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ABSTRACT

In this thesis, with the 3D MMIC elements development in mind, two rigorous
design approaches have been attempted. First, dimensional analysis, a non-conventional

methodology has been performed in scaled single microstrip lines to obtain the

mathematical design expressions as a function of dimensionless products, 7t-terms. The

design expressions have been driven for characteristic impedance and effective dielectric
constant for the low and high frequency approximations. The analysis of mechanism for
conductor and dielectric loss have been also discussed. However, due to its inherent
limited capability, the finite-difference time-domain (FDTD) have been looked into as a
full wave field solver to enhance the design capability of innovative 3D MMIC elements.
The FDTD has been used to perform time-domain simulations of pulse propagation in
scaled coupled microstrip lines. In addition to the time-marching results, frequency-
dependent characteristic impedance, effective dielectric constant and phase velocity have
been calculated by Fourier transform of the time-domain results. Some results have been
verified by comparison with measured data. Most importantly, based on the premise that
scaling results can be predicted by the dimensional analysis, experimental measurements
are carried out on a coupled lines with dimensions different than simulated ones. Using
FDTD results, an unique approach for developing lumped element models have been also

discussed.
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CHAPTER 1. INTRODUCTION

Currently many applications demand more compact and efficient Multichip
Assembly (MCA) in the microwave and millimeter wave areas. As they reach increasing
functionality levels, thereby reducing the cost and the size of microwave and millimeter-
wave integrated circuits, the conventional MMIC technology needs to be reengineered to
meet these requirements. However the current technology is limited because it is a 2D,
planar technology. To accomplish these greater objectives, innovative 3D interconnect
and integration technology is required from the chip level to the interface of the MCA with
the host system. The integration level, I, defined as the product of gain (G in dB) and
bandwidth (Af/fo) divided by the surface area (in mm?®), obeys the curve of I x f'2 =2.
Above 10 GHz (X-band), I is typically less than .6, but it has been shown that 3D MMIC
technology can increase the integration level threefold [1]. This indicates that 3D
technology can significantly contribute to reducing cost and the size of MMICs without
sacrificing functionality.

There has already been considerable research and development[1,2] of the 3D
MMIC technology. However, further investigation on circuit design, electro-thermal
simulation, multilayer dielectric materials, process development, component development,
and assembly and characterization are still required to mature the 3D MMIC technology.
There are two major approaches that'utilize the 3D MMIC technology. One uses thin
multiple dielectric layers (2.5 - 50 um each) with vertical interconnects. This approach
allows for many design options for interconnects. The low dielectric constant material
allows for less loss in transmission lines while minimizing volume needed for signal
interconnect. The second approach is to stack one circuit module over the other using
vertical interconnects. This generally does not allow for as many design options as the

former approach. However, both approaches complement each other.
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The development of 3D MMIC also opens up the possibility of a conformal
technology. One of the main application areas is the modules of an electronically controlled
phased array antenna system. In order for a module to be universally conformal to any
arbitrarily curved surface, the depth of the module must be negligibly small compared to
the maximum lateral dimension of the module. In comparison to this concept, current 2D
technology has a distinct disadvantage because the depth of a typical module is too large
compared to its lateral dimensions and can not be used in a conformal configuration.

As mentioned previously, to develop 3D MMICs, a new regime of 3D technology
has to be investigated. Although the conventional 2D technology can be used as a
stepping stone, 3D technology development will require substantial deviations from the
existing technology in the area of circuit design, fabrication and characterization. For
example, circuit simulation software such as Libra, MDS and Compact are available,
however; they do not include the topology that will be used for the 3D MMICs. For
example, the coplanar waveguide(CPW) model available in Libra includes only CPW
surrounded with dielectric and air, but will not model the 3D CPW which is surrounded
with homogeneous dielectric with upper and bottom ground planes. Since commercial
software, such as Libra does not simulate this type of 3D circuit element, either a new 3D
element has to be added to its library or an entirely innovative 3D library has to be
developed in order to model the 3D MMIC elements accurately. The lack of capability to
simulate 3D elements with the present library will cause substantial simulation errors,
especially when resonant elements are used in a circuit.

Throughout the development of microwave design [3,4,5,6], designers have
constantly confronted with complex problems. In order to take account the phenomena
such as dispersion [7], loss and coupling parameters [8] into the design, designers have to
know how to deal with discontinuities and inhomogeneous circuit environments that affect

the design parameters. Particularly, the three dimensional (3D) microwave design requires
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more functional and compact design. As microwave circuits become more complex, the
discontinuities and inhomogeneous environment have to be treated more accurately to
provide reliable circuit parameters. . These discontinuities can no longer be treated as
point sources even at the low frequencies. Especially, as the circuit elements become
electrically long the network approach is no longer reliable in the microwave design [4].

In this thesis, with the 3D MMIC development in mind, two rigorous design
approaches are attempted. The first approach is to implement dimensional analysis in the
microwave circuit design area. The second approach is the Finite-Difference in Time
Domain method to complement the dimensional analysis. The following will briefly
describe each approach and how these will complement each other.

The first approach, dimensional analysis is a non-conventional methodology which
is not relying on the algebraic (or numerical) solutions of the governing equations, which
are Maxwell’s wave equations. As will be explained in detail in Section II, dimensional
analysis is implemented to establish the relationship between the circuit system parameters.
This - approach allows the designers to study the relationship between the system
parameters, to identify independent system variables from dependent variables, redundant
from irrelevant variables, and provides insight into the overviews of the circuit system.
For example, in the microstrip design, typically, the ratio between the substrate thickness
and the conductor width is taken into consideration to find the characteristic impedance of
the microstrip line. It has always required this ratio rather than the width of the
conductor or the substrate thickness alone. In most of the cases the designer takes it
intuitively without putting much thoughts about why. This is allowed in the microwave
design area because it has been conventionally executed in that manner in the past.

Dimensional analysis is a rigorous approach to find the relationship between the

system parameters and allows to scale various parameters in a consistent manner using

dimensionless product, n-terms. However dimensional analysis is limited to its inherent

capability. Since it does not generate its own algebraic analytical solution of the governing
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equations, it is always required to be relied on other solutions to come up with its own
mathematical design expressions.  Therefore, dimensional analysis was performed in
conjunction with the use of commercial circuit simulation tools, such as Microwave
Harmonica and Explorer developed by Compact Software, Inc. A microstrip line is
selected to obtain mathematical design expressions for characteristic impedance and
effective dielectric constant for the low and high frequency approximations. The analysis
of mechanisms for conductor and dielectric losses are also discussed [5].

To enhance the design capability of innovative 3D MMIC elements, the full wave
field solver is required to simulate the denser discontinuities of the system. The FDTD
method [15] is selected because the broad spectral information can be obtained from the
full wave field solution computed by a single run of the FDTD. Since the field solution is
calculated in the time-domain, a simple Fourier transformation of transient wave can
easily generate microwave circuit parameters for the operating frequency of interest. The
FDTD method also simulates time marching of electromagnetic wave over the
computational domain as time stepping continues.

A coupled microstrip line is selected to verify the applicability of FDTD method to
determine microwave parameters associated with microwave circuit elements. The choice
is based on the premise that all parameters of coupled microstrip lines have been
previously determined with various simulation methods as well as by experimental
techniques. These parameters obtained from the FDTD method are for the first time
compared to existing solutions [5,6] and verified by some experimental data,

Using the FDTD solution, an unique approach to develop an equivalent circuit of
the coupled line is also discussed. Most importantly, based on the premise that scaling
results [9] can be predicted by the dimensional analysis, experimental measurements are

carried out on a coupled lines with dimensions different than simulated ones.
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By complementing dimensional analysis and a full wave field solver, such as FDTD
method, the rigorous design approach can be implemented to develop a more complicated
circuits such as 3D MMIC circuit elements.

Following Introduction in Section I, Dimensional analysis and its applications
will be discussed in Section II and III, respectively . In Section IV and V,
Electromagnetic FDTD analysis  and its application will be discussed. Finally,

discussion and future research areas will be addressed in Section VI,

10
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CHAPTER II. Dimensional Analysis

II.1 Background

Often designers ask themselves the following questions: What should they do
first when they are just starting designing the system. Especially when the system is too
complex for a complete theoretical treatment or a complete characterization. Such
complexity might be resulted from a large number of variables (physical quantities)
affecting the phenomenon, or from complicated mathematical equations expressed with
these variables.

In designing such system, the designers should be allowed to simplify the system
design by learning the relationships between these variables. By doing so they can identify
independent variables of a system from dependent, redundant or irrelevant variables and
gain the overviews of the system from the basic concept to more sophisticated ideas. This
process allows the designer not only to reduce the number of variables, but also save time
and cost by performing less experiments and simulations for the equal or better design of
the system. This process can be possible using a methodology called dimensional
analysis [10,11].

Dimensional analysis is a non-conventional methodology which is not relying on
the algebraic analytical (or numerical ) solutions of the governing equations. Generally it
is implemented to establish the relationship between the system variables. A typical
system involves a number of variables, and the relationship between these variables are
usually not straightforward. In most cases, a specific performance of interest may not be
affected by each individual variable alone, but by a certain relationship between these
individual variables. Thus implemehtation of these relationships makes the design more

efficient and the design cycle shortened.

