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Summary

The aim of this dissertation is to develop a methodology to evaluate the impact of
technology choices on the electromagnetic compatibility (EMC) performance of inte-
grated circuits. EMC problems can lead to expensive and time consuming redesigns.
For this reason, it is crucial to be able to predict and take EMC aspects into account
as early as possible in the design flow. In that sense, making semiconductor technology
choices is one of the first stages. At this early phase, some important operational and
physical parameters such as the exact frequency of operation or the circuit layout are
not defined yet. Still, to have information regarding the implications of the technology
choice on interference generation, propagation and the effectiveness of protection tech-
niques is very valuable, as this is highly linked to the technology with which they are
implemented. Traditionally, EMC sensitive applications are implemented with specific
technologies that are considered to be more robust (and expensive), such as silicon on
insulator options. In that sense, assessing the effectiveness of these technology options
can help to decide if the gained robustness is worth the extra cost.

This work focuses on one EMC issue that is specific for integrated circuits and
strongly linked to technology parameters: substrate coupling. Traditionally, an inte-
grated circuit substrate is represented by means of equivalent lumped element networks
that are combined with the functional circuit, resulting in large and complex simula-
tions. In this work, a modeling methodology has been developed to treat this issue ear-
lier in time and with very few computational effort. Nevertheless, the most important
feature is that the proposed methodology provides insight into the physical phenomena
that cause substrate coupling. This insight is crucial to enable an interference-aware
design environment and generate design recommendations for any technology node.
Therefore, the developed models are meant for providing information when deciding
which technology node or option is better for a new IC, elaborating design guidelines,
determining if current design guidelines are still applicable in a new technology and
helping with layout planning.

In order to evaluate the impact of a certain technology choice on substrate coupling,
the problem has been separated into different parts.
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Firstly, propagation mechanisms in substrate structures are studied. For that,
integrated circuit substrates are characterized as multilayered lossy dielectric radial
waveguides. The propagation mechanisms and modes with a most significant con-
tribution to substrate coupling are defined. Once the most meaningful propagation
coefficients are established for each substrate type, important parameters such as the
characteristic attenuation or the location of substrate resonances are found by means
of closed-form formulation. This allows a fast and accurate prediction of the substrate
electromagnetic behavior without the need of calibration or extraction tools.

Secondly, the electromagnetic characterization of the substrate is used to study the
role that is played by the shape and orientation of current density distributions acting
as a source of interference. The ability of a certain current distribution to excite inter-
ference is quantified (source-mode matching) and a closed-form formulation is derived
to obtain the magnitude coefficients of different types of propagation modes. Through
these coefficients one can establish which are the dominant propagation mechanisms
as a function of the source.

Thirdly, most common on-chip interference sources are analyzed from an electro-
magnetic perspective. These studies include transistors with different architectures
and working in different configurations, as well as substrate contacts. Their current
density distribution is obtained by means of device simulations. This information is
linked to the previous conclusions in order to establish which is the nature of the most
significant contributions to substrate coupling. In order to do that, not only the inter-
ference source magnitude is taken into account, but also its matching with a certain
propagation mode. With this, a more accurate assessment is performed, identifying
and quantifying the most critical interference sources as a function of the substrate in
which they are implemented.

Subsequently, on-chip passive isolation structures are characterized. For that, they
are modeled as waveguide discontinuities transverse to the direction of interference
propagation. With this, the same models can be used to represent any structure
designed for interference blocking purposes that interrupts the substrate stack. The
proposed modeling methodology enables the characterization of the structure isolation
effectiveness for each propagation mode. It also allows us to quantify the contribution of
different isolation mechanisms (such as distance and different parallel and transverse
isolation layers), and identify effects derived from multimodal propagation such as
mode interaction and mode conversion. In addition, the source matching information
is included when obtaining the structure transfer function, showing that the transfer
function is also source-dependent.

Finally, the developed modeling methodology and associated knowledge have been
applied to a study case. This consists in a newly designed chip in which a technology
EMC assessment has been performed. Based on the outcome, some specific layout
and design recommendations have been elaborated to increase its robustness against
substrate coupling.

The results obtained throughout the dissertation have been validated either with
full-wave simulations or on-chip measurements.
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Resum

L’objectiu d’aquesta tesi és el desenvolupament d’una metodologia per avaluar l’impacte
de les eleccions tecnològiques en la compatibilitat electromagnètica dels circuits inte-
grats. Els problemes de compatibilitat electromagnètica poden derivar en costosos i
llargs redissenys. Per aquest motiu, és molt important ser capaç de predir i tenir en
compte aspectes relacionats amb la compatibilitat electromagnètica el més aviat pos-
sible en el procés de disseny. En aquest sentit, la elecció de la tecnologia és un dels
primers passos. Durant aquesta fase primerenca, alguns parametres importants op-
eracionals i f́ısics, com la freqüència d’operació o el traçat del circuit, poden no estar
definits. De totes formes, disposar d’informació sobre les implicacions de les decisions
tecnològiques en els mecanismes de generació i propagació de la interferència, i en la
efectivitat de les estructures de protecció, és molt valuós degut a que estan molt lligades
a la tecnologia amb la qual són implementades.

Aquesta tesi és centra en un problema de compatibilitat electromagnètica espećıfic
dels circuits integrats i molt lligat a paràmetres tecnològics: l’acoblament a través del
substrat. Tradicionalment, el substrat d’un circuit integrat es representa amb xarxes
equivalents d’elements concentrats, que són combinades amb el circuit funcional, resul-
tant en simulacions molt llargues i complexes. En aquesta tesi, s’ha desenvolupat una
metodologia de modelatge que permet tractar aquest problema més aviat en el procés
de disseny i amb molt poc esforç computacional. No obstant, la seva caracteŕıstica
més important és que aquesta metodologia proporciona informació i ajuda a entendre
els fenòmens f́ısics responsables de l’acoblament a través del substrat. Aquesta infor-
mació és clau per habilitar un entorn de disseny on es tinguin en compte els problemes
d’interferència i per generar directrius i recomanacions de disseny per a qualsevol node
tecnològic. Per tant, els models desenvolupats estan pensats per proporcionar infor-
mació a l’hora de decidir quin node tecnològic és millor per un nou circuit integrat,
elaborar noves directrius de disseny, determinar si directius de disseny existents són
aplicables a una nova tecnologia i ajudar a la planificació del traçat d’un circuit.

Per tal d’avaluar l’impacte d’una certa opció tecnològica sobre l’acoblament a través
del substrat, el problema s’ha dividit en diferents parts.
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En primer lloc, s’han estudiat els mecanismes de propagació que tenen lloc en
aquestes estructures. Per això, substrats de circuits integrats s’han caracteritzat com
a guies d’ona dielèctriques multicapa amb pèrdues. S’han definit els mecanismes i
modes de propagació que contribueixen de forma més significativa al acoblament per
substrat. Un cop s’han establit quins són els coeficients de propagació més importants
per cada tipus de substrat, paràmetres com l’atenuació caracteŕıstica o la localització
de resonàncies poder ser determinats mitjançant formulació tancada. Això permet
una predicció ràpida i acurada del comportament electromagnètic del substrat sense
la necessitat de calibració externa o eines d’extracció.

En segon lloc, la caracterització electromagnètica del substrat s’ha utilitzat per
estudiar el paper que juguen la forma i orientació de les distribucions de corrent que
actuen com a fonts d’interferència. S’ha quantificat la habilitat d’una certa distribució
de corrent per excitar interferència i s’han derivat expressions tancades per obtenir els
coeficients de magnitud de diferents tipus de modes de propagació. A través d’aquests
coeficients es pot establir quins són els mecanismes de propagació dominants en funció
de la font.

En tercer lloc, les fonts d’interferència més comunes s’han analitzat des d’un punt
de vista electromagnètic. Això inclou tant transistors amb diferents arquitectures i
configuracions, com contactes de substrat. S’han obtingut les seves distribucions de
corrent mitjançant simulacions. Aquesta informació s’ha combinat amb els models
desenvolupats per tal d’establir la natura de les contribucions més significatives al
problema de l’acolpament per substrat. Per tal de portar-ho a terme, no només s’ha
tingut en compte la magnitud de la font d’interferència, sino que també s’ha considerant
la seva adaptació amb cada mode de propagació. Amb aixó, es pot portar a terme una
avaluació més acurada, aix́ı com identificar i quantificar les fonts d’interferència més
cŕı en funció del tipus de substrate en el que són implementades.

Posteriorment, s’han caracteritzat les estructures d’äıllament integrades. Aque-
stes s’han modelat com a discontinuititats en guia d’ona, transversals a la direcció de
propagació. Amb això, els mateixos models es poden fer servir per representar qual-
sevol estructura dissenyada per bloquejar la propagació d’interferència, que interrompi
la continuitat del substrat. La metodologia de modelatge que s’ha proposat permet la
caracterització de l’efectivitat d’äıllament per a cada mode de propagació. Això permet
a la vegada quantificar la contribució de diferents mecanismes d’äıllament quan són im-
plementats simultàniament, i identificar efectes derivats de fenòmes com la conversió
i la interació entre modes. A més, informació relativa a l’adaptació de la font també
pot ser inclosa a l’anàlisi, demostrant que la funció de transferència també depen de la
font.

Finalment, la metodologia desenvolupada i el coneixement que s’hi deriva s’han
aplicat a un cas d’estudi. Aquest consiteix en un circuit integrat de nou disseny, en el
que s’ha portat a terme una avaluació de la tecnologia a nivell de compatibilitat electro-
magnètica. A partir dels resultats obtinguts, s’han generat recomanacions i directrius
de disseny, per tal d’incrementar la robustesa contra l’acoblament per substrat.

Els resultats obtinguts al llarg d’aquesta tesi han estat validats per mitjà de simu-
lacions electromagnètiques o mesures.
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Chapter 1

Introduction

In the past years, integration levels in electronic systems have been continuously in-
creasing so as to enable the development of high-performance products and applica-
tions [1, 2]. This implies that different electronic functional blocks (microcontrollers,
RF modules, A/D converters, switched-mode power converters, etc) are implemented
in the same chip and, therefore, unwanted coupling can potentially occur between
them. As integration levels increase, multiple electromagnetic compatibility (EMC)
and signal integrity issues arise [3–5].

Generally speaking, we define an integrated circuit (IC) with a good electromagnetic
compatibility performance as the one that fulfills the following conditions:

• Remains fully operational under the presence of external disturbances.
• Does not generate electromagnetic perturbations that may affect the normal op-

eration of the surrounding components, circuits or systems.
• Its multiple subsystems and components do not electromagnetically interfere each

other, causing operational errors or even permanently damaging some elements.

The assessment of the EMC performance of an IC is rather complex [5, 6], as
there are many factors of diverse origin whose effect should be considered. Some
of these factors are, for instance: technology and layout, specific digital and analog
functionality, IC die size and package, and external components. In addition, depending
on the specific case, the contribution of each parameter and the possible interactions
between them may be different.

Circuit designs that fail to comply with EMC levels [7, 8], lead to expensive and
time-consuming redesigns, therefore, it is important to predict and detect potential
EMC issues as early as possible. In that sense, one of the earliest stages of the design
flow is the one concerning technology-related choices.

1



1. Introduction

We are in a context where there is a wide range of parameters and combinations
of them, at component, circuit and system level, that have an impact on the EMC
performance [9,10]. In addition, no clear figures of merit exist to establish in a fair and
rigourous way the EMC behavior of an IC [4]. For this reason, in order to determine
the impact of a certain technology choice on the overall EMC performance of an IC,
the problem boundaries and a clear methodology need to be defined.

In order to do that, in this thesis, we will focus on one of the IC specific EMC issues
strongly linked to technology choices: substrate coupling. In an IC, the substrate
provides a common path for interference to spread among circuits [11], being especially
significant for mixed-signal applications where noisy digital circuits and power circuitry
are integrated with sensitive analog subsystems [12,13].

1.1 Overview of substrate modeling strategies

Traditionally, the effect of different types of substrates on interference coupling have
been studied experimentally [14–16], by drawing conclusions from the results of sim-
ulations and measurements. In this section, we present a high-level overview of the
main substrate modeling strategies found in literature.

When modeling the effect of the substrate from an EMC perspective, one can
choose between several approaches and techniques. Generally speaking, we can classify
them into three different categories: analytical, computational and experimental. A
summary of their main characteristics and challenges is presented in Table 1.1.

Analytical models provide a physical description of substrate effects often in a
mathematically closed-form way. However, these are normally derived from very sim-
plified structures [17] and therefore are not applicable to real cases. An example is the
derivation of the equivalent resistance of a substrate section described in [11].

One can also rely on computational techniques [18, 19]. A wide variety of these
methods have been proposed in the past years to represent the different substrate con-
figurations. An overview of these techniques can be found in [6]. A common approach
when using computational techniques is to extract the values of lumped elements form-
ing behavioral equivalent networks [20, 21]. These can be easily combined with the
functional circuit, in order to fully characterize the parasitic effects due to substrate
interactions [14, 22]. However, this leads to extremely large and time-consuming sim-
ulations with the obvious compromise between speed and accuracy. An alternative
computational option is to use electromagnetic (EM) simulators to perform a full-wave
characterization. They have proven to provide an accurate representation of the sub-
strate [11, 16], but they lead to even longer and more complex simulations and are
difficult to integrate in the design flow.

One possible way to reduce the complexity of computational substrate modeling is
to neglect the contribution of time-varying magnetic fields by assuming an electroqua-
sistatic (EQS) approach [23], instead of considering an EM full-wave representation.
Obviously, the EQS assumption is only valid for a limited frequency range, as it ne-
glects propagative effects. In the context of IC modeling, an investigation of this

2



1.1. Overview of substrate modeling strategies

Table 1.1: High-level overview of substrate modeling strategies

Approach Type of results Challenges

Analytical
Closed-form physical

description

Suitable for simple cases
Accuracy issues in complex
environments
High levels of abstraction are
required

Compu-
tational

Behavioral
networks

Extracted equivalent
lumped elements

Long and complex simulations
Broadband accuracy issues

Full-wave
simulations

S-parameters, EM
fields

Longer and more complex
simulations than with
behavioral networks
Difficult design flow integration

Experimental Measurements
High cost, time consuming
Influence of external factors
High complexity measurements

validity range for homogeneous substrates is provided in [24]. In an IC, the usual size
of the structures under study is much smaller than the wavelength of operation λ. For
instance, in Silicon, at 1 GHz λ is in the order of 90 mm, so an EQS approach is com-
monly used. Equivalent purely resistive or RC substrate networks are often derived
from EQS representations. However, from the conclusions of [24], it can be seen that
the size is not the only constraint that has to be taken into account. In order to deter-
mine whether an EQS approach is sufficient to accurately characterize the substrate
behavior, two main factors should also be considered.

The first one is the skin effect [25] that describes how currents are distributed inside
a conductive region. This is a limiting factor especially for heavily doped substrates
[24]. The second one relies on the fact that, at a given frequency, the size constraint is
more significant for substrates with higher resistivity [24]. This is especially important
for lightly doped substrates. As a result, in the context of substrate modeling, the
conclusions presented in [24] establish that a practical frequency limit for an EQS
approach, taking into account the combination of all previously described constraints,
is set to be at a few hundred MHz. Above this frequency range, the validity of an EQS
approach should be assessed for each particular case as a function of the specific doping
profile and the distance to the source of interference. Nevertheless, these conclusions
are based on a homogeneous case and, therefore, the possible limitations derived form
lateral variations on the doping profiles are not taken into account.

Finally, one can also rely on an experimental approach and characterize the effect of
substrate coupling by measuring on-chip test structures [11]. These are very complex
measurements which are often influenced by external factors such as the type of test
structure used, the calibration method or the measurement equipment itself [26–28].
Furthermore, when one wants to evaluate the impact of a specific parameter, it is crucial
to make sure that the effect of other variables is not leading to biased or incorrect
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1. Introduction

conclusions. It is essential to define up to what extent one can extrapolate these
conclusions and can make general statements. One possible approach is to carefully
define a wide range of study cases and combine the parameter under study with several
other options for the external variables, in order to make sure that the conclusions
are representative [29, 30]. However, to design, simulate, implement, and perform
measurements over a complete set of study cases combining, for example, different
functional circuits with different layouts and in different technologies is usually not
possible from a project budget and time-to-market point of view.

1.2 Motivation: EMC assessment of technology choices

The EMC assessment of a certain technology choice may be required when deciding
which technology node or option is better for a new IC, elaborating design guidelines,
determining if current design guidelines are still applicable in a new technology or for
layout planning design phases. At these stages, to have information about the effect
of parameters such as the type of substrate and/or certain variations in the doping
profile of that substrate may be crucial in order to predict potential EMC issues.

Focusing on the substrate coupling issue, it is obvious that the chosen substrate
technology will determine the way in which interference spreads throughout the whole
chip. Nevertheless, the properties of the substrate structure as coupling path are not
the only parameters that should be taken into account in an EMC assessment. In order
to be able to handle the complexity of determining the EMC performance of a certain
technology option, we will split the problem in four parts:

• Interference generation,
• Interference propagation,
• Interference reception and
• Protection structures.

Therefore, in order to evaluate the performance of a certain substrate technology in
terms of coupling level, interference propagation mechanisms in the substrate structure
should be well understood and accurately characterized. Furthermore, in order to
assess the overall impact of substrate options, we should also consider how a certain
substrate affects noise generation and reception mechanisms and the effectiveness of
protection structures that may be implemented in it. In addition, the presence of
passive isolation structures may affect interference propagation mechanisms in the
substrate, so they should be included as a boundary condition.

On the other hand, when assessing the EMC performance of a certain technology,
the final application and/or the circuit are not fully defined yet. This means that
important parameters in EMC such as the frequency of operation or the topology of
the circuit remain unknown. In that sense, the performance degradation of a circuit
due to unintended coupling is very difficult to determine beforehand as it depends on
the exact functionality and topology [30,31]. Subsequently, the impact on interference
reception mechanisms or, in other words, the assessment of the susceptibility should be
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1.3. Project goals

performed for a known potential victim. For this reason, in this thesis we will base the
EMC performance assessment of a certain technology choice on the following aspects:
interference generation, interference propagation and protection structures.
We are therefore neglecting the impact of specific victim circuit implementations. Nev-
ertheless, the information derived from an EMC performance assessment of a certain
technology can be subsequently taken into account when making circuit implementa-
tion choices (topology, functionality, frequencies of operation, etc).

1.3 Project goals

The main goal of this thesis is to develop a methodology to provide insight and evaluate
the implications of the technology choice on the EMC performance of ICs. According
to the previous discussion this can be divided in the following specific goals:

Understand, characterize and provide insight into the impact of a certain technology
option on:

• Interference propagation mechanisms in substrates, including different study cases
and boundary conditions.

• Noise generation and substrate interference injection mechanisms for different
device architectures, biasing conditions and operational configurations.

• Effectiveness of substrate isolation structures.

Therefore, the goal of this thesis is not to provide a collection of tailored design
guidelines for a set of study cases, but to develop a modeling methodology intended to
be a tool to provide insight into interference generation, propagation and isolation in IC
substrates. This should be a generalized methodology applicable to any substrate type,
technology node and any isolation structure, while avoiding the need of calibration nor
the use of extraction tools.

The methodology will not be intended for modeling specific layout details, as this
is not required until more advanced design stages. In such advanced phases, topo-
logical and operational parameters of the specific application are defined and typical
computational techniques [6] are more suitable for accurate modeling (at a cost of high
simulation times).

Ideally, early prediction models should be fast in order to evaluate the performance
of multiple parameter sweeps within a reasonable time and still be able to provide
relatively accurate behavior trends for the parameters under study in a wide frequency
range. In addition, they should provide insight into the physical phenomena behind
substrate coupling as well as interference generation and reception mechanisms. This
is a key point to enable a disturbance-aware design environment and avoid unnecessary
design loops.

For all the previously stated reasons, we will deal with the main goal of this the-
sis using a propagative approach. Substrates will be characterized as structures able
to support interference propagation modes and, subsequently, we will determine how
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different technology options and doping profile variations impact on interference prop-
agation patterns. We take advantage of the fact that early prediction models require
high levels of abstraction to base the developed methodology on an analytical modeling
approach, derived from a physical description of the substrates. Avoiding black box
models (often used in computational representations) will contribute to provide a better
understanding of the propagative phenomena. We choose this disruptive approach be-
cause it allows us to provide additional insight into the substrate coupling issue, which
is a key factor to elaborate generalized design guidelines and design recommendations

1.4 Organization of the thesis

This thesis is organized in the following manner. Firstly, an investigation of interfer-
ence propagation mechanisms responsible for substrate coupling is carried out. Subse-
quently, this novel propagative characterization approach and the new insights derived
from it will be used to go through each of the previously defined specific goals in order
to build up a generalized modeling methodology. Finally, we will apply the developed
models to a complete IC study case.

A detailed list of the chapters and contents is provided below.

• Chapter 2: Interference Propagation Mechanisms in IC Substrates
In this chapter, interference propagation mechanisms supported by substrate
structures are studied, determining which of them have a greater contribution to
the problem of substrate coupling. An analytical modeling approach is followed
to derive a closed-form formulation for interference prediction purposes.

• Chapter 3: Source-mode Matching This chapter investigates how different
current distribution patterns are able to excite the previously defined propagation
mechanisms. A closed-form formulation is developed to quantify the amount of
induced interference.

• Chapter 4: On-chip Interference Generation Most common on-chip struc-
tures responsible for interference generation (including devices and substrate con-
tacts) are characterized by their current density footprint and their matching to
the previously defined interference propagation paths.

• Chapter 5: Substrate Discontinuities In this chapter, a methodology is
developed to characterize different types of substrate discontinuities which are
transverse to the direction of interference propagation. This is used to represent
different cascaded doping profiles.

• Chapter 6: Passive Isolation Structures Different kinds of integrated passive
isolation structures are characterized and a methodology is developed to assess
their isolation effectiveness.

• Chapter 7: Complete IC Analysis: a Study Case The developed modeling
methodology is applied to perform an EMC technology assessment of a newly
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1.4. Organization of the thesis

designed chip, establishing a practical criterion on how to deal with a complete
IC problem.

• Chapter 8: Conclusions and Recommendations Finally, based on the re-
sults obtained, some conclusions and design recommendations are provided.
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Chapter 2

Interference Propagation
Mechanisms in IC Substrates

2.1 Introduction

The study of unintended propagation mechanisms in IC substrates is crucial to provide
insight into several phenomena responsible for diminishing their performance. This
refers mainly to unwanted electromagnetic interference coupling. However, substrate
induced EM fields are also responsible for on-chip components performance degradation
[33,34].

In this chapter, different types of substrate technology options are characterized
from a propagative perspective and in a broad frequency range. For this purpose, the
substrates (and adjacent layers) will be modeled as lossy dielectric waveguides. Firstly,
the propagation modes that this type of structures are able to support are defined and,
subsequently, those ones with a greater contribution to substrate coupling are selected,
taking into account the typical size, the frequency and other physical properties of IC
substrates. Finally, by performing a modal expansion of substrate induced fields, we
will set the basis for a closed-form electromagnetic interference prediction methodology.

Part of the content of this chapter has been published previously as [32]:

• M. Grau Novellas, R. Serra and M. Rose,“Methodology for Coupling and Interference Prediction
in Integrated Circuit Substrates,” IEEE Transactions on Electromagnetic Compatibility, vol.
58, no. 4, pp. 1118-1127, 2016.
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Figure 2.1: Doping profiles of the standard IC substrates considered.

2.2 IC substrate structures

As a consequence of device switching activity, currents are injected into the substrate
[1]. These currents will follow the lowest impedance path until being collected in a
ground plane or terminal, and subsequently close the loop. In addition, these currents
will also excite electromagnetic waves that will propagate through the substrate, being
a coupling mechanism between two separate areas of the IC that are meant to be
isolated from each other.

The structures under study consist of a complex combination of regions with dif-
ferent doping profiles together with dielectric isolating blocks. If we do not consider
circuit-related topologies, the substrate can be approached as a multilayered structure
characterized by different doping steps in the vertical direction and practically homo-
geneous in the horizontal direction [14,35]. Figure 2.1 shows an example of the typical
cross sections of some standard IC substrates: lightly-doped, heavily-doped and silicon
on insulator (SOI).

Generally speaking, the layer structure from bottom to top is typically formed by

• Layer 1, the substrate itself
• Layer 2, an insulating layer that is either silicon oxide or lowly doped silicon
• Layer 3, the more heavily doped active region.

If additional doping steps exist, these can be easily represented by adding more
layers to the stack.

In order to perform a general EM characterization of such structures, these can
be approached as a multilayered stack with m lossy dielectric layers, where layer n
is characterized by its permittivity εn, conductivity σn and absolute height hn. We
will assume that all materials are nonmagnetic (µr = 1). We will model the stack as
bounded by a perfect electric conductor (PEC) at the bottom, due to the close presence
of a ground plane in either the chip itself or the printed circuit board (PCB). At the
top, layer m+1 will be a non-conductive half-space. In the absence of a discontinuity, a
wave excited by parasitic currents will propagate following a cylindrical wave pattern.
Therefore, the substrates under study can be modeled as semi-open inhomogeneous
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x

y

z

rϕ 

σ1, ε1, h1

σ2, ε2, h2

σm, εm, hm

Figure 2.2: Substrate stack characterized as a multilayer lossy dielectric structure.

radial waveguides (see Fig. 2.2). Propagation in the radial direction of such structures
is described by transverse electric (TEz) and transverse magnetic (TMz) propagation
modes [25].

