time step k. These can be written as in

(4.24) and (4.25).
kLo = (VR —(4.24)
ketVRE = (Vi — (4.25)

Applying Kirchhoff’s voltage and current law in Fig. 4.5 for its load, we can write
(4.26) and (4.27). Solving these equations we can derive voltage as (4.28) and

current as (4.29).

2, VLss = pnZo— (Vi1 =0 — (4.26)
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R,
2, Vihy,
Z
Vypy = —22 — (4.28)
k¥n+1 1 1
Z =+ E +G
Vi+1
e = & R — (4.29)

TLM modelling is based on the current and voltage equivalence for magnetic and
electric field where Maxwell’s equations deal with the magnetic and electric field.
Using TLM the propagation of current and voltage can be easily defined at a spatial
time and space and after a scalar multiplication of these components electric and
magnetic field can be obtained. Any propagation medium and its electromagnetic
property can be modelled by unitary circuit or cell network - transmission lines and
their interconnections - called TLM nodes, which can render the problem discrete in
space and time. Voltage (which is an analogous form of electric field) and current
(which is an analogous form of magnetic field) signal propagates from node to node
in the scatter and connect method until it reaches its boundary condition. As
proposed by P. B. Johns any TLM propagation can be defined using its scattering
and connect matrix and hence a complete TLM propagation can be solved using
matrix equations which are appropriate for a computational solution. The complete
scatter and connect (for all nodes in its mesh) can be defined by its corresponding
(4.30) and (4.31) using a derived relationship of its incident and reflected signal in

time and space domain.
Vil = [S][Vi] — (4.30)

Vi 1] = [CIIV] — (431)
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Here [S] and [C] are the scattering and connect matrices respectively while V;/ and
V¢ are the reflected and incident voltage at time step k. TLM can be considered as a
time-stepping method, which is similar to the FDTD method but has been derived in
an entirely different manner. The TLM is generally applied in a truncated region
(with a particular consideration of discontinuity) in the full electromagnetic domain
and a suitable boundary condition can be used to represent the region beyond this.
Like other field solver techniques, TLM can also be applied to simulate
electromagnetic fields in the coupling of discrete and lumped components making it
ideal for a complete electrical solution. In the subsequent section, the 3D TLM

theory which is the founding principle of 3D problem analysis is described.

4.2 Development of 3D TLM method

A 3D structure can be meshed using various methods; one convenient technique of
meshing is using 3D cubes as shown in Figs. 4.6 and 4.7 [7], where the complete

structure can be represented using finite number of nodes based on meshing

mechanism of (4.1).

Fig. 4.6 Cubical meshing of microstrip line Fig. 4.7 A typical SCN node
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Out of various TLM method for solving field propagation in a medium, the most
commonly used node in the TLM for a homogeneous structure is the Symmetrical
Condensed Node (SCN). However its generalisation can be extended to Hybrid
Symmetrical Condensed Node (HSCN) or General Symmetrical Condensed Node
(GSCN) [6] for a heterogeneous structure. The node is represented by six
transmission lines of length Al/2, having the same characteristic impedance and
propagation velocity with 12 ports consisting of E-field and H-field components. E-
field is defined as the field which is parallel to the polarisation of incident pulse,
while the H-field is perpendicular to the polarisation of incident pulse. As seen from
its representation in Fig. 4.8, a pulse appearing at port 1 of a SCN node takes 2At to
travel to a distance Al while the propagating wave in free space is defined by its
speed of light, c. Hence the velocity of propagation in a space of 3D SCN node
becomes c/2. The propagation of the wave in a 3D structure can be solved using
charge and energy conservation theorem. Johns et. al [8] have determined the 12 x
12 scattering matrix relating V' (reflected voltage) to V' (incident voltage)
heuristically as in (4.32). All the elements of a scattering matrix can be obtained by
understanding the coupling path of a three dimensional cubical node. Assuming an
incident voltage pulse Vi (x, y, z) of 1 V in the x-direction (resulting in field E,) with
current in the z-direction because of the loop P;-P1;-P12-P3 (resulting in field H,), this
incident voltage can couple to port 2, 9 and 12 (the x-directed electric field and the z-
directed magnetic field). Similarly this incident voltage can also couple to port 3 and
11 (y-directed electric field and z-directed magnetic field). An amount ‘a’ may get
reflected out of this incident voltage. Because of the symmetrical positioning of the

port P, and Py, an amount ‘b’ may get coupled to these ports (P, and Pg) while an

-94-



Chapter 4 — TLM Methods

amount ‘c’ can get coupled to port, P1,. Similarly an amount ‘d” may get coupled to

P; and “-d’ to port P11. Hence the scattering matrix can be defined using (4.32).

P,
P / /¢
; : P,
. T
i | s “IPio
Ps A =
P | / y
Pg :, )_X,
Ps z
Vi (x,y, Z)T lVf (x,y,2)
Fig. 4.8 A symmetrical condensed node with field ports
fa b d o o 0o 0o 0 b 0o d c)
b a 0 0 0 d 0 0 c -d 0 b
d 0 a b 0 0 0 b 0 0 c -d
0 0 b a d 0 -d c 0 0 b 0
0 0 0 d a b c -d 0 b 0 0
0 d 0 0 b a b 0 -d c 0 0
0 0 0 d ¢ b a d 0 b 0 0| 432)
0 0 b c d 0 d a 0 0 b 0
b c 0 0 0 -d 0 0 a d 0 b
0 -d 0 0 0 c b 0 d a 0 0
d 0 c b 0 0 0 b 0 0 a d
\c b d 0 0 0 0 0 b 0 d a }
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Considering the fact that for a lossless network, total incident power is equal to the
total reflected power, hence S'S is equal to |, identity matrix while ‘T’ is the
transpose of the matrix. Now solving the matrix for a lossless network, the following

equations (4.33) - (4.36) can be derived.

a’?+ 2b%>+2d*+c?=1 —(4.33)
2b(a+c)=0 —(4.34)
2d(a—c)=0 — (4.35)
2ac + 2b2 —2d? =1 — (4.36)

The expressions of (4.33) - (4.36) do not provide an unique solution and hence an
additional constraint (based on Kirchhoff’s current and voltage law or Maxwell’s
electric and magnetic field theorem) should be imposed to uniquely solve the
coefficients. Considering Kirchhoff’s current law for the x-directed port of the
condensed node and that there is no storage of charge in the node, Ix can be
considered as zero. Further 1y, I, lg and I3, can be represented in terms of applied
voltage, V; (assuming Vi = 1 V) and its impedance, Z,. Considering these

parameters, (4.37), (4.38) and (4.39) can be derived.

IX = 11 + 12 + 19 + 112 - (437)
avy

P R A R 4.39

1= ZO ) 2 = ZO ) 9 — ZO ’ 12 — ZO ( ' )

Using (4.37) and substituting the values of Iy, I, g and 12, we get (4.40).
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(1-a)=2b+c — (4.40)

Similarly applying Kirchhoff’s voltage law on the voltage loop consisting of port 1

and assuming no storage of magnetic flux in the node, we can get (4.41) - (4.43).

I/Z - - Vl + V3 + V12 - Vll - (441)
ol

v, = Za_tz - (442)

Vl = (1 + a), V3 = d y V12 = C y Vll = _d - (443)

Solving (4.41) and (4.43) can result in (4.44).

(l+a)=2d+c —(444)

Using (4.40) and (4.44), unknowns of (4.33) - (4.36) can be solved, and the solution
of unknowns is obtained asa =0, b = 0.5, ¢ =0and d = 0.5. Thus a voltage scattered
at a port can be simply achieved using the matrix (4.32) and based on the value of
these parameters, we can rewrite the scattering matrix for a symmetrical condensed

node as (4.45) [9].

(0 1 1 0 0 0 0 0 1 0o -1 0)
1 0 0 0 0 1 0 0 0o -1 0 1
1 0 0o 1 0 0 0o 1 0 0 0 -1
0 0 1 0 1 0 10 0 0 1 0
0 0 0o 1 0 1 0 -1 0 1 0 0
0 1 0 o 1 0 1 0o -1 0 0 0
0 0 0o -1 0 1 0o 1 0 1 0 0 |- (4.45)
0 0 1 0 10 1 0 0 0 1 0
1 0 0 0 0 -1 0 0 0 1 0 1
0 10 1 0 0 1 0 1 0 0 0

1 0 0o 1 0 0 0o 1 0 0 0 1

\0 1 10 0 0 0 0 1 0 1 0)
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As per Huygen’s theorem [7], these scattered voltages become incident voltages for

adjacent ports at the next time step.

(x y+1,2)

g

; (X, Yy, Z 1)
/ )
|

N

xLy,2) = —f (—F G—(cL.y.2)

(xy, z+1)

(x,y-1,2)

Fig. 4.9 Wave propagation in 3D TLM node

The incident voltage at next time step for a 3D TLM node located at coordinate (X, Y,
z) can be obtained from Fig. 4.9. Based on this figure, the incident voltage equations
containing 12 x 12 matrix can be represented using a mathematically solvable matrix
+1[V'] = [C] «[V']. These connect voltages at each of their 12 - ports have been
defined in matrix (4.46). Once we know these [S] and [C] matrix, one can find the
incident voltages at the next time step for these 12 ports from their last time step

incident voltages.
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[ k+1V1i (x,y,2) \
k+1V2i(x, y.,2)
k+1V3i(xn Y, z)
k+1V4i(x,y,Z)
kHVSi(x,y,z)
k+1V6i(xl Y, z) =
k+1V7i(xn Y, z)
k+1V8i(xny|Z)
k+1V9i(xn Y, z)
k+1V1i0(xny|Z)

k+1V1i1(x, y.,2)
\ k+1V1i2(x,y,Z)}

4.2.1 Field solution using SCN node

[ kaz(x,y -1,2) \

Ve (xy,z—1)
Vil —1,y,2)
Ve (x,y,z—1)
W7 (x,y—1,2)
WVio(x—1,y,2z) | - (4.46)

Ve (x,y +1,2)
Vi (e y,z+1)

Ve y,z+1)
ng(X + 1,y, Z)

kV;(X + 1,y, Z)

\ Wi,y +1,2) ]

The electric and magnetic field at any point in the mesh can be defined using

incident wave voltage and current. Considering the x - directed voltage Vy or field

Ex, this can be obtained as (4.47) or (4.48) using its Thevenin equivalent voltage in x

- direction as in Fig. 4.10. Here Al is the unit cell length. Similarly y - directed and z

- directed voltages Vy and V, can be obtained as (4.49) and (4.50) [10].

Pz,

..................................

P, |-

Py

Fig. 4.10 Equivalent Thevenin configuration for SCN node in x — direction
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Electrical superimposition theorem can be used to solve the electrical circuit of Fig.
4.10. Applying Kirchhoff’s voltage law in Fig. 4.10, we can write the following
electrical equations as defined in (4.47) - (4.50). Since total current in a loop is zero,

we can write the closed loop current equation of (4.51).

V, =2Vi — 1,2, — (4.47)
V, =2Vl — 1,Z, — (4.48)
V, = 2Vi - 1,7, — (4.49)
V, = 2Vi, — 1,7, — (4.50)
L+ L+ 1;+1,=0 — (4.51)

Using (4.47) - (4.51), the voltage Vi in (4.52) can be derived.

[ O VI Vi )

A 5 —(452)
SPRUEAEATETS _as3)
Similarly other field components can be obtained as (4.54) and (4.55),

SR USAVEA' Q'S s
g = _ (Vi+ Vi+ Vi+ Vi) _ (455)

2Al

For calculating the output current in the SCN node, Fig. 4.8 can be segmented and

represented in their individual plane as Fig. 4.11.
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P1

Fig. 4.11 Scattering in x-y plane Equivalent Thevenin network

The magnetic component can be obtained by the current flowing through the circuit.
These x, y and z - directed current can be obtained from Fig. 4.11 and their
equivalent Thevenin network. Applying Kirchhoff’s current law in Fig. 4.11, we can
solve for the loop current I from (4.56) as defined in (4.57). The obtained current
equation can be used to derive the equivalent magnetic field and hence these

magnetic field can be defined by (4.58) - (4.60).

(V) = 1,Zo) + (2V5 = 1,Z,) — (Vi + 1,Z,) — (2Vi+1,Z,) =0 —(456)
U VAZJ;OV% - Vi) 457
o= (V= Va+ Vi - Vsi)/zz0 N ~ (458)
H, = Ve + Vo = V2 = Vi) /ZZOAI ~ (459)
H, = (Vi Vip+ Vi - Vsi)/zz0 N ~ (4.60)
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4.2.2 Stub modelling

Any inhomogeneous media with cubic node grid i.c. media 1 (g1, u1) and media 2
(g2, u2) results in different speeds of propagation and can be solved using appropriate
open or short circuited stub to its node [8]. The same procedure can be applied to a
non cubic node. This propagation speed variation can be modelled by changing
either € or u. However, changing these parameters results in a change in electrical
capacitance and inductance. Hence the line impedance (in media 2) can be replaced
by its parallel impedance combination of media 1 impedance Z, and stub impedance
Zs. By arranging the stub to length Ax/2 ensures that signal gets returned to the
network after one time-step. Any propagation media is characterized by its phase
velocity v, and characteristic impedance Z,. Assuming a homogeneous media with
its dielectric permittivity & and magnetic permeability u, its velocity and
characteristic impedance can be defined in terms of its capacitance Cj and
inductance L. Figs. 4.12 - 4.14 illustrate the electrical equivalence for various
types of stub. The stub length is set to Al/2 (and time step is set as At/2), the round-
trip time from the node to stub and back to node becomes At. When a pulse enters a
node, it scatters into the link-lines and its stub, however the signal can be assumed to
be processed only after a time step because of its stub and thus it can account a time

delay to the node.

SIL L
KO

Fig. 4.12 Open circuit stub Fig. 4.13 Short circuit stub  Fig. 4.14 Lossy circuit stub
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Similarly the inductive stub can be defined using a stub length of Al/2. A lossy stub
can be defined using a resistive element while the length of this resistive element (in
the form of a lossy transmission line) is infinitely long so that the incident signal
never gets reflected and assumed to be absorbed. The capacitance Cy for x-directed
node is defined as in (4.61).

Ay Az
Ax

A
Cy = £ = ¢ = Al —(4.61)

As mentioned previously, the capacitance and inductance of any segment can be

defined by (4.62) and (4.63) respectively [6].

At
Csegment = o> — (4.62)
o
AtZ,
I-segment = T - (463)

Cx segment, X-directed capacitance and Ly, segment, X-directed inductance for the 3D node
is defined by the combined capacitance and inductance of the link lines P1, P12, Py,

Pg as in (4.64) and (4.65) [6].

At 2At
Cx, segment — 4 XCtl =4 <2Z ) = 7 - (4-64)
0 0
AtZ,
Ly, segment = 4 XLy =4 < 2 ) = (24t Z,) — (4.65)

The capacitance of the stub can be deduced from its total capacitance/inductance as

seen from its node, hence the stub capacitance becomes (4.66).

2At

Ci=¢€elAl— C,= eAl— — (4.66)
ZO

Similarly the stub inductance can be defined as (4.67).

LS = puAl— L, = pAl— 2AtZ, — (4.67)
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Now the capacitive stub can be defined using an equivalent admittance while the
inductive stub is defined using an equivalent impedance for its mathematical
representation and calculation convenience, hence the admittance for a capacitive

and impedance for an inductive stub have been defined in (4.68) and (4.69) [11].

2CS Al 4

C — —_
=T T2n 7 — (4.68)
=2 o Ay, 4.69
x T At HaT Mo (4.69)

The additional parameters in a free space media has an impedance of Z, and velocity

Vo and its velocity and characteristic impedance can be defined as (4.70) and (4.71).

v, = — (4.70)

Z,= |= — (472)

For easier calculation, it becomes convenient to define the characteristic of any
propagating medium with respect to free space. Hence the stub capacitance and
inductance can be normalized against the air medium. Hence (4.68) and (4.69) using
(4.70) and (4.71) can be represented as its normalized component of (4.72) and

(4.73) respectively [12].

2CS AZ,  2eAl

Ye = =2 — 4= — — (472
* T A, At VoAt (4.72)
218 Al 20, Al

JL=—2=2 —4 = ——— 4 — (4.7
= 7z At H7zoat VoAt (4.73)

Similarly capacitive and inductive stub can be derived in y - and z - direction and

these can be represented as (4.74) - (4.77) [6].
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Py =2t -4 — (474)
e = if:—ftl— 4 — (4.75)
7k = 2:0 rAAtl _ 4 _ (4.76)
2L = 2:0 rAAtl _ 4 _ (477

These stub calculations enable an inhomogeneous media to be modelled with ease.

4.2.3 Heterogeneous media modelling with HSCN node using stubs

By adding inductive, capacitance and resistive elements it is possible to model an
inhomogeneous media. The HSCN node has six extra ports apart of the usual 12
ports when representing an inhomogeneous media and the scattering matrix can be
defined as (4.78). These extra ports, 13, 14, 15 (representing capacitive stubs), 16, 17
and 18 (representing inductive stubs) can be represented by the additional coupled
electric and magnetic fields Ey, Ey, E;, Hx, Hy and H,. The time step taken by a pulse
along the segment length Al/2 towards condensed node is set as At/2 where At is the
TLM time step. Similar to SCN node, all the elements of 18x18 scattering matrix can
be obtained by understanding the coupling path of a three dimensional cubical node.
Assuming an incident voltage pulse V{ (x,y,z) of 1 V in x-direction (resulting in
field Ex) an amount ‘@’ may get reflected out of this incident voltage at port 1.
Because of symmetrical positioning of the port P, and Py, an amount ‘b’ may get
coupled to these ports (P, and Pg) while an amount ‘¢’ can get coupled to port, P12.
Similarly an amount ‘d” may get coupled to P; and “-d’ to port P1;. Because of the

incident signal at port 1 and port 1 generating Ex and H, components, there would be
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some coupling for x-directed capacitive stub (with amount ‘e’) at port 13 and z-

directed inductive stub (with amount ‘f’) at port 18.

- (4.78)

0

Using Kirchhoff’s law and energy conservation, these unknowns can be solved [6].

e
2+ 79) " 204+ 24

— (4.79)
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f=2zd — (4.84)
g=7Yb — (4.85)

g: j; — (4.86)
i=d — (4.87)
j= % — (4.88)

4.2.4 Field solutions using HSCN node

The electric and magnetic field at any point in the mesh can be defined using
incident wave and output fields and can be obtained using the process similar to

output of a SCN mesh with an addition of stub in its each of the direction.