11
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Historically, the dimensional analysis has been introduced to the designers in
numerous areas. The analysis has been applied to interpret the Rayligh scattering [10], in
which the frequency dependency of the light scattering was established. The model of the
skin depth phenomenon [10,11] of the ac conduction in the metal can also be derived
using this analysis. In thermal dynamics, the relationship between pressure, volume and
temperature in thermal equilibrium system was deduced with dimensional analysis. In
solid mechanic system, the principle of dimensional analysis is applied to relate the data
obtained using a scaled-down model to the performance prediction of the actual-size
system. In fluid dynamics, the Reynolds number” is the dimensionless constant. The
results of a single experiment of a model can be applied to a series of experiments using
different models as long as the Reynolds number remains the same [11].

However, in the microwave design and characterization areas, dimensional
analysis has not found such wide applications as in some other areas. This is because the
microwave design is traditionally based on the solutions of the governing equations,
namely the Maxwell’s equations. Because of the complicated boundary conditions and
inhomogeneity (discontinuity) in the microwave circuit, especially in MMICs (microwave
monolithic integrated circuit) numerical approach is usually required to solve these
equations. Microwave parameters, such as characteristic impedance, phase velocity and
attenuation constants are also obtained from these solutions . The desired microwave
parameters can be achieved by adjusting design variables such as the circuit geometry and
the dielectric constants. The conventional microwave design methodology is based on the
algebraic 5nalysis of the mathematical equations, and has been adopted in the microwave
design.

Currently, modeling precision reaching a fraction of a percent of accuracy can be
achieved through the high cost and time of CAD (computer aided design and
simulation). Therefore, accurate prediction of circuit performance through CAD is

possible prior to fabrication and characterization, thus saves effort and time.

12
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Implementing the dimensional analysis in conjunction with use of recent
sophisticated electromagnetic simulations can save effort and time because it allows the
designer to design the circuits more efficient and faster from the minimum number of
simulations. However, to implement this analysis, the designer is required to have good
knowledge in the electromagnetic area such that the designer should know which system
variables need to be introduced to establish the relationship between the design variables,
and which variables affect most the desired microwave phenomenon. With these
knowledge one would enable to make a proper asymptotic approximation for the more
efficient and faster design using dimensional analysis.

The dimensional analysis is briefly introduced in the following. The physical
phenomenon can be described by certain relationships between the system variables.
These variables may be expressed by analytical equation(s) or measured. They can also
be represented by some quantities using a certain measuring units. Measuring units are
usually a combination of the fundamental units of the irreducible dimensionally. In
engineering and scientific regime, the MKS force system is commonly used and utilizes
meter, kilogram, second and coulomb in measuring length, mass, time and charge,
respectively.

In order for the dimensional analysis to be valid, the equation describing a certain
physical phenomenon needs to be of dimensional completeness and dimensional
homogeneity [10,11] . The equation is dimensionally complete if the functional relation of
the equation remains unchanged when the fundamental unit of the measurement changes.
The dime.nsional homogeneity is that any function of the dimensionless variable is
dimensionless. This also means that as the relationship between variables are expressed
mathematically, such as adding, subtracting or equating the dimensional formula of the
variables has to be of same kind. With these two properties, it can be proved that the
equation can be reduced to a relationship among a complete set of dimensionless products

of the system variables. In the process, the exponents of a dimensionless product are

13
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obtained by a certain set of homogeneous linear algebraic equations. This is also known

as the Pi(m)-theorem [10,11]. Apparently, since all the scientific and engineering

equations posses these two properties, the dimensional analysis is applicable.
Section 2.1 describes Physical Algebra and p-Theorem, and the application of
dimensional analysis to solving the microwave problems is shown in the subsequent

sections. A microstrip transmission line is used as an example. It also shows derivations

to calculate the characteristic impedance of the microstrip line as a function of w/h and ¢,

at low frequencies, and as a function of w/h and hf at high frequencies using GaAs

substrate, where w is the width of the transmission line, & is dielectric height, €, is the

relative dielectric constant, and f is the frequency.

This work is performed in conjunction with the use of Microwave Harmonica and
Explorer by Compact Software, Inc., EM by Sonnet Software, and HFSS and
Microwave Lab by Ansoft. The explicit closed-form expressions of the microwave circuit
parameters as functions of the design parameters are developed. The derived expressions
can be applied in the practical circuit design. The similar analogy can be implemented to
the experimental system to derive the closed-form expressions. In Section III.1.1 the
circuit parameters of a lossless microstrip with low frequency approximation are extracted
using dimensional analysis. The closed-form expressions are derived from curve fits
using Kleidgraph and has agreed well with the analytical solution derived by 1. Bahl [12].

In Section III.1.2, frequency dependent parameters of the microstrip line are
extracted, and in Section II.2, conductor and dielectric loss are studied using dimensional

analysis, and followed by results and discussion.

14
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I1.2 Physical Algebra and n-Theorem

The following sections describe the principle of the absolute significance of relative

magnitude and general procedure of the dimensional analysis.

I1.2.1 The principle of the absolute significance of relative magnitude

In physical systems, any measurable quantity will observe the principle of the
absolute significance of relative magnitude. That is to say, the relative magnitude between
the measurable quantities is independent of the particular magnitude chosen for each
fundamental unit. This imposes the system variables are measured in terms of
fundamental units. Suppose there are n fundamental units of irreducible dimensionality,
u,, uz,....and' u,,and u,, u, ,.... and u, measured in two different measurement systems,
respectively. Introduce system variables, p and p- which are functions of f (i,, u,,....,u,)
andf( u,, u,,...., u,), respectively. Now, the magnitude of the fundamental units,
and u; are changed by x,, x,,....and x,. Using the principle of the absolute significance

of relative magnitude :

f(u,,uz, f(x,u,,xzuz.....,x,,u") 21
p f(u,,uz, ,u) SOauy, Xt X, 1,

This relationship holds for all values of u,, u,,....and u,, u,, u,,....and u,, and x,,
X,,....and x,. By rearranging the above expression:
SOty Xyl yerees X1, ) = (X1 X e ,x"u;)xi(u!'u.z——':'—".ﬁ- 2.2
S, uy,.,1,)

Differentiaté it partially with respect to x,, and equate x,, X,,....X, =1, then

23

ittt A t)) o Aty el )
")

Y gttty Flpttgenty)  Fh oty velty) S O

s

where f, =%—, and u, includes u,, u,,...,u, . The expression is independent of u,,
1

therefore,

15
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L2 -, u,,.....,u,), and 1.6 2.4
f o, foum
which integrates to:
f=Cu, " 2.5

The above process is repeated, by differentiating partially successively with respect to x,,

X;,..., and x,, and integrating. Then, for the final expression, the function, f which

represents the system variable, p becomes: f = Cuu:...u', where b,, b,,...,b, are

constants. Therefore, any system variables which obey the principle of the absolute
significance of relative magnitude are expressed with the product of an arbitrary constant
and fundamental units with arbitrary exponents.  This is true for all system variables

which are measurable in scientific measurements.

I1.2.2 General Procedures of the Dimensional Analysis

Suppose there are n fundamental units of irreducible dimensionality, u,, u,, ....
and u,, and the magnitude of each unit is arbitrarily set. A physical system involves m
system variables, p,, p,, .... and p,,. These system variables are measurable according to
the magnitude of each fundamental units and satisfy the requirement of the principle of the
absolute significance of relative magnitude.

Thus, suppose there are system variables, [p,] which can be expressed by:
RPN TI 2.6

where b,;, b,,, ... and b,; are the exponents,

and have a functional relation: ¢(p,, p,, p;, ...... Pn)=0 2.7

For the function, ¢ to be complete ¢ remains same regardless of the magnitude change in

fundamental units. Then, introduce [p,]=u,"% u,"™ ....te,’™ and uw/'=xu,. v is a

16
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fundamental unit meaured in a different measurement system and differ from u, by the

magnitude of x,. Therefore,

py=uw ) P, P = M g xPn = (g xh) py 2.8
py=u )t u, = x:"’u,""xf" ur® ....x:’"u,',’" = (xf”’x;"’ ..... xk)p, 2.9
P = ) = xf"" uh x;’“'uzb"' ....x:’""' U = (xf”"xf’" ..... x)p,, 2.10
Then, @(P,, PysPysererees Py)

= ¢{(x‘:’"x;"' ..... x)p, ,(x:’lz X02 X2 P, (xf""x;”" ..... x»=)p, }1=0 2.11

Note that if the expression, {f{x,p) - fip)]|..,=0 is an identity, then the expression also

dé(x,p) _9¢(p)
ox ox

Differentiate partially with respect to x,(using chain rule), and after the differentiation put

x=]"

holds for the differentiation of the function: { Lo =0

all the x’s equal to 1:

a9 99 P
. |x=l } Ix=l
ox &})
% . 99
Then, b,,pl . + b,p,— Bp ........ +b,,P. —: =0 2.12
1 1 1 " 1
" s " 'm " e . l —-'
Let p, = pP g, = ooy = pio then L= LB ang
Py =P Py =Dy Pm = Pm cn > b pi an
1
9¢(p,) _9¢ I, _9¢ 1 ph
b, b b by
Substitute this into the equation 2.12
. S - 0¢
then, p, =—=+ p,—=+.ceeene +p,—= 2.13
‘ &’l : @2 &’m
With the equation 2.13 we can prove that @(p;, Dyyeeeee,,) is actually @(zy,2yseeeeenZpyy)s
where z, =-£]—,z2 =-B.3-, ........... Zpoy = p’"," 32y =1

17
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TO Prove Q(P;, PyseerrreeePrn) = O(ZDrys ZyPogsesssssees Lt Ps Pons)

% _% &, 2%
., o, Z'ap“’

.00 - J9 - 9., -
= (p, —+ Pyt + ,,,_—T')/ m
(p apl P, apz P &’m p

=0 2.14
This indicates that the function f is independent of p, .