Due to the unbounded characteristic of the structures under study, the propagation
coefficients of the supported modes can have both a discrete and a continuous spectrum
of values [36]. The discrete part corresponds to bounded modes (surface waves) while
the continuous spectrum corresponds to unbounded radiation modes, which can be
either propagative or evanescent [37]. The propagating subset accounts for radiation
to the open space, while the evanescent subset accounts for energy storage close to the
source. The total electric and magnetic fields are the superposition of all contributions.

Given the typical size of an IC (in the order of a few millimeters) and depending
on the frequency and the exact distance to the source of interference, some types of
modes will have a negligible contribution. In Section 2.3 all types of modes will be
characterized. In Section 2.4 and, subsequently, in Chapter 3, the relevant propagation
modes will be selected and a criterion will be established on under which circumstances
it is possible to neglect certain types of modes.

2.3 Substrate EM characterization

2.3.1 Field modal expansion

By performing a modal expansion of the induced EM fields, one can gain insight
into which are the dominant propagation mechanisms for a certain doping profile.
Therefore, the total induced electric and magnetic field can be expressed as follows

E =

∞∑
i=1

C(kri)e(kri) +

�
D
C(kr)e(kr) dkr , (2.1)
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2. Interference Propagation Mechanisms in IC Substrates

H =

∞∑
i=1

C(kri)h(kri) +

�
D
C(kr)h(kr) dkr , (2.2)

where the discrete summation corresponds to the contribution of surface waves and
the integral term represents the contribution of the continuous spectrum of radiation
modes, D is the integration domain in the complex plane, kr is the radial propagation
coefficient of each mode and C(kr) is the modal amplitude coefficient.

In order to derive expressions for field modal components, we start by defining
the magnetic vector potentials that satisfy the homogeneous Helmholtz equation in
cylindrical coordinates. The magnetic field is related to the magnetic vector potential
A as [25]

H =
1

µ
∇×A . (2.3)

Subsequently, once the magnetic field is known, the electric field can be obtained
either by applying the Lorenz gauge condition [25]

E = −jωA− j
1

ωµε
∇(∇ ·A) , (2.4)

or

E =
1

jωε
(∇×H) , (2.5)

where ω is the angular frequency, µ is the magnetic permeability and ε is the electric
permittivity.

The general expression for the components of the magnetic vector potential in the
n-th layer of the substrate stack, assuming only forward propagation, is [25]

Aαn(r, φ, z) = λ1αnH
2
p (krr)(λ2αn cos(pφ) + λ3αn sin(pφ))

(λ4αn cos(kznz) + λ5αn sin(kznz)) , (2.6)

where kr and kzn are the radial and vertical propagation coefficients respectively, re-
lated to the wavenumber by the dispersion equation k2n = k2r + k2zn = ω2µεn. The
propagation is described by Hankel functions of the second kind [38] and λ1αn-λ5αn are
coefficients to be determined by the corresponding boundary conditions. The subscript
α = r, φ, z represents each component in cylindrical coordinates. The components of
the magnetic vector potentials used to derive field expressions will be determined by
the orientation of the specific current density distribution acting as a source [25].

At this point we will consider that any realistic on-chip current distribution that
can potentially excite interference, can be expressed as a superposition of a vertically-
oriented (ẑ) and a horizontally-oriented (x̂) contribution. We will now derive expres-
sions for a field modal expansion, in both cases.

2.3.2 Vertically-oriented sources

A purely vertical current distribution injected at a certain point is radially symmet-
ric. Therefore, without the presence of angular or radial discontinuities, the reasonable
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solutions are also the ones that exhibit radial symmetry or, in other words, just the fun-
damental angular mode should be considered (p = 0). Equation (2.6) can be simplified
as follows

Azn(r, φ, z) = λ1znH
2
0 (krr)(λ4zn cos(kznz) + λ5zn sin(kznz)) . (2.7)

Subsequently, taking into account that the structure is bounded by a PEC at the
bottom, we define the magnetic vector potential for layers n = 1 to m as

Azn = CznH
2
0 (krr) cos(kzn(z − hn−1) +Dzn) , (2.8)

while for layer m+1 it can be expressed as follows

Azm+1 = Czm+1H
2
0 (krr)e

−jkzm+1z . (2.9)

In (2.8) and (2.9), the different amplitude-related coefficients, which are a function
of the source, have been grouped in Czn. The phase-related coefficients have been
grouped in Dzn.

The resulting expressions for electric and magnetic field components for 1 ≤ n ≤ m
(2.8) are, respectively:

Ezrn =
−j

ωµεn
CznH

2
1 (krr)krkzn sin(kzn(z − hn−1) +Dzn) , (2.10)

Ezzn =
−j

ωµεn
CznH

2
0 (krr)k

2
r cos(kzn(z − hn−1) +Dzn) , (2.11)

Hz
φn =

1

µ
CznH

2
1 (krr)kr cos(kzn(z − hn−1) +Dzn) , (2.12)

while expressions for n = m+ 1 (2.9) are:

Ezrn =
−j

ωµεn
CznH

2
1 (krr)krkznje−jkznz , (2.13)

Ezzn =
−j

ωµεn
CznH

2
0 (krr)k

2
re
−jkznz , (2.14)

Hz
φn =

1

µ
CznH

2
1 (krr)kre

−jkznz , (2.15)

which correspond to TMz modes. By applying the continuity condition of tangential
field components at the discontinuity interface, one can relate the different substrate
layer parameters as

Czn+1 = Czn
cos(kzn(hn − hn−1) +Dzn)

cos(Dzn+1)
. (2.16)

In order to meet the boundary conditions with the PEC interface at the bottom of
layer n = 1, Dz1 phase shift should be equal to zero. The calculation of the amplitude
coefficients Czn as a function of the source current density distribution will be treated
in Chapter 3.
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2.3.3 Horizontally-oriented sources

We consider a horizontal current distribution oriented in the x̂ direction. If the mag-
netic vector potential is expressed in cylindrical coordinates, two different components
should be taken into account

Ax = Ar cos(φ)−Aφ sin(φ) . (2.17)

Following the same procedure as in Sec. 2.3.2, the reasonable solutions for the
magnetic vector potential that match the source pattern are those where the angular
modal coefficient p = 1

Axn(r, φ, z) = λ1rnH
2
1 (krr) cos(φ)(λ4rn cos(kznz) + λ5rn sin(kznz))−

−λ1φnH2
1 (krr) sin(φ)(λ4φn cos(kznz) + λ5φn sin(kznz)) . (2.18)

However, if we use (2.18) together with (2.3) to obtain the magnetic field expressions
and, subsequently, we want to derive expressions for the electric field, we find that the
results obtained using (2.4) and using (2.5) are not consistent with each other. This
is an indication that horizontally-oriented sources may excite different types of modes.
To overcome this, we will treat the radial and angular components of the magnetic
vector potential as independent sources. Then, we will perform an additional angular
even/odd source decomposition.

We redefine the radial component of the magnetic vector potential as

Arn(r, φ, z) = λ1rnH
2
1 (krr) cos(φ)(λ4rn cos(kznz) + λ5rn sin(kznz)) . (2.19)

Using (2.19) together with (2.3) and (2.4), results in the following field components
within the substrate stack. Taking into account the bottom PEC boundary condition,
for 1 ≤ n ≤ m, we can rewrite them as

Err =
−j

ωµεn
CernH

2
1 (krr)k

2
zn cos(φ) sin(kzn(z − hn−1) +Drn) , (2.20)

Erφ =
−j

ωµεn
CornH

2
0 (krr)

(−kr)
r

sin(φ) sin(kzn(z − hn−1) +Drn) , (2.21)

Erz =
−j

ωµεn
CernH

2
0 (krr)kr cos(φ) cos(kzn(z − hn−1) +Drn) , (2.22)

Hr
φ =

1

µ
CernH

2
1 (krr) cos(φ)kzn cos(kzn(z − hn−1) +Drn) , (2.23)

Hr
z =

1

µ
Corn

H2
1 (krr)

r
sin(φ) sin(kzn(z − hn−1) +Drn) , (2.24)

where the amplitude and phase coefficients have been grouped. However, now we
reassign different amplitude coefficients Cern and Corn to the terms with even and odd
angular dependency, respectively. Then, we obtain again expressions for electric field
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components using the derived magnetic field expressions (2.23) and (2.24) and the
second procedure (2.5)

Err =
−j

ωµεn

[
CernH

2
1 (krr)k

2
zn + Corn

H2
1 (krr)

r2

]
cos(φ) sin(kzn(z−hn−1)+Drn) , (2.25)

Erφ =
−j

ωµεn
Corn

[
H2

0 (krr)
(−kr)
r

+
2H2

1 (krr)

r2

]
sin(φ) sin(kzn(z−hn−1)+Drn) , (2.26)

Erz =
−j

ωµεn
CernH

2
0 (krr)kr cos(φ) cos(kzn(z − hn−1) +Drn) . (2.27)

Comparing (2.20)-(2.22) to (2.25)-(2.27), it is obvious that for the two methods to
be consistent with each other, the odd amplitude coefficient Corn has to be set to zero.
Similarly to the vertically-oriented source case, this also results in TMz propagation
modes, with field components Er, Ez and Hφ. In this case, the different layer amplitude
coefficients are related as

Crn+1 = Crn
kzn cos(kzn(hn − hn−1) +Drn)

kzn+1 cos(Drn+1)
. (2.28)

where, in order to meet the boundary conditions with the PEC interface at the bottom
of layer n = 1, Dr1 phase shift should be equal to zero. The calculation of the amplitude
coefficients Crn as a function of the source current density distribution will be treated
in Chapter 3.

To follow an equivalent procedure with the angular component of the magnetic
vector potential, we consider the following expression

Aφn(r, φ, z) = λ1φnH
2
1 (krr) sin(φ)(λ4φn cos(kznz) + λ5φn sin(kznz)) . (2.29)

However, the magnetic field expressions obtained from (2.29) do not allow perform-
ing an angular even/odd decomposition. In order to overcome this, we will define an
equivalent magnetic current source, associated with an electric vector potential F [25].
In a reciprocal way, the electric field is related to F as

E =
−1

ε
∇× F . (2.30)

Subsequently, once the electric field is known, the magnetic field can be obtained
either by [25]

H = −jωF− j
1

ωµε
∇(∇ · F) , (2.31)

or

H =
−1

jωµ
(∇×E) . (2.32)
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To define an equivalent magnetic current source, we will select the electric vector
potential F that generates the same magnetic field as Aφn (2.29). We take, for exam-
ple, the component Hφ

z and, using both (2.3) and (2.31), derive an expression for an
equivalent electric vector potential. This is found to be

Fzn(r, φ, z) = λ1φnjωε
H2

0 (krr)

kr
sin(φ)(λ4φn cos(kznz) + λ5φn sin(kznz)) . (2.33)

Similarly, we use (2.33) together with (2.30) and (2.31) to obtain the field compo-
nents, and subsequently reassign angular even and odd amplitude coefficients respec-
tively (Ceφn and Coφn). Taking into account the bottom PEC boundary condition, we
can rewrite the obtained field components within the substrate stack (1 ≤ n ≤ m) as

Eφr = −jωCeφn
H2

0 (krr)

krr
cos(φ) sin(kzn(z − hn−1) +Dφn) , (2.34)

Eφφ = −jωCoφnH
2
1 (krr) sin(φ) sin(kzn(z − hn−1) +Dφn) , (2.35)

Hφ
r =

−1

µ
CoφnH

2
1 (krr)kzn sin(φ) cos(kzn(z − hn−1) +Dφn) , (2.36)

Hφ
φ =

1

µ
Ceφn

H2
0 (krr)

krr
kzn cos(φ) cos(kzn(z − hn−1) +Dφn) , (2.37)

Hφ
z =

1

µ
CoφnH

2
0 (krr)kr sin(φ) sin(kzn(z − hn−1) +Dφn) , (2.38)

where the phase coefficients have been grouped in Dφn. Then, we obtain again ex-
pressions for the magnetic field components using the derived electric field expressions
(2.34) and (2.35), together with (2.32)

Hφ
r =

−1

µ
CoφnH

2
1 (krr)kzn sin(φ) cos(kzn(z − hn−1) +Dφn) , (2.39)

Hφ
φ =

1

µ
Ceφn

H2
0 (krr)

krr
kzn cos(φ) cos(kzn(z − hn−1) +Dφn) , (2.40)

Hφ
z =

1

µ

[
CoφnH

2
0 (krr)kr + Ceφn

H2
0 (krr)

krr2

]
sin(φ) sin(kzn(z − hn−1) +Dφn) . (2.41)

In this case, to assure consistency between both solutions, the even amplitude
coefficient Ceφn has to be zero. The resulting field components are Eφ, Hr and Hz,
which correspond to a transverse electric propagation mode TEz. In this case, the
different substrate layer parameters are related as

Cφn+1 = Cφn
sin(kzn(hn − hn−1) +Dφn)

sin(Dφn+1)
. (2.42)
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2.3.4 Discrete modes

As stated in Sec. 2.3.1, discrete propagation modes correspond to waves which are
confined within the substrate multilayered stack [36, 37]. This means that while they
effectively propagate in the radial direction, they are evanescent in the vertical di-
rection, i.e. in the upper semi-infinite non-conductive medium. Their propagation
coefficients depend on the physical parameters of the structure and the frequency of
operation. From the obtained field expressions, eigenvalue equations can be derived to
obtain the discrete propagation coefficients that correspond to surface waves [25].

In order to derive these, we relate the tangential field components at both sides of
a vertical discontinuity interface. Subsequently, the boundary condition of evanescent
fields at the upper interface is enforced. The equation obtained both from the field
expressions generated by the Az and Ar vector potentials (TMz modes), for 1 ≤ n ≤ m,
is

kzn
εn

tan(kzn(hn − hn−1) +Dn) =
kzn+1

εn+1
tan(Dn+1) , (2.43)

together with the condition

tan(kzm(hm − hm−1) +Dm) =
jkzm+1εm
kzmεm+1

. (2.44)

On the other hand, solutions derived from Aφ (TEz modes), result in the following
eigenvalue equation (1 ≤ n ≤ m)

kzn
µ

cot(kzn(hn − hn−1) +Dn) =
kzn+1

µ
cot(Dn+1) , (2.45)

together with the condition

cot(kzm(hm − hm−1) +Dm) =
−jkzm+1

kzm
. (2.46)

The parameters of any of the structure interfaces can be used for solving (2.43) and
(2.45), as long as the information of the remaining discontinuities is included in the
phase shift parameters. As an example, the equations for finding the TMz propagation
coefficients of a three-layer case (m = 3) are

tan(Dz3) =

ε3jkz4
ε4kz3

− tan(kz3(h3 − h2))

1 + ε3jkz4
ε4kz3

tan(kz3(h3 − h2))
, (2.47)

tan(Dz2) =

ε2kz3 tan(Dz3)
ε3kz2

− tan(kz2(h2 − h1))

1 + ε2kz3 tan(Dz3)
ε3kz2

tan(kz2(h2 − h1))
, (2.48)

1

ε1
kz1 tan(kz1h1) =

1

ε2
kz2 tan(D2z) , (2.49)

where the information of the conductivity in each layer is represented by a complex
permittivity εn = ε0εrn − jσn/ω.

17



2. Interference Propagation Mechanisms in IC Substrates

2.3.5 Radiation modes

The complete solution of electromagnetic fields in open-boundary lossy dielectric waveg-
uides, such as the multilayered substrate structures under study, consists of the com-
plete set of discrete solutions of the transcendental equations (2.43) and (2.45), plus the
contribution of radiation modes that have a continuous eigenvalue spectrum [36,37].

In the case of propagating radiation modes, the radial propagation coefficient takes
the finite range of values 0 < kr < k0, where k0 is the wavenumber in vacuum. This
type of modes account for radiation into the open space. As the real part of the
propagation coefficients has a low value and there is no imaginary part, it is expected
that they exhibit low field values, large wavelengths and no attenuation. Therefore
one can conclude that they may play a significant role for high frequencies and/or for
distances far from the source.

For the case of evanescent radiation modes, the propagation coefficient takes the
infinite range of values −j∞ < kr < j0. As there is no real part, they do not effectively
propagate through the substrate structure. Therefore, they are responsible for energy
storage close to the source.

According to the information that one can extract from the radiation modes prop-
agation coefficients value, it is expected that they are not going to play a significant
role in terms of contribution to substrate coupling, compared to surface waves. By
definition, surface waves are able to propagate having their energy confined within the
substrate stack and, therefore, one can expect that they may cause larger field ampli-
tudes. On the other hand, different current density distributions acting as a source
may excite all supported propagation modes differently. Thus, in order to determine
which modes are dominant and in which cases, we have to take into account the source
information. This will be treated in Chapter 3.

2.4 Propagation in standard IC substrates

In Sec. 2.3 we have described all modes that a multilayered lossy dielectric semi-open
structure is able to support. We also have derived a formulation to perform a modal
expansion of fields induced by vertically and horizontally oriented sources. Now this
will be specified for the standard IC substrate types [14, 29]: lightly-doped, heavily-
doped and SOI. The discrete propagation coefficients of both TMz and TEz modes will
be obtained from 1 MHz to 10 GHz. This frequency range has been chosen in order
to cover the majority of EMC-sensitive IC applications (e.g. RF, mixed-signal). The
values used are the ones shown in Fig. 2.1.

2.4.1 Lightly-doped substrates

Lightly-doped substrates are generally formed by a wafer of high-resistivity silicon
(σ = 10 S/m) with a top active layer, whose typical conductivity values are two
orders of magnitude higher than the substrate [14]. The propagation coefficients in the

18



2.4. Propagation in standard IC substrates

106 107 109 1010 108

Frequency (Hz)
(a)

10-2

10-1

100

101

102

103

Re
al

 k
r (

ra
d/

m
)

Radial Propagation Coeff.

Lightly-doped Mode 1 
Lightly-doped Mode 2

106 107 109 1010 108

Frequency (Hz)
(b)

-105

-104

-103

Im
ag

 k
r (
N
p/

m
)

Radial Propagation Coeff.

Lightly-doped Mode 1
Lightly-doped Mode 2

Figure 2.3: Discrete TMz radial propagation coefficients in lightly-doped substrate: (a) real
part and (b) imaginary part.
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Figure 2.4: Discrete TEz radial propagation coefficients in lightly-doped substrate: (a) real
part and (b) imaginary part.

frequency range of interest for TMz and TEz discrete modes, are shown in Fig. 2.3
and 2.4, respectively.

In the case of TMz modes, (2.43) provides two different solutions. Both real parts
have similar values and increase following an exponential trend with respect to fre-
quency. On the other hand, the imaginary parts are almost constant across the fre-
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Figure 2.5: Discrete TMz radial propagation coefficients in heavily-doped substrate: (a) real
part and (b) imaginary part.

quency range (at approximately 10 GHz they start to slightly increase in amplitude).
As the imaginary part of the propagation coefficient determines the wave attenuation,
one can conclude that attenuation patterns will remain approximately constant within
this frequency range. Because mode 2 has a higher negative imaginary part, this will
attenuate faster that mode 1. Close to the source, the amplitude of the induced in-
terference will be determined by both modes. However, as the distance to the source
increases, mode 1 is expected to have a more significant contribution due to its lower
attenuation rate. The thicker and/or more conductive the active layer is, the higher
are the confinement capabilities of the substrate structure and thus that will result in
lower attenuation rates.

In the case of TEz modes, (2.45) provides only one solution, where both real and
imaginary parts follow an exponential trend. This means that attenuation rates also
increase with frequency. According to the values in Fig. 2.4, at low frequencies there
is almost no attenuation. For this type of modes, propagation coefficients are less
sensitive to variations of the doping profile.

2.4.2 Heavily-doped substrates

Heavily-doped substrates consist of a layer of low-resistive silicon (σ = 104 S/m), an
isolating epitaxial layer of high-resistive silicon and a top active layer, where the circuits
are implemented [14]. The propagation coefficients in the frequency range of interest
for TMz and TEz discrete modes, are shown in Fig. 2.5 and 2.6, respectively.

For both types of modes, the high conductivity of the first layer results in higher
propagation coefficient values, especially with regards to the imaginary part (two orders
of magnitude higher than for the lightly-doped case), as the surface wave propagates
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Figure 2.6: Discrete TEz radial propagation coefficients in heavily-doped substrate: (a) real
part and (b) imaginary part.

through a very lossy medium. Because this type of substrate is very inefficient as
waveguide, attenuation rates of discrete modes are extremely high. This means that
both evanescent and propagative radiation modes are more likely to have a significant
role.

2.4.3 SOI substrates

SOI-type substrates are generally formed by a lightly-doped silicon layer, a dielectric
silicon oxide layer implemented for isolation purposes, and the top active region. The
propagation coefficients in the frequency range of interest for TMz and TEz discrete
modes, are shown in Fig. 2.7 and 2.8, respectively.

In the case of TMz modes, the solutions provided by (2.43) exhibit a very differ-
ent pattern than the lightly and heavily-doped bulk technology options. Due to the
presence of the isolation layer, two resonances are observed in Fig. 2.7. When these
resonances occur, the structure is able to confine more energy within the multilayered
stack. Mode 1 is identified as the fundamental mode, as the imaginary part of its
propagation coefficient tends to zero as the frequency decreases. After the resonance,
its attenuation stops increasing and remains almost constant, following the same trend
as for the lightly-doped substrate case. On the other hand, mode 2 has a constant
attenuation pattern until it reaches its resonance, located higher in frequency than for
mode 1. Around the resonance region, the attenuation of mode 2 starts to increase,
reaching again a constant value afterwards. Overall, one can conclude that attenuation
rates in this type of substrate are highly dependent on the frequency.

The propagation coefficient obtained for the TEz case is transparent to the presence
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Figure 2.7: Discrete TMz radial propagation coefficients in SOI substrate: (a) real part and
(b) imaginary part.
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Figure 2.8: Discrete TEz radial propagation coefficients in SOI substrate: (a) real part and
(b) imaginary part.

of the isolation layer and no resonances are observed. Therefore, the propagation
characteristic for this mode is practically equal to the lightly-doped substrate case
shown in Fig. 2.4.
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2.5. Contribution to substrate coupling

2.5 Contribution to substrate coupling

In this section, we look at the propagation mechanisms described in Sec. 2.3-2.4 from
an interference coupling perspective. In order to be able to assess the impact of a cer-
tain technology choice in an efficient way, one should focus on those propagation modes
with a greater contribution to substrate coupling. In order to establish this, it is desir-
able to define how these electromagnetic fields induced by substrate injected currents
constitute an interference mechanism. The criterion for EMC performance assessment,
however, is dependent on the type of victim. Transistors may be sensitive to substrate
voltage fluctuations, as they can activate parasitic vertical bipolar transistors [39] and
also due to the so-called body effect [11]. On the other hand, circuits including on-chip
inductors [30] may be more sensitive to the presence of parasitic magnetic fields.

As an example, voltage fluctuations in the substrate are of special interest in order
to predict and prevent the malfunctioning of transistors. These voltage fluctuations
can forward bias parasitic PN junctions, causing substrate carriers injection [39, 40].
In addition, voltage fluctuations also cause the modulation of the device threshold
voltage [11]. Both effects impact the normal device operation and compromise circuit
functionality. We define the voltage induced across the substrate as the line integral
of the total electric field, from the substrate bottom to the top active layer

V (r) =

� hm

0

Ez dz , (2.50)

where Ez is the infinite superposition of discrete and radiation modes, excited both by
vertical and/or radial sources. Vertical electric field components are induced by TMz

modes, therefore one can identify these modes as responsible for substrate voltage
fluctuations.

Actually, looking at the field components induced by each type of mode (Er, Ez
and Hφ for TMz modes, and Eφ, Hr and Hz for TEz modes), one can conclude that
voltage fluctuations, both across the substrate and between two areas of the same chip,
will be caused by TMz modes. On the other hand, TEz modes will be the main cause
for magnetic field related interference.

In addition, looking at both transcendental equations to obtain the discrete prop-
agation coefficients ((2.43) and (2.45)), one can conclude that in the absence of a
magnetic material, substrate structures can more easily confine TMz modes rather
than TEz modes. This higher confinement capability results in higher propagation
coefficients for TMz modes and, therefore, expected higher field strengths close to the
source. Given the typical size of the structures under study (in the order of a few
mm), one can safely assume that a potential victim will always be located close to the
source of interference. Furthermore, small variations in the conductivity of the mul-
tilayered doping profile will have a much more significant impact on the propagation
characteristic of TMz modes.

For all these reasons, we will consider that TMz propagation modes are the main
contributors to EMC issues caused by substrate coupling. For the sake of simplicity
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2. Interference Propagation Mechanisms in IC Substrates

and taking into account the goals of this thesis, described in Chapter 1, we will focus
on TMz modes and neglect the contribution of TEz propagation modes.

The source information needs to be taken into account (e.g. location, distribution,
orientation, magnitude, etc) to establish which type of TMz modes (among surface
waves, propagative or evanescent radiation modes) is more likely to determine the
total induced field amplitude. Each current distribution acting as a source, excites
all supported propagation modes to a greater or lesser extend [41]. Therefore, for
a given substrate type, the main contributor to substrate coupling may change from
source to source. In addition, as modes have different attenuation rates, the dominant
contributor may also change depending on the distance between source and victim.