Py

Fig. 4.15 Equivalent Thevenin configuration for HSCN node in x - direction

Each of the transmission line segments can be represented by its equivalent
Thevenin circuit. After normalising the stub impedance with Z,, we can obtain

normalized stub impedance and its inverse as normalized stub admittance. The
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electrical equivalent circuit of Fig. 4.15 then can be solved using equivalent
Kirchhoff’s law to find the voltage in its x-direction as obtained in (4.89) using the
methodology of (4.56). Electric field along x - direction can be obtained as in (4.90).

oo 2V Vi v+ Vi + TV

A T — (4.89)

5 = 2Vi + Vi + Vi+ Vi, + 7EvE) (4.90)
x Ax (4 + YF) '

Similarly the electric field along the y - and z - directions can be obtained as in
(4.91) and (4.92).

2(Vi+ Vi+ Vi+ Vi + Yevd
Ey - _ ( 3 4 8 All y 14-) _(491)
Ay (4+ Y§)

2(Vi+ VE+ VE+ Vi + PEVE)

Az (4 + Y¥) ~(492)

E, =

For calculating the output current in the HSCN node, the HSCN node can be
segmented in the x-, y- and z- directions and using the circuit in Fig. 4.16, current
along x - direction can be obtained and defined in (4.93).

Hence the magnetic field Hy can be obtained using (4.94). Similarly Hy, H, can be

obtained as in (4.95) and (4.96).

_ 2V - vi+ Vi - V- V)

- A —(4.93

" @z, + 2,7) (493)

oo 2= Ve Vi - Vi - V) _ (4.94)

x Ax(4Z, + Z,7L) '

Y Ay(4Z, + Z,7k) :
2(Vi— Vi+ vl — VL — Vi

Hz — ( 1 3 11 12 18) _ (496)

Az(4Z, + Z,7L)
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o] A

Fig. 4.16 Scattering in y-z plane Equivalent Thevenin network

In order to completely define the media in TLM, the dispersion present in the
dielectric media needs to be integrated in the TLM method. The dispersion
relationship for TLM can be expressed in (4.97) [13]. After obtaining its scattering
matrix from (4.99), the connection matrix C containing the plane wave propagation
constants can be derived using (4.97). Here ko is the propagation constant along the
transmission lines, d is the node spacing, | is the identity matrix, while S is the
scattering matrix and C is the connection matrix.

det[CS — e*dl] =0 — (4.97)
Because of its characteristic polynomial containing exponential term as y = exp(j0)
of (4.97), the relationship (4.97) can be solved as an Eigen value solution. Hence if
the coefficient B;, i = 1...N is known for an N™ order polynomial (defining all the N

numbers of port nodes), (4.97) can be written as (4.98) [13 - 14].

N
COOW) = YN+ D gyt =0 — (4.98)
i=1
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4.2.5 Discontinuity in transmission line using field theory

Any discontinuity in TLM can be defined and solved based on its type and location.

Fig. 4.17 shows the connecting boundary at two nodes [15].

:p;\
o
\ ‘@

— P g
pZ %N o M
i —7 | % i
: : Pu |'® :: X
A~ (4 QU [N I L R IR [y Ay 4 [ [ e

(media 2)

(media 1)

Fig. 4.17 Connecting boundary condition for TLM simulation

For a linear media, the total electric and magnetic field can be defined by the sum of
its incident and reflected wave and hence (4.100) and (4.101) can satisfy these
conditions. Using the incident electric and magnetic field, its magnetic current and

electric current can be derived as (4.102) and (4.103).

Erotat = Eine + Eves — (4.100)
ﬁtotal = ﬁinc + ﬁref —(4.101)
M, = AXE;, — (4.102)
Js = A XEinc _ (4.103)

However, magnetic current and electric current can be represented in the vector form

as (4.104) and (4.105) which can define the magnetic and electric field. Magnetic
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and electric current of the previous expression can be obtained using (4.106) and

(4.107).

My = M,§ + M,2 — (4.104)

Js =19+ J.2 — (4.105)
My = B - B = o [(Vi+ Vi) - (PVi+ )] - (4106)

3 =H._-H.= Al (1V1r0_ 1\/1i0)_(2\/6r_ 2V6i)
;= =

—(4.107
y2 ZO ZO ( 0 )

I\_/I; and Ty'can also be obtained similar to (4.106) and (4.107) as defined in (4.108)

and (4.109).

L 1 . .
M, =Ey; — Ey, = A—l[( Wi+ i) = (AvE+ A — (4.108)

-

7 = —> ( 1V1r1 - 1V1i1) (2V§ - 2V3i)
y = —

H)Zl - sz = Al ZO ZO

— (4.109)

Solving (4.106) and (4.107) for scattered voltages while normalising length to unity,
we can get (4.110) and (4.111)

1 1 — - 2 r
VE, = —E(My+ ZyJ,) + AV — (4.110)

2E = S (My — Zod,) + Vi — (4.111)

Similarly solving (4.108) and (4.109) for scattered voltages, we can get (4.112) and

(4.113)
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1 — - .
r, = E(MZ — Zply)+ Vi —(4112)
2\ /T — 1 Vi 3 1\ /i
VE= —E(MZ + Zpdy) + Vi — (4.113)

4.3 TLM modelling with a boundary condition

As with any other three dimensional field solver, TLM method defines its boundary
condition through its PEC (short circuit) element, PMC (open circuit) element and

ABC (matched) element using following equations of (4.114) - (4.116).

welV/P =0 — (4.114)
eelVE == V7T — (4.115)
ealVi = VT — (4.116)

If the media is non-dispersive and the angle of the incident wave is known, then
lumped impedance can be used to terminate the signal otherwise ABC needs to be
applied at its terminating port [16]. Applying the boundary condition in 3D SCN-
TLM node requires it to be applied at its two associated field pertaining to its port.
Like a voltage incident on port 1 of Fig. 4.8 has Ex and H; as its field quantities,
hence the incident impulse on the boundary, normal to port 1 would be the function
of both electric and magnetic field. However a wave equation can be written using
either electric or magnetic field, hence one field can be sufficient to define its
boundary condition. The 3D TLM in this boundary condition can be defined using a
simple 1D wave propagation by its electric field, ‘E:which is transverse to the wave
propagating direction. For a dispersive media while implemented with SCN
meshing, the frequency behaviour of the material property also needs to be

considered [17]. These are discussed in the following sections.
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4.4 Modelling dispersive media

A PCB material can be defined as a dispersive media because of its frequency
dependant behaviour of the material’s permittivity and permeability. Hence an
accurate behaviour of the wave propagation can only be achieved when this
frequency dependant material characteristic is accounted for. This becomes
especially true at the higher frequency of operation. The material contains molecules
which possess certain dipole moments. Whenever an electric field is applied, they
get aligned towards the direction of the applied electric field. Based on transient
pulse application, which is often the case in TLM simulation; these molecules align
for the direction of applied field. This time - varying alignment consumes energy and
hence they are termed as dispersive media. The behaviour in these types of media
can be represented by various models such as the Debye [18], Lorentz [19] and
Drude models [20]. Losses often can influence the transmission line characteristics,
shifting its operating frequency. Hence accurate modelling can only be achieved with
well defined material characteristics. Electromagnetic fields in the frequency domain
can be described by Maxwell’s curl equations while the relationship between
dielectric displacement current, the electric field and the polarisation can be defined
as (4.117). In the time domain modelling, the dielectric loss arising out of the
material characteristics can be related as the sum of an equivalent time varying

polarisation current, ipoi(t) as (4.118).

D= ¢gE+ P — (4.117)

N aﬁ - - =

Tpor(t) = ﬂﬁ .dA =f(P,E) — (4.118)
A

Using Maxwell’s equation, the above equations can be further expanded as (4.119).

-114-



Chapter 4 — TLM Methods

— - — — aﬁ -
jH.dSZ o JH-dA"'EOETjJE-dA'F?pOZ —(4.119)
A

0A A

4.4.1 Debye model

A medium can be characterized by its frequency dependant permittivity as (4.120)
where g is the permittivity of free space while &.(w) is complex permittivity
defined by (4.121) [21]. The commonly dielectric material, Flame Retardant 4 (Fr4)

used in the PCB manufacturing can be characterized completely using Debye model

[22].
D = g, (w)E — (4.120)
@) = @) = 122 = eo@) - ) T2+ (o) ~ (a121)

Here &(w) and o(w) are the frequency dependant relative permittivity and
conductivity respectively, €, is the permittivity as @ — oo, and (o) is the dielectric
susceptibility. For a medium with a Debye dispersion relation, the dielectric
susceptibility is given by (4.122) where & is the static permittivity when a static field

of zero frequency is applied and 1o is the relaxation time.

_EOO

— &7 fo
x(w) = 1+ jwr,

—(4.122)
Frequency dependant complex permittivity of (4.121) can be segregated by its real
and imaginary part as in (4.125) and (4.126) when (4.123) can be expanded to

(4.124).

. o(w) & — &n(w)
(w) = en(w) — j e + Sl+jm0

— (4.123)
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é‘}(w) =&, — ja(w) + &5~ €0

(1 —jwTy) = €0 + =2 — T, =2 _(4.124)

weg 1+w?27y? 1+w?2ty? 0 1+w?2ty?
& — &o(w)
areal — S ®© _
éreal(w) = ep(w) + 1+ oo, (4.125)
~imag _ , & — Eoo(w)
o (w) — —JWTy m - (4126)

Another important property to measure the loss introduced by the frequency
dependence of the material is the loss tangent or loss angle 6, defined by (4.127). As
shown in Fig. 4.18, it has been plotted using Matlab to illustrate the frequency
dependence behaviour of Fr4 dielectric with its dielectric constant, 4.4 in PCB.
Similarly the behaviour of the real and imaginary part of dielectric constant, 4.4 can

be shown in Figs. 4.19 and 4.20.

~imag
_ & (w)
tand = ——— —(4.127)
é\real ( w)
r
Lossy behaviour for Fr4
0.025 T T T T T T T
tan(8) - Loss
0.02r
=
=
8
0.015
0.01
0.005
0 1 L L 1 L 1 L 1 L
0 20 40 60 80 100 120 140 160 180 200

Freq. (GHz)

Fig. 4.18 Tangent loss of dielectric for Fr4 using Debye model
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¢, behaviour for Fr4
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Fig. 4.19 Real part of dielectric for Fr4 using Debye model

Eimag behaviour for Fr4
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Fig. 4.20 Imaginary part of dielectric for Fr4 using Debye model
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This angle 6 defines the phase angle between the vector of the electric field E and the

vector of the dielectric displacement D.

4.4.2 Lorentz model

Another method to represent the dielectric property is using a Lorentz model. This
model can be considered as the equivalence of a second order electromechanical
mass - spring damper equation. Assuming an electron mass M, stored charge q,
friction coefficient ¢ and spring constant k, a second order system can be described

by (4.128), while using a Fourier transform it can be written in the frequency domain

as (4.129).

X ry— E 4128
dtz “a ™ (4.128)

F(w) = —Mw?*z(w) + jewz(w) + kx(w) —(4.129)

The applied force can be defined using electric field as (4.130). Using (4.129) and

(4.130), we can derive (4.131).

F(w) = qE(w) — (4.130)

— (4.131)

This displacement can be related to the polarisation vector through P= NgXx while

its susceptibility can be defined asP = )(eoﬁ. Hence (4.131) can be rewritten as

(4.132) or (4.133).

— (4.132)

-118-



Chapter 4 — TLM Methods

2
£1%% —(4133)

#(w) = w2 + 2jcw — w?
Here o, is the undamped resonant frequency, g is the relative permittivity at zero
frequency and ¢, is the damping coefficient. Using the inverse Laplace transform of

(4.133), its time domain function can be derived as (4.134).

& w2
x(t) = %e-ﬂfsin (t /wg - c5> u(t) — (4.134)
w?Z — ¢

The Matlab plot of imaginary and real part behaviour of a material’s susceptibility
for a material with N = 10%® cm™®, @, = 18.56 x 10° rad/sec and ¢, = 1.856 x 10°

rad/sec using Lorentz model can be shown in Fig. 4.21.

Lorentz model frequency response
20+

Xreal

15+ Xin‘aginary

[Eny
o
T

a1
T

Susceptibility,

_lo 1 [ [ 1 1 [ [ 1 [ [
5 10 15 20 25 30 35 40 45 50

Freq. (GHz)

Fig. 4.21 Susceptibility behaviour of a Lorentz model
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4.4.3 Drude model

The Modelling of a material using a Drude model can be represented by a second
order equation as defined in (4.135) with its spring constant, k being zero. Hence

(4.135) can be represented as (4.136).

mx(t) + cx(t) = NqE(t) —(4.135)

Here c is the friction coefficient, m is the reduced mass, q is the charge and N is the
charge density. But the plasma frequency ®, can be defined using (4.137). If ® >> o,

then (4.136) can be rewritten as (4.138).

(1)2

4 p _
t(w)=1 Ty 00/ ™ (4.136)
Ng?
2 — —(4.137
©p gom (4.137)
wp
e(w) = ey — —(4.138)

(1)2"' ]wC/m

The Matlab plot of imaginary and real part behaviour of a material’s dielectric
(material with ¢, = 4.5, w, = 1.34x10" and © = 6.95x10™) using a Drude model of

(4.138) can be shown as (4.139) and (4.140) and can be plotted in Fig. 4.22.

wpw?

Ereai(@) = €0 — o T (052 — (4.139)
w2 WC/

Eimaginary ((1)) = w?* +p (wc;nm)z - (4140)
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Drude model for a material
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Fig. 4.22 Drude model of a material with &, = 4.5

4.5 Conclusion

The in-house developed software, Minisolve is based on this TLM method and is
described in chapters 5 and 6 for the analysis of a set of PCB interconnects and IC
packages. The TLM based solver was also used for the analysis of crosstalk and its
switching effect in a complex routing environment of a PCB. The TLM based solver
in comparison of other available field solver techniques has been selected as field
solver technique for PCB solution because of its electrical equivalence and
associated numerical simplicity, time domain analysis, inherent stability of the
technique due to passive circuit definitions and the fact that PCB interconnect traces
has low Q values, in the range of hundreds of MHz or at the maximum of GHz. The

development of 1D and 3D TLM method in a PCB environment with frequency
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dependant dielectric behaviour, field propagation in an inhomogeneous medium has
been described in this chapter. Based on the homogeneous or inhomogeneous media,
various nodes such as SCN, HSCN and GSCN have been described and the
application of these nodes for solving the wave propagation in a homogenous or
inhomogeneous medium can be developed. The description based on 3D TLM
approach has been used to model and simulates these PCBs, its various components
and configurations. Modelling of dispersive media for its application in prepreg and
core in PCB can be defined using the selection of appropriate material modelling
method. The comparison between these different materials - modelling approach has
also been described here. In a PCB environment where frequency is limited to GHz
range, the Debye model can be used quite well to model these PCB materials
because of its frequency dependant, simple and causal behaviour representation and

its accuracy in comparison of the physical model.
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CHAPTER 5

/O PORT MACROMODELLING

The SI and EMC behaviour at PCB level can be accurately defined using a careful
observation, measurement and experimental setup. However an accurate setup
requires a costly measuring instrument and an expertise skill apart from time
consumption, potential cost of damage. The modelling and simulation of a PCB in its
equivalence can be an excellent alternative which can generate an equal behaviour
and sometimes predict the signal response for a densely complex board. The first
phase of the selection lies in an accurate 3D behaviour describing field solver tool
such as the TLM simulator. The TLM software should integrate the IC with PCB
interconnects in its entirety for representing the complete PCB simulation and its
intended function. The description and behaviour of RLC components,
interconnects, dielectric, various discontinuities over a range of frequency, TLM
modelling methods can provide a physical-electrical representation of the complete
PCB system including intrinsic details of IC. Model measurements are expensive
and time consuming task due to many devices being fragile for its ESD and pin
density. In addition finding the suitable model within a limited time cycle of the
board design can sometimes become quite expensive. Integrated Circuits (I1Cs)
continue to become increasingly complex and representing their behaviour without
the knowledge of internal architecture is a challenging task. Due to intellectual

property privacy, the internal architecture can-not be revealed. The Spice library
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models have all these details for accurate simulation, however as the IC size
becomes larger, the Spice model becomes quite complex and it is often encrypted so
that reverse engineering could not be achieved. Even for the simulation of one signal
of the IC, the entire IC needs to be simulated and needs to integrate within the other
constraint of design as per requirements. A good trade - off between entire IC
simulation speed vs. memory usage can be obtained with the alternate development
of IC macromodels or IBIS models where the transfer function of the IC or its
input/output buffer could be represented using some empirical formula without
delving into the detail of the IC’s internal architecture. On the functionality side only
input/output port information is necessary for obtaining the simulation of the
sensitive SI and EMC effects in fast digital circuits. Thus an IBIS or macromodel
perfectly satisfies the requirement. Further a solution is sought from behavioural
models (macromodel or IBIS model) of the IC with the selection of a suitable
simulation tool to simulate these SI/EMC effects in PCB environment at various
process corners (minimum, typical and maximum). These process corners are
necessary to show the extreme application of the physical IC at the simulation level.
The 1/0 behaviour from these IBIS/macromodel is represented by mathematical
expressions so as to be easily imported into circuit simulation such as Spice,
Verilog/VHDL, empirical tools and can be portable, accurate in a standard
simulation environment. These behavioural IC models can also be combined with a
1D, 2D, 2.5D field solver tool for the analysis of field coupling effects. Many times
the 1C model does not work, it requires some design fix and these create a necessity
for an in-house development of macromodel or IBIS model which can be used to

solve the unavailability or inaccuracy issue.
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5.1 IC modelling

With time to market and printed circuit board-size becoming smaller and smaller,
system designers are struggling to release a product from concept to reality in a
tightly budgeted time and within the constraint of good SI and EMC. The need to
simulate before prototyping has become essential and the ability to simulate
accurately is even more heightened. But in order to simulate a system - level board,
all components on the board need to be modelled. A macromodel [1] is a step
towards defining these components as input-output buffer before releasing the PCB
for its functionality. It consists of building blocks for every component of the system
with a mathematical model that can accurately present its behaviour. The prefix
macro emphasizes that just the macroscopic behaviour of the system as seen from its
inputs/outputs is described, while no information is retained on its internal working
and composition. While working at PCB level, each of the components can be
broken down into an individual component, defined by its own macromodel whether
it is IC or its connecting trace. The combination of different macromodel can lead to
a complete system model of its PCB. One method of developing the macromodel is
based on Mpilog [2]. However a macromodel design based on Mpilog involves
various steps. Firstly the component is characterized with a measurement or a
numerical evaluation of its behaviour, either in the time or in the frequency domain.
In either of domains, the output response is found for input waveforms. The obtained
characteristic can be used to create the macromodel. This step is called identification
and aims to minimize the error between the given data and the macromodel response
with a suitable choice of the model coefficients. The generated model can then be

used in a simulation environment to perform the analysis required by the PCB
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design. Fig. 5.1 shows the modelling of the IC with a nonlinear response function

defined as i = F(O, v) where © is parametric vectors and v is the voltage.

