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Layered multiconductor coupled slot and strip-slot structures are characterized
by introducing the full-wave modal analysis as well as the quasi-TEM spectral domain
technique. In the modal analysis, the electric and magnetic fields are constructed in
terms of modal fields in different regions. Application of the boundary conditions at
interfaces for the tangential components of the electric and magnetic fields results in the
dyadic Green's function, which interrelates the tangential currents and electric fields at
the boundaries of the layered structure. The slot fields and strip currents are expanded
in terms of a set of known basis functions with unknown coefficients. Use of the
Galerkin method leads to a set of algebraic equations. The non-trivial solutions for the
propagation constants are found by setting the determinant of the algebraic equations
equal to zero. All the other normal mode parameters including the modal impedances,
the field and current eigenvectors are then computed by using the solutions of the
propagation constants. In the quasi-TEM analysis, the Laplace equation is transformed
to an ordinary differential equation in the spectral domain, the solution of which
together with the boundary conditions yields the Green's function which interrelates the

potential and the charge distribution at the interfaces of the layered structure. The



charge distribution is expanded in terms of known functions with unknown coefficients
which are subsequently evaluated by applying the Galerkin method. Once the charge
distribution is found, the quasi-TEM characteristics of the coupled strip-slot structures
are readily calculated.

Different impedance definitions proposed in the literature for multiple coupled
line structures are discussed. The only useful impedance definition in the design of
microwave and millimeter-wave circuits is the one that results in a symmetric
impedance matrix for a coupled line structure in a lossless, isotropic, and linear
medium. The normal mode impedance definition as based on the reciprocity is used to
systematically study the impedance characteristics of various coupled slot structures for
the first time, which together with the propagation characteristics are used to compute
equivalent circuit models for ideal coupled line structures. The applications of the
coupled slot and strip-slot structures are illustrated through design examples of
enhanced couplers and power dividers consisting of coupled line multiports. Time
domain simulation of coupled multiconductor structures with slotted ground planes is
also presented to exemplify the applications of the techniques developed in this thesis to
layered interconnects and packaging structures in high-speed circuits. Some novel
techniques to reduce the crosstalk noise in those structures are proposed with

theoretical examples and experimental results.
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Cross section of a coupled strip-slot structure.
Cross section of coupled strips with ground plane slots.

Cross sections of some typical fin lines: (a) unilateral asymmetric coupled
two-slot, (b) unilateral symmetric coupled three-slot, (c) bilateral
asymmetric coupled two-slot, and (d) bilateral symmetric coupled three-
slot structures.

The normalized wavelength A./Ag and the characteristic impedance Z, of
the even mode vs. the number of basis functions (g,=2.22, d=0.254,

h1=3.556, wi=w,=0.2, p;=1.578, p,=1.978, f=33GHz,
waveguide=WR-28, length unit: mm).

The normalized wavelength A/Ag and the characteristic impedance Z of a
fin line with a centered slot vs. the number of summation terms (,=2.22,

d=0.254, h1=3.556, w=0.2, f=33GHz, waveguide=WR-28, length unit:
mm).

(@) A/Ag, (b) voltage ratio, and (c) impedance Z; of a unilateral

asymmetric coupled two-slot fin line as a function of frequency with &,
and wj as parameters (h;=3.556, d=0.254, wy=1.5wi, p1=1.678-
0.5w1, po=1.878+0.5w,, length unit: mm)

(a) A/Ag, (b) voltage ratio, and (c) impedance Z; of a unilateral
asymmetric coupled two-slot fin line as a function of frequency with d as
a parameter (&,=2.22, h;=3.556, w1=0.2, w7=0.3, p1=1.578, p2=2.028,
length unit: mm).

(@) A/Ag, (b) voltage ratio, and (c¢) impedance Z; of a unilateral
asymmetric coupled two-slot fin line as a function of the lateral
displacement of the substrate with the slot separation s as a parameter
(£,=2.22, d=0.254 w;=0.2, wy=0.3, p1=1.778-0.5(s+w1),
p2=1.778+0.5(s+wj3), f=33GHz, length unit: mm).

(a) A/hg, (b) voltage ratio, and (c) impedance Z; of a unilateral
asymmetric coupled two-slot fin line as a function of frequency with the
slot separation s as a parameter (£,=2.22, d=0.254, h;=3.556, w1=0.2,
w2=0.3, p1=1.778-0.5(s+w1), p2=1.778+0.5(s+w>), length unit: mm).
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substrate (g;=2.22, d=0.254, ws=w.=0.2, ps=1.378, p.=1.778,
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(a) MAp and (b) impedance of a bilateral symmetric coupled two-slot fin

line as a function of the slot center p; (€,=9.8, h;=3.429, d=0.254,
wi=w=0.2, p2=p1, {=33GHz, length unit: mm).
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w1=0.2, wy=0.3, p2=p1, f=33GHz, length unit: mm).
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substrate (£;=9.8, d=0.254, w1=0.2, w,=0.3, p1=p2=1.778, f=33GHz,
length unit: mm).
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center p; (€,=9.8, h1=3.429, d=0.254, w;=w,=0.2, p»=3.556-p;,
f=33GHz, length unit: mm).

(a) A/Ag and (b) impedance of a bilateral coupled two-slot fin line with the
centers of two unequal slots symmetric to the structure center as a

function of the slot center py (€,=9.8, h1=3.429, d=0.254, w1=0.2,
wop=0.3, p»=3.556-p1, f=33GHz, length unit: mm).
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line with two unequal slots as a function of the slot width w; (£;=9.8,
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(a) Mo, (b) voltage ratio, and (c) impedance Z; of a bilateral symmetric

coupled three-slot fin line as a function of frequency with € as a
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(a) Ay, (b) voltage ratio, and (c) impedance Z; of a bilateral symmetric

coupled three-slot fin line as a function of the center slot width (g,=9.8,
h1=3.429, d=0.254, ws=0.2, p,=1.578, p.=1.778, f=33GHz, length
unit: mm).

(a) A/Ag, (b) voltage ratio, and (c) impedance Z; of a bilateral symmetric
coupled three-slot fin line as a function of the side slot width (g,=9.8,

h1=3.429, d=0.254, w.=0.2, ps=1.678-0.5w, pc=1.778, f=33GHz,
length unit: mm).

(a) A/, (b) voltage ratio, and (c) impedance Z; of a bilateral symmetric
coupled three-slot fin line as a function of the side slot center pg (,=9.8,

h1=3.429, d=0.254, ws=w.=0.2, p.=1.778, f=33GHz, length unit:
mm).

(a) M, (b) voltage ratio, and (c) impedance Z; of a bilateral symmetric
coupled three-slot fin line as a function of frequency with d as a parameter
(&,=9.8, h1=3.556-0.5d, ws=w=0.2, ps=1.578, pc=1.778, length unit:
mm).

(a) Mg, (b) voltage ratio, and (c) impedance Z; of a bilateral symmetric
coupled three-slot fin line as a function of the lateral displacement of the
substrate (£,=9.8, d=0.254, ws=w.=0.2, ps=1.578, pc=1.778, f=33GHz,
length unit: mm).

Four-port directional coupler: (a) cross section and (b) circuit schematic.

Characteristic impedances of asymmetric and symmetric unilateral
coupled fin lines as a function of the slot separation S (f=33GHz,
€,=2.22, d=0.254, h;=3.556, p1=1.778-0.5(S+w1),
p2=1.778+0.5(S+w3), symmetric case: wi=w,=0.2, asymmetric case:
w1=0.2, w»=0.3, length unit: mm).

(a) Coupling and (b) isolation of maximum coupling couplers terminated
with the matched (L=27.946mm) and the line (L=27.615mm)
impedances.

(a) Coupling and (b) isolation of 3-dB couplers terminated with the
matched (L=14.142mm) and the line (L=14.176mm) impedances.

(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of frequency

with €, as a parameter (h;=3.429, d=0.254, w;=0.2, w=0.3, pi=1.478,
p=2.078, length unit: mm).
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(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of frequency
with d as a parameter (e,=2.2, h;=3.556-0.5d, w;=0.2, w=0.3,
pi=1.478, p=2.078, length unit: mm).

(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of the strip offset
St (e,.=2.2, h1=3.429, d=0.254, w=0.2, w=0.3, p;=1.778, p=1.778-
St, f=33GHz, length unit: mm).

(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of the slot offset
Sy (e:=2.2, h1=3.429, d=0.254, w;=0.2, w=0.3, p;=1.778-5y,
pi=1.778, £=33GHz, length unit: mm).

(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of the slot and
strip offset S (e,=2.2, hy=3.429, d=0.254, w;=0.2, w=0.3,
pi=p=1.778-S, f=33GHz, length unit: mm).

(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of the slot and
strip offset S in the opposite directions (g,=2.2, h;=3.429, d=0.254,
wi=0.2, w=0.3, p=1.778-S, pi=1.778+S, f=33GHz, length unit: mm).