In order to illustrate this effect, finite element method (FEM) simulations have been
performed using the electromagnetic full-wave software CST-Microwave Studio. [42]
(see Fig. 2.9). We choose this simulation tool, as it allows us to obtain fields induced
inside lossy dielectric volumes. In addition, previous studies have shown very good
agreement between FEM simulations and measurements in the context of substrate
interference studies [11]. The simulation configuration consists of a substrate structure
bounded by a PEC backplane at the bottom, absorbing conditions at the sides (mod-
eling the absence of reflections at the edge of the substrate) and open space at the top.
The excitation is defined as a discrete current port from the top layer to the bottom
plane, centered at the axis origin. The simulated structure is a 8 × 8 cm multilay-
ered stack with a scaled lightly-doped-type cross section profile with height values of
h1 = 1 mm and h2 = 1.5 mm. The parameters of this example, although non-realistic,
have been selected to make the wave fronts of both propagation modes distinguishable
within the structure. In Chapter 3, fields induced in typical IC substrates will be ana-
lyzed in detail. The propagating field components Er, Ez and Hφ of TMz modes have
been obtained. Figure 2.9-a shows Er in a horizontal plane at z = h1/2. Figure 2.9-b
shows Ez in a vertical plane containing the origin of coordinates. Results clearly show
the presence of a non-confined (propagative radiation mode) and a confined (surface
wave) propagation mode. It can be seen that the surface wave has higher propagation
and attenuation values and therefore it dominates in the region close to the source.
At a certain distance, it has almost vanished and the fields inside the substrate are
determined by the slow-oscillating radiation mode.

2.6 Summary and conclusions

In this chapter, different substrate technology options have been characterized as par-
asitic lossy dielectric waveguides. A detailed study of the propagation mechanisms
supported by these structures has been carried out and a formulation to perform a
modal expansion of induced electromagnetic interference has been given. Tables 2.1
and 2.2 present a summary of the developed formulation, classified by the orientation
of the interference source.

Subsequently, the propagation coefficients for each standard IC substrate technol-
ogy option have been obtained, drawing some conclusions on the different characteristic
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Figure 2.9: Simulated induced electric field due to a vertical injected current of 1 A in a scaled
lightly-doped substrate: (a) real part of radial component on a horizontal plane and (b) real
part of vertical component on a vertical plane.

propagation patterns. For transverse magnetic modes, we have seen that attenuation
rates in bulk-type substrates are practically constant along the whole studied fre-
quency range. On the other hand, for SOI-type substrates, we have seen that each
mode resonates at a different frequency and that the attenuation rates before and after
the resonance are different. For transverse electric modes, no resonances have been
observed. We have established that the modes with a greater contribution to EMC
issues related to substrate coupling are of TMz type. Within this type, we have seen
that in order to establish the greater contributor among discrete and radiation modes,
one should take the source current distribution information and the distance between
source and victim into account. Both topics will be studied in detail in Chapter 3.
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2. Interference Propagation Mechanisms in IC Substrates

Table 2.1: Expressions of field modal components obtained from each vector potential com-
ponent (n ≤ m).

Aαn Field Modal Components

Azn Ezrn = −j
ωµεn

CznH
2
1 (krr)krkzn sin(kzn(z − hn−1) +Dzn)

Ezzn = −j
ωµεn

CznH
2
0 (krr)k

2
r cos(kzn(z − hn−1) +Dzn)

Hz
φn = 1

µCznH
2
1 (krr)kr cos(kzn(z − hn−1) +Dzn)

Arn Errn = −j
ωµεn

CrnH
2
1 (krr)k

2
zn cos(φ) sin(kzn(z − hn−1) +Drn)

Erzn = −j
ωµεn

CrnH
2
0 (krr)krkzn cos(φ) cos(kzn(z − hn−1) +Drn)

Hr
φn = 1

µCrnH
2
1 (krr)kzn cos(φ) cos(kzn(z − hn−1) +Drn)

Aφn Eφφn = −jωCφnH
2
1 (krr) sin(φ) sin(kzn(z − hn−1) +Dφn)

Hφ
rn = −1

µ CφnH
2
1 (krr)kzn sin(φ) cos(kzn(z − hn−1) +Dφn)

Hφ
zn = 1

µCφnH
2
0 (krr)kr sin(φ) sin(kzn(z − hn−1) +Dφn)

Table 2.2: Expressions of field modal components obtained from each vector potential com-
ponent (n = m+ 1).

Aαn Field Modal Components

Azn Ezrn = −j
ωµεn

CznH
2
1 (krr)krkznje−jkznz

Ezzn = −j
ωµεn

CznH
2
0 (krr)k

2
re
−jkznz

Hz
φn = 1

µCznH
2
1 (krr)kre

−jkznz

Arn Errn = −j
ωµεn

CrnH
2
1 (krr)k

2
zn cos(φ)e−jkznz

Erzn = −j
ωµεn

CrnH
2
0 (krr)krkzn cos(φ)je−jkznz

Hr
φn = 1

µCrnH
2
1 (krr)kzn cos(φ)je−jkznz

Aφn Eφφn = −jωCφnH
2
1 (krr) sin(φ)e−jkznz

Hφ
rn = 1

µCφnH
2
1 (krr)kzn sin(φ)je−jkznz

Hφ
zn = 1

µCφnH
2
0 (krr)kr sin(φ)e−jkznz
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Chapter 3

Source-mode Matching

3.1 Introduction

On-chip interference sources have been widely studied from a generation perspective.
Generally speaking, both devices and substrate contacts have been found responsible
for substrate current injection. In this regard, much effort has been put into predicting
the dominant interference generation mechanism during normal operation conditions,
taking into account technology boundaries, different substrate biasing strategies, the
architecture of the power distribution network, the circuit size, the package parasitics
and other operational parameters, such as the rise time [1,44–46]. In order to determine
the dominant interference source, the magnitude of the injected current for several
generation mechanisms is compared, the main ones being: source/drain capacitive
coupling and supply/ground network coupling.

In addition, the activation of parasitic bipolar transistors due to unusual substrate
voltage fluctuations is also a cause of unwanted substrate current injection [39, 40].
Furthermore, current injection can also occur from unwanted coupling between passive

Part of the content of this chapter has been published previously as [32,43]:

• M. Grau Novellas, R. Serra and M. Rose,“Methodology for Coupling and Interference Prediction
in Integrated Circuit Substrates,” IEEE Transactions on Electromagnetic Compatibility, vol.
58, no. 4, pp. 1118-1127, 2016.

• M. Grau Novellas, R. Serra, M. Rose and R. Secareanu“On-chip Interference Generation Mech-
anisms from an Electromagnetic Perspective,” IEEE Transactions on Electromagnetic Com-
patibility, DOI: 10.1109/TEMC.2017.2764944.
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3. Source-mode Matching

integrated elements or traces and the substrate (e.g. coupling of integrated inductors
[47]).

In previous studies [1,44–46], the substrate is represented by an extracted equivalent
behavioral network. However, if the whole system is described from an EM perspective,
not only the current magnitude should be taken into account, but also its distribution,
nature and orientation. In a substrate structure, several propagation mechanisms
coexist and interact with each other. In this sense, additional parameters, such as the
shape and orientation of the current density distribution, will determine the source
matching to each of the propagation mechanisms and, therefore, the total substrate
induced interference.

In this chapter, both horizontally and vertically oriented sources will be related to
the different propagation modes supported by IC substrates. Each propagation mode
will be treated as a potential coupling path and a closed-form formulation will be
derived in order to find the values of the field amplitude coefficients. This will allow
the quantification of the matching between a certain current distribution acting as a
source and the different interference propagation mechanisms through the substrate.
Then, the contribution of each propagation mode will be assessed for all types of
standard IC substrates, identifying which modes are the dominant ones.

3.2 EM characterization of interference sources

3.2.1 Modal amplitude coefficients

From an EMC perspective, interference generation mechanisms should not be treated
as an isolated topic, as they should be linked to the propagation path between aggressor
and victim. This means that not only the magnitude of the source plays a role, but also
its ability to excite interference propagation mechanisms that will potentially reach a
sensitive node. In other words, one should account for the matching between a specific
source and the coupling path. In this sense, the methodology used for the substrate
representation plays a key role.

The EM characterization performed for substrate structures showed that many
propagation modes or coupling mechanisms coexist. The total induced interference is
the sum of all contributions. This can be expressed as the field modal expansion in
(2.1) and (2.2).

The field expressions derived in Chapter 2 were found as solutions of the homoge-
neous wave equation, i.e. in absence of a source. Therefore, the value of the modal
amplitude coefficients was undetermined. When a particular source current density dis-
tribution J is considered, the general expression for the modal amplitude coefficients
in a radial waveguide is [32,41]

Cα(kr) =
−
�

V
J · eα(kr) dV

S
r̂ · (eα(kr)× hα(kr)) dS

, (3.1)

where the integration volume is a semi-infinite cylinder enclosing the source of inter-
ference. The subscript α refers to the three different cylindrical coordinates r, φ and z.
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Figure 3.1: Example of interference source current densities taken into account: (a) vertically-
oriented and (b) horizontally-oriented.

As was shown in Chapter 2, the current density distributions that excite TMz modes
are both radially (Jr) and vertically (Jz) oriented.

Although any kind of vertical and radial current densities can be considered in (3.1),
we will solve these equations for two uniformly distributed cases of negligible thickness.
Given the size of typical on-chip aggressors, we believe that with a combination of
both cases one should be able to represent the majority of practical situations. In the
case of having a large distributed source, this can be decomposed in several uniformly
distributed smaller current density contributions. Figure 3.1 shows a schematic of both
source distributions for a three-layer case.

3.2.2 Vertical sources

We firstly consider a vertically-oriented source centered at the origin of coordinates
Jz = Iδ(r) flowing across the whole multilayered stack. This would represent a current
that is injected at the top of the substrate stack and is picked up by the chip backside.
Expression (3.1) can be written as follows

Cz(kr) =
−
�

V
Jze

z
z(kr) dV

S
ezz(kr)h

z
φ(kr) dS

. (3.2)

In order to solve it, we make the radius of the integration volume in (3.2) tend
to zero and use a small argument approximation of the Hankel functions [38]-(9.1.9).
Subsequently, we deal with the multiple layers by expressing all amplitude coefficients
Czn as a function of the coefficient in a particular layer of reference (e.g. layer 1). The
intra-layer equivalence expressions Czn/Cz1 can be easily derived from the boundary
conditions. Then, (3.2) can be simplified as

Cz1(kr) =
−jµI

4

∑m
n=1

� hn

hn−1

1
εn

Czn

Cz1
fn(z) dz∑m+1

n=1

� hn

hn−1

1
εn

(
Czn

Cz1
fn(z)

)2
dz

, (3.3)

where the function fn(z) is the corresponding z-dependent term of the field expressions
(see Table 3.1).
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Table 3.1: z-dependent term fn(z) of each field modal component

Field Components layer n ≤ m layer n = m+ 1

Ezn, Hφn cos(kzn(z − hn−1 +Dn)) e−jkzm+1z

Ern sin(kzn(z − hn−1 +Dn)) e−jkzm+1z

If, instead of being picked up by the backside, the injected current is diverted due
to the presence of a side contact or a guard ring, and would mostly flow vertically
across the top layer m, the amplitude coefficient of this vertical contribution would be

Cz1(kr) =
−jµI

4

� hm

hm−1

1
εm

Czm

Cz1
fm(z) dz∑m+1

n=1

� hn

hn−1

1
εn

(
Czn

Cz1
fn(z)

)2
dz

. (3.4)

3.2.3 Horizontal sources

We now consider a horizontally-oriented current distribution, flowing in the x̂ direction,
located at a height hs within layer m (the active layer), of length 2rs, and expressed
in cylindrical coordinates as Jr = I(r)δ(z − hs)δ(φ). Expression (3.1) can be written
as follows

Cr(kr) =
−
�

V
Jre

r
r(kr) dV

S
erz(kr)h

r
φ(kr) dS

. (3.5)

In this case, the volume of integration is a semi-infinite cylinder of radius rs. Then,
the expression for the amplitude coefficient is

Cr1(kr) =

−2j
ωµ fm(hs)

k2zm
εm

Crm

Cr1

� rs
0
IH2

1 (krr) dr
S
erz(kr)h

r
φ(kr) dS

. (3.6)

The integral in the numerator of (3.6) cannot be directly evaluated, as it has an
essential singularity in r = 0. In order to overcome this, we apply Cauchy’s residue
theorem [48], choosing a proper integration contour in the complex plane that encloses
the singularity. The denominator can also be further simplified by using a small argu-
ment approximation for the Hankel function of first order [38]-(9.1.9). This results in
the following expression

Cr1(kr) =
−jµfm(hs)

k2zm
εm

Crm

Cr1
2Irs

H2
0 (krrs)

∑m+1
n=1

� hn

hn−1

1
εn

(
Crn

Cr1
fn(z)

)2
dz

. (3.7)

3.2.4 Validation

In order to assess the validity of the developed formulation, we calculate fields induced
in a three-layer silicon on insulator (SOI) substrate, due to both vertical and horizontal
current distributions (see Fig. 3.1).
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Figure 3.2: Simulated induced electric field vertical component throughout the substrate for
a (a) vertical and a (b) horizontal source of I=1 A, at 100 MHz.

The results are compared to full-wave EM simulations performed with the CST
Microwave Studio software [42], using the same simulation configuration as in Chapter
2. The vertical source consists of a uniform current distribution of 1 A crossing the
whole substrate stack, emulating a current that is injected in the P-well and picked-up
by the backplane. The horizontal source consists of a uniform current distribution of
1 A located on top of the P-well layer and is 2 µm long, emulating a current that flows
through a device channel. The structure consists of a lightly-doped substrate, a layer of
silicon dioxide built for isolation purposes, and a more conductive P-well layer on top.
Its parameters are h1 = 250 µm, σ1 = 10 S/m, εr1 = 11.9, h2 = 252 µm, σ2 = 0 S/m,
εr2 = 3.9, h3 = 253 µm, σ3 = 1000 S/m and εr3 = 11.9. The horizontal source
parameters are hs = 252.5 µm and rs = 1 µm. Two discrete propagation modes are
considered to calculate the induced fields. Figure 3.2 shows the simulated induced
electric field distribution throughout the substrate and Fig. 3.3 shows the comparison
between calculated and simulated results.

Calculated and simulated induced fields are in very good agreement for the hor-
izontally and vertically distributed sources. The attenuation due to distance is the
same for both sources and all simulated frequencies, which means that the same type
of modes are excited. On the other hand, even though the magnitude of both currents
is equal, the magnitude of the induced fields differs significantly. The difference in field
magnitude is an indication of the different matching between the two sources consid-
ered and the substrate stack. We can also see that the difference in matching is not
constant but increases as the frequency decreases. It is important to note that while
the induced interference is radially symmetric for vertically oriented sources, this is
not the case for horizontally distributed sources, where it is maximum in the direction
in which the current is oriented and zero in the perpendicular direction.
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Figure 3.3: Calculated and simulated induced electric field vertical component for a vertical
and a horizontal (φ = 0) source of I=1 A, at (a) 100 MHz, (b) 1 GHz, and (c) 10 GHz.

For both examples, only two discrete propagation modes are sufficient to accurately
characterize the induced fields. For higher frequencies and/or larger distances to the
source, one may need to add additional modes. A study of the validity range of a
purely discrete representation will be provided in subsequent sections of this chapter.
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3.2. EM characterization of interference sources

3.2.5 Normalization of radiation modes

In (3.1), the denominator corresponds to a modal normalization coefficient, often re-
ferred to as the normalization factor Nα(kr), while the numerator is an indicator of
the matching between the source and each interference propagation mode.

In the case of surface waves, Nα(kr) corresponds to a bounded integral, as fields
tend to 0 when z →∞. For radiation modes this condition is relaxed, fields at infinity
are undetermined and, therefore, the integral is unbounded [37]. Some strategies have
been proposed in order to overcome this, such as adding artificial boundaries in order
to discretize the continuous spectrum, that imply the use of computational techniques
[49]. Nevertheless, a closed-form formulation can be derived, based on relating the
orthogonality condition between different modes with an integral or limit representation
of the Dirac-delta function [37]

�
S

r̂ · (eα(kr)× hα(k′r)) dS = Nα(kr)δ(kr − k′r) . (3.8)

However, expressions have only been provided for very simplified cases such as
single-layered lossless circular open waveguides [37] and one-dimensional lossless mul-
tilayered open waveguides [50]. In the latter, the orthogonality principle of the Sturm-
Liouville problems [50] was extended to open structures, in order to deal with the
multilayered characteristic of the waveguide in an efficient way.

If we consider the structures under study, in the case of vertically-oriented sources
for example, Nz(kr) can be written (normalized to the amplitude coefficient in layer
n = 1) as

Nz(kr) = 2πr

m+1∑
n=1

(
Czn
Cz1

)2 � hn

hn−1

−ezzn(kzn)hzφn(kzn) dz , (3.9)

where hm+1 =∞.
In the case of bounded modes (i.e surface waves), the calculation of (3.9) is straight-

forward. In the case of radiation modes, applying the same principle as in the multi-
layered one-dimensional open case [50], (3.8) can be written only in terms of the fields
at its limiting values

lim
Z→∞

[
−2πr

k2zn − k
′2
zn

CznC
′
zn

Cz1C ′z1

[
ezz(kzn)

∂hzφ(k′zn)

∂z
− hzφ(k′zn)

∂ezz(kzn)

∂z

]]Z
0

= Nz(kr)δ(kzn − k′zn) . (3.10)

However, (3.10) refers to fields at different layers, preventing from relating its left
hand side to a limit representation of the Dirac-delta function. In order to overcome
this, the field expressions are modified in the following manner. First of all, the PEC
plane located at z = 0 is removed and electrically symmetric fields are defined in the
lower half-space. We will refer to the fields in the z-positive half-space as ez+z and hz+φ
and to the fields in the z-negative half-space as ez−z and hz−φ . Subsequently, fields in
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3. Source-mode Matching

the positive half-space are continued into the negative one and fields in the negative
half-space are continued into the positive one. A normalization factor of 1

4 is included
in order to compensate for the double contribution of the electric and magnetic fields
respectively. Finally, the new integration surface is then an infinite cylinder of radius
r. An additional normalization factor of 1

2 is therefore included to account for the
doubled area

lim
Z→∞

−2πr

k2zm+1 − k
′2
zm+1

Czm+1C
′
zm+1

Cz1C ′z1

[
ezz(kr)

∂hzφ(k′r)

∂z
− hzφ(k′r)

∂ezz(kr)

∂z

]Z
−Z

= 8Nz(kr)δ(kzm+1 − k′zm+1) , (3.11)

where the field expressions correspond to ezz = ez+z + ez−z and hzφ = hz+φ + hz−φ .
Substituting the modified field expressions and after some mathematical steps, the left
hand side of (3.11) can be expressed as

Czm+1

Cz1

C ′zm+1

C ′z1

j2πr

ωµ2εm+1
H2

0 (krr)k
2
rH

2
1 (k′rr)k

′
r4 lim

Z→∞

sin((kzm+1 − k′zm+1)Z)

kzm+1 − k′zm+1

. (3.12)

Considering the Dirac delta representation as a limit of a sine function [50], the
normalization factor is then equal to

Nz(kr) =
C2
zm+1

C2
z1

jπr

ωµ2εm+1
H2

0 (krr)k
3
rH

2
1 (krr)π , (3.13)

which can be further simplified taking the small argument approximation of the Hankel
function of first order into account [38]-(9.1.9)

Nz(kr) ∼= −
C2
zm+1

C2
z1

2π

ωµ2εm+1
H2

0 (krr)k
2
r . (3.14)

If a similar procedure is followed for Nr(kr), the resulting expression is

Nr(kr) ∼=
C2
rm+1

C2
r1

π

ωµ2εm+1
H2

0 (krr)k
2
zm+1 (3.15)

To account for the overall contribution of radiation modes analytically is extremely
complex, as the propagation coefficients are not discrete but take a continuous spec-
trum of values. However, the derived equations allow a discretization of the continuous
spectrum without the need of solving eigenvalue equations at each sample, as when
using artificial boundaries [49]. This reduces significantly the complexity of its repre-
sentation.

To determine the contribution of radiation modes and validate the derived formu-
lation, two different scenarios are considered: a standard SOI substrate (Fig. 3.1) and
the same substrate with a lower conductivity of the active region (σ3=100 S/m). If we
take into account that propagation in closed waveguides can be described only with
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Figure 3.4: Magnitude of the amplitude coefficient for evanescent radiation modes in an SOI
substrate with σ3=100 S/m

discrete modes, one can expect that the lower the conductivity in the top active layer,
the greater the contribution of the continuous spectrum.

With regards to the excitation, we consider a uniformly distributed and vertically
oriented current J = Iδ(r)ẑ from z = hm to z = 0, centered at the origin. The
amplitude coefficient of a radiation mode spectral component is then

Cz1(kr) =
−jµI

2π

∑m
n=1

1
εn

Czn

Cz1

� hn

hn−1
fn(z) dz

C2
zm+1/C

2
z1

. (3.16)

The propagation coefficient of propagative radiation modes takes a finite range of
values (0− k0), therefore its discretization is straightforward. On the other hand, the
evanescent part takes an infinite range (−j∞ < kr < j0), thus it needs to be truncated
at a certain point. In order to establish this truncation point, one should look at the
matching between the source and each spectral component and, subsequently, consider
the range in which modes exhibit better matching. This can easily be done by looking
at the amplitude coefficient in (3.16). Figure 3.4 shows the magnitude of this coefficient
for the σ3=100 S/m case.

For the frequencies under investigation, one can see that the contribution of the
different spectral components is not equal. Instead, there is a matching peak located
approximately at kr = −j6000. Below this point, there are multiple peaks of lower
amplitude and above it, one can see a flat behavior. The spectral component where
the main peak is located is of the same order of magnitude as the imaginary part of the
discrete propagation coefficients obtained when the structure resonates. This means
that more energy is transferred to the modes close to this range. Taking this into
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3. Source-mode Matching

account, the truncation limit is set at a value one order of magnitude higher than the
maximum discrete propagation coefficient obtained in the frequency range of interest.

Subsequently, both scenarios (σ3 = 100 S/m and σ3 = 1000 S/m ) are simulated
with the full-wave EM software CST Microwave Studio. The structures are bounded
by a PEC at the bottom, by open space at the top and absorbing boundary conditions
are defined at the lateral sides. The source is modeled as a vertically oriented discrete
current port across the whole stack height, centered at the origin. To model the open
space region, the software uses perfectly matched layers (PML) after a 15 mm box of
vacuum.

Figures 3.5 and 3.6 show a comparison of |Ez| obtained by means of simulations
and the proposed model, using three different configurations:

• including only the discrete propagation modes,
• including the discrete propagation modes plus the evanescent part of the solution,
• including the complete set of radiation modes (evanescent and propagative).

In all cases, the evanescent part of the solution is discretized taking 1000 log-spaced
samples from j0 to −j105. The propagative part of the solution is discretized taking
100 linearly-spaced samples in the interval 0− k0.

Results show very good agreement between the simulated and the calculated fields.
As was expected, for relatively more conductive top layers, the structure has more
confinement capabilities and surface waves are dominant for larger distances to the
source.

For this SOI substrate case, as the frequency increases, the attenuation rates of
discrete modes also increase and, therefore, radiation modes start to play a significant
role at relatively shorter distances. Considering typical sizes of ICs, one can conclude
that for most of the cases, the evanescent part of the solution is sufficient to model the
induced fields. Only for applications in the range of tens of GHz the propagative part
should be taken into account.

For both scenarios, a mismatch is observed at 100 MHz, specially where the discrete
and continuous contribution have comparable values. This is due to the fact that for
lower frequencies, a larger volume of vacuum should be meshed in CST, in order to
accurately simulate open-boundary structures, as for lower propagation coefficients the
field distribution penetrates more into the open space [49].

To determine how fine the discretization of kr should be performed, fields for the
σ3 = 100 S/m case are calculated again taking into account only the evanescent con-
tribution and different sampling rates.

Results in Fig. 3.7 show that even with a much lower sampling rate compared to
the 1000 log-spaced samples used in Fig. 3.5 and 3.6, the calculated results still are
able to match the simulations with reasonable accuracy. At 1 GHz, the curve obtained
with 5 samples has better agreement than the curve obtained with 10 samples. This
is due to the fact that a good accuracy can be achieved either by selecting a few
but meaningful spectral components or performing a fine discretization over a wide
range. On the other hand, results at 10 GHz show that a wider sampling window
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Figure 3.5: Calculated and simulated induced electric field vertical component for a vertical
source of I=1 A, in a standard SOI substrate with σ3 = 1000 at (a) 100 MHz, (b) 1 GHz, and
(c) 10 GHz.

should have been considered (j0 to −j106) in order to match the simulations at around
0.5 mm. This is because at this frequency the secondary peaks in Fig. 3.4 have a more
significant contribution.

This formulation allows a much more efficient characterization of radiation modes,
as it allows a discretization of the continuous spectrum without the need of solving
eigenvalue equations at each sample.
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Figure 3.6: Calculated and simulated induced electric field vertical component for a vertical
source of I=1 A, in a standard SOI substrate with σ3 = 100 S/m at (a) 100 MHz, (b) 1 GHz,
and (c) 10 GHz.