Then, we may write
DD PyrerrreensDig) = W(ZyPrs ZaPrgseveeeeves It Pos Pon ) = @1 (241 ZgsevenrenisZp )=0, 2.15
where @, is a function of m-1 arguments rather than m. Note that since all the quantities

p; are constructed with the first degree in the first fundamental unit, u,, the ratio, z’s are
dimensionless in u,, i.e. u,°.

Now the number of argument may be reduced further by setting  @,(z;,2,,.-e.... +Zmy)=0.
¢, has been proved to be identical as ¢, but with m-1 arguments. By differentiating ¢,

with respect to x,, the procedure above from the equation (1) is repeated to reduce the
number of arguments by one more. Then, the function, ¢,(z;,25,.ce... +Zm-2) becomes

dimensionless in u,. This procedure is repeated until all the fundamental units become

dimensionless.  The final function becomes a function of m-n  arguments:

@, (21, Zys00000ee Zmen)= P Ty y7,-,)=0, where n’s are the m-n independent
products of the system parameters, p,, psy......, P, and dimensionless in the fundamental
units. This is known as the IT theorem and has been first explicitly driven by Buckingham
in 1914. Due to the principle of dimensional homogeneity each dimensionless product, 7

) and consequently,

m-n

"= (0" e P WY (Y, s, T, ) 2.17
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where 7 =p,“ p,".....p,,"* and a,, a,, ... and a,, are the exponents. The unit of 7 is

given by:

()= u, iy, by, 0 2.18
where the summation index i in the exponent is running from 1 to m. Since 7 is

dimensionless, a system of equations can be set up to solve for q,, a,, ... and a,,:

(b, b, . . b, [a] [0]

b, b, . . b,| |a, 0
) =0 2.19

e e e . 0

b, b, . . b,]| |a,} LO]

This system of equations yields only a finite number of non-trivial independent solutions.
The finite number of independent solutions, according to matrix algebra, is equal to the

number of system variable minus the rank of the matrix B [11,13]. Each independent

solution results in a dimensionless 7 term. After all the 7 terms are determined, the

dependency between the system parameters can be established according to Pi theorem.

19
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CHAPTER III. Application of Dimensional Analysis of

Microstrip Line

II1.1 Dimensional Analysis of Microstrip Line in Lossless System
Dimensional analysis has been implemented to a single microstrip lines to obtain
the mathematical expressions as a function of dimensionless product, n-terms for the low

frequency approximation and the frequency dependency.

I11.1.1 Low Frequency Approximation:
Figure 3.1 shows a cross section of a microstrip line. The substrate thickness is

h,, the thickness above the substrate is &,, the microstrip line width is w and the lateral

dimension is L. The dielectric constants in and above the substrate are g and &,

respectively. The bottom and the top horizontal surfaces of the domain are assuming
electrical walls, and the two vertical surfaces are assuming magnetic walls. Under the
approximation of the quasi-TEM, the characteristic impedance Z; [13,14,31] is defined to
be the static voltage between the microstrip line and the ground plane divided by the static
current in the microstrip line. These quantities are the static solutions to the Maxwell's
equations, and they can be simulated and measured.

At low frequencies, wave propagation in the microstrip line can be approximated
as quasi-TEM mode. Z, approaches an asymptotic value as frequency, f becomes small.

In applying the dimensional analysis, the system variables and their corresponding

units need to be determined. The system variables are I, h,, w, L, €, &, and Z,. The

corresponding units of & , for example, be represented as Farad/meter=[M]'[L]

3[TI[Q)?, where [M], [L], [T}, and [Q] stand for the fundamental units of mass, length,

20
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time and electrical charge, respectively. The exponents of each unit, -1, -3, 2 and 2 form
the colum vector of the following matrix [B]. A dimensional constant of ¢, the speed of
light in a vacuum is also called for in the analysis. Therefore, the matrix [B] is derived in

the following accroding to the Pi theorem.

h h, w L g € ¢ Z
Ml 0 0 0 0 -1 -1 0 1
(L] 1 1 1 1 -3 =3 1 2 3.1
[T] 6 0 0 0 2 2 -1 -l
[0 0 0 00 2 2 0 -2

The rank of this matrix is 3. The number of the 1t terms is therefore, 8-3=5. The five
independent solutions of [A] resulted in the following 7 terms:

%, = hyh,, my=wh,, m,=Lh,, 7=/, T;=c6Z, 3.2
According to the Pi theorem, the characteristic impedance, Z, becomes a dependent

function, ¢ of the wterms:

Zc=__—-¢(_»-9_y—) 3.3

III.1.2 Frequency Dependence

As frequency increases, quasi-TEM approximation becomes less applicable, and
the dispersive nature becomes increasingly enhanced. In the microwave circuit, the
characteristic impedance Z_ of the dominant mode is no longer unique for the higher
modes. To study the dispersion of Z_ at higher frequencies, the frequency, f needs to be
added into the set of the system variables. Applying the same procedures as before, one

obtains the matrix[B] given by:
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h h, w L € €& ¢ [ Z,
M} 0 0 0 0 -1 -1 0 O 1
Ly + + 11 -3-3 1 0 2 34
[T 0 0 0 0 2 2 -1 -1 -1
[ 0 0 0 0 2 2 0O 0 =2

The rank of this matrix is again 3. The number of the 7 terms is therefore, 6 and they are:

n, = hy/hy, my=w/h,, r,=Lh,, 7,=€/5, n=fh/c, m;=c&Z, 3.5

The characteristic impedance, Z, from the Pi theorem becomes,
Z, === T ) 3.6

A further simplification of the dependencies of Z, on the design parameters will be

followed.

II11.1.3 Results and Discussion

In the practical consideration for the microstrip line design, one may further
simplify the functional dependence for Z,Z, =¢(—;i,£,,hf) in Section ILB. The

calculated results of the characteristic impedance as a function of w/i with relative
dielectric constant, €, are shown in Fig. 2. The data of Figure 3.2 was obtained from the
simulated results using Microwave Harmonica developed by Super-Compact, Using least

square fitting to the third order of log(w/h) and €,, Z_ at low hf can be expressed by:

Z, =my(g,)+m,(g,)log(w/ h)+m,(€,)log(w/ h))* +m,(€,)(log(w/ h))?

m,(€,) =126.27-101.791log(e, ) +24.25(log(e, ))*
m,(g,)=—-129.67+91.32log(¢,) - 16.06(log(e, ))*
m,(g,)=20.82-1.88¢, +0.13¢,> —0.0043¢,’
m,(€,) =16.48-3.55¢, +0.35¢,> - 0.011¢,}

3.7
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The correlation between m, and m, with g, is more than 99.9% while the correlation
between m, and m, with g, are 97 and 94%, respectively. Therefore, the accuracy of this
fitting is more than 99% for the lower range of the values of w/h and €, . However, for

the values of w/h close to 10 and &, close to 12 the accuracy falls to 93%.

Zc s were computed using above equation for g = 10,}2 =.1,1,10 and compared to the
h

results obtained using the analytical solution’® '"! derived by 1.Bahl [12].

e, = 10 Zc from dimensional analysis Zc from I.Bahl
w/h =0.1 108.24 ohms 106.84 ohms
w/h =1 48.73 ohms 48.73 ohms
w/h =10 9.88 ohms 8.35 ohms

For the lossless microstrip analysis the algebraic solutions are readily available because

numerous work have been done. The above comparison is very reasonable.

With this formula, the other important design parameter of effective dielectric constant ,€,,

can be calculated by €= (Z.°/Z_)*, where Z_ is the characteristic impedance when £,=1

At certain occasions, the inverse function of the previous formula for Z, is desirable; that
is to find a w/h value for a desired characteristic impedance Z.. The inverse formula is

given in the following:

log(w/h)=m,, + m,(€)log(Z,) + m,(€,){log(Z)}* + m,(g)(log(Z)}’ 38

my(€,)= 11.567 - 2.1389¢, + 0.22275¢, 2 - 0.0078438¢, 3
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m, (€)= -16.04 + 2.6919¢, - 0.27687¢? + 0.0097126¢,
my(€,)= 8.492 - 1.0939¢, + 0.11193¢? - 0.0039254¢

m,(g)= -1.6246 + 0.10897¢, - 0.012291¢7 + 0.00044204¢,

The accuracy of above relation for w/h is more than 90% for the range of w/h=0.1 through

10.
The dependency of h,f with w/h=0.25, 0.5, 1.0 and 2.0 and &, = 12.9 is shown
in Figure 3.3. Z_ as a function of #f and w/h with a GaAs substrate (¢, = 12.9) is given in

the following using the least square fitting technique

Z, (wih, hf)= YhOZ(w/h) 3.9

»hf) = 1.000 - 0.0017944(kf) + 0.00057115(hf)’ 3.10

where Z (w/h) is a characteristic impedance at low frequencies and yis a correction factor

due to the dispersion. The accuracy of the fitting is more than 95%.

III.2 Dimensional Analysis of Microstrip Line in Lossy System
Power loss is an important parameter in the microwave circuit design. In this

section, we discuss the power loss due to microstrip conductor and the substrate dielectric

material. The loss factor, & = o, + ,, where o, and o, are the conductor and dielectric

losses, respectively.