(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of the strip width
(e,=2.2, h1=3.429, d=0.254, w;=0.2, p=1.478, p=2.078, f=33GHz,
length unit: mm).

(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of the slot width
(&r=2.2, h1=3.429, d=0.254, w=0.3, p1=1.478, p=2.078, f=33GHz,
length unit: mm).

(a) Effective dielectric constant, (b) transadmittance, and (c) strip
impedance of a coupled strip-slot structure as a function of the lateral

displacement of the substrate h; (e,=2.2, d=0.254, w;=0.2, w=0.3,
p1=1.478, p=2.078, £=33GHz, length unit: mm).

Cross sections of some symmetric strip-slot structures: (a) strip-slot, (b)
two-strip one-slot, (c) three-strip one-slot, and (d) three-strip two-slot
structures.
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Effect of the number of basis functions on capacitance with g and ¢, as
parameters (a=14.4, b=21d, d=0.635, h;=10d, w=0.6, s=0.3, length
unit: mm).

Effect of summation terms on capacitance with g as a parameter (£,=9.8,
a=14.4, b=21d, d=0.635, h1=10d, w=0.6, s=0.3, length unit: mm).

Effect of top and bottom walls on capacitance with €; as a parameter
(a=14.4, d=0.635, w=0.6, s=0.3, g=1.0, length unit: mm).

Effect of side walls on capacitance with € as a parameter (b=21d,
d=0.635, h;=10d, w=0.6, s=0.3, g=1.0, length unit: mm).

(a) Capacitance and inductance, (b) effective dielectric constant, and (c)
impedance of a coupled two-strip structure with a ground plane slot as a
function of the slot width with €; as a parameter (a=14.4, b=21d,
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(a) Capacitance and inductance, (b) effective dielectric constant, and (c)
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(a) Capacitance and inductance, (b) effective dielectric constant, and (c)
impedance of a coupled two-strip structure with a ground plane slot as a

function of the separation between strips with €, as a parameter
(a=24w+s, b=21d, h;=10d, d=0.635, w=0.6, g=0.3, length unit: mm).

(a) Self capacitance and inductance, (b) mutual capacitance and
inductance, (c) effective dielectric constant, and (d) impedance of a
coupled three-strip structure with a ground plane slot as a function of the
slot width (¢,=9.8, a=14.4, b=21d, d=0.635, h;=10d, w=0.6, w.=0.3,
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substrate thickness (£,=9.8, a=14.4, b=21d, h;=10d, w=0.6, w.=0.3,
$=0.6, g=0.3, length unit: mm).

93

94

94

95

108

109

110

111

112

113



5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19
5.20

(a) Self capacitance and inductance, (b) mutual capacitance and
inductance, (c) effective dielectric constant, and (d) impedance of a
coupled three-strip structure with a ground plane slot as a function of the
center strip width (£,=9.8, a=23.5w+s+w,, b=21d, d=0.635, h1=10d,
w=0.6, s=0.6, g=0.3, length unit: mm).

(a) Self capacitance and inductance, (b) mutual capacitance and
inductance, (c) effective dielectric constant, and (d) impedance of the
coupled three strip structure with a ground plane slot as a function of the
side strip width (g,=9.8, a=22.5ws+s+w,, b=21d, d=0.635, h1=10d,
w=0.3, s=0.6, g=0.3, length unit: mm).

(a) Self capacitance and inductance, (b) mutual capacitance and
inductance, (c) effective dielectric constant, and (d) impedance of the
coupled three strip structure with a ground plane slot as a function of the

separation between the center and the side strips (£,=9.8,
a=23.5ws+s+w¢, b=21d, d=0.635, h;=10d, w=0.6, w.=0.3, g=0.3,
length unit: mm).

(a) Self capacitance and inductance, (b) mutual capacitance and
inductance, (c) effective dielectric constant, and (d) impedance of the
coupled three strip structure with two slots and a floating conductor on
the ground plane as a function of the slot width (£,=9.8,
a=23.5ws+s+w,, b=21d, d=0.635, h;=10d, w=0.6, w=0.3, s=0.6,
wg=wc+0.5(s-g), length unit: mm).

(a) Self capacitance and inductance, (b) mutual capacitance and
inductance, (c) effective dielectric constant, and (d) impedance of the
coupled three strip structure with two slots and a strip on the ground
plane as a function of the slot width (,=9.8, a=23.5wg+s+w., b=21d,
d=0.635, h;=10d, w=0.6, wc=0.3, s=0.6, wg=w.+0.5(s-g), length
unit: mm).

Double sided strip line structures with a ground plane slot: (a) symmetric
to the ground plane (GPS) and (b) symmetric to the slot center (SCS).

(a) Self capacitance and inductance, (b) mutual capacitance and
inductance, (c) effective dielectric constant, and (d) impedance of the
double-sided strip structure with a ground plane slot as a function of the

separation between the strip and the slot centers s (g,=9.8, a=46, b=11d,
d=1, hy=10d, w=g=2, length unit: mm).

Schematic of coupled (a) four-port and (b) six-port interconnects.

Crosstalk in the coupled two-strip one-slot structure as a function of the

slot width 2g (¢,=9.8, a=14.4, b=21d, d=0.635, h1=10d, w=0.6, s=0.3,
L=50, length unit: mm).
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Crosstalk in the coupled three-strip two-slot structure with a floating
conductor on the ground plane as a function of the slot width g (,=9.8,
a=24, b=21d, d=0.635, h1=10d, ws=2w=0.6, s=0.6, wy=w:+0.5(s-g),
L=50, length unit: mm).

Time domain simulation of the crosstalk shown in Fig. 5.20: (a) g=0 and
(b) g=0.9mm (V_CR_BAK: near-end crosstalk, V_CR_FOR: far-end
crosstalk, time unit: second, voltage unit: volt).

Time domain simulation of the crosstalk on the center interconnect shown
in Fig. 5.21: (a) g=0 and (b) g=0.6mm (VIN2: center near-end crosstalk,
VOUTS: center far-end crosstalk, time unit: second, voltage unit: volt).

Crosstalk in the coupled three-strip two-slot structure with a short-
circuited ground plane strip as a function of the slot width g (€,=9.8,
a=24, b=21d, d=0.635, h;=10d, ws=2w=0.6, s=0.6, wy=w+0.5(s-g),
L=50, length unit: mm).

Effect of an extra length AL of the ground plane short- or open-circuited
strip on the crosstalk in the coupled three-strip two-slot structure (€,=9.8,

a=24, b=21d, d=0.635, h;=10d, ws=2w:=0.6, s=0.6, g=0.6 wg=0.3,
L=50, length unit: mm).

Time domain simulation of the crosstalk on the center interconnect shown
in Fig. 5.24: (a) g=0, VIN2: center near-end crosstalk, VOUTS: center
far-end crosstalk and (b) g=1.0mm, VIN2: center near-end crosstalk,
VOUTY7: center far-end crosstalk (time unit: second, voltage unit: volt).

Measured crosstalks in (a) the coupled two-strip one-slot open structure

(e,=4.7, w=2s=2g=1.8d, d=1.5mm, L=90mm) and (b) the coupled
three-strip two-slot open structure with a short-circuited ground plane

strip (e;=4.7, wy=2w=s=g=2w,=1.8d, d=1.5mm, L=90mm).
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ANALYSIS AND APPLICATIONS OF LAYERED MULTICONDUCTOR
COUPLED SLOT AND STRIP-SLOT STRUCTURES

1. INTRODUCTION

In the last two decades, significant progress has been made in the area of very-
large-scale-integrated (VLSI) circuit technology. The packing density of transistors
and the corresponding decrease in the intrinsic gate delay have been continuously
advanced, whereas the minimum feature size of transistors in VLSI circuits has been
dramatically reduced. However, the improvement of VLSI system performance has
been hampered by the inadequate development in electronic packaging and
interconnection technologies. With the advancement of the minimum feature size
towards submicron dimension and the integration of a large number of transistors on a
single microprocessor, on-chip and chip-to-chip interconnections are increasingly
important in determining the operating speed, power consumption, and size of digital
systems [1]. In a high-speed digital system, it is necessary to treat the interconnects
between circuit elements as transmission lines. Inevitably, reflection, crosstalk, and
distortion of pulse signals are of great importance in the interconnection design.

On the other hand, microwave technology has been advancing with the same
pace as the VLSI circuit technology. Small and inexpensive microwave integrated
circuits (MICs) have replaced once bulky and costly waveguide and coaxial structures
in many applications at microwave frequencies [2]. The future development in MIC
technology is leaning towards smaller size, lower cost, lighter weight, and higher

integration. Therefore, monolithic MICs (MMICs), where all circuit components are



grown on a single substrate, are playing an important role in microwave circuit
applications.

