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ABSTRACT

Numerical methods are very important in the areas of microwave and RF engineering,
antenna design, bio-electromagnetics, electromagnetic compatibility and interference
(EMC/EMI). Among several techniques, time domain methods such as the Finite
Difference Time Domain (FDTD) method and the Transmission Line Matrix (TLM)
method are of particular interest, due to their high flexibility and ease of implementation,
given the powerful computation resource available.

This dissertation is focused on the TLM method, a discrete time evolution scheme,
based on the analogy between the discretized electromagnetic field and a mesh of
transmission lines. Generally, in a numerical method, much effort is spent on reducing the
computational burden, increasing the ability and flexibility to handle hybrid problems and
to model various properties of materials. The objective of the proposed research is to a)
develop, implement, and test several techniques aimed at enhancing the accuracy of time
domain analysis of microwave and high speed circuits without increasing the
computational load, b) to develop methods to embed circuits and devices into a field
environment or to import field analysis into a circuit simulator, and c¢) enhance the
modeling of a wide range of materials, including metamaterials with negative refractive
index, and magnetized ferrites.

By making good use of these techniques it is possible to incorporate more
information into the TLM solution, thus enabling more accurate, more efficient and more

powerful CAD tools for industry and academia.
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Chapter 1

Introduction

1.1 Motivation

The design of modern high performance electronic components and systems such as
waveguide structures, digital signal interconnections, RF circuits and systems, requires
careful attention to physical modeling. In this way, the intrinsic physical limitations of
implementation processes can be accounted for, and undesirable effects such as substrate
coupling, signal integrity problems, electromagnetic interference (EMI), and metallic
edge effects can be minimized. A high degree of physical fidelity of the models is
necessary and can only be achieved by detailed analysis employing electromagnetic field
solvers. The time domain Transmission Line Matrix (TLM) method has proven to be a
powerful tool for solving electromagnetic field problems and has been successfully
applied to the analysis of various complicated planar and general three-dimensional

structures[1].

The design of complex systems operating at high frequencies or clock rates requires
that the design and analysis tools can handle circuit and field analysis at the same time
since the designed system may include a combination of lumped circuits, transmission
line components such as couplers, power dividers, interconnections, and waveguide
components that may contain field singularities due to metallic sharp edges or corners.
The field analysis of such a hybrid system is a difficult task for a space and time discrete
numerical method like Finite Difference Time Domain (FDTD) or TLM method. The
challenges for such a field solver lie in the following aspects: (1) it must have an
embedding feature to connect lumped circuits to the field model, (2) it must be able to
efficiently handle singularities to increase the accuracy and decrease the computational

burden, (3) it must possess the ability to model complex material properties since the
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Introduction 2

transmission line and waveguide components may contain a variety of materials such as
regular dielectrics, metamaterials, and ferrites, to name a few, (4) it must have the ability
to extract circuit models from field simulation results of a substructure for inclusion into
a circuit solver. To address these needs, multilevel modeling techniques, with TLM as the

underlying time domain field modeling engine [10-14], have thus been developed.

These techniques can minimize the computational burden without decreasing the
solution accuracy when tackling field singularities. Furthermore, the techniques have the
ability to deal with hybrid problems containing lumped element circuits and distributed
components as well as a wide range of material properties which include materials with
negative permeability and permittivity or frequency dependent properties, such as

metamaterials and magnetized ferrites.

1.2 Original contributions

The following original contributions to the enhancement of the TLM method in time

domain analysis of microwave and high speed circuits are described in this dissertation:
e Singularity correction in TLM (pages 18 to 29)

This robust and efficient approach deals with electromagnetic problems involving
field singularities at sharp metallic edges and 90° comers. In this approach the
permittivity and permeability of the cells adjacent to the singularity are modified by a
scalar correction factor, which amounts to a quasi-static correction of the electric and
magnetic energy stored in the TLM cells at the singularity. This correction is equally
effective for TE-, TM- and hybrid field excitations of the singularity. Resonant
frequency computations incorporating this correction procedure have been compared
with data obtained with the regular TLM method. The comparison shows that the
correction method reduces the singularity error by typically one order of magnitude
without penalty in terms of computational burden. The effectiveness of the method
for the accurate computation of structures with metallic strips (knife edges) or 90°
edges and comers has been clearly demonstrated and is applicable to both

homogeneous and inhomogeneous material properties in the singularity region.

o Embedding of Current-Coupled Lumped Networks in TLM Models (pages 30 to 40)



Introduction 3

A modeling framework for embedding current-coupled lumped networks into
time-domain TLM field models has been developed. The connection algorithm is
based on the representation of the TLM network by equivalent Norton current sources.
This framework complements the existing voltage-coupled methodology and is
suitable for integrating general n-port lumped circuits into 3D field space. The
lumped circuit can be modeled by state-space equations or by means of circuit solvers
such as SPICE. A procedure for embedding current-coupled lumped networks into
three-dimensional TLM field models has been developed, implemented and tested.
The current-coupled embedding would be preferable in situations where terminal
voltages cannot be defined in a unique way, but current flowing into a terminal is
uniquely defined. This current-controlled embedding methodology is quite flexible

and does not require the definition of a reference potential within the field model.

Analog Behavioral Module Linking TLM and PSPICE for Transient Analysis (pages
40 to 48)

A new Analog Behavioral Module (ABM) for two-port networks characterized by
frequency domain Scattering parameters (henceforth abbreviated as S-parameters) has
been described. The proposed module has been implemented in the PSPICE
environment for transient circuit simulation. The accuracy of this model has been
validated by comparing the simulation results obtained with the ABM model and with
the original circuit. This approach can be used to build field-based device models for
SPICE-based circuit simulators without unwanted time-domain signal distortion. It is
very useful for modeling of complex systems containing components represented at
various levels, such as lumped circuits, distributed components and field-based

models.

Inter-cell Network Framework in TLM (pages 49 to 63 )

The inter-cell network framework which allows embedding linear and nonlinear
lumped or distributed elements in field space has been developed; this framework can
model material properties without modifying the node scattering matrix. Traditionally,
material properties are introduced in TLM by modifying the scattering procedure at

the nodes. The inter-cell network framework is an alternative approach in which the
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Introduction 4

material properties are introduced in the connection phase of the TLM algorithm.
This is realized by the insertion of an inter-cell network scattering feature. Its
properties can be described by various means, such as equivalent circuits, differential

equations, behavioral models, experimental data, or even nonlinear SPICE modules.

Metamaterial Modeling using the 3D-TLM SCN Node (pages 64 to 93)

Inter-cell network scattering matrices for 3D TLM modeling of the following

materials, boundaries and interfaces have been developed:

e Homogeneous metamaterials,

e Metamaterials bounded by electric, magnetic and absorbing boundaries,
e Interfaces between different metamaterials,

e Interfaces between metamaterials and regular dielectric materials.

The resonant frequencies and guided wavelengths for structures filled with metamaterial

have been computed with these new scattering procedures; the results are in good

agreement with theoretical values. The dispersion errors of the models are well within the

range of typical errors in conventional stub-loaded TLM models.

Dispersion analysis of TLM models of Metamaterial with Negative Refractive Index
(pages 76 to 88)

The wave properties of 3D TLM models of metamaterials with negative refractive
index have been analyzed and validated. The general dispersion relation for periodic
transmission line networks with embedded lumped elements and reactive stubs has
been formulated as a singular value problem and solved numerically using Matlab’s
symbolic matrix solver. The Matlab result agrees well with the corresponding TLM
simulation with negligible difference between them after the fifth significant digit.
The results also reveal the presence of directional dispersion that is strongest in
diagonal direction for the 3D symmetrical condensed node models. This tendency
reflects the behavior of the unloaded nodes upon which the metamaterial models are
based. Since in most practical simulations the direction of wave propagation is not

known, the dispersion error margin can be predicted by evaluating approximate
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Introduction 5

closed-form expressions for axial propagation. Such expressions have been presented
and validated as well; they are derived using lumped embedded elements and are

equivalent to expressions available in the literature.
e Modeling of Gyromagnetic Materials in 2D-TLM Shunt Node (pages 94 to 107)

A new model to describe gyromagnetic materials with the 2D-TLM shunt node
mesh has been developed. The dispersive and nonreciprocal properties of
gyromagnetic materials are represented by inter-cell networks which contain LC
resonators and voltage sources controlled by current flowing through the capacitor of
the perpendicular arms. The scattering matrices are derived for homogeneous
gyromagnetic materials and boundaries such as electric, magnetic and absorbing
boundaries. This new model has been validated by comparing computed data with
analytical results for phase constants in completely and partially ferrite-filled
rectangular waveguides. The modeling error is compatible with that reported in the
literature and is within the typical margin of error affecting the numerical modeling of

regular materials.

1.3 Overview of this dissertation

Following this introduction, Chapter 2 gives basic information related to the TLM
method with focus on the 2D-shunt node and the 3D-SCN node schemes.

Chapter 3 explores a new model to represent the field singularity in the vicinity of

metallic wedges, sharp edges and 90° corners.

Chapter 4 illustrates a new scheme for embedding lumped networks into TLM by
means of current controlled coupling, and a new analog behavioral model to introduce
frequency domain S-parameters into a PSPICE circuit simulator. The former approach
allows n-port SPICE circuits to be embedded into a TLM time domain field simulation
environment while the latter enables field-based results to be embedded into a circuit

simulation environment.

Chapter 5 investigates the new inter-cell network framework concept in TLM and
provides details about the functionality of the inter-cell framework, the implementation

method and its frequency and space dispersion properties.
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Chapter 6 presents the modeling of metamaterials using the inter-cell network
framework, and derives special inter-cell network scattering matrices required for
bounding homogeneous metamaterial by electric, magnetic, and absorbing boundaries,
and for interfacing different metamaterials with each other and with regular materials.
The chapter also presents a dispersion analysis of the inter-cell loaded SCN

implementation.

Chapter 7 explores a new method for modeling gyromagnetic materials by 2D-TLM
shunt node networks. The dispersive and nonreciprocal properties are represented by an
inter-cell network. Impulse scattering matrices are derived for bounding homogeneous

gyromagnetic materials with electric, magnetic, and absorbing walls.

Finally, Chapter 8 summarizes the most important results given in this dissertation
and presents potential future research directions for the development of multilevel

modeling techniques in TLM.
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Chapter 2

Theoretical Foundations of TLM

This chapter summarizes the theoretical foundations of the time domain TLM method,
describing the basic 2D-Shunt Node, the 3D Symmetrical Condensed Node (3D SCN),

the way to model material properties in TLM, and the different error sources in TLM.

2.1 Introduction

The Transmission Line Matrix (TLM) method evolved from early network
representations of Maxwell’s equations [2] and the use of physical transmission line
meshes to model microwave components and discontinuities [3, 4]. Several numerical
formulations, known by the generic name of “TLM methods™ were pioneered by Johns
and his co-workers, starting in 1971 with the first 2D formulation (2D Shunt Node) [5],
followed in 1974 by the 3D Expanded Node [6] and in 1987 by the Symmetrical
Condensed Node [7]. The Transmission Line Matrix Method (TLM) is based on
Huygens’ principle which is a localized recursive definition of electromagnetic wave
propagation in the time domain. According to Huygens, a wavefront consists of a number
of secondary radiators which give rise to spherical wavelets. The envelope of these
wavelets forms a new wavefront which, in turn, gives rise to a new generation of
spherical wavelets, and so on. The systematic application of this principle leads to an

accurate description of wave propagation and scattering [8].

TLM is a space-and—time numerical method that belongs to the family of differential
time domain techniques. Instead of discretizing Maxwell’s equations directly, TLM is
based on transmission line theory. In the same manner as a uniform electromagnetic
plane wave can be associated with a single transmission line having a specific
characteristic impedance and phase velocity, more complex electromagnetic phenomena

can be modeled with a mesh of transmission lines. Such a mesh represents an equivalent

| AN i



Chapter 2: Theoretical Foundations of TLM 8

network of the structure under investigation, and classic circuit and network theory can

be used for its analysis.

Several TLM nodes such as the 2D shunt node, 2D series node, 3D SCN node and
others differ in the circuit topology used to model the junction of the transmission lines.
A mapping between the voltages and currents of each node and the components of the
electromagnetic field is available. Therefore, by solving a TLM network one can simulate
the behavior of electromagnetic field in an arbitrary electromagnetic structure that is

modeled by the TLM mesh.

Due to the discrete nature of the method, the field values in a TLM simulation are
available only at periodic time intervals Ar often referred to as “time step”. Furthermore,
the field values are only defined at specific points in space with an interval of A€, which
is called mesh parameter, mesh resolution or cell size in the TLM literature. These time-
and space-finite elements (4Af and 4¢) are related by the velocity of propagation v

(At=Af/vep) on the TLM link lines.

The advantages of the TLM techniques reside in their flexibility, the capability of
modeling a large class of media, and the possibility to handle complex, geometrically

irregular structures.

A brief review of 2D and 3D free space TLM schemes will be given in the following
section. The detailed method and applications of TLM can be found in references [7], [9],
[10], [11], and [12].

2.2 TLM schemes

2.2.1 Basic 2D shunt node

Transmission line elements can be connected in parallel or in series. In the shunt node
(shown in Figure 2.1), the transmission lines (also called link lines) are connected in
parallel whereas in the series node the lines are connected in series. Voltage impulses
injected at any point in the network can propagate directly to adjacent nodes through the
transmission lines connecting them. Once the impulses arrive at the neighboring nodes,

scattering occurs, and a new set of impulses will emerge and propagate toward their
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Chapter 2: Theoretical Foundations of TLM 9

neighbors. By virtue of the isomorphism [12] between the transmission line equations
and Maxwell’s equations, the impulse voltages and currents in the transmission lines
model the components of the electric and magnetic fields in two-dimensional space (2.3).
Since many wave problems are or can be formulated as two-dimensional, we can
simulate a considerable number of electromagnetic structures by solving the 2D-TLM

networks [9], [12].

Figure 2.1 The building block of the two-dimensional square shunt TLM network [9]. (a)
shunt node (b) the equivalent circuit of the shunt node.

The scattering matrix that relates the reflected voltages at time kAt (the integer £ is the
number of time steps) to the incident voltages at the same time instant, and the
connection matrix that describes the propagation of voltage impulses to the neighboring

nodes are defined as follows:

v 1=[S11¢v'] and [V 1=[C1 V"] @2.1)

where:

2.2)

- O O
S O O =
o o = O

T
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The transmission line equations and the corresponding two-dimensional field

equations in an equivalent virtual medium are

Voltage and current relationship Equivalent field quantities
&, o, __, o,
Ox ot ox ot
Wy _ ol %, _, o,
oz ot oz " ot
ov. oE
oo o om, oM, __ GE,
oz o ot oz oax "ot
E,=V,; H,=IL,; H,=-I,; p,=L; &,=2C (2.3)

Here u,, and &,, are the permeability and permittivity of the medium modeled by the
TLM network. The above equations show that in a 2D TLM mesh the velocity v, on the
link lines is +/2 times the velocity v,, of voltage waves on the TLM network or in

medium, since

3 48
VlO_‘/E"m_ m‘/i (24)

The relationship between the characteristic impedance Z; of the link lines and the

characteristic impedance Z,, of the network or in medium is

Zyy= \E = Fﬁ Y W] (2.5)

A series-connected mesh of transmission lines has similar wave properties.
According to Babinet’s principle, based on the dual nature of the electric and magnetic
fields, one case can be transformed into the other by simply replacing E;, with H,, & with
4, and the impedances with the admittances[11]. Therefore, it is not necessary to discuss

the series node in this thesis.
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Chapter 2: Theoretical Foundations of TLM 11
2.2.2 The basic 3D SCN node

The symmetrical condensed node (SCN) was first introduced by P. B. Johns in
1987 [7]. The topology of a 3D-SCN node is shown in Figure 2.2. This node consists of
six arms; each arm has two orthogonally polarized ports. Hence, the 3D SCN node has a
total of 12 ports. The voltage pulses corresponding to the two polarizations are carried in
a pair of uncoupled transmission lines. All the transmission lines have the same
characteristic impedance Zg. The condensed node has the advantage that all six field
components are available simultaneously at the center of the TLM cell as well as at the
cell boundaries, providing maximum flexibility for embedding devices and creating TLM

field models with complex boundary shapes.

The symmetrical condensed node has been widely used in TLM; it is suitable for
solving most general types of wave problems involving nonlinear, inhomogeneous,

anisotropic material properties and arbitrary geometries.