I11.2.1 Conductor Loss

The metal resistivity and thickness, p and t, are included in the set of the system

parameters. The matrix[B] is:
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hh h, w L € €& f t p a,
M 0 0 00 -1 ~1 0O01 O
(L 1+ 111 -3 -3 01 3 -l 3.11
[T} 0 0 0 0 2 2 -10 -1 0
[ 6 0 00 2 2 0 O0-=20

The rank of this matrix is 3. The number of the 7 term is 7. Again, some of the © terms
are trivial, and are similar to those obtained previously. The set of 7 terms are:

r, = h/h, m,=w/h,, n,=Lh,, r,=th, 7;=€/&, Ts=Ept, Ts=hp 3.12
Therefore, from T,, one obtains the functional relation for o
o, =L =6l 3.13
A further simplification will be discussed.
I11.2.2 Dielectric Loss

In this case, the real and imaginary parts of the dielectric constants of the substrate are

considered. The system parameters and matrix[B] are in the following:

h, hy w L ¢ ¢,tand, & f ¢ a,
M 0 0 O 0 -1 ~1 -1 0 0 O
iy 1 1 1 1 =3 -3 -3 0 1 -1 3.14
[T] 0 0 0 0 2 2 2 -1 -1 O
[0] 0 0 0 O 2 2 2 0 0 O

where gtand, is the parameter utilizing the commonly used material parameter of loss
tangent, tand,. The rank of this matrix is 3. The number of the 7t terms is 7. Again, some

of the & terms are trivial, and are similar to those obtained previously. The set of 7 terms

are:
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m, = hyh,, m,=w/h,, n,=L/h, n,=¢/e, n,=tand, n;=hflc, m,=hq, 3.15

Therefore, from x,, one obtains the functional relation for or:
a, =h ' ¢(-%,—,—,—~,——,tand,) 3.16
c

I11.2.3 Results and Discussion

The arguments of h,/h, and L/ h, in the dependency formula for &, can also be

omitted due to the same reason described above. The power attenuation due to the

conducctor loss is therefore, simplified as:
t
o ='h-I Lv"_9£ ’ 3.17
¢ &( e pf)
Again, g, is assumed to be 1, and g, and h are the relative dielectric constant and the
thickness of the substrate. The ¢, as a function of the parameters,w/h with /i is shown

in Figure 3.4, while the o, as a function of the parameters, pf with ¢/ and w/h is shown

in Figure 3.5. One notes that as the thickness of metal, and w/h increase, conductor loss

decreases. As pfincreases, conductor loss also increases. The numerical results shows a

square root dependence of pf. This is due to the skin depth effect.

Based on the same assumption, the power attenuation due to the dielectric loss is

simplified as:

a, =h”¢(%,£,,hf,tan6£) 3.18

The dielectric loss o, as a function of w/h with hf and tané, is shown in Figure 3.6. The

figure shows that dielectric loss increases as w/h increases. The loss increases sharply,

where w/h<2, but slows down with linear increase. The dielectric loss ¢, as a function of
tand, with parameters, if and w/h is shown in Figure 3.7. Dielectric loss increases as loss
26
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tangent(tand, ) and hf increase. The numerical results show that the dielectric loss is

proportional to both the loss tangent and frequency.

Dimensional analysis was applied to develop a new design methodology in the microwave
integrated circuit design area. This work is a first known application of dimensional
analysis in the microwave integrated circuit design. This novel approach towards
microwave design provides the insight for developing scalable microwave performance
models. The results show a complete dependency of the dimensionless product terms for
the microwave parameters of the characteristic impedance, effective dielectric constant and
the operating frequency, and leads to a scalable microstrip line model. This approach will
benefit the microwave integrated circuit design area as a performance bound design

methodology.
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Figure 3.1 Microstrip Line
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CAHAPTER IV. Electromagnetic FDTD Analysis

IV.1 Background

A direct three-dimensional finite-difference time-domain (FDTD) method is applied
to the full-wave analysis of various coupled microstrip lines. The FDTD method allows to
solve partial differential Maxwell’s equation avoiding limitations of existing linear algebra
technology which constrains the size of matrix required for solving integral form in such
as frequency domain finite-element methods (FEM) or as in the methods of moments
(MOM) [15]. 1t also allows to solve Maxwell’s time dependent curl equations without

introducing vector and scalar potentials. With appropriate boundary conditions and

stability considerations, unknown electric ficld (E) and magnetic fields (I:I)are computed
over computational domain. The boundary condition is chosen such that the reflected
wave from the boundary should be negligibly small to be allowed in the vicinity of the
structure of interest. In this study, Mur’s second order absorbing boundary condition
[15,16] is used. For the stability concern, the time step is derived based on spacial
increments setting an eigenvalue problem. The space increment is chosen to prevent

from the spurious results.

The key feature of the FDTD analysis is that the broad spectral information can be
obtained from the full wave field solution computed by a single run of the FDTD [17].
Since the field solution is calculated in the time-domain, a simple Fourier transformation

~ of transient wave can easily generate microwave circuit parameters of interest. The FDTD
method also simulates time marching of electromagnetic wave over the computational
domain as time stepping continues. The time marching results are shown in the result

section,
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The following sections describe how to formulate the FDTD method utilizing
Maxwell’s two curl equations. They also show how Yee’s algorithm is implemented to

predict accurate numerical results by avoiding numerical dispersion.

From the time-domain results, the frequency-dependent scattering parameters, odd(Z,)-

even(Z, ) impedances, effective dielectric constants (€,5), and coupling coefficients are

computed . The lumped equivalent circuit model is also discussed from the FDTD results.
The circuits are fabricated , characterized and compared to the results obtained from the
FDTD analysis, and shown in good agreement with numerically obtained scattering

paramerters.

IV.2 FDTD Formulation

Maxwell’s curl equations are discretized for the formation of the FDTD method
over a finite volume using Yee’s algorithm [18] called “leapfrog” method. The partial
derivatives are approximated with centered difference approximations(mean value
theorem, Euler’s forward or backward method). Conducting surfaces are treated with
Perfect Electric Conductor(PEC) so the tangential electric field components become zero.
All the surrounding surfaces except the ground plane are treated with the second order
Mur’s absorbing boundary conditions(ABC) to prevent any unwanted reflection from

surroundings.

IV.2.1 Governing Equations
The differential form of Maxwell’s two curl equations are considered to be
formulated with the FDTD method for a given system. The system to be analyzed is

assumed to have no electric or magnetic current sources but has dielectric material which
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is influenced by the electric and magnetic energy. The Maxwell’s equations govern the
propagation of electromagnetic field in the system. In this work, the propagation media is
assumed homogeneous, isotropic and uniform so that the piecewise approximation can be
implemented. The system is also assumed to have no conductor and dielectric loss. With

these assumptions, Maxwell’s curl equations may simply is written as [15]:

u%:-vm‘z 4.1
e%—j—=Vxﬁ 42

Based on the assumption of the lossless structure, the approximate solutions to the
differential equations are obtained by discretizing space and time over a finite three
dimensional computational time domain with absorbing boundary conditions forced on

surrounding walls.

IV.2.2 Finite-Difference Method

Finite difference method has been considered as the most popular numerical
method to solve differential equations. Approximated values are obtained for the solution
at a set of grid points x;, where i = 0, 1, ..... and the value at each x; is obtained from
some of the values computed in the previous steps.

Suppose a function, u(x) and its derivatives are single valued, finite and
continuous function of x, then Taylor’s forward and backward series expansion of u(x, t)
can be implemented about the space point x, to the space points x; + Ax and x, - Ax
,keeping time fixed at ¢, :

using forward difference Taylor’s series expansion [19],
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ou Ax® d'u A J'u Ax' d'u
l(xi +AX)|,n=ux“,.+AX"é;'x‘_,"+ 2 Oax2 :x‘,l,+ 6 .ax3 :x,l,,+ 24 'ax4 lx,,{, 4.3

x;S§sxy,
The last term is called discretization error due to the piecewise approximation.
Using Taylor’s backward series expansion,

_ Ax? 9%u Ax? 33u' Ax* d%u

l(xi _Ax)ll, - Mx,,l.—Ax.'glx,,l,-‘- 2 .axz lx,,',_ 6 ’ ax_; Ix,,l,+ 24 'ax.‘ lx,{t, 44

The error term is again attributed from a space point located between x; and x; - Ax .
Adding Forward Difference to Backward Difference expansion, the following centered

difference approximation is obtained:

4.5

d*u | = l:u(x,. + Ax) ~2u(x,) + u(x, — Ax)

57 e, = )’ :I +0[(Ax)z]

where O[(Ax)z] is a shorthanded notation for the remainder term and global error, which

approaches to zero as the space increment decreases . Equation above is commonly
referred as a second-order accurate, centered-difference approximation to the second order
spacial derivative of u. Let a subscript i represent the space position and a superscript n

for the time observation point. Then, we obtain

38

Y

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o*u | u(x, + Ax)" = 2u(x,)" +u(x, — Ax)"

[

(Ax)’

} +0[(Ax)’] 4.6

L]
[ n U +u"
Uiy — <l i-1

@y ]W[W)z] +

where

u(x; + Ax)" =u/,
2u(x;)" =2u}
u(x; — Ax)" = u;

In Euation 4.7 and all subsequent finite-difference expressions, «”; denotes a field

quantity calculated at the space location x;=iAx and the time point 7, =nAt.