The development in VLSI circuits and (M)MICs now is in such a crucial stage
that accurate modeling of passive as well as active structures is a must in designing
high performance VLSI circuits and (M)MICs. This is due to the fact that tuning a
circuit after fabrication is too costly, if not impossible, to be practical. Therefore, a
computer-aided design (CAD) tool which provides accurate characterizations of both
passive and active components in the circuits is essential in VLSI circuit and (M)MIC
design.

Abreast with the progress made in VLSI circuits and (M)MICs, various
mathematical techniques [3] and CAD tools have been developed to accurately model
the passive and active structures in VLSI circuits and (M)MICs. Among the
techniques used in modeling the passive structures, the spectral domain method is one
of the most preferred and the most widely used methods in recent years. The method
is relatively simple, powerful, and computationally efficient when properly
implemented. But it is limited, in general, to well-shaped structures which have only
infinitely thin conductors [2]. However, the metalization thickness can be taken into
account by using a modified spectral domain method [4, 5] or other methods such as
the modal analysis method [6].

Passive structures such as microstrip lines, coplanar waveguides, fin lines, and
slot lines have been widely studied [7, 8], but the available results for the coupled
slot and the coupled strip-slot structures are either inadequate or unsuitable to fully
characterize the structures from a circuit designer's point of view. It is therefore
necessary to have a further study on the coupled slot and the coupled strip-slot

structures.



Modal analysis is introduced in Chapter 2 to formulate solutions for a coupled
strip-slot structure. In the analysis, the method of separation of variables is employed
to solve the scalar Helmholtz equation for the x-component of the electric and
magnetic fields. The other components of the electric and magnetic fields are derived
from the governing Maxwell equations in terms of the x-component. The solution for
the Helmholtz equation together with the boundary conditions leads to the dyadic
Green's function, which relates the tangential currents and electric fields to the slot
fields and the strip currents. The application of the Galerkin method yields a set of
algebraic equations. Setting the determinant of the algebraic equations equal to zero
results in solutions for the propagation constants at a given frequency. The power
corresponding to the propagation constants is then calculated in terms of the electric
and magnetic fields. The coupling power between the strip line and the slot line and
the power propagating on each line need to be identified for the impedance
calculation. The analysis can be readily extended to coupled slot line structures and
coupled strip line structures.

Also presented in Chapter 2 is a quasi-TEM analysis of the coupled strip-slot
structure by the spectral domain method. The Laplace equation is simplified to a
homogeneous ordinary differential equation by using the Fourier transform. Again,
the solution of the equation together with the boundary conditions leads to the Green's
function, which relates potentials to the unknown charge distributions. The charge
distributions are expanded in terms of known functions with unknown coefficients
which are to be determined by using the Galerkin method. The computation of the
capacitances of the strips in a coupled strip-slot structure is an easy task, once the
charge distributions are found. The inductances, the characteristic impedances, and

the propagation constants are computed with the knowledge of the capacitances.



In Chapter 3, different impedance definitions for coupled transmission lines
are discussed in terms of their usefulness in microwave circuit design. The
convergence of the modal analysis is checked in terms of the basis functions, which
are used to expand the electric fields on slots, and the summation terms used in the
analysis. The impedance characteristics of various unilateral as well as bilateral fin
line structures are systematically studied by using the normal mode impedance
definition for the first time. Design examples are given to illustrate the applications of
the coupled fin lines in directional couplers.

The characteristics of the coupled strip-slot structure are detailed in Chapter 4.
There are two fundamental normal modes in the structure: the strip (c) mode where
the total power is dominated by the power from the strip line and the slot (%) mode
where the total power is mainly contributed by the power from the slot line. An
assumption has been made that the ratio of the coupling power contributed by the
strip line to the total coupling power in the strip mode is equal to that of the coupling
power contributed by the slot line to the total coupling power in the slot mode. The
symmetry of the impedance matrix of the structure in a lossless, linear, and isotropic
medium is guaranteed under this assumption.

The results for the propagation characteristics of the multiconductor quasi-
TEM modes of various coupled strip-slot structures are given in Chapter 5. Again, the
convergence of the quasi-TEM spectral domain analysis is checked in terms of the
basis functions, which approximate the charge distributions on the strip lines and the
ground plane conductors, and the summation terms used in the analysis. The results
are used in a SPICE circuit simulator to study the crosstalk reduction in digital
systems. The SPICE simulation and the experimental results show that ground plane

slots can reduce the far-end crosstalk in coupled interconnects.



Conclusions are summarized in Chapter 6. In addition, suggestions for

possible future work are briefly discussed.



2. ANALYSIS OF COUPLED STRIP-SLOT STRUCTURE

A general layered structure consisting of multiple strips and slots at various
interfaces can support a number of hybrid as well as quasi-TEM like modes. Placed in
the E-plane of a rectangular waveguide, slots can be referred as fin lines whereas the
strips can represent interconnects in a multilevel printed circuit board (PCB) structure.

Due to its wide single-mode bandwidth, low loss, ease of fabrication, and high
compatibility with other circuit elements [9], the fin line structure has been widely
used in millimeter-wave integrated circuits at lower millimeter-wave frequencies
since it was invented in the early 1970s [10]. The characteristics of single fin line
structures have been well documented [6, 8, 9, 11-17]. Attempts have been made to
characterize coupled fin line structures [6, 14, 18-21]. However, the availability of the
useful design parameters such as propagation constants and characteristic impedances
18 basically limited to symmetric coupled fin line structures. Since asymmetric as well
as symmetric structures are important ones in the design of couplers, filters, and other
circuit components at millimeter-wave frequencies, a comprehensive study on them is
deemed necessary.

A coupled strip-slot structure provides more freedom in the design of couplers
and filters [20, 22-27] due to the fact that it consists of strip lines and fin lines at
different interfaces of substrates. The combination of strip lines and fin lines brings
many advantageous features to the coupled strip-slot structure. Useful frequency
dependent design information is only seen in the literature for the symmetric coupled
structure where the center of the strip line is aligned with that of the slot line.
Although the propagation characteristics of asymmetric and multiple coupled strip-
slot structures are readily obtainable, the impedance characteristics are either hardly

available or not useful in the design of the circuits.



In order to find the characteristics of the coupled strip-slot structures, a
rigorous modal analysis is introduced in this chapter. It can be readily extended to the
coupled fin line and the coupled strip line structures. Due to the inherent difficulty of
the multiple coupled strip-slot structures, the useful frequency dependent impedance
characteristics are still not available to date. Therefore, it is valuable to find quasi-
TEM propagation and impedance characteristics of the multiple coupled strip-slot
structures for applications at lower microwave frequencies. The second part of this
chapter is devoted to a quasi-TEM spectral domain analysis [2, 28, 29] of the multiple

coupled strip-slot structures.

2.1 MODAL ANALYSIS

A coupled strip-slot structure is shown in Fig. 2.1. The substrate of thickness d
and relative dielectric constant €; is assumed to be linear, isotropic, and lossless. In
addition, all conductors are considered to be ideal conductors of zero thickness. The

structure extends to infinity in the z-direction.

Fig. 2.1 Cross section of a coupled strip-slot structure.

Furthermore, it is assumed that the electromagnetic waves propagate in the

positive z-direction with an unknown propagation constant jB and have time



dependence with an angular frequency o, i.e., the dependent factors of the
electromagnetic fields on z and t can be expressed as €78z and ei®t, respectively.

Since the cross-section of the coupled strip-slot structure is non-uniform in the
x-direction, the electric and magnetic fields have discontinuities along the direction.
The x-components of the electric and magnetic fields, E; and Hy, must satisfy the
Helmholtz wave equation:

[a_2+_2+ (K- Bz)] [Ex] -0 @1
ax2  dy2 Hy
where k = ar\ [lgege;; is the wave number, L is the free-space permeability, € is the
free-space permittivity, and € is the relative dielectric constant of regioni (i=1, 2,
3).
The tangential electric and magnetic fields on the surface of an ideal

conductor must satisfy the Dirichlet and Neumann boundary conditions given by

E;x=0 aty=0,b (2.2a)
oH

2=0 aty =0, b. (2.2b)
dy

Applying the method of separation of variables to (2.1) leads to the solutions

for the x-components of electric and magnetic fields in three regions:

Exi = 3 Antcosffu(x - )] sin(azy) (2.32)
Ha= 3 Boisinlin(x - )] c05(0) (2.3b)
Ba= 3 [Ansin(ax) + Atcos(1az0)] sin(@y) (2.30)
Hy = §0 [Brocos(taax) + BlnSin(1ox)] cos(@ny) (2.3d)