A

- i k
g —> —> i=F(@O,v)

(107

\'

Fig. 5.1 Modelling of a device

5.2 IC port macromodelling

IC ports can be classified into input (receiver), output (transmitter) and power supply
ports. The modelling of input ports is rather straightforward because their operation
is scarcely correlated to the IC’s internal operation and other stage except input
buffer plays the role. For this reason the input buffer port can be assumed as simple
dynamic one-port, that can be characterized just by the observation of their external
behaviour, i.e., from the external port current and voltage waveforms. Input ports of
the circuit are hardly influenced by the logical activity of the IC that follows, and can
be considered as simple one-port dynamic element modelled by the relation iinput =
Fi(Vinpur). A macromodel for an input buffer is shown in Fig. 5.2 where Vcc and Vss

are the supply voltage for powering the IC.

o Ve
linput >_ Internal
o—p—— o0
? IC level
Vinput
o
o Vss

Fig. 5.2 Macromodel for a generic input buffer
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However, the modelling of output ports and power supply ports is not trivial,
because their operation is strongly influenced by internal signals of IC. The
evolution of an output port signal is decided by the load and port characteristics
because these characteristics depend on various internal signals controlling the port
logic state. An output buffer of digital integrated circuits, for any kind of
technology/architecture, is composed of cascaded stages of buffers with growing
driving capabilities. Such circuits provide the interface between the fast low-energy
internal parts of ICs and the off-chip interconnects, that require higher energy
signals. Output buffers, therefore, must increase the power of transmitted signals as
much as possible with an added delay and the rise/fall times. The structure of a
generic output buffer is shown in Fig. 5.3, where Vi denotes the buffer input
voltage of the last stage (i.e., the output of the functional part of the integrated fast

digital circuit) and V. and Vs are the power supply voltage.

oV

Internal

IC level i .

o — ———>—oOutput Pin
4
Vinput Vpin
[y |

o VSS

Fig. 5.3 Macromodel for a generic output buffer

Current at the output port can be defined as i = Fo(Vpin, Vinput) Where Fq is a suitable
nonlinear dynamic operator while vpi, is the output voltage at its output and Vinpu: Can
be replaced by any other variable controlling the logic state of the buffer, e.g., the

input voltage of the penultimate stage of the buffer, vi.
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5.2.1 IC port macromodelling and its procedure

The macromodel behaviour which is similar to an IBIS model can be obtained using
freely available Mpilog [2] tool if the current can be defined as a function of its
voltage and its port behaviour can be divided into its static and dynamic behaviour.
Obtaining a static behaviour in macromodel is very much similar to the process for
obtaining the static behaviour from an IBIS model. A condition of high “1” or low
‘0’ input with a DC sweep at its output is applied while measuring the current at its
output port defines the method for obtaining the static behaviour. However the
dynamic behaviour is obtained through various curves - fitting mathematical -
functions, such as Spline [3], Radial basis function [4, 5], Sigmoidal basis function
[6, 7], Recurrent Neural Network modelling [8]. The port behaviour of a digital
buffer can be characterized using (5.1) and (5.2) [7] where the current i is the output
port current flowing out of the buffer (e.g, the current can be defined as iy, (t) =
(va(t)-va(t))/Zo, where Z, is the impedance of the circuit, vi(t) and v,(t) are two
different state conditions), iy and i are current submodels accounting for the device
behaviour in the logic high and low state respectively, and the time-varying weight
functions wy(t) and wy(t) provide the multiplying transition between the two

submodel, i.e., the switching between the two logic states.

1(6) = Wi () i (V2 (0 Vee (6, Y g ) + W) in (Vi (0 Ve (0. ¥/, ) = (B.1)

These two submodels iy and i. can be written as (5.2) with the combination of their

static and dynamic current function, multiplied with some factor.

iH,L = iSH,L (Va Vcc) + idH,L (Va Vees d/dt) - (5.2)

-131-



Chapter 5 — I/O Port Macromodelling

Here iy is the static level of the output current of the buffer at high or low output
state, while igq . is the parametric model describing the nonlinear dynamic behaviour
of the output current. The model parameters, like the static level isy. and the
weighting signal wy, can be obtained for the supply voltage v rather than its
behaviour at a wide range of voltages for simplification. The effect of the large
variation of the v can be possibly included a-posteriori in the model equation by
using simplified analytical formulae describing the effect of the v on the device
characteristic. The model structure described in this section is used to define an input
or output buffer’s modelling procedure and can be divided into the following steps.
The data can either be obtained experimentally or through accurate full field

simulation of the known internal circuit.

5.2.1.1 Estimation of the buffer static, isn and dynamic, igy . characteristics

The static behaviour is defined when the variation in the voltage and current signal is
small, otherwise it is defined as dynamic behaviour. The static and dynamic
behaviour and its combination of the driven signal can be used to obtain a complete
IC buffer characteristic. These behaviours can be obtained using Mpilog and plotted
using Matlab when a buffer is driven using an ideal source in high-low-high or low-
high-low pattern on its output or its input and noting its voltage and current value.
As shown in Figs. 5.4 - 5.7 the buffer behaviour can be divided into static and
dynamic characteristic so as to define each of these behaviours using suitable

analytical expressions.
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Static mode woltage behaviour
6 T T T

Vslalic

Amplitude (Volt.)

0 0.5 1 1.5 2 2.5
Time (s) 7

Fig. 5.4 Buffer’s voltage response for extracting the static characteristics isq and is.

Static mode current behaviour
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Fig. 5.5 Buffer’s current response for extracting the static characteristics isy and is.
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Figs. 5.4 and 5.5 show the static mode voltage and current behaviour when the
device is driven to produce a bit pattern “010” on its load. The flat response of these
figures provides the static characteristic of the buffer in terms of data for voltage and
current pair. The highlighted portion is used to extract the static characteristic of its
port behaviour. The response out of the analytical expression is validated using
HSPICE model to verify and validate its accuracy.

Figs. 5.6 and 5.7 show the dynamic mode voltage and current behaviour using the
same set of signal response of a static mode. Where the variation of signal with
respect to time is non-trivial, it can be considered as dynamic mode while the
remaining mode of the system can be a static one. Hence the dynamic response can

also be obtained with its signal behaviour minus its static mode behaviour.

Dynamic mode woltage behaviour
6 T T T

Vaynamic

Amplitude (Volt.)

1 I I I I
0 0.5 1 1.5 2 25

Time (s) 7

Fig. 5.6 Buffer’s voltage response for extracting the dynamic characteristics igq and

laL
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Dynamic mode current behaviour
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Fig. 5.7 Buffer’s current response for extracting the dynamic characteristics igy and

laL

5.2.1.2 Computation of the weighting coefficients

As defined in (5.1), the weighting coefficients can be defined as a nonlinear function
after comparing the port behaviour response from its measurement or Spice
simulation. Once the current, iy and voltage, v; responses are recorded in the
transition period under a normal operating condition, Wy can be approximated by a
nonlinear function. Wy can be obtained from its Wy function using (1-Wy) for
simplicity. However in a general case while the port behaviour transitions in high-to-
low, Wy can be obtained and while the port behaviour transitions in low-to-high, W,
can be obtained. The behaviour of the weight — coefficient is shown in Figs. 5.8 and

5.9.
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High and Low Weight Coefficient for Static Behaviour
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Fig. 5.8 Driving a buffer for obtaining weight coefficients for static condition

High and Low Weight Coefficient for Dynamic Behaviour
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Fig. 5.9 Driving a buffer for obtaining weight coefficients for dynamic condition
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5.2.1.3 Model implementation and validation

After obtaining all the parameters, the model can be implemented either in American
Standard Code for Information Interchange (ASCII) file or Verilog or Spice based
model. Here the model obtained from transistor level simulation or real experiment

can be used to validate these models.

5.2.2 IBIS modelling and its procedure

Another popular method for I/0 buffer modelling is the IBIS [9] that produces
simple equivalent circuits representing the chip behaviour at ports. Due to its
industry wide acceptance, the IBIS model is commonly used in the simulation
environment. The IBIS model can be extracted using the transistor model of the
device or using the experimental measurement while driving the input/output of the
device high and low and collecting the voltage and current response at its
output/input. The IBIS model library can be obtained in house if the transistor model
is available or it can also be obtained from the device manufacturer. The IBIS is a
standard for describing the analogue behaviour of a buffer in a human readable
ASCII format. The specification provides a standard parsed file format consisting of
current-voltage (I-V) and voltage-time (V-t) characteristics for its rising and falling
transients, device package parasitic, input capacitance, and timing measurement
information for several types of 1/O structures without revealing proprietary
information about the circuit’s structure or fabrication process unlike a SPICE model
of the circuit. All the input and output in the IBIS model are independent. Various
data tables such as I-V (current versus voltage) and switching (output voltage versus

time) characteristics at various conditions present in an IBIS file is used to construct
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an input/output buffer model for performing SI simulations and timing analysis in a
PCB. The information and specification of the IBIS model make these models
component-centric, that is, an IBIS file represents an entire component, not just a
particular buffer. In addition to the electrical characteristic of a component’s buffers,
an IBIS file includes the component’s pin-to-buffer mapping, and the electrical
parameters of the component’s packages and parasitic. The behaviour of input and
output buffer of an IBIS model can be plotted using Matlab and its circuit
representation is shown in Figs. 5.10 and 5.11 respectively. Here Ccomp indicates
component capacitance of the pin, Cug, Lpkg and Rpkg indicates the package
capacitance, package inductance and package resistance of the buffer. Depending on
the 1C manufacturer, the clamp voltage Vqyq can be set differently than the power
supply V. of the IC. A typical IBIS model is represented using package and pin
[RLC] values apart from its power clamp, ground clamp, rising, falling waveform,

pull up and pull down of its transistor behaviours.

Clamping Diodes

Vdd / Vee
Dy
Input Pin Lok Rokg

Pull up, Pull down
transistors

Fig. 5.10 Equivalent circuit of an input buffer in an IBIS model
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cC Vdd Clamping Diodes

D,
Roig Lkg Output Pin

isauce

|

Pull up, Pull down
transistors

Fig. 5.11 Equivalent circuit of an output buffer in an 1BIS model

These waveform - behaviours can be tabulated for a typical and worst case operation,
so that the complete operating range of the IC can be defined. The ground and power
clamp characteristics for an inverter input buffer, SN74AHC1GUOQ4 are shown in
Figs. 5.12 and 5.13 while pull up and pull down of transistor — behaviours for an

output buffer are shown in Figs. 5.14 and 5.15.

Ground clamp characteristic for SN74AHC1GUO04 input buffer

100
0 Y/
) Typical
Minimum
-100 7/ Maximum
ey )/
3 yia
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Fig. 5.12 Ground clamp characteristic for a typical input buffer
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Current (nA)

Current (mA)
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Power clamp characteristic for SN74AHC1GUO04 input buffer
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Fig. 5.13 Power clamp characteristic for a typical input buffer

Pull down characteristic for SN74AHC1GUO04 output buffer
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Fig. 5.14 Pull down characteristic for a typical output buffer
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Pull up characteristic for SN74AHC1GUO04 output buffer
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Fig. 5.15 Pull up characteristic for a typical output buffer

5.3 IBIS/Macromodel-TLM interface

The TLM field solver can be combined with an IBIS model to complete the PCB
simulation. This approach allows the current in the port to be determined if the
incident voltage is known, and hence it can be interfaced to a field solver as a non-
linear nodal termination. The IC package parasitic, and the die capacitance is also
included in the solver. A PCB — IBIS buffer can be simulated using a combined
solver with IBIS and TLM and hence the solution can be divided and described by
three distinct stages. First stage is IBIS (non-linear termination to the TLM node),
while second stage is a TLM model that includes the package parasitic and die
capacitance, and third stage is the 3D TLM field solver. The interface between IBIS
and TLM can be obtained using a standard TLM formulation. This interface between
IBIS and TLM involves the modelling of the IBIS I-V tables as a non-linear load
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termination. The standard Newton-Raphson method can be used to solve the voltage
V and current I, using the IBIS I-V table as described by a nonlinear function of I to
V. The process of calculating I, given the voltage incident upon the IBIS load is
complex, and requires some operation of the currents from various active 1-V
behaviour (power clamp, ground clamp, pull up, pull down, rising and falling
waveform as shown in Figs. 5.12 - 5.15) to create a single current source for
representing the clamp diodes and pull up/pull down transistors. Having solved for
the voltage and current data out of the above mentioned operation, the incident
voltage returned to the 1D TLM section can be defined. This simple technique
successfully embeds a behavioural IC model into TLM using small number of TLM
nodes. The Newton-Raphson method is used at each TLM time-step and because
convergence is typically within 5-10 iterations, this creates a minimal computational
impact. Using Figs. 5.10 and 5.11 for IBIS buffers, the interface of TLM node and
non linear IBIS port can be defined using TLM technique while the Rpkg, Lpkg, Cpkg
and Ceomp Of the IBIS can be obtained using 1D TLM approach. The IBIS package
interface for its 1/0O buffer and its TLM interface has been shown in Fig. 5.16 while

the electrical equivalent circuit has been represented in Fig. 5.17.

IBIS Package TLM Nodes

| L

Cpkg

[~ 1

Fig. 5.16 Interface between IBIS and TLM for /O buffer
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IBIS Package TLM Nodes
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Fig. 5.17 Electrical equivalent circuit of IBIS and TLM

5.3.1 Output buffer

szrc

® -

ZC_COmp

MY

Fig. 5.18 Electrical equivalent of section A

As described in Fig. 5.11 and its electrical equivalence using TLM in Fig. 5.17, the
IBIS — TLM interface for the buffer can be represented in Fig. 5.18. The «V and I in
the circuit have nonlinear relationship as defined from V-1 table present in the IBIS

and can be defined in (5.3). Using the Newton-Raphson theorem with the help of the
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electrical theorem applied in Fig. 5.18, (5.4) and (5.5) can be obtained which can

produce V1",
I = f( kV) — (53)
sz‘rc -2 kV1T - IZC_comp - kV =0 - (5-4)
Vi = V- kV1i —(55)
yAVA
l, Rokg Zipkg K7 +
A + + ' A
2kV2r 2kV4
KV2paD kVapaD
ZC_comp Zcpkg

Fig. 5.19 Electrical equivalent of section B

Using the relationship of the reflected wave to the incident wave as defined in section
4.2, (5.6) can be obtained.

kVs = Vi — (5.6)
Fig. 5.19 represents the electrical circuit of its package and can be solved using 1D
TLM theorem. Here (5.8), (5.11), (5.12) and (5.13) can be obtained using Kirchhoff’s

theorem.
kVopap — kVapap + 2 V3 = L (Rpkg + Zipig ) —(5.7)

I = 2, Vg + 2,V -2,V (58)
2 ZC_comp + Rpkg + Zkag + ZCpkg .

kWepap = 24V — I, Z¢ comp - (59)

iWVapap = 2V + LZcpg —(5.10)
Wi = WVerap — V4 —(5.11)
Wi = 20V = LZipg —(5.12)
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Wi = WVapap — W4 — (5.13)
Similarly using the relationship of reflected wave to incident wave as defined in

section 4.2, (5.14) can be obtained.

Ve = W —(5.14)

2Vs' 2V L
kVSpad kVTLM

Zpkg ZTLM

Fig. 5.20 Electrical equivalent of section C

Using electrical superimposition theorem in Fig. 5.20, we can obtain (5.15) while

(5.16) and (5.17) can be obtained using TLM theory.

2,4 Ve + 2 KViLm

z z
kVspap = 1Vrim = —pk{q N TlLM —(5.15)

Zpkg  ZTLM
Vs = WVspap — V& —(5.16)

Wi = Vo — 1V —(5.17)

5.3.2 Input buffer
Fig. 5.21 can be used for Input buffer representation except at its IBIS and TLM

interface.

2V
MY

ZC_COmp

Fig. 5.21 Electrical equivalent of section A
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V and | have nonlinear relationship from V-1 table present in the IBIS and can be
defined as in (5.18). Using Newton-Raphson theorem with the help of electrical

theorem applied in Fig. 5.21, (5.19) and (5.20) can be obtained which can produce

Vi,

1=f(iV) ~(5.18)
2.V = 1Z¢ comp— &V =0 —(5.19)
V=V = W — (5.20)

The process of calculating voltage and current for other interfaces, 1D TLM and 3D
TLM for the input buffer remains the same as defined previously. This approach
removes the dependability on using an external circuit solver and associated libraries
such as Spice [10], apart from the inclusion of an IBIS model [11 - 12] of the IC

while it is embedded in few TLM nodes.