Vs

Vi

Vs

Vs

\ 4

Vs

Vs

—

Vs

Figure 2.2 3D-TLM symmetrical condensed node topology [7]

The derivation of the scattering properties of the SCN is not as straightforward as in
the 2D shunt node case. At the time when the SCN node was proposed, the 12 x 12
impulse scattering matrix was derived on the basis of symmetry considerations and by
enforcing general energy and conservation principles [12]. In the late 1990’s, Tardioli

and Hoefer derived the SCN node scattering matrix from the integral formulation of
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Chapter 2: Theoretical Foundations of TLM 12

Maxwell’s equations [13]. The resulting scattering matrix describing free space is shown

in equation 2.8.

wY (0 1 1 0 0 0 0 0 1 0 -1 0) (v
v, 1 0 0 0 0 1 0 0 0 10 1] |w
v, 1 0 0 1 0 0 0 1 0 0 0 —1] |n
v, 0 0 1 0 1 0 -10 0 0 1 0 ]|w
vs 00 0 1 0 1 0 10 1 0 0] |vs
ve| 110 1 0 0 1 0 1 0 -1 0 0 0] |v
vy 72l0 0 0 -1 0 1 0 1 0 1 0 0| 2.8)
vy 0 0 1 0 -1 0 1 0 0 0 1 0] |nv
v 1 0 0 0 0 -1 0 0 0 1 0 1]|w
Vio 0 -1 0 0 1 0 1 0 1 0 0 0 |w
- 10 0 1 0 0 0 1 0 0 0 1] |w
s o1 =10 0 0 0 0 1 0 1 01w

The voltages reflected at each port of each node are exchanged with the voltages
emerging from the adjacent nodes. At the next time step those voltages become incident

pulses and are scattered by the node again.
In a 3D-SCN TLM network the velocity vg on the link lines is twice the velocity v,
of voltage impulses on the TLM network or medium (v,, =2v,,), and the characteristic

impedance Zg of the link lines is the same as the characteristic impedance Z,, of the

TLM network(Z,, =Z,, )-

2.3 Modeling of Materials in TLM

2.3.1 Modeling of lossy dielectric materials with the 2D shunt node

In 2D-TLM, lossy dielectric media are usually simulated by introducing loss stubs
and permittivity stubs. The length of the permittivity stubs is fixed at A4£/2 to ensure
synchronism of impulses on all mesh elements, but their normalized characteristic
admittance y, (the normalizing admittance is the characteristic admittance ¥,, =,/C/L of
the main link lines) can take any value to describe an arbitrary dielectric constant. At low
frequencies ( A4f/A,, << 1), the permittivity stubs add a lumped capacitance of Cy,A¢/2 at

each node. The total shunt capacitance at each node thus becomes 2CA{(1+y/4). The real
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Chapter 2: Theoretical Foundations of TLM 13

loss stub conductance g,/C/L appears in parallel with that capacitance. Here g; is the

normalized characteristic admittance of the shunt stubs. L and C are the inductance and
capacitance per unit length of the main link lines. Therefore, the impulse scattering
matrix for a stub-loaded shunt node becomes the one shown in equation 2.6, with the

additional impulse vs on the permittivity stub [8].

v i (2—y 2 2 2 2y 12
%) i 2 2=y 2 2 2y, v
%) =; 2 2 2-y 2 20 V| 2.6)
Vi 2 2 2 2-y 2y v
Vs 2 2 2 2 2y,-y),\vs)
where
y=4+y,+g,, . =L, En=2C(+y,/4), Gm=g—0i(;—7 @.7)
Parameter Link lines/Elements Network or in Medium
Cell Size At Al
Time Step At=AL/(c2) At =AL/(v,2¢,)
Phase Velocity Vo =AML/ At=c2 =v,, 2, vy =clyf&,
Frequency f=wl2r) f=wl2r)
Wavelength Ao =Vio | f=V2 =226, Aw =Ryl e,
Attenuation Constant @o =0, ' 28, ay=0p,Z,!2
Phase Constant Bro=Bn! \/E B =@/ v,
Link Line C C=¢gy/2=¢,1Q2¢,) Ep =E0E,
Link Line L L=py=pp, My = Ho
Link Line Zy Zp=ALIC =2 =Z_[25, Z, =m0/ %
Permittivity Stub Z Zy=Z4/yo =24 (M, -1)) Em =EoE,
Loss Stub R Ry =Z /80 = Zso (1100 mAL) O

Table 2.1 Relationships between the characteristics of mesh lines/elements and the properties
of the resulting 2D-TLM shunt network model at low frequencies [8].

Table 2.1 relates the characteristics of link lines and stubs to the properties of the 2D
shunt network formed by them. These relationships will be used in the following chapters

involving 2D shunt nodes.
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Chapter 2: Theoretical Foundations of TLM 14
2.3.2 Modeling dielectric materials in 3D SCN TLM

In 3D SCN TLM, the properties of materials are traditionally described by six
reactive stubs. Ports 1-12 are exactly the same as for the node without stubs (Figure 2.2)
and are connected to neighboring nodes to form the mesh. The stub ports 13 to 18 couple
only with the fields E,, E,, E., H., H,, and H., respectively. The E-field stub ports are
open-circuited and add capacitance to the node, while the H-field stub ports are short-
circuited and add inductance to the node. The time taken for a pulse to travel from the
port terminals to the center of the node, where scattering takes place, is A#/2 for all

transmission line legs 1 to 18, where At is the TLM time interval. The scattering equation

V" =SV" for the node with stubs now contains an 18x18 scattering matrix, which has

the following form [7], [14]

# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
s x x y y z 'z 'z 'y x X x Yy 'z

olz y z x x y x x y y z z x y z
1 x z|la b d b -d ¢ g i
2 x y|b a d ¢c -d b g —1i
3 y z|d a b c —d g —i
4 y x b a d -d ¢ b g i
5 z x d a b ¢ -d b g —i
6 z y d b b -d ¢ g i
T 2z x -d ¢ b a d g i
8 y x b ¢ -d d b g —i
9 x y|lb ¢ —d a b g i
10 z y —d b ¢ b d a g =i
11 y z|-d c b b a g i
12 x z|ec b -d b d a g —1
13 x e e h
14 y e e e e h
15 z e e e e h
16 x F =f f =r J (2.9)
17 =f f fo=f J
18 z| f = f -f J
where

-Y Z b 2 -Y Z

a= + . = . c= - ;
24+Y) 2(4+2)° (4+Y)’ 24+Y) 2(4+2)°
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4

C24+2)° i f=zd;
-4 o _(4-2)

g=Yb; "=y sy’ i=d; ' @+2)

For the lossless case, the Y’s and Z’s are given by

v =d e, ™ v -4 ﬂ_lj v - gzﬂ_lj
ul\? Y Y VAL wAY
vw uw vu

Z_ =4 —1 Z =4 —-1 Z_ = — -1

¥ (”’uAe ] » (ﬂva J y {#ZWAE J

The subscripts of Y and Z designate the corresponding stub. For example,
-Y, %
2(4+Y,) 24+2)°

Sy =c= since ports 2 and 9 are both associated with E, and H,.

Yy, Yy, and Y, are the characteristic admittances of the E;, E, , and E. stub normalized to
the characteristic admittance of free space Y, respectively. Z,, Z,, and Z. are the
characteristic impedances of the H,, H,, and /. stub normalized to the characteristic
impedance of free space Zj, respectively. u, v, and w are the dimensions of the unit cell in

the x, y and z-direction, respectively.

The field components can be calculated from the voltage impulses. They are
E, =2\ +Vi +Vi + Vi + Y.V (4 +Y,))

E, =2 +Vi+Vi 4V} + Y1 4+ ,))

E, =2(V +V +V7"+V,"0+YZV;'5)/(w(4+);))
H, =2V -Vi+Vi -V -V (Zu(a+2,)
H, = 2-Vi+Vi+Vi -V} -V} J(Zp(4+ 2,))

H, =2V + 7 + Vi~V — Wi Zow(d + 2.)) (2.10)
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2.4 Error sources in TLM

Like all other numerical techniques, the TLM method is subject to various sources of
error and must be treated with caution in order to obtain reliable and accurate results. The
accuracy of each TLM simulation is affected by those errors, and each of them can be
more or less predominant, depending on several factors such as the type of structure

under investigation, cell size, frequency of interest, etc.

A brief overview of errors related to the discrete nature in space and affecting the
accuracy of the TLM method will be considered below, and possible techniques for their

reduction will be described.
e Velocity or Dispersion Error

As long as the wavelength in the TLM network is large compared with the cell size, it
can be assumed that the fields propagate with the same frequency-independent velocity in
all directions, and the TLM network behaves like a continuous medium. However, when
the cell size is increased, or the frequency of interest is increased, the TLM network can
no longer be considered as a continuous medium and the network velocity becomes
dispersive and depends more and more on the frequency and the direction of propagation.

The error so introduced is referred to as velocity or dispersion error.

Based on the dispersion analysis for both the 2D and 3D TLM methods [15] [16] the
rule of thumb is that a dispersion error of less than one percent can be obtained for a

discretization of twenty cells per wavelength in most of the cases.

e (Coarseness Error

When the TLM mesh is too coarse to resolve the highly non-uniform fields at corners
and wedges where some components of the electromagnetic field are singular, the
coarseness error occurs. Strictly speaking, the coarseness error is a form of dispersion
error in the sense that the spatial wavelength needed to approximate the field at a
singularity becomes much shorter than the free space propagating wavelength associated

with the operating frequency [8].

Both dispersion error and coarseness error result in a shift in the frequency

characteristics of the structures under investigation. This shift is usually towards lower
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Chapter 2: Theoretical Foundations of TLM 17

frequencies. However, some particular combinations of dielectric and magnetic materials

may lead to a positive shift.

More details regarding the coarseness error and methods employed to minimize the

coarseness error are discussed in Chapter 3.

2.5 Summary

In this chapter the fundamental concepts of the TLM method, its basic building
blocks (2D shunt node and 3D SCN node), ways to model dielectric materials, and the
principal error sources in those models have been presented. A number of approaches for

enhancing the capabilities of the TLM method are presented in the following chapters.
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Chapter 3

Singularity Correction in the TLM
Method

In the previous chapter, the TLM theory and its dispersion and coarseness errors have
been summarized. This chapter describes the errors caused by field singularities, and

presents a numerically efficient way to reduce the errors.

3.1 Introduction

The TLM method discretized the computational domain into a finite number of small
cells. The main sources of error related to the space discrete nature of TLM are dispersion
and coarseness errors. If the wavelength in the TLM network is large compared with the
discrete parameter or cell size Af, it can be assumed that the fields propagate with the
same velocity in all directions. However, when the wavelength decreases, the propagation
velocity in the TLM mesh depends on the direction of propagation and on the frequency.
At first glance, the resulting velocity error can be reduced only by choosing a very dense
mesh, unless propagation occurs at a known angle with respect to the axial directions
(e.g., rectangular waveguide), in which case the error can be corrected directly using the

dispersion relation. Fortunately, the dispersive error responds to the same remedial

measures as the coarseness error, and it therefore does not need to be corrected separately.

The coarseness error occurs when the TLM mesh is too coarse to resolve highly
non-uniform or singular fields as can be found at edges, corners and wedges. This error is
particularly cumbersome when analyzing planar structures which contain such regions

[17] [18].
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Chapter 3: Singularity Correction in The TLM Method 19

3.1.1 Singularity effects

The modeling of electromagnetic structures with space discrete numerical methods is
strongly affected by the presence of field singularities at sharp edges and corners [18].
Regular FDTD and TLM schemes are normally expected to be second-order accurate (the

velocity error decreases as (A¢/4)*), but in the presence of singularities the results

deteriorate to first-order accuracy. This is due to the inability of the grid to properly
resolve the highly non-uniform fields at edges and corners [18],[19],[20]. As a result, the
energy stored in the vicinity of the singularities is not properly modeled, resulting in
significant errors in the properties of the structure such as cutoff frequencies, resonant
frequencies, propagation constants, characteristic impedances, S-parameters, etc. This
phenomenon is illustrated in Figure 3.1. It is clear that, although the discrete mesh
parameter (cell size) is quite small compared to the wavelength of the propagating wave,
the coarseness error is still relatively large. Therefore, it is important to develop and

implement a model for singularity correction.
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o 38
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Frequency in GHz 3mm
48 -
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£
1.2+
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Figure 3.1 Cutoff frequencies of a finned rectangular waveguide obtained with different
cell sizes. The shift towards lower frequencies with increasing cell size is
clearly visible.
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Chapter 3: Singularity Correction in The TLM Method 20
3.1.2 Previous approaches to singularity correction

Since the effect of field singularities is significant, many approaches have been
proposed for dealing with the field singularities in the vicinities of metal edges in FDTD
and TLM. A possible measure would be to choose a very fine mesh. However, this would
lead to large memory requirements and a dramatic increase in computation time due to
the smaller time step required for stability, particularly for three-dimensional problems. A
better remedy is to introduce a network of variable cell size to provide higher resolution
in the non-uniform field region. Graded mesh and multi-grid mesh are often applied
intuitively to increase the resolution of the grid in the critical regions [19],[21], but the
resulting computational cost is still quite high and often unacceptable; also the treatment

of the interface between meshes of different sizes is a difficult task [22].

A smarter approach is to use basis functions at the discontinuities that resemble the
singular fields at metallic edges and corners. The a priori knowledge used in this
approach is that the singular field distribution is quasi-static since the time derivative of
the fields is insignificant compared with their space derivative. Therefore the properties
of the quasi-static field sub-region can be modified so that the stored energy is correct
even though the field itself is poorly resolved. A variety of forms can be taken to
represent the singular field. For instance, modifying the update equations in a FDTD
algorithm or the scattering matrix of cells in the vicinity of singularities in TLM is one
possible correction method [23],[24],[25],[26],[27],[28],[29]. Another method is to insert
lumped reactive elements [30],[31] into nodes or cells near the metallic edges and corners,
or one may use additional transmission line stubs at corner nodes for singularity
correction [32]. But these approaches may increase computational burden or require

complex algorithms, and may sometimes result in instability [22, 33].

3.2 Singularity correction by local modifications of € and p

It is important to remember that the singular field distribution is quasi-static. While
some of the field components become infinite at sharp edges and corners, the energy they
contain remains finite. The local character of the singularity fields implies that they are

independent of boundary conditions several mesh cells away. Hence, a single correction
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Chapter 3: Singularity Correction in The TLM Method 21

will be valid for all external boundary geometries, provided they are not in the near-field
of the singularity. According to this a priori knowledge a simple method for singularity
modeling (singularity correction) is proposed for TLM modeling. This method is based
on the local modification of the constitutive parameters & and g in TLM cells directly
surrounding the metallic edges and corners. It is numerically robust, independent of the
type of singularity (quasi-TEM, TE or TM), can be easily implemented to function

automatically, and has negligible computational overhead.
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Figure 3.2 Four types of singularities for which correction coefficients have been
determined. (a) Knife Edge (b) 90° Edge (c) Knife Edge Corner (d) 90° Edge
Corner.

(a) (b)

Figure 3.3 The singularities are corrected by changing the ¢ and u in the cells

surrounding the edge. (a) four edge cells are modified along the Knife Edge;
(b) three cells are modified along the 90° Edge.
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Chapter 3: Singularity Correction in The TLM Method 22

A correction procedure for all types of field singularities at sharp edges and 90°
corners in 2D and 3D TLM models has been developed and implemented. The energy
storage capacity of the TLM cells in the immediate vicinity of the edge is reduced by
lowering the values of their dielectric permittivity and magnetic permeability. Figure 3.2
shows the four basic configurations studied in this thesis. Figure 3.3 shows the location of

the modified cells.

4.94
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Frequency in GHz
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g OO N o ©

no correction ——————

T —T | S =S

0 0.125 0.25 0.375 05 0.625 0.75 0.875 1
Cell size in mm

Figure 3.4 Resonant frequency of a cavity containing a Knife Edge singularity, as a
function of the mesh parameter. If the singularity is not corrected, the
frequency varies linearly with the mesh parameter (first order error).
However, with proper modification of the edge cells, the computed resonant
frequency is practically independent of the mesh parameter, showing only a
slight second-order dispersion error.

Both constitutive parameters are reduced by the same relative amount in order to
preserve the local intrinsic wave impedance of the field space. While the required change
in £ and y can be computed approximately using the known expressions for the quasi-
static fields, it is straightforward to determine them by optimization. The & and u
parameters of the edge cells are modified such that the resonant frequencies of a
resonator that contains the edge singularity become virtually independent of the cell size,
keeping the mesh parameter small enough for the dispersion error to be negligible (AUA <
1/20) . This is illustrated in Figure 3.4 where the dominant resonant frequency of a cavity
with a knife edge singularity has been drawn as a function of the mesh parameter (A=
Imm, 0.5mm, .25mm, 0.125mm) used to compute that frequency. If the singularity is not

corrected, the frequency varies linearly with the mesh parameter (first order error).
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Chapter 3: Singularity Correction in The TLM Method 23

However, with proper modification of the edge cells, the computed resonant frequency is
practically independent of the mesh parameter as long as A//41<1/10, showing only a

slight second-order dispersion error.

Using this optimization process, the following correction coefficients for the four
types of singularities (Knife Edge, 90° Edge, Knife Edge Corner, and 90° Edge Corner)
have been obtained. Note that the edge causing the largest singularity (Knife Edge Corner)

needs the largest correction coefficient.

Singalatity Typs Corr.ection . Ci%rrfaction
Coefficient for & oefficient for 4
Knife Edge (Figure 3.2 a) 0.808 0.808
90° Edge (Figure 3.2 b) 0.94 0.94
Knife Edge Corner (Figure 3.2 c) 0.708 0.708
90° Edge Corner (Figure 3.2 d) 0.827 0.827

Table 3.1 Correction coefficients for the four types of singularities shown in Figure 3.2.

The correction region is along the edge but contains only the immediately adjacent
cells. This means that when the computational mesh parameter is reduced, the correction

region is automatically reduced as well.

Furthermore, these correction coefficients are independent of the material properties.
They are the same when a knife edge or corner is immersed in materials with arbitrary
permittivity and permeability, or when the singularity lies at the interface between
different materials such as in microstrip lines. The constitutive parameters in each corner

cell are simply multiplied by the appropriate correction factor given in Table 3.1.

3.3 Validation results

The accuracy and efficiency of the correction method discussed in section 3.2 is
validated in this section using discontinuities in rectangular waveguide and microstrip

structures.
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Chapter 3: Singularity Correction in The TLM Method 24
3.3.1 Resonant frequency calculation

The first example is a knife edge discontinuity in a rectangular cavity as depicted in
Figure 3.5. Table 3.2 records the resonant frequencies obtained with and without the edge

correction technique.
Cell size (mm) Al=10 | Al=05 | Al=025 (extﬁggl‘;f:ﬁﬂlue)
f (in GHz, without correction) | 7.6541 7.7674 7.8235 7.88
Error relative to Al—0 —29%% | —-14% | -0.7% 0
f (in GHz, with correction) 7.8758 | 7.8776 7.88
Error relative to Al—0 —0.05% | —0.03% 0

Table 3.2 Resonant frequencies of a rectangular waveguide cavity (L=15mm,
w=20mm, h=10mm) containing a knife edge (d=10mm, s=5mm) with and
without edge correction.