Ex3 = Zl An3cos[Yn3(x + d + hy)] sin(0tny) (2.3¢)
n=



Hy = ZO Bpssin[yn3(x +d + hp)] cos(a,y) (2.3f)
n=

where the indexes in the subscript stand for the corresponding regions and

Yn1 = o3 =Kx1 =ky3 (2.4a)
o2 = ke (2.4b)
ky1 =k =ky3 = 0 = T 2.4c)
k§i+k§i+(32=k2 (i=1,2,3) (2.4d)

here ky; and ky; are the separation constants. The y- and z-components of the electric
and magnetic fields, which are derived from the Maxwell equations in terms of the x-

components E; and Hy, are given by

d%E
. (2.5a)
Br= (k2 K2 )[axay Joko }
2
H, = [a Hx 4 joege, 2B } (2.5b)
(k2 - le d 0z
2
[8 Ex jo x] (2.5¢)
(k2 lgu) axaz
1 0%H, . aEx}
o< ~ wege. ZEX 2.5d
‘ (k2 ‘1%2&) [axaz V0805 dy @39

Substituting (2.3) in (2.5) yields the expressions for y- and z-components of

electric and magnetic fields:

Eyi = ZO Sn1sin[Yn1(x - hy)] cos(any) (2.62)
n=

Hy; = 21 Mpicos[Ta1(x - hy)] sin(any) (2.6b)
n=

Ey = ;0 [Sn2cos(¥n2x) + S'nasin(yn2x)] cos(amy) (2.6¢)

Hy = 21 [Mi28in(Yn2X) + M'n2C08(¥n2x)] sin(ciyy) (2.6d)



where

and

where

Ey3 = ;O Sn3sin[Yp3(x +d + hy)] cos(oyy)
n=

Hy3 = len3COS['Yn3(X +d + hp)] sin(any)
n=

Snl (' 'YnlanAnl - O)HOBBnl)

(0 +B?)
1
Sn2 =T, ( n2(xnA 2" wHOﬁBnZ)
@ +p) o
1 1 ] 1
S'n2 = =5 (- Yn20tnA'n2 - OHOPB'r2)
(o + B?)
Snz =——5— (- Yn30nAn3 - OLePBL3)
n3 ((X.i N BZ) ( Yn3%nAn3 HOﬁ n3
1
Mnl =__2—_ (mEOBAnl - an’Ynanl)
(o, + B2
1
Mp =——— (0&£oBAx2 + 0sYn2Bn2)
n. ((xi + Bz) T n n
1
M'nZ =TS (erSOBA'nZ - anYn2B 'n2)
(o +B2)
M3 (weoBAR3 - OpYn3Bn3)

T2+

Eun= Zl Chisin[Yn1(x - hy)] sin(0iny)
n=

&
Il

;0 Dqicos[Ya1(x - hy)] cos(amy)

Ep= 2_:1 [CnZCOS(YnZX) + C|n25in(Yn2X)] Sin(anY)

Hp = ZO [Dr2sin(Yn2x) + D'nacos(Yn2x)] cos(otmy)
n=

Ez;3 = 21 Crssin[Yn3(x + d + hp)] sin(ony)
n=

Hy; = 20 Dpscos[Yn3(x +d + hp)] cos(a,y)
n:

10

(2.6e)

(2.6f)

(2.7a)

(2.7b)

(2.7¢)

(2.7d)

(2.7¢)

(2.7%)

(2.7g)

(2.7h)

(2.8a)

(2.8b)

(2.8¢)

(2.8d)

(2.8¢)

(2.8f)
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Cat = —5——— §(B¥a1Ant - OHOBn1) (2.92)
(o, + B2
Crz = 5 i(- BtaoAn2 - OH00Bp2) (2.9b)
(o, +B2)
Ciz =5 j(BYnzA'n2 - OHB ) 2.90)
(o, + B2
1.
Cr3 =5 j(B¥n3Am3 - ®U0OBy3) (2.9d)
(o, + B2
Dn1 =_2_—j(‘ WeQUApg - BYnanl) (2.9¢)
(o, + B2
Dy =—5——j(- 0€0&;0nAn2 + BYn2Bn2) (2.99)
(o, + B2
D'z = —5——— (- @80E:0tnA'r2 - BB ) 2.99)
(o + B2)
Dy =———j(- ®€o0nAn3 - B¥n3Bn3). (2.9h)
(o, + %)

The boundary conditions at x = 0 require:

Hy1 =Hy (2.10a)
Ey1 =Ey. (2.10b)
The replacement of the corresponding field expressions in (2.10) leads to:
Anz = Any 2L sin(yahy) 2.11a)
Tn2
Bnz = - Byy sin(Yn1hy). (2.11b)

The boundary conditions at x = -d are given by

Eyp = Ey3 (2.12a)
E,,=E,; (2.12b)
Hys - Hyz = Jpst (2.12¢)
- Hzp + Hpz = Jyt (2.12d)

where Jyg and J,; are the y- and z-components of the strip current density. Replacing

the corresponding field expressions in (2.12) results in
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A'np =Fa1Ap + 2F0(Bly; - jon]'ny)/(wegb) (2.13a)
B'h2 = Fp1Bna - 2Fpp(0pln, + ] BI'ny)/b (2.13b)
where
F, = €2 Yn3 tan(Ynod)tan(Yazhy) - Y2 (2.142)
€12 Yn3 tan(Yn3hy) + Ynotan(Yn2d)
€2 T3 €0s(Yn2d)tan(Yn3ha) + Y2 sin(yn2d)
Y3 tan(Yn2d) + Va2 tan(Yushy)
Fpp = —— tan(¥osho) (2.14d)
Yn3 SIN(Yn2d) + Y2 cos(Ynad)tan(Ynzhy)
b
Ty = | Jyst sin(amy) dy (2.14e)
g
1 ’ 2 0
Pay = Oj Jycosony)dy  8={7 N2¢ (2.140)
and
Ap=- —2 (A cosCnad) + A'yz sin(nad)] (2.152)
Yn3 Sin(Yn3hy)
1 .
Bpz = ———— [Bp cos(Ypad) - B'ya sin(y2d)]. (2.15b)
sin(yn3hy)

The y- and z-components of the electric field on the slot (x = 0) can be written as:

Eyy | xeo=- % SusinCiat hy) cos(0ny) (2.16a)
n=

Eztlxe0=- % Crisintas hy) sin(@ny). (2.16b)
n=

The use of the orthogonality of the sinusoidal functions yields

b
.1 2g
Vipy = 5 o'[ Ey; | 20 cos(Oy) dy = - b Sn18in(Ya1 hy) (2.17a)

b
. 2 .
Vie = J Bl xcosin@ony) dy =-§ Cusingu b (217b)
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Substituting Sp; and Cy; in (2.17) leads to the expressions for A, and By in terms of

V'yand Vp,:
1 b V
A =% % Vny * JBVing (2.182)
Tn1 Sln('Ynlhl)
B, = % Mﬂ (2.18b)
WHo sin(Yn1hy)

On the other hand, the boundary conditions of the magnetic field at x = 0 require:
Hy; - Hyz = J,q (2.19a)
- Hzy + Hpp = Jyg (2.19b)
where Jyg and J, are the y- and z-components of the current density on the fins at x =

0. The y- and z-components of the electric field at x = -d are

Eyp = ;0 [Sn2cos(Yn2d) - S'nasin(Ynzd)]cos(omy) (2.20a)
Epn= 21 [Cr2cos(Yn2d) - C'nasin(fn2d)]sin(Cny). (2.20b)
n=

Substituting the corresponding field components of the magnetic field and the
coefficients in (2.19) and (2.20) leads to the following expressions after some

algebraic manipulations:

3 1G11Viy + G2V + Gsly + Graly ] co5(0y) =3y (221a)
5. [G21Viy + GazVay + Gosly + Gialay ] sin(0ay) =3 o @.21b)
3 [G31Vry + GazVig + Gasly + Gally | sin(oy) = Bz e 2210)
ngo [G41V'ny + G42Vny + Gasloz + Gaal'ng 1 c08(0lny) = Eyp | xea 2.21d)

where G;;(i,j = 1, 2, 3, 4) are Green's functions of the coupled strip-slot structure as

given by
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1 ) cot(Ya1h F iB2
Gu1 = ——(jooegol (L20th) EFaty I b + pogForl) (2.222)
(o +B2) Yni T2  OHp
cot(Ynth F (x
Gra =5 ——{-weoan (FXVIath1), &bty 0B 1\ cortyuihy) + yaForl)  (222)
(o, + B2 Yal Yn.
1 .
Gi3=-G24=G31=-Guap= ~—5——jonuP( - &Fa2 + Yn2Fr2) (2.22¢)
(o, +B?)
1
Gia=-Ga1 = —5—— (- & 0>Fyz - Ya2P? Fy2) (2.22d)
(o, + B2
Gy =-Gqo (2.22¢)
.2
) t(Yo1h F Jo,
Gop = ——{joeop? (L2Mnt0)_EFat  I%n 1 mahn) + udFor]) (2:226)
(o, + B2 Ya1 Yoo OHo
1 2
Gz =-G3p=—5——( - &P%Fa3 - Y20, Fp) (2.22g)
(o} +B2) o
1
Gy =———sin(rmad)( - ] 2 By - jootoo’Frg) (2.22h)
(o, +B2) wep
1 . .
G4 = - Gz = —5 0P} sin(Ynad)( - 22 Fyp + 0HoFi2) (2.22i)
(o, +B2) wep
1 az n2
Gas = —5——=sin(Ynpd)( - j — Fa2 - j0HoB?Fu2). (2.22j)
(o, +B?) weo

The unknown slot fields, i.e., the electric fields at x = 0 and the unknown strip

current densities can, in general, be expressed in terms of known basis functions as

follows:
M
Eys = go Cm €ym(y) pi-0.5w1 <y < pi+0.5w (2.23a)
M
Ez = 21 dm €zm(y) p1- 05w <y < p+0.5w (2.23b)
m=
L
Jast = EO f1ja(y) pt- 05w <y < pe+0.5w; (2.23¢)

L
Jyst = El g1 jyi(y) pt- 0.5w <y £ pr+0.5w; (2.23d)
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where Cm, dm, f1, and g are unknown coefficients to be determined and ey (y),
ezm(Y)s Jz1(y), and jyi(y) are known functions to be chosen to approximate the slot
fields and the strip current densities.