For the second partial time derivative, the space location, x; is fixed and expand u in

forward and backward Taylor’s series in time. By analogy with the development of

Equation 4.5 through 4.7 a second-order accurate centered-difference approximation to the

second partial time derivative of u is obtained as follow:

d*u

*x

Ixi"n

_ -u,.(tn + A1) =2u, (1) +u,(t, — At) + O[(Ax)z] 48
| (Ax)? . ’
ru,."” —-2u" +u
& ] +0[(Ax)?] 49

IV.2.3 Finite-Difference formulation of Maxwell’s curl equation [15]

Basic ideas to obtain discrete approximations for the time-dependent Maxwell’s

electromagnetic curl equations for the lossless system, Yee’s algorithm is introduced. The
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Yee’s algorithm is called “leapfrog” approach and uses the centered difference
approximation for both electric and magnetic field solutions in time and space. This
approach is robust because it uses Maxwell’s dual curl equations to solve electric and

magnetic field simultaneously rather than solving each field alone. As a result, that

-

continuity of tangential magnetic field components, H,, is automatically satisfied and the

tan
singularity of tangential magnetic field often occurring near edges and corner’s of the
conductor can be avoided and modeled efficiently. In addition, parameters for both of
electric and magnetic materials can be implemented simultaneously.

Figure4.1 shows six electric and magnetic fields which form a unit cell. This
unit cell is the basis of the FDTD numerical algorithm for the electric and magnetic field
interactions in three dimensional system. The x, y, z dimensions of the unit cell are iAx,
Jj4y, kAz, respectively. Since centered difference is used, the notation, (i£12), (j£1/2)
and (k+1/2) represent a half point of space step between i and i+/, j and j+I, and k and
k=1, respectively. This notation is directly implemented on the computer. The time
steps are indicated with the subscript n. Similarly the half point of time step is denoted as
ntl/2.

Maxwell’s curl equations, Equation 4.1 and 4.2 yields following six vector
components to form the basis of the FDTD numerical algorithm for the time and spacial

computational domain:

oH, 1(0JE, ‘E]
RN (i B 4.10
ot ,u(az dy
aH'=l(i’i-aEXJ 4.11
o pu\ox oz
oH, 1(0E, OE
S| 2 Y
> u(&y ax) 4.12
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Figure 4.1 Position of the electric and magnetic field vector components about a cubic unit

cell of the Yee space lattice [15,18]
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Using Yee’s algorithm for the centered difference approximation on both the time
and space first-order differential equations and substituting n for the time steps and (i, j, k)

for the spacial lattice point, Equation 4.10 is represented as follow:

|n+112 'n—l/2
aHx Xl j+17/2,k+1/2 Xi, j+1.2,k+1/2
ot At
n+1/2 n+1/2
172 n+1/2
E _E n+ -
_i(aEy _ aE;)_ _l Yli,j+1.2.k+1 Yhij+12k | EZli,}+l.k+llz Elli,jvh-llz 4.16
u\ oz Oy I Az Ay

therefore,

n+1/2 n-1/2
Hxl.',j+|/2.k+|/2— Xli.j+l.2,k+112

At
n n n n

___1_ ED‘ i j 412,k +1 Yij+1.2.k | EZIi,j+I,i+I/2 - EZli.j.kle

H Az Ay
4.17

|n+ll2

xli, j+1/2,k+1/2
n n
E - E n - n
ln-IIZ __A_t Yhi,j+1/2.k+1 Yijer2k | EZII‘.]+!.&+II2 Ezli,j.mn 4.18
X .
Bj+112,k+1/2 ,U AZ Ay

similarly,

n+1/2

Ylie1/2,j,k41/2
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n n n n
n=1/2 At EX|i+I12.j.k+l - Exl,'+|/2_j,k Ezlm.;‘_unz B Elli.j.l+ll2 4.19

Ylitl72,j,k+112 u Az Ax
In+ll2
zlis1/2,j4171 2.k
n n
. -E K ~E[
TR L _A{ Yistjerizk  Vlijerszk [ ] 7xlis1/2, 4004172 E, i12,jk+1/2 4.20
Yisajsiizk gy Ax Ay )
|n+l
xli+172,j,k
ln+ll2 H In+ll2 n+1/2 _ n+1/2
=E In +_A_t 2li+172,j+1/2,k zlijj-172.k | Yis172,j.k+112 Yi+172.j.k=112 4.21
~ Exlivirajk € Ay Az .
n+l
Y j+112,k
|n+IIZ In+|/2 H ln+l/2 |n+l12
_rcl +_A_t_ xli j+112,k4112 ijyH2.6-172 | 2liv) 12, j41 12,k 2li-112,j+112,k
Yijerrze g Az Ax
4.22
|n+l
zli,j k4112
n+1/2 _ n+1/2 ln+l,2 H l"+ll2
n At Ylie112,5,k41/2 Yic112,j,k+112 xli,j+112,k+1/2 xli j=112.k+1/2
=F | i +— - 4.23
2l j,k+1/2 £ Ax Ay

As shown in Equation 4.18 through Equation 4.23 the new value of the field vector is

obtained from the adjacent space and previous time steps. Therefore, at any given space
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and time step only one point at a time is computed.

IV.2.4 Stability Consideration [15]
To reduce the spurious numerical results and to minimize numerical errors, the space
increments Ax, Ay and Az, and the time increment Ar have to be chosen such that the
numerical unstability should be avoided and the numerical dispersion has to be reduced.
In other words, At must be bounded to Ax, Ay and Az to maintain the stability of numerical
solutions. The following section describes how stability algorithm is developed from the
Maxwell’s curl equations in three dimensional space and shows how the time increment
At is bound to the space increments Ax, Ay and Az.

To derive the stability factor, all six vector components Hx, Hy, Hz, Ex, Ey and
Ez represented by Equation 4.10 through 4.15 are isolated for time and space to set as an
eigenvalue problems. First, the time eigenvalue problem is considered. Assuming all the

electricfield Ex, Ey and Ez, and magnetic field Hx, Hy and Hz belong to a generic field

vector component ‘Y. Then discretized ¥ in the time and three dimensional space.

\Pl:;lkIZ _ \Illzl;lkIZ \Pl'.'+]l2 \Pln
L LE = AP, andlet @ ;, = —2t—=—d7 4.24
At |:.j.k Iu.j.k \P|:,k \Pl;l'j'lkll

Stability algorithm requires lal A “| <1 for all possible spatial modes in the mesh and for all

points i, j and k. Substituting o, ;. into Equation 4.24

(o W10 ) — (21 e )
At

=AY 4.25

ij.k

After factoring out P[], the following quadradic equation is obtained:
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(ali.i.k )2 -1

. . 2
o A = A Rearranging it (a]i'l.‘k) - AtAaf;, -1=0 4.26

i, j.k

To solve af, j the quadradic formula is used:

o = AAt £ [(AAS) +4

i j.k - 2
2
A (AA—’) +1 4.27
2 2
Let =241
2

2
then (-%i) +1=+b"+1 4.28

If b is pure imaginary and bound between -j1 and jl1, —jl1<b < jl the above quadratic

2
solution for @ ., always satisfies |a. ;,|<1. Then |a], . |=./| b* +4b*+1 ]| <1. Since
ij.k ij.k ij.k

_1<Im®) = In(2y <1 and -1 < Im(2) <1, therefore, ——= < Im(A) S —. 4.29
2 2 At At

Next the algorithm stability requirement for the space discritization is considered.

Rewriting Maxwell’s curl equation for the lossless system and for the simplicity, letting

u=1 and e=1 yield following equations:

oH ,..0H . ,0E
VXE=——=(j)"— and jVxH=j— 430

5 =) = andj i

JE oH o

Vx(H+JE)= j—+—=—(H+jE 431
VX H+jB)= j=-+—==—(H+JE)
Substituting H + jE = ‘¥ into Equation 4.27 gives _]VX\P=3;. This can be set as an
. , ¥
eigenvalue problem; jVX%¥ =—=AY 4.32

or
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Say W = W,/ kK where 1, Jand K are corresponding to the coordinate node

numbers in the x, y and z direction s in the spacial frequency domain. I;x, Ey and IEZ are

wave numbers in the same domain. jVX¥ = (xi + yi + z-a—) xX¥. The curl
x T ‘R

operator can be expressed with the centered difference discretization:

~d .0, .0 N N, .

| X —+y—+i— ¥Y=jl x—+y—+Z— 4.33

’(ax " azj ’(ax & az)
% 5?_1"_ — ii(e JU (1411 2)Ax+k, JAy +k.KAZ) e;(E,(M/2)Ax+EvJAy+E:KAz))

ox Ax

- fig-(ejﬁé{ _ eif“;—k- )e J(E Ax+k,JAy+k.KAz) 4.34
Ax

j(k JAx+E,JAy+k KAz)

Factoring out e and using Euler’s Identity we obtain

= 2%’;2 j sin[k"zAx) similarly solving for y and Z then

A )L 5% soin KA1 5 %o ol BAZ N Aw 435
2 Ay 2 Az 2

This result is from the discretization of ¥

Let A=-2 J‘cil°—jsin kAx +y\P —2 jsin| —=— k,Ay +z\P Jjsin k Az 4.36
Ax 2 Ay 2 Az 2

Then, jV x ¥ = jAX¥ = A¥. This holds true because ¥is a complex function.

and squaring both sides

(_]A X ‘P)z = —IA.|2|\P|2 4.37
Using vector identity gives (A X ‘P lAI . 4.38
from the right hand side, (A)' = ¥ || = A* 4.39
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Therefore,

2 _ 1 kAx) 1 of kA
A -4[ T (sm)( > J+ o (s )( ) (AZ)Z(I )( J] 4.40

Since A is imaginary and for all possible sz, 12‘ and Ez, sin(max)=1,

1 1 1 1 1 1
-2 \/ (Ax)2 + (Ay)z + (Az)2 <Im(A)<2 \/ (Ax)z + (Ay)2 + (Az)z 441

The range of eigenvalues set by eq(41) guarantees the numerical stability for the spacial

modes. To guarantee the numerical stability for the time stepping, the range of

eigenvalues obtained in Equation 4.29 has to be satisfied.