FREditor - 4 Views (3D Mode)

l_—E]F"EI_LJ_J_LJ_Imz)m—m—' e s

h 1

< | I | >
V

Cells in the corrected region

Figure 3.5 The discretized view of a Knife Edge inside a waveguide resonator (due to
symmetry property, only one-half of the structure is needed to compute the
resonant frequency); the indicated region identify SCN cells along the Knife
Edge. The dimensions of the structure are defined in Figure 3.2 and given in
Table 3.2.
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Chapter 3: Singularity Correction in The TLM Method 25

Similarly, Table 3.3, Table 3.4 and Table 3.5 depict the resonant frequencies for
cavities with a 90° edge, a knife edge corner and a 90° edge corner, respectively. The
validation results indicate that the edge correction method increases the accuracy in the

resonant frequency by one order of magnitude in most of the cases.

Cell size (mm) Al=05 | Mk=025 | Al=02 (extIrI;S:l]:t:fs::iniillue)
f (in GHz, without correction) | 23.0805 23.998 24.1572 24.79
Error relative to Al—0 -6.9% -32% -2.6% 0
f (in GHz, with correction) 24.7694 24.7741 24.79
Error relative to Al—0 —-0.08% | —0.06% 0

Table 3.3 Resonant frequencies of a rectangular waveguide cavity (L=10mm, w=6mm,
h=2mm) containing a Knife Edge Comer (d=3mm, s=Imm, t=5mm) with

and without edge correction.

Cell size (mm) M= | A=05 | A=005 | it e
f (in GHz, without correction) | 16.9005 17.0653 17.1281 17.17
Error relative to A1—0 —-1.6% —0.6% -0.3% 0
f (in GHz, with correction) 17.1592 17.1653 17.17
Error relative to Al—0 —0.06% -0.03% 0

Table 3.4 Resonant frequency of a rectangular waveguide cavity (L=14mm, w=10mm,
h=6mm) containing a 90° Edge (d=5mm, s=3mm) with and without edge

correction.
Cell size (mm) Al=05 | A1=025 | Al=02 (extﬁﬁﬁfifiﬁfme)
f (in GHz, without correction) | 29.0281 29.1331 29.1677 29.26
Error relative to Al—0 - 0.8% -0.5% -0.3% 0
f (in GHz, with correction) 29.2466 29.2574 29.26
Error relative to Al—0 —0.05% | —0.01% 0

Table 3.5 Resonant frequency of a rectangular waveguide cavity (L=10mm, w=6mm,
h=4mm) containing a 90° Edge Corner (d=2mm, s=2mm, t=4mm) with and
without edge correction.
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3.3.2 S-parameter calculation

The edge correction method has been applied to analyze an inductive iris with two

knife edges in a rectangular waveguide as shown in Figure 3.6.

JLC

@) a (b)

Figure 3.6 Inductive iris in a rectangular waveguide a=10mm, c=3mm: (a) top view (b)
front view.
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Figure 3.7 S-parameters for the thin iris in a rectangular waveguide obtained with (a)
regular TLM without singularity correction, (b) TLM with singularity
correction, making results much less sensitive to the mesh parameter.
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The scattering parameters obtained for different discretizations are shown in Figure
3.7. Note that the accuracy of the TLM algorithm has been improved considerably by this

singularity correction approach even when a very coarse mesh is used.

In order to experimentally validate this approach for the case when a metallic edge
lies in the interface between materials with different properties, the singularity correction
technique has been used to analyze the microstrip patch antenna shown in Figure 3.8. The
geometry of the antenna is exactly the same as in [34] and [35] so that the results can be
compared. The feed line of the antenna is a 50Q microstrip (e = 2.334mm, h = 0.794mm,
g = 2.2 and tan 8 =0) and is 1.945mm from the edge of the rectangular patch. The

absorbing boundaries are placed to form a computational space with a = 60AX, b = 16Ay,

and ¢ = 130Az.

Absorbing 5"
boundary =

ground plane dielectric substrate

Figure 3.8 The microstrip patch antenna used to validate the proposed singularity
correction method. L = 16mm, W = 12.448mm, d=1.945mm, e=2.334mm,

h=0.794mm.

(il o



Chapter 3: Singularity Correction in The TLM Method 28

The return loss of the antenna has been computed using two different sets of cell sizes
(First set: Ax=L/40, Ay=W/32, Az=h/4. Second set: Ax=L/80, Ay=W/64, Az=h/8.) with no

edge correction. Results are shown in Figure 3.9 together with the results extrapolated for

A€—0 and with the edge-corrected results computed with the first set of mesh parameters.

This comparison clearly shows that the edge-corrected results obtained with the coarse
mesh (continuous trace) are virtually identical to those obtained with an extremely fine
mesh as predicted by extrapolation (square dots). The savings achieved by the edge
correction can be appreciated by considering that the computational expenditure increases

by a factor of 16 whenever the number of cells is doubled in each coordinate direction.

-10 -

—— Ax=L/40, Ay=W/32,
Az=h/4

-15 - (with correction)

—e— Ax=L/40, Ay=W/32,
Az=h/4

20 1| _a— Ax=L/80, Ay=W/64,

Az=h/8
B Extrapolated

Reflection coefficient |[S11| [dB]

7.0 12 7.4 7.6 7.8 8.0

Frequency [GHz]

Figure 3.9 The frequency-dependent reflection coefficient |S;;| of a microstrip patch
antenna with and without singularity correction computed with TLM. The
main effect of the correction is the shift in the resonant frequency of the
antenna caused by the change in electromagnetic energy stored at the
singularity, due to a local change in € and L.
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— from TLM \w

Reflection coefficient |S11| [dB]

20 H B Y
—e— from FDTD simulation [35] ‘
—&— from measurement [34] |
95 —=

7.0 | 7.2 1.3 7.4 7.5 7.6 7.7 7.8 7.9 8.0
Frequency [GHz]

Figure 3.10 Comparison between edge-corrected TLM result, published edge-corrected
FDTD simulation data [35] and published measurements [34].

Figure 3.10, compares the edge-corrected TLM results for the patch antenna with
measured data published by Wu et al. [34] and FDTD simulation result by Kashiwa et al.
[35]. Note that the measured and TLM values of the resonant frequency at 7.6 GHz
(which is the key quantity affected by the edge singularity) agree very well. The depth of
the minimum is very sensitive to the losses in both the antenna structure and the
measurement system, and to the number of time steps employed in the FDTD simulation.
Since the references [34] and [35] provide no information on these factors, no reliable

comparison of the depth of the minimum values can be made.

3.4 Conclusions

In this chapter, an accurate and numerically robust singularity correction technique
for TLM has been discussed. The permittivity and permeability of the cells adjacent to
the singularity are modified by a scalar correction factor, which amounts to a quasi-static
correction of the electric and magnetic energy stored in the TLM cells at the singularity.
This correction is equally effective for quasi-TEM, TE-, TM- and hybrid field excitations

of the singularity. Numerical validation shows that this correction method reduces the
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coarseness error due to singularity by typically one order of magnitude without penalty in

terms of computational burden. The effectiveness of this method for the accurate

modeling of structures with metallic strips (knife edges) or 90° edge corners has been
clearly demonstrated and validated against published measurement and FDTD simulation

data. This approach is applicable to both homogeneous and inhomogeneous material

properties in the singularity region.
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Chapter 4

Combinations of Field and Circuit
Level Modeling

With the rapid progress of computer technology, the finite difference time domain
(FDTD) and TLM methods have become very popular tools for the analysis of various
electromagnetic problems, including microwave circuits. As the size of microwave
circuits and spacing between circuit elements become smaller and smaller, coupling
between closely spaced elements adds more parasitic effects to the circuit. Furthermore,
proper models of lumped passive and active devices as well as their interaction with

electromagnetic fields are critical for accurate EM simulations.

On the other hand, advanced electronic system design requires various types of
modeling abstractions for system simulation; these models may include different levels of
solutions such as digital/analog circuit analyses and full-wave field simulations. It is
impractical to incorporate all the modules in one global simulation. A possible and
practical method is to simulate some parts of the system separately, extract certain
behavioral parameters like S-parameters, and then introduce these parameters into the full
system simulation environment. This approach will reduce the complexity of the

simulation and improve computational efficiency.

Therefore it is very important to have a bridge between field solvers and circuit
simulators when designing complicated systems. In this chapter, two new methods for
modeling field/circuit interactions are described. The first is a technique for embedding
lumped circuits into a TLM field model, and the second is a method for introducing S-

parameters computed with a TLM field simulator into a circuit model (PSPICE).
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4.1 Introduction

4.1.1 Previous work on lumped element embedding in FDTD and TLM

In the 1990°s many investigations aimed at extending the FDTD and TLM methods to
include simple lumped devices such as resistors, capacitors, inductors and diodes in the
full-wave analysis [36],[37],[38],[39],[40]. Since the beginning of the 2000’s researchers
began to seek a new way to combine time domain FDTD and TLM field solvers with
circuit simulators such as SPICE in order to handle large scale circuits and systems.
Kobidze [41] described an approach in which a master program is used to control two
equal parts (Huilian, it is not clear what this means) of SPICE and FDTD. Orhanovic et al
[42] introduced a tightly coupled combination of FDTD and SPICE. Ip et al [43] presented

a full-wave enabled SPICE simulator with characteristic models.

In TLM, the field space is modeled by a network of transmission lines. The
transmission lines can be used to create terminals for connecting lumped circuit elements
to the field space. In recent years, a number of techniques for embedding two- and three-
terminal lumped and distributed devices into TLM meshes have been developed.
[44],[45],[46],[47]. So and Hoefer [47] have developed a Thévenin equivalent voltage

coupling interface technique to combine TLM networks with SPICE circuits.

In section 4.2 of this thesis, a new Norton equivalent current-coupled technique that
connects the TLM network to the device ports is described. This new framework allows

n-port SPICE circuits to be embedded into a time domain TLM field environment.

4.1.2 Behavioral modeling in SPICE

Behavioral modeling is the process of developing a model for a system or device
from the viewpoint of externally observed behavior rather than from a microscopic or
physical description. Two important applications of Behavioral Modeling in the analog
circuit simulation domain are the black-box modeling of complex systems and the

modeling of new devices [48],[49],[50].

Analog simulators generally include built-in models in model libraries for a limited

number of devices. Simulating a circuit containing a device which can not be found in the
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model library requires extending the simulator in some ways. According to Sedra et al.
[51] and [52], we can use polynomial controlled sources or macro-based methods to add
new models to SPICE-based circuit simulators. PSPICE (A PC version of SPICE) provides
a generic approach to extending its capability by means of an Analog Behavioral Model
(ABM) which allows the simulator to be used like a programming language and to solve
general mathematical problems by translating them into an electrical circuit with
controlled current and voltage sources [53]. However, this built-in feature does not
support the use of a complete set of S-parameters. Therefore, a new ABM model has
been developed in this chapter to combine field-based computation results with PSPICE-

based circuit analysis.

4.2 Lumped network embedding in TLM

This section describes the embedding of a circuit model into a field model in such a way
that both the circuit equations and the field equations can be solved concurrently in the

time domain.

4.2.1 The current-coupled interface technique

Lumped elements or circuits can be connected to a TLM mesh either at the nodes
(center of the cells) or at the cell boundaries as reported in [45],[46,[47]. The major
difference between these two approaches lies in the treatment of voltage impulses
incident on the device. Both connection schemes give good results; however, the cell
boundary implementation is less susceptible to spurious mode effects. Hence, the current-
coupled scheme also uses cell boundary connection, placing the lumped network halfway

between two nodes; the impulse scattering process at the nodes is thus not affected.

Figure 4.1 depicts the interconnection between a three-terminal lumped network and
the TLM mesh represented by two Norton current sources. In general, if the lumped
network has # terminals, there are n—1 such independent Norton current sources and one

common terminal.
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Terminal 1 Terminal 2
3-terminal —o—l
t=kAt network “\ r=kat
Terminal
" - Yom, 3 TIM.2 k] TLM2

Figure 4.1 Interconnection between a lumped network and a TLM mesh represented by
two Norton current sources.

The TLM network is physically much larger than the lumped element or circuit which
may consist of resistors, capacitors, inductors and even active elements and sources.
While the embedded networks must always remain quasi-lumped from a field perspective
(meaning that the physical size of the embedded network must remain small with respect
to the spatial wavelength), they can nevertheless occupy a small volume that exceeds the
size of a TLM cell. In this case, a distributed interconnection between embedded device
and field must be realized. The problem of interconnecting the network with the TLM
mesh is reduced to finding the distributed equivalent current at their interfaces. Without
loss of generality, Figure 4.2 uses a T-shaped device to illustrate this idea. Terminals 1
and 2 consist of closed dark surfaces surrounding the arms of the device. The currents in
the transmission lines connected to these bands represent the tangential magnetic field at
the interfaces. The total terminal currents are found by integration of the tangential field
around the bands and constitute the currents injected into the device by the equivalent

Norton sources.

There is no limitation on the number or orientation of terminals as long as all the link
lines associated with the terminals are accounted for in the integration process.
Furthermore, the link lines may all have different characteristic impedances. The
remaining surface of the device is clad with electric walls in order to provide continuity
for the tangential magnetic field at the device. The common terminal can be either

connected to the ground or can be floating in the TLM network. The other terminals have
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their own interface regions (dark rims shown in Figure 4.2) where they are coupled to the

TLM network.

1
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Terminal 1 v6,1 V6,2
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> (n=3)

Figure 4.2 Currents in the TLM link-lines ending on the dark rings that surround the
terminals of a quasi-lumped device are integrated over these interfaces to yield
the Norton equivalent source currents.

In other words, the dark rims surrounding terminals 1 and 2 can be thought of as
current probes coupled to the currents flowing in these terminals. Each pair of link lines
that is polarized in the direction of the terminal current and ends on the dark rim of the
terminal can be represented by a local Norton equivalent sub-source. All local Norton
sub-sources form a loop around the terminal boundary. The total current of the resulting
equivalent Norton source connected in series with the terminal is equal to the sum of the
currents of all these sub-sources. The internal admittance Y7zun = 1/Zpan of the n"
Norton source is equal to the parallel combination of the characteristic admittances of all

the link lines ending on the interface rim.
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The switches in Figure 4.1 symbolize the discrete-time nature of the TLM impulses;
they arrive at the terminals at time kAf. The instantaneous short-circuited current of the
Norton source is found by combining the currents incident in these lines that are coupled

to the device. At time kA, the equivalent terminal sources for the n—1 terminals are

characterized by:
1 1
Vosiin = = 4.1)
e Z TLM .n Zm: Zm,n
: Vo
kl;'l.M,n = ZZ‘kz— 4.2)

where , I;;,, , is the total current produced by all voltage impulses incident on the link

lines coupled to the device, and m is the number of cells forming the loop around the

corresponding terminal. Positive current flow is always directed into the device.

Once the equivalent terminal current has been obtained, one can calculate the
transient response of the lumped network for the duration of one TLM time step. The
current reflected from a terminal interface back into the TLM network is the difference
between the incident current and the total terminal current flowing into the device. The
reflected current is split up equally into each link line and converted to voltage impulses

that are injected back into the TLM mesh at the next time step.

(4.3)

r . i _
k+1 IH.M,n . l:I]LM,n kITLM,n

11‘
k+lVI;,n = Zm,n M—’;WL (4'4)

The current-coupled device embedding mechanism is a dual of the voltage-coupled
embedding scheme of So and Hoefer [47]. However, this current-coupled framework
does have some practical advantages over its counterpart. For example, the current-
coupled mechanism takes into account the entire magnetic field surrounding input and
output lines to form the equivalent sources. The line integral is well defined and is not
sensitive to the choice of the path of integration. On the other hand, voltage-coupled

schemes rely on an appropriate choice of the integration path for the electric field.

| zmﬂlu.‘“].ml |
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Clearly, the choice of coupling mechanism will depend on the specific coupling situation
and is subject to similar criteria as the appropriate choice of characteristic impedance in

various types of transmission lines.

Both types of coupling have been implemented, tested and compared. Typical results
are shown in the next section. Both methods yield identical results at low frequencies as
expected. At higher frequencies, parasitic effects due to the finite size of the interface
geometries are expected to appear, and they will be different for different configurations

of the terminal interfaces.

4.2.2 Simulation results

In this subsection several examples are presented to compare the behavior of the two

coupling methods.

A. Embedding a passive network

Source

Input Probe (a)

Source
Output Probe

Figure 4.3 A two-port device embedded in a microstrip. The device is quasi-lumped; its
dimensions are 3mm x 3mm x 2mm. The characteristic impedance of the
microstrip is 126.12Q. (a) voltage-coupled implementation. (b) current
coupled implementation.

The first example in Figure 4.3 is a two-port device embedded in a microstrip line of
126Q. Figure 4.3 (a) shows the voltage-coupled implementation in which the terminal
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interfaces are the areas underneath the strips connected to the device. Figure 4.3 (b)
shows the current-coupled implementation of the same device; the terminal interfaces are
the rims surrounding the strips on either side of the device. Note that the device volume
itself is either covered by an open-circuit boundary (a) or a short-circuit boundary (b),

while the device terminals are physically located in the terminal planes.

20Q 30Q2
50Q2
o O
Figure 4.4 Equivalent circuit of the device embedded into the microstrip line shown in
Figure 4.3.
$11 and S21 [Mag]
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Figure 4.5 Magnitude of S-parameters of the T-network in Figure 4.4 connected to the
126 Q microstrip line in Figure 4.3,. Results obtained with the two
implementations agree at DC but diverge at higher frequencies due to
parasitic and dispersive effects.

The quasi-lumped device in Figure 4.3 can be any two-port circuit such as a network

of resistors, capacitors, inductors and other components. First the resistive T-network
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shown in Figure 4.4 has been placed into the device volume in order to see the dispersive

effects of the two implementations when computing the S-parameters of the device.