5.4 Experimental and simulation setup for macromodel

The first experimental task characterised the single inverter IC (sn74ahclgu04, SOT-
23 package [13]) from Texas Instrument. The experimental PCB has two inverter
ICs connected in series with a power supply sourced through an external supply of
either 3.3 V or 4.4 V. A square wave input with 3.3 /4.4 V peak voltage with two
different frequencies, 10.0 MHz and 25.0 MHz was generated using an Agilent
waveform generator, 81150A to feed the input of the PCB. Fig. 5.22 shows the PCB

used for the macromodel validation.
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IC1-Input IC1-OP IC2-IP IC1-Output

Fig. 5.22 PCB used for the measurement

The PCB consists of a driver IC (sn74ahclgu04, SOT-23 package, 5 pin) and a
receiver IC (sn74ahclgu04, SOT-23 package) with a microstrip PCB trace of 100
mm length. The microstrip is of 0.8 mm width with dielectric thickness of 0.4 mm so
as to obtain 49.5 Q characteristic impedance of the PCB trace. The dielectric has a
relative permittivity, & of 4.5 and dielectric loss, tan (6) of 0.01 at 1 MHz. The PCB
trace of 100 mm leads to trace delay of 0.6 ns. It is a two layer board with bottom
layer as a solid ground plane while the top layer has the routed signals. The ICs have
input, output, power supply and ground pins connected to other components. The
trace length connecting these two ICs has a length of 100 mm. The circuit is supplied
by an external power supply with a provision of decoupling capacitors (as well as a
bulk capacitor for the power supply) at the power supply pin to bypass the noise at

the power supply pin.
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5.4.1 Measurement setup

The measurement using a high bandwidth probe (Agilent, 1158A with 4.0 GHz BW,

0.8 pF Cj) and MSO8104A, Agilent scope (1 GHz scope with 4 GSa/s) at the I1C1-

OP1 (driver side measurement) and 1C2-1P1 position (receiver side measurement)

measurement of the PCB is shown in Fig. 5.23.

Agilent Scope, MSO8104A

Agilent Function Generator,
§__1=150A -

Source signal Input at IC IC

Fig. 5.23 Setup for experimental measurement

The Agilent, 1158A probe has an impedance of 100 kQ while the Agilent

MSOR8104A, Infiniium scope has 1 MQ or 50 Q settable input impedance. The scope

input impedance is set at 50 Q.
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5.4.2 Simulation setup
The experimental setup was converted in an equivalent model using
libraries/macromodel for ICs, equivalence of microstrip trace. The equivalent setup

is shown in Fig. 5.24 where two inverters are connected through 100 mm microstrip

trace.

SN74AHC1GU04 SN74AHC1GU04

_Ic2-1P

Source Signal

O
-
o
o

y

>

o

I

>

SN

0.4 mm

Ground plane

Fig. 5.24 - a Top view of the simulation setup for transmitter - receiver

4 mm

- Frd, g=4.4 .

IARMAARARARIAMAMARY

Ground plane

Fig. 5.24 - b Lateral view of the simulation setup for transmitter - receiver

5.4.2.1 HSPICE simulation

An equivalent source signal of the experiment was applied as a piece-wise linear
signal to the source of the HSPICE netlist. The microstrip line was modelled using
‘U’ element and HSPICE based code was written. The HSPICE and IBIS library
model of the IC, SN74AHC1GUO04 (DBYV package) has been used for its simulation
in place of the physical 1C while connecting the trace from its source signal supply to

IC. These libraries are available from the IC manufacturer, Texas Instruments. The
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source signal was interfaced through SMA connector on the board. The equivalence
of SMA connector has been used in the HSPICE simulation. The equivalent SMA
connector has been simplified by 50 Q characteristic impedance transmission line

with a propagation time of 66.745 ps.

5.4.2.2 Minisolve simulation

The in-house developed Minisolve software integrated along with Mpilog tool was
used in the simulation. While Mpilog can create macromodel, TLM based Minisolve
can be used to simulate a structure in 3D domain. As mentioned previously,
macromodel is an equivalence of IBIS except of its representation in static and
dynamic behaviour tables for its voltage and current and their weight functions.
Hence the development of TLM-macromodel interface can be described using the

methodology described in section 5.3.

5.5 Results comparison for macromodel using TLM

The Minisolve [14], HSPICE simulation result with the vendor supplied IBIS and
HSPICE library model is compared against the experimental data to verify the

macromodelling result at 10 MHz and 25 MHz.

5.5.1 Under the condition of 10 MHz square wave input, 4.4 V

A 10MHz square signal is applied at the input of ICl. Fig. 5.25 shows the
measurement at the first IC output while Fig. 5.26 shows the measurement at the

second IC input and is compared with HSPICE and Minisolve simulations.
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Amplitude (Volt.)

Amplitude (Volt.)

Minisolve vs. HSpice s. IBIS vs. Expriment at IC1 output for 10 MHz, 4.4V
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Fig. 5.25 Comparison at the output of first IC (IC1-OP)

Minisolve vs. HSpice vs. IBIS vs. Expriment at IC2 input for 10 MHz, 4.4 V
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Fig. 5.26 Comparison at the input of second IC (1C2-IP)
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Except for a change in the edge rate in Minisolve data, all these (Minisolve and
HSPICE) results seem to be in excellent agreement with the experimental data.
Hence the macromodel (which was the basis for generating Minisolve results) may

be used to model the physical IC.

5.5.2 Under the condition of 25 MHz square wave input, 4.4 V

Fig. 5.27 shows the measurement at the first IC output while Fig. 5.28 shows the
measurement at the second IC and these experimental results are compared with

HSPICE and Minisolve simulations.

Minisolve vs. HSpice vs. IBIS vs. Expriment at IC1 output for 25 MHz, 4.4V
5 —

Minisolve
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\ IBIS
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1 I I I ! ! ! ! I
10 15 20 25 30 35 40 45 50

Time (ns)

Fig. 5.27 Comparison at the output of first IC (IC1-OP1)
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Minisolve vs. HSpice vs. IBIS vs. Expriment at IC2 input for 25 MHz, 4.4 V

5 —
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3 L
5
2
3 2
2
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<
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0 /
\
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Fig. 5.28 Comparison at the input of second IC (IC2-1P1)

Apart from a slight edge rate shift during falling time in the Minisolve result, there is
a very small difference in the overshoot, undershoot and ringing effect. This small
difference in experimental results might be caused by the Lei and Ces Of the solder
deposit at the IC pin in comparison of the simulation result of the Minisolve and
HSPICE. The effect seems to be more pronounced at the input of the second IC.
Parameter identification methods provide a rigorous framework to handle the
problem and to build IC models from actual measurements. In conclusion the
MPilog Macromodel can work as a substitute for Spice and physical model within a

reasonable accuracy.
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5.6 Experimental and simulation setup for IBIS

To demonstrate the interaction of the 3D TLM solver integrated with IBIS models,
the experimental task was accomplished to characterize the performance of a NAND
gate IC (SN74AHC1GO0ODCK, SC-70 TI Package) [15] during interference from an
external Radio Frequency (RF) source.

The schematic for the circuit was drawn using Cadsoft Eagle tool and is shown in
Fig. 5.29. After tying one of the input to VCC and second input to open circuit, the
NAND gate was configured for inverter. The 0.8 mm width strip of the PCB trace
has been routed over Fr4 dielectric with its thickness of 0.4 mm so as to obtain 49.5
Q characteristic impedance. The dielectric’s relative permittivity & is 4.5 and the
dielectric tangent is 0.02 at 1 GHz. It is a two layer board with bottom layer as a
solid ground plane while the top layer has the routed signals. The IC has two inputs,

one output, power supply and ground pins.

1 [ 2 [ 3 | 4 [ 5 6 7 8
A A
G
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b i ki NAND1_IN i1 S C1
L + ) 4 a0 cip =
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© : 1 ¢
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B A 3 s F Iim
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H4 s IC2 > ——C2
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[Votol i 2] ‘:‘” 1
E E
1 2 [ 3 [ 4 ] 5 ] 6 ] 7 8

Fig. 5.29 Eagle schematic for crosstalk configuration
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As shown in Fig. 5.30 the PCB has two NAND gate IC connected with two different
spacing of 2.8 mm and 7.2 mm between its input and output traces and Sub Miniature
Version A (SMA) connectors at its outputs for the measurement of its behaviour. The
circuit is powered (Vcc) through 3 V Li-lon coin-cell battery (fitted inside battery
holder) of CR2032H with a provision of decoupling capacitors at the power supply
pin. The battery is mounted on the bottom side of the PCB in order to escape any
EMI problems because of the battery and its holder. The PCB is kept inside a box as
shown in Fig. 5.31 so as to excite the input of the circuit with its maximum field
generated inside a Gigahertz Transverse Electromagnetic (GTEM) cell. The required
external interfering signal is a RF signal generated from a RF signal generator,

E4438C and amplified through a RF amplifier at frequencies 1.83 GHz and 1 GHz.

1C2-0OP1

e

IC1-OP1

Top Side PCB Bottom Side PCB

Fig. 5.30 PCB used for the measurement

The PCB is placed in the centre at the bottom of a metal enclosure of 140 mm by
101.2 mm by 29.2 mm, with a centre slit of size 72 mm by 5.2 mm in the top. Fig.
5.30 shows the front and back of the PCB while Fig. 5.31 shows the PCB attached to
the base of the metal enclosure. Copper tape is used to seal the joint between the two

halves of the enclosure for avoiding the field leakage out of the box.
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Fig. 5.31 PCB attached to the box for the measurement

An external source of fixed frequency 1.83 GHz and 50 V/m excites the metal

enclosure at resonance through the slit at the top. The resonance frequency is

obtained using the minimum cut-off frequency of (5.21) [16] for an electric field

wave propagation inside the box. The electric field wave propagation mode can be

defined as TEmnp. Since the minimum propagation mode that can be theoretically

supported inside this box enclosure is the TE;10 mode (where m=1,n=1and p =0)

and the resonance frequency f. was calculated to be 1.83 GHz for this mode for the

given box dimension (I = 140 mm, w = 100 mm), this frequency was used for the RF

field generation through the experimental setup. Additional dimensions of the

structure are shown in Figs. 5.32 and 5.33.

Load, Load;
0.82.80.8S0urce; \ 0.8 7.2 0.8 Source;

> - —> >

Substrate, g, =4.24

Gnd Plane
Fig. 5.32 Side view of the PCB (all units in mm)
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140 mm

A
v

100 mm

IC, AHC1GO00 IC, AHC1G00

AN v\\
\ Load;

Load, Source,

62 mm

N~
Source;

<+
$13.6 mm 13.2 mm

Fig. 5.33 Top view of the PCB

5.6.1 Measurement setup

The measurements are taken inside a GTEM cell. The GTEM cell was developed as
an alternative to using an open area test site for the electrical radiation measurement
from the equipment under test. A GTEM cell is a large pyramidal cone shape that
consists of five major parts as follows. Part 1 can be described as four sides of
triangular shaped walls and a rectangular back wall while part 2 can be defined as a
50 Q input port. Similarly part 3 and part 4 can be defined using a pyramid shaped
radio absorbing material on the back wall and internal triangular shaped septum
respectively. To absorb the applied signal completely, a 50 Q resistive termination is
used inside its walls. In this experiment, the GTEM cell ETS-Lindgren 5407 is used
which has field uniformity of +/-3 dB up to 1 GHz, and +/-4 dB above 1 GHz. The
PCB is placed below the offset septum within the cross section of the GTEM cell
and a vector signal generator (Agilent E4438C with -136 dBm to 17 dBm output
power and 250 kHz to 6 GHz output frequency) along with a broadband RF power

amplifier (Amplifier Research 25SIG4A with 30 W power output and a frequency
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range of 0.8 GHz to 5.2 GHz) was used to supply an RF signal at the 50 Q input port

of the GTEM cell. The complete setup is shown in Fig. 5.34.

54754A with 86118B

Dare Development, CTR1001A

- -

Fig. 5.34 Experimental setup for the circuit exposed to RF signal at 1 GHz/1.83 GHz

To ensure the electric field inside the GTEM had the same peak voltage as for the
simulation, an RF sensor probe (Dare Development, CTR1001A) was placed beside
the PCB to measure the field amplitude. Although it is expected to have a good
agreement in the electric field generated and measured with respect to the

simulation, there could be a small difference because of the RF probe placement. A
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high bandwidth active probe (Agilent 1158A with a bandwidth of 4.0 GHz, 0.8 pF C;
and Agilent N1022A adapter) was used for the measurement along with the Agilent
86118B mainframe and the Agilent 54754A TDR scope (20 GHz bandwidth, 1 ps
resolution). Because of the measurement requirement of crosstalk, only the IC
outputs are measured. The probe has an impedance of 100 kQ while the scope has an
input impedance of 50 Q. Thus the signal is measured at 50 Q (in parallel with 100

kQ of the probe).

5.7 Results comparison for IBIS using TLM

The simulation results obtained from TLM are compared with experimental
measurements and have been plotted. The schematic representation of simulation has

been shown in Fig. 5.35.

dl ' IBIS,
62 mm »| AHC1GO00

A
o /
Frd, e, =4.4

E:

I=H Source
T

o

Source signal

Ground plane

Fig. 5.35 - a Lateral view of the crosstalk configuration

4 mm

- Frd, g =44 .-

AALARARAMAR AR

Ground plane

Fig. 5.35 - b Cross-sectional view of the crosstalk configuration
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The first set of tracks is separated by dl = 2.8 mm and the second set is by dl = 7.2
mm. In each set, one track is connected to the output of an IBIS model of NAND
74LVC1G00 (DCK package with SC-70 footprint), and the second track is connected
to a single input of the gate that is tied at V. of 3 V.

The second gate input of each NAND is assumed high, so that the NAND gate
Integrated Circuit acts as an inverter. Since the IBIS model - buffers are independent,
it is not necessary to model the unused gate input, however the input and output
buffer of the IBIS model is connected through a low value inductor of 2 nH. The
TLM model of the tracks and external source model both the crosstalk and the effect
of the geometry on the source, while the embedded IBIS model simulates the
complex NAND IC behaviour. The complete measurement can be divided into

following three conditions so as to clearly define the 1C behaviour in completeness.

5.7.1 Condition 1

Voltage is observed at the output with the application of external 1.83 GHz
frequency and amplitude 70 V/m plane wave noise source at the input without an
attached wire antenna. The measurement was taken using Fig. 5.34 where two
different trace separation has been defined using dl = 2.8 mm and dl = 7.2 mm.
These corresponding results with these trace separation of 2.8 mm and 7.2 mm are

presented in Figs. 5.36 and 5.37.
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Fig. 5.36
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Fig. 5.37

Track separation = 2.8 mm
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Switching behaviour for dl = 7.2 mm with 1.83 GHz, 70 V/m field
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As expected the crosstalk observed between the source and load tracks when the
tracks are separated by 2.8 mm is increased in comparison to that of the track

separations with 7.2 mm.

5.7.2 Condition 2

Here the voltage is observed at the output while no external source is applied. This

ensures that there is no inconsistency in the measurement and simulation.

Voltage at source with 2.8 mm track separation
3.02 -
----- V on source track, simulation

V on source track, experimental

3.015

3.01+

Amplitude (Volt.)
w
o
S
w a1
t
’
)
{
|
]
r

N

©

©

a1
T

2.99r

2.985 -

2.08 ! I I ! ! I ! ! I I
23 24 25 26 27 28 29 30 31 32 33

Time (ns)

Fig. 5.38 Output response for dl = 2.8 mm with no external source
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Voltage at source with 7.2 mm track separation
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Fig. 5.39 Output response for dl = 7.2 mm with no external source

5.7.3 Condition 3

Here voltage is observed at the output with the application of an external 1 GHz
frequency and amplitude of 70 VV/m plane wave noise source at the input with an
attached 6.5 cm wire antenna. It is possible to predict the switching characteristic of
the gate in this condition. The thin-wire formulation described in [17] is used to
attach a vertical wire (z - directed) at x = 62 mm of height 65 mm and radius Al/20
mm to the load microstrip track of each pair of tracks. This arrangement is common
when several systems are interconnected. An external plane wave source of
amplitude 70 V/m and frequency 1 GHz is used as excitation at z = 68.8 mm across
the x - y plane. The gate trigger threshold was measured experimentally as 1.365 V.
This level was used in the simulation to determine the point at which the gate

transition begins at the gate output to change the state from high to low based on the
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voltage level incident at the gate input. The additional vertical wire of 6.5 cm length
attached at the source input increases the coupling of the external source voltage on
the load microstrip track, and when this gets combined with the crosstalk, the voltage
level at the gate input is increased above the gate trigger threshold of 1.365 V for the
smaller separation of 2.8 mm, causing the gate output to switch. The switching effect
has been observed and shown in Fig. 5.40. The experimentally measured voltage
confirms the simulation result, and as can be seen in Fig. 5.41, the wider track
separation of 7.2 mm does not generate sufficient crosstalk to cause a gate transition.
However, the noise level at the gate output for the experimental measurement is
increased in comparison to the simulation. The IBIS models representing the gate
load and gate source are physically separated in the simulation, so the high
frequency noise cannot propagate through the 1C. However the experimental and
Minisolve model shows some coupling between the input and output. Further the
effect of noise in the power supply because of high frequency signal at the input
should be included to measure the effect at output. Hence the physical board in
comparison to the simulation has a high frequency noise at its output, and the reason
for this behaviour is the crosstalk between traces at high frequency of 1 GHz and
coupling between input and output because of 45 nm die and power supply ripple
effect. This cross talk is higher when the amplitude of the supplied voltage at its
input has increased due to the vertical wire attachment at its source. It should also be
noted that simulation does not take account of the delay through the IC, since this

information is unavailable in the IBIS specification.
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5.8 Conclusion

A complete physical equivalence in the form of Spice is required for the simulation of
a PCB board. However Spice model of an IC is the proprietary of the vendor and it is
not convenient to obtain the Spice models from its vendor in time apart from it being
slow and resource consuming for a complete simulation. The development of the
macromodel in this chapter would help the board designer in getting its pre-layout
simulation output with an alternative to these spice models. Apart from the developed
macromodel, a behavioural model such as existing IBIS model can be used in place
of an encrypted HSPICE model. These behavioural models have been embedded into
TLM as a method to include complex IC behaviour using only a small number of
TLM node and have been described and demonstrated in this chapter. The generated
macromodel and IBIS model have been validated against the HSPICE model and
experimental result for its acceptance. The crosstalk and electromagnetic interference
from the external geometry is modelled in the TLM, while the embedded IBIS model
simulates the NAND behaviour. The simple structure of the interface between IBIS
and TLM allows for efficient operation, and only a slight increase in simulation time
was noted when using embedded IBIS models. This technique greatly enhances the
generality to use TLM to model digital circuits at high frequencies that require the

inclusion of field effects in its IC behaviour which is often a case in a complex PCB.
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CHAPTER 6