3.3 Dominant propagation modes

Once one is able to determine the field amplitude of all modes, a study of which are the
dominant contributions to the total induced field can be performed. In this section,
we compare full-wave simulations with calculated fields in order to assess the validity
of the proposed formulation. In addition, we will determine under which conditions it
is possible to neglect some of the contributions and when one should take into account
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Figure 3.7: Calculated and simulated induced electric field vertical component for a vertical
source of I=1 A, in a standard SOI substrate with σ3 = 100 S/m at (a) 100 MHz, (b) 1 GHz,
and (c) 10 GHz.

the complete solution. According to the results obtained in Sec. 3.2, we will consider
that, given the typical size of an IC, propagative radiation modes will be significant at
frequencies in the range of tens of GHz. For this reason, these will not be considered
in the following analysis. All substrate types (Fig. 2.1) are simulated taking into
account the two sources considered in Fig. 3.1. The first one is a vertically-oriented
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Figure 3.8: Calculated and simulated induced electric field vertical component for a vertical
source of I=1 A, in a standard lightly-doped substrate at (a) 10 MHz, (b) 100 MHz, (c) 1
GHz, and (d) 10 GHz.

source centered at the origin of coordinates and flowing across the whole substrate
(Jz = Iδ(r)), that represents a current that is injected at the top of the active layer
and is picked up by the chip backside. The second one is a horizontally-oriented source
(Jr = I(r)δ(z − hs)δ(φ)), located at hs = hm−1 + 0.5(hm − hm−1) (middle of the top
P-type layer) and of 2 µm long, representing a device channel current.

The simulation configuration is the same that has been used in Sec. 3.2. Fields
induced inside the substrate stack are obtained for all cases up to a distance of 10 mm
from the source. Although this is not a realistic typical distance, it will allow us to
define where radiation modes start to play a significant role.

3.3.1 Lightly-doped substrates

The calculated and simulated induced |Ez| at z = 200 µm (inside the P-type substrate
layer) for the lightly-doped case (see Fig. 2.1-a) are shown in Fig. 3.8 and 3.9. The
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Figure 3.9: Calculated and simulated induced electric field vertical component (φ=0) for a
horizontal source of I=1 A, in a standard lightly-doped substrate at (a) 10 MHz, (b) 100 MHz,
(c) 1 GHz, and (d) 10 GHz.

contribution of evanescent radiation modes is obtained using 1000 log-spaced samples.

Results show that close to the source, induced fields are determined by discrete
propagation modes, which have a much higher amplitude than evanescent radiation
modes. After a certain distance, surface waves have attenuated and fields are deter-
mined by the spectral components of radiation modes that have lower attenuation
rates. One can see a sharp transition between both regions. As expected, the atten-
uation rate in all four frequency points is similar (only slightly higher at 10 GHz).
Propagative radiation modes only have a significant contribution in the 10 GHz case,
for distances larger than 6 mm (see Fig. 3.8-d). Therefore simulated and calculated
results deviate from each other, because propagative radiation modes are not taken
into account in the calculation.

In the vertically-oriented source case, there is very good agreement between calcu-
lated and simulated results of both types of modes. In the horizontally-oriented source
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case, one can see that once surface waves have vanished, the field amplitude caused by
evanescent radiation modes is very low and therefore simulated results exhibit a noisy
behavior. We assume that the theoretical field amplitude is below the sensitivity of
the performed full-wave simulations. In the case of surface waves, the matching of the
vertical source is between one and two orders of magnitude higher than the horizontal
source. In the case of evanescent modes, considering calculated values, the difference in
matching is between two and three orders of magnitude. Therefore, although vertical
currents are typically much smaller compared to horizontal currents in practical cases,
the impact of vertical sources can be significant due to their better matching to the
substrate.

3.3.2 Heavily-doped substrates

The calculated and simulated induced |Ez| at z = 200 µm (inside the P-type substrate
layer) for the heavily-doped case (see Fig. 2.1-b) are shown in Fig. 3.10 for the vertical
source, and in Fig. 3.11 for the horizontal source. The contribution of evanescent
radiation modes is obtained using 1000 log-spaced samples.

Results show that discrete modes have higher attenuation rates than for lightly-
doped substrates and, therefore, they only contribute at very short distances from the
source. At 10 MHz, 100 MHz and 1 GHz one can see that for distances up to 2 mm,
fields have a constant attenuation rate, which indicates that they are determined by
one single mode. However, this is not a discrete mode, but an evanescent spectral
component with a very high matching, similarly to the peaks shown in Fig. 3.4 for
the SOI case. As this is a highly-resonant peak, the accuracy of the calculated fields
is greatly dependant on the sampling strategy.

The matching observed for surface waves and the spectral component that con-
tributes the most in the vertical and horizontal case are comparable. This was not the
case for lightly-doped substrates, where vertically-oriented substrates excite interfer-
ence more efficiently than horizontally-oriented sources.

As heavily doped substrates constitute a very lossy propagation path, simulated
results reach the minimum sensitivity level after a short distance, where the calcu-
lated field amplitudes are significantly low and cannot be compared to the simulation
outcome.

3.3.3 SOI substrates

The calculated and simulated induced electric field vertical component at
z = 200 µm (inside the P-type substrate layer) for the SOI case (see Fig. 2.1-c)
are shown in Fig. 3.12 and 3.13. The contribution of evanescent radiation modes is
obtained using 1000 log-spaced samples.

Similarly to the lightly-doped case, discrete propagation modes dominate in the
region closer to the source. However, in this case the layer of SiO2 causes the structure
to resonate and attenuation rates change significantly with respect to frequency (see
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Figure 3.10: Calculated and simulated induced electric field vertical component for a vertical
source of I=1 A, in a standard heavily-doped substrate at (a) 10 MHz, (b) 100 MHz, (c) 1
GHz, and (d) 10 GHz.

propagation coefficients in Fig. 2.7). For frequencies below the resonance of the fun-
damental propagation mode (200 MHz), surface waves exhibit very little attenuation.
This can be clearly seen in Fig. 3.12-a and 3.13-a, where at 10 mm from the source,
the fields are still determined only by discrete modes. This means that, if one wants
to increase isolation between two areas of an IC with an SOI substrate, increasing the
distance between them will be less effective at these frequencies. On the other hand,
above resonance the substrate behavior is similar to the lightly-doped case.

The matching of vertically-oriented sources is significantly higher than for horizontally-
oriented sources, similarly to the lightly-doped substrate. The amplitude of evanescent
radiation modes with low attenuation rates in the horizontal case is again below the
sensitivity level of the full-wave simulations.
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Figure 3.11: Calculated and simulated induced electric field vertical component (φ=0) for a
horizontal source of I=1 A, in a standard heavily-doped substrate at (a) 10 MHz, (b) 100
MHz, (c) 1 GHz, and (d) 10 GHz.

3.4 Validity of a discrete representation

The previous results for the three standard substrate types showed that, generally
speaking, induced fields can be divided in two regions: one where fields are determined
mainly by discrete modes and one where fields are described by evanescent radiation
modes. An exclusively discrete representation is very convenient, as it simplifies sig-
nificantly the calculation of induced fields. The transition between these two regions is
quite sharp and depends on the frequency and substrate physical parameters. There-
fore, the validity range of a purely discrete representation can be assessed in terms of
the maximum distance to the source in which the fields can be described only with sur-
face waves, given a certain doping profile and frequency of operation. This maximum
distance is referred as Rcorner.

While for lightly-doped and SOI substrates Rcorner is in the range of a few mm,
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Figure 3.12: Calculated and simulated induced electric field vertical component for a vertical
source of I=1 A, in a standard SOI substrate at (a) 10 MHz, (b) 100 MHz, (c) 1 GHz, and
(d) 10 GHz.

for heavily-doped substrates it is just a few µm. This means that to characterize the
latter, a complete representation including discrete and evanescent radiation modes
needs to be calculated for any operational conditions.

Figure 3.14 shows an investigation performed by means of simulations of the Rcorner

value in lightly-doped and SOI substrates for different frequencies and conductivities
of the top active layer. By comparing a purely discrete representation of induced fields
with a complete representation including radiation modes (such as in Figs. 3.8-3.13),
one can also predict the value of Rcorner by means of calculations.

Results show that, the higher the value of the conductivity of the top layer, the
larger the validity range of the purely discrete solution (higher the value of Rcorner),
as the structure is able to confine the interference in a larger area. In addition, when
frequency increases, lower values of Rcorner are obtained as attenuation rates of surface
waves are higher and radiation modes have higher amplitudes.
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Figure 3.13: Calculated and simulated induced electric field vertical component (φ=0) for a
horizontal source of I=1 A, in a standard SOI substrate at (a) 10 MHz, (b) 100 MHz, (c) 1
GHz, and (d) 10 GHz.

Very close to the source, all discrete modes contribute. However, after some dis-
tance, the discrete modes with higher attenuation rates (high order modes) have van-
ished and fields are determined by the discrete solution with a lower imaginary part
of the propagation coefficient (fundamental mode). One can take advantage of the
fact that fields are determined only by one mode to make a fast prediction of practical
attenuation rates, useful to define a floorplan strategy. In Table 3.2, the attenuation
associated to the Ez component, which is equivalent to the substrate induced volt-
age attenuation, for different substrate options and frequencies is shown, expressed in
dB/mm.

In case of lightly-doped substrates, aligned to what was seen in the previous field
plots (see Fig. 3.8 and 3.9), results show that interference has similar attenuation
patterns in terms of distance, in the frequency range of interest. Only at 10 GHz these
start decreasing slightly faster.

On the other hand, attenuation in SOI substrates is highly dependent on the fre-
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Figure 3.14: Value of Rcorner as a function of the active layer conductivity for (a) SOI and
(b) lightly-doped substrates

quency: for low frequencies, the isolation is provided mainly by the filtering capabilities
of the structure, while at high frequencies it is determined by the loss represented as
the negative imaginary part of the propagation coefficient. As a consequence, there
is a resonance peak in which the silicon oxide provides a path for the interference to
spread with little attenuation.

These attenuation rates are valid within the area delimited by Rcorner. Looking at
Figs. 3.8-3.9 and 3.12-3.13, one can see that, in general, fields outside the validity limit
present little attenuation, following an almost-flat pattern compared to the previous
region. Therefore, beyond Rcorner, it is practical to assume that attenuation reaches a
plateau, and increasing distance will not increase isolation.

3.5 Summary and conclusions

In this chapter, an electromagnetic characterization of on-chip interference sources
has been performed. We have developed closed-form formulations to relate the most
common current distributions that can cause substrate-induced interference to the
different existing propagation mechanisms. This allows us to quantify the source-mode
matching. The sources implemented in this chapter were somehow unrealistic (for
instance, either vertical or horizontal currents of 1 A). The focus was particularly
placed towards model validation and insight regarding the role and impact of the
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3. Source-mode Matching

Table 3.2: Approximated voltage attenuation

Lightly-doped substrate (dB/mm)
Frequency σ2=750 S/m σ2=1000 S/m σ2=1500 S/m

1 MHz 47.2 44.5 40.4
10 MHz 47.2 44.5 40.4
100 MHz 47.2 44.5 40.4

1 GHz 47.3 44.7 40.5
10 GHz 50.3 48.3 43.2

SOI substrate - 1 µm oxide (dB/mm)
Frequency σ3=750 S/m σ3=1000 S/m σ3=1500 S/m

1 MHz 7.8 7.3 6.6
10 MHz 15.8 14.3 12.5
100 MHz 51.7 46.2 34.3

1 GHz 47.4 44.7 40.4
10 GHz 50.3 48.3 43.2

SOI substrate - 2 µm oxide (dB/mm)
Frequency σ3=750 S/m σ3=1000 S/m σ3=1500 S/m

1 MHz 6.6 6.2 5.7
10 MHz 12.5 11.4 10.1
100 MHz 32.2 28.3 23.8

1 GHz 47.4 44.7 40.4
10 GHz 50.3 48.3 43.2

various (complex) propagation mechanisms. In Chapter 4, the derived formulation
will be used to analyze more realistic on-chip sources.

Subsequently, a semi-analytical approach to model radiation modes in multilayered
substrates has been proposed, deriving an analytical formulation for the normalization
coefficients. This allows a discretization of the continuous spectrum without the need
of solving eigenvalue equations at each sample. Different sampling options have been
tested in order to determine practical criteria, based on selecting the modes better
matched to the source of interference. With this, we are able to determine the weighted
contribution of each type of propagation mode to the total induced field. As a result,
the characterization of radiation modes is considerably simplified.

Then, this information has been used to select the dominant propagation modes for
each standard substrate technology option and determine under which conditions it is
possible to neglect the contribution of radiation modes. A purely discrete representa-
tion allows us to easily and accurately calculate the substrate induced fields by means
of a closed-form formulation. Keeping the number of modes used to a minimum is a
key point to enable a fast characterization of more complex structures formed when
different doping profiles are cascaded. This will be treated in subsequent chapters.

Finally, the developed modeling methodology has been used to predict attenuation
rates in lightly-doped and SOI substrates for different frequencies and conductivities of
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the top active layer. It is important to note that the attenuation is not only a function
of the resistivity of the substrate itself, but also of the confinement capabilities provided
by the top bounding layers.
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Chapter 4

On-chip Interference Generation

4.1 Introduction

Once it is established how to determine the pattern and magnitude of interference prop-
agation modes in the substrate, excited by a certain current distribution, these need to
be related to the behavior of potential on-chip interference sources. The effectiveness
of the techniques used to minimize and prevent substrate current injection depends on
the specific generation mechanism [1,52,53]. In addition, an EM representation of the
interference generation-propagation pair suggests that any current density distribution
located in the substrate stack has the potential to induce interference [32]. This means
that not only parasitic current injection caused by leakage mechanisms or parasitic
coupling is responsible for substrate noise, but also current distributions due to normal
circuit operation (such as the channel current) can induce interference. In this sense,
it is crucial to be able to determine which will be the most significant interference
generation mechanism as early as possible in the design process [45]. In this regard, in
this Chapter we will focus on device-related current distributions.

Part of the content of this chapter has been published previously as [43,51]:

• M. Grau Novellas, R. Serra, M. Rose and R. Secareanu“On-chip Interference Generation Mech-
anisms from an Electromagnetic Perspective,” IEEE Transactions on Electromagnetic Com-
patibility, DOI: 10.1109/TEMC.2017.27649442017.

• M. Grau Novellas, R. Serra and M. Rose,“Impact of Source Current Distribution Patterns in On-
Chip Interference Studies,” Proc. International Symposium on Electromagnetic Compatibility
- EMC Europe, September 2017.
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Figure 4.1: Diagram of the simulation domain with an example structure.

In order to determine the dominant generation mechanism, in this chapter, the cur-
rent density footprint of devices with different architectures, implemented in different
substrates and under different operating conditions is obtained by device simulations.
This information is then combined with the matching of these current distributions to
the propagation modes of different substrate technology options, in order to quantify
their contribution to substrate induced interference. In addition, different interference
reduction strategies, which are based on modifying the device current footprint, are
assessed in order to quantify their effectiveness.

4.2 Simulation configuration

In order to obtain and analyze the current density footprint for several device config-
urations, a series of 2D device simulations are performed using TaurusTM Medici [54].
A simplified version of the devices cross-section is defined in a finite xy-plane, where
x is the lateral dimension and y corresponds to the depth (see Fig. 4.1). Below the
device, different doping steps are defined to form the whole substrate stack. At its
sides, a margin is left between the device and the edge of the simulation domain. All
the simulated structures correspond to NMOS devices implemented in a 140 nm CMOS
technology.

According to the tool specifications [54], two types of boundary conditions can
exist, provided that surface charge density is not specified at the boundaries of the
box that constitutes the simulation domain. If an electrode is defined, perfect elec-
tric conductor (PEC) boundary conditions are enforced at its surface. On the other
hand, in the absence of an electrode, the surface of the bounding box behaves as a
perfect magnetic conductor (PMC). The latter enforces that both perpendicular elec-
tric field components and parallel magnetic field components are zero at the surface of
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the bounding box [25]. Currents can only flow into and out of the simulation domain
through an electrode. These reflective boundary conditions are useful when charac-
terizing a device, as it is assumed that, in a realistic environment, the most likely
case is that a device is surrounded by similar devices. However, for the purpose of
quantifying the amount of induced interference, such boundary conditions are not use-
ful. The described simulation domain is a closed cavity which size and wall properties
determine the propagation modes that this cavity is able to support and, therefore,
the total induced fields [36]. These boundary conditions differ significantly from the
ones defined in previous chapters and thus also from a realistic open environment. In
Fig. 4.1, a diagram of a simulated structure is shown, where PEC boundaries that
correspond to device and backside electrodes are highlighted with thick black lines,
and PMC boundaries are highlighted with a thick blue line.

Taking into account the simulation configuration, we will focus on the currents
generated by the device to obtain the current density distributions Jx and Jy that are
the source of interference, and we will not look at fields induced in the substrate stack.
Taking into account the cylindrical coordinate system previously used to characterize
substrate structures, the simulated Jx will correspond to a radially-oriented source Jr
and the simulated Jy will correspond to a vertically-oriented source Jz.

In order to represent the device switching activity, transient simulations will be
performed with AC excitations at different frequencies. The structures current den-
sity footprint as well as terminal currents flowing into and out of the electrodes will
be obtained at several instants in time that correspond to different device operating
regions.

4.3 Analysis of a symmetric N-type CMOS device current
footprint

4.3.1 Symmetric N-type CMOS device

We first consider a symmetric NMOS device, surrounded by a 0.3 µm thick shallow
trench isolation (STI) at the sides [55]. The device (N-type diffusions and P-type body
implant) is implemented in a P-well, followed by an epi layer and a 100 µm thick section
of substrate, terminated with an electrode at the bottom [56], as in the structure shown
in Fig. 4.1.

Firstly, we simulate the device operating in a switching configuration where drain,
source and substrate are kept at a constant potential and an AC signal of different
frequencies is applied to the gate, changing the device state periodically from OFF to
ON (see Fig. 4.2). This simulation allows us to obtain the different current density
distributions when the device is in ON and in OFF state. The total current density
with the highlighted main contributions is shown in Fig. 4.3, where the device profile
(gate electrode, source and drain diffusions and STI structures) has been superimposed
to the total current density plot for a better understanding of the results. Figure 4.4
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Figure 4.2: Schematic of the simulated switching configuration.
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Figure 4.3: Main current contributions of an NMOS device in a switching configuration, in
(a) ON and (b) OFF state.

shows the vertical y and horizontal x component of the current density in the device
region in both states, for a frequency of 100 kHz.

Clearly, in ON state, the dominant contribution is the conduction current that
flows through the device channel. It has a net horizontal component (see Fig. 4.4-a)
but also a vertical contribution when the current is entering and leaving the source
and drain diffusions, respectively (see Fig. 4.4-b). However, this vertical contribu-
tion consists of two close hot spot pairs of opposite sign. These will not effectively
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Figure 4.4: Transient simulation of the vertical and horizontal current density components of
an NMOS device in a switching configuration, at ON and OFF states.

AC

Figure 4.5: Schematic of the simulated CAN in listening mode configuration.

excite interference modes as their contributions will cancel each other. In the OFF
state plots, one can observe how the fringing fields at both sides of the gate induce
conduction currents in the highly-doped source and drain diffusions (see Fig. 4.4-
c). However these flow in opposite directions and therefore they will also cancel each
other. On the other hand, there is a net vertical current from gate to substrate that
will contribute to substrate coupling (see Fig. 4.4-d). Consequently, in this switching
configuration, two main contributions should be taken into account: the channel cur-
rent that will excite interference modes according to a horizontally-distributed source,
and the capacitively coupled gate current that will excite interference modes according
to a vertically-distributed source. While the first one remains constant with respect to
frequency, the second one is proportional to frequency.

We will now consider a scenario where the device is permanently in OFF state,
however there is some activity in the drain electrode (e.g. an NMOS device in a
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Figure 4.6: Main current contribution of an NMOS device in a CAN configuration.
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Figure 4.7: Transient simulation of the vertical and horizontal current density components of
an NMOS device in OFF state and an AC signal on the drain electrode for 100 kHz and 1
MHz.

CAN transceiver [57] that is in listening mode). All electrodes are kept at a constant
potential, except the drain, where an AC signal is applied (see Fig.4.5). The total
current density with the highlighted main contributions is shown in Fig. 4.6. Figure 4.7
shows the obtained current density distribution at a certain time step of the transient
simulation for 100 kHz and 1 MHz.

Results at 100 kHz show that the current flows mainly horizontally along the drain
diffusion and through the lateral drain depleted region (see Fig. 4.7-a). Then it is
shifted and flows vertically under the gate to the substrate (see Fig. 4.7-b). Results
at 1 MHz show that a parasitic coupling between drain and gate starts to become
significant as the frequency increases. It induces a current in the gate that adds to the
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Figure 4.8: Schematic of the simulated configurations: (a) switching with separate body
contact and (b) steady device with noisy body contact.

vertical contribution and partially cancels (10% for this particular case) the horizontal
component, as an opposite current is induced in the source diffusion (see Fig. 4.7-c).

4.3.2 Effect of a close substrate contact

Substrate contacts also play an important role in substrate noise injection [1]. They
can collect currents injected by a device, modifying the previously obtained patterns.
They can also be a source of interference in case of noisy supply networks biasing the
substrate [45, 46]. In Sec. 4.3.1, only a backside electrode was considered. In this
section, we will study the effect of having a top substrate contact.

First of all, we will consider an NMOS device with the closest possible body contact
(0.78 µm, according to design parameters for this particular technology and device [56]).
The structure is simulated while operating in two different configurations (see Fig. 4.8).
In the first one, drain, source and the body contact are kept at a constant potential and
an AC signal is applied to the gate electrode, making the device periodically switch
from OFF to ON state. In the second one, the device is in a steady state and an
AC signal is applied to the body contact, representing a noisy supply network [1]. In
practice, the magnitude of AC perturbations in the supply network (or power/ground
bounce), is a function of the specific circuit, the technology node, the supply network
architecture and parasitics, the presence of decoupling capacitors and the substrate
biasing strategy [1], [45]. As this magnitude depends on the exact application, these
parameters are not included in the following study. Instead, the amplitude of the AC
signal applied to the body contact will be set at 10% of VGS . However, if information
about the expected bounce magnitude is available, this should be included for a more
representative prediction.

In order to determine which are the main contributions to substrate induced inter-
ference, we obtain the current density distribution surrounding the structure in each
case. Both configurations are simulated for three different standard substrate technol-
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Figure 4.9: Diagram of the main current contributions for a symmetric NMOS device operating
in (a) switching and (b) noisy body contact configurations

ogy options (heavily-doped, lightly-doped and SOI) and at three different frequencies.
Figure 4.9 shows the studied structure with a diagram of the main current contribu-
tions for each configuration. The total current density and both x and y components
in the switching configuration at 100 kHz, for ON and OFF states, are shown in Fig.
4.10 and 4.11, respectively. The device profile (gate electrode, source and drain diffu-
sions and STI structures) has been superimposed on the total current density plot for
a better understanding of the obtained current density distributions.

The current distribution in ON state is equal to the one shown in Fig. 4.4. In OFF
state, one can observe that the vertically injected current from gate to substrate is
partially picked-up by the body contact causing a horizontal net contribution (see Fig.
4.11-a) and partially picked-up by the chip backside. Therefore, we can expect that the
dominant components of the current density distribution in the switching configuration
contributing to substrate induced interference will be (see Fig. 4.9-a):

• the horizontally-oriented channel conduction current that flows from source to
drain terminals in ON state (Id),

• the horizontally-oriented current that is picked-up by the body contact (Icon),
and

• the vertically-oriented current that is injected by the device and picked-up by
the chip backside (Iback).

Figure 4.12 shows the obtained current density for the same device structure in the
noisy contact configuration, at 100 MHz, when the device is in OFF state. The total
current density in ON state is not shown, as the distinguishable contributions are equal
to the ones shown in Fig. 4.10. This is due to the fact that the conduction currents
in ON state are several orders of magnitude higher than the other contributions. In
this case, a current is injected from the body contact directly to the substrate. This
injected current will mainly be picked-up by the chip backside. However, a small part
also couples back to the device. For bulk-type substrate options (heavily-doped and
lightly-doped) this component is negligible. However, for SOI substrates, where a layer
of SiO2 isolates the substrate from the active layers, this contribution should be taken
into consideration. On the other hand, voltage fluctuations in the device body cause
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Figure 4.10: Transient simulation of the current density distribution of an NMOS device in
a switching configuration, in ON state: (a) total current density, (b) x component and (c) y
component.

the modulation of the threshold voltage due to body effects [11]. This will imply that,
when the device is in ON state, the channel current will also have an AC frequency
component. Therefore, the dominant components of the current density distribution
in the noisy body contact configuration contributing to substrate induced interference
will be (see Fig. 4.9-b):

• the horizontally-oriented AC component in the channel conduction current caused
by the body effect(Id),
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Figure 4.11: Transient simulation of the current density distribution of an NMOS device in a
switching configuration, in OFF state: (a) total current density, (b) x component and (c) y
component.

• the horizontally-oriented current that is picked-up by the device in the SOI sub-
strate case (Icon), and

• the vertically-oriented current that is injected by the body contact and picked-up
by the chip backside (Iback).

The magnitude of all selected current contributions for both studied configurations,
in all substrate technology options and at 100 kHz, 10 MHz and 100 MHz, are shown
in Table 4.1. These values are specific for this device and operational configurations.
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Figure 4.12: Transient simulation of the current density distribution of an NMOS device in
the noisy contact configuration, at OFF state: (a) total current density, (b) x component and
(c) y component.