Figure 4.5 compares the S-parameters obtained with the two implementations using a
Imm resolution TLM mesh from 0 to 4 GHz. Both coupling schemes yield identical S-
parameter values at low frequencies; they agree well with the theoretical values
|S11/=0.371 and |S;[=0.333 within less than 0.1 percent. However, as the frequency
increases, the two sets of results diverge from each other and also differ from the
theoretical values which should be independent of frequency. This is due to the different
parasitic effects introduced by the finite size terminal windows and the coarseness error

produced by the rather coarse mesh used in this example.

B. Embedding an active network

In the second example the resistive T-network was replaced by the complete
transistor amplifier shown in Figure 4.6 , and the transient responses obtained with the

two coupling schemes are compared in Figure 4.7.

Vee —
——— R1 Re
15V Rsl
50Q 50Q
— | 50Q2
[
& I { C21n
Clin
R2 Re Rs2
50Q 50Q 50Q
Ce In
L

Figure 4.6 Transistor amplifier embedded into the microstrip line shown in Figure 4.3.
The amplifier network is modeled by SPICE and the microstrip field space is
modeled by 3D-TLM.
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Transient Response of Transistor Amplifier

n
@ Voltage Coupled

A Y at output probe
(=} /\\ q/‘

\}/ at input probe
; i l/ Current Coupled
L)
"o 0.5 1 1.5
Time [nsec]

Figure 4.7 Transient response of the transistor amplifier embedded into the microstrip
line shown in Figure 4.3 using SPICE and 3D-TLM.

Figure 4.7 shows the time response of the embedded amplifier to a Gaussian input of
1V amplitude and a 3 dB bandwidth of 4 GHz. Again, differences in the parasitic effects

of the two embedding schemes result in slight differences in their transient responses.

The above numerical results indicate that both the voltage-coupled and the current-
coupled schemes yield identical results at low frequencies. However, as frequency
increases, differences between the embedding schemes become apparent. This reflects the
difference in the parasitics associated with the schemes. The discrepancy is due to the

difference in the coupling locations and mechanisms.

As a general rule, current-coupled embedding would be preferable in situations where
terminal voltages cannot be defined in a unique way, but current flowing into a terminal
is uniquely defined. On the other hand, voltage-coupled embedding yields excellent
results when the fields are well contained and the mode of propagation is essentially
TEM. Furthermore, current-controlled embedding methodology is quite flexible and

does not require the definition of a reference potential within the field model.

4.3 Introducing S-parameter to PSPICE

This section describes the embedding of the results of a field simulation into a SPICE

circuit simulation in the form of an analog behavioral model (ABM). The SPICE ABM is

| 4Mx“ﬂ“.v g,



Chapter 4: Combinations of Field and Circuit Level Modeling 41

characterized by its Scattering Parameters which are extracted from a full-wave time

domain analysis.

4.3.1 Theoretical background

The ABM feature of PSPICE is a very powerful tool, but it has a hidden inherent non-
causality problem. This problem is rooted in the definition of the Fourier transform.
Equations (4.5) and (4.6) show the familiar Fourier transform pairs that yield frequency

domain parameters from time-domain simulation results and vice versa.

F(jo)= r‘; f(O)e ™ dr (4.5)

f(t)z%jil’(jw)ej“'dw (4.6)

However, using these two equations to transform signals back and forth between the
time domain and the frequency domain may give surprising results because of the infinite
integral limits. Truncation of the integral limits and approximation of the residual errors

often lead to results that are quite different from what one would expect intuitively.

In PSPICE, the Analog/Digital Equivalent Parts (A/D-Equivalent Parts), such as
ELAPLACE, GLAPLACE, EFREQ, and GFREQ, are characterized by output that
depends on the current input as well as the input history. These equivalent parts apply
the inverse Fast Fourier Transform to an input frequency expression to obtain an impulse
response, and then convolve the impulse response with a given dependent source to
obtain the desired output in the time-domain. If the amplitude of the frequency

expression, A(w), for any reason, does not meet the Paley-Wiener criterion given in

equation (4.7),

« (In 4
[ A gy oo @.7)

-» 1+ o

the inverse Fourier Transform will result in a non-causal impulse response of the system.
This means that the computed impulse response is non-zero even at times preceding the
application of the stimulus, and the time convolution must be applied to both past and

future samples of the input in order to properly construct a present time response [54].
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The problem with the aforementioned convolution is that PSPICE only has the present
and past values of the source; hence the convolution procedure can only account for the
contribution due to these inputs, and the output due to the future input cannot be

accounted for. Furthermore, PSPICE cannot compute the f(¢) in equation (4.6) to any

desirable accuracy because the maximum number of frequency points allowed in its
equivalent modules is 8192 [55]. PSPICE can detect, but cannot fix a non-causal condition;
the software issues a warning message when this condition occurs. The message tells
what percentage of the impulse response is non-causal. Non-causality in the order of 1%
or less is usually not critical to the simulation results. If the error is larger than 1%, then
PSPICE suggests adding a delay factor in the frequency response to slide the non-causal
part into a causal region [55]. However, this would introduce unwanted distortion in the
time-domain results. A new ABM has thus been developed to tackle the non-causality

problem without using the delay factor.

4.3.2 Implementation of the new analog behavioral model

A new ABM based on the traditional microwave network theory for two-port
elements has been developed. PSPICE does not have a built-in two-port element that can
be used to model arbitrary two-port networks containing lumped element circuits and
distributed element circuits, but its capability can be augmented by making use of its
frequency-domain device model to build an analog behavioral module. This section
discusses the key issues for building such a two-port module using PSPICE’s A/D-
Equivalent models for transient analysis; the approach can be applied to DC and AC

excitations because they are just special cases of transient analysis.

Figure 4.8 depicts a schematic of the new two-port analog behavioral module
connected to a generator with internal impedance Z and a load impedance Zpp,
respectively. The ABM module comprises four PSPICE E-devices and necessary circuitry;
together, they transform the frequency-dependent parameters S;;, Sy;, Si», and Sy, into
equivalent SPICE time domain responses. The internal details of the ABM module are

shown in Figure 4.9.
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Figure 4.8 A schematic of the new two-port ABM module connected to source and load
impedances.
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Figure 4.9 The internal detail of the new two-port analog behavioral module.

This ABM module in Figure 4.8 is capable of representing a two-port circuit with

full

electrical details from DC to the desired upper frequency. Any input signal with a

frequency spectrum that lies within that frequency range can be used to excite the ABM

circuit. In order for PSPICE to make use of the S-parameters, the data must be stored

ina

PSPICE readable library file formatted as a table which contains the amplitude and phase

of the S-parameter at each frequency as shown in Figure 4.10.
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S12.1ib file:

.subckt S121234

E14 3 FREQ{V(2,1)} MAG(
*S12 [Smith]

*Frequency Magnitude Phase
+(0, 0.996238 0)

+(2500310, 0.996236
0.124298)

+(5000630, 0.996232
0.248595)

+(7500940, 0.996225

Figure 4.10 An example of the library file.

Furthermore, the following criteria should be observed in order to obtain an accurate

representation of the original circuit:

e The upper frequency limit in the S-parameter table must be at least five times the
3dB bandwidth of the excitation input signal. Lack of high frequency information
leads to errors in the transient response. A sufficiently wide frequency range also

can reduce non-causal percentage.

e The angle of the S-parameters in the library file should change continuously

without 180 degree phase jumps.

¢ Frequency must increase monotonously from DC to the maximum frequency in the

S-parameter table.

e Use as many frequency points as possible. The maximum number accepted by

PSPICE is 8192.

e If the S-parameters are generated by a numerical field solver, the mesh parameter
must be less than one tenth of the spatial wavelength corresponding to the highest
frequency of interest. This frequency is referred to as the maximum frequency in

the S-parameter table.
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4.3.3 Validation results
A. . Resistive T-network

In the first validation example a resistive lumped-element two-port network as shown
in Figure 4.11 is used to verify the ABM model. This network has two 50 Q Thévenin
equivalent voltage sources. The theoretically calculated S-parameters of this network are
introduced in the ABM model by means of a library file as S-parameter tables. The
S-parameter tables have five hundred frequency points spaced equally from DC to
20 GHz.

Vin R1 50 Rz 100 Vout
—_|—o LI h ¢ LI ® LI
Rss 50 Ry 50

- 15 [] WO

1 — ==

0.9
s ABM-V(out)

0.8 N | —Circuit-V(out)
+ ABM-V(n) _

0.7 :
06 I \ :CIFCUIt—V(In) i
05 ——

s | /[ X\

0 2E-10 4E-10 6E-10 8E-10 1E-09
Time in Second

Amplitude

Figure 4.12 Comparison of the transient responses obtained from the ABM model and
the original circuit.
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The transient responses of the ABM and of the original lumped element circuit are
compared in Figure 4.12. In both case, the excitation signals are Gaussian impulses of
sigma (0 ) = 0.Ins and mean ( ¥ ) = 0.4ns (which corresponds to a 3dB frequency
bandwidth of 3.76GHz). Figure 4.12 shows that the responses obtained by these two

methods are virtually identical.

B. General T network

In the second example a general RLC lumped-element two-port network containing
inductances and capacitances as shown in Figure 4.13 is used to verify the ABM model.
The example is quite similar to the previous one; the main difference between them is

that the S-parameters in this example are frequency-dependent.

R, 70 R, 120
o B Y o VN, il
Rec 50 Ly 1nH C; R, 50
L4
+
C- \2 §1nH Vs
= R3 o
ol

Figure 4.13 A two-port RLC T-network connected to two voltage sources.

In this case, the excitation is the same as in the previous validation example. The pre-
calculated S-parameters of this network are introduced in the ABM model by means of a
library file as S-parameter tables. As in the previous example, the S-parameter tables
have five hundred frequency points spaced equally from DC to 20 GHz. The transient
responses of the ABM and that of the lumped circuit model measured at the two probe
locations are shown in Figure 4.14. The good agreement in this example demonstrates
that this ABM implementation is valid even for two-port networks with dispersive

S-parameters.
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Figure 4.14 Comparison of transient responses of the ABM model and the original
circuit.

C. Full-wave field simulation

In the third example a spiral inductor in a SOIC-8 package as shown in Figure 4.15 is
modeled using a full-wave field solver, MEFISTO-3D PRO, to obtain the S-parameters for
introduction into the ABM in PSPICE. The entire computational domain in Figure 4.15 is
6.0x4.9x1.5 mm’. The mother board substrate is 0.2mm thick, and its relative
permittivity is 10. The housing dielectric is 0.8mm thick and has a relative permittivity of
4. In MEFISTO0-3D PRO a mesh of 0.025mm resolution has been used to calculate the S-

parameters from DC to 150GHz at 8000 equally spaced frequency points.

Figure 4.16 shows the transient responses of the spiral inductor obtained with
MEFISTo-3D PRO and PSPICE simulations due to a Gaussian impulse excitation
(0 =13.25ps and M =56.22ps, which corresponds to a 3dB frequency band-width of
28.4GHz). The comparison shows that the PSPICE-ABM accurately reproduces the full

wave field simulation results.
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Figure 4.15 A spiral inductor in a SOIC-8 package.
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Figure 4.16 Transient responses of the packaged spiral inductor computed with
MEFISTO-3D PRO and with the PSPICE behavioral model.

4.4 Conclusions

Two new methods for interfacing field and circuit models have been presented in this
chapter. The first method is a current-coupled mechanism that embeds lumped network

into three-dimensional TLM field space. The second method, on the other hand, embeds

i
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the behavior of a three-dimensional full wave field simulation into a lumped PSPICE
circuit model via S-parameter files. Both techniques link field analysis and circuit
analysis in the time-domain by replacing the embedded substructure with a reduced-order
model. The Analog Behavioral Model technique offers the capacity to model complex
systems containing components represented at various levels, such as lumped circuits,

distributed components and field-based models.
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Chapter 5

Inter-cell Network Framework in
TLM

5.1 Need for the inter-cell network framework

In Chapter 4, a current-coupled algorithm for embedding lumped element networks
into TLM models has been developed. This method makes it possible for an equivalent
SPICE circuit model or behavioral model to work with a TLM field solver. The
restriction of this method is that the volume of the embedded lumped network should
occupy at least one TLM cell. In certain situations, one may need to embed models that
are smaller than the mesh resolution imposed by the field solver. This chapter addresses

and tackles this restriction by means of the inter-cell network concept.

Another reason for developing the inter-cell network framework is that traditionally
the properties of materials are introduced by adding shunt and/or series stubs to the nodes
[56],[57]. This approach works well for simple material properties, but the scattering
matrix can become quite large, especially in 3D-TLM modeling, when the materials have
more complex properties. For example, the impulse scattering matrix of a 3D TLM SCN
node modeling arbitrary positive permittivity and permeability is an 18x18 matrix. The
modeling of negative permittivity and permeability requires a node impulse scattering
matrix of size 9x9 in 2D TLM and 27x27 in 3D TLM [58]. Not only are those big
matrices hard to derive, but they also increase the computational burden. Therefore, an
alternative inter-cell network framework is needed to deal with problems such as

modeling materials with unusual and/or complex properties.
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5.2 Inter-cell network framework concept

The purpose of an inter-cell network is to introduce scattering elements in the form of
lumped networks or other functional structures between cells to describe material
properties without modifying the standard TLM scattering procedure at the nodes [59].
However, it involves additional processing of impulses exchanged between neighboring
nodes and at boundaries. The inter-cell network is usually a two-port of zero physical

length inserted between neighboring cells in a TLM mesh.

The inter-cell networks described in this chapter are suitable for both the 2D shunt
node and the 3D SCN node. In the 2D shunt mesh (Figure 5.1), the two-port lumped
circuit is located halfway between two nodes (at cell boundaries); for the 3D SCN mesh,
two-lumped circuits are needed, one for each direction of polarization (Figure 5.2).
Actually, the inter-cell network could be specified by various means, such as equivalent
circuits, differential equations, behavioral models, experimental data, or even nonlinear
SPICE modules. The inter-cell network may be used to model special boundaries, small

material sub-regions or a general material occupying the entire computational domain.

i
o O O ™= = == == = =0 O 0

Figure 5.1 Inter-cell network inserted between two TLM shunt nodes.

Figure 5.1 and Figure 5.2 depict the connection between two shunt nodes and two
SCN nodes, respectively, via a two-port inter-cell network. In general, the lumped
network may contain a combination of shunt and series resistances, capacitances and
inductances. These can model losses, dielectric permittivity and magnetic permeability,
Debye dispersion, Lorentz dispersion and metamaterial (negative refractive index)
properties. For example, the inter-cell networks shown in Figure 5.3 may model materials

with positive (a) and negative (b) constitutive parameters, respectively.
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AN R A
A o

cell 1 cell 2

Figure 5.2 Inter-cell networks inserted between two SCN nodes in 3D TLM (one for
each polarization).
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and positive g, and . negative €. and .

Figure 5.3 Inter-cell LCR T-networks for modeling materials (a) with losses and
arbitrary positive permittivity and permeability, (b) with negative
permittivity and permeability.

5.3 A new interpretation of material properties in TLM
5.3.1 Distributed network model of a 2D continuous medium

A generic network model for 2D electromagnetic wave propagation in an isotropic

medium of permittivity &, and permeability z4, is shown in Figure 5.4 [60].
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Figure 5.4 Unit cell of a 2D distributed network that models a two-dimensional
continuous medium at low frequencies (wavelength >> cell size). The
elements are labeled in units of impedance and susceptance per unit length,
respectively. (After Eleftheriades et al. [60]).

The series and shunt elements Z” and Y, given in units of complex impedance (€2/m)
and complex admittance per unit length (S/m), are related to the constitutive parameters

of the modeled continuous medium by the following equivalences [60]:
jou,=2"';  jot, =Y (5.1)

The shunt admittance Y’ is, in fact, the sum of the shunt admittances of the two
orthogonal transmission lines. If both ¢ and u are positive the material is also called a
right-handed medium (conventional material), but if both & and g are negative the
material is called a left-hand medium (metamaterial) because the E, H and k vectors form
a left-handed triplet, and the phase velocity is anti-parallel to the flow of energy and the
group velocity.

From TLM theory we know that in a 2D TLM shunt node mesh that models a
material with a phase velocity v, and characteristic impedance Z,, both the link-line
velocity vg and the link-line impedance Z are equal to 2 times these values (see Table
5.1). (Note that the index m refers to the properties of the material, while the index £
refers to the properties of the TLM link lines. The impedance Z,, is also known as the

Bloch impedance in the theory of periodic structures).

This relationship can be interpreted by assuming that in the 2D TLM model, the link-
lines have a permeability equal to the material permeability p.,, and a permittivity half

that of the material permittivity &,,. Hence:

) amim‘-‘].m; .



Chapter 5: Inter-cell Network Framework in TLM 54

zZ =2, Y =27, (5.2)
Phase velocity Impedance
Material Vi =1/ 6y - 1 Zy =t/

2D TLM link lines | v, =2/ Je, -u, | Z,0 =2 i, /€,

Table 5.1 Relationship between the properties of a material and those of the link lines of
its 2D TLM model.

The generic network model for 2D electromagnetic wave propagation in an isotropic

medium of permittivity £and permeability is shown in Figure 5.5. Hence:

- 4

L v B
Z, = jou,, Y, =Jjo= - (5.3)

Figure 5.5 Unit cell of a 2D TLM network that models a two-dimensional continuous
medium using the shunt node. The elements are labeled in units of

impedance and susceptance per unit length, respectively.
The above situation can also be represented by an unloaded 2D shunt node connected
to inter-cell networks as shown in Figure 5.6. There, Z,, = jou, and Y,, = jws, /2 are the
host TLM 2D shunt node parameters in each cell. In order to ensure that this model is

equivalent to the model shown in Figure 5.5, we must have
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Z,Al = jou, M =Z, A +2Z, = jouM+2Z,, (5.4)

o

zero length zero length

|

4

a¢ il

-

Figure 5.6 A shunt node with inter-cell networks to represent material properties in 2D
TLM.