Substituting (2.23) in (2.14) and (2.17) leads to

M
Vipy = z CmV?fy (2.24a)
z AV (2.24b)
m_
I, = z f| 1nZ (2.24¢)
1=1
Ly= 3 g1 (2.24d)
ny = 2 g1 Iny .
where
. P+ 05w,
Inz = j Ja(y) sin(oy,y) dy (2.25a)
pt- 05w,
| 1 pe+ 0.5w,
Ly= s J Jyl(Y) cos(0yy) dy (2.25b)
P
:+ 0. 5w1
VL= [ eym(y) cos(tay) dy (2.25¢)
p - 05w,
1 P+ 05w,
Vﬁ"z‘g L. czm(y) sin(o,y) dy. (2.25d)
P1-

Now, applying (2.24) to (2.21) results in
L k& k b
20 [ZOCJG11Vny+ Z diG12V Z+ Z ka13Inz+ Z ng14Iny Icos(omy) =75 Jys1  (2.26a)
n= = k=

Z [Z CJG21VHy+ Z d G22V + Z ka23]m+ Z ng241ny Isin(ony) = stl (2.26b)
n=

z » cJGglvny+ z AV, + z £iGasl >: 8GalyIsin(@ny) = P2l ea (2260
n=1 _]—

ZO[ ZOC_]G41VJ + 21 de42V + Z ka431nz+ 2 ngulny]COS((XnY) 2Ey2 | x-a.(2.26d)
n=0 =
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Taking the inner products of (2.26a) to (2.26d) with €ym(y), €2m(¥), jz(y), and jyi(y)
leads to the following equations due to the fact that Ey ; and Jy, at x = 0 and -d are

nonzero only in the complementary regions:

< M . M . L L
%[ GV, Vit 3 diG1a V2, Vi + kzofkclglﬁzvg‘y+kzl gGuly Vil =0 (2.27a)
n= J= _] = =

= M . M . L L
YT GV Vit z dezzvilzvykzokaBIf\zvy z 2eGuls VP 1=0 (2.27b)
]: = =

o ny ' nz ny ' nz

> M ] ym M J {m L k m L k ym

2 [2 ¢iG31Vi I+ 2 diGsaVy I+ 3 £Gasl 1o+ 3 gkGsal 1)1 =0 (2.27¢)
n=1 j=0 =1 k=0 k=1

S 13 6GaV 1M+ 3 4GV I+ ¥ fiGal "+ ¥ 2Gaal 1™] =0 (2.27d)
néo[jgbq 41 nyL1y+j§1 dJG42 nzIny+k2=:0 k43 nzI:;'*' élgk 44%hy ny] - )

The propagation constant B is determined by setting the determinant of (2.27) equal to
zero. Once 3 is obtained, the electromagnetic fields and the total power propagating
in the structure can be readily calculated except for a constant factor, which will be

canceled out in the impedance calculation.

2.2 QUASI-TEM SPECTRAL DOMAIN ANALYSIS

For the strip-slot structure with conductors of zero thickness shown in Fig.
2.2, the potential ¢ under the quasi-TEM approximation is the solution of Laplace's
equation:

2 2
v2p =20, %0 (2.28)
dx? 9dy?

with the associated boundary conditions given by

O(x,h14) = 6(x,h1.) (2.29a)

g, SBt) J00ch) _ pet) (2.29b)
dy dy €0

O0ch) = { l\lfgg(())(()) o(t)lrlleigv)itsse} (2.25¢)

0(x,d+h1,) = d(x,d+hy) (2.29d)
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Q0(xdthi) - 30(xd+hy) _ ps(x)

dy dy £

vs(x)  on strips
o(x,d+hy) = { us(x) otherw?se}

(2.29)

(2.291)

where v4(x) is the potential on the ground plane conductors, ug(x) the potential on the
ground plane slots, v(x) the potential on the strips, and us(x) the potential on the
dielectric surface complementary with the strips. Pg(x) and py(x) are the charge

distribution functions on the ground plane conductors and the strips, respectively.

J 10 l, x

Fig. 2.2 Cross section of coupled strips with ground plane slots.

By introducing a proper Fourier transform, the partial differential equation of
(2.28) in the space domain can be simplified to an ordinary differential equation in the

spectral domain. The Fourier transform is, in general, defined as:

a
O = [omedmdx  op=7,  n=0,1,2,.. (2:30)
-a

However, different Fourier transforms can be introduced to simplify the analysis for a
symmetric structure. Since there exist the even and odd modes in a symmetric
structure, it is computationally more efficient to use the even- and odd-mode Fourier

transforms as given by [28]



and

where

a

B(oy) = J(p(x) cos(ex) dx  Om=(n-2)% n=1,2,..

nn

D0n) = | 6(x) sin(anx) dx On =", n=1,2, ...
0

The application of the Fourier transforms to (2.28) and (2.29) leads to

d2d(ot,,y)

G O ®0my) =0

(D(an,hM) = d)((xn,hl-)

¢ @@ hi) dO@Ewhy) _  Pylom)

' dy dy 80

@(0tn,hy) = V(o) + Ug(atn)
D(0ty,d+hy,) = Doy, d+hy.)

d®(om,d+hy.) E:rd<I>(ocn,d+h1.) __ Ps(on)
dy dy €0

®(0,, d+hy) = V(o) + Us(or)

COS(%)} ix
sin(0ty)
COS(%)} dx
sin(0t,)
cos(ocn)} ix

sin(ot,)

Vg,s(ocn) = 0_[ Vg,s(x) {
Ug,s((xn) = Oj ug,s(x) {

Py s(0) = Oj pg,s(x){

and b has the following forms:

(0, y) = Apsinh(any)
(0, y) = Bpsinh[oiy(y-hy)] + B'ycosh[an(y-h1)]

D(0tn, y) = Cpsinh[on(b-y)]

0<y<h;
hi<y<h;+d
hi+d<y<b
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(2.31a)

(2.31b)

(2.32)

(2.33a)

(2.33b)

(2.33¢c)
(2.33d)

(2.33e)

(2.33)

(2.34a)

(2.34b)

(2.34¢)

The general solution of (2.32) which satisfies the boundary conditions at y = 0

(2.35a)
(2.35b)
(2.35¢)
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The unknown coefficients A, By, B',, and C, in (2.35) are determined by using the

spectral domain boundary conditions in (2.33). Eliminating the unknown coefficients

yields:
G11(0m) Ps(ow) + Gra(om) Pe(ot) = V(o) + Us(oty) (2.36a)
Gai(aty) Ps(ot) + Gao(amy Pglom) = Ve(an) + Ug(or) (2.36b)
where
Gi1(o) =-i- [ coth(o,d) + —l—coth(ocnhl)] (2.37a)
&
1
G =G n=——"-"— 2.37b
12(0tn) = Ga1(0ty) A sinh(ed) ( )
Gyl =21§ [ coth(a,d) + —écoth((xnhz)] (2.37¢)
and

A = apep{e+coth(and)coth(ahy)+coth(ohy)[coth(o,d)+ lcoth(()t,,hl)] }. (2.37d)
€&

To apply the Galerkin method to (2.36), one needs to expand the charge distributions
on the conductors in terms of known basis functions. The total charge distributions in
the spectral domain on the strips and the ground plane conductors are the summations

of the corresponding charge distributions, which can be written as:

u

Py(oy) = gl Psu(an) (2.38a)
\'%

Pg(a) = ;1 Pgv(0tp). (2.38b)

where U and V are the numbers of the strips and the ground plane conductors and the
charge distributions on individual conductors can be expanded in terms of known

basis functions given by

M
Pyu(0m) = 21 2 Py (0n) (2.39a)
m=

J
P gv(an) = ;1 b}, PZj(an) (2.39b)
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Substituting (2.38) and (2.39) in (2.36) and taking the inner products of (2.36) with
P (o) and P (at,) lead to

ngl mhz:KuP“a“ +1_z1 le K12{;‘b‘ R} k=1,2,..,M; p=1,2,..,N (2.40a)

ngl mI\ZilKﬂl‘}Ea“ +3 le K220l =S8 1=1,2,...%  q=1,2,..1 (2.40b)
where

K11p7 = Z Py (0n)G11(0tn) Py (0n) (2.41a)