Nevertheless, they are useful in order to note the order of magnitude of each current.

As was stated in Chapter 3, in order to determine the real contribution of each
current to substrate induced interference, not only the magnitude of the current itself
should be taken into account, but also its matching with the propagation channel.
Using (3.6) and (3.9), together with the values shown in Table 4.1, and considering the
fundamental propagation mode of each substrate type, we obtain the contribution of
each current component Id, Icon and Iback, to substrate induced interference. This is
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Table 4.1: Significant current distributions for the symmetric NMOS device

Config. Freq. (MHz) Currents (mA/µm)

Heavily-Doped Substrate

Id Icon Iback
0.1 1 1.1×10−7 2.7×10−9

Switching device 10 1 2.3×10−5 6.2×10−7

100 1 3.6×10−4 8.7×10−6

0.1 0.25 - 4×10−3

Noisy contact 10 0.25 - 4×10−3

100 0.25 - 4.2×10−3

Lightly-Doped Substrate

Id Icon Iback
0.1 1 1.1×10−7 9×10−9

Switching device 10 1 1.3×10−5 5.2×10−6

100 1 1.2×10−4 3.5×10−5

0.1 0.25 - 3.8×10−5

Noisy contact 10 0.25 - 3.8×10−5

100 0.25 - 3.8×10−5

SOI Substrate

Id Icon Iback
0.1 1 1.1×10−7 1.9×10−14

Switching device 10 1 1.3×10−5 1.5×10−10

100 1 1.2×10−4 1.9×10−8

0.1 0.25 4.4×10−7 7.7×10−9

Noisy contact 10 0.25 4.4×10−5 7.4×10−7

100 0.25 4.4×10−4 7.6×10−6

calculated as the induced field ratio considering the orientations of all contributions

Er,zz (Iα)

Erz (Id) + Erz (Icon) + Ezz (Icon) + Ezz (Iback)
, (4.1)

where α represents the selected component. Results are shown in Table 4.2.
In the switching configuration and for all technology options, the main contri-

bution is the channel current Id. Even though Iback is several orders of magnitude
lower, it plays a non-negligible role in the lightly-doped case, due to the fact that
vertical currents crossing the substrate are much better matched than horizontally-
oriented currents in the P-well. If we look at the values obtained in the noisy body
contact configuration, we can see that both for lightly-doped and SOI substrates,
vertically-oriented currents are much better matched than the horizontal short cur-
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Table 4.2: Contribution to induced fields for the symmetric NMOS device (φ=0)

Config. Freq. (MHz) Contribution

Heavily-Doped Substrate

Id(%) Icon(%) Iback(%)

0.1 ≈100 ≈0 ≈0

Switching device 10 ≈100 ≈0 ≈0

100 99.8 0.1 0.1

0.1 41 - 59

Noisy contact 10 40.9 - 59.1

100 40 - 60

Lightly-Doped Substrate

Id(%) Icon(%) Iback(%)

0.1 ≈100 ≈0 ≈0

Switching device 10 98.5 ≈0 1.5

100 90.4 ≈0 9.6

0.1 68.3 - 31.7

Noisy contact 10 68.1 - 31.9

100 68 - 32

SOI Substrate

Id(%) Icon(%) Iback(%)

0.1 ≈100 ≈0 ≈0

Switching device 10 ≈100 ≈0 ≈0

100 99.9 0.05 0.05

0.1 98.5 ≈0 1.5

Noisy contact 10 90 0.05 9.95

100 76.2 0.3 23.5

rent distributions. In the heavily-doped case, the matching between a long vertically-
oriented parasitic current crossing the substrate is comparable to the matching of a
short horizontally-distributed currents in the P-well. This makes interference reduction
using top substrate contacts for preventing substrate current injection less effective.

Nevertheless, it is important to note that interference induced by horizontally-
distributed currents is not radially symmetric, and has a minimum at φ=π/2. This
means that a victim placed perpendicularly to the direction of the horizontal current
flow will only receive the contribution of the interference induced by vertical currents.
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Figure 4.13: Diagram of the simulated structure including the main current contributions.
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Figure 4.14: Transient simulation of the total current density of an NMOS device in a switching
configuration with a top substrate contact at 5.78 µm.

4.3.3 Interference reduction due to substrate contact placement

In Sec. 4.3.2 we have seen how the presence of a close substrate contact modifies the
device current density distribution patterns by collecting parasitic injected currents
that previously were picked up by the backside electrode. In this section, the impact
in terms of induced interference reduction is analyzed for different contact placement
options. The study case considered is a quiet substrate contact that collects part
of the current that is injected by a switching device. We consider the heavily and
lightly-doped bulk technology options, different switching frequencies, and three dif-
ferent placement options in each case.

Figure 4.13 shows a diagram of the simulated structure and the expected main
current contributions. The substrate thickness considered is 200 µm. We simulate this
structure for different switching frequencies and distances between the device and the
top contact, with d = 0.78 µm being the closest possible distance. Figure 4.14 shows
an example of the obtained current density footprint at 100 kHz in OFF state, for
d = 5.78 µm.

In the presence of a top substrate contact, part of the current that is coupled
through the gate is diverted, it flows horizontally through the P-well and is picked
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4.3. Analysis of a symmetric N-type CMOS device current footprint

up by the top contact. We do not show the results in ON state, as the side contact
does not affect the behavior of the channel conduction current. Therefore, in this
scenario, there will be two horizontal net contributions to substrate coupling: the
channel conduction current (Id) and the diverted current flowing through the P-well
(Icon). With regards to the vertical contribution, we can divide it in two parts: the
diverted current that originally flows vertically through the gate and that is partially
cancelled by an opposite current flow through the top substrate contact (Icon), and the
current that is not diverted and is picked up by the backside electrode (Iback). The
location of the top contact with respect to the device (parameter d in Fig. 4.13) will
mainly determine the amount of current that is diverted. Similarly, the location of
the top contact will also determine the effective cancellation between the two paired
opposite current distributions. In a 3D version of the structure, several substrate
contacts might be placed surrounding the device. Therefore the number of contacts
will also impact the percentage of diverted current. Since in the 2D simulation the
structure is considered to be homogeneous in the missing dimension and, in practice,
substrate contacts are of finite size, the following results correspond to a best case
scenario.

In order to calculate the absolute reduction caused by placing the top contact,
all significant contributions should be taken into account. In Table 4.3, we show the
contribution to induced interference of each of the described current components (Icon,
Iback and Id) according to (3.6) and (3.9). The percentages shown have been calculated
as the ratio between the induced electric field due to each current component, and the
total induced electric field (see (4.1)). Results have been obtained with and without
top contact and for different distances between gate and contact, at 100 kHz and 100
MHz.

It is clear that the main contribution to substrate coupling is the channel conduc-
tion current (Id). In addition, the current distribution that is better matched to the
substrate is the vertical current flowing from the gate electrode to the backside in the
lightly-doped substrate. In this case, at 100 MHz and when no top contact is placed,
the backside current is four orders of magnitude lower than the channel current and
still it causes 20% of the induced interference. One should also note that these values
have been calculated when the horizontal contribution is maximum (φ = 0). A victim
located perpendicularly to the direction of the horizontal current flow (φ = π/2) will
only receive the contribution of the vertical components.

Next, we quantify the reduction in terms of induced interference caused by the
placement of the top substrate contact. In Table 4.4, for each case under study, we
show the current percentage that previously was picked up by the backside contact
and now is diverted to the top contact, the reduction of induced interference compared
to the one caused by Iback without top contact and, finally, the absolute reduction of
induced interference taking into account all current components in the device.

In the best cases, more than 80% of the current that was previously injected to the
substrate is now picked up by the top contact. This occurs for the closest contact place-
ment in the heavily-doped case and for all the studied distances in the lightly-doped
substrate at 100 kHz. This is obvious, as in the latter case, the P-well conductivity is
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Table 4.3: Contribution to induced interference of each current distribution vertical and
horizontal component (φ = 0)

Dist. (µm) Freq. (MHz) Horizontal Vertical

Heavily-Doped Substrate

Id(%) Icon(%) Iback(%) Icon(%)

- 0.1 ≈100 - 5.4×10−4 -

100 99.4 - 0.6 -

0.78 0.1 ≈100 1.1×10−5 4.9×10−5 9.5×10−7

100 99.8 1.1×10−2 0.1 9.9×10−4

5.78 0.1 ≈100 4.6×10−6 2.4×10−4 3.3×10−6

100 99.6 4.5×10−2 0.3 3.3×10−3

10.78 0.1 ≈100 4.7×10−5 3.7×10−4 2.6×10−6

100 99.5 4.8×10−2 0.4 2.7×10−3

Lightly-Doped Substrate

Id(%) Icon(%) Iback(%) Icon(%)

- 0.1 99.98 - 0.02 -

100 77.8 - 22.2 -

0.78 0.1 ≈100 1×10−5 4.9×10−4 2.7×10−8

100 90.1 9.7×10−3 9.9 2.4×10−5

5.78 0.1 ≈100 6.7×10−5 2.7×10−3 1.6×10−7

100 87.9 6×10−2 12 1.4×10−4

10.78 0.1 ≈100 1.2×10−4 3×10−3 2.8×10−7

100 88.2 0.1 11.6 2.6×10−4

two orders of magnitude higher than the substrate conductivity. For a given distance,
variations in frequency have a more significant impact in the lightly-doped substrate
scenario, as in this case, the contribution of the displacement current in the conduction
mechanisms is higher.

The reduction of the interference originally induced by the backside current is a
measure of how effective the top substrate contact is in reducing substrate coupling. In
the lightly-doped substrate option, we see that this reduction practically coincides with
the percentage of diverted current, which means that its effectiveness is close to 100%.
This is due to the fact that vertically oriented currents flowing across the substrate
have much higher matching than the other components. On the other hand, in heavily-
doped substrates, its matching is comparable to the horizontal contributions and that
is why the structure effectiveness considerably decreases with distance (approx. 67%
effective for a distance of 10.78 µm).

Finally, if we look at the absolute reduction values, it is clearly seen that, from
a device perspective, the side substrate contact has almost no effect. This is due to
the fact that the major contribution to substrate coupling is the channel conduction
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Table 4.4: Induced interference reduction caused by the top contact placement (φ = 0)

Dist. (µm) Freq. (MHz) Diverted Backside Int. Absolute Int.

Current Reduction Reduction

Heavily-Doped Substrate

0.78 0.1 90.5% 88.2% ≈0

100 81% 79% 0.5%

5.78 0.1 52.6% 43% ≈0

100 45.7% 37.5% 0.2%

10.78 0.1 28.3% 19.1% ≈0

100 25.3% 16.9% 0.1%

Lightly-Doped Substrate

0.78 0.1 97.2% 97.1% 0.02%

100 61.4% 61.3% 13.6%

5.78 0.1 84.4% 84% 0.01%

100 52.2% 52% 11.5%

10.78 0.1 82.9% 82.2% 0.01%

100 53.3% 53.1% 11.8%

current. While substrate contacts are effective in reducing interference induced by
parasitic injected currents, other techniques should be considered to prevent interfer-
ence induced by operational horizontal currents. These techniques will be explained in
Sections 4.4 and 4.5.

4.4 Interference cancellation

In all studied configurations, we have seen paired current distributions of opposite sign.
We can model the effect of having a second source of equal magnitude and opposite sign
separated by a certain distance d, as a cancellation coefficient multiplying the original
source. Considering the induced fields expressions derived in Chapter 2 (see Table 2.1
and 2.2) and taking an approximation of Hankel functions of the second kind [38], for
each mode, this cancellation coefficient can be expressed as

Cc(kr) = 1− e−jkrd . (4.2)

From a device point of view, symmetric architectures will benefit from this effect,
as well as folded devices [58], where the cancellation will occur with the contribution of
the channel conduction current. From a layout perspective, if similar devices are placed
so that their channel currents flow in opposite directions, the overall contribution to
substrate coupling will be reduced according to this coefficient.
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Figure 4.15: Diagram of the main current contributions for a folded extended drain NMOS
device.

4.5 Analysis of an extended drain NMOS device current
footprint

In order to quantify the interference cancellation effect, we will study the interference
generated by a folded power NMOS with an extended drain architecture (see Fig.
4.15) implemented in a lightly-doped substrate [59]. Two different configurations will
be studied (see Fig. 4.16). First, we will consider the switching configuration, where
drain, source and the body contact are kept at a constant potential and an AC signal
is applied to the gate electrode. Secondly, we will study the currents generated by the
device operating as a high-side switch, where drain and body are kept at a constant
potential and AC signals are applied to source and gate electrodes [60]. Figure 4.15
shows a diagram of the main current contributions. Figures 4.17 and 4.18 show the
obtained current density in the switching configuration at 100 kHz, when the device
is in ON and OFF states, respectively. The device profile (gate electrode, source and
drain diffusions and STI structures) has been superimposed on the total current density
plot for a better understanding of the obtained current density distributions.

Figure 4.19 shows the obtained current density in the high-side switch configuration,
when the device is in OFF state. The ON state current density footprint is not shown
as it is the same as the one shown in Fig. 4.17.

Similarly to the symmetric NMOS, one can see that in both configurations, the
same dominant components appear in the device current density footprint. However,
now both horizontal current density distributions Id and Icon are paired to opposite
distributions of equal magnitude. The simulated current magnitudes at the corre-
sponding electrodes for both configurations and at 100 kHz, 10 MHz and 100 MHz, are
shown in Table 4.5. Similarly to the previous case, the contribution of each current
component taking into account its matching with the propagation channel and the
mutual cancellation between opposite sources ((4.1) and (4.2)) is shown in Table 4.6.

The mutual cancellation is a function of the specific mode propagation coefficient
and the distance between the paired opposite sources. Taking into account the param-
eters of this study case, the contribution of Id is 97.7% lower than the same current
without the paired source. The contribution of Icon has also been reduced by 94.5%.
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Figure 4.16: Schematic of the simulated configurations: (a) switching device and (b) high-side
switch.

Table 4.5: Significant current distributions for the extended drain NMOS device in a lightly-
doped substrate

Config. Freq. (MHz) Currents (mA/µm)

Id Icon Iback
0.1 0.95 1.7×10−7 4.4×10−8

Switching device 10 0.95 1.7×10−5 4.4×10−6

100 0.95 1.7×10−4 4.4×10−5

0.1 0.95 2.9×10−6 2.6×10−7

High-side switch 10 0.95 2.9×10−4 2.6×10−5

100 0.95 2.9×10−3 2.6×10−4

Table 4.6: Contribution to induced fields for the extended drain NMOS device (φ = 0)

Config. Freq. (MHz) Contribution

Id(%) Icon(%) Iback(%)

0.1 99.9 ≈0 0.1

Switching device 10 93 ≈0 7

100 56.8 ≈0 43.2

0.1 99.6 ≈0 0.4

High-side switch 10 68.8 ≈0 31.2

100 18 0.1 81.9
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Figure 4.17: Transient simulation of the current density distribution of an extended drain
folded NMOS device in the switching configuration, at ON state: (a) total current density,
(b) x component and (c) y component.

As a result, even though the contribution of Id is still the dominant one at lower
frequencies, it is comparable or lower than the vertical contribution above 10 MHz.

4.6 Summary and conclusions

In this chapter, a series of transient device simulations have been performed, in order to
determine the current distribution magnitude and shape of different structures which
are considered typical on-chip aggressors. We have taken into account both folded
and non-folded device architectures, different operational configurations and substrate
technology options. This information together with the matching with each substrate
technology option allows us to accurately quantify the real contribution of each current
component to substrate induced interference. We have seen that for most of the studied
cases, the main contribution is due to the device channel current. It is important to
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Figure 4.18: Transient simulation of the current density distribution of an extended drain
folded NMOS device in the switching configuration, at OFF state: (a) total current density,
(b) x component and (c) y component.

note that this is not a parasitic substrate injected current, but a current contribution
due to normal circuit operation. Nevertheless, this contribution can be significantly
reduced by taking advantage of the mutual interference cancellation effect using folded
architectures and by smart device placement.

In addition, the effect of different substrate top contact placement options has been
analyzed, quantifying the effective reduction in the induced interference. We have
concluded that, for lightly-doped substrates, the reduction is close to 100%, compared
to the interference previously induced by the current injected into the substrate. In
the case of heavily-doped substrates, the effectiveness is reduced as the distance to the
contact increases, because the matching of the new current distribution is comparable
to the one without top substrate contact. Nevertheless, the overall reduction is very
low, as the main contribution to substrate coupling is the horizontally distributed
channel current.
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Figure 4.19: Transient simulation of the current density distribution of an extended drain
folded NMOS device in the high-side switch configuration, at OFF state: (a) total current
density, (b) x component and (c) y component.

The developed methodology provides insight into the role of the matching between
the interference source and the coupling path. With this, we have shown why the source
current magnitude is not the only parameter that should be evaluated to determine the
dominant interference generation mechanism. Instead, the matching between the cur-
rent density distribution and the specific supported propagation modes will determine
the magnitude of the total induced interference.

Finally, it is very important to distinguish between the vertically-oriented and
horizontally-oriented contributions, as the contribution of the latter changes as a func-
tion of the relative orientation between aggressor and victim. All the calculations
performed in this chapter have been done considering a worst case scenario (victim is
placed in the same direction of the current flow). If a victim is placed perpendicularly
to the direction of the horizontal current flow, it will only receive the contribution of
the vertically-oriented current distributions.
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Chapter 5

Substrate Discontinuities

5.1 Introduction

In previous chapters, the IC substrate structure has been characterized as a mul-
tilayered radial waveguide, with different doping steps in the vertical direction and
homogeneous in the radial direction. Therefore, by using this modeling approach, a
certain doping profile can be characterized by the propagation modes that it is able to
support.

In practice, integrated circuits consist of a complex combination of different doping
profiles, implemented both for operational and isolation purposes [58]. This means that
sections which are able to support different propagation modes are cascaded. These can
be considered as discontinuities transverse to the direction of interference propagation,
that are able to modify the characteristic propagation patterns that were defined in
Chapter 2.

In this chapter, the effect of substrate discontinuities will be characterized and a
formulation will be provided in order to deal with different cascaded doping profiles

Part of the content of this chapter has been published previously as [61,62]:

• M. Grau Novellas, R. Serra and M. Rose,“Fast Electromagnetic Characterization of Integrated
Circuit Passive Isolation Structures Based on Interference Blocking,” IEEE Trans. on Mi-
crowave Theory and Techniques, vol. 65, no. 11, pp. 4093-4102, 2017.

• M. Grau Novellas, R. Serra, M. Rose and R. Secareanu, “Efficient Modeling of Multi-Stage In-
tegrated Circuit Passive Isolation Structures,” IEEE Trans. on Electromagnetic Compatibility,
vol. 60, no. 2, pp. 544-547, 2018.
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Figure 5.1: Diagram of a single substrate discontinuity.

in an efficient way. Firstly, the basis of the modeling methodology will be built up
by analyzing the effects caused by a single transition between two doping profiles.
Subsequently, the model will be extended to be able to deal with a general number
of discontinuities. This chapter only presents the theoretical modeling of substrate
discontinuities. In Chapters 6 and 7 several application examples will be provided
and the modeling approach will be extensively validated both with simulations and
measurements.

5.2 Description of the structures under study

A substrate discontinuity is defined as two or more cascaded sections of different dop-
ing profiles. In practice, these discontinuities are implemented in order to build an
operational circuit (e.g. different N-wells and P-wells are used to implement different
types of transistors within a certain technology [55, 58, 63]), as well as different kinds
of isolation structures (e.g. trenches, deep N-wells or P-well blocks [11,64,65]).

Following the same waveguide characterization approach as in previous chapters,
this type of structures can be modeled as discontinuities transverse to the direction of
interference propagation.

In the same way as for radially homogeneous substrates, each section is character-
ized by its number of layers m and its absolute radius r. All cascaded sections can
have a different number of layers with different heights and material properties. Sub-
sequently, each layer n is characterized by its absolute height hn, permittivity εn and
conductivity σn (see Fig. 5.1). The layers are referred using a bottom-top notation,
where the PEC is located below layer 1. As interference propagates radially, we will
use a cylindrical coordinate system to describe the structures under study. For the sake
of simplicity, we will consider that the source is centered at the origin and the other
sections surround it as coaxial rings. The validity of this assumption will be assessed
in Chapter 6.

74



5.3. Modeling of a single discontinuity

5.3 Modeling of a single discontinuity

In the presence of a single discontinuity formed by sections A and B (see Fig. 5.1),
when the first section is excited with a certain mode (A1), part of the energy will be
transferred to the following section B and part of the energy will be reflected. The
energy can be transferred to all the modes supported by section B and, in the same way,
it can be reflected through all the modes supported by section A. This phenomenon is
called mode conversion [66]. Therefore, expressions for electric and magnetic fields in
section A can be expressed as

EA = aA1eA1 +

∞∑
i=1

aA1ρAi A1eAi +

�
D
aA1ρA A1(kr)eA(kr) dkr , (5.1)

HA = aA1hA1 +

∞∑
i=1

aA1ρAi A1hAi +

�
D
aA1ρA A1(kr)hA(kr) dkr , (5.2)

where aAi are the modal amplitude coefficients of mode Ai, ρAi A1 is the reflection
coefficient of mode Ai when the structure is excited by mode A1. The summation cor-
responds to the reflected discrete modes, and the integral corresponds to the reflected
radiation modes, where D is the integration domain in the complex plane [37].

Similarly, fields in section B can be expressed as

EB =

∞∑
j=1

aBjeBj +

�
D
aB(kr)eB(kr) dkr , (5.3)

HB =

∞∑
j=1

aBjhBj +

�
D
aB(kr)hB(kr) dkr , (5.4)

where aBj are the modal amplitude coefficients.
We will consider that the source of interference is a certain current density distribu-

tion J(r, φ, z) located in section A. For the sake of simplicity, we will consider that the
source is a vertically oriented current distribution centered at the origin of coordinates.
However, any kind of current distribution can be used to characterize the discontinuity.

The general expressions of the field components that are tangential to the discon-
tinuity interface, for a mode or spectral component i and in the n-th layer, are [32]

Ezzni =
−j

ωµεn
[aniH

2
0 (krir) +

∞∑
j=1

anjρijH
1
0 (krir)]k

2
rfni(z) , (5.5)

Hz
φni =

1

µ
[aniH

2
1 (krir) +

∞∑
j=1

anjρijH
1
1 (krir)]krfni(z) , (5.6)

where the z-dependent term fni(z) corresponds to

fni(z) =

{
cos(kzni(z − hn−1) +Dzni) n ≤ m
e−jkzniz n = m+ 1

. (5.7)
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5. Substrate Discontinuities

Backward and forward propagation is described with Hankel functions of the first
and second kind, respectively [25]. The infinite summation in the backward propaga-
tion term corresponds to the contribution of all possible reflections from other modes
due to mode conversion. In (5.5), (5.6) and (5.7) we consider that the continuous
spectrum is discretized and its contributions to the backward term are included in the
summation.

The condition that the total tangential electric and magnetic fields are continuous
at the discontinuity interface (A-B) provides two initial equations. Following the pro-
cedure described in [66], we take the cross product of the electric continuity equation
with each magnetic modal component in section A and, analogously, we take the cross
product of the magnetic continuity equation with each electric modal component in
section B. Subsequently, we integrate all resulting equations over the discontinuity in-
terface. As the structures under study have an upper open boundary, the discontinuity
interface should be extended to infinity. By applying the orthogonality property of the
set of discrete modes and spectral components of radiation modes in each section [41],
several terms will vanish and equations can be derived to determine the discontinuity
unknowns.

5.4 Modeling of a three-section discontinuity

The particular case of a three-section discontinuity is of special interest, as it represents
the case of having a homogeneous substrate that is locally interrupted by an inserted
section. This is very useful to characterize isolation structures such as P-well blocks
or both shallow and deep SiO2 trenches. In addition, it is the simplest case of a
multi-section discontinuity, which has two types of interfaces: one where forward and
backward propagation exist at both sides of the interface, and a second one where
there is no backward propagation after the interface. For this reason, this particular
three-section case will be used to develop the basis of the general model.

The basic model of the structures under study consists of a three-section disconti-
nuity with two consecutive interfaces located at rA and rB (see Fig. 5.2). For a given
excitation in section A, the complete set of unknowns will consist of the scattering
parameters in sections A and B, and the amplitude coefficients in sections B and C.
We will consider that there is no backward propagation in section C. In order to be
able to solve the complete system, the second discontinuity needs to be solved first.

For the B-C interface, considering p modes in section B and q modes in section
C, and that the structure is excited by mode B1, the following system of equations is
obtained 

[
BC1
p× p

] [
BC2
p× q

]
[
BC3
q × p

] [
BC4
q × q

]




ρB1 B1

...
ρBp B1

aC1

...
aCq


=


[
BC5
p× 1

]
[
BC6
q × 1

]
 , (5.8)
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Figure 5.2: Diagram of a three-section substrate discontinuity.

where BC1 and BC4 are diagonal matrices. The elements of submatrices BC1 to BC6
are

BC1jj = −k2rBjYBj BjH1
0 (krBjrB) , (5.9)

BC2ij = k2rCjYCj BiH
2
0 (krCjrB) , (5.10)

BC3ij = −krBjYCi BjH1
1 (krBjrB) , (5.11)

BC4jj = krCjYCj CjH
2
1 (krCjrB) , (5.12)

BC5i1 =

{
k2rB1YB1 B1H

2
0 (krB1rB) i = 1

0 i > 1
, (5.13)

BC6i1 = krB1YCi B1H
2
1 (krB1rB) . (5.14)

This system of equations has to be solved p times (for all possible modes exciting
the interface). The coefficient Y is calculated as

Yαi βj =

m+1∑
n=1

� hn

hn−1

anαifnαi(z)

a1αiεnα

anβj
a1βj

fnβj(z) dz , (5.15)

where εnα is the permittivity in layer n of section α and the subscripts αi and βj refer
to mode i in section α and mode j in section β, respectively.