' . 8'" ' . &
Y,AL = j@7A€ =Yl +2Y,,, = ]aJ?oA[+ 2Y (5.5)

Solving (5.4) and (5.5) for Z,, and Y, yields:

_ _]Q)A[(/lm _IUO) V. = _]C()Af(é‘m _80)

7 s M . (5.6)

Positive Zsx and Yppx can be represented by a lumped inductor (Z,, = joL,., ) and a

lumped capacitor (Y, = joC,,, ) respectively. Hence:

= Al(p — o) Cc. = Al(e,, —&p)

L ssX 2 ppx 4

(5.7)

On the other hand, negative Z, and Y. can be represented by a lumped capacitor

(Z,: =1/ jaC,, ) and a lumped inductor (Y, =1/ joL =) Tespectively. Hence:

Cox == : (5.8)
T 0 (U — )M ‘

4

L =— "
ppx oz, PRYY. (5.9

I LR s



Chapter 5: Inter-cell Network Framework in TLM 56

Note that when Z, and Y,,. are positive, the capacities and inductance of the
inter-cell network are independent of frequency, however, when Z, and Y, are negative,

they are frequency dependent.

5.3.2 Distributed network model of a 3D continuous medium

The parameters for the three-dimensional SCN TLM model of such media can be
derived using the same procedure. In the 3D SCN mesh, the velocity and characteristic

impedance in the medium and on the link-lines are related as follows.

Phase velocity | Impedance

Material v, =lhje, sp, | T, =u e,

3D TLM link lines | v, =2/ e ~u, | Z, =+, /¢,

Table 5.2  Relationship between the properties of a material and those of the link lines
of its 3D TLM model.

This relationship can be interpreted by assuming that in the 3D TLM model the link-
lines have a permeability of z4,/2 and a permittivity of &,/2. Hence:

Z,=jou,l2 , Y,=jwe,!2 (5.10)
The generic network model for 3D electromagnetic wave propagation in an isotropic
medium of permittivity ¢ and permeability x4 is shown in Figure 5.7. This figure only
shows the lumped element circuit deployed in x-direction and polarized in z-direction.

Similar circuits can be drawn for the two other coordinate directions. Hence:

Z;e=Z'yf=Z;£=jw#m/2 Y;fzy):[:Yz,f:ngm/z (5.11)
The inter-cell network in the previous section can be used to represent the relative

permittivity and permeability of the above medium as shown in Figure 5.8. With that

representation, the series and shunt elements at the SCN node would only be used to

represent /4 and &; that is that Z,, = jou,/2 and Y, = jwe,/2 are the intrinsic 3D SCN

node parameters. The line parameters for these two models are related as follows:

Z.,Al= jw/jT”' A =ZAb+2Z, = jw% A+2Z, (5.12)
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Y,,Al = jw%M = YoMl +2,,, = jm%o—Aé’ +27,, (5.13)
u /
. 5 :
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Figure 5.7 Unit cell of a 3-D TLM network that models a three-dimensional continuous
medium using the Symmetrical Condensed Node (SCN). The elements are
labeled in units of impedance and susceptance per unit length, respectively.
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Figure 5.8 SCN node with inter-cell networks to represent material properties in 3D TLM.

Solving (5.12) and (5.13) for Z, and Y, yields:

T ijZ(/um _IUO) Vo = j(l)Af(Sm _80)

85X 4 ppx 4 (5 14)

Positive Zsx and Yppx can be represented by a lumped inductor (Z,, = jwL, ) and a

lumped capacitor (7,

o = j@C ) respectively. Hence:

i
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AE(#’" _IUO) _ Af(é‘m —& )
Lssx = f Cppx = fo (5 15)

On the other hand, negative Z, and Y,,. can be represented by a lumped capacitor

(Zyx =1/ joC,, ) and a lumped inductor (Y, =1/ jeL,, ) respectively. Hence:
4 4

Cype =— Lo == 5.16
O (1, — g )AL T oM, —gg)M e19

Again, note that when Z,, and Y, are positive, the capacities and inductance of the
inter-cell network are independent of frequency, when Z, and Y,,, are negative, they are

frequency dependent.

5.4 Realization of inter-cell networks in TLM

In both 2D and 3D TLM networks, the reactive elements of the inter-cell network can

be represented either by reactive short stubs or by time domain differential equations [61].

An example for the first approach is shown in Figure 5.9.

L /

port 1 Zy, Cp Zo port2 =— port 1 Zho Z, Zy PO 2
o—o—I——o—o
—0}—5—0}- —{0F—g—0f-
(@)

2| |z,

G BN Ky
L
port1 Z, AR port2 =—) port1 Zis Zyo POTE 2

~oF—g—o- Hob—o—o-
(b)

Figure 5.9 Transmission line representations of lumped reactive elements. (a) shunt
capacitor, (b) series inductor.

A shunt capacitor is typically represented by an open-circuited shunt stub of length

Af/2 and impedance Z. as shown in Figure 5.9 (a). Similarly, a series inductor is
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represented by a short-circuited series stub of length A¢/2 and impedance Zg as shown in

Figure 5.9 (b). Al is the size of a TLM cell. With the assumption that it is much smaller

Al

than the wavelength, the characteristic impedances of the stub lines are Z.= =
“Vio - Cs

b

Z,= Z'VZ’I’ L, , Where vz is the phase velocity of the TLM impulses on the link lines for

, =
2D shunt node and 3D SCN node, respectively. The equivalent stub model of the lumped
element inter-cell network is shown in Figure 5.10. Here Zg is the characteristic

impedance of the host link line (z,, =+27, for the 2D shunt node, and z,, =75, for 3D

SCN node).
Ar vl 3 l
a1 v
A2 f l 20 g f' iz 20
[ —— ¥l y -Q r —O— - - - i
3 — EVa kVENvt’Z L — v V2
i
5 1’ £UA kvc ‘A 4 {0 &—V;
%
A2
— 0 >

Figure 5.10 The equivalent stub model of the lumped element inter-cell network for
modeling lossless materials with positive £and .

Figure 5.10 is an inter-cell network for modeling arbitrary positive permittivity and
permeability, realized by means of series and shunt stubs. It is a five-port junction in
which three inner ports are terminated by the reactive stubs. The impulse scattering

matrix of this junction is:

Fvl_r [« B x —p 5 | Vi

Vs B a —-p yx o V2
Vio -7 K T & = Vs (3-17)

k_ch _é: 4: _‘f _5 7—k Ve
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where

a_Z:+Za—Zm A= 2:Z,-Zy 7= 2-Zy

Zy+Z,+Zy (Zy+Z,+Z4)(Zy+Zyy) Zy+Z,+Zy
- 2-Zy-Zy — 2-Z, - 2-Z,-2Z,

(Z.+Z,)(Z,+Zy) Zy+Z,+Zy (Zy+Z,+Zy)(Zy+2Zy)

9 Zo+Z,-Z, P 1 7 fo_ 27,
Zy+Z,+Zy (Z.+2,)-(Z,+Zy) Zy+Z,+Zy

7:Z,,—ZC Zaz(Z[+Zm)-ZC Zb=Z,+Zm
Zy+Z, Z,+Z +Zy 2

The incident and reflected impulses at the inner ports are related by virtue of the

delay and reflection in the stubs:
i r P r r
Vo = k-1Vn kVe2 =" k-1Ve2 KYeT k1Y

5.5 Dispersion analysis of TLM models with inter-cell networks

The principal source of error in explicit time-stepping algorithms, such as TLM, is the
discretization of the continuous field variables by sampling in space and time. In order to
answer the question how accurately these TLM models with inter-cell networks predict
the wave properties of the physical materials, we need to evaluate the discrepancy

between the properties of a coarse TLM model and a smooth isotropic material.

Regardless of the type of node, the dispersion properties of all TLM schemes can be
formulated using the same general matrix notation. Consider an infinite array of nodes —
2D or 3D, as the case may be. Designate any node as the central node c. In a 2D mesh,
node c¢ has four ports, each being connected to one port of a neighboring node by a link
network (see Figure 5.11). In a 3D mesh, node c is surrounded by six nodes and
connected to them by six orthogonal pairs of link networks, or twelve links in all. The
following dispersion analysis employs the approach outlined previously by Nielsen and
Hoefer [62][63]. Note that the inter-cell network must be taken into account by means of
the link network scattering matrix C. The square or cubic unit cells such that dx = dy =

dz =d =A{ in the following derivations are assumed [64].
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p=3
=ry
1 o
—'| nodec \ V., [C] V,
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Figure 5.11 In 2D TLM, the central node c is connected to the four-port conglomerate node t
by link networks which are characterized by a link scattering matrix C. In 3D we
have 6 pairs of orthogonally polarized ports per node, requiring 12 link networks.

For the purpose of compact vector formulation it is convenient to define a virtual
conglomerate node, which we shall call node t, that encompasses all the ports of the

surrounding nodes connected to the node c. The following notations are used in the

derivation of the general dispersion relation.

V. ---the total voltage vector at the ports of node c;
V: —- the total voltage vector at the ports of node t;
V. — the vector of all incident voltages at node c;
Vi - the vector of all incident voltages at node t;
Ve - the vector of all reflected voltages at node c;
Vi —- the vector of all reflected voltages at node t.
Note that in the dispersion analysis all voltages are monochromatic at a single
frequency rather than Dirac-type impulses used in the actual TLM simulation. The

relationship between the total voltage vectors and the incident and reflected voltage

vectors is
Vc = Vci *H Vcr (518)

V,=V,+V, (5.19)
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The scattering matrix S of node c relates the vectors of incident and reflected voltages

V., =S-V, (5.20)

S is identical to the impulse scattering matrix used in the formulation of the underlying
TLM algorithm, even though the dispersion analysis is carried out in the frequency
domain. This is due to the fact that the impulse response of the node contains all

frequency components and is thus valid simultaneously at all frequencies.

The link network scattering matrix C relates the vectors of incident and reflected
voltages at nodes c and t as follows
Vci:R'Vcr_*-T'Vlr (521)
Vi =TV +R:V, (5.22)

Introducing (5.22) into (5.19) yields
V,=T-V_+R:-V_+V_ (5.23)

And combining (5.20) and (5.21) yields
V., =(-S-R)"-S-T-V,, (5.29)
I is the identity matrix. Equation (5.24) allows us to express the conglomerate node
voltage vector V, in (5.23) as a function of Vi
V,=(I+R+T-(I—S-R)_]-S-T)V,,:W-V,, (5.25)
On the other hand, by combining (5.18), (5.20) and (5.24) we obtain:
v, =(S‘+l)-(]—S-R)‘1 .$:T-V, =Q-V,, (5.26)

These expressions define the matrices W and Q; they depend on the scattering
properties of the underlying TLM nodes and the nature of the circuits (inter-cell networks)
that link adjacent nodes to each other. These links are symmetrical two-ports and can

contain both transmission line sections and lumped elements or their equivalent stubs.

An additional relation between node voltages is obtained by the application of

Floquet’s theorem, assuming that for a time-harmonic excitation a wave of the form
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V = Ag tmtgHintg ikt (5.27)

exists in the structure. This expression allows us to relate the voltage vectors at the nodes

¢ and t by the following matrix equation:
Vi=P-V, (5.28)

where P is given below for the 2D shunt and 3D SCN cases. Combination of equations

(5.25), (5.26) and (5.28) yields:
V.=Q-W'.V,=Q-W'.P-V, (5.29)
The corresponding singular value equation
det(Q- W' -P-1)=0 (5.30)

is an implicit function of the propagation constants along the mesh axes, the properties of

the link network and of frequency. It yields the desired general dispersion relation.

For the 2D case depicted in Figure 5.11 and the numbering scheme shown there, we

obtain the following P matrix:

e 0 0 0
po| O 0 0 (5.31)
0 0 S

where d is the distance between nodes (cell size or mesh parameter). An analogous P
matrix of size 12 x 12 is obtained for 3D SCN TLM meshes; the placement of the terms
in the matrix depends on the port numbering scheme used. Using the original port
numbering scheme used by Johns [57], the matrix P has zero entries except for the

following elements:

_ _ Jkymd —jk,.d
})1,12 _P5,7 =@ b P7,5 =P|2,l =e S

2

Ko hed
Po=Pg=e""", Pyy=Pyy =", (5.32)

_ _ S dkpd = — o Jknd
P3,11 = Ps,lo =e , Pog=HR3=e :
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In (5.31) and (5.32), km, kmy and k,. represent the three components of the
propagation vector k,, of the Floquet wave in the TLM network, and 4 is the mesh

parameter AZ.

The link network scattering matrix C must also be derived before the dispersion
properties can be computed. The link network for 3D metamaterial models and the

numerical solutions for the dispersion relation are given in Section 6.3.

Specific solutions of the general dispersion relation for TLM models with inter-cell

networks will be presented and discussed in Chapter 6.

5.6 Summary

An inter-cell network framework for modeling material properties in TLM has been

presented. The implementation method and the dispersion analysis have been described.

The inter-cell network framework provides a method for embedding lumped or
distributed features and material with special properties into the TLM field space. Since
the element behavior is introduced at the inter-cell network level, the TLM impulse
scattering matrix remains unchanged. The properties of inter-cell networks can be
described by various means, such as equivalent circuits, differential equations, behavioral

models, experimental data, or even nonlinear SPICE modules.

Applications of the inter-cell network concept to the modeling of metamaterials with
negative refractive index and of magnetized ferrite will be demonstrated in the following

chapters.
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Chapter 6

Modeling of Metamaterials with
Negative Refractive Index in TLM

Chapter 5 describes an inter-cell network that can be used to model materials with
special wave properties in TLM. The approach is employed in this chapter to model
metamaterial behavior in TLM, in particular the phenomena of negative phase velocity
and negative refraction in materials with negative refractive index. The dispersion
properties of the metamaterial models are also presented before the validation section at

the end of this chapter.
6.1 Introduction

6.1.1 Metamaterials

The investigation of artificial materials has attracted considerable attention worldwide
for decades. As the name implies, artificial materials are man-made and cannot be found
in nature. The first attempt at exploring the concept of “artificial” materials began in the
late nineteenth century when, in 1898, Jagadis Chunder Bose conducted the first

microwave experiment on twisted structures (after [65]).

In the late 1960’s, Veselago [66] discussed a new class of artificial materials with
negative refractive index (metamaterials); his seminal paper was purely speculative and
aimed at predicting the wave solutions of Maxwell’s equations in a medium in which the
constitutive parameters p and &€ were both negative. Veselago predicted that in such a
medium the electric field, the magnetic field and the phase velocity would form a left-
handed rather than a right-handed triplet as shown in Figure 6.1. (He referred to these

materials as “left-handed” for this reason). He also predicted that the phase velocity
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would be opposite to the group velocity and the flow of energy, and that negative
refraction would occur at interfaces between “regular” materials and materials with
negative p and ¢ (Figure 6.2). Consequently, such left-handed materials could focus
electromagnetic waves emitted by a point source situated outside the medium. (This
phenomenon will be discussed further in section 6.4). By virtue of these unusual
properties, such materials could have many revolutionary applications in the microwave

and optical ranges such as novel antennas, couplers and planar lenses [67],[68],[69].

E
Vg
S

Negative

phase velocity

H

k

Vph

Figure 6.1 The phase velocity vy, is opposite to the group velocity v, and the flow of
energy, indicated by the Poynting vector S, in metamaterials with negative pi,
and ¢, (left-handed materials).

Positive refraction
Air (n=1)

Incident wave

‘Negative refraction

Figure 6.2 Waves are refracted at a negative angle in left-handed metamaterials
6.1.2 Realization and models of metamaterials

Veselago’s paper remained without consequence for thirty years simply because no
materials with the required properties were known. However, Veselago demonstrated that
materials with negative p and € had to be frequency-dispersive, implying some intrinsic

energy storage capability similar to that found in plasmas. The first realizations of
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artificial materials with negative p and € emerged in 2000 when Smith et al. [70],[71]
created periodic arrays of thin wire strips and split ring resonators and demonstrated
experimentally that they had indeed a negative refractive index at the resonant frequency
of the constituent elements. However, such composite materials are difficult to
manufacture and exhibit a negative refractive index only over a narrow bandwidth due to

their resonant nature.

Caloz etal [72], Eleftheriades etal. [73],[74] and Oliner [75] independently
proposed an alternative way of realizing 2D metamaterials that are non-resonant and have
a much wider bandwidth than those based on thin wires and split ring resonators. Their
metamaterial models consist of a host transmission line network with embedded lumped
series capacitors and shunt inductors. A realization by Iyer and Eleftheriades in the form
of a reactively loaded microstrip network is shown in Figure 6.3. A detailed wave
analysis and experimental measurements of wave propagation on this two-dimensional
periodic structure were reported by Eleftheriades et al. [77] in 2002, confirming beyond
doubt that it has indeed negative phase velocity and refractive index over a wide
frequency range for which the wavelength is large compared to the cell size. It is also
obvious that the topology of the structure is identical to that of a 2D TLM shunt network
which is periodically loaded with series capacitors and shunt inductors. This inspired So
et al. to create a TLM model that is, in fact, a computational incarnation of Iyer’s and
Eleftheriades” microstrip realization. The first successful implementation of this

computational 2D-TLM model of metamaterials was reported in 2004 [76].

In 2003, several groups had reported FDTD models of metamaterials [77],[78] that
were based on phenomenological Drude models for dispersive negative constitutive
parameters. Ziolkowski et al. [77] demonstrated the interactions of pulsed and continuous
wave (CW) Gaussian beams with double negative (DNG) metamaterials by using such a
FDTD model. The focusing effect and the negative angle of refraction behavior are also
demonstrated in their paper. Using the FDTD method together with a PML (Perfectly-
Matched Layer), Correia et al. [78] verified that energy and wave propagation point in

opposite directions inside a metamaterial slab, as predicted by Veselago.