KI2fj= 3 Py(@GulomPh (e (2.41b)

K217 = 2 Py (01)Go21(0m) Py (0tr) (2.41c)

K22§‘= ; P;j(an)Gzz(a,,)P‘*,(a,,) (2.41d)

z [Vs(0n) + Ug(0m)] By(am) = 5 Of PEL(X) vs(x) dx (241e)

= ngl[vg(aro + Ug(om)] P(om) =5 Ofa PLLx) vg(x) dx. (2.419)

Use of the Parseval relation has been made in the derivation of (2.41), where the

product terms Us(ocn)P «(0tn) and Ug(atp)P ql(an) vanish due to the fact that the

corresponding charge distribution functions and the potential functions are non-zero

only in the regions complementary to each other, i.e.,

g Uslom) (o) = 2 1 PRGO B0 dx =0 (2.422)
3 Uy(on) Biom =5 3 J P00 g0 dx =0 (2.42b)

It is clear from (2.40) and (2.41) that the coefficients of the charge
distributions are related to the potentials on the strips and the ground plane

conductors, which can be written in a concise matrix form given by

[Ql1=[C][V] (2.43)



21

where [Q] is a column vector with N elements, each of which represents the total
charge on a corresponding strip or ground plane conductor, [C] is an NXN capacitance
matrix, which relates the charges to the potentials on the conductors, and [V] is a
column vector of N elements consisting of the potentials on the conductors, N is the
total number of the strips and the ground plane conductors in the structure. With the
knowledge of [Co], the capacitance matrix of the structure with all the relative
dielectric constants set to one, the inductance matrix can be readily obtained from the

following relationship:

[LI[Col = 5 [U] (2.44)
Vo

where Vg is the speed of light in free space and [U] is an identity matrix. Under the
quasi-TEM consideration, it is sufficient to use [Cp], [C], and [L] to characterize a

multiconductor transmission line system.

2.3 SUMMARY

The full-wave and quasi-TEM analyses of the coupled strip-slot structures are
formulated by the modal analysis method and the spectral domain technique,
respectively.

In the full-wave analysis, the electric and magnetic fields are constructed in
terms of modal fields in different regions. The application of the boundary conditions
at interfaces for the tangential components of the electric and magnetic fields results
in the dyadic Green's function, which interrelates the tangential currents and fields at
the boundaries. The use of the Galerkin method reduces the problem under
consideration to a set of homogeneous equations associated with the unknown
coefficients of the strip currents and the slot fields. The eigenvalues of the equations

are the solutions of the propagation constants of the structure.
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In the quasi-TEM analysis, the Fourier transform is introduced to simplify the
Laplace equation to an ordinary differential equation in the spectral domain. The
solution of the equation together with the boundary conditions results in the Green's
function, which relates the charge distributions to the potentials. The application of
the Galerkin method yields a set of algebraic equations associated with the unknown
coefficients of the charge distributions on the strips and the ground plane conductors.

The non-trivial solution of the algebraic equation leads to the capacitances.
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3. CHARACTERISTICS OF MULTIPLE COUPLED FIN LINES

= h—-d 4— h —

Fig. 3.1 Cross sections of some typical fin lines: (a) unilateral

asymmetric coupled two-slot, (b) unilateral symmetric coupled three-

slot, (c) bilateral asymmetric coupled two-slot, and (d) bilateral

symmetric coupled three-slot structures.

The propagation constant and the characteristic impedance are the two most
important parameters for a transmission line structure. Efforts [6, 30] have been made
to characterize single as well as coupled fin lines. Some of typical fin line structures

are shown in Fig. 3.1. Unlike a TEM transmission line, a fin line does not have a

unique impedance definition due to its non-TEM mode nature. Among the various
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impedance definitions for the fin line [11], the most commonly used one is the one
based on the power-voltage definition, i.e.,

V2

Z=5p 3.1

where P is the time averaged power propagating on the fin line and V is the voltage

across the slot. The total average power is calculated by
1 *
P =3 Re[f] (ExH")e ds] (3.2)

where the integration is over the entire cross-section of the propagation structure. The
voltage across the slot line is defined as

V = ot Ey(y) dy (33)
where Ey(y) is the y-components of the electric field on the slot. However, the
impedance definition of (3.1) is only directly applicable to single slot and
symmetrically coupled two-slot fin lines.

For the asymmetrical or multiple coupled fin lines, the partial powers
associated with the individual slots have to be used in the impedance calculation. One
of the preconditions in the impedance calculation is that the summation of the partial
powers equals to the total power. Based on this precondition, Jansen [31] proposed
the following admittance definition for mth slot in a multiple coupled fin (slot) line
structure and the impedance definition for the mth strip in a multiple coupled strip

line structure:

Y=2Em = L Refl] (exh®)e ds] h=3 by (3.42)
m Vm m
Zon = -Z-Igm - il?_— RelJ] (exy™)e ds] e=3 en (3.4b)
m
m m

where Vp, is the voltage across the mth slot, I, is the mth strip current flowing in the

propagation direction, ey, and hy, are the partial fields associated only with the mth
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portion of the expansion functions of the total fields. Although the total power is
conservative by using Jansen's impedance definitions, the resultant impedance matrix
violates the reciprocity for a linear, isotropic, passive transmission line structure.
Therefore, they are not applicable to the multiple coupled line structures except the
single and symmetric coupled two line structures. An impedance definition proposed
by Tripathi and Lee [32] for a multiple coupled strip line structure satisfies both the
reciprocity and the conservation of the total power. It has been used to characterize
the asymmetric coupled two fin line and symmetric coupled three fin line structures
[21, 33]. However, the comprehensive design information on the multiple coupled fin
(slot) lines is still not made available to date.

In the full-wave analysis of a multiple coupled slot (strip) line structure, the
slot voltages (strip currents) and total power can be readily computed for all normal

modes. The voltage and current vectors are biorthogonal [32]:

N .
T 0 Fm .
Vi Ij=1§1V11nIIJ={Pm }:m pm=12,..N 3-5)

where subscript 1 refers to the /th line, m and j the mth and jth modes, N the total
number of the transmission lines or the normal modes of the structure, and Py, the
total power associated with the mth mode. Once the slot voltages (strip currents) and
the modal powers are known, the equivalent slot currents (strip voltages) of the /th
line can be derived from the partial modal power of the line:

Pim = Vim Iim. (3.6)

Then, the modal impedance of the /th line can be unambiguously defined as

2
_ P _ Vim _ Vin
Zn= 2= = T 3.7)
m
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which guarantees that the resultant 2N port impedance, admittance, and scattering
matrices are symmetric for a transmission line structure in a lossless, linear, and
isotropic medium.

In an asymmetric coupled two line structure, there exist two normal modes: c-
and m-modes [34]. The c- and T~modes correspond to the even- and odd-modes in a
symmetric coupled two line structure. The biorthogonality of the voltage and current

vectors yields:
Vin Vor |l Ioclon] = | O Pry ’
where P. and P, are the modal powers associated with the c- and ®-modes. The

voltage or current ratios for ¢- and T-modes are defined as:

_ Voo Lim_ 1
Rve = Vic'  Ix~ Rm (3.9)
V2ﬂ7 Ilc 1
= =- e _ = 3.9
Rvn Vin 2« R (3.95)

The modal impedances are derived in terms of the modal powers, voltages, and

voltage ratios as given by:

Rye. Vi
Zie=(1-R%) 5 (3.10a)
2
RV
Zuin=(1 - R—:: ) ?;f (3.10b)
and
Zyo _Zom _
Fe=7 = R (3.10¢)

Likewise, there are three normal modes: the odd mode (a), the even-even
mode (b), and the even-odd mode (c) in a symmetric three line structure [35]. The use

of the biorthogonality of the voltage current vectors leads to
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Via 0 -V qrhaliplic] [P0 0
Vib Vab Vip|l 0 IppIpc [={ OPp O (3.11)
Vlc V2c Vlc 'Ilallb Ilc 00 Pc

The voltage and current ratios are defined as

Rym = ‘% (3.12a)
R = E—Z (3.12b)

where m =b or ¢ and
RvbR1e = RycRpp = -2. (3.13)

Again, the modal impedances are expressed in terms of modal powers, voltages,

voltage ratios as given by

2v?

= Pala (3.14a)

2

R 2V
Zin=(1 - R—:E )—Pb“’ (3.14b)

2

R.. 2V
Zie=(1-g* )—Pclc (3.14c)

and

Zon_Zoc . RuRee (3.144)

Similarly, the modal impedance can also be expressed in terms of the modal
powers, currents, and current ratios.