Following the same procedure, we can write a similar system of equations for in-
terface A-B. However, now there are forward and backward waves at both sides of the
interface. Considering t modes in section A and p modes in section B, and that the
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structure is excited by mode A1, we obtain


[
AB1
t× t

] [
AB2
t× p

]
[
AB3
p× t

] [
AB4
p× p

]




ρA1 A1

...
ρAt A1

aB1

...
aBp


=


[
AB5
t× 1

]
[
AB6
p× 1

]
 , (5.16)

where AB1 is a diagonal matrix. The elements of submatrices AB1 to AB6 are

AB1jj = −k2rAjYAj AjH1
0 (krAjrA) , (5.17)

AB2ij = k2rBjYBj AiH
2
0 (krBjrA) +

p∑
s=1

k2rBsYBs AiρBs BjH
1
0 (krBsrA) , (5.18)

AB3ij = −krAjYBi AjH1
1 (krAjrA) , (5.19)

AB4ij =

{
krBjYBj Bj(H

2
1 (krBjrA) + ρBj BjH

1
1 (krBj)) i = j

krBiYBi BiρBi BjH
1
1 (krBirA) i 6= j

, (5.20)

AB5i1 =

{
k2rA1YA1 A1H

2
0 (krA1rA) i = 1

0 i > 1
, (5.21)

AB6i1 = krA1YBi A1H
2
1 (krA1rA) . (5.22)

Every possible excitation in A will result in a set of amplitude coefficients for all
modes in section B, therefore the overall solution will be the superposition of all possible
combinations.

5.5 Mode selection criteria

In practice, the source current distribution will excite all supported modes in section A
to a greater or lesser extent, depending on its size, shape, frequency, orientation, etc.
Therefore, the previous system of equations has to be solved t× p times. Taking into
account the complete modal expansion of fields in semi-open waveguides, described
by (5.1)-(5.4), a discretization of the continuous spectrum should be performed and
a subsequent truncation of the number of equations is required to be able to tackle
the problem. Nevertheless, the purpose of the proposed model is not to obtain an
accurate representation of the fields in each section, but to obtain the transfer function
between sections A and C. For this reason, there is no need to consider the whole set of
supported modes. Instead, it is sufficient to consider those discrete modes and spectral
components in each section that effectively contribute to substrate coupling and/or
account for the maximum power transfer between sections A and C.
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Figure 5.3: Diagram of the proposed mode selection criteria.

The required number and type of modes will vary depending on the substrate type.
A study of when propagation in IC substrates can be described only with discrete
modes, in terms of frequency, doping profile, and distance to the source was provided
in Chapter 3. Generally speaking, the higher the conductivity in layer m, the longer
the distance to the source in which the dominant modes are the ones confined in the
substrate stack and, therefore, interference propagation can be described with a few
discrete modes.

On the other hand, those doping profiles that correspond to isolation structures
(such as trenches, P-well blocks or reverse-biased junctions) are normally bounded
by charge-free, highly-resistive or dielectric mediums, as its function is precisely to
interrupt the surrounding active layer. Thus the dominant modes in these sections
consist of radiation modes. Although non-dominant, other propagation mechanisms
also supported by this type of doping profiles are discrete guided complex modes [67].

The proposed approach for a fast electromagnetic characterization of substrate
discontinuities is to perform a smart selection of the propagation modes with the max-
imum contribution to the transfer function between different sections. If very few
modes are used to characterize each section, the proposed system of equations is easily
solvable. For those doping profiles with a top layer with relatively high conductivity,
the selection of modes is straightforward. The corresponding eigenvalue equation (see
Chapter 2) will provide the propagation coefficients of the relevant propagation modes.
For those doping profiles, in which the radiation modes dominate, a selection criteria
needs to be established.

Analogously to sections bounded by conductive layers, in sections not bounded
by them, one can derive an eigenvalue equation that will provide the propagation
coefficients of the discrete guided complex modes. Even though non-dominant within
the typical size range of passive isolation structures, these will contribute to the transfer
function, as they effectively propagate through the structure. In addition to discrete
complex modes, we will also consider the spectral component that accounts for the
maximum power transfer (see Fig. 5.3). Because isolation sections are located very
close to the source of interference, we can neglect the propagating radiation modes and
only consider evanescent spectral components (see Chapter 3).
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5. Substrate Discontinuities

In order to select this spectral component, we will distinguish between two possible
scenarios: a symmetric and a non-symmetric discontinuity.

5.5.1 Symmetric discontinuity

A symmetric discontinuity is defined as the one in which sections A and C have the
same doping profile. As it is logical to assume that interference is caused by circuit
operation, we assume that the source (located in section A) is located in a section
bounded by a conductive active layer. Therefore, we will consider a scenario where
sections A and C are bounded by highly conductive layers and section B is an inserted
section where radiation modes dominate, such as the case of a SiO2 trench implemented
in an SOI substrate [64,68].

If sections A and C are characterized by very few modes, the overall system of
equations is considerably reduced. Therefore, it is possible to solve it for different
values of spectral components in section B, in order to determine which is the one that
contributes the most to the overall transfer function or, in other words, the spectral
component that is matched best with modes in sections A and C. In addition, one
should expect that the value of this mode propagation coefficient would be of a similar
magnitude to the ones in the adjacent sections. For this reason, there is no need
to discretize the whole spectrum of possible values, but just to establish a window
centered at the value of the imaginary part of the propagation coefficients that we
want to match.

Nevertheless, in order to simplify this procedure and avoid iterations, one can take
advantage of the symmetry of the structure to optimize the search. In this case, it
is logical to assume that the mode in section B responsible for the maximum power
transfer at the first interface A-B, will also account for the maximum contribution at
the second interface B-C. Therefore, the problem is simplified to just one discontinuity,
in the following manner: the discontinuity A-B is excited only with the fundamental
mode A1, and we will assume that all reflected power goes to the same mode. The
energy transferred to section B will go to two modes: B1 is the fundamental discrete
complex mode of the section and B2 is the spectral component to optimize. In this
scenario, we will select the propagation coefficient for B2 that minimizes the reflection
coefficient of A1, given by the following expression:

ρA1 A1 =
QH2

1 (krA1rA)− krA1YA1 A1H
2
0 (krA1rA)

krA1YA1 A1H1
0 (krA1rA)−QH1

1 (krA1rA)
, (5.23)

where

Q =

2∑
i=1

Y 2
Bi A1krBiH

2
0 (krBirA)

YBi BiH2
1 (krBirA)

. (5.24)

5.5.2 Non-symmetric discontinuity

A non-symmetric discontinuity is defined as the one in which the doping profiles of
sections A and C are not equal. Similarly to the symmetric case, we will consider that
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5.6. General model of a multi-section discontinuity

sections A and C are bounded by conductive layers and that they can be described
by a few but different discrete modes. This would e.g. be the case of a deep N-well
inserted in a P-type substrate [69], with a single reverse-biased junction, for instance.

Following the same approach as in the symmetric case, we will characterize section
B with the fundamental discrete complex mode plus the spectral component of the
evanescent radiation modes that contributes the most to the structure transfer function.
However, the considerations made for the symmetric case in order to simplify the
search, may not be accurate for the whole frequency range, as the present study case
is not symmetrical. For this reason, a different approach is considered in order to
optimize the procedure for non-symmetrical structures. In this case, we consider a
single discontinuity A-B. Section A is characterized with t modes and section B is
characterized only with the spectral component with the largest contribution. The
amplitude coefficient of a spectral component krB for a certain excitation mode Ae
corresponds to the following expression

CB Ae =
CAe

[
H2

1 (krAerA)− H2
0 (krAerA)

H1
0 (krAerA)

H1
1 (krAerA)

]
krB

YB AekrAe
[YB BH2

1 (krBrA)−QkrBH2
0 (krBrA)]

, (5.25)

where

Q =

t∑
i=1

Y 2
B AiH

1
1 (krAirA)

YAi AikrAiH1
0 (krAirA)

. (5.26)

In this scenario, we will select the spectral component krB with the maximum
amplitude coefficient, when all selected modes exciting the discontinuity are considered
simultaneously

max

(
t∑
i=1

CB Ai

)
. (5.27)

5.6 General model of a multi-section discontinuity

We will now consider a multi-section discontinuity that consists of N consecutive sec-
tions with different doping profiles (see Fig. 5.4). The source of interference will be
a certain current density distribution located in section 1, and we want to obtain a
transfer function between sections 1 and N . This general model enables the characteri-
zation of more complex passive isolation structures, such as triple wells [70,71], and/or
multiple cascaded substrate discontinuities [72].

In order to solve this structure, one should follow the same methodology that was
described in the three-layer case. Given a certain discontinuity (1|2) in a multi-section
scenario, where section 1 is characterized by t modes and section 2 is characterized by
p modes, the inputs of its system of equations will be the amplitude coefficient of the
excitation mode (e.g. a11), and the p×p reflection coefficients at the subsequent section
(ρ21 21 to ρ2p 2p). The corresponding unknowns to be obtained are the p amplitude
coefficients at the subsequent section for the given excitation (a21 11 to a2p 11) and the
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Figure 5.4: Diagram of a multi-section substrate discontinuity.

t reflection coefficients at the prior section (ρ11 11 to ρ1t 11). This system of equations
has to be solved t times, for all possible excitations (a11 to a1t). Consequently, in order
to be able to solve the complete structure, the system of equations that corresponds
to the discontinuity located further away from the source (N − 1|N) has to be solved
first [66]. The outcome of this system of equations is then used as an input for the
subsequent discontinuity interface (N − 2|N − 1). The equations used to characterize
the interface (N − 1|N) correspond to the ones formulated for the B-C discontinuity
of the three-section case (5.8). The equations used to characterize interfaces (N −
2|N − 1) to (1|2) correspond to the ones formulated for the A-C discontinuity of the
three-section case (5.16). Figure 5.5 shows the solution flow of the complete set of
systems of equations. After having solved all the interfaces, the amplitude coefficients
of interference propagation modes in section N can be obtained as follows

aNi =

∞∑
q1=1

a1q1

∞∑
q2=1

a2q2 1q1 ...

∞∑
qN−1=1

aNi (N−1)qN−1
. (5.28)

Analogously to the three-section case, all those sections within the multi-section
structure where radiation modes dominate will be characterized by the evanescent
spectral component that maximizes power transfer. In order to optimize the selection of
these modes and avoid iterations, instead of taking into account the complete structure,
we will just consider the discontinuity to be optimized. The prior section will be fully
characterized with all relevant excitation modes and in the following section we will
consider only the spectral component with the largest contribution (5.25-5.27). At
this point, two different strategies can be followed. If the interference source current
distribution is known and located in the section before the discontinuity, the amplitude
coefficients of each excitation mode are known. Therefore all excitation modes can
be considered simultaneously and the spectral component that maximizes the overall
transmission can be selected. On the other hand, if the weighted contribution of each

82



5.7. Summary and conclusions

aN1 … aNiNN-1N-1N-2

ρ(N-1)1_(N-1)1 … ρ(N-1)i_(N-1)1

ρ(N-1)1_(N-1)i … ρ(N-1)i_(N-1)i

 …
 

 …
 

a(N-1)1_(N-2)1 … a(N-1)i_(N-2)1

a(N-1)1_(N-2)i … a(N-1)i_(N-2)i

 …
 

 …
 

 … 

21

a21_11 … a2i_11

a21_1i … a2i_1i

 …
 

 …
 

a11 … a1i

 Jr, Jz, Jφ 

ρ11_11 … ρ1i_11

ρ11_1i … ρ1i_1i

 …
 

 …
 

Step N Step 1

Step 2N‐1Step N+1
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Figure 5.6: Optimization strategies considered: (a) known source and (b) arbitrary source.

excitation mode is not known, an arbitrary source will be used and the matching with
each excitation mode will be optimized separately. Figure 5.6 shows a diagram of both
strategies.

5.7 Summary and conclusions

In this chapter, a complete modeling methodology has been developed that enables a
electromagnetic characterization of substrate discontinuities. It is based on the char-
acterization of the different doping profiles by means of the supported propagation
modes. We have modeled different cascaded doping profiles as waveguide discontinu-
ities, transverse to the direction of interference propagation, presenting a formulation
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for a general number of propagation modes in each section. Subsequently, those prop-
agation modes that dominantly contribute to the structure transfer function have been
considered to define the system of equations to be solved.

In addition, in order to be able to keep the number of used modes to a minimum, we
have proposed strategies to optimize the mode selection in those regions in which the
radiation modes dominate. This allows us to avoid iterations, simplifying considerably
the systems of equations to be solved. In the three-section case, a criterion has been
established both for symmetric and non-symmetric discontinuities. In the general
multi-section case, two different optimization strategies have been proposed for those
discontinuity interfaces excited both by known and arbitrary sources.

The proposed modeling methodology can be used to characterize both simple and
complex on-chip single passive isolation structures, as well as multiple cascaded struc-
tures. In addition, it can be applied to characterize the effect of having different types
of wells on interference propagation. In the next chapter, this methodology will be
extensively validated in the context of characterizing different passive isolation struc-
tures. The calculated transfer functions will be compared both with simulations and
on-chip measurements.
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Chapter 6

Passive Isolation Structures

6.1 Introduction

In previous chapters, we have shown that IC substrates are structures that support
propagation modes which are able to spread interference generated by device switching
activity throughout the whole chip. Therefore, it is important to implement techniques
to prevent interference from reaching sensitive nodes through the substrate. In this
sense, passive isolation structures are commonly used to minimize unwanted coupling
[11, 73]. There are two main isolation mechanisms that can be implemented, either
separately or combined. The first one consists in providing a low impedance path
in order to attract interference currents and route them away from sensitive nodes.
In practice, this is normally implemented with a P+ guard ring connected to an off-
chip ground, [15, 74]. The second one consists in blocking interference propagation
by embedding highly resistive or dielectric sections between the aggressor and the
potential victim. Most common structures used for interference blocking are silicon
dioxide trenches and reverse-biased junctions (e.g., a deep N-well in a P-type substrate),

Part of the content of this chapter has been published previously as [61,62]:

• M. Grau Novellas, R. Serra and M. Rose,“Fast Electromagnetic Characterization of Integrated
Circuit Passive Isolation Structures Based on Interference Blocking,” IEEE Trans. on Mi-
crowave Theory and Techniques, vol. 65, no. 11, pp. 4093-4102, 2017.

• M. Grau Novellas, R. Serra, M. Rose and R. Secareanu, “Efficient Modeling of Multi-Stage In-
tegrated Circuit Passive Isolation Structures,” IEEE Trans. on Electromagnetic Compatibility,
vol. 60, no. 2, pp. 544-547, 2018.
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Figure 6.1: General model of a multi-section passive isolation structure.

that can be implemented either parallel or transverse to the direction of interference
propagation [64,65,75,76].

In practice, passive isolation structures are usually characterized experimentally
and/or by means of simulations [11,29,77]. An overview of the most common compu-
tational techniques used for substrate modeling can be found in [6].

Behavioral equivalent networks of lumped elements have also been proposed, how-
ever, they require the use of extraction tools or calibration with on-chip measure-
ments [78, 79]. For this reason, results cannot be easily extrapolated and performing
an extensive characterization including all combinations of variables (design, opera-
tional, and technological) can be very expensive and time consuming. In addition, IC
substrates are able to support several propagation modes, that are determined by their
specific doping profile and frequency of operation [32]. Equivalent lumped element net-
works are a single-mode representation and therefore they neglect the effects derived
from multi-modal interference propagation, such as mode conversion [66].

In this chapter, the modeling methodology developed in Chapter 5 will be applied
to characterize different types of on-chip passive isolation structures. The calculated
results will be validated by means of both simulations and measurements. In order to
do that, we will consider a multi-section discontinuity scenario where an interference
source is located at the beginning of section 1 and a potential victim is located in
section N . Sections 2 to N − 1 represent an isolation structure (see Fig. 6.1).

6.2 Isolation effectiveness assessment

Once the propagation coefficients (kr1i−krNi), scattering parameters (ρ1i 1j−ρNi Nj)
and amplitude coefficients (a1i − aNi) for all relevant modes are known, useful infor-
mation with regards to isolation effectiveness can be easily and rapidly extracted from
them. The main advantage of the characterization of each doping profile by means of
these parameters is that there is no need to calculate electromagnetic fields, currents or
voltages at each spatial point or node in order to obtain the isolation structure transfer

86



6.3. Three-section passive isolation structures

P‐substrate

P‐well

buried SiO2

321

r

Figure 6.2: Diagram of the studied trench in SOI substrate structure.

function. There are several ways to define such transfer functions and each of them
provides different and valuable information. These are

• The voltage ratio calculated as the integral of the total electric field at aggressor
and victim locations (V (rvictim)/V (rsource)) provides a transfer function that
takes into account the effect of the attenuation due to the distance between them,
the parallel and transverse isolation layers, and the localized effects due to the
interaction between the modes considered. This transfer function is equivalent
to a simulated or measured transmission coefficient, like the S21 parameter [80].

• The ratio of the fundamental mode amplitude coefficient at victim and aggressor
sections (aN1/a11) accounts for the effect of the parallel and transverse isolation
layers. For this reason it allows us to de-embed the effect of the attenuation due
to distance, which can vary significantly with frequency, especially in substrates
with parallel isolation layers [32].

• The ratio of the fundamental mode amplitude coefficient at victim section with
and without isolation structure (aN1/aN1) is defined as its isolation effectiveness.
This provides information about the isolation capabilities of the transverse dis-
continuity as a function of the substrate in which it is embedded. In addition, it
allows us to de-embed the effect of other isolation structures, if present.

6.3 Three-section passive isolation structures

6.3.1 Symmetric study case: trenches in SOI substrate

A symmetric structure is one in which aggressor and victim sections have the same
doping profile, such as the case of a SiO2 trench implemented in an SOI substrate (see
Fig. 6.2) [64,81]. The isolation capabilities of trenches are studied as a function of the
surrounding doping profile in which they are implemented. We firstly start from the
SOI doping profile shown in Fig. 2.1 and obtain the relevant propagation coefficients
for this substrate type in the frequency range of interest (see Fig. 6.3). The absolute
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Figure 6.3: Radial propagation coefficients of sections 1 and 3 in the symmetric case: (a) real
part and (b) imaginary part.

Table 6.1: Symmetric study case parameters

Trench in SOI substrate
Section 1 2 3
Radius r < 200 µm 200 µm ≤ r ≤ 201 µm r ≥ 201 µm

h11=250 µm h21=250 µm h31=250 µm
Layer 1 σ11=10 S/m σ21=10 S/m σ31=10 S/m

εr11=11.9 εr21=11.9 εr31=11.9
h12=252 µm h22=252 µm h32=252 µm

Layer 2 σ12=0 S/m σ22=0 S/m σ32=0 S/m
εr12=3.9 εr22=3.9 εr32=3.9

h13=253 µm h23=253 µm h33=253 µm
Layer 3 σ13=1000 S/m σ23=0 S/m σ33=1000 S/m

εr13=11.9 εr23=3.9 εr33=11.9

height, conductivity and relative permittivity used are shown in Table 6.1. Section 2
consists of two layers, however, the second layer has been artificially split in order to
make the calculation of coefficients described by (5.15) easier.

From the values shown in Fig. 6.3, one can conclude that for almost the complete
frequency range of interest, the fundamental mode (referred as mode 1 in Fig. 6.3) is
the dominant one. There is a second mode of higher order and with higher negative
imaginary part of the propagation coefficient that, consequently, is attenuated more
rapidly. This mode starts to become more relevant approximately above 200 MHz. We
can observe different resonances due to the presence of the isolation layer. In section 2,
and for the frequency range of interest, only a discrete complex mode (the fundamental
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mode) is obtained, so we will characterize this section with one discrete mode plus the
spectral component responsible for the maximum energy transfer. As a consequence,
we will consider two modes to characterize each section. The corresponding modal
amplitude coefficients and scattering parameters of all selected modes are calculated
according to the methodology described in Chapter 5. The spectral component that
contributes the most to the transfer function is selected following the strategy developed
for symmetric structures (see (5.23) and (5.24)).

In order to assess the validity of the assumptions made, finite element method
(FEM) simulations have been performed using the electromagnetic full-wave software
CST Microwave Studio. Previous studies have shown very good agreement between
FEM simulations and measurements of on-chip passive isolation structures [11]. Fields
induced in the substrate due to a current distribution J = Iδ(r)ẑ from z = 0 to z = h3
are simulated and compared to the ones obtained with the proposed model. Results
obtained for the parameters in Table 6.1 are shown in Fig. 6.4, where the trench
location is highlighted with a vertical line.

Figure 6.5 shows the results obtained for the same structure but with a thicker active
layer (hn3 = 254 µm). As can be seen, there is very good agreement between calculated
results and simulations. After the trench, one can observe a localized decrease of the
field magnitude. This is due to the fact that higher order modes are excited, due to
mode conversion, that interact destructively with the fundamental mode and, therefore,
the total electric field magnitude is transitionally decreased. This localized drop is not
present in the calculated results because these high-order modes have not been included
in the analysis. Because they are attenuated faster, the effect disappears after a certain
distance, where the level of interference is then determined only by the fundamental
mode. The length and magnitude of the electric field drop is frequency dependent,
being more significant at lower frequencies, where evanescent modes play a much more
significant role. For a thicker active layer (Fig. 6.5), the substrate resonance is slightly
shifted to the left compared to the one obtained for the first study case (Figs. 6.3
and 6.4), being now centered at 100 MHz. Due to this, the electric field drop at
100 MHz is more significant. If additional modes from the continuous spectrum are
included in section 3, the proposed model allows the representation of this phenomenon.
However, this would increase the size and complexity of the system of equations. After
the transitional behavior, considering only two modes in each section, the deviation
of the predicted electric field for the 1 µm thick active layer case is less than 1 dB.
Whereas, for the 2 µm thick active layer case, the worst case deviation of the predicted
value is 4 dB. The full-wave simulation time was approximately three hours for five
frequency points, while the computation time with the proposed model implemented
using MATLAB [82] was 75 seconds for 50 frequency points on the same computer.

Figure 6.6 shows the trench transfer function calculated as the voltage ratio at
different locations, and as the ratio of the fundamental mode amplitude coefficient in
the aggressor and victim sections. Results show that the attenuation due to the distance
is frequency dependent. This is due to the resonances caused by the presence of the
parallel isolation layer. In addition, at higher frequencies the transfer function value
calculated as the ratio of the fundamental mode amplitude coefficient in the aggressor
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Figure 6.4: Amplitude of the induced z-component of the electric field due to a vertical current
of I=1 A, at z=240 µm, in a SOI substrate with a 1 µm thick active layer and a 1 µm wide
SiO2 trench at r=200 µm, for (a) f=100 MHz, (b) f=1 GHz, (c) f=10 GHz.

and victim sections (distance de-embedding) is above 0 dB. This is due to the fact
that energy that previously belonged to mode 2 and therefore was rapidly attenuated,
is transferred to the fundamental mode because of the mode conversion phenomenon.
This mode is able to propagate interference more efficiently and thus, in this frequency
range, the trench is not blocking but enhancing substrate coupling. Figure 6.7 shows
the isolation effectiveness of a SiO2 trench for different active layer conductivities (σ3).
One can observe that the trench isolation effectiveness remains almost constant at
low frequencies, due to the presence of the parallel SiO2 layer. Small variations of
the active layer conductivity have a significant impact on the isolation effectiveness at
higher frequencies, where the effect of mode conversion is more important.
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Figure 6.5: Amplitude of the induced z-component of the electric field due to a vertical current
of I=1 A, at z=240 µm, in an SOI substrate with a 2 µm thick active layer and a 1 µm wide
SiO2 trench at r=200 µm, for (a) f=100 MHz, (b) f=1 GHz, (c) f=10 GHz.

As can be seen, the comparison of the three previously defined transfer functions
allows us to quantify the contribution of the different isolation mechanisms involved.
When localized isolation peaks occur due to destructive mode interaction, increasing
the distance to the source of interference would decrease the isolation, which is a
counterintuitive behavior.

6.3.2 Non-symmetric study case: deep N-wells

A non-symmetric structure is one in which the doping profiles of aggressor and victim
sections are not equal, as in the case of an aggressor located inside a deep N-well
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Figure 6.7: Isolation effectiveness of a 1 µm wide SiO2 trench at r=200 µm in an SOI substrate

inserted in a P-type substrate, when the victim is located outside the structure. In
this study case, we will consider a reverse-biased single junction structure [11], as
shown in Fig. 6.8. Thus, the section 1 doping profile will have a parallel depleted layer
between the substrate and the active layer, while section 2 will consist of a transverse
depleted region on top of the substrate, interrupting the active layer (see Fig. 6.8).
The parameters used in this study case are shown in Table 6.2. Even though sections 1
and 3 do not have the same doping profile, they both have a highly-doped active layer.
This implies that the same type of modes will describe propagation in both sections,
having similar propagation coefficients in the frequency range far above the resonances
caused by the depleted layer (see Fig. 6.9).

92



6.3. Three-section passive isolation structures

deep N‐well

P‐substrate

P‐well

charge‐free region

p‐well
1 2 3

r

Figure 6.8: Diagram of the studied single junction deep N-well structure.
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Figure 6.9: Radial propagation coefficients of sections 1 and 3 in the non-symmetric case: (a)
real part and (b) imaginary part.

Following the same approach as in the symmetric case, we will characterize section
2 with the fundamental discrete complex mode plus the spectral component of the
evanescent radiation modes that contributes the most to the structure transfer func-
tion. Analogously, the modal amplitude coefficients and scattering parameters of all
selected modes are calculated according to the methodology described in Chapter 5.
The spectral component that contributes the most to the transfer function is selected
following the strategy developed for non-symmetric structures (see (5.25)-(5.27)).

EM simulations have been performed using CST Microwave Studio, in order to as-
sess the validity of the assumptions made in this study case. The source and simulation
configurations are the same as the ones used in the symmetric case. Fields induced
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Table 6.2: Non-symmetric study case parameters

Deep N-well
Section 1 2 3
Radius r < 99 µm 99 µm ≤ r ≤ 100 µm r ≥ 100 µm

h11=249 µm h21=249 µm h31=249 µm
Layer 1 σ11=10 S/m σ21=10 S/m σ31=10 S/m

εr11=11.9 εr21=11.9 εr31=11.9
h12=250 µm h22=250 µm h32=250 µm

Layer 2 σ12=0 S/m σ22=0 S/m σ32=10 S/m
εr12=11.9 εr22=11.9 εr32=11.9
h13=251 µm h23=251 µm h33=251 µm

Layer 3 σ13=1000 S/m σ23=0 S/m σ33=1000 S/m
εr13=11.9 εr23=11.9 εr33=11.9

in the substrate have been obtained and compared to the ones calculated with the
proposed model. Figure 6.10 corresponds to the results obtained with the parameters
shown in Table 6.2. The location of the transverse depleted region has been highlighted
with a line.

There is very good agreement between calculated and simulated results. One can
also see the localized decrease of the electric field magnitude after the discontinuity, due
to destructive mode interaction. However, it is not as significant as the decrease shown
for the trench study case. After the transitional behavior, the worst case deviation of
the predicted electric field is less than 2 dB. Simulation and computation times are
similar to the ones in the previous section.

Due to the fact that aggressor and victim sections are not characterized by the
same modes, the transfer function of the structure cannot be obtained by calculating
the ratio between modal amplitude coefficients in sections 1 and 3. Therefore, it is
obtained by means of the voltage ratio (see Fig. 6.11). However, one should take into
account that the attenuation due to the distance is also included. As can be seen in
Fig. 6.11, for different victim locations and when there are no isolation layers, as in the
case of section 3, the difference in attenuation levels between curves is almost constant
over the whole frequency range of interest. This is not the case for SOI substrates,
where the attenuation difference at different victim locations is highly dependent on
frequency (see Fig. 6.6).

In order to obtain the isolation effectiveness, we calculate the ratio of the amplitude
coefficient of the fundamental mode in the victim section considering the same excita-
tion, with and without the deep N-well. In this case, we will not decouple the effect
of the parallel and transverse depleted regions, as they cannot be implemented sepa-
rately. Therefore, the scenario without a deep N-well will consist of the substrate and
the active layer on top, having the same doping profile as the victim section. Figure
6.12 shows the calculated isolation effectiveness for a 1 µm wide transverse depleted
region at different distances from the source. One can see that the frequency at which
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Figure 6.10: Amplitude of the induced z-component of the electric field due to a vertical
current of I=1 A, at z=240 µm, in a deep N-well with a 1 µm thick depleted region, for (a)
f=100 MHz, (b) f=1 GHz, (c) f=10 GHz.

the structure stops filtering is approximately 20 MHz. Above this frequency, the fun-
damental modes at aggressor and victim sections start to be similar (see imaginary
part in Fig. 6.9-b) and both sections are better matched. In this frequency band,
only effects derived from mode interaction impact significantly the structure transfer
function and isolation effectiveness. The closer the transverse discontinuity is to the
source, the more significant the effect of mode interaction is, as the higher order mode
(mode 2) reaches the discontinuity less attenuated. This has an effect on the isolation
magnitude, however the peak remains centered at the same frequency point, as this

95



6. Passive Isolation Structures

106 107 109 1010108 

Frequency (Hz)

-60

-50

-40

-30

-20

Tr
an

sf
er

 fu
nc

tio
n 

(d
B)

V(100 7m) / V(10 7m) 
V(150 7m) / V(10 7m) 
V(200 7m) / V(10 7m)

Figure 6.11: Transfer function of a deep N-well with a 1-µm wide transverse depleted region
at r=99 µm.
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Figure 6.12: Isolation effectiveness of a deep N-well with a 1 µm wide depleted region, for
different transverse discontinuity locations.

depends mainly on the depleted region width. In addition, for high frequencies it can
be seen that the deep N-well stops being effective, and interference is enhanced due to
mode conversion.

Figure 6.13 shows the calculated isolation effectiveness for different thicknesses of
both parallel and transverse depleted regions. As expected, the thickness impacts the
frequency response of the deep N-well. Furthermore, for thicker depleted regions the
effect of destructive mode interaction is more significant and also occurs at higher
frequencies.
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Figure 6.13: Isolation effectiveness of a deep N-well with a transverse depleted region at r=99
µm, for different depleted region thicknesses.
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Figure 6.14: Diagram of the studied triple well structure.

6.4 Multi-section passive isolation structures

6.4.1 Triple wells

A triple well consists of two wells of different doping types (one inside the other) so that,
together with the substrate, two consecutive reverse-biased junctions are formed [71].
In order to characterize this structure, a five-section discontinuity model is built (see
Fig. 6.14).

The triple well is simulated with the 3D full-wave tool CST Microwave Studio,
in order to obtain the fields induced inside the substrate stack. The current density
used as a source is a vertically oriented one, flowing across the whole stack height
J = Iδ(r)ẑ. The structure is modeled with 5 sections of absolute radius r1 = 50
µm, r2 = 50.5 µm, r3 = 51 µm and r4 = 51.5 µm. The parallel charge-free regions
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Figure 6.15: Amplitude of the induced z-component of the electric field due to a vertical
current of I=1 A, induced in layer 1 in the triple well structure at z = 240 µm, where the
effect of mode interaction is higher, for (a) f=10 MHz, (b) f=100 MHz, (c) f=1 GHz and (d)
f=10 GHz.

are 1 µm and 0.5 µm thick respectively. The substrate considered is highly resistive
(σ = 10 S/m) and 250 µm thick. The active layer has a conductivity of 1000 S/m and
a thickness of 1.5 µm. The conductivity is 1000 S/m for the N-well and 1500 S/m for
the P-well. Section 4 is the only one without intermediate or top conductive layers,
so in this case an optimization is carried out with an arbitrary source. Propagation
coefficients are obtained in each section, in the range from 1 MHz to 10 GHz [32].
According to the criteria described in Chapter 5, either two or three modes are used to
characterize each section. The total computation time with the proposed methodology
implemented using MATLAB [82] was 12 minutes for 100 frequency points, while the
simulation time on the same computer was three hours for five frequency points (300
times faster for each frequency point).

There is good agreement between the simulated and the calculated results (see
Fig. 6.15). Similarly to the previous studied isolation structures, after the transverse
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Figure 6.16: Characterization of the triple well structure: (a) transfer function calculated as
the voltage ratio and (b) isolation effectiveness.

discontinuity location, one can observe a localized decrease of the field magnitude. This
is due to the fact that the high-order modes that are excited interact destructively with
the fundamental propagation mode in section 5. However, they attenuate faster and
after a certain distance this effect is not present anymore. The simulated and calculated
localized magnitude drops do not coincide. However, this phenomenon can be more
accurately characterized if additional evanescent modes are included in the last section,
at the obvious expense of increasing complexity. In Fig. 6.16 the calculated transfer
function and isolation effectiveness are shown.

6.4.2 Filled trenches

The filled trench structure under study [83] consists of a multi-layer stack formed by a
P-well, a P-epitaxial layer, a buried oxide and an N-substrate, where a SiO2 trench is
embedded and filled with doped polysilicon, so it contacts the substrate. Figure 6.17
shows a diagram of the structure, where the different sections have been highlighted.

In order to characterize the filled trench, a test structure in a 130 nm CMOS tech-
nology on an SOI substrate has been implemented. It consists of two square P-well
tubs of 200×200 µm separated by deep trench isolation (DTI). Each tub is an isolated
island formed by a resistive epi-layer and a more conductive P-well. In order to obtain
the transfer function, it has been embedded in a coplanar ground-signal-ground struc-
ture [84]. This type of test structure is commonly used to experimentally characterize
on-chip passive isolation structures [64,85]. The layout and cross-section are shown in
Fig. 6.18. The fundamental propagation modes that backplaned ground-signal-ground
transmission lines are able to support, are of even type [86]. The electric field lines are
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Figure 6.17: Diagram of the studied filled trench structure.
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Figure 6.18: Measured test structure: (a) layout and (b) DTI cross-section.

oriented vertically (from the signal strip to the backplane) and horizontally (two oppo-
site paired distributions from the signal strip to the two lateral ground strips). Because
both horizontal contributions will partially cancel each other, the main contribution
to the substrate induced interference will be vertically-oriented.

The measured S21 is compared to a calculated transfer function obtained from a
radially symmetric version of the structure. Results are shown in Fig. 6.19.

As can be seen, there is quite a good agreement between the measured and calcu-
lated results, except for the range between 100 kHz and 1 MHz, where the measured
results reached the noise floor. Even though the shape of the test structure is not radi-
ally symmetric, the results obtained with the proposed model show that the behavior
can be extrapolated, providing a reasonable accurate transfer function. In this case,
the computation time was 8 minutes for 100 frequency points.
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Figure 6.19: Comparison of the measured and calculated DTI transfer function.

6.5 Source impact on transfer function

As was shown in Chapters 3 and 4, each source current distribution excites the sub-
strate supported propagation modes differently. In previous sections, all studied struc-
tures were characterized using vertically-oriented sources. In this section, we will
study the impact of different source current distributions on the transfer function
of integrated isolation structures. As field expressions derived from vertically-oriented
and horizontally-oriented sources are slightly different (see Chapter 2), the system of
equations that characterizes the same discontinuity but excited by differently-oriented
sources, will also be different (see Chapter 5). In addition, if the source of interfer-
ence has a different matching with each of the modes exciting the discontinuity, the
way in which they will interact (mode conversion, mode enhancement and/or mode
destructive interaction) will also vary.

This approach can be very useful to study a case in which passive isolation struc-
tures based on interference blocking are combined with low-impedance paths that mod-
ify the source current pattern [15,87]. In order to illustrate the effect of having different
source distributions and to quantify the contribution of each isolation mechanism, we
will use as a study case an isolation structure that combines both strategies: a triple
well implemented by means of a DNW and two N-wells in a P-substrate, with a P-well
on top (see Fig. 6.20-a). Once both junctions are reverse-biased, two consecutive de-
pleted regions are formed. Since all sections are contacted for biasing purposes, the
parasitic injected current can potentially be redirected through these contacts. There-
fore, we will consider three possible current distributions (see Fig. 6.20-b):
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Figure 6.20: Triple well (a) isolation structure and (b) considered source current distributions

• (1), a horizontally-oriented current that is located within the P-well (e.g. the
conduction current of an NMOS device that flows from source to drain terminals),

• (2), a vertically-oriented parasitic current that is injected and picked up by the
chip backside (e.g. gate to substrate capacitive coupling in a switching device),

• (3), a parasitic injected current that crosses the first depleted region and is picked
up by the N-well contact, flowing both vertically and horizontally.

Using expressions derived in Chapter 3, we will calculate the voltage induced across
the substrate stack per mA of current flowing according to each current distribution
(1)-(3). For this purpose, we will use the parameters of a DNW structure implemented
in a 40 nm technology, with a lightly-doped substrate. The length of the inner P-well
is 10 µm, and the length of both N-well sections is 2 µm. All current distributions are
considered to originate in the center of the DNW. The induced voltage sensing point
is located 9 µm away from the source central point. Figure 6.21 shows the obtained
results. The voltage induced due to the horizontally distributed current within the
P-well has been calculated considering two options of a typical channel length of power
devices in this technology.

It is clearly seen how each current distribution is differently matched with the
substrate and, as a result, the voltage induced differs significantly. The structure
resonates at approximately 100 MHz, and while this enhances the induced voltage for
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Figure 6.21: Voltage induced across the substrate stack at r=9 µm per mA of current flowing
according to the cases described in Fig. 6.20.

sources (1) and (3), the voltage induced due to source (2) is decreased. Sources (2) and
(3) are better matched to the substrate, however, one should take into account that,
in practice, the magnitude of the parasitic coupling that can cause this type of current
distributions is several orders of magnitude smaller than a device channel conduction
current. In a realistic situation, a vertically injected current will be partially picked up
by the backside and partially picked up by a side contact. The percentage of current
following each distribution will be a function of the frequency, the doping profile, the
number of contacts and the impedance of the supply network. Therefore, cases (2)
and (3) in Fig. 6.21 are the upper and lower limits respectively, and any practical
situation will be between both curves. The voltage induced by source (1) is completely
independent from the impedance and number of contacts in the N-well.

In order to experimentally validate this approach, a test structure has been imple-
mented in a 130 nm CMOS technology on an SOI substrate. It consists of two 500×500
µm square tubs separated by SiO2 deep trench isolation, with the same cross section as
the test structure shown in Fig. 6.18. The trench is filled with polysilicon, providing
contact to the substrate. The structure layout is shown in Fig. 6.22.

Two configurations have been measured: grounded and floating DTI filler contact.
When the DTI filler contact is grounded, an alternative low impedance path is provided
for the currents injected in the substrate, that will mostly be redirected and collected
by the trench contact, following a distribution similar to case (3) in Fig. 6.20-b. On the
other hand, if the DTI filler contact is left floating, there is no alternative path and the
substrate injected currents will be picked up by the backside, following a distribution
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Figure 6.22: Layout of the measured 500 × 500 µm test structure.
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Figure 6.23: Calculated and measured transfer function of two 500×500 µm tubs separated
by (a) grounded and (b) floating DTI filler contact.

similar to case (2) in Fig. 6.20-b. The voltage induced at the source and sensing points
has been calculated taking into account the contribution of three propagation modes
and compared to the measured S21. Results are shown in Fig. 6.23.

Measured and calculated results are in very good agreement for both grounded and
floating configurations. Results for the grounded configuration have a better agree-
ment, due to the fact that because a low impedance path is provided, the assumed
current density distribution is closer to the real one. In the floating case, mode inter-
action effects are more significant, resulting in a more irregular transfer function (see
peaks in Fig. 6.23-b).
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6.6 Summary and conclusions

In this chapter, the substrate discontinuity modeling methodology has been applied to
characterize different types of passive isolation structures.

Based on the model parameters, several transfer functions have been defined in
order to identify the role of different isolation mechanisms involved. These allow us to
de-embed the effect of the distance and to assess the isolation effectiveness of a certain
structure in different substrates and in the presence of additional isolation structures.

Regarding the particular three-section case, the proposed model has been applied
to two study cases. One in which the victim and the aggressor cross-sections have equal
doping profiles and a second one with different doping profiles. We have shown that,
with a smart selection of just a few of the most representative modes in each section,
the problem can be significantly simplified and the model is still able to quickly provide
reasonably accurate transfer functions. However, if a more accurate representation of
fields in all sections is required, more modes can easily be included. With these, we can
perform an early prediction of the isolation effectiveness of these types of structures
avoiding the need of calibration by means of extraction tools or experimental tests. The
calculated results have been compared to full-wave simulations, obtaining very good
agreement in both symmetric and non-symmetric cases. We have also shown that
effects due to the multimodal characteristic of interference propagation in integrated
circuit substrates already occur at a few hundred MHz. These can cause a localized
increase of the isolation effectiveness, but also enhance interference coupling, especially
for frequencies above 1 GHz.

Subsequently, the developed formulation has been applied to characterize more com-
plex isolation structures. Results obtained for triple wells and filled trenches have been
compared to full-wave simulations and measurements, respectively, obtaining very good
agreement. The proposed formulation has been developed assuming radially symmet-
ric structures. The comparison to measurements has shown that, even if the structure
characterized experimentally was not radially symmetric, the calculated results provide
a good approximation for other topologies.

In addition, we have analyzed the impact of having different source current distribu-
tions on the characterization of on-chip passive isolation structures. The new insights
derived from this analysis allow us to properly assess the effectiveness of isolation
structures and to determine up to what extend they are useful for interference reduc-
tion. They also show how the test structure used to experimentally characterize an
on-chip isolation structure has an impact on its transfer function, as it determines the
shape of the current distribution exciting the discontinuity. Finally, we have validated
this approach by comparing calculated results with measurements of DTI structures,
obtaining very good agreement.
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Chapter 7

Complete IC Analysis: a Study Case

7.1 Introduction

In previous chapters, interference propagation through both radially homogeneous
multilayered substrates and substrates with discontinuities has been studied and mod-
eled. This has been applied to characterize and assess the effectiveness of passive
isolation structures that locally interrupt a homogeneous substrate.

In practice, a complete integrated circuit substrate consists of a complex combina-
tion of multiple structures and different doping profiles. An accurate characterization of
interference propagation through the whole structure, including circuit related topolo-
gies [58], would increase significantly the complexity of the problem. Computational
techniques [6] would be required to characterize such structures, at the cost of long
simulation times. In addition, one looses insight regarding interference propagation
phenomena, which is a key factor for prediction purposes. This is due to the fact that,
when simulating such complex scenarios, the dominant coupling path and/or the main
aggressor may not be clear.

Nevertheless, the goal of this thesis is to develop a methodology to assess the
EMC performance of a certain technology choice, at early stages of the design flow.
Therefore, the specific circuit topology and layout details are not defined at these early
stages. Still, to be able to draw some conclusions on the full-chip propagation behavior,
prior to the first design phases, is very valuable to avoid unnecessary design loops. In
addition, this is very helpful for floorplan definition and design guidelines elaboration.

In this chapter, the analysis of interference propagation patterns in a full-chip study
case will be performed. The different possible doping profile transitions related to the
functional circuit implementation will be analyzed and those ones with a more signifi-
cant impact on propagation patterns will be selected. With this, a high-level substrate
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Figure 7.1: Different types of doping profiles considered, where the white sections represent
charge-free regions: (a) P-sub, (b) P-well + P-sub, (c) N-well + P-sub, (d) P-well + DNW +
P-sub, (d) N-well + DNW + P-sub and (f)-(g) examples of doping profiles covered with STI.

interference analysis approach will be proposed for fast prediction purposes. Based
on that, some design recommendations will be provided. The present analysis will be
based on a study case of a newly designed chip in a CMOS 40 nm bulk technology.

7.2 Study case description

A new mixed-signal integrated circuit is being designed, that will be implemented in
a CMOS 40 nm technology, with a highly-resistive bulk substrate option. An EMC
characterization of this technology option will be carried out in order to provide some
design and layout strategy recommendations. This will include an analysis of the char-
acteristic attenuation of the most common doping profiles, an effectiveness assessment
of the available isolation structures for different sources and the impact characterization
of the representative circuit-related doping profile transitions.

Generally speaking, the study case structure is a combination of the following dop-
ing profiles [88] (see Fig. 7.1)

(a) Substrate without any additional structure (P-sub),
(b) P-well over substrate (P-well + P-sub),
(c) N-well over substrate (N-well + P-sub),
(d) P-well over a Deep N-well (P-well + DNW + P-sub),
(e) N-well over a Deep N-well (N-well + DNW + P-sub).
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In addition, for isolation purposes, the substrate stack surface is partially covered
with STI structures, that consist of a 0.3 µm thick layer of SiO2, which reduces the
thickness of the conductive top wells locally (see Figs. 7.1-f and 7.1-g).

According to the technology design manual [88], a P-well (see Figs. 7.1-b, 7.1-d
and 7.1-f) is implanted in the whole chip area except for those regions where N-type
wells (see Fig. 7.1-c, 7.1-e and 7.1-g) are implanted and those regions in which a P-well
block is defined, resulting in the doping profile shown in Fig. 7.1-a.

Each of the possible doping profiles is, therefore, able to support a different set of
propagation modes. In order to obtain the propagation coefficients of those modes,
the different doping profiles are decomposed in layers with an equivalent conductivity.
These layers do not necessarily coincide with the description shown in Fig. 7.1. If the
doping profile of a well exhibits a very inhomogeneous pattern, this is decomposed in
thinner layers in order to accurately match the reality and avoid oversimplifications.

7.3 Characteristic attenuation

In previous chapters we have shown that interference in IC substrates has a multimodal
propagation characteristic. Nevertheless, there are cases in which, in the absence of
discontinuities, induced fields can be described only with one dominant fundamen-
tal mode, mainly because high-order modes have already attenuated. However, after
a certain distance, the fundamental mode has also attenuated and radiation modes
with lower propagation coefficient imaginary parts determine the induced interference,
drastically reducing the attenuation rates (see Chapter 3). When induced fields are
described with one fundamental mode, the attenuation rates become constant. This is
defined as the characteristic attenuation of a certain doping profile. As a first rough
estimation for the coupling between two areas of an IC, one could account for the
contribution of each doping profile type in terms of its characteristic attenuation.

Figures 7.2 and 7.3 show the characteristic attenuation of the P-well and N-well
doping profiles, respectively, with and without STI (active area).

In the P-well doping profile case, results show a constant attenuation rate in prac-
tically the whole studied frequency range, that starts to increase from approximately
1 GHz. The STI structure leads to a thinner P-well, that causes an increase in the
characteristic attenuation of +10 dB/mm.

In the case of the N-well doping profile, a 2.5 µm thick parallel depleted region
is created when the PN junction is reverse-biased with the maximum possible volt-
age. This depleted region causes the characteristic attenuation to vary significantly
throughout the studied frequency range. While the STI has almost no effect in the
low frequency range, it causes an attenuation gain of approximately +15 dB/mm for
high frequencies. The attenuation rate rapidly increases until the frequency where the
structure resonates. Beyond that point (100 MHz), the growth rate is lower. Table
7.1 shows the characteristic attenuation of the doping profiles shown in Figs. 7.1-b to
7.1-g.
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Figure 7.2: Characteristic attenuation of the P-well + P-sub doping profile with and without
STI
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Figure 7.3: Characteristic attenuation of the N-well + P-sub doping profile with and without
STI

While it has been shown that shallow trench structures lead to increased attenua-
tion rates, it is important to note that, in practice, both for operational reasons and
to fulfill density design rules that ensure layer uniformity [72] during the fabrication
process, there are no wide areas of continuous shallow trench isolation. Instead, short
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Table 7.1: Characteristic attenuation of different doping profiles

Frequency Characteristic Attenuation (dB/mm)
P-well + P-sub STI + P-well + P-sub

1 MHz 53 63
10 MHz 53 63
100 MHz 53 63

1 GHz 54 64
10 GHz 60 71

N-well + P-sub STI + N-well + P-sub
1 MHz 9 10
10 MHz 15 20
100 MHz 35 62

1 GHz 48 60
10 GHz 54 68

P-well + DNW + P-sub N-well + DNW + P-sub
1 MHz 9 8
10 MHz 16 13
100 MHz 36 28

1 GHz 50 40
10 GHz 55 44

sections of STI structures interrupt periodically the top active layers. As was shown in
Chapter 5, these may cause both mode conversion and interaction with higher order
modes. The same reasoning is applicable to transitions between P-wells and N-wells.
In the following section, the effect of STI structures and well transitions on interference
propagation is characterized as a substrate discontinuity.

7.4 Transitions characterization

In this study case, we consider that the most common doping profile transitions related
to circuit topologies are between active and STI regions, as well as between different
types of wells. The goal of this section is to determine the effect on interference
propagation of these types of transitions or discontinuities.

To this end, we assume a P-well section (see Fig. 7.1-b) as our default doping
profile. Subsequently, we will calculate the gain of having a certain type of transition
in this previously defined P-well section. Both cases are excited by the same source
and at the same distance. This corresponds to the definition of isolation effectiveness
stated in Chapter 6.
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Figure 7.4: Structure of the STI transition considered.
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Figure 7.5: STI transition gain with respect to the nominal doping profile: (a) d = 2 µm and
(b) d = 100 µm.

7.4.1 Shallow trench isolation

The structure of the STI transition considered is shown in Fig. 7.4, where d is the
distance between the source location and the beginning of the STI section and l is the
length of the STI section. Two modes are used to characterize each section. Figure
7.5 shows the inverse of the isolation effectiveness (transition gain) for STI structures
of different lengths located both close (d = 2 µm) and far (d = 100 µm) from the
source. Some of the length values, although non-realistic, have been included to make
the structure behavior trends explicit.

Results show that, for close distances to the source, the STI transition is practically
transparent and that the gain is almost the same for the three considered lengths. This
means that the energy of the fundamental mode is practically the same before and after
the transition. For frequencies above 1 GHz the attenuation starts to increase. The fact
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Figure 7.6: Structure of the PNP transition considered.

that it is increased in the same way for the three modeled STI lengths is an indicator
that the higher attenuation is caused by mode conversion. This means that, at higher
frequencies, energy that before the discontinuity belonged to the fundamental mode is
transferred to the high-order mode after the interface.