1 Aww‘.luh



Chapter 6: Modeling of Metamaterials with Negative Refractive Index in TLM 68

In 2005, Hoefer et al. [79] and Eleftheriades ef al. [80] independently proposed a 3D
model of metamaterials. Figure 6.4 depicts the unit cells of periodically loaded 1D, 2D
and 3D transmission line networks with left-handed wave properties that have been
realized so far [64]. The exact location of the reactive elements along the transmission
lines can vary for technological reasons, but is not critical, causing only small changes in
the electromagnetic properties of the periodic network. Again, the similarity between

these unit cells and the corresponding TLM node topologies is obvious.

source

T —

Figure 6.3  Metamaterial model realized by A. K. Iyer and G.V. Eleftheriades at the
University of Toronto. It consists of a 2D microstrip mesh loaded
periodically with lumped series capacitors and shunt inductors.

Figure 6.4 Unit cells of 1D (a), 2D (b) and 3D (c) periodically loaded transmission line
structures with left-handed wave properties.
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6.1.3 TLM models of metamaterials

Traditionally, material properties are introduced in TLM by modifying the scattering
procedure at the nodes. This approach requires a new impulse scattering matrix to be
derived for the nodes. To implement a metamaterial in 2D-Shunt TLM with air as the
hosting medium, a 9x9 impulse scattering matrix is needed [81]. A similar scattering
matrix for the 3D-SCN TLM would be of size 27x27; such a huge scattering matrix is not

easy to derive.

In this section the inter-cell network approach is employed to introduce the negative
permittivity and permeability through interface scattering matrices at the cell boundaries.
The implementation preserves the original 12xX12 node scattering matrix; and the
metamaterial property is realized by a 6x6 interface scattering matrix. In order to handle
interface and boundary conditions [82], five types of special inter-cell scattering matrices
are needed. These are derived in the following sections for 3D SCN TLM. Since the
derivation of the 2D shunt node inter-cell network model of metamaterials is similar to

that for the 3D SCN model, it has not been included in this dissertation.
6.2 Determination of the inter-cell network for metamaterials

6.2.1 Inter-cell network modeling of metamaterials

The design of a metamaterial begins with the choice of its intrinsic wave impedance

Zom and its refractive index n,. Since Z, =./u, /e, andn, =-c,u e, , the constitutive

parameters of the metamaterial can be expressed as ,,_ ~"Zw and , __"» . Substituting
c m

Omc
Unmand &, into (5.14), both Z, and Y,,, (which are negative) can be found. Furthermore,
equation (5.16) is employed to obtain the values of the inter-cell network elements in the

3D SCN TLM models with this implementation.

Inter-cell networks are inserted between two SCN nodes along the x-, y-, and z-
direction for both polarizations [83]. This involves additional processing of impulses
exchanged between neighboring nodes. The inter-cell network inserted between two
adjacent cells with identical properties is a single equivalent T element as shown in

Figure 6.5; where C = Cs and L = L,,,/2. For a given operating frequency and mesh
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parameter A¢ the values of Ci and Ly, can be calculated using equation (5.16) for 3D

SCN nodes.

CSSX | Cssx C C
Tk minnin

e | S L
O E -0 O 0

Figure 6.5 Equivalent inter-cell networks for modeling of metamaterials.

The most natural way to implement series capacitances and shunt inductances in
TLM is to model them by open- and short-circuited stubs of length A4¢/2 and derive an
equivalent impulse scattering matrix at the boundary between two cells. This is shown in

Figure 6.6 using the same method as described in Section 5.4.

4 i Y i
A2 I ]"’f"fl Zy A2 f’ vfr Z
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%
A2
0

£l v -

Figure 6.6 The equivalent stub model of the lumped element inter-cell network for
modeling negative ¢ and p, Zy is the characteristic impedance of the host
like line.

The characteristic impedances of these stubs are related to the series capacitance C

A

and shunt inductance L by the following expressions

Al 2L
Z, = z,=" (6.1)
2CV, A[

A
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The inter-cell network and its equivalent TLM circuit are shown in Figure 6.7. The

scattering matrix is given in equation (6.2).

Cuse Cuoe C ¢

= - —
Lpps <:> L

Figure 6.7 Inner inter-cell network for modeling metamaterials, and its equivalent

circuit in TLM
e o ;
v a B gy -B & v |
Vs B a -B x o V)
Val| =k -7 8 T 4| |va 62)
Voo -7k 7 9 =L |Va '
k_vf_ _5 g _5 _6 yjk_vfj
where
a_ZE+Z(1_Zf0 ﬂ— 2'20 'Zlo _ 2'230
Z. +Z,+Zy (Z.+Z,+Zy)(Z.+Zy) % Z +Z,+Zy
22,47 o 2Z, L -2, <2,
(Zy+Zy)-(Z,.+Zy) Z.+Z,+Zy (Z +Z,+Zy)(Z, +Zyp)
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Z, = AL Z, =—2Lv(° L:—LP"X
2Cvy Al 2

In addition to the above scattering matrix, four more inter-cell network scattering
matrices are needed to handle interfaces between the metamaterial and various types of
boundaries, namely the electric wall, magnetic wall, regular dielectric material interface,

and absorbing boundary. These matrices are derived in the following section.
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.

6.2.2 Inter-cell network for the metamaterial-electric wall interface

The electric boundary inter-cell network and its TLM equivalent circuit are shown in

Figure 6.8; the corresponding scattering matrix is given in equation (6.3)

-
Cow y Z. 2y
_| _| |_ Zy ’ ’
Lo | ¢ =3P
2 Vi

Figure 6.8 Electric boundary inter-cell network and its equivalent circuit in TLM

-
Vil _|en én2 4
- j 6.3
kLVe €1 €xn iV €2)
where
ey = Z.—Zy =—e,, ey = 221.’0 € :i
Al i r
Z. = V.=, 1V
c 20v,, kVc"k-1%c

6.2.3 Inter-cell network for the metamaterial - magnetic wall interface

The magnetic boundary inter-cell network and its TLM equivalent circuit are shown

in Figure 6.9; the corresponding scattering matrix is given in equation (6.4):

Figure 6.9 Magnetic boundary inter-cell network and its equivalent circuit in TLM
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6.2.4 Inter-cell network for the metamaterial - absorbing boundary interface

The absorbing boundary inter-cell network and its TLM equivalent circuit are shown

in Figure 6.10; the corresponding scattering matrix is given in equation (6.5).

LPPX

Figure 6.10 Absorbing boundary inter-cell network and its equivalent circuit in TLM,

Zom 1s the matched load impedance at the design frequency.
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6.2.5 Inter-cell network for the metamaterial- air interface

The inter-cell network (for the metamaterial-air interface) and its TLM equivalent
circuit are shown in Figure 6.11; the corresponding scattering matrix is given in

equation (6.6):

Figure 6.11 Interface inter-cell network (between the metamaterial and the air) and its
equivalent circuit in TLM

V1 dyy dyp dy3 dy V)
Vs s dy dy dy dy ) V2 -
Ve dy dyy dyy dy Ve (6.6)

where
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6.2.6 General inter-cell network between two different materials

To model the interface between two adjacent metamaterials with different properties,
a general 6x6 inter-cell network scattering matrix is needed. The general inter-cell
network (6x6) and its TLM equivalent circuit are shown in Figure 6.12. The general 6x6

inter-cell network scattering matrix is given in equation (6.7).

Figure 6.12 General inter-cell network (6x6) and its equivalent circuit in TLM
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6.3 Dispersion analysis

6.3.1 Numerical dispersion analysis for the SCN metamaterial model

A general dispersion equation (5.30) for TLM meshes with inter-cell network has
been derived in Chapter 5. Before solving the general dispersion equation, the link
network scattering matrix C must be derived. Figure 6.13 shows the inter-cell network

for the 3D metamaterial model. In TLM, the reactive elements are implemented as open

and shorted stubs of length Af/2 [64].

| d2=A2 C C dr2=A{2
5 LS 1
Zy k, 3 Zy Ky
o, O O O
node ¢ node t
(@)
A
z Zs,
k, ky d/2
o o ", W 4 0
Zy Ky ; Zy Ky
7 P 7
|< g >|
d=Af
Z, k di2
(b)

Figure 6.13 Link network inserted between nodes of a 3D mesh to model a negative
refractive index material. (a) Lumped element implementation. (b) The
TLM link network with reactive stub representation of the lumped

elements.

The characteristic impedances Z; and Z, of the reactive stubs are related to the lumped

elements C and L are as:

1y WN.[‘!.M t



Chapter 6: Modeling of Metamaterials with Negative Refractive Index in TLM 79

N _2Lvy,
Z;= 2Cvr and Z,= — (6.8)
4 -2
where C=——— ad L=———— (6.9)
" (s — o)A " (&, —&)AL

In this case &, and u, are the negative constitutive parameters of the metamaterial at
the design frequency @. The required scattering matrix C of the link network can be
obtained by cascading the ABCD matrices of the individual reactive elements and then

transforming the overall ABCD matrix into the S-matrix.

Even though the derivation of the link network scattering matrix C is straightforward,
it is quite difficult to extract a general closed-form singular value expression with the
above procedure from the dispersion equation (5.30). In order to assess the dispersion
characteristic as functions of the mesh parameter, direction of wave propagation and the
type of link network inserted between the nodes, equation (5.30) can be solved
numerically using the Matlab matrix solver. Once the P matrix is solved numerically, the

propagation constant in the metamaterial at various frequencies can be computed.

This procedure has been used to compute the propagation constant of the SCN
metamaterial model shown in Figure 6.13 for & = p, = —1 (refractive index n = —1,

intrinsic impedance 1 ;=1 ¢=377Q) at 30 GHz.

At the design frequency, 30 GHz, the theoretical phase velocity in this material is
equal and opposite in sign to the velocity of light in free space, as long as the cell size of
the material is much smaller than the guided wavelength. As the cell size increases, the
phase velocity deviates from this asymptotic value due to the discretization error and
becomes dependent on the direction of propagation with respect to the mesh axes

(directional dispersion).

The usual rule of thumb recommends that the cell size of time- and space-discrete
models should not exceed one-tenth of the spatial wavelength. We have thus selected a
cell size A? = 1 mm, or AV10, at the design frequency of 30 GHz. At this coarse mesh
resolution, the two models in Figure 6.13 would show visible differences in their wave

properties.
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Figure 6.14 Polar plot of the normalized propagation vector k,/k; in a transmission line
network with periodic reactive loading that models a metamaterial with g =
i, = —1 at 30 GHz. The cell size is 1 mm, and propagation is in the xy plane
(3D SCN network with lumped element and stub implementations of the
inter-cell network).

Figure 6.14 shows the polar plots of the normalized propagation vector k,/kq for the
3D symmetrical condensed metamaterial models at 25, 30 and 35 GHz. Propagation in
the xy-plane is shown in this case, both models have a /mm mesh resolution, and the
reactive elements were evaluated at the 30GHz design frequency. The curves with
markers correspond to the lumped element and stub implementations of the node link
networks shown in Figure 6.13. The curves without markers in each group represent the

asymptotic limit of the propagation vector for infinitesimal cell size and are perfect
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circles. Note that, unlike in a regular material, the magnitude of the propagation vector

increases as frequency decreases, due to the anomalous dispersion in the metamaterial.

The deviation of the curves from the circular asymptotic limit represents the
additional dispersion contributed by the finite discretization. The difference between the
marked curves is due to the dispersive nature of the reactive stubs that model the series
capacitance and shunt inductance in the link network. These differences are more
pronounced at 25 GHz where the guided wavelength is reduced to about 6mm, or 6AfL.
Furthermore, one can notice the presence of directional dispersion which causes the
curves to deviate from a perfect circle. To better visualize this directional dispersion, a
polar plot for 30 GHz on an expanded radial scale is drawn in Figure 6.15. The figure
clearly shows that the dispersion error is largest in diagonal direction and smallest along

the mesh axes, just like in the corresponding unloaded SCN TLM method.

90

Km'ko — 1.04

— 1.03

— 1.02

— 1.01

—0 —10

= ] Expanded
radial

—— Lumped L and C ——reactive stubs

Figure 6.15 Polar plot of the normalized propagation vector —,,/k, at 30 GHz on an expanded
radial scale that emphasizes the directional dispersion in the metamaterial. (3D
SCN TLM network with lumped element and stub implementations of the inter-
cell network).
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Figure 6.16 Dispersion surfaces of the normalized propagation vector in a 3D symmetrical
condensed TLM model of metamaterial at 25, 30 and 35 GHz. Al=1 mm. & = 4,
=—1 at 30 GHz. Lumped element and stub models are compared.
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Figure 6.14 and Figure 6.15 also show that the stub implementation gives results that
lie roughly half-way between the asymptotic limit —k/kp = 1, and the lumped element

implementation results.

Figure 6.16 shows the three-dimensional dispersion surface of the normalized
propagation vector for the 3D symmetrical condensed metamaterial model at 25, 30 and
35 GHz. The surfaces are almost spherical at 30 GHz and become slightly deformed as
the spatial wavelength in the material gets shorter. The plots in Figure 6.14 represent the

intersections of these dispersion surfaces with the principal planes of the 3D mesh.

6.3.2 Closed-form expressions for dispersion along the mesh axes

Since in a general situation, the direction of the propagation vector is not known, it is
sufficient to estimate the maximum dispersion error margin by computing the dispersion
characteristics in the direction of the mesh axes. In this situation, the periodic structure
can be represented by a one-dimensional equivalent circuit, or the axial equivalent circuit,
for which a dispersion relation can be found in closed form [64]. The following sections
summarize the axial wave properties of the 3D expanded node metamaterial model and

compare the result with that of the 3D SCN node implementation.

A. Axial Dispersion Properties of the 3D Distributed Node Model

The axial equivalent circuit of a unit cell of the 3D distributed node model is shown
in Figure 6.17. In the figure and following expressions, the index £ designates a parameter
of the link lines, the index m designates a parameter of the metamaterial (the periodic

structure), and the index 0 designates a property of free space.

The voltages and currents at the terminals of the axial equivalent circuit are related by

the ABCD matrix of the constituent circuit elements as follows:

7] 1 O][ cosg jZysing] |1 ﬁ | 2jZ, tang
L] Y, 1 [j¥sing cosg ||, |0 1

1 - P

— cos¢g  jZ,sing| |1 O |V,
2jaC || .o . v j|[ |
0 1 | jY,,sing  cos¢ . 1] |L

(6.10)

in i+l
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Lz —_jZ cotd ; =k, -ALI2=kAL/4.

b

with Y, = L
Zin 2.]
Equation (6.10) is then set equal to a relationship expressed in terms of a Floquet
wave in the metamaterial:

Vi| | cosk,Al)  jZ,sin(k,A0) | |V, 6.11
1|7 ity sinte,a0)  costk,af) || 1, o

which leads to the following dispersion relation

/
ear. 08 el 22,50 cos(“)
cos(k, Af) = 1—8sin’ (——) — . ¥
2 2 2.C-L o-L 6.12)
3sin(k‘M)-cos(k€A[)+sin ko
= 2 2
@-C-Z,,

which becomes with the approximations cos(k,A?/2)~1 and sin(k,A?/2) = (k,Al/2)

2 27, kA 4kN

6.13
@ -C-L ®-L w-C-Z, (6.13)

(k AL ~ 4(k,A0) +
m £

Equation (6.13) is equivalent to the dispersion relation derived by Grbic and
Eleftheriades [80]. C and L in expressions (6.12) and (6.13) are given by (6.9).

AL/ oc. stub sc. stub AL/ oc. stub

/’ 2C _C:AB/Z 56 /0
K/ZL Zot o_l I_—o— Zoe 2'/{/
s

O O— —O O-
7. F
27 27
o Ab/2 | Az
- 'l AL * >
Vir d; Vier» Livg

Figure 6.17 Axial equivalent network of the 3D expanded node model of metamaterials.
The shunt stub impedances and inductors at the terminals 7 and i+/ are
doubled in value since adjacent cells share these elements.
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B. Axial Dispersion Properties of the 3D Symmetrical Condensed Node Model

The axial equivalent circuit of a unit cell of the 3D symmetrical condensed node model

with inter-cell network is shown in Figure 6.18.
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Figure 6.18 Axial equivalent network of the 3D symmetrical condensed node model of
metamaterials with negative refractive index. The shunt impedances at the
terminals 7 and i+/ are doubled in value since adjacent cells share these
elements.

Using the same index system as in the 3D expanded node cases, we can write the
dispersion equation of 3D SCN node in terms of the ABCD parameters of the equivalent

circuit as follows:

1 0 1 ; . 1 1 0
A | T || e e Gae | L] 6
I; joL 0 1 J¥o sing cosg 0 1 jal L
with  Z,=n,= /& ; ¢=k, -M=kAL/2.

Equating (6.14) and (6.11) yields the dispersion equation

cos(k, AL/ 2) = cos(k,Al)— cosz(k,M) N Z,, sin(k,A?) = sin(k,Af) 3sm(k,A2£’) (6.15)
20*-C-L 4o-L w-CZyy 4w’ -L-C*-Z,
which can be solved for the propagation constant &, in the metamaterial:
: / ; :
k. :icos"[cos(k,Af)— cos(k,A?) i Z,,sin(k,Ar) " sin(k,Af)  sin(k,Af) ]. (6.16)

20°-C-L 4o-L w-C-Z,, 40 -L-C*-Z,

C and L in expressions (6.15) and (6.16) are given by (6.9).
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6.4 Validation of TLM metamaterial models and their dispersion
properties
Numerical models of metamaterials can be validated in three ways.
a) Comparison with experimental measurements,
b) Comparison with other independent numerical methods,
¢) Comparison with exact analytical solutions of canonical problems.

Experimental validation ensures that the model captures all the essential and relevant
features of a physical metamaterial, i. e. a man-made periodic structure such as the
reactively loaded microstrip network by Eleftheriades et al. [60]. However,
measurements are always affected by error, and it is thus important to know the error
margins of both the measurement and the model under test to ensure validation. The same
applies to validation by comparison with other numerical methods. As long as the error
margins of both the test and reference results overlap, they are most likely to be valid.
However, the reference model should be different and independent from the tested model

to ensure that both models are not affected by the same common error.