In this chapter, the normalized guide wavelengths and the characteristic
impedances of various asymmetric coupled two-slot and symmetric coupled three-slot
fin line structures are calculated by using the modal analysis method and the above
impedance definition. First, the effect of the basis functions representing the slot
fields on the accuracy of the computational results is discussed. Second, the
convergence of the modal analysis is checked in terms of the summation terms in the

field expansion. Then, the characteristics of various fin line structures are illustrated
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with numerical results. Finally, design examples of the fin line couplers are given to

indicate the applications of the fin line structures.

3.1 BASIS FUNCTIONS AND SUMMATION TERMS

Electric and magnetic fields are singular in the vicinity of sharp edges which
exist in most commonly used strip or slot line structures [2, 36]. In the modal
analysis, the numerical solution is obtained by expanding the strip current or the slot
field in terms of a set of known basis functions, which closely approximate the true
strip current or slot field. Therefore, the accuracy of the final solution depends on how
accurately the basis functions can represent the exact strip current or slot field.

Many different basis functions have been used in practice [6]. The most
important criteria in choosing the basis functions lie in the singularity or edge
condition, the completeness, and the ease of the Fourier transform of the basis
functions. Detailed discussions about the basis functions can be found in [3]. Here,
the sinusoidal functions corrected with the edge condition terms, which have been
demonstrated to be efficient due to the fact that they have the closed forms of the

Fourier transform [37], are chosen as the basis functions used in the field expansion:

cos[mﬂ:(% + L‘;V&)]
eym(y) = - pi- 0.5w; <y <p;i+0.5w; (3.15a)
IAVAS Y
R
sin[mn(%— + y_\;g)]
€m(y) = ! pi- 0.5w; <y <p;i+0.5w; (3.15b)
1- [2(} - Ei)]z
Wi

where w; is the width of the ith slot, p; is the center of the ith slot, m (= 0) is an
integer, €y;m(y) and e,y (y) are zero in the undefined regions.
The even-mode normalized wavelength and characteristic impedance of a

symmetric coupled unilateral fin line structure as a function of the number of the basis
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function are shown in Fig. 3.2, where the odd-mode normalized wavelength and
characteristic impedance are not shown due to their relatively smaller variations. The
even- and odd-modes are defined by placing magnetic and electric walls in the center
of the E-plane of the waveguide, respectively. It is seen that the errors between the
results obtained with one basis function and those obtained with two basis functions
for each component of the slot field are about 0.2% and -1.4% for the normalized
wavelength and the characteristic impedance. The use of more basis functions reduces
the errors, but the improvement in the accuracy is trivial by using three or more basis
functions. On the other hand, it significantly increases the computation time. As the
number of the basis functions used is increased from two to four, the characteristic
impedance converges asymptotically whereas the normalized wavelength varies
slightly. In the above calculations, 500 summation terms have been used in the modal

field expansion.

0.8087 - -240.26
1 i —_
] g c
0.8082 [239.40 =
J - Qo
° b r o
< 0.8077 ] [238.54 5
< ] y o
4 - 4}
] i A
0.8072 ] 237.68
] [ R
4 -
0.8067 - 4 T l -236.82
0 i 2 3 1 5

Number of Basis Functions

Fig. 3.2 The normalized wavelength A./Ao and the characteristic
impedance Z. of the even mode vs. the number of basis functions
(£r=2.22, d=0.254, h1=3.556, wi=w,=0.2, p;=1.578, p»=1.978,
=33GHz, waveguide=WR-28, length unit: mm).
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The convergence of the results obtained with two basis function for each
component of the slot field for a centered unilateral fin line as a function of the
summation terms is illustrated in Fig. 3.3. The normalized wavelength and the
characteristic impedance converge initially very fast and then slowly as the
summation terms are increased. Since the difference between the results of using 400
summation terms and 500 summation terms is negligibly small, it is trivial to reduce
the errors by a further increase in the summation terms. Therefore, a modal analysis
solution with 500 summation terms is adequate to yield accurate results. Of course,
the number of the summation terms used also depends on the slot width. More

summation terms should be used for the fin line with a wide slot.

0.9096 -
: _
0.9094 =)
: ®
o 0.9092 - 3
< ] q
N . ol
~< 0.9090 9
] =%
0.9088 ] g
0.9086 +++——1T T
0 100 200 300 400 500

Summation Term N

Fig. 3.3 The normalized wavelength A/Ag and the characteristic
impedance Z of a fin line with a centered slot vs. the number of

summation terms (g,=2.22, d=0.254, h;=3.556, w=0.2, f—33GHz

waveguide=WR-28, length unit: mm).

The numerical results obtained from the modal analysis were compared in [6]
with those from the spectral domain method for a centered, unilateral fin line. It was
found that they are in fairly good agreement for both the normalized wavelength and

the characteristic impedance. In addition, it was reported in [18] that for a slot with
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reasonably wide width, a 5% accuracy for both the propagation constant and the
impedance can be achieved by using only two basis functions for each component of
the slot field in the spectral domain analysis.

In the following calculations, two basis functions for each component of the
slot field and 500 summation terms are used to evaluate the normalized wavelengths
and the characteristic impedances of various fin line structures. In all cases, the fin
lines are confined in a WR-28 waveguide, the frequency range of which covers the

Ka band ranging from 26.5 to 40 GHz.

3.2 UNILATERAL COUPLED FIN LINE STRUCTURES

Coupled fin line structures have been used in circuit components such as
couplers, filters, and mixers. To secure a designed circuit with high performance, one
needs to know the accurate characteristics of the structures. Since the characteristics
of symmetric coupled two-slot fin line structures have been detailed in [6], a further
discussion of them is more or less redundant and not within the scope of this section.
Instead, the characteristics of the asymmetric coupled two-slot and the symmetric

coupled three-slot fin line structures will be examined.

3.2.1 Asymmetric Coupled Two-Slot Fin Line Structures

As seen in Fig. 3.4, the effects of the relative dielectric constant €, of the
substrate on the normalized wavelength A/)¢, the characteristic impedance Z;, and the
modal voltage ratio R are different for c- and n-modes. As frequency is increased,
both Ac/Ag and Ar/Ag decrease monotonically. However, the change in A /Ag is
relatively small. Ry rises slightly, whereas IR.| falls insignificantly. While Z;
decreases for g; = 2.22 and increases for €; = 9.8, Z;. only increases a little for both €,

=2.22 and 9.8. When the slot width wj is increased from 0.2 to 0.8 mm with the w, =
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1.5w1, Mg and Z,; increase. The change in the modal voltage ratio is different. On
one hand, Ry increases and IR.! decreases for € = 9.8. On the other hand, R; increases
approximately at f > 33 GHz and decreases approximately at f < 33 GHz and IR.!
decreases for €, = 2.22. As ¢, is increased from 2.22 to 9.8, A/Ay decreases
substantially. Ry increases, whereas IR | decreases. While Z; decreases, the change in
Z15 depends on the frequency as well as the slot width. Z;, decreases in the case of a
narrower slot (wy = 0.2 mm). However, it decreases at approximately f < 32.5 GHz
and increases at approximately f > 32.5 in the case of a broader slot (w; = 0.8 mm).

Fig. 3.5 shows that the variations of A/Ag, R and Z; for an asymmetric coupled
two-slot fin line structure as a function of frequency with the substrate thickness d as
a parameter. When d is increased, A/A¢ decreases due to the fact that a thicker
substrate results in a higher effective dielectric constant. Ry decreases, whereas IR
increases. Z; decreases with an increase in the substrate thickness..

Changes in A/Ag, R, and Z; with respect to the lateral position of the substrate
h; for different slot separations are plotted in Fig. 3.6. As h; is increased, Ay/Ao has a
nearly symmetric change with a minimum value for the substrate placed close to the
center of the broad wall, while A/Ag shows only a slight change. The variations in R,
and IRl are almost symmetric but bent in different directions. At the symmetric point,
Ry and IRl reach the maximum and minimum values, respectively. The change in R
is more pronounced for a larger separation between the slots. Z1 weakly depends on
the lateral position of the substrate. The overall change in Z; is insignificant due to
the high concentration of the electric field in the slot region for a narrow slot. As long
as the slots are not too close to the side wall, the influence of the wall on the electric

field in the slot region can be neglected [6].
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The dependence of the dynamic characteristics of the asymmetric coupled
two-slot fin line structure on the separation between two slot centers is shown in Fig.
3.7. As frequency is increased, An/Aq decreases gradually and A,/Ag shows almost no
change. Z;. and Ry increase, whereas Z; and Rl decrease. As the separation is
increased, A/Ag also increases. However, its effect on An/Ag is negligible when the
coupling between the slots becomes weak, say, s = 1.0 mm. The decrease in IR at
high frequencies is faster than that at low frequencies. R;; decreases at frequencies
approximately below 36 GHz and it first decreases and then increases for frequencies
approximately above 36 GHz. Z,. decreases, while Z;, increases. Z. > Zy, for a
small separation and Z; < Z;,, for a large separation.