On the other hand, if the STI is located far from the source, the attenuation slightly
increases for long trench structures. This is due to the fact that the high-order mode
reaches the transition interface more attenuated.

In a realistic scenario, both the distance and length of STI structures is very small
(of the order of hundreds of nm [88]). Therefore, if one looks at the results for the
shortest and closest STI length in Fig. 7.5-a, it is logical to assume that STI transi-
tions are practically transparent and make almost no difference in terms of impact on
interference propagation compared to the nominal doping profile. Only for frequencies
above several GHz they cause a non-negligible impact.

7.4.2 PNP transitions

The structure of the PNP transition considered is shown in Fig. 7.6. Here, we do
not consider the N-well as an isolation structure. Instead, we want to model the case
of having surface waves that were previously induced due to a source located in a P-
well doping profile, that face a PNP inhomogeneity in the propagation path. Due to
the presence of the lateral depleted regions, five sections are needed to characterize a
single transition. Figure 7.7 shows the transition gain for several values of distance d
and length l. Some of the values, although non-realistic, have been included to make
the structure behavior trends explicit. The widths of the parallel and lateral depleted
regions are 2.5 µm and 0.2 µm, respectively.

Results show that for practically all studied cases, the PNP transition causes an
additional attenuation in the range between 0 and 2 dB. The only case that does not
follow the same trend is the one that corresponds to very long N-well lengths (see green
curve in Fig. 7.7-a and 7.7-b). This is due to the fact that the high-order mode in the
N-well section has almost vanished when it reaches the second lateral depleted region,
and the main contributor to the transfer function is the fundamental mode. This fact
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Figure 7.7: PNP transition gain with respect to the nominal doping profile: (a) d = 5 µm,
(b) d = 100 µm, (c) l = 2 µm and (d) l = 50 µm.

shows that, although the fundamental propagation mode determines the characteristic
attenuation of a certain doping profile, high-order modes also play a very important
role in the presence of discontinuities, as they are significant contributors to energy
transfer between different cascaded doping profiles. The gained attenuation value is
determined by the way in which the different modes interact, which is a function of
the exact modal amplitude and phase that they have when reaching each discontinuity
interface. As no clear trend can be established, in order to gain more insight, additional
cases will be analyzed.

We consider a 400 µm section of substrate with N N-well sections inserted in a
P-well doping profile, where d is the length of the P-well sections, l is the length of
the N-well sections and the width of the lateral depleted regions, which is a function
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Figure 7.8: N PNP transitions, gain with respect to the nominal doping profile: (a) 1 µm
long horizontal source in P-well and (b) vertical source across the substrate stack.

Table 7.2: PNP Transition studied scenarios

Case N d (µm) l (µm)

1 100 2 1.6

2 20 2 17.6

3 10 22 17.6

4 20 18 1.6

of the doping and biasing conditions, corresponds to 0.2 µm. Four different scenarios,
described in Table 7.2, are considered within the same substrate section. These corre-
spond to combinations of short and long cascaded P-wells and N-wells. The calculated
transition gain with respect to a 400 µm section of uninterrupted P-well is shown in
Fig. 7.8.

The transition gain has been obtained both for a horizontal and a vertical source.
As each source excites each mode differently, this also determines the way in which
modes interact. Generally speaking, the shorter the different sections, which result
in more transitions across a fixed substrate area, the more attenuation is achieved.
Therefore, one can conclude that it is not a matter of having a higher percentage of
P-well or N-well area, but what has a more significant impact in terms of increasing
isolation between two areas is the number of transitions that are crossed. Above 1 GHz,
the attenuation with respect to the nominal doping profile is considerably reduced.
Results also show a higher mismatch between the horizontally and vertically-oriented
cases, when fewer transitions are present. For N = 100, both cases converge into a
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similar curve. Taking into account the typical size of an N-well section [88] (case 1),
and for frequencies below 1 GHz, a reasonable assumption is that 0.7 dB of additional
attenuation is gained for each N-well crossing.

7.5 Isolation structures

In the previous sections, it has been considered that the interference always originated
in a non-isolated P-well section. In order to consider interference sources located in
other doping profiles (e.g. N-wells) or in isolated P-wells (e.g. Deep N-wells or P-
well blocks), a simple approach is to replace the original source and the corresponding
isolation structure by an equivalent source, located in a P-well section, that induces
the same interference. This can be easily done by multiplying the original source by
the isolation structure transfer function. In this section, the transfer function of all
available isolation structures is obtained, according to the considerations detailed in
Chapter 6.

In order to obtain this equivalent source, the original one has to be multiplied by
the inverse of the isolation effectiveness (structure gain) defined in Chapter 6: the ratio
of the fundamental mode amplitude coefficients at the victim side with and without
isolation structure, with the same source. This figure of merit is very significant, as it
is independent of the victim location, which enables a more generalized approach to
characterize these structures because the attenuation effect due to distance is removed.

Looking at the main on-chip interference contributors, analyzed in Chapter 4, one
can distinguish between two types of source behavior. Therefore, the previous structure
gain definition can be further specified.

• Same current source, current distributions such as a device channel current
have a magnitude that is independent from the substrate type and surrounding
isolation structures. In this case, the same current magnitude will be used to
calculate the interference induced with and without isolation structure.

• Same voltage source, current distributions such as the one due to a parasitic
capacitive coupling from a switching device that are collected by the chip back-
side, have a magnitude that is a function of the electric field strength, as they
flow across charge-free regions. In this case, a current source that induces the
same voltage across the substrate in the aggressor side will be used to calculate
the interference induced with and without isolation structure.

7.5.1 N-well

The studied structure is the same as the one shown in Fig. 7.6, however, in this case the
source of interference is considered to be located in the center of the N-well. Figure
7.9 shows the structure gain both for a vertically-oriented source flowing across the
substrate stack (calculated with a constant voltage source) and a horizontally-oriented
source in the N-well surface, of 1 µm long (calculated with a constant current source).
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Figure 7.9: N-well structure gain with respect to the nominal doping profile for a 1 µm long
horizontal source and a vertical source across the substrate stack.

The distance between the source center and the N-well edge is 5 µm and the lateral
depleted region width is 0.2 µm.

Results show a different gain for both source types. In the lower frequency range,
the vertical source exhibits a slope of 20 dB/decade, while the horizontal source curve
has a slope of approximately 10 dB/decade. Above several tens of MHz, the effect
of mode conversion has a greater impact and both curves differ significantly. It is
important to note how interference is enhanced for horizontally-distributed sources
around 200 MHz, where the gain reaches almost +40 dB.

7.5.2 Deep N-well

The studied deep N-well structure, that consists of two wells of different types, one on
top of the other, is shown in Fig. 7.10. The distance between the source center and
the P-well edge is 5 µm, the lateral depleted regions width is 0.2 µm and the length of
the N-wells is 2 µm. The top parallel depleted layer width is 0.25 µm and the bottom
parallel depleted layer width is 2.8 µm. Figure 7.11 shows the structure gain both
for a vertically-oriented source flowing across the substrate stack (calculated with a
constant voltage source) and a horizontally-oriented source in the P-well surface, of 1
µm long (calculated with a constant current source).

For lower frequencies, results show the same slope behavior as for the N-well case.
However, in this case, the isolation achieved for horizontally-distributed sources is, in
general, much higher than for vertically-oriented ones. This is due to the fact that, for
this example, the mode conversion effect transfers energy from the fundamental mode
to other higher-order modes. The way in which modes interact is a function of their
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Figure 7.10: Structure of the deep N-well structure considered.
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Figure 7.11: Deep N-well structure gain with respect to the nominal doping profile for a 1 µm
long horizontal source and a vertical source across the substrate stack.

exact amplitude and phase when they reach the discontinuity interface. Nevertheless,
as was shown in Chapter 6, part of the isolation that is provided by a deep N-well
structure comes from the fact that part of the current that is vertically injected, is
redirected to the substrate contacts biasing the wells, as they provide an alternative
low-impedance path. In order to provide additional insight into the deep N-well iso-
lation properties, not only the transfer function for each separate source type should
be obtained, but also one should compare the absolute contribution of each possible
current distribution. In order to exemplify that, we recall the example provided in
Chapter 6 for this deep N-well structure (see Fig. 7.12 and 7.13). As was previously
mentioned, the amount of current that will follow distributions 2 or 3 is a function
of the number and resistivity of substrate contacts, these being a worst and best case
scenario, respectively.
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Figure 7.12: Triple well isolation structure with considered source current distributions, where
grey areas represent depleted regions.
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Figure 7.13: Voltage induced across the substrate stack at r=9 µm per mA of current flowing
according to the cases described in Fig. 7.12.

7.5.3 P-well block

A P-well block structure consist of a section where the P-well has not been implanted.
Therefore, this interrupts the active layer by creating a section where the doping pro-
file corresponds only to the highly-resistive P-substrate. This structure is commonly
implemented surrounding circuit blocks in order to increase isolation between them.
The typical P-well block width of the technology under study is 10 µm [88]. Figure
7.14 shows the studied P-well block structure, where l corresponds to the length of the
P-well block and d is the distance to the source of interference. Figure 7.15 shows the
structure gain for different values of distance and length, calculated for a vertically-
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Figure 7.14: Structure of the P-well block considered.

oriented source across the substrate stack and a horizontally-oriented source on the
surface of the P-well, of 1 µm long.

Results show that the P-well block structure has a little increased isolation com-
pared to the default doping profile. For a fixed distance to the source, if the length of
the P-well block is increased (see Fig. 7.15-c and 7.15-d ), the gained isolation is very
small (approximately 2 dB for a 100 µm wider block). Therefore, this gain is not worth
the corresponding extra die area used. For a typical length of 10 µm and a distance to
the source ranging between 10 µm and 200 µm, the gained isolation is generally in the
range from 0.5 dB to 1 dB. The exact value is quite unpredictable, as it is a function of
the source and magnitude of each mode when they reach the P-well block interface. If
the source is located very close to the block, high-order modes reach the discontinuity
less attenuated and, in the case of having constructive mode interaction, the block may
enhance the fundamental mode amplitude (see blue curve in Fig. 7.15-a).

It has been shown that a P-well block is not very effective in blocking interference
propagation. However, the fact that a certain circuit block is surrounded by a resistive
ring may contribute to confine source current distributions within the area, reducing
their size and therefore their ability to excite interference propagation modes. However,
in practice, most common sources may be already contained by substrate contacts
and/or guard rings which constitute a much more effective alternative low impedance
path, making the P-well block useless.

7.6 High-level analysis and layout recommendations

In previous sections, the effect of the most common doping profile transitions due to
circuit related topologies and isolation structures has been characterized for a CMOS 40
nm bulk technology. The representation of a whole chip study case, including all doping
profile combinations leads to extremely complex and time consuming simulations. In
addition, if one wants to perform an electromagnetic simulation, taking into account
effects such as multimodal propagation and mode conversion, it may not be possible
within a reasonable time frame.
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Figure 7.15: P-well block gain with respect to the nominal doping profile: (a) l = 10 µm
(horizontal source), (b) l = 10 µm (vertical source), (c) d = 50 µm (horizontal source) and
(d) d = 50 µm (vertical source).

However, if one looks at the previous results, it is obvious that by making certain
assumptions, the problem of a whole-chip representation can be simplified and accurate
estimations can be performed that take into account substrate electromagnetic effects.

For example, in order to accurately quantify the isolation between two areas of an
integrated circuit, one should follow the steps listed below.

• Establish a default or nominal doping profile and obtain its characteristic atten-
uation.

• Obtain the structure gain with respect to the default doping profile of the most
common doping profile transitions.

• Select those transitions with a more significant impact on interference propaga-
tion for the frequency of interest.
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7. Complete IC Analysis: a Study Case

In case of the characterized technology, we have defined as nominal doping profile
the P-well+P-sub section (see Fig. 7.1). Its characteristic attenuation is shown in
Fig. 7.2. For frequencies up to approximately 3 GHz, we can consider a characteristic
attenuation of 54 dB/mm. We can also assume that STI transitions do not impact
interference propagation and can neglect the effect of P-well blocks. On the other hand,
we should account for each N-well crossing by increasing the attenuation between the
interference source and the victim by 0.7 dB per crossing.

Subsequently, in order to account for the amount of generated interference, a prac-
tical approach is to consider that all interference sources are located within the nominal
doping profile. Those sources located in other sections (e.g. N-wells or deep N-wells)
should be replaced by equivalent sources taking into account the corresponding isola-
tion structure gain with respect to the nominal doping profile (inverse of the isolation
effectiveness). Once this is done, the generated interference and the previously pre-
dicted attenuation can be combined to obtain a whole-chip substrate noise map.

Previous results have shown that a way to increase isolation between two areas of
the same chip is to cross as many well-type transitions as possible. When defining the
layout of a chip, it is a common practice to implement long N-well stripes, alternating
with P-well sections, where pairs of NMOS and PMOS devices are placed, respectively
[58]. In this situation, in order to benefit from increased isolation, these stripes should
be placed perpendicularly to the direction of interference propagation or, in other
words, perpendicularly to the direct path between an aggressor and a potential victim
(see Fig. 7.16).

7.7 Summary and conclusions

In this chapter, an approach has been proposed to characterize and predict substrate
coupling in the context of a whole-chip study case, without the need of detailed model-
ing of its complex combination of doping profiles. This has been applied to perform an
EMC assessment of a CMOS 40 nm bulk technology option. However, the methodology
and strategy are general enough to be applied to any technology/option.

First, the concept of characteristic attenuation of a certain doping profile has been
defined. Subsequently, the substrate discontinuities modeling methodology that was
developed in Chapter 5, has been applied to characterize the most common doping
profile transitions due to circuit-related topologies. For that, a nominal doping profile
has been defined, and the transition gain has been calculated with respect to an equal
section of this doping profile. This figure of merit allows us to obtain a fair and
generalized characterization, as it is independent of the victim location.

Then, the available isolation structures have been characterized for different source
orientations, in order to establish their isolation effectiveness. We have shown that
very different transfer function patterns are obtained for the same isolation structure,
depending on the type of interference source. With this characterization approach,
one can replace a source located inside an isolation structure by an equivalent source
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Figure 7.16: Recommended relative orientation between N-type stripes, aggressor and poten-
tial victim.

located in the nominal doping profile section. This enables a considerable simplification
of the overall generated interference quantification in the whole-chip problem.

With regards to the studied case, we have seen that the doping profile transitions
with a greater impact on interference propagation, are transitions between different
types of wells. A practical approach to account for their effect is to add an additional
attenuation factor for each perpendicular N-well crossing. For this particular case and
for frequencies below 3 GHz, this is approximately 0.7 dB per crossing. According
to this, when defining the layout of a chip, it is advisable to place the different wells
in such a way that the number of well type crossings in the direct path between an
aggressor block and a potential victim is maximized.
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Chapter 8

Conclusions and Recommendations

8.1 Developed modeling methodology

An early prediction of EMC issues in integrated circuits is crucial to avoid unnecessary
design loops that have a negative impact on project budget and time-to-market. In
this regard, one of the first design stages is the one concerning technology choices. The
EMC behavior of an IC is determined by multiple parameters at system, circuit and
device level. Therefore, drawing representative conclusions when the exact application
and operational parameters may not be known is a challenging task. Still, the technol-
ogy with which a certain chip is implemented determines the interference generation
mechanisms, the available protection structures and plays a key role on a potential
victim susceptibility.

In this dissertation, a modeling methodology has been developed in order to as-
sess the EMC performance of semiconductor technology choices, at early stages of the
design flow. It has been based on the study and understanding of the physical phenom-
ena behind interference propagation in multilayered integrated circuit substrates. With
this, the modeling methodology is applicable to any type of semiconductor technology
and in any frequency range. The fact that it is based on an analytical approach, en-
ables fast substrate coupling prediction and provides valuable insight into interference
propagation.

In addition, both passive isolation structures and doping profile transitions due to
circuit-related topologies have been characterized as discontinuities transverse to the
direction of interference propagation. The proposed modeling methodology combined
with the consideration of different types of sources enables the characterization and
isolation effectiveness assessment of any kind of structure. In order to exemplify that,
the methodology has been applied in the context of a whole-chip study case, in order
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8. Conclusions and Recommendations

to perform an EMC technology assessment.
The developed methodology consists of

• Characterization of the substrate structure as an inhomogeneous open lossy di-
electric waveguide, where interference propagates radially from the source.

• Modal expansion of substrate induced electromagnetic fields.
• Closed-form expressions for induced electromagnetic fields within a multilayered

substrate.
• Formulation to determine the discrete modal propagation coefficients of a certain

doping profile.
• Formulation to calculate the amplitude coefficients of each propagation mode as

a function of a certain current density distribution acting as a source.
• Methodology to deal with the continuous spectrum of propagation coefficients

(radiation modes) in an efficient way.
• Formulation to efficiently characterize multi-stage substrate discontinuities.
• Definition of several transfer function metrics to quantify the contribution of

different isolation mechanisms and perform a fair assessment of the effectiveness
of passive isolation structures.

8.2 Interference reduction strategies

8.2.1 Layout recommendations

From the studies performed in previous chapters of this thesis, one can derive some
strategies for substrate induced interference reduction. In this section we list them
together with some layout recommendations, in order to reduce the risk of substrate-
related EMC issues.

• Both in Chapters 2 and 3 it was shown that vertically-oriented and horizontally-
oriented current distributions induce interference differently. While fields induced
by vertical sources have radial symmetry and, therefore, they propagate to all
directions uniformly, fields induced by horizontally-distributed sources are max-
imum in the direction where the source is oriented. Subsequently, when defining
an integrated circuit layout, it is advisable to place sensitive circuit blocks per-
pendicularly to the direction where potential aggressor currents are oriented.
This is easily predictable since, as was shown in Chapter 4, the most dominant
horizontally-oriented aggressors consist of device channel currents.

• In Chapter 4 it was shown how folded devices benefit from mutual interference
cancellation with regards to horizontally-oriented currents. If two equal devices
that operate simultaneously are used, it would be advisable to place them so that
horizontally-distributed currents flow in opposite directions, in order to extend
this effect to devices with non-folded architectures.

• When analyzing the effect of the most common circuit-related doping profile
transitions, in the context of the whole-chip study case of Chapter 7, it was shown
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Figure 8.1: Summary of layout recommendations.

that different well-type transitions provide increased isolation between two areas
of an integrated circuit. One can benefit from this effect by maximizing the
number of transitions and placing them perpendicular to a direct path between
an aggressor and a potential victim (e.g. N-well stripes in a P-substrate).

The previous layout recommendations are summarized in the diagram shown in
Fig. 8.1.

8.2.2 Source-dependent isolation effectiveness

Along several chapters of this thesis, it has been shown that the transfer function of
passive isolation structures is source-dependent, and that different isolation mecha-
nisms are related differently to the source behavior. The mechanisms that are found to
contribute to the overall isolation, provided by a certain on-chip structure, are listed
below.

• The coupling between the point where an interference source is located and the
point where a potential victim is located depends partly on the distance between
them and the characteristic attenuation of the doping profiles between these
two points, and partly on the possible isolation structures implemented between
them.

• Charge-free regions embedded between an agressor and a victim are able to block
interference propagation by storing energy in the form of evanescent modes that
do not effectively propagate through the substrate.

• Destructive interaction between the fundamental propagation mode and high-
order modes excited after a substrate discontinuity can cause large and localized
isolation peaks.
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8. Conclusions and Recommendations

• The implementation of alternative low-impedance paths that reroute current den-
sity distributions contributes to reduce substrate coupling by confining the source
of interference.

The modeling methodology developed in Chapter 5 and the different types of trans-
fer functions defined in Chapter 6 enable the quantification of the contribution of the
previous mechanisms to the overall isolation between an aggressor and a victim. These,
together with the quantification of the matching between a certain current distribution
acting as a source and the different simultaneous coupling paths (each propagation
mode), provide additional insight into the dominant interference generation mecha-
nisms, and which techniques are more effective to prevent them. In this regard, we
reached the following conclusions.

• A current distribution does not have to leak or be parasitically injected into
the substrate in order to be considered a potential source of interference. Non-
parasitic current distributions, such as the channel conduction current, are also
able to excite interference. Although their matching to the coupling path is
generally poor, their much higher magnitude makes them a relevant contribution.

• Isolation mechanisms based on providing an alternative low-impedance path to
reduce and confine the source of interference (e.g. guard rings or substrate con-
tacts) are effective for those parasitic source current distributions that are in-
jected into the substrate (e.g. capacitive coupling from a switching device or
current injected from a noisy contact that biases the substrate). However, they
do not contribute to interference reduction when considering operational current
density distributions (e.g. a device channel current).

• With regards to the matching of the typical current distributions with differ-
ent substrate technology options, in Chapter 4 we have seen that for heavily-
doped substrates the matching of short horizontal currents in the top active
layers and vertically-oriented currents crossing the substrate stack is compara-
ble. On the other hand, vertically-distributed currents in lightly-doped and SOI
substrates are able to excite interference much more efficiently, compared to hori-
zontal sources of the same magnitude. This means that isolation strategies based
on re-directing interference currents by implementing alternative low impedance
paths are much more effective in lightly-doped and SOI substrates.

• The multimodal characteristic of interference propagation and the mode conver-
sion phenomena caused by discontinuities transverse to the direction of interfer-
ence propagation, significantly impacts an isolation structure transfer function.
They can cause both localized isolation peaks and interference enhancement.
These effects depend on the particular amplitude and phase of all modes exciting
a discontinuity. Calculating the isolation effectiveness of a certain structure, as
defined in Chapters 6 and 7, can predict these phenomena.
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• The attenuation of a certain doping profile does not have a constant dependence
on distance, as it is a function of the dominant propagation mode at each point.
The general trend is that the first micrometers have very high attenuation rates
due to the presence of high-order and evanescent modes. Then the rate becomes
relatively constant for a few millimeters (depending mainly on the frequency and
the conductivity of the top layer), as propagation is determined by the funda-
mental propagation mode. Finally, when the fundamental mode has vanished,
the attenuation rate is reduced following an almost flat pattern.

8.3 Recommendations for future work

The emphasis of this thesis has been put on understanding the physical phenomena
and providing extensive insight into interference propagation in IC substrates. This is a
key point to elaborate on generalized design guidelines and recommendations that can
be extrapolated to any technology node. The analysis of the interference induced by
different source patterns and the characterization of single passive isolation structures
and substrate discontinuities in general, has also led to some layout recommendations.

We have applied the developed models to perform a technology EMC assessment
in the context of a whole-chip study case. However, the whole-chip problem has been
treated from a significant high-level perspective. If more specific layout information
is considered, many additional studies can be performed. Based on the proposed
substrate propagative description, a more systematic interference analysis methodology
can be developed, in order to obtain interference density maps to assess different layout
options combined with different isolation strategies, for a certain application.

In addition, groups of interference generation structures can be characterized as
a whole. It would be very valuable, for example, if additional conclusions could be
derived concerning the matching of different substrate technology options with the
currents generated by a digital circuit block, or some switching power transistors. This
analysis would also allow to define which is the more effective isolation mechanism for
each type of aggressor block.

When modeling passive isolation structures, we have seen that destructive mode
interaction results in large and localized isolation peaks. These mainly depend on
the amplitude and phase of each excitation mode when they reach the discontinuity
interface. Within a certain technology option, there is not much flexibility with regards
to the design parameters of passive isolation structures. As an example, the depletion
region width is a function of the doping profile and biasing voltages. These parameters
are mainly determined by device operational specifications, such as breakdown voltages
or ON-resistance [55]. However, by modifying the footprint dimensions of an isolation
structure (e.g. width of the intermediate P-well and N-well sections in a triple-well)
one could control the way in which modes interact. Based on the insights provided by
this modeling approach, a design methodology for passive isolation structures could
be developed that takes advantage of the mode interaction effect to gain increased
isolation for a certain frequency.
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Finally, this dissertation presents a modeling methodology in the form of a proof
of concept. For this methodology to be used in a more systematic approach, several
aspects need to be improved and/or investigated. For example, different techniques to
solve the eigenvalue equations to obtain the modal propagation coefficients could be
investigated, in order to ensure that all relevant solutions are obtained and to increase
the speed and robustness of the methodology. In addition, the developed models
could be hybridized with other approaches, in a uniform format, in order to include
additional parameters in the analysis (e.g. influence of supply network parasitics, bond
wires, package, etc) and increase its functionality. Furthermore, on the software tool
side, it would be desirable to work on a friendly user interface that facilitates the
implementation of the proposed modeling methodology.
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Abbreviations

AC Alternating Current

A/D Analog to Digital

CAN Controller Area Network

CMOS Complementary Metal Oxide Semiconductor

DNW Deep N-well

DTI Deep Trench Isolation

EM Electromagnetic

EMC Electromagnetic Compatibility

EQS Electro Quasi Static

FEM Finite Element Method

IC Integrated Circuit

NMOS N-type Metal Oxide Semiconductor

PCB Printed Circuit Board

PEC Perfect Electric Conductor

PMC Perfect Magnetic Conductor

PML Perfectly Matched Layers

PMOS P-type Metal Oxide Semiconductor

RF Radio Frequency

SiO2 Silicon Dioxide

STI Shallow Trench Isolation

SOI Silicon on Insulator

TEz Transverse Electric

TMz Transverse Magnetic
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