Exact analytical solutions of canonical problems are error-free since they do not
involve mathematical or numerical approximations, but they represent ideal situations
and exist only for a few specific geometries. Asymptotic solutions obtained by
extrapolation of numerical solutions to infinitesimal cell size are also reliable validation
references, as demonstrated in Chapter 3 on singularity correction, provided that they
have been obtained using explicit iterative methods such as FDTD or TLM. Analytical

and asymptotic reference solutions are particularly useful for the validation of dispersion

analysis since they represent, by definition, the ideal solution in the absence of dispersion.

Given the strengths and weaknesses of the three validation approaches, it is best
practice to employ more than one of them to test new models and algorithms.
6.4.1 Dispersion validation results

Figure 6.19 shows the approximate closed-form expressions for the normalized

propagation constant k,,/kj in axial direction vs. frequency for the 3D expanded node, and
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the 3D symmetrical condensed node models. Superimposed on the figure are three values

(black squares) obtained by exact numerical solution of the dispersion equation (5.30).

The constitutive parameters and the cell size are the same as in the previous examples.

The two models have slightly different characteristics at 1mm cell size. Exact values are
obtained with the numerical solution of equation (5.30) and the closed-form equation for
the 3D symmetrical condensed node at 25, 30 and 35 GHz. The closed-form dispersion
equation for the 3D expanded node yields slightly higher values than the 3D SCN node.
The approximate expressions are thus perfectly adequate for predicting the guided

wavelength in the metamaterial as long as A¥A is smaller than 0.1.
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Figure 6.19 Comparison of approximate closed-form dispersion equations for 3D
metamaterial models with exact numerical solutions of the dispersion

equation (5.30). AL = 1 mm. & = p = —1 at 30 GHz. Models containing
lumped L and C elements are compared.

The 3D symmetrical condensed node model has been implemented in MEFiSTo-3D
Pro, the TLM field solver of Faustus Scientific Corporation. To validate the general

dispersion analysis result, the following numerical experiments were performed to
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compute the dispersion of the propagation vector for the same parameters that were used
in the analysis. In the MEFiSTo simulation a wideband signal was launched from a point
source. Pairs of closely spaced probes were placed along radial directions at 0, 14, 26.57
and 45 degrees with respect to the x-axis in the xy-plane. The phase shift between the
probe signals was then computed using the S21 [Degree] feature of MEFiSTo and the
normalized propagation vector was obtained from that phase shift. Table 6.1 shows that
MEFiSTo data and the results of the dispersion analysis for the 3D symmetrical

condensed node model are in good agreements with each other.

3D SCN Propagation Km/Ko Km/Ko Difference
Node angle [deqg] Dispersion MEFiSTo (%)

0 -1.9308 -1.9312 -0.0246
f=25GHz 14 -1.9357 -1.9363 -0.0298
26.57 -1.9436 -1.9455 -0.0982
45 -1.9528 -1.9531 -0.0157
0 -1.0141 -1.0147 -0.0672
f=30GHz 14 -1.0150 -1.0157 -0.0764
26.57 -1.0169 -1.0176 -0.0689
45 -1.0182 -1.0192 -0.0962

0 -0.4705 -0.4693 0.2.39

f=35GHz 14 -0.4706 -0.4689 -0.366
26.57 -0.4707 -0.4691 -0.345

45 -0.4710 -0.4687 0.481

Table 6.1 The normalized propagation constant k;/ky in the 3D symmetrical condensed
node model of the metamaterial obtained with the general dispersion
equation (5.30) and with MEFiSTo-3D Pro at three frequencies and four
propagation angles with respect to the x-axis. The link network has been
realized by means of reactive stubs in both cases.

In order to further validate the 3D SCN TLM inter-cell network model of
metamaterials, several TE and TM eigenfrequencies of a rectangular waveguide cavity
(as shown in Figure 6.20) filled with a fictitious metamaterial of &,= p,= —1.5 have been
computed analytically. They thus represent canonical validation reference values. From
Chapter 5 it is known that the inter-cell metamaterial network is frequency dependent.
Therefore C and L of the inter-cell network, shown in Figure 6.5, need to be
pre-calculated for each of the expected eigenfrequencies. Table 6.2 gives the required

values of the series capacitances and shunt inductances at several theoretical resonant
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frequencies for a cubic mesh of 1 mm’ cell size. The exact theoretical resonant
frequencies are then compared in Table 6.3 with those obtained by 3D TLM analysis of
the same cavity. Since the direction of propagation is known for each resonant mode of
the cavity, the dispersion error of the TLM model of the metamaterial can be verified
exactly for the specific angles of propagation with respect to the mesh axes. The
comparison shows that the dispersion error is similar to the error affecting the modeling

of regular materials with the traditional TLM method.

20mm

10mm

z~ \cf&

Figure 6.20 The geometry of the test cavity filled with fictitious metamaterial of &, = p, =

-1.5.
Ur & f (GHz) C L hg(mm)
TE 101 -15 | -1.5 | 8.3277 | 4.6506E-13 | 3.3002E-8 | 40.00
TEw2 | -1.5 | -1.5 | 12.0103 | 2.2358E-13 | 1.5867E-8 | 20.00
TMqy4 | -1.5 | -1.5 | 13.0082 | 1.9060E-13 | 1.3526E-8 | 40.00
TM12 | -1.5 | -1.5 | 15.6241 | 1.3212E-13 | 9.3757E-9 | 20.00

Table 6.2 The values of the inter-cell network elements required for modeling a
metamaterial with & = p, = —1.5 at the first four theoretical resonant
frequencies for 4¢ = Imm.

Res. Frequency (GHz) TE101 TE102 TM114 TM112
Theoretical: 8.3277 12.0103 13.0082 15.6241
Computed with TLM: 8.3367 12.0345 13.0310 15.6880
Difference (%) 0.11 0.20 0.18 0.41

Table 6.3 Comparison between theoretical and computed eigenfrequencies of the cavity
shown in Figure 6.20 when filled with metamaterial of & = p, = —1.5.

Af=1mm.
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6.4.2 Wave transmission through a metamaterial slab

The following numerical experiment is designed to demonstrate the property of
negative phase velocity in metamaterials predicted by Veselago. The electric field
traveling in x-direction through a parallel plate waveguide filled partially with air and
metamaterial is computed. The geometry of the waveguide is shown in Figure 6.21. A
1 mm resolution TLM mesh was used in both the air and metamaterial subsections. At the

operating frequency of 10 GHz the refractive index of the metamaterial is n, = -2, and its

characteristic impedance is 376.7 Q.
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Figure 6.21 Parallel plate waveguide filled with air and metamaterial and excited by a %
10GHz sinusoidal signal. =§
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Figure 6.22 Snapshots of the electric field at two time steps for a 10 GHz sinusoidal wave
propagating across the air and metamaterial sections

Two snapshots of the electric field propagating through the waveguide are shown in
Figure 6.22. Note that the power flows in the positive x-direction while the phase velocity
in the metamaterial section is in the negative x-direction. By comparing the relative

positions of the zeros and maxima in the two snapshots in Figure 6.22 one notes that
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a) the wavelength in the metamaterial is half that in air;
b) the phase velocity is negative and half the velocity in air;
c) all subsections are matched since no scattering occurs at the material interfaces.

These observations confirm that the TLM model of metamaterial exhibits the
analytically predicted behavior.

6.4.3 Focusing of a monochromatic wave in metamaterials

atr
n=1

Figure 6.23 Two snapshots of a monochromatic Gaussian beam propagating through air
and a metamaterial slab. The beams are normally incident on the interface
between air and metamaterial with n=—1 and n= -2, respectively.

One of the essential properties of negative refractive index metamaterials predicted
by Veselago [66] is the ability to focus an incident wavefront by means of a planar
(non-curved) slab of metamaterial. To verify this property in the TLM metamaterial
model, the propagation of a monochromatic Gaussian beam through a metamaterial slab
was simulated. The beam was launched from a source in air above the slab. Snapshots of

the computed electric field are shown in Figure 6.23 for two values of the negative

refractive index of the slab.
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The wave impedances of the air and the metamaterial were the same for both n = -1
and n = -2 to ensure an impedance match at the interfaces. In regular materials with
positive refractive index, such as air, the beam width becomes wider as it propagates.
However, in the metamaterial slab the beam is re-focused and the wave-fronts are curved
forward as opposed to the wave-fronts in air. The simulation clearly reveals the focusing
effect in the metamaterial slab as well as its negative phase velocity (visible only in an
animated display of the simulation results). However, the direction of the flow of energy
is still positive because energy is transferred to the other side of the slab. Also note that
the wavelength in the slab with refractive index n = -2 is half the wavelength in both the
air (n =+1) and the slab with n =—1, as predicted by theory.

6.4.4 Negative refraction in metamaterials

1

Figure 6.24 Snapshot of a monochromatic Gaussian beam incident at an angle of 14
degrees on a metamaterial slab. The numerical experiment yields a
refracted angle of —7 degrees, as predicted by Snell’s law. In this example a
cell size of 0.125mm is used to discrete the entire computational domain.
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In this example the TLM model is validated by computing the negative refracted
angle for an oblique incidence of a monochromatic beam, and comparing it with the
theoretical angle predicted by Snell’s law. Figure 6.24 shows a 100 GHz monochromatic
Gaussian beam incident at 14 degrees on the metamaterial slab. Again, the wave
impedances of the air and the metamaterial with n = —2 are the same in order to maintain
an impedance match at the interfaces between the air and the metamaterial. Snell’s law
predicts a refracted angle 6, = sin”'[(n1/ny) sin 0;] = —7 degrees, which is equal to the

simulation result shown in Figure 6.24.

6.4.5 Validation of sub-wavelength focusing

One of the most remarkable properties of a metamaterial slab is its ability to recreate
an image with a resolution higher than the wavelength. This property has been predicted
by Veselago [66], analytically treated by Pendry [84] (Figure 6.25) in a controversial
paper, and confirmed by simulations performed by Grbic and Eleftheriades [85].

Air Metamaterial Air
n= n= q n=

Point
source

Internal Image

Focus

—] a2 f— 4 —] w2 |—

Figure 6.25 Pendry’s Perfect Lens consisting of a slab of metamaterial of refractive index
—1. The ray diagram predicts perfect focusing due to the negative refraction
of the wave incident on the lens. (TE case) (after [84]).

Figure 6.26 shows several phases of the dynamic build-up of the electric field in
“Pendry’s Perfect Lens” [84] simulated with the 3D SCN TLM Model. The modeling
parameters are as follows: Metamaterial Slab: Thickness d = 21 mm, Refractive index
n=-1, Wave impedance Z, = 7,, (& = & =—1); Air: Refractive index n = +1, Wave

impedance Z,;, = 1,, (1 = & = +1).
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The source point is situated at d/2 from the air-metamaterial interface and emits a

monochromatic cylindrical wave of frequency 16.31 GHz.

source - = A /

4 o
S

. / images

(a) Electric Field at t =500 ps

ot “:

images

(b) Electric Field at t = 1361 ps

Figure 6.26 Two phases of the dynamic build-up of the electric field in “Pendry’s Perfect
Lens” (Figure 6.25) simulated with the 3D SCN TLM Model. t = 0 is the
time at which the excitation is started at the source. This simulation confirms
the results reported in [66], [84] and [85].

The sequence of field plots in Figure 6.26 also shows the progressive build-up of
evanescent fields at the air-metamaterial interfaces towards the formation of two images

of the source, one situated in the center of the slab (inner focus) and one in the air on the
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opposite side of the slab. The transmitted wave pattern is that of a cylindrical wave
emanating from the source image on the right side of the lens. These results confirm the
predictions by Veselago [66] and Pendry [84] and simulation results published by Grbic
and Eleftheriades [85].

6.5 Conclusions

A new model of metamaterials has been developed and implemented. The wave
properties of this 3D SCN TLM model of metamaterials with negative refractive index
have been analyzed and validated against analytical solutions (cavity resonances, Snell’s
law of refraction, Pendry’s analytical treatment of focusing by a slab) and independent
simulations by Eleftheriades et al. The general dispersion relation for periodic
transmission line networks with embedded lumped elements and reactive stubs has been
formulated as a singular value equation and solved numerically using Matlab’s symbolic
matrix solver. Results obtained with the singular value equation formulation agree well
with the corresponding TLM computations. The dispersion analysis result reveals that the
SCN structure exhibits strongest dispersion along the diagonal mesh direction; this
reflects the behavior of the unloaded TLM networks upon which the metamaterial models
are based. Since in most practical simulations the direction of wave propagation is not
known, the dispersion error margin can be predicted by evaluating approximate closed-
form expressions for axial propagation. Such expressions have been presented and
validated in this chapter against full-wave numerical experiments; they are derived using

lumped embedded elements and are equivalent to expressions available in the literature.
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Chapter 7

Modeling of Gyromagnetic Materials
in TLM

In this chapter, the inter-cell network concept described in Chapter 5 is used to model

dispersive and non-reciprocal gyromagnetic materials in TLM.

7.1 Introduction

Gyromagnetic materials are widely used in nonreciprocal and control devices such as
isolators, circulators, phase shifters, switches, and tunable resonators and filters. The
special properties of those devices reside in the tensor magnetic constitutive parameters
of gyromagnetic materials; the constitutive parameters can be changed by external DC
magnetic bias fields. However, the analytical study of electromagnetic wave interaction
with gyromagnetic materials is a challenging task. Therefore, numerical techniques such

as TLM and FDTD are often used to model the material.

Two groups of approaches have been reported in FDTD. In the first group, Maxwell’s
equations are coupled with Gilbert’s equation of motion to describe the gyromagnetic
material properties in the time domain [86], [87],[88]. In the second group, the ferrites are
characterized in the frequency domain by the Polder tensor [89],[90]. Some work on
modeling of gyromagnetic materials with the TLM method has also been reported [91],
[92], [93]. Yaich and Khalladi [91] use the time domain susceptibility functions x(#) and
k(t), which are obtained by inverse Fourier transform of the permeability tensor [x(@)], to
describe the anisotropic and dispersive properties of gyromagnetic material. In that
approach three supplementary stubs are added to the standard (18x18) SCN node. Current
sources describing the gyromagnetic properties are introduced in these extra stubs. De

Menezes and Hoefer [92] here reported a state-variable technique to model gyromagnetic
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materials. Those two methods change the scattering process at the node. In this chapter, a
new approach is introduced in which the scattering procedure at the TLM nodes remains
unchanged, but an inter-cell network is inserted between neighboring nodes to model the

properties of gyromagnetic material.

7.2 Theory of the proposed model

Gyromagnetic material has a permeability tensor which can be expressed in the

frequency domain as follows [94].

Mo jx 0
=My |—Jk m O (7.1)
0 0 1
where
=1+ ?"w”’z; K= ?w”’z; wy=H;y; and @,=My. (7.2)
wy — @ wy — @

y is the gyromagnetic ratio, M; and /; denote saturation magnetization and static biasing

magnetic field polarized in the z-direction.

| 1 ?_- 1 ' 1
" S ; ; ‘ H
i =2 N —=aC : : ' =€ . gma '
T i ' ' ' o :
' y= V ' ' ' ' '
- - - ‘ i :
(o 1o] 0
L N N ?‘ zero length !~ Af ' zerolength !
' o~ TLM node ! "Inter-cell network ' TLM node ' Inter-cell network *

(@ (b)

Figure 7.1 TLM 2D shunt node (a) in the case of simple dielectric (b) in the case of
modeling gyromagnetic material properties by using inter-cell networks.
Here m and n denote the location of a cell along the x- and y-directions.

Gwarek and Moryc [89] have reported a 2D lumped equivalent circuit approach to
model magnetized ferrite; the equivalent circuit in their model is very similar to the 2D
TLM shunt node. With the availability of the inter-cell network developed in Chapter 5,
their idea can be implemented in TLM [95].
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Figure 7.1 depicts a unit cell of a 2D TLM shunt network. The gyromagnetic material
properties are introduced by the LC resonator and voltage source controlled by current
flowing through the capacitor of the perpendicular arms. The values of the capacitor C
and the inductor L obtained using TLM theory are given in (7.3).

L=/10-%Af, 2C=¢5-AL (7.3)

L; and C; as well as the relationship between the voltage sources and the currents
flowing through the capacitance for a lossless case are derived as follows. The wave
equations of a two-dimensional wave with three field components E., H,, and H,
propagating between two electric planes at z = 0 and z = Af can be transformed into

circuit equations as shown in (7.4).

oH
- a(f; =t = IomH, O el + 15" =y -y (7.4a)
OE oH . +
= M~ IkeH, = — oL + I =y -y (7.4b)
oH
—ZjQJCVm’" — I;":l’" +I;n_+l,n —[;";" —];"_’" + 1;!:*]." +1;n_+l,n —I}’,";" —I;"_’" (74C)
where
V™" =AL-E, x=mAL y=nAf)

1 _
5(1;";" +IPM=I1"=A-H, (x=mA¢l, y=nAf)

%(1}";" +1;‘_,n :1;,:: =—A0-H, (x=mAt y=nAf

Substituting equations (7.1) and (7.2) into Maxwell’s equations for the 2D TM case
(Ex=0,E,=0and H.=0) gives

oE . i
= 8xz =—jou(mH, — jxi ) =

~ jal{(+ AT + I+ )y =

- PUTE+ DRI M =r=2<y=>  (].58)
@
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E . . =
L =—jouy(imH, + jxH )

% +I;’ﬁ" +1;'-'+ﬁ+l +I_:T"+l)]= Vm,n+1 —_ymn (75b)

— jaL{(1+ A" + 17"

where g= (g"w’” 5 corresponds to a parallel LC circuit resonating at og =1/(L-C))
Wy — @

with L,/ L=0,/®,, 1;"*"'5‘”: (1"‘"+1’"+'") and 177 = (1"’"+]"””') since we can

not obtain 77***" and I**° directly. Equation (7.4c) remains valid because the

magnetization is along the z-axis. The second term of (7.5a) can be written as in (7.6a)
because the voltage across the LC resonator as well as the voltage across the capacitor C;

(V") is proportional to that current flowing through the whole resonator multiplied by
j®, The current flowing through the capacitor C; (V") is proportional to the voltage

multiplied by jo.

m+05n _ yymn m+l,n
v, =V W

2 2 m,n m,n m+ln m+1l,n
o LI + 17 + I + L i
N B( ¥ 4y*a') y y+ ) N : éa) -(—ja))Lﬂ(I;'_’" +I;’_" +I;x_+l,n o I;":l’")
N 0 1
m+ln m+ln m,n m+ln J s I,n
cly-— cly+ +Vcl;— + V1y+ )_ 2. @, ( cly— cly+ +Icly— cl;+ ) (7 6a)
V;n,n+0.5 = Vm,n +V”i’n+]
2 2 m,n m,n m,n+1 m,n+1
il T Sl o S 1.; N i
@ Lﬂ([x— + ;+w+ X= 1 )= ; zjw ( _]G))Lﬁ(]m_’" +1;n;n +I:l_’" 1+I_,Hi +l)
-y D'
_ja) mn N n+1 Vm a+ly 1 (Im o mn Im,n+l m n+l1 (7 6b)
- 200 clx— cly+ clx— cly+ 77— 2% .Cl clx— T Leixs clx— clx— )

In the above formula, m and » denote the node location along the x- and y-directions.
Note that the inter-cell networks are frequency independent, but the voltage sources

involve a simultaneous coupling between x- and y-directions at each time step.