MODELLING OF PCB INTERCONNECTS AND IC
PACKAGES

Due to tighter board space and high speed switching devices, a complete board
design cycle involves an iteration of schematic creation, its timing analysis,
modelling of IC libraries, pre-layout simulation, routing and post layout simulation.
As design proceeds to the physical stage it becomes costly to change the layout and
still complying with the EMC requirement arising out of the Sl issue. Although a
costly EMC testing at a later stage provides some value for mitigating the EMC issue
however the board is already fabricated and it is not easy to provide a fix at this
stage. Hence the field simulation at the initial stage could provide a representation of
the cause for an EMC failure. The simulation phase is quite important to accurately
represent the physical behaviour of the netlist in the PCBs while providing a safety
margin in design layout issues if it arises after the board is fabricated. However the
simulation phase is quite resource intensive and time consuming apart from
challenging because of adjacent PCB traces. Further with the increase of the
operating frequency of systems above the Gigahertz frequency range, the decreased
shorter rise time of IC signals require interconnects to be treated as transmission
lines (TL). Based on the rise time of the signal, interconnect between two
components can be defined as a lumped component, short line and a transmission

line. Hence simulation requires a critical approach and an accurate and
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efficient modelling methodology of packaging, PCB board, VLSI, and RF has to be
adapted. With the increased data rate in serial buses and routing density along with a
reduced timing/voltage margin, early TL pre-layout simulation and its co-designs are
proposed, optimising products for cost, performance and reliability with accurate TL
models. Although differential signalling has been developed and implemented in
recent years to reduce EMI and noise issues in order to improve the signal quality, it
also requires lower supply voltage to save the power of overall system and hence the
margin of the operation becomes narrower. The increased clock frequencies, shorter
rise time, decreased voltage supply (and hence decreased noise margin) means that
crosstalk and EMI, timing issue such as propagation delay, setup and hold time of
the logics are major concerns for the high speed digital design systems. It is
necessary for circuit designers to characterize time-domain signals to validate
complete layout of a board and its circuit packages. Electronic design automation
(EDA) tools should execute simulations with accurate equivalent circuit model
parameters with an efficient usage of resources. In this chapter, TL electrical
behaviours are described with an accurate definition of the transmission line using a
proposed in-house, efficient three-dimensional full-wave field solver. The result of
this 3D field solver is compared against the experimental output, HSPICE analysis
[1] with the HSPICE and IBIS library of the IC and Computer Simulation Tool
(CST) design studio [2]. The methodology presented here is more convenient and
effective for board/circuit designers to observe TL behaviour in the time domain
before prototyping of the board. This would help in identifying the worst trace

behaviour and its impact on the surrounding netlist.
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6.1 PCB schematics and stack-up for PCB manufacturing

Various PCBs have been manufactured to obtain the experimental results. Fig. 6.1
shows the power supply board for powering all these boards while the schematic
drawn using Cadsoft Eagle tool for one package, DBV (SOT-23) type with different
trace configurations of the PCBs are shown in Figs. 6.2 - 6.4. Since schematics
involve twol/three ICs (transmitter gate and receiver gate) with similar connection,
the schematics (except IC package being different) remain the same. Here the
schematics for one package, DBV has been shown. Two different types of layer

stack-up are used to layout 50 Q impedance controlled track for these boards.

BaTs
use |~

Fig. 6.1 Eagle schematics for power supply board
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Fig. 6.3 Eagle schematics for DBV package with fan-out configuration
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Fig. 6.4 Eagle schematics for DBV package with via configuration

6.1.1 Four layer stack-up for straight line, fan-out and right angle configurations

Trace

SuEReglils] 18 micron foil

. / pre-preg (s = 4.4) I 0.2 mm
Via : :
Layer 2 Sig2:+ Ground .
: 35 pm foil
pre-preg (e = 4.4) 0.225 mm
pre-preg (e, = 4.4) 0.45 mm

Layer 4+ [ S
Total = 0.981 mm

Fig. 6.5 Four layer stack-up
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Four - layer stack-up was used to design straight line, right angle and fan-out
configuration PCBs while six — layer stack-up was used to design via configuration
PCBs. Further three different types of the inverter IC packages have been used in
these PCBs. The layer stack-up of a 4 layer board is shown in Fig. 6.5, while the

layer stack-up of a 6 layer board is shown in Fig. 6.6.

6.1.2 Six layer stack-up for via configuration

Trace
/
Layer 1 18 pm foil
Vie— pre-preg (& = 4.4) [ 0.2mm
Layer 2 SigZ§+ Ground | 35 um foil
pre-preg (e = 4.4) . I 0.225 mm
Layer 3 35 um foil

A

pre-preg (g, = 4.4) 0.55 mm
Haverd 35 pm foil

pre-preg (&= 4.4)

: 0.225 mm
Layer 5 35 um foil

i pre-preg (& = 4.4)

I 0.2mm

Layer 6 18 pm fol
Total = 1.576 mm

Fig. 6.6 Six layer stack-up
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6.2 PCB trace configurations and its S-parameters

To study the performance of simulated models against experimental results, various
PCBs were designed and manufactured for testing against Minisolve (In-house
developed software) and HSPICE tool (with the HSPICE and IBIS library model),
CST design studio (with the IBIS library model). Each of these PCBs consists of a
range of package types; DBV, DCK, DRL packages of the Texas Instruments
manufactured 1Cs SN74AHC1GUO04 [3]. All of these packages (DCK, DBV, DRL)
has been routed in four different configurations (straight line, right angle, fan-out
and via). Details of these configurations are discussed in the subsequent sections. S-
parameter is one of the methods to accurately describe the behaviour of a component
or a transmission line. Since these manufactured PCBs have various type of
discontinuity, their S-parameter has been extracted. The length of the trace in all of
these configurations (from source signal to the input of the IC) is about 120 mm.
These PCBs are powered through a specially made power supply add-on card. This
add-on card as shown in Fig. 6.7 has two options for generating a 3 \VV power supply
for various input circuits. It can generate this 3 V power supply for the circuit either

through an on-board adjustable linear regulator or through a Li-lon coin cell battery.

Fig. 6.7 Power supply board to power all the PCB configurations
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6.2.1 Straight line configuration

IC Input at IC Source signal IC Input at I1C Source signal

Fig. 6.8 DBV package, Straight line Fig. 6.9 DCK package, Straight line

The straight line configuration has the receiving IC mounted on the top layer of the
board and connected through a stripline trace of 88 mm length. While the physical

circuit is shown in Figs. 6.8 and 6.9, its equivalence can be shown in Fig 6.10

Input at IC
" Function Generator ! 37 mm 12<Tm Via \4 .
R =50Q ] —.|C
R=0Q 1 1
|< -------------------------------------- 88 MM oo »l

Fig. 6.10 Straight-line configuration equivalent model

The Si; and Sy, parameter of 88 mm straight line for a symmetric stripline structure
with 150 pm width and thin trace symmetrically submerged in 450 pm thick
dielectric material with Fr4 of 4.4 using Minisolve as described in section 2.5 have
been calculated up to 5 GHz frequency and are shown in Figs. 6.11 and 6.12. While

S,1 parameter shows the transmission coefficient or transmission loss, the Si;
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parameter shows the reflection coefficient or reflection loss. For the simplicity of S-
parameters calculation, only 88 mm straight line internal trace of the physical PCB
has been considered. As seen in Fig. 6.12, with an increase of frequency the
transmitted signal gets smaller whilst Fig. 6.11 shows that there are various parallel
anti-resonance at different frequencies for its signal reflection. A straight line trace
can work as an antenna at these resonating frequencies. The cutoff frequency for a
transmitted signal is about 1.8 GHz. In general a loss in a two port system can be
defined using (6.1) or (6.2) and can show the power loss out of the transmission line.

This loss is the power that is neither reflected, nor transmitted.

Loss = \/1 — 81112 = 155412 —(6.1)

Lossqp = 20l0g1, (\/1 — 151112 - |Sz1|2) —(6.2)

S11 parameter in dB for straight line trace
0 T T T T T
S11 parameter

Amplitude (dB)

[ 1 [ 1

1
0.5 1 15 2 2.5 3 3.5 4 4.5 5

_35 [ 1 1 [
0

Freq. (GHz)
Fig. 6.11 Sy; parameter of a straight line configuration

-177-



Chapter 6 — Modelling of PCB interconnects and IC packages

521 parameter in dB for straight line trace

0 T T T T T T
521 parameter

Amplitude (dB)

|
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Freq. (GHz)

Fig. 6.12 S,; parameter of a straight line configuration

6.2.2 Right Angle configuration

Source signal

IC

Input at IC Input at IC

IC

Source signal

Fig. 6.13 DBV package, Right Angle Fig. 6.14 DCK package, Right Angle
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PCBs with right angle trace for DBV and DCK package are shown in Figs. 6.13 and
6.14. The ICs as shown are mounted on the top layer of the board and connected
through a right angle trace with 88 mm stripline trace length (or 44 mm each of the
half trace length connected to either side) through a source input and it has been
shown in Fig. 6.15. For the simplicity of S-parameter calculation, only 88 mm length
of the internal right angle bend with 150 pum width and thin trace symmetrically
submerged in 450 pum thick dielectric material with Fr4 of 4.4 using Minisolve as

described in section 2.5 has been considered.

Input at IC

Fig. 6.15 Right Angle configuration equivalent model

Figs. 6.16 and 6.17 show the S;; and S,; parameters for a right angle trace
configuration. Similar to the S-parameter of straight line configuration, the S-
parameter of a right angle is as expected. The trace length of the right angle
configuration is half the trace length of straight line configuration. Hence the
transmission loss over its entire configuration in comparison to straight line trace
configuration is lesser by -4 dB while the cutoff frequency for a signal transmission

is about 2.6 GHz.
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S11 parameter in dB for right angle trace
0 T T T T T
S11 parameter

Amplitude (dB)

-40 ! I I ! ! I ! ! I
0 0.5 1 15 2 25 3 35 4 4.5 5

Freq. (GHz)

Fig. 6.16 S;; parameter of a right angle configuration

821 parameter in dB for right angle trace
0 T T T T T
821 parameter

Amplitude (dB)
o

4L

[ 1 1 [

1
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Freq. (GHz)

Fig. 6.17 S,; parameter of a right angle configuration
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6.2.3 Fan-out configuration

Source signal
IC  InputatIC IC  InputatIC

Source signal

IC IC

Fig. 6.18 DBV Package, Fan-out Fig. 6.19 DCK Package, Fan-Out

In the fan-out configuration, two I1Cs are connected as a fan-out through a source
signal (with a stripline trace length of 88 mm). PCB boards are shown in Figs. 6.18
and 6.19. These two ICs are mounted on top layer of the board and connected
through fan-out trace configuration as shown in Fig. 6.20. The trace width is 150 pm
and assumed to be very thin while the dielectric constant is Fr4 of 4.4 with 450 pum

thickness. The trace is symmetrically merged in the dielectric.

36 mm 4
e mmmmmmmmmoo 37 12 mm Input at IC
Function Generator mm P
J—
R=0Q |
R=500 L T LT E— >

Fig. 6.20 Fan-out configuration equivalent model
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S11 parameter in dB for fanout trace

0 T T T T T
S11 parameter

)
=)
Q
=]
2
=
g
<

_60 | [ [ | | [ | | [

0 0.5 1 15 2 2.5 3 35 4 4.5 5
Freq. (GHz)
Fig. 6.21 S;; parameter of a fan-out configuration
821 parameter in dB for fanout trace
0 T T T T T
821 parameter
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k=)
Q
e]
2
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Fig. 6.22 S,; parameter of a fan-out configuration
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The Si1; and Sy parameters of the fan-out configuration using Minisolve are shown
in Figs. 6.21 and 6.22. Since the trace length of the fan-out configuration is the same
as that of straight line configuration, the transmission loss over its entire
configuration is approximately the same while its transmitting cutoff frequency is

about 1.7 GHz.

6.2.4 Via configuration

Ic Inputat IC ~ Via  Source signal Ic InputatIC Vi Source signal
’ /

/ \

Fig. 6.23 DBV package, Via Fig. 6.24 DCK package, Via

Via configuration has its source signal connected at the top layer of the board while
the 1C is mounted at the bottom side. In addition to the trace being connected to via
at source side and IC, the trace has been joined at the centre of the trace through an
additional via so that the trace can be taken to the top and bottom side of the board

and this is shown in Fig. 6.25.

Function Generator 37mm 12 mm

—/
R=0Q | 1Y
le

! 1
! 1
! 1
1 H |
! ; 1
! e
: R=50Q : ....... 44 mm e »

HH 1
| T L 1 PTHVia X
! 1
! @ ! I /
! 1
| 5 : |
s il

<«---44mm >
Input at IC

Fig. 6.25 Via configuration equivalent model
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Via configuration was implemented in a six layer stack-up, with ground reference on
both side of the stack-up. A thin plate which is an approximate for via in Minisolve
was attached to a 44 mm trace length on the centre side of the trace. S;; and Sy
parameters for via configuration PCB of a thin trace with the length of 88 mm, 150
pm width routed between 150 um and 75 um thick dielectric material with Fr4 of
4.4 using Minisolve are shown in Figs. 6.26 and 6.27. The Si; parameter shows a
significant loss at 3.1 GHz due to resonance behaviour of the structure. As seen from
its S;;1 parameter, via configuration is able to transmit a signal of frequency in the

range of GHz since its cut-off frequency lies beyond 5 GHz.

S,, parameter in dB for via configuration
0 T T T T T
S11 parameter

Amplitude (dB)

-60 ! I I ! !
0 0.5 1 15 2 2.5 3 35 4 4.5 5

Freq. (GHz)

Fig. 6.26 S1; parameter for via configuration
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S, parameter in dB for via configuration
05 T T T T T
821 parameter

Amplitude (dB)
[25Y
|

1.5 .

25 ! I I ! ! I ! ! I
0 0.5 1 15 2 2.5 3 35 4 4.5 5

Freq. (GHz)

Fig. 6.27 S,; parameter for via configuration

6.3 Experimental measurement setup

The experimental setup is shown in Fig. 6.28. It comprises a signal generator
(Agilent, 81150A), 1 GHz scope with 4 GHz sampling frequency (Agilent,
MSO08104A) and 4 GHz single ended probe (Agilent, 1158A).

1. Signal generator, 81150A: The 120 MHz, sinusoidal/square/arbitrary function
generator can be configured for 5 /50 Q output impedance and is used here to
generate an approximate 100 MHz/71 MHz square wave signal. The 100 MHz/71
MHz signal generated from this function generator is used to feed this entire array of
different PCB configurations (DBV and DCK package ICs with straight line, via,

right angle and fan-out configurations).
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Agilent scope, MSO8104A |

Power supply box, S.J. Electronics
- . |

TR Y Y Y T

CLLLLE NI

Source sianal Input at IC

Agilent function generator, ;
81150A |

Fig. 6.28 Measurement setup for PCBs

The output of the function generator with 5 Q output impedance is 100 MHz square
wave signal within appreciable square wave specification (of approximately 2.0 ns
rise time).

2. Scope: The 1 GHz scope (MSO8104A) from Agilent is used in the experiment.

3. Probe: The Agilent, 1158A active probe is used for the measurement. The probe

has a bandwidth of 4 GHz with 0.8 pF, 100 kQ input impedance.

-186-



Chapter 6 — Modelling of PCB interconnects and IC packages

6.4 Electronic system simulation

An electronic system can be simulated in the time domain if it can be divided into its
solvable blocks, like IC components, PCBs, cables, connectors, case. Each of the
blocks requires a separate set of algorithms suitable to its block, like PCBs, cables
and connectors. These can be simulated by a 3D field solver which can fetch the
RLGC model of the trace while components/chips can be simulated by either
transistor level or behavioural modelling simulation tools. In the present
manufactured PCB, the trace routing has been accomplished as a combination of
microstrip and strip line apart from some discontinuities, such as the right angle
bend, fan-out junction and via. These discontinuities can be formulated through their
S-parameters either by an experimental setup (using vector network analyzer) or a
Spice model available from the vendor and in its simplest representation the system
can be modelled using 1D or 2D field solver. However to represent the

discontinuities completely, it needs to be simulated using 3D field solvers.

6.4.1 PCB trace simulation using empirical formulae

The experimental setup as described in section 6.2 consists of various PCBs
containing microstrip line and/or stripline traces. The Microstrip line trace has air on
one side while dielectric media on the other side. Hence these traces are always
suspended in an inhomogeneous medium; this causes an altogether different
effective dielectric constant. The stripline traces are embedded in the PCB media and
based on the placement of the trace in the dielectric media they can be defined as
symmetric or asymmetric stripline configuration. The impedance, inductance and
capacitance for these strip line, microstrip line configurations are quite standard and

hence these traces can be modelled easily using any commercial or in-house
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developed full field solver, however the discontinuity needs to be dealt separately
using an equivalent configuration model. The analytical formulas for the impedance
of stripline and microstrip line can be defined in sub-sections 6.4.1.1 and 6.4.1.2,
These expressions are frequency dependant and can only be accurately described

when dispersion is also included in the expression.

6.4.1.1 Microstrip line

A microstrip line trace is described as the trace lying at the interface of dielectric and
air. This often leads to a quasi — TEM field behaviour with TE/TM mode at its
dielectric and air. (6.5) - (6.8) [4] describe the characteristic of a microstrip line
trace, where the capacitance, ‘C’ and inductance, ‘L’ per unit length are defined
using (6.3) and (6.4) respectively [4].

1

C= Z_o v Hooerf —(6.3)
L = ZOZC = 1’”06066ff ZO - (64)

ZOZ%ln[£A+ 1+ (%)Zl — (65)

A=6+ (2 — 6)exp [— (30'36&1)0.7528] — (6.6)
I(1+ i In (W/h) -:(W/E)Zh) \l e — 0.9)0053

B= 0.564{ 49 (/) + 0432 } ( S ) —(6.7)
| 1 w |
k + 187 In [1 + (m) ] }

Eopy = SF; L, — 1[(1 el _ABl — (68)
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Here f is the frequency in GHz while ‘w’ and ‘h’ are the width of the trace and
dielectric thickness in mm respectively, thickness of the trace is assumed to be

negligible.

6.4.1.2 Strip line

Similarly the characteristic of strip line can be defined using its impedance,
inductance and capacitance by the analytical formulas as defined in (6.4), (6.5) and
(6.9) [5], where ‘w’ and “t” are the width and thickness of the trace in mm, ‘h’ is the

dielectric thickness in mm, K and K’ are the function of w and h [4].