Combining Equation 4.29, —Zz; <Im(A)< % and 5.41 yields

1 1 1
ars \/ &y )y By

Since the imaginary eigenvalue is symmetrical about the zero the upper bound is only

4.42

considered in Equation 4.42. This relationship guarantees the numerical stability and
avoids spurious result without limit as time marches. In this numerical analysis the cubic
lattice Ax=Ay=Az=A is used, denormzlizing to a nonunity value of c¢ (speed of light),
therefore Equation 4.42 is further simplified:

At —1 4.43
“Var

_A
cV3

IV.2.5 Source Excitation [20]
A Gaussian electric field pulse is used to simplify the excitation by setting the
fields to zero at r=0 in the computational domain. By setting Ey=Ez=0 only Ex component

(perpendicular to the surface of microstrip) is excited near the input port to minimize the
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reflection resulted from the imperfect absorbing boundary condition. The Gaussian pulse
is generally used to provide the frequency spectrum from dc to the frequcncy of interest by
adjusting pulse width. The Gaussian pulse is represented as follow:

_(f-fn )2

E(f)=e T 4.44
Time discretization is performed with the following time steps and sequence:

where t=n- At n=1~2000

t,=250-At  Ar=9.63x10™"

The time step is chosen based on the stability criterion to insure the stability of numerical
analysis. Particularly to avoid numerical dispersions, the time and space steps have to be
carefully chosen. Otherwise the velocity of propagation can be varied as a function of
frequency even for the TEM modes. This deviates from the accurate analysis. It has been
reported [17]that this numerical dispersion and truncation error can be minimized if a
maximum step size is chosen to be less than 1/20th of the wave length of the highest cutoff

frequency of interest.

IV.2.6 Conductor Treatment
In this simulation, all transmission lines are treated as Perfect Electric

Conductors(PEC) with zero thickness. In this case, total tangential electric field on the

l,=0 and E

surface of the PEC is assumed to be zero. Therefore, E,, 1,,= -E

an |y = ~Euan e
. Since this approximation is an analytical expression it does not force to generate the
numerical errors. The magnetic field on the surface is also assumed to be zero but
infinitely large current density is required to satisfy the boundary condition. Therefore the
current per unit width along the surface of the PEC is equal to the magnetic strength just

out side the surface of the PEC. This is: =J, = H, The magnetic field and surface

an |uurside
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current will be parallel to the surface, but perpendicular to each other. The current is the
cross product of a unit vector along the outward normal to the surface and the magnetic

field just outside of the PEC: J, =n X H.

I1V.2.7 Boundary Condition [15,16]

For the boundary condition, Mur’s second order absorbing boundary condition is
used. Applying an appropriate boundary condition is the key for obtaining desired analysis
in the FDTD analysis. Particularly, for all time steps, the reflected wave from the
boundary condition should be negligibly small to be allowed in the vicinity of the structure
of interest. Since the computational domain is limited in the FDTD analysis, the size and
boundary condition of computation domain have to be chosen such that the results should
be sufficiently accurate enough to analyze the structure of interest.

The tangential electric field component is continuous; however, at the boundary where the
computational domain ends the tangential electric field should be either radiated to the open
boundary or absorbed by the absorbing boundary so that it does not reflect back to the
structure of interest. In this work, only absorbing boundary condition is considered.
Outside the computational domain the field can not be evaluated. Therefore, it requires
some special scheme at the boundary to minimize the reflection. For the special scheme
the second order absorbing boundary condition introduced by Mur (ref)is shown as

follow:

QU 19U  cdU  cdU _

- —— - ~ =0 .
e T2y 2 445

W 10U cdU cdU
=h + Py

oY L9 =0 .
xot c ot 2 20 446
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U 1°U cdU _ cdU _

=0 -~ < -0
U e o 29 2o
_p QU 19U _cdU_cdU_,
U a car 2 2
-0 32U_132U+_c_82U+£32U_0
U xa coar 2o 297
2 2 2 2
z=haU 10°U ¢ U caU____O

Xk o 2o 29

4.47

4.48

4.49

4.50

where x=0, x=h, y=0, y=h and z=0, z=h are the boundaries of the computational domain.

Then using the centered finite difference and let  UJ; j.o Tepresent a tangential electric field

at the boundary z=0. From equation Equation 4.49 the field at 1/2 space steps of z

coordinate can be evaluated with the mixed x and ¢ derivatives:
" 1 (oU

1 —n+l _.a—Un—l )
\ 32 i, 112 3: i j. 112

2At
1 U|:h;ll - U|:.;.Io - Ul?;ll - U'Z;.lo
28| Az Az

7u
ozot

i,).1/2

4.51

The second order partial derivatives with respect time is expressed as the average point of

(1, j,0)and (i, j, 1):

aul iUl o
27| "2l er ., o
i,j112 \ i,j.0 ij.1
_1[( Vs =20k, + UG | (Ul =2UL,, + UL,
2 (Ar)’ (Ar)?

)

Similarly, the second order partial derivative with respect to x is obtained from the average

point of adjacent points of x and z coordinates:
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1o ol ]
2 \ ox’ Ii,j,o ox* |i.j.l

(Ul,“,o 2U|:]0+U|1 1]0]+[U|l+|jl |l]|+U|r—l]lJ] 4.53

(Ax)’ (Ax)”

Similarly, for the second y derivative is expressed:

’U
P

_ifaul o ]
ij1/2 2 \ ayz li.j,o ayz li.j.l

Ul: ,j+1,0 2U|| JJs 0 |l ,j=1,0 + Ul?,jﬂ.l - 2U|l JAl + Ull j=11 4 54
i (&y) (4y)

(S

|

Solving for the U|'l+l by substituting the centered expressions into Equation 4.49 yields

the following expression for the consecutive time steps:

- Let the spacial increment(A) is uniform in the x, y and z directions,

n+l n-1 cAt—-A n+l
UL;O_ lz]0+cAt+A(U|i,jl UL]O)
2A
+cAt+A(U|"' +Ul0)
+ (CAt)2 ul; J+1,0 2U|:j0 +U[, =10
2A(cAt+ A) +U|i,j+l.l 2UJ; it UI,] 11

(CAt)z [U|l+l 40 2U|u 1.0 + U|: 1,j.0 ]

2A(cAt + A)\ +UL,, 5, 2U|.,1 + Ul -1.j
+ (cAt‘)2 U|.+| g0 Ul. JoT Ul« -1.j,0 4.55
2A(cAt + A) +U|i+|.j.l |. it Ul -1Lj
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At z=h the following centered finite difference expression is obtained:

n+1 n-1 CAt - A n+l n-1
Uli.;.k = —Uli,j,k + AL+ A (Uli,j.k + Uli,j,k-l)
2A n n
+m( |i,j.k + U|i.j.k—l)

(CAt)z ( UL Lk T UII Lok + Ulz L j-1k )

2A(CAt + A) +UI,"I'+|']¢_] 2U|, k=1 + Ull Li=Lk=1
(CA’)Z U|l+] Jhk 2U|l ok + U|l—| Jok 4 56
2A(CAt + A) +U|i+l,j.k-l 2U|,',j,k-l + U|i-l.j.k-l

Above Mur ABCs scheme permits the average of 1%~ 5% spurious reflection in the

numerical analysis.
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CHAPTER V. APPLICATION OF FDTD TO COUPLED MICROTRIP
LINES

In order to verify the general applicability of FDTD method to determine various
parameters [21,22,23] associated with microwave circuit elements, a coupled microstrip
line is chosen. This choice is based on the premise that all parameters of coupled
microstrip lines have been determined by various calculational methods and have also been
experimentally tested. Using these results, microwave circuits such as various filters have
been thoroughly designed and experimentally verified.

In this work,:

e scattering parameters,

e odd(Z,)-even(Z,,) impedances
¢ coupling coefficient and

¢ lumped equivalent circuit model
are calculated from the FDTD simulations of coupled microstrip lines. These parameters
are then compared to existing solutions on microstrip lines and in certain cases
experimentally tested. Especially,using a full vector electric and magnetic field FDTD
analysis, an unique approach to develop an equivalent circuit of the coupled line is

discussed.

V.1 MICROWAVE PARAMETERS

Figure 5.1 shows the schematic representation of coupled microstrip lines. Here
the lines widths are w, the separation between the strips is s, the height of the substrate is
h. Dimensions used for the simulations will be given in the latter sections. Calculation of

the various parameters are described in the next subsections.
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V.1.1 Characteristic Impedance and Scattering Parameters

FDTD analysis provides full-vector electric and magnetic field distributions in time
and space. Therefore, all microwave circuit parameters in the frequency domain can be
obtained from the simple Fourier transform of the transient wave.