7.3 Implementation

For ease of implementation and efficiency of execution, the current-controlled

voltage sources in adjacent unit cells are combined to form a single voltage source.

('
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Figure 7.2 depicts the source together with its corresponding LC resonators; the three

components in series form the inter-cell network that describes the material properties.

The voltage amplitude of the source in the inter-cell network is just a series

combination of the two adjacent ones:

me+0-5,nx e, Vx’:,ﬂ 9§ VX"_”’L" (77)

L
L L
1 ! . L (m+1,n) '

L C C 1
2C ; — — __2C
; m,n m+1,n
: clx+ clx—
o o o o
AL D zero length D A R
TLM node : Inter-cell network ’ TLM node '

Figure 7.2 The inter-cell network describing the properties of gyromagnetic materials is
located at the cell boundary between two standard 2D TLM shunt nodes and
is the same in x- and y-direction.

Therefore, in order to update the voltage sources in the inter-cell network, Vi, and

Vi, are updated using the following sequence of operations:

1) Att=kd4t, all 1"}, and I}, are updated based on ;™3 ,, , I["7,, , I}"3,,. and

7., using central difference approximation. Then 7;/*>" is updated using (7.6a)

mn m.n
based on 1%}, and I ..

2) All I}, and 1%}, are updated based on ;" and the reflected impulse voltages at

k,clx— k,elx+

the corresponding branches of the nodes.

3) All v%7*%> are updated using (7.6b) based on 77, and 7], .

5) All 17}, and 1] . are updated based on 7;";" and the reflected impulse voltages at

the corresponding branches of the nodes.

6) Repeat 1) to 5) at the next time step t = (k+1)4t.

| iW.‘l‘HLm‘l P
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The inter-cell network for the gyromagnetic material and its TLM equivalent circuit
are shown in Figure 6.7. The scattering matrix given in equation (7.8) is for the
x-direction; where Z denotes the characteristic impedance of the host TLM link lines.

The scattering matrix for the y-direction can be derived in a similar manner.

-

L _ - [w
V1 ) S Sz Siz S Sis Sis Sig E
2
V2 Sy Sy S S Sy Sy Sy y
71
Va | _ 831 83 S35 S S35 S3 Sy -
- : £2
Ver St Siz Sez Sa Sas Sas Sar| | (7.8)
1
Vel Ss1 Ss; Ss3 Sss Sss Ss¢ Ss7 vc
2
V2l [Set Se2 Ses Ses Ses Ses Ser ] ‘
kL Vx
where
ZcZE
a S Bb=2ZZy + LT 422 2 ¥ LT+ Ty 4
(ZC+Z[) c&40 c*a 2400 14 {*c !!
Z Z =
11 =931 41 = Os) 61 Z.+Z, 21 Z.+2,

Figure 7.3 Inner inter-cell network for gyromagnetic materials and its equivalent circuit

in TLM.
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A? Z,= 2Ly

Z, = Vo =g gV Vi =3 V5
© = 2Civrg A/ kVe2Tk-1Ve2 kVe2 = k-1Ve2

Similar to the situation in modeling metamaterials with inter-cell network, four more
inter-cell boundary scattering networks are needed, These networks are derived in the
following section.

At the present time, this gyromagnetic modeling approach has only been implemented
in 2D TLM. The implementation has been validated by comparing the simulation results
with analytical calculations and with data taken from the literature. Following the
procedure in the previous chapter and in [96], this gyromagnetic inter-cell concept can be

extended to 3D SCN TLM with some modifications.
7.4 Boundary conditions for gyromagnetic materials

7.4.1 Electric boundary

The inter-cell network for gyromagnetic material at an electric boundary and its

equivalent circuit in TLM are shown in Figure 7.4; the corresponding scattering matrix is

given in equation (7.9).

Zeo Ly — o, <:)+

o =

Figure 7.4 Electric boundary inter-cell network of gyromagnetic material and its

equivalent circuit in TLM
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- i
r vl
Vi €1 €2 €3 €
Ve
Ve| =€ € €3 €y
V. (7.9)
kLYe €31 €3 €33 €3y
%
kL x|
where
= _ZeZt ee=2Zy+ZZso+Z,Z,
(Zc +Z[) A
Z -7 27
Z,+Zy Z,+Zy
Cuo P = ZZIOZC _ (ZCZ[O _ZIZEO _lec)
12 =€33 = ce € = -
_ . _2Z4Z, _ZZy-2.2,0-2,Z,)
€3 =€y =" €33 =
ee ee
-Z Z 15 #1570
€4 =7 17 EZO €24 = €34 =7 +7. aZ v, =22
atZgo at 4y 2-0,C,
mn _ 2Z v, 3 2Zy . i 2(Zyo +Ze)v _ Zy vy
- = ¢ c
¢ Zp+Z,)Z,+Z,) ee ee (Zp+Z)NZ,+Z,)

(for boundary located at y- position)

mon 2Z,v, 2Z 2(Zy+Zy) Zy vy
P + Vy — v, +
(Zf’0+Za)(Z£+Zc) ee ee (Zf0+Za)(ZZ+Zc)
(for boundary located at y- position)
.Y " _ 2Lpva50 I
c ZCSSXVIO > k C k_l C » 1 AE b kY¢ = k-1VY¢

7.4.2 Magnetic boundary

Because the inter-cell network for gyromagnetic material is a series network, the

whole inter-cell network at a magnetic boundary is open-circuited. Therefore it has no

effect on the computation process.
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7.4.3 Absorbing boundary

The inter-cell network for gyromagnetic material at an absorbing boundary, and its
equivalent circuit in TLM are shown in Figure 7.5; the corresponding scattering matrix is

given in equation (7.10). Here Zgy, is the characteristic impedance of the waveguide at a

given frequency and for a particular mode.

i

r Vi
41 ap ap a3 apy "
‘
Vel =8 G Gp3 4An | v, (7.10)
xLVe gy @3 Mz dyy
k X
where
Zch
e = Z.+2) aa=2.2y,+Z.Ly+2Z,Z, +Z,Z,+Z,Z,
_ 27,
. =?“+Z°"' Zso Ay =y =—"9
By, = % - (ZeZom +ZcZio = Z1Zom =221~ Z,Z,)
aa A aa
Byy = 22’-’_025 ay; = (ZeZom+Z1Zyy—ZZow —Z,Zyg—Z,Z,)

aa aa
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_2(Zp+Zy,)Z, _2Zy+Zym)Z,
axy3 = a3 =
aa aa
Ao = Gag = Za Gia = _ZEO — M ‘
mn _ 2Zm 120+ 20w) L 2Zp+Zom+Zy)
YT Zp+Zom +Z)Z,+2Z,) aa aa ¢
_ Zy vy
(ZfO +ZOm +Za)(Z€ +Zc)
(for boundary located at y- position)
m,n 2Zv, 2Zy +Zyy) NZyy+Zyy, +Zy)
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Z[ LB
+ X
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3
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= S =, 4V =z 4V
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7.5 Simulation results

The above gyromagnetic model has been implemented. A number of canonical cases

are used to validate the theory and implementation. In the first test example, the dominant

mode (TE;¢) phase constant in a ferrite filled rectangular waveguide is computed. Table

7.1 shows that the computed results agree well with exact analytical results and results

from the literature. Figure 7.6 depicts the waveguide used in the example; the material

properties of the ferrite are assumed as &, = 9, 4ntM;= 2000 Gauss, and H; = 200 Oersted

as in [89]. The width of the waveguide is 22.86 mm. The wave propagates in the

x-direction and the DC biasing is applied in the z-direction.
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ABC ABC

a ®OH

Magnetized ferrite

b 4

Figure 7.6 Top view of a rectangular waveguide comprising magnetized ferrite.

Freq. | B (rad/m) | B (rad/m) (Our | Errorin TLM | Errorin FDTD
(GHz) | (analytical) TLM data) (our data) (%) [86] (%)
6.63 83.075 83.664 0.71 -0.16
6.911 151.462 152.248 0.52 -1.85
7.207 | 200.938 202.683 0.87 -1.16
7.604 | 254.303 255.908 0.63 -0.42
8.003 | 300.294 303.536 1.08 0.15
8.601 361.278 365.302 1.11 0.36

Table 7.1 Simulation results for the phase constant, compared with theoretical
calculations and simulation results from the literature. Here a cell size of
2.286 mm is used in both TLM and FDTD.

In the second example the phase constant of the dominant mode is calculated in the
same rectangular waveguide when partially filled with magnetized ferrite as shown in
Figure 7.7 (a); the magnetized ferrite occupies one-third of the width. The structure is
discretized with a mesh of 0.3048 mm resolution. Like in the previous example, the DC
magnetization biasing is in the z-direction. The results are compared with the exact

theoretical calculations in Table 7.2.

ABC ABC

a - Source air
Y

‘ ! W ®H Magnetized ferrite
X

Figure 7.7 Top view of a rectangular waveguide partially loaded with magnetized ferrite
(the following waveguide and ferrite parameters were assumed: a = 22.86
mm, w=a/3, £.= 9, 4nM;= 2000 Gauss, and H, = 200 Oersted).
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Table 7.2

In the third example, the nonreciprocal properties of gyromagnetic materials are used
to validate the modeling algorithm. A 7.669GHz sinusoidal wave is launched at the
center of a rectangular waveguide partially filled with magnetized ferrite biased in the
z-direction. The waveguide contains 400 unit cells along the propagation direction and is
terminate by absorbing boundaries at both ends as shown in Figure 7.7 (b). A snapshot of
the electric field distribution in longitudinal direction at time step k= 5000 is shown in

Figure 7.8. It is clear that in the same waveguide, the phase constants are different for

Freq. | B(rad/m) | B(rad/m) | Error

(GHz) | (analytical) | (calculated) | (%)

6.696 | +200 +201.11 | 0.56

Forward | 7669 |  +300 +299.48 | -0.17
(") os7| +500 +498.23 | -0.35
7376 | -100 -99.11 | -0.89

8.188 | -200 -200.14 | 0.07
Backward g 178 300 20876 | -0.41
™) a2 00 -502.78 | 0.56

108

Forward and backward phase constants in partially filled waveguide,
compared with theoretical calculations.

forward and backward wave propagation.

Electric Field (V/m)

S
o
ro

0.02

Backward

Forward

Source location

Location along the propagation direction

Figure 7.8 Field distribution in a partially ferrite-loaded rectangular waveguide. The
source is placed at the center, launching a forward and a backward wave.
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7.6 Conclusions

A new TLM model for gyromagnetic materials using inter-cell networks has been
developed. The nonreciprocal and dispersive properties are introduced by means of
lumped parallel capacitor-inductor resonators and current-controlled voltage sources.
This approach is different from the conventional stub model because the magnetic
properties are realized using inter-cell networks. The theory and implementation of the
new model have been validated by comparing computed data with analytical results for
phase constants in completely and partially ferrite-filled rectangular waveguides. The
modeling error is compatible with that reported in the literature and is within the typical
error affecting the numerical modeling of regular materials. The correctness of the theory
and implementation has been further confirmed by the nonreciprocal result obtained in

one of the test cases.
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Chapter 8

Conclusions and Further Work

8.1 Conclusions

Time domain modeling of electromagnetic problems and the design of microwave
and high speed circuits are very challenging and complex tasks. The principal objectives
of this dissertation are therefore to reduce the computational burden of field computations
without decreasing the accuracy of numerical results, and to enhance the TLM method
such that it can be used to solve more complex and hybrid problems. More specifically,
this dissertation is devoted to the study of multilevel modeling techniques for time
domain analysis of microwave and high speed circuits that can overcome some of the
difficulties. The following novel contributions have been made in the course of this

research.

1) A new methodology for singularity correction in TLM has been developed. In this
approach the permittivity and permeability in the cells close to a field singularity are
modified by a scalar correction factor. This correction turns out to be equally effective
for quasi-TEM, TE-, TM- and hybrid field excitations of the singularity. Validation
results show that the proposed correction method reduces the singularity error by
typically one order of magnitude without significant penalty in terms of computational
burden. This approach is applicable to structures with both homogeneous and

inhomogeneous material properties in the singularity region.

2) A bridge linking circuit simulation and field analysis in the time-domain has been
created, implemented and tested. It employs two distinct procedures, which are the
embedding of current-coupled lumped networks into three-dimensional TLM field
models, and the use of an Analog Behavioral Model (ABM) module that allows the

introduction of field-based device modules into circuit simulators such as PSPICE. The
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embedding technique represents a powerful tool for reduced-order representation of
substructures within a space-time electromagnetic field model. The Analog Behavioral
Model technique offers the capacity to model complex systems containing components
represented at various levels, such as lumped circuits, distributed components and field-

based models.

3) A general inter-cell network framework for TLM modeling of materials with
complex electromagnetic properties have been developed, implemented and tested. This
framework provides allows the embedding of linear/nonlinear lumped or distributed
features in the field space and the modeling of materials without the need to modify the
node scattering matrix. The properties of the inter-cell network can be described by
various means, such as equivalent circuits, differential equations, behavioral models,
experimental data, or even nonlinear SPICE modules. This inter-cell network modeling
approach is a very useful tool for investigating the characteristics of components and

devices containing gyromagnetic materials.

4) One particularly successful application of the inter-cell network framework
developed in this dissertation is a new 3D model of metamaterials. The simulation results
demonstrate the unusual properties of metamaterials with negative refractive index as
predicted by the theory. The general dispersion relation for periodic transmission line
networks with embedded lumped elements and reactive stubs has been formulated as a
singular value equation and solved numerically using Matlab’s symbolic matrix solver.
Since in most practical simulations the direction of wave propagation is not known, the
dispersion error margin can be predicted by evaluating approximate closed-form
expressions for axial propagation. Such expressions have been presented and validated in
this dissertation as well; they were derived using lumped embedded elements and are

equivalent to expressions available in the literature.

5) A new 2D TLM model for gyromagnetic materials using inter-cell networks has
been developed and implemented. The nonreciprocal and dispersive properties of the
materials are introduced in the TLM cells by means of lumped parallel capacitor-inductor
resonators and current controlled voltage sources. The new model has been validated by

comparing the computed data with analytical results for phase constants in rectangular
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waveguides completely and partially filled with ferrite. The modeling error is compatible
with that reported in the literature and is within the typical error affecting the numerical
modeling of regular materials. The nonreciprocal behavior of the gyromagnetic material
is clearly demonstrated by the differences in field distribution and phase velocity of
forward and backward waves in a partially filled waveguide.

8.2 Future work

The approaches and models developed in this dissertation can be extended to other
time-domain methods and to a large variety of material modeling and applications.

Meanwhile the following further investigations need to be carried out.

Firstly, further investigation of the convergence of the singularity correction method
presented in this dissertation should be carried out. The correction procedure is based on
the a priori knowledge that the singular field distribution is quasi-static, and in principle,
the energy at the singularity remains finite, even though some of the field components
become infinite at sharp edges and corners. The local character of the singularity fields
implies that they are independent of boundary conditions several mesh cells away.
Although no instabilities have been observed in the simulations performed so far, even
when run for long simulation times, it should be pointed out that when more than one
singularity exist and are too close to each other, some concerns about the convergence of

the procedure may arise

The second objective of further investigations will be directed towards the
implementation of links between commercial circuit simulators such as PSPICE, and time
domain field solvers based on the TLM method. In this dissertation a new avenue has
been opened for exchanging information between circuit simulation and full-wave field
analysis in real time. Although a number of medium-sized examples have been tested, the
problems involving very large scale circuits due to the limitations of the free SPICE

version we used in this thesis project have not been tackled.

Thirdly, the inter-cell network framework is a general method for modeling material
properties, or for introducing other features into field analysis by means of lumped

element networks, differential equations, behavior models, etc. The metamaterial model
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has been implemented in the commercial TLM-based package, MEFiSTo-3D, which is
being used in the industry and academic arenas. The integration of the inter-cell
metamaterial model with a general electromagnetic field solver tool will enable the
exploration of properties and characteristics of a large variety of components containing

metamaterials and greatly facilitate future investigations and technology development.

Finally, the magnetized ferrite model presented in this dissertation is based on 2D
TLM, so it can only be employed in 2D simulations. Although the 2D model can solve a
large number of electromagnetic problems, extension to a fully 3D magnetized ferrite

model should be pursued with the goal to model 3D gyromagnetic materials and devices.
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