Fig. 3.8 illustrates A/Ag, R, and Z; as a function of the slot width w; with w, =
1.5wy. As wj is increased, A/Ag and Z; increase. It is observed that Ry initially
increases and then decreases, whereas IR .| decreases monotonically.

The influence of the slot displacement in the symmetric E-plane on A/Ag, R,
and Z, for a fixed separation between two slots with wy = 1.5w is shown in Fig. 3.9.
The change in Az/Ay depends not only on the slot displacement but also on the slot
width. In the narrow slot (w; = 0.2 mm) case, Ay/Ay decreases slightly when one of
the slots is close to the broad wall, otherwise it is nearly a constant. In the broad slot
case (w1 = 0.8 mm), A/Ag changes symmetrically and reaches its maximum at p; =
1.1 mm. On the other hand, A./Ay shows almost no dependence on the slot
displacement and the slot width. As the slot displacement is increased, both Ry and
IR decrease, but there exists a region where Ry is almost a constant in the narrow
slot case. Z;. increases for both cases, whereas Z increases for a broad slot and it

first increases and then decreases for a narrow slot.
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In general, the n-mode parameters in the asymmetric coupled two-slot fin line

structure are more sensitive to a change in the structural parameters than the c-mode

parameters.

3.2.2 Symmetric Coupled Three-Slot Fin Line Structures

There are three normal modes in a symmetric coupled three line structure: odd
mode (a), even-even mode (b), and even-odd mode (c). The frequency dependent
characteristics of the symmetric coupled three-slot fin line structure with the relative
dielectric constant €, of the substrate as a parameter are shown in Fig. 3.10. It is seen
that as frequency is increased, A,/Ag and A/Ag stay nearly unchanged, while Ay/Ag
decreases. Ry, increases, whereas IR | decreases. Z;, increases and Z;. decreases
slightly, but Z;;, decreases for €, = 2.22 and increases for € = 9.8. As ¢, is increased
from 2.22 to 9.8, both A/Ag and Z; decrease. R}, increases and IR | decreases.

Fig. 3.11 indicates the influence of the substrate thickness on the
characteristics of the structures. It is observed that the effect of increasing the
substrate thickness d is equivalent to that of increasing the dielectric constant of the
substrate while having the thickness fixed. This is clearly reflected by the fact that
Mg decreases with an increase in d. However, the change in Z; and R are different
from those shown in Fig. 3.10. As d is increased, Ry, increases and IRl decreases.
While Z1, decreases, Z;, decreases for frequencies approximately below 35 GHz and
increases slightly for frequencies approximately above 35 GHz. In addition, Z;
decreases for frequencies approximately below 27 GHz and increases for frequencies
above 27 GHz.

The effect of the separation between the slots on A/Ag, R, and Z; is illustrated

in Fig. 3.12. As the separation s is increased, Aa/Ag, Ac/Ao, and Ry, increase while Z;,
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and Z;. decrease. Ay/Ag and Z;y, first increase and then decrease slightly. On the
contrary, IR/l first decreases slightly and then increases.

The dependence of Mg, R, and Z; on the center slot width is plotted in Fig.
3.13. When the center slot width w, is increased, A/Ag also increases. Whereas the
changes in A,/Ag and Ao/Ag are very small, the change in Ay/Ag is relatively large and
almost linear. While IR | remains nearly unchanged, Ry, increases with w,. In contrast
to the change in A/Ag, Z; decreases with an increase in w,. The decrease in Z;., which
covers a wide range of values, is much faster than those in Z1, and Z;y,.

As seen in Fig. 3.14, increasing the side slot width w, with all other
parameters fixed has a similar effect on A/A as in the case of increasing the center
slot width. However, the variations in R are different from those with a change in the
center slot width. IR | increases, while Ry, decreases. As expected, Z; increases with
Ws.

The variations of the characteristics of the structure with a lateral
displacement hy of the substrate is shown in Fig. 3.15. It is clearly seen that all the
characteristic parameters except Ay/Ag change insignificantly as long as the fins are
not located very close to either of the side walls. Ap/Ag first decreases and then

increases as hy is increased.

3.3 BILATERAL COUPLED FIN LINE STRUCTURES

Bilateral fin line structures are also important transmission line structures used
in millimeter-wave integrated circuits. To date, most of studies on the bilateral fin line
structures have been centered around the bilateral symmetric coupled two-slot fin line
structures. The characteristics of the structures presented in [6] are predominated by

MXo and Z of the even mode. However, the characteristics of the odd mode play an
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important role in designing the circuits using the bilateral symmetric fin line
structures. The study on bilateral asymmetric coupled two-slot and symmetric
coupled three-slot fin line structures is very limited, if not rear. In addition, they were
incorrectly treated as one- and two-line structures, respectively, coupled with high
order modes [37]. Therefore, a detailed study on them is necessary to provide the
useful and important information on the characteristics which include the propagation
constant and the characteristic impedance.

In this section, the characteristics of bilateral symmetric and asymmetric two-
slot as well as symmetric three-slot fin line structures will be presented through

various numerical results obtained from the modal analysis.

3.3.1 Coupled Two-Slot Fin Line Structures

The frequency dependent characteristics of a symmetric coupled two-slot fin
line structure are shown in Fig. 3.16. As frequency is increased, the normalized even-
mode wavelength A/A decreases slightly. A rapid decrease in the normalized odd-
mode wavelength A./Aq for €. = 2.22 indicates that the associated cutoff frequency for
the substrate with a small €, is higher than that with a large €. In the case of & = 2.22,
the even-mode impedance Z, initially decreases and then increases slightly, while the
odd-mode impedance Z, decreases first drastically and then smoothly. In the case of
& = 9.8, Z, increases and Z, decreases. When the substrate thickness is increased,
both Ae/Ag and Ao/Aq decrease in the case of €, = 2.22. However, A/Aq decreases and
AofAo slightly increases in the case of €, = 9.8. The bilateral fin line structures have
two features different from those of the unilateral fin line structures. One is that Ay/Ag
increases sharply in the case of € = 2.22 as frequency is decreased. This indicates the
odd-mode cutoff frequency of the bilateral fin line structure is higher than that of the

unilateral fin line structure, as shown in [6], with the same physical dimensions. The
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other is that Ay/Ag > Ae/Ap for the substrate with €, = 2.22, whereas Ao/ < Ae/Ao for
the substrate with €; = 9.8. Furthermore, in the case of €, = 9.8, an increase in the
substrate thickness results in a small increase in A,/Ag and a decrease in A./Ao.
Therefore, it is possible to equalize A/Ag and A./Ag at certain frequencies by properly
choosing the substrate material and thickness, which could be useful in the directional
coupler design.

Since the odd-mode or m-mode cutoff frequency of a coupled bilateral two-
slot fin line structure with a lower ¢, as seen in Fig. 3.16, is higher, the application of
the fin line structure in filters and couplers will be limited to a higher frequency range
for a given waveguide. A substrate with a higher €, is needed to ensure that both
modes propagate in the lower frequency range. In the following calculations, a
substrate of €, = 9.8 is used in the fin line structures.

The effect of the center location of two equal slots in a symmetric structure on
Mg and Z is plotted in Fig 3.17. It is seen that as the slot center deviates from the E-
plane center, A./Ag only increases slightly. In contrast to the change in A¢/Ag, Ao/Ag
increases significantly. When the slot is located in the E-plane center, A/Aq reaches its
minimum. While Z, slowly increases, Z, initially decreases and then increases. The
change in impedance is relatively small. The effect of the common center location of
two unequal slots is illustrated in Fig. 3.18. The changes in A/Aq are similar to those in
the equal slot case. However, the change in Z, is significantly different from that in
Z.. Z decreases drastically as the slot center deviates from the E-plane center.

Fig. 3.19 shows the influence of the slot width on A/Ag and Z of the symmetric
structure. As the slot width is increased from 0.2 to 1.0 mm, both A/Ag and Z increase.
The increase in the even mode is more significant than that in the odd mode.

The dependence of A/Ag and Z of the structure with two equal slots on the

lateral displacement of the substrate is plotted in Fig. 3.20. When the substrate is
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located in a position other than the center of the broad wall, the sﬁucture 1s no longer
symmetric. The two basic modes existing in the structure are ihe c- and m-modes
instead of the even- and odd-modes. The overall effect of the displacement on the
characteristics is insignificant. As the displacement from the centjer of the broad wall
is increased, Ac/Ag increases slowly and An/Ag shows almost no (j:hange. While Z,
overlaps with Zn, Z). and Zy start to split when the substrate is/moved close to the
side wall. After the splitting, Z,. decreases and Z,. increases sligﬁtly. In other words,
the difference between Zi. and Z;. is then distinguishable. In|addition, the same
dependence for the structure with unequal slots is shown in Fig. 3.21. AMAg behaves in
a similar way as that discussed in the equal slot case. The change 1n Zy is insignificant