Since quasi-TEM mode is assumed in this study, the static field solution is
obtained as a solution to the Laplace’s equation:

Vi.v=0 5.1
Therefore the voltage can be simply obtained by integrating vertical electric field

from the ground plane to the surface of the conductor by the line integral
V(zt) = j E(x,,y,,2,0)-dl.. 5.2

Here, C, indicates a path extending from the ground to the circuit location z.  Similarly
the current is calculated by integrating the transverse magnetic field around the conductor

surface. The expression for the current is :

Izt)=$ H(x,.y,,2,0)-dl, 5.3

The characteristic impedance, Z, is calculated from the ratio between the voltage
and current:

_ FlV(zn}

L@ = Fran)

5.4

where w=27f, the angular frequency.

| This derivation of impedance is based on the ratio between the voltage and current
calculated from the corresponding electric and magnetic fields in time and space.
However, Yee’s leapfrog grid offsets the electric and magnetic fields by A/2 in time and
space. To compensate for this deviation, the voltage has to be spatially interpolated as

[21]:
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VI.‘. k= \/ V|.'+1/z. jk V‘i-llZ. ik 5.5
The half time step can be compensated by introducing a multiplying a factor of €

@42 4 the Fourier transformed current. Therefore Eq(6.4) becomes:

F{JV(Z+,,2,I)V(2_,,2,t)}
F{l(z,n)}-e7/™"

Zo (w,2)= 5.7

However, if the fundamental mode is no longer valid in the system, the values for the
voltage and current based on quasi-TEM mode is no longer accurate.
The frequency-dependent scattering parameters, S;, are obtained typically from

thevoltage ratio of reflected(where i=k), or transmitted to incident waves (where i=k).

_FV.(0} .

= ; Sp(w) = Li\AO); for i#k 5.8
F{V(n}

Sii(@)
F{V(n}
where V{(t), and V () are the incident and reflected at port i, respectively and V(1) is the

transmitted wave at port k.

V.1.2 Even and Odd Mode Impedances [24]

The coupled lines of Figure 5.1 are assumed to be identical and are located at the
same height with reference to the ground plane and the surrounding environment. Since
three conductors(two signal lines and one ground plane) are involved in the system, the
general field distribution of propagation mode can be represented as a superposition of
two fundamental modes. The simplest choice of these two modes are even and odd
modes.

The electric field of even mode is symmetrical to the center line (symmetry plane), and
electric field component in the horizontal dirction vanishes at the symmetry plane. For the
odd mode, the electric field distribution has an antisymmetry plane at the center line, and
the antisymmetry plane has the same potential as the same potential as the ground plane.
With these features, the FDTD was implemented to calculate the the characteristic

impedance for the even and odd modes.
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V.1.3 Coupling Coefficient [8,24]
The coupling coefficient is a ratio of the difference to the sum of the even and odd

characteristic impedances:

_Z-Z
Z:+Z

5.9
V.2. SIMULATION RESULTS

The two conductors of the coupled microsrip lines shown in Figure 5.1 are treated
as perfect electric conductors (PEC) with zero thickness.  The conductor lines, the
substrate and the space above the lines (air) are enclosed in a box with six surrounding
walls. The five walls except the bottom wall are treated with Mur’s second order
absorbing boundary condition to minimize the reflection from the walls. The bottom wall
is treated as a perfect electric conductor to serve as the ground plane.

Simulation of these coupled microstrip lines involves the previously described

application of the centered finite-difference equations of Maxwell’s curl equations, source

and boundary conditions. The space increment, Ax=Ay=Az=A is chosen less than 1/20th

of the wavelength of the highest frequency of interest. In order to simulate correctly, A is

selected so that an integral number of nodes exactly fits the dimensions of the structures.
Therefore, the width and spacing of the conductor, and the thickness of the substrate are

chosen to compensate these requirements.

The space increment, A=50um is used in these simulations. The width and

spacing of the conductor lines are 500um and 500um, respectively. The thickness of the

substrate is 500um and the air thickness is 3000um. The total number of mesh points is

70x150x100. The source is exited just under the conductor at 20Az on the xy plane. The

observation points of E (x,y,2,t) are sclected at z=704z, 754z, 804z, 854z and 954z,
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The time step At=.0963 ps is used. The Guassian half-width is T7=100At and the time

delay ¢, is set to be 250 Ar. This allows to start the Gaussian pulse with negligible electric

field at t=0. The E, electric fields are simulated for 2000 time steps. It took about 2-3

minutes for the computation of this simulation on Cray C90 super computer.

V.2.1 Fields of coupled lines

Figure 5.2 through 5.6 show the spatial distribution of E,(y,z#) at x position just
underneath the coupled microstrip lines at 200, 400, 600, 800 and 1000 time steps. These
time marching electric fields show how the Guassian pulse propagates as time increases.
As shown in Figure 5.2 the Gaussian pulse at 20Az, the source plance of one conductor
starts rising to propagate to both forward and backward z directions. Figure 5.3 shows
both directions of propagation at 400 time steps. The field which is marching backward to
the computation domain boundary is assumed to be absorbed with minimal reflection. At
600 time steps, Figure 5.4 shows the forward field marches without any interference from
any reflection from the computation domain boundary. Figure 5.5 shows clearly the field
has coupled to the other conductor line. Finally, at 1000 time steps the field is coupled to
the other conductor line significantly, as shown in Figure 5.6. However, it would alos be
interesting to find out if the length of the conductor lines are long enough eventually all
fields may be coupled to the other line and consequently the phenomena may be alternated

if the lines are long enough in the lossless system. The spacial field distributions of the

E. (x,y,t) atz=504z. are also observed at 300, 500 and 700 time steps shown in Figure

5.7-5.9.
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V.2.2 Scattering parameters of coupled microstrip line

Scattering problems usually involve a known incident field and unknown scattered
fields. In this study, the field of a single microstrip line is isolated, numerically simulated
and treated as an incident field. The unknown field is the scattered field induced by the
presence of a second conductor. Therefore, tl;e assumption of treating the field of a single
microstrip line as the incident field is reasonable because the incident wave is the reference

wave which is considered to be an undisturbed wave.

For the incident field, the vertical electric field, E ,(x,y,704z, t) underneath the

single conductor is recorded as time marches. They are vertically integrated to calculate
the incident voltage at Port 1 as specified in Figure 5.1. For the scattered fields, the fields
with the presence of the second line, can be easily obtained at Port 1, 2, 3 and 4.

However, at Port 1, the reflected voltage is obtained by subtracting the incident wave
from the total voltage. The following expression describes the general situation of the

scattering parameters.

F{Vimml (- Vinc(t)}
S @), = F{V,.(t)} 5.10

F{ V}mml ( t)}

=i 5.11
#i o F{V,.(0}

S, (@)

Two important S parameters S,, and S,, are calculated from the simulated data and plotted

as a function of frequency shown in Figure 5.10.
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Figure 5.10 Simulated and Measured Scattering Parameters as a function of frequency
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Based on the premise that scaling results of the coupled lines can be predicted by
the dimensional analysis, experimental measurements are carried out on a coupled lines
with dimensions different than the simulated dimensions. The experimental circuit line
width w, line separation, s and substrate height, h are chosen so that it has the same s/
and w/h ratios and the same dielectric constant as simulated in the FDTD analysis. The
dielectric constant of the substrate is identical for the two cases.

As mentioned in Section V.2.1, the circuit dimension of the computational domain
is on the order of 3.5mm x 7.5mm x 1.25mm. The conductor is treated as PEC with zero
thickness. The width of the conductor and spacing between two conductors are selected
based on dimensional analysis. The total length of the conductor line is 1.25mm which is
equivalent to 25A4z. The operating frequency of interest is. from dc to SOGHz. Although
the numerical results are also evaluated at higher frequencies, we only examined the
results at the lower frequencies because of the potential numerical dispersion at the higher
frequencies.  The circuits were also simulated on the commercial circuit simulations

software, such as Libra and Microwave Harmonica.

The experimental circuits were fabricated on Duroid substrate with £=10 and

thickness of 20mil. The length of the conductor lines of the experimental circuit was 50
mm which was forty times longer than the length of the simulated structure. The widths
and the separation distance are chosen to have the same s/ and w/h ratios as in the
simulations.

Scattering parameters were measured using an HP8510 and compared to the
numerical results as shown in Figure 5.10.  Although two measured data points are
compared to the simulated data, they show very good agreement between the FDTD and
experimental results.

One thing of interest to point out is that as pointed out in the dimensional analysis,
the coupled scattering parameter, S,, can be described as a function of the product of

conductor length and frequency divided by the speed of light, which is
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frequency-length

S = S(

), not as a function of frequency alone. This relationship gives

a m-term which holds true as long as the other system parameters are assumed to be
remained same. For example, as shown in Figure 5.10 the resonance occurred for the
both simulated and measured circuits at the product of conductor length and frequency

divided by the speed of light about 0.0375 and 0.1875.

V.2.3 Even and Odd modes [24]

The coupled microstrip lines involve three conductors (two signal lines and one
ground plane) in the system. Therefore, two fundamental modes of propagation are
assumed for the solution. Since two conductor lines are surrounded by inhomogeneous
dielectric materials, the fundamental mode is not pure TEM. However, two quasi-TEM
modes, even and odd modes, are assumed to be fundamental modes of propagation and
consequently the overall solution is the linear combination of these two modes. Figure
5.11 shows the simple schematic representation of the even and odd modes..

The electric field of even mode is symmetrical to the center line and its horizontal
component vanishes at this center line. For the odd mode, however, one conductor line
holds a positive potential whereas the other conductor holds a negative potential. And
thus, an odd symmetric electromagnetic field exists relative to the center line which hold a

zero potential, same as the ground plane.
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Because of this quite different electromagnetic field distributions, the effective
dielectric constant and characteristic impedance of the odd mode substantially different
from those of the even mode. As shown in Figure 5.11 the high field region of the even
mode is mainly in the substrate, whereas a significant portion of the high field region of
the odd mode is in the air. Therefore, one would expect the effective dielectric constant is
larger for the even mode than for the odd mode. This is verified by the numerical results
which will be shown later. For the characteristic impedance, it is hard to visualize, but we
can qualitatively discuss using the following expression describing the characteristic

impedance as a function of L and C

Z = |— 5.12

Compared to even mode the odd mode has a larger C due to the coupled electric field and
the smaller L due to the mutual annihilation of the magnetic ficld from the apposite
directional current. Therefore, the characteristic impedance of odd mode is always less
than the characteristic impedance of even mode.

Figure 5.12 shows the characteristic impedance of even and odd modes as a
function of frequency. The results were obtained from a full wave analysis using FDTD.
The simulation was performed on coupled microstrip lines as shown in Figure 5.1. The
two conductor lines lay on the top of a substrate with a thickness, h=500um and a
dielectric constant of 10. The ratio of conductor width, w and A, is 1, the ratio of the
spacing, s and h is also 1. The conductors were treated as perfect electric conductor(PEC)

with zero thickness.
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Figure 5.12 Characteristic Impedance of even and odd mode as a function of frequency
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Another important microwave parameter, propagation constant is described by

B= w'\/lquO‘\/Ee;f- = kox/Eq_r-

Figure 5.13 shows the square root of the effective dielectric constant obtained from

£—= €, where the propagation constant f is factored out by the free space
0

propagation constant, k,. The corresponding propagation constants obtained from FDTD

analysis are shown in Figure 5.14. The propagation constant of even mode tends to be
larger than the propagation constant of odd mode because of the coupled electric field
which may disturb the guided wave under the substate. Therefore, the discrepancy of
propagation constant of two different modes enhances dispersion which already exists in
quasi-TEM mode.

As the frequency increases the electric field is more confined to the region between

the conductors and the ground plane(Gardiol). As the electric field distribution changes
with frequency in the system, it effects the 4’8 » and thus, the propagation constant

€

varies with frequency. As the propagation constant is no longer a linear function of
. 0] . . dw
frequency, the phase velocity (vp = 73-) deviates from group velocity (Ve = EEJ

Therefore, different operating frequency components of an information carrying
signal propagates with different velocities and consequently the signal is distorted. As
shown in Figure 5.15, the phase velocity of this particular coupled microstrip line

changes with frequency around 40GHz.
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V. 2.4 Coupling Coefficients

The coupling coefficient is a very useful parameter commonly used to design
microwave filters and directional couplers. The coupling coefficient is driven from the
transmission line theory (pozar). As mentioned previously, the solution of the coupled
microstrip lines is a linear combination of even and odd modes. Therefore, the input
impedance at Port I can also be described in terms of the linear combination of even and
odd voltages and currents.

The configuration of the coupled lines shown in Figure 5.1 was also used for the
determination of coupling coefficient. Figure 5.16 shows the schematic of the

experimental circuit. As shown in Figure 5.16, if Port 4 happens to be desired coupled

port, the coupling coefficient is given by C,_, z .n =—1010g£idB (ref Inder Bahl) or
h
VAR . pym . -
=?'_——Z—f; assuming Z, =+/Z;Z7. In this study the latter definition was used to

calculate the coupling coefficients.

Figure 5.17 depicts coupling coefficient as a function of conductor line width and
frequency. As predicted, the narrower conductor lines tend to show larger coupling
coefficients probably due to the more edge effect than the wider conductor lines. Three
structures are compared with a variation only in the width. The structure 111(1) which is
composed of one third line width of the structure 131(3) shows substantially high
coupling coefficients over 131(3). This might be attributed to the higher charge density
due to the edge being close together. However, the wider lines show some resonance
behavior at the higher frequency maybe due to the higher order modes that appears at high
fequencies(fdtdref6). It is fairly evident that the narrower spacing between two conductor

lines demonstrates higher coupling as shown in Figure 5.18. For Figure 5.19
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dimensional analysis was implemented to the FDTD analysis. It was found that although
the m-terms are established for the FDTD analysis, the number of spatial step, A for the
different structure has to be satisfied to complete the meaningful analysis. As shown in
Figure 5.19, the thickness, h of the structure 112(7) is 500um whereas the h of 213(8) is
100um. If the same spatial step, say A=50um is used for the both structures for the FDTD
analysis the structure 213(8) will have only two number of grid points whereas 112(7)
will have five number of grid points. This does not allow the 213(8) get simulated with
equal accuracy. Therefore, the number of grid points have to be matched as it simulates
different structures. Figure 5.19 shows a good agreement between two structures based

on dimensional analysis. However, Figure 5.20 shows the better agreement between the

h-f

two scaled structures because the coupling coefficient is plotted as a function of —=,
c

rather than f only, where h,f and c are the thickness of the substrate, frequency and the

speed of light, respectively. This is because the term, hf is a m term which is a
c

dimensionless product where as f only is not a dimensionelss product. This also means
that to have a true comparison between the two different scaled structures the comparison

has to be made in the dimensionless product.
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Figure 5.17 Coupling coefficient as function of conductor width and frequency
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Figure 5.18 Coupling coefficient as function of spacing and frequency
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V1.5 Equivalent Circuit Model

To develop the equivalent circuit model, the values of capacitance and inductance
are obtained from FDTD results. Capacitance is calculated from C =% where Q is the

total charge on the strip conductor and V is the potential difference between the strip
conductor and the ground plane. To find the total charge Q, electric flux density is

integrated over the surface enclosing the strip conductor as given by Gauss’ law:
Q= §[) .dd = §8E da. The potential difference is obtained by integrating the electric field

over the path from the strip conductor to the ground as shown in Equation 5.2.

Inductance is obtained from L = —\f- where W is the magnetic flux linkage and I is

the current, These are calculated from ¥ = JE -dd and I = §H -dl , where B is magnetic

flux density.

Traditionally, the equivalent circuit model has been developed from the scattering
parameters. The scattering parameters typically are fed into the lumped element model
shown in Figure 5.21 to find the values for capacitance, inductance, resistance and
conductance. However, using FDTD analysis capacitance and inductance values are easily

and directly obtained from the electric and magnetic field solutions as described above. In

other words, characteristic impedance Z_and propagation constant f3,

e 1 Le e e o _ 1 - Lo
Zc—-)-,c;-—."g-and Bf=w\LC* for even mode, and Z‘_Yc"— o and

ﬂ"=a)-\/L"C" are obtained. With these parameters, ABCD matrix elements can be

calculated [8] for the coupled lines suing the following equality:
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[A B}_l: cos Bl chsinﬂI:l 514

C D| {jIsinf  cosfl

The ABCD matrix is then converted to the following scattering matrix:

A+Bl!Z,-CZ,-D 2(AD- BC)
Sn SIZ _ A A 515
A 2 ~-A+B/Z,-CZ +D .
A A

Finally, using the four port network of the coupled lines, the following

expressions are used to calculate the scattering matrix elements.

1l 1o
1 e 1 o

Szn=5S21+5521 5.17
lee 1w

Sn:'isn""z"sn 5.18
l . 1.,

Since FDTD analysis uses the full vector analysis, the scattering parameters
calculated using the capacitance and inductance values from the FDTD results will be more
reliable and straight forward to be implemented in the microwave circuit design.

The equivalent circuit parameters shown in Figure 5.21 can be extracted from the

even and odd mode simulations of FDTD results of coupled microstrip lines.
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Figure 5.21 Lumped element model of the coupled microstrip line
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CAHAPTER VI. Discussion and Future Work

In this thesis, with the 3D MMIC elements development in mind, two rigorous
design approaches have been attempted. First, dimensional analysis, a non-conventional

methodology has been performed in scaled single microstrip lines to obtain the

mathematical design expressions as a function of dimensionless products, t-terms.  The

design expressions have been driven for characteristic impedance and effective dielectric
constant for the low and high frequency approximations. The analysis of mechanism for
conductor and dielectric loss have been also discussed. However, dimensional analysis is
limited to its inherent capability. Since it does not generate its own algebraic analytical
solution of the governing equations, it is always required to be relied on other solutions to
come up with its own mathematical design expressions.

To enhance the design capability of innovative 3D MMIC elements and to
complement dimensional analysis formalism, the finite difference time-domain (FDTD)
have been looked into as a full wave field solver which is required to simulate the denser
discontinuities of the system. A simple coupled microstrip lines is used to demonstrate
the capability of FDTD.

The FDTD has been used to perform time-domain simulations of pulse propagation
in scaled coupled microstrip lines. In addition to the time-marching results, frequency-
dependent characteristic impedance, effective dielectric constant and phase velocity have
been calculated by Fourier transform of the time-domain results. Some results have been
verified by comparison with measured data. Most importantly, based on the premise that
scaling results can be predicted by the dimensional analysis, experimental measurements

are carried out on a coupled lines with dimensions different than simulated ones. Using
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FDTD results, an unique approach for developing lumped element models have been also
discussed.

This unique approach in conjunction with dimensional analysis can enhance design
capability to simulate microwave structures such as coupled strip lines as shown in Figure
6.1 t0 6.3. The coupled strip line shown in Figure 6.1, broad strip line shown in Figure
6.2 and general case of strip line shown in Figure 6.3 are basic transmission line
structures which can be implemented to 3D MMIC element development. Ultimately it is
required to develop the vertical interconnect shown in Figure 6.4 for the further
development. Considerable work has already been performed on the coupled structures
[25,26,27,29,30]. However, the approach developed in this thesis is unique and can
substantially contribute to the 3D MMIC development. The technique is applicable to all

possible circuit configurations that can be used in 3D MMIC.
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Figure 6.1 Coupled Strip Line
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Figure 6.2 Broad Strip Lines
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Figure 6.3 General Case of the Coupled Strip Lines
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Figure 6.4 Vertical 3D interconnect
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