K’ (tanh(”W/Zh))
K (tanh(”W/Zh))

Z, = 30m —(6.9)

The ratio of the K and K’ can be expressed as in (6.10) and (6.11), depending on the

condition of 0 < tanh( ™ <0.707 and 0.707 < tanh( ™ <1
2h 2h

K’ (tanh(”W/Zh))

K (tanh(”W/Zh))
S T . —(6.10)
. 2 (1 + (1 - (tanh(”W/Zh))z)“s)/ 2
(1 - (1 - (tanh(”W/Zh))z)Ol 5)
K’ (t (HW/Zh))ZE l[ (1+(tanh(nw/2h))0.s) ]l —(6.11
K(t T[W/Zh T i /(1— (tanh(”W/Zh))O's)Jl i
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6.4.2 Equivalence for cable, SMA connector, via and right angle bend

Because of HSPICE being a 2D quasi static field solver tool some electrical
structures like coaxial cable, via, right angle bend and SMA connector has been
approximated by an equivalent circuit. While there are some limitations on in-house
developed software ‘Minisolve’ because of the absence of library models for some
electrical structures like coaxial cable, SMA connector, power connector, these has
been approximated by an equivalent circuit. The connector becomes significant in
the current simulation because SMA and power connector are used to provide
ground reference for these PCBs. These equivalent circuits are further defined in the

following sub-sections.

6.4.2.1 Electrical equivalent circuit for a Coaxial cable for 1D/2D simulation

In the experimental setup, the source signal which is generated through an Agilent
function generator, is passed to the PCBs through a (BNC to SMA) coaxial cable
(Kingsman manufactured RG58) with a characteristic impedance of 50 Q. A coaxial
cable consists of inner layer conductor (of copper) with cylindrical coaxial outer
dielectric which works as an insulator (e = 2.29). This cable can be represented as a
distributed LC circuit (with inductance, ‘L’ and capacitance, ‘C’ per unit length) and
hence can be described by its equivalent parameters, characteristic impedance and

velocity.

6.4.2.2 Electrical equivalent circuit for PCB via for 1D/2D simulation

Vias are used to connect traces at different layers. As shown in Fig. 6.29, a typical
via has various components such as barrel, pad and anti-pad. Based on the length,

width and thickness parameters of these components, vias can appear as capacitive
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and/or inductive discontinuities. These capacitive and inductive parasitics contribute
to the degradation of the signal as it passes through these via. Hence for the sake of

electrical representation, Fig. 6.29 can be represented as Fig. 6.30.

IC1out Via Barrel

Layer 1
Layer2 EEEEEEN

Layer3 EEEEEEN
IC1_IC2

Layer 4

Fig. 6.29 Physical via representation in a four layer PCB

IClout

IC1_IC2 Lo

2pad

Iclpad I Cbarrel I Cbarrel I CZpad I

Fig. 6.30 Coupled equivalent circuit representation of via

The equivalent circuit [6] for via as shown in Fig. 6.30 is accurate enough to model
the response of via up to a frequency approaching THz. However, the circuit seems
to be quite complicated and takes a considerable amount of computation time to
simulate, because it requires a capacitance and inductance calculation of each of the

individual elements (Padl, Barrel and Pad2), apart from the capacitance and mutual
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inductance between every possible combinations of these two elements. This
requires a significant extraction of all these values through a three dimensional field
solver tool and hence it is an unpractical model for use in a design process. A
simpler circuit [6, 7] as shown in Fig. 6.31 can be used to describe a distributed
model for via. The electrical representation of Fig. 6.31 can be still simplified and

has been shown in Fig. 6.32.

IClout IC1_IC2

I—stub

Clpad/2 Clpad/2 Coarrel C2pad/2 Copadl2 Cstwb
T “TT"I] T

Fig. 6.31 Distributed equivalent circuit representation of via

Fig. 6.32 shows a simple lumped LC pi model to illustrate via capacitance and
inductance effects and this equivalent model has been used in the HSPICE
simulation tool. Although the lumped model is only applicable if the delay inside via
is less than one-half of the signal rise time [6], it has been represented for its

simplicity and its inclusion in the existing PCB circuits.

Via_ln L pad1-pad2 Via_Out Lstub

Fig. 6.32 Simplified equivalent circuit of via

These LC components can be represented by its equations while considering the
surrounding effects of the PCB. (6.12) shows the empirical formula for the
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capacitance of a single ended via and (6.13) shows the empirical formula for the

inductance of a single ended via when via is modelled as a lumped LC pi model [8].

_ __ 56&:D.T .
Cpadl - Cpadz - (DZ—D11) In pF - (6.12)
Lpaai-paaz = 0.2h |In (%) + 1| innH — (6.13)

Here &, is the relative dielectric constant, Dy is the diameter of via pad, D, is the
diameter of the anti-pad, T is the thickness of the PCB, h is the via length, and d is
the via barrel diameter.

The PCB stack-up has the following dimensions:

er= 4.4 T =0.995 mm
D; =0.906 mm h=0.995 mm
D, =2.06 mm d=0.5mm

Based on these values [8] [9],
Cpad1 = 192.4802 x 10° pF = 192.48 fF

Lpadi-pad2 = 611.8 x 10° nH = 611.8 pH

The comparison of S;; and Sy parameter results from Minisolve and its analytical
expression using CST design studio for an independent via as represented in Fig.
6.29 has been shown in Figs. 6.33 and 6.34. The S;; parameter result shows good
agreement while there is an increased loss of the signal for S;; parameter, insertion
loss with increasing frequency when analysed using 3D tool in comparison of its

analytical expression.
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Fig. 6.33 Sy; parameter for via using 3D tool and analytical expression
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Fig. 6.34 S,; parameter for via using 3D tool and analytical expression
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6.4.2.3 Electrical equivalent circuit for PCB Right Angle bend for 1D/2D simulation

Fig. 6.35 Right Angle bend representation

The physical structure is shown in Fig. 6.35. Right angle bend can appear as
capacitive and/or inductive discontinuities at its bend point. These capacitive and
inductive parasitic contribute to the degradation of the signal as it passes through
these right angle bend. The right angle bend can be represented by an equivalent Tee
circuit with LC components [10] as shown in Fig. 6.36. The calculation of the

inductor and capacitor can be represented by (6.14) and (6.15) [8].

I-bend I-bend

A

I Cbend

Fig. 6.36 Equivalent circuit for a right angle bend

2
Cpeng = 0.001h [(10.355T +2.4) (%) + (2.6¢, + 5.64) (%)] PF —(6.14)

w 1.39
Lyeng = 0.22h [1.0 — 1.35¢°18(3) ] nH _ (6.15)
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Here ¢, is the relative dielectric constant; w is the trace width while h is the trace
height. Calculating the capacitance and inductance for the bend of 400 pm trace
width routed over 200 um Fr4 prepreg with the dielectric constant 4.5, we can get

Chena as 0.0438 pF and Lpeng as 7.8 pH.

Comparison of S, parameter for right angle configuration

20 -

-30

S,, parameter with 3D tool

S,, parameter - analytical

Amplitude (dB)
a1
o

60L

70

-80 ! I I ! ! I ! ! I I
0 0.5 1 15 2 2.5 3 35 4 4.5 5

Freq. (GHz)

Fig. 6.37 Sy; parameter for right angle bends using 3D tool and analytical expression

The comparison of S;; and Sy parameter for a microstrip line of 250 um width and
thin trace routed over 125 pum thickness dielectric material with Fr4 of 4.5 using
Minisolve and its corresponding plot using analytical expression with the
commercial tool CST design studio for a right angle of arm length of 1 mm and 1.5
mm as represented in Fig. 6.35 has been shown in Figs. 6.37 and 6.38. The
parameters derived out of analytical expression show a mismatch with its field solver
tool. The S;; and S;; parameter of the analytical expression has similar behaviour to
the Minisolve derived result beyond 2 GHz.
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Comparison of S, parameter for right angle configuration
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Fig. 6.38 S,; parameter for right angle bends using 3D tool and analytical expression

6.4.2.4 Electrical equivalent circuit for PCB fan-out for 1D/2D simulation

The fan-out configuration typically arises when a driver circuit is driving a number
of receiver I1Cs. One example often seen with this configuration is the clock design in
the PCB where many ICs have to be provided external clock signal using a clock
circuit. The fan-out circuit as shown in Fig. 6.39 can be reliably constructed using
one T-junction and one right angle bend connected traces. Hence the equivalent
circuit can be defined using the circuit definition of section 6.4.2.3. This
configuration leads to a longer propagation delay because of additional capacitive
and inductive element associated with the branched net. The S;; and S1 parameters
for a microstrip line of 250 um width and thin trace routed over 125 pm thickness
dielectric material with Fr4 of 4.5 using Minisolve and its corresponding plot using

analytical expression with the commercial tool CST design studio has been shown in
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Figs. 6.40 and 6.41. The fan-out trace has its arm length of 2250 pm, 750 um and

500 pm.
Fig. 6.39 Fan-out representation
Comparison of S11 parameter for fanout configuration
20~
_25 [l
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Fig. 6.40 S;; parameter for fan-out using 3D tool and analytical expression

As Figs. 6.40 - 6.41 show the comparison of S;; and S;; parameter with analytical
and field solver model, there seems to be some deviation since the analytical
expression does not take anisotropic media behaviour into account which is only
possible through a result based on full field wave propagation. Thus there are an

increased reflection and insertion loss in the discontinuous structure if it is analysed
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using a field solver. Hence a field solver tool such as Minisolve can help in deriving

S-parameters accurately for its use in 1D and 2D simulation environment.

Comparison of 821 parameter for fanout configuration

S,, parameter with 3D tool

1r S,, parameter - analytical

o o o
N ()] (o]
T T T

o
N

Amplitude (dB)

0.6 ! I I ! ! I ! ! I I
0 0.5 1 15 2 2.5 3 35 4 4.5 5

Freq. (GHz)

Fig. 6.41 S,; parameter for fan-out using 3D tool and analytical expression

6.4.2.5 Electrical equivalent circuit for SMA Connector for 1D/2D simulation

The geometry of a SMA connector is shown in Figs. 6.42 and 6.43.

1 Teflon, ,=2.2 1mm  Signal pin
>
IS
uEv_ Signal pin
,E I 15mm 0
Fig. 6.42 — a Lateral view Fig. 6.42 — b Cross sectional view
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The simplified model [11] can be defined by a transmission line model as shown
below in Fig. 6.43 - a. As a transmission line can be represented by a RLC network,
the equivalent representation of a SMA connector can be defined as Fig. 6.43 — b,

where Rsma, Lsma and Csua are equivalent resistor, inductance and capacitance.

Rsma Lsva
SMA_connector  AAMA—TYYYY

_ ) ) / (—p T Csma

50 ohm L
— 66.745 ps

Fig. 6.43 - a Transmission line representation  Fig. 6.43 - b Equivalent circuit

Assuming the length of the propagation, | inside the SMA connector being 13.5 mm
and for Teflon (dielectric used in SMA connector) the dielectric constant &, being
2.2, the speed of light, ‘c’ being 3 x 10® m/s, the velocity of propagation and

propagation delay can be defined as (6.16) and (6.17).

v= — (6.16)

7o
;

l

Tpd = v - (617)

Hence we can obtain v, velocity inside the SMA connector as 2.0226 x 10° m/s and

the propagation delay, tyq as 66.745 ps.

6.5 HSPICE simulation

Any transmission line simulation is a challenging and time-consuming task, because
extracting transmission line parameters from physical geometry requires a significant

effort and resource. Similar to other software tools in the market, HSPICE is based
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on the Telegrapher equations [12] as described previously in (2.31) and (2.32) [13]
while it analyses the transmission line in quasi static TEM mode [14]. For a typical
micro-strip/stripline system, the quasi-static approximation holds true up to a few
GHz. Instead of solving the transmission line using a full field method HSPICE [13]
tries to minimize this effort by using a simple 2-D electromagnetic quasi - static field
solver, which calculates the electrical parameters of a transmission line system,
based on its cross-section. The current embedded field solver in HSPICE is based on
an improved version of the boundary-element method (a refined form of the FEM
method) for increasing the efficiency and resource usage without significant
reduction in accuracy. The advantage of BEM [15] over other field solvers lies in its
speed and efficiency. BEM method has been further optimised in HSPICE software
tool for improving its computation efficiency by employing Galerkin’s method [16]
in conjunction with a closed form Green’s function by directly solving the charge (or
current) distribution over the surface before solving the potential difference over the
entire space. In a conventional BEM, the Green’s function for a dielectric media is
used as the basis for an integral equation, and the open boundaries of geometry are
handled in an exact manner. The expression of this function is obtained using the
image theory, while with a slowly-converging series. Equivalent trace configuration
of the experiment can be simulated in HSPICE using either lossy line ‘U’ element or
distributed *W’ element. Although the “W’ Element is a versatile transmission line
model that can be applied efficiently and accurately to simulate a PCB transmission
lines, ranging from a simple lossless line to complex frequency-dependent lossy-
coupled lines, it requires pre-calculation of RLGC matrix data for the defined trace.
The ‘U’ element has been used to simulate all the equivalent PCB configurations of

the experimental setup. While defining the trace — length for HSPICE, the exact trace
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length (corresponding to experimental PCB) as per microstrip line trace and stripline
trace has been defined, so as to have an equivalent simulation under the same
condition. Similarly the source signal of the experiment was applied as a piece-wise
linear signal to the source of the HSPICE netlist. These trace - details have been
shown in PCB stack-up in section 6.1.1, 6.1.2 and Figs. 6.10, 6.15, 6.20 and 6.25.
Further HSPICE and IBIS library model of the IC, SN74AHC1GUO4 (DBV and
DCK package) has been used in place of the physical IC while connecting the trace
from source signal supply to IC. These libraries are available from the IC
manufacturer, Texas Instruments. In the experimental PCB, the source signal was
interfaced through SMA connector on the board using a coaxial cable. The
equivalence of SMA connector and coaxial cable has been used in the HSPICE/CST
simulation. The equivalent SMA connector has been simplified by 50 Q
characteristic impedance transmission line of a propagation time of 66.745 ps. Via
and right angle bend of the trace has also been replaced by an equivalent RLC circuit

as per definition in section 6.4.2.2 and 6.4.2.3.

6.6 Minisolve simulation

The in-house developed software (Minisolve [17]) is based on TLM [18, 19] and has
been used for the simulation of various configurations of PCBs (of the experiment)
however certain assumptions and simplifications (due to the restrictions of the
developed code) have been made while verifying the circuit. There are two different
library models for this IC from its vendor Texas Instrument; one is IBIS model while
another is HSPICE model. The IBIS buffer [20] is described by its input and output
characteristics. The TI manufactured 1IC SN74AHC1GUO4 IC has been used in the

present work. To verify the authenticity of the IBIS buffer behaviour of its IBIS
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library model for its use in Minisolve simulation, the IBIS buffer characteristics has
been extracted from the HSPICE library (by driving the input using various

conditions such as high, low etc.) of this IC.

6.6.1 Source signal

Two different source signals as shown in Figs. 6.44 and 6.45 are measured from the
experimental setup at the output of a function generator with 50 Q output impedance
and 5 Q output impedance respectively. These source signals are supplied to various

configurations of PCBs and Minisolve, HSPICE, CST design studio through a RG58

coaxial cable.
Source signal for PCBs at 71 MHz with 50 ) source resistor
35
Source signal
3 L

Amplitude (Volt.)

-0.5

Time (ns)

Fig. 6.44 71 MHz source signal for all PCBs with 50 Q source resistor

The output signal of 100/71 MHz generated out of the function generator attached

with a RG58 coaxial cable is measured on the scope, MSO8104A. The stored signal
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of the scope is used in Minisolve, HSPICE, CST design studio. For the use in
Minisolve (in order to match the experimental setup’s signal time step to Minisolve
time step), the signal is interpolated using Matlab. The time step of the experimental
setup is 0.25 ns while the time step required in the Minisolve is 1.25087x10™ s.
Hence the number of interpolation steps between two significant point has been set
as (0.25x10°)/(1.25087x10™*%) = 2000. The interpolated source signal is stored as a
text file and it is verified for its comparison with the original source file which is the

same except for increased data points with a multiplication of 2000.

Source signal for PCBs at 100 MHz with 5 ) source resistor
35

Source signal

Amplitude (Volt.)

05 I I ! ! ! I
0 2 4 6 8 10 12

Time (ns)

Fig. 6.45 100 MHz source signal for all PCBs with 5 Q source resistor

6.6.2 Minisolve simulation description

Here the problem space is discretized in time (dt = 1.25087x10™ s) and length (dI =

0.000075 m) in order to have enough points for a TLM method and its
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implementation. The required number of time steps for reading the entire space has
been set as 900000. Smaller dt provides an accuracy while an increased number of
time steps make sure that the measuring signal gets stabilized, however the computer
resource requirement significantly gets increased. The top and bottom layer (that is
the boundary of the setup, rZmin = -1 and rZmax = -1) has been set as PEC metal,
while the side layers has been set as matched layer (rXmin = 0, rXmax = 0 and
similarly ryYmin = 0, rYmax = 0). As the height of the metal plate above the ground
plane is 225 pm and the width of this metal plate is 150 pm, hence the spacing step
has been set as 75 um. The length of the stripline trace in the experiment is
approximately 88 mm and hence the number of x-direction cells has been set as
1173. The experimental PCB is a multi-layered board with ground referenced at its
top and bottom while the trace is sandwiched between these two reference planes. In
addition the experimental PCBs have provisions of connecting these two references
using numbers of via at its edge. In the Minisolve, the entire setup has been achieved
while setting the top and bottom layer as PEC for providing ground reference and
laying out the trace at an equal cell space of 3 cells. The edge of the top and bottom
layer has been connected using a thin metal plate. This particular IC has different
packages (DBV, DCK, DRL) as physical ICs however only DBV and DCK
packages have corresponding libraries in the HSPICE and IBIS. A package in the
IBIS model is defined using input, output pin and package characteristics. Tables 6.1
- 6.3 describe the [RLC] value of these different packages [3] and the corresponding
values from these tables apart from various IBIS data such as ground clamp, power
clamp, pull up, pull down, rising and falling have been used for calling the IC
library. The DBV package (SN74AHC1GUO04DBV) and DCK package

(SN74AHC1GUO4DCK) are used in the simulation software. The IBIS library can
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be called using its x-, y- and z- co-ordinate placement along with its Rpkg, Lpkg, Cpkg,
Ceomp and its power supply. Using a definition of voltage source, the interpolated
source signal is applied at a trace formed using metalPlate placed at a height of cells
corresponding to the various configurations defined in the following sections with
reference to PEC material and stuffed with a dielectric of 4.4 using another inbuilt
library of materialShape. For using terminations at its source with 5/50 Q
corresponding to the source termination of the function generator,

lumpedComponent has been used.

Table 6.1: RLC value for package

RLC value for DBV package DCK package | DRL package
package

R_pkg (mQ) 25 20 9

L_pkg (nH) 0.152 0.998 1.5

C_pkg (pF) 0.156 0.146 0.17

Table 6.2 RLC value for input pin

RLC value for input DBV package DCK package | DRL package
pin

R_pin (mQ) 23 18 51

L_pin (nH) 1.312 0.881 0.94

C_pin (pF) 0.138 0.121 0.17

C_comp (pF) 211 211 211
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Table 6.3 RLC value for output pin

RLC value for output DBV package DCK package | DRL package
pin

R_pin (mQ) 26 18 105

L_pin (nH) 1.54 0.96 1.7

C_pin (pF) 0.150 0.124 0.11

C_comp (pF) 3.12 3.12 3.12

The power clamp and ground clamp V-I table for its input buffer, pull up and pull
down V-I table for its output buffer, falling and rising V-t table for its output buffer
of the IBIS was called with the definition of R_pkg, L_pkg, C_pkg, C_comp in the

Minisolve software.

6.7 CST design studio description

CST design studio [2] is a schematic design tool to create, simulate a circuit model
using its inbuilt analytical or semi-analytical behavioural representative library
which provides support for various types of structures such as strip line or
microstripline blocks apart from the Spice and IBIS library. The complete schematic
representation of the experimental setup for a straight line configuration which
involves coaxial cable, microstrip line, stripline, zero ohm resistors, via and IBIS
buffer interface has been shown in Fig. 6.46. The source signal as represented in
Figs. 6.44 and 6.45 can be defined in its port definition, P1 using text file format
while the coaxial cable, stripline, microstripline and via has been defined using their
equivalence. Fig. 6.46 is an example of one of the experimental setup, similar
schematic was drawn for different packages and various trace configurations and

50/5 ohm series termination. Results obtained through CST design studio have been
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plotted and compared against the TLM based Minisolve, HSPICE and experimental

results in the following section.

Straightline route with DBV Package

Microstripline Stripline Microstripline AHCIGUO4_DBV/AHCIGUD4_IN_33

1 (aP1)

R — R e

!
1

0102p T
T_J_l T

Input buffer

COAX1
Length/mm 170
Inner Diameter/mm 2

Outer Diameter/mm 7 1 SLINEI I MSLH\‘ELL; _
Epsion 779 = [Lenglimm 88| 1 Lengthimm 2905
Tandeta 00004 Widthium 150 E‘iﬂ}: um :gg
Ko ! Heght o e Thickuesgim 165
Ground Plate Distance/umd25 Epsion 735
Thickness/um 323 pelon
Epsilon 45 ;;‘; 2 8
Tendclka o Roughnessmm 0
Rouvghnessimm 0.0

Fig. 6.46 Schematic representation of experimental setup in CST design studio

6.8 Minisolve results and its comparison with experiment and other

commercial software tools

As discussed previously, an Agilent function generator, 81150A can be configured
with 5 Q and 50 Q output impedance. Hence two different sets of source signal (one
at 71 MHz with 50 Q output impedance and second at 100 MHz with 5 Q output
impedance) have been applied at these PCBs. These experimental results are
compared with Minisolve generated output and other commercial software tools
such as CST design studio simulation tool and HSPICE tool with the IBIS and

HSPICE model library supplied by the IC manufacturer.
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6.8.1 Straight line configuration

The diagrammatic representation of the straight line trace configuration is shown in

Figs. 6.47 and 6.48.

Ground plane

.

'E§" L T R R S R R T R
E Frd, e, = 4.4
N L L e 88 MM g »(1BIS
_ OI"- Library of
g . g-R=5/50Q / the IC
(7 E Fra, g =4.4 Stripline Trace
§ m . InputatIC .. . .

Ground plane N iy'

X

Fig. 6.47 Lateral view of the straight line configuration in Minisolve

Ground plane

o qbammg T tE

RN B

.E' .......... OAE

TITTTUTTTTTIO, 78
Ground plane

Fig. 6.48 Cross-sectional view of the straight line configuration in Minisolve

Figs. 6.49 and 6.50 show the compared results at the input of the IC of Fig. 6.47
from a source signal at 71 MHz with 50 Q output impedance for a straight line
configuration of the PCB while Figs. 6.51 and 6.52 show the compared results at the
input of the IC as described in Fig. 6.47 from the source signal at 100 MHz with 5 Q

output impedance for a straight line configuration of the PCB.
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DBV package, straight line - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

3 —
— T Minisolve-Straight-DBV
— —— - CST-Straight-DBV
250 Exp-Straight-DBV

Hspice-Straight-DBV
IBIS-Straight-DBV

15

Amplitude (Volt.)

0.5

Time (ns)

Fig. 6.49 Straight line configuration, DBV package with 50 Q source resistor

DCK package, straightline - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

3 [ ——
NG Minisolve-Straight-DCK
e uggn — — - CST-Straight-DCK
25F Exp-Straight-DCK

Hspice-Straight-DCK
IBIS-Straight-DCK

15

Amplitude (Volt.)

0.5

Time (ns)

Fig. 6.50 Straight line configuration, DCK package with 50 Q source resistor
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DBV package, straight line - Minisolve vs. vs. CST vs. Expt. vs. HSpice vs. IBIS

3 —
Minisolve-Straight-DBV
CST-Straight-DBV
25F Exp-Straight-DBV

Hspice-Straight-DBV
IBIS-Straight-DBV

2
g
= 15
e
E;
2
£ 1

0.5

0 2 4 6 8 10 12
Time (ns)

Fig. 6.51 Straight line configuration, DBV package with 5 Q source resistor

DCK package, straight line - Minisolve vs. vs. CST vs. Expt. vs. HSpice vs. IBIS

3 —
Minisolve-Straight-DCK
———- CST-Straight-DCK
251 Exp-Straight-DCK

Hspice-Straight-DCK
IBIS-Straight-DCK

2
g
= 15
e
E;
2
£ 1

0.5

Time (ns)

Fig. 6.52 Straight line configuration, DCK package with 5 Q source resistor
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6.8.2 Right angle configuration

The diagrammatic representation of the right angle trace configuration is shown in

Figs. 6.53 and 6.54.

IBIS

\ —%4 Library of
Ground plane Input at IC /" Nthe IC
L T ™

%

\\\\\\\\\\;;S%é\\\\\Y\ N&ﬁl

Frd, e, =4.4

0.225 mm

Source Signal

5 mm

.

B

sﬂ

.J>

>

2%>?%% ™\
/

Fig. 6.53 Lateral view of the right angle configuration in Minisolve

Ground plane

/////////////////////

'4.4

>
0.1lp
<

\\\\\\\\\\\\\\\\\\\\\

Ground plane

Fig. 6.54 Cross-sectional view of the right angle configuration in Minisolve

Figs. 6.55 and 6.56 show the compared results at the input of the IC of Fig. 6.53
from a source signal at 71 MHz with 50 Q output impedance for a right angle
configuration of the PCB, while Figs. 6.57 and 6.58 show the compared results at the
input of the IC as described in Fig. 6.53 from the source signal at 100 MHz with 5 Q

output impedance for a right angle configuration of the PCB.
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Amplitude (Volt.)

DBV package, right angle - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

’ LT s ‘ Minisolve-RA-DBV
g R — - CST-RA-DBV
251 Exp-RA-DBV
Hspice-RA-DBV
5 IBIS-RA-DBV

15

0.5

Time (ns)

Fig. 6.55 Right angle configuration, DBV package with 50 Q source resistor

Amplitude (Volt.)

DCK package, right angle - Minisolve vs. CST vs. Expt. \s. HSpice vs. IBIS

3 -
T Minisolve-RA-DCK
———- CST-RA-DCK
2.5+ Exp-RA-DCK
Hspice-RA-DCK
5 IBIS-RA-DCK
1.5
1
0.5
0
0.5 . ! |
0 5 10 15
Time (ns)

Fig. 6.56 Right angle configuration, DCK package with 50 Q source resistor
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Amplitude (Volt.)

DBV package, right angle - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

3
Minisolve-RA-DBV
———- CST-RA-DBV
2.5 Exp-RA-DBV
Hspice-RA-DBV
5 IBIS-RA-DBV
15
1
0.5
0
_05 [ [ | | | [
0 2 4 6 8 10 12
Time (ns)

Fig. 6.57 Right angle configuration, DBV package with 5 Q source resistor

Amplitude (Volt.)

15

0.5

DCK package, right angle - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

Minisolve-RA-DCK
———- CST-RA-DCK
Exp-RA-DCK
Hspice-RA-DCK
IBIS-RA-DCK

[ [ 1 1 1 [
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Fig. 6.58 Right angle configuration, DCK package with 5 Q source resistor
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6.8.3 Fan-out configuration

The diagrammatic representation of the fan-out trace configuration is shown in Figs.

6.59 and 6.60.
Ground plane
B e
g Stripline Trace Frd, e = 4.4 _
g;R=5/5OQ......../...88mm................

Source Signal
225m
ual
B
_(:f)
I
>
SN

Ground plane

Fig. 6.59 Lateral view of the fan-out configuration in Minisolve
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0.15mm:+ + -

0.225mm 0.225 mm
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>
0.1lp

<
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ALAARMARIARRARAARY

: v
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Fig. 6.60 Cross-sectional view of the fan-out configuration in Minisolve

Figs. 6.61 and 6.62 show the compared results at the input of the IC of Fig. 6.59
from a source signal at 71 MHz with 50 Q output impedance for a fan-out
configuration of the PCB while Figs. 6.63 and 6.64 show the compared results at the
input of the IC as described in Fig. 6.59 from the source signal at 100 MHz with 5 Q

output impedance for a fan-out configuration of the PCB.
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Amplitude (Volt.)

2.5

15

0.5

DBV package, fanout - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

Minisolve-Fan-DBV
——— - CST-Fan-DBV
Exp-Fan-DBV
Hspice-Fan-DBV
IBIS-Fan-DBV

Time (ns)

Fig. 6.61 Fan-out configuration, DBV package with 50 Q source resistor

Amplitude (Volt.)

25

15

0.5

DCK package, fanout - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

Minisolve-Fan-DCK
——— - CST-Fan-DCK
Exp-Fan-DCK
Hspice-Fan-DCK
IBIS-Fan-DCK

Time (ns)

Fig. 6.62 Fan-out configuration, DCK package with 50 Q source resistor
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Amplitude (Volt.)

2.5

DBV package, fanout - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

Minisolve-Fanout-DBV
——— - CST-Fanout-DBV
Exp-Fanout-DBV
Hspice-Fanout-DBV
IBIS-Fanout-DBV

[

2 4 6 8 10 12
Time (ns)

Fig. 6.63 Fan-out configuration, DBV package with 5 Q source resistor

Amplitude (Volt.)

25

DCK package, fanout - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS
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——— - CST-Fanout-DCK
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Hspice-Fanout-DCK
IBIS-Fanout-DCK
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Fig. 6.64 Fan-out configuration, DCK package with 5 Q source resistor
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6.8.4 Via configuration

The diagrammatic representation of via configuration is shown in Figs. 6.65 and

6.66.
Ground plane
£ A
g’ .
B v 44 . :
0 44 Frd, g .
Sy ... % mm crrrr o Cylindricalvia . :
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"""""" et | connecting traces
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§ ;. ---------- 'Er-4--8----4--4 -------------- leraryof
pn - .
§ Tooio R Y {the 1C

Input at IC

\\\\\\\\\\\\\ NN NN NN N
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Fig. 6.65 Lateral view of the via configuration in Minisolve

plane

£ /////////////////////
G4 Q1mm
?ﬁffﬂ-ﬁ
EA . Q? e e e e a aw o
Eg I

\\\\\\\\\\\\\\\\\\\\\

Ground plane

Fig. 6.66 Cross-sectional view of the via configuration in Minisolve

Figs. 6.67 and 6.68 show the compared results at the input of the IC of Fig. 6.65
from a source signal at 71 MHz with 50 Q output impedance for a via configuration
of the PCB while Figs. 6.69 and 6.70 show the compared results at the input of the
IC as described in Fig. 6.65 from the source signal at 100 MHz with 5 Q output

impedance for a via configuration of the PCB.
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DBV package, via - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS

’ / 7 Minisolve-Via-DBV
' T ~ CST-Via-DBV
251 Exp-Via-DBV
Hspice-Via-DBV

IBIS-Via-DBV

=
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Fig. 6.67 Via configuration, DBV package with 50 Q source resistor

DCK package, via - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS
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Fig. 6.68 Via configuration, DCK package with 50 Q source resistor
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DBV package, via - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS
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Fig. 6.69 Via configuration, DBV package with 5 Q source resistor

DCK package, via - Minisolve vs. CST vs. Expt. vs. HSpice vs. IBIS
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Fig. 6.70 Via configuration, DCK package with 5 Q source resistor
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6.9 Analysis of results

Future trend for a field solver tool in a PCB application lies in generating results in
the time domain for its wideband frequency simulation rather than its individual
frequency centric characterisation. The in-house developed time domain (TLM)
based full field solver tool “‘Minisolve’ has been especially developed for education
usage in comparison of the existing costly and commercial field solver tools
available in the market. For a comparative analysis, its result has been extensively
compared against many commercial tools such as CST design studio, HSPICE in
addition to experimental result. The results obtained from Minisolve are better in
comparison to the results from HSPICE, CST design studio. HSPICE results show
ringing in the received signal response while CST design studio results show an
increased deviation from the experimental result. However HSPICE is a 2D quasi-
static field solver and CST design studio is based on empirical formula obtained for
its equivalence. On the other side Minisolve shows a closer approximation of the
experimental results. Some limitation with the Minisolve tool is its 3D via
modelling, where there is some mismatch with the experimental results during the
peak of the signal. The limitation of via modelling arises because in the multi-
layered physical PCBs as shown in Figs. 6.5 and 6.6, a number of via has been
implemented at the PCB edge to connect the ground reference planes present on the
both sides of signal layer. The Minisolve can implement these through a thin metal
strip. As shown in Tables 6.1 - 6.3 for [RLC] components of different packages,
there is a small difference in the parametric values. The smaller [L] and [C] value
leads to a lesser ringing and overshoot/undershoot, settling effect on the signal, while
lesser [R] leads to smaller loss in the signal. Terminating a signal with 50 Q series

resistor maintains the Sl, i.e. it transfers the signal from its generator to its receiver
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without any degradation; however IC manufacturers have varying input, output
impedance (other than 50 Q) at different ICs. Hence a transmission line terminated
with other impedance of its characteristic trace (50 Q or 75 Q) has more Sl issues
than it would have been observed with a package difference. Different packages
have different [RLC] parameters such as DRL being smaller out of three packages
(DBV, DCK and DRL) leads to smaller [RLC] pin values and this helps in the
reduction of ground bounce apart from conventional Sl issues. Because of the
absence of library support in any form for its DRL packages, the results from only
two packages, DBV and DCK have been illustrated. Since the results have been
compared between DBV and DCK packages where the footprint of the DCK
package is smaller than that of DBV package, the results as shown in section 6.8
agrees with smaller ringing and overshoot, undershoot issues. As seen from results in
Figs. 6.47 - 6.70, the DCK package causes lesser Sl issue in comparison of DBV
package. For the compared results of configuration with 50 Q source termination, the
results of Minisolve in Figs. 6.49, 6.50, 6.55, 6.56, 6.61 and 6.62 provide a good
agreement with the experiment. These results from Minisolve for 5 Q and 50 Q
source terminated interconnects are better in comparison of results obtained from
HSPICE and CST design studio however it should be noted that HSPICE and CST
design studio is not a field solver tool unlike Minisolve. All the simulation tool
(Minisolve, HSPICE, CST) being in digital domain for verifying a digital circuit
where only V., Vi, Von and Vo matters for signal conditioning reason, these
results agree quite well. Each of the software tool, Synopsys based HSPICE, CST
design studio and Minisolve has their own strengths and weaknesses. Many of these
software tools use an analytical formula to calculate its impedance during the model

development in order to save the simulation time and resource. The HSPICE and
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CST design studio calculate the impedance of its individual components such as
trace, via, IBIS buffer through standard empirical formulas while laying out the
design, even before simulating the complete system. This leads to a reduced resource
usage in comparison to a 3D field solver tool such as Minisolve as seen in Tables 6.4
- 6.5. The resource (time of simulation and memory usage for Intel based 3 GHz
CPU) usage under Minisolve tool for various configurations as described in this
chapter is shown in the Table 6.4, while the resource usage for HSPICE and CST

design studio is shown in the Table 6.5.

Table 6.4: Minisolve throughput

Configurations Time for Memory usage
simulation

Straight 8 hours 70,444 kB

RightAngle 24 hours 748,848 kB

Fan-out 24 hours 733,720 kB

Via 10 hours 128,488 kB

Table 6.5: Other tools throughput

Time for Memory usage
simulation
HSPICE (with IBIS and 40 seconds 9,992 kB

HSPICE library) resource for
each of these configurations

CST design studio resource for | 35 seconds 25,412 kB
each of these configurations
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Even a small signal difference in the range of tens of millivolts can make a design
pass/fail in its EMC/EMI. Minisolve consumes higher resource; as seen from various
results of section 6.8 but it provides a better accuracy which is very crucial for
EMC/EMI analysis. At increased slew rate, the Sl issue on the PCBs becomes the
primary cause for EMC and this gets aggravated when performing pre-layout
analysis for densely trace layout in a real design. The 3D full field solver such as
Minisolve can work as interface software for board design tool while performing the
calculation when a board designer designs the trace-layout. The input format and
usage of the Minisolve coding is quite simple, while still providing a 3D full field
solution unlike other field tools available in the market. As mentioned previously the
board design size is getting smaller with decreased numbers of layer stack up
because of the cost, and sometimes there is a poor reference layout because of the
space issue. This creates an increased noise source. With the advent of many high
speed ICs and ever changing serial (such as SATA 4, PCIE 4.0, USB 4.0, Infiniband
etc) and parallel (DDR 4, PCIX) bus specifications have reduced voltage and time
margins and are laid out in a constrained space at the expense of their performance
while still expected to be working reliably throughout its operating range. A 3D field
solver such as Minisolve can help in these situations, often pinpointing the noisy
trace while analysing its behaviour in the time domain and thus can reduce a costly
board revision and spin-out. The Minisolve defines the boundary condition quite
easily. Another obvious functional scope of a 3D field solver tool such as Minisolve
can be the simulation inside an IC package where the density of the logic gates,
components are quite high and any mismatch can produce an altogether different
result at its black-box output. The 3D field solver can also be used for the simulation

and verification of Mixed, Analogue, RF circuit design.
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CHAPTER 7

CONCLUSION AND FUTURE WORKS

Usually the SI and EMC behaviour in a PCB is represented in the frequency domain
because of its simplicity, ease of analysis and long time existence. In addition it is
convenient to represent the transfer function such as S-parameter/circuit functions in
the frequency domain rather than the time domain with the use of equipment such as
a Spectrum Analyser, Network Analyser or Signal Analyser that make full use of the
heterodyne frequency analysis. However with the increased computing power and
increasing clock speeds, it has become convenient to represent and process a highly
complex signal in the time domain to study effects such as Sl and jitter analysis.
Although it is possible to capture a signal in the time domain and work in the
frequency domain or vice-versa but in a real-time solution there is a better physical
feel and advantage if the signal or its processing be carried out in the time domain.
The time domain behaviour presents a better signal representation because of the
signal being associated with ‘time’, it can be efficiently used for parallel processing
apart from its wide band frequency characteristic. Further the time domain technique
can handle medium nonlinearity component with a comparable computational cost
of a frequency domain technique.

Although there are many EDA tools based on the long established Spice topology
while calling component libraries and circuit models in the market, the simulation

tool needs to model the physical representation of the structure rather than its
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empirical equivalence. The technique presented in this thesis focuses on a novel
method for modelling the Sl of various PCB components in the time domain by
combining circuit models with a full field technique. The research method includes
experimental work as well as modelling, simulation and verification. The
measurements include designing and manufacturing of fifteen different types of
PCBs with different packages, trace configurations and cross-talk separation for
verifying the experimental results with time domain modelling or other empirical
techniques. All of these PCBs were designed and manufactured as per various IPC
design standards and have been powered through a low ripple, linear DC regulator or
coin cell battery. On the modelling and simulation side, an efficient 3D time domain
modelling technique with the inclusion of 1/0 port behaviour has been developed.
The complete analysis of the thesis which has been divided in seven chapters can be
described as below.

Chapter 1 provided an Introduction, requirement, and history and literature survey. It
also described about the requirement of research for a full field simulation tool for
the present day complex PCB application so that an accurate and timely analysis
could be carried out before carrying out costly manufacturing revisions.

Chapter 2 described the frequency behaviour of PCB components such as resistors,
capacitors, and inductors apart from its dielectric properties, conductor, and
discontinuities present in the trace, via, stub etc. The changing conductor and
dielectric medium behaviour at higher frequency can change the characteristics of
the propagating wave altogether. While with a change in frequency the speed of the
wave propagation changes in a dispersive media, various properties of media at a

range of frequency have been described in this chapter.
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Analysis of the transmission line using full field model takes significant computing
resources, one method of reducing the resource requirement without significantly
reducing the accuracy is to apply a suitable boundary condition. Various boundary
conditions and its significance have been described here. As the transmission line
can be represented using electrical circuit and field model, a comparison of these two
models has been described. The advantage of the field model lies in finding a
complete transmission line solution with increased accuracy. While discontinuity is
included in the analysis, the discontinuity of the transmission line needs to be
analytically embedded in the circuit solution to complete the simulation. Because of
the layer stack-up and space constraint, various discontinuities arise in a PCB. Some
of these commonly arising discontinuities in a PCB solution have been discussed and
their S-parameter characteristics have been calculated. The S-parameter provides an
accurate analytical expression of the model so as to integrate these discontinuities in
various computational electromagnetic tools.

Chapter 3 described some of these computational electromagnetic techniques and
solutions. These methods have been selected for the descriptions since many of the
industry wide available software are based on these techniques for solving PCB
using field/circuit model. In the past, frequency domain techniques were in
widespread use because of the existence of widespread signal processing techniques
in frequency domain. A comparative study on frequency vs. time domain model has
been presented in this chapter. A practical aspect on various meshing techniques
suitable to these frequency/time domain methods has also been illustrated in this
chapter.

In chapter 4, the time domain method for PCB components using the TLM method

was described. The background provided in this chapter is used in developing
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software for the application on various PCB traces including crosstalk and its
integration with 1BIS/Macromodel. As the conductor and dielectric media becomes
frequency dependant and the wave propagation solution from this thesis is based on
the time domain, various material properties has been represented by a transfer
function and this has been plotted to show their behaviour in the range of GHz
frequency.

Chapter 5 described the integration of the in-house developed behavioural models
(Macromodel and IBIS) with an IC interconnect trace. The behaviour model
developed in software has been verified against the experimental setup and
measurement. The experimental setup consists of different types of designed and
manufactured PCBs for its receiver/driver characteristic. The experimental and
simulation result has been also validated against the result of HSPICE software from
Synopsys with IBIS and HSPICE library available from IC - vendor. A good
agreement has been found between these results. The crosstalk in a PCB often can
cause a change in logic behaviour and this can result in unexpected functional
behaviour. The crosstalk simulations and their effect on the switching behaviour in a
PCB due to different spacing between traces are also compared for the in-house
developed software in comparison to the experimental setup. There is a good
agreement between simulation results and experimental setup; however a small
difference of ten millivolt in the result arises because of an increased loss in the
experimental setup. This modelling apart from its generality to integrate any IC with
various PCB interconnects, allows for an efficient use of interface with the I1C
packages and traces.

Chapter 6 illustrated the SI behaviour of different IC packages and their interconnect

configurations. These results of Minisolve which is based on a full field technique
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have been compared against the experimental measurement. Apart from
experimental result, it has been compared against HSPICE software result with IBIS
and HSPICE library and CST design studio with IBIS library. The HSPICE software
is based on quasi-static method while CST design studio is based on empirical
formula. The complete setup of the system including PCB board, coaxial cable,
SMA connector along with the source signal generated out of the signal generator
has been configured for an exact equivalence in Minisolve, HSPICE and CST design
studio. Various results obtained from Minisolve show a comparable output. This
chapter also described S-parameters of these trace configurations in a 3D
environment where the conductor and dielectric medium is dispersive and lossy.

As the medium becomes lossy and dispersive in 3D environment, it is not possible to
derive an equivalent empirical formula for the complete system that is for an entire
length of these trace configurations as described in chapter 6, however all the
discontinuity section of the trace via, right angle bend, straight line trace and fan-out
trace can be represented empirically to some extent. Hence an equivalent empirical
formula for these discontinuities has been defined here. The in house developed
software tool can be used for the extraction of RLGC parameters of the IC packages
and pins, simulation and verification of digital, analogue, RF circuit design apart

from the results of SI and S-parameters.

7.1 Future scope

Although Minisolve provides a field solving capabilities, it needs to incorporate
additional features such as library component design, schematics design, CAD
design, and SI and EMC/EMI analysis. As an integrated tool, all of these stages need

to be unified. Minisolve could fulfil this role by expanding its block for the
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unification of an entire design cycle where a true representation of the SI/EMC effect
on a physical PCB can be visualised. At the minimum Minisolve being a 3D TLM
based tool, in order to correctly output the result the full field models need to import
the complete geometry of the PCB, including frequency dependant dielectric
materials, conductors, excitation, and its load along with various boundary
conditions for realising a complex PCB interconnect in the simulating space. Apart
from geometry import limitation, the conductor layer in the in-house developed
software has been approximated as infinitely thin, while in an actual cad design the
thickness of the interconnect conductor is often selected based on current
requirement of the interconnecting traces and plays a significant part in signal
propagation. Generally the IC package, board design is completed using some
schematic/board design tool. It would be desirable to integrate these design tools
with simulation tools such as Minisolve for an effective and accurate analysis.
Finally although Minisolve supports IBIS model of the component but the IBIS
model is available only for major ICs and that too is limited, based on the
manufacturer’s resource. Instead the model is provided in VHDL-AMS, Verilog,
HSPICE, ASCII or other library format. Minisolve should also have some interface

to invoke and incorporate this broad range of libraries.
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APPENDIX

1.a Crosstalk simulation

Crosstalk is an unintended coupling between two or multi conductor lines where any
or all of these conductors can be applied by a source signal. The coupling of the
unintended signal can happen through either inductive (magnetic) path or capacitive
(electric) path or a combination of these two. A multi-conductor line with crosstalk

in a typical PCB environment is shown in Fig. 1.

Aggressor line

Fig. 1 Crosstalk in two parallel traces

The whole structure can be divided into a number of RLGC circuit as shown in Fig.
2 apart from its initial source and load condition. The IBIS circuit can be represented
as a nonlinear load circuit. The inductance for the system can be obtained using the
enclosure of Maxwell’s flux density as defined by (1). For a multi-conductor system
with two or more conductors, the self and mutual inductance in general can be

defined using (2) and (3) [1] where subscript i denotes the trace number and j
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denotes any other number than equal to i. The coupling factor, k can be any value

less than and equal to 1 depending on the proximity of two coupled traces.

Fig. 2 Electrical circuit representation of a crosstalk

Similarly the common mode capacitance can be defined using (5) [2] where h is the
height of the dielectric from its ground reference, w is the width of the signal

conductor and d represents the edge to edge spacing between the two signal

conductors.
1 — =
ol l 1\? d\* d
bser =5 | g+ [(7) +1 )= [1+(7) +7 -

If d << |, then a simpler approximation for mutual inductance can be obtained out of

(2) and (3) and mutual-inductance in a simple form can be defined by (4).
ol 21
My = o m () = 1 @
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CM=
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The circuit as represented in Fig. 2 can be solved using electrical circuit theory and

this is derived using (6) - (9).

Vi(z) = Vi(z+ Az) = L(2)R, + (L1AZ) 11(2) + (MleZ) Iz(Z) —(6)

d
L(z)—L(z+ Az) =|C;,=V,(z+ Az) + G V,(z+ Az)

Jat
+ G Sz +02) ~ Vol + 8D+ Gl A0) V(e 0] — (D)
Vo (2) — Vo(z + Az) = L(2)R; + (LzAZ)_Iz(Z) + (M12AZ) 11(2) —-(8)

d
L) - L(z+ Az) =|C, §V2(2+ Az) + G,V,(z+ Az)

+ Cpp, %[Vz (z+ Az) = Vi(z+ Az2)] + Gp[Vo(z+ Az) — Vi (z + Az)] - (9

Solving (6) - (9), and representing RLC components in a matrix format, we can

obtain (10) and (11) where V, I, R, L, G and C are defined using (12) - (17).

av;i D RiGze) - Lalgzt, 2 - (10)
a';ZZ Do v - cavéi' 2 -
v= [ats s
ol -

q ¥
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Ly MIZ]
L= — (15
Mz Lo (1%)
— Gl _Gm]
G= [_Gm GZ B (16)
— Cl _Cm]
¢= [_Cm CZ B (17)

Converting (10) and (11) in Laplace transform and combining these two equations,
we can obtain the second order derivative of the voltage and current as (18) and (19)
which can be used to obtain voltage in the aggressor and victim lines. Similarly
current can be obtained in the same form. Here “y’ is the propagation constant as
defined in (20) and ‘K’ is the ratio of inductive coupling coefficient to capacitive

coupling coefficient as defined in (21) while “v* is the velocity of wave propagation

in the media and V; is the Laplace transform of the voltage. This differential

equation can be solved to obtain V; and V5.

azvl 277 —

5.z ~YVi=0 —(18)

a2V — Cii (—w? _

6222 - YV, = % {v—z (K; —1) — jo(R;C; — KiGiLi)} vy —(19)
l

vy = JR; +joL)(G; + jwC)) — (20)

= (99

t

The matrix [R][L][G][C] can be generalized as (22) - (25) for ‘N’ numbers of

coplanar multi-conductor transmission lines [3].
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Ry O 0 01
lo R, 0 0|
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Mino: Manoi Lyor Mool
Mi N M, N Mnoin Ly J
Gy -Gy _Gl,N—l —Gin ]
-Gy G, —GyN-1 -GN |
O P 0 ~ (24)
_Gl N-1 _Gz N-1 GN_1 _GN—lNI
Gy —Guy  —Gwn Gy
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—Ci C, —CoN-1 —Con |
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The common mode components, Cjj and Mj; are the cause for generating the noise
due to a crosstalk in the system. The induced additional voltage/current in simple
equation form can be represented as (26) and (27) where Iy is the current flowing in

the driver line and Icm is the common mode current flowing through Cp,.

dl

Vu = Mijd_f — (26)
dv

Iey = CijE - (27)

45.1 Odd mode: Assuming two parallel conductors having equal [RLGC]

characteristic, the current and voltage in these two transmissions are 180 degree out
of phase, hence the current and voltage can be represented by an 180° out of phase

relationship using I; = -I; and V; = -Vo.
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= Lo%+M12% —(28)
v, :Lo%+M12% - (29)
Vi = (L, - Mlz)% —(30)
V, = (Lo — Mlz)% —(31)

Assuming L; = L, = L, and using the voltage and current relationship mentioned
previously, Logq can be defined by (32) [4].
Loga = (Lo — My3) —(32)

dVy d(Vi = V2)

L= Cogm+ Cn— —(33)
12:co%+cm@ —(34)
I, =(C, + ZCm)% —(35)
L =(C, + 2cm)% — (36)

Similarly assuming C; = C, = C, and using the voltage, current relationship

mentioned previously, Coqq can be defined by (37) [4].

Codd = (Co + zcm) - (37)

The characteristic impedance and propagation delay of an odd mode crosstalk is

defined using (38) and (39).

_ |[Rtjwl _ |R+jw(L,— M)
Tpd = \/ [(Lo - Mlz)(co + 2Cm)] - (39)
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4.5.2 Even mode: Similarly the current and voltage in this mode of propagation is in

- phase, and hence the current and voltage can be represented by an in-phase

relationship using l1 = I, and Vi = V.

= Lo%+M12% — (40)
/A =Lo%+Mu% — (41)
Vi = (L, + Mu)% — (42)
Vo, = (Lo + My3,) % —(43)

Assuming L; = L, = L, and using the voltage and current relationship mentioned

previously, Leven can be defined by (44) [4].

Leven = (Lo + Mlz) - (44)
dv, d(V, — V.

11=cod—t1+cm—( = 2) — (45)
dv. d(V, — V.

12=COd—t2+Cm% — (46)

For even mode propagation, the current and voltage are I, = 1, and V; = V; at all the

time stamp of the propagation. This yields to common mode noise being cancelled.

dV,

h=Cogt - (47)
dV.

L =Co — (48)

Similarly assuming C; = C, = C, and using the voltage, current relationship
mentioned previously, Ceven can be defined by (49) [4].

Coda = Co —(49)
The characteristic impedance and propagation delay of an even mode crosstalk is

defined using (50) and (51).
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’R +jwl R+ jo(L,+ M;,)
A = _—= —
oeven |G + jwC \[ G+ jwC, (50)

Tpa = Vv [(Ly +M;;,)C,] —(51)

The voltages generated out of even and odd mode can be combined to produce a near
end or far end crosstalk. When the distance of the crosstalk calculation point from
the source is small, the crosstalk is defined as Near End crosstalk (NEXT) or
Forward crosstalk while in other case it is defined as Far End crosstalk (FEXT) or
Backward crosstalk. The current flowing through the circuit in a Near End and Far
End crosstalk can be defined using (52) and (53) [5] where Icym is the current flowing
through common mode capacitance C,, and Vy is the voltage generated due to

coupling inductance M.

Viexr(C) = Icm. (Rsz | Rpz) = Vegxr(C) —(52)

Vnexr(L) = Vy.Rsz/ (Rsz + Ryp) = —Vigxr(L) — (53)

The NEXT and FEXT crosstalk result for a typical microstrip line of Fig. 3 with a

trapezoidal source signal of 3 V is shown in Fig. 4.

Victim Tine

Amressor line

Fig. 3 Crosstalk structure

Vnext = Vexr(C) + Vygxr(L) — (54)
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Vegxr = Vrexr (L) + Vegxr (L) — (55)

While Fig. 1 represents the electrical equivalent of a multi-conductor system, it does

not take into account of the noise associated due to its reference plane.

Crosstalk result in a Microstrip line of 100 mm length

Near End Crosstalk
5~ Far End Crosstalk

Amplitude (mV)

_3 1 [ [ 1 1 [ 1 1 [ [
0 20 40 60 80 100 120 140 160 180 200

Time (ps)

Fig. 4 Crosstalk response in multi-conductor lines

The electrical equivalent circuit of crosstalk including the noise generated on its
reference plane can be shown in Fig. 5. Assuming a current I, in the conductor 1 and
current I, in the conductor 2, the total current flowing through the ground plane is
Igna = - (I1 + 12). The voltage drop, V across these two conductors can be derived by

(18) - (21) with the addition of reference and its coupled components.
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L
Rs Vi R, Ly V1R

V2 L R ) Lz V2R

Fig. 5 Equivalent circuit of a coplanar microstrip line

References

[1]

[2]

[3]

[4]
[5]

Guoan, Z. & Cheng-Kok, K. 2002. Exact closed form formula for partial
mutual inductances of on-chip interconnects. Computer Design: VLSI in
Computers and Processors, IEEE International Conference on, 2002, 428-433.

Norte, D. 2011. The fundamentals of far-end crosstalk [online]. Available at:
www.the-signal-and-power-integrity-institute.com [Accessed: 25 May 2013].

Romeo, F. & Santomauro, M. 1987. Time-domain simulation of n coupled
transmission lines, Microwave Theory Tech., IEEE Trans. on, 35(2), 131-136.

Bogatin, E. 2009. Signal integrity simplified (2™ Ed.), Prentice-Hall.

Williams, T. 2007. EMC for Product Designers (4™ Ed.), Elsevier.

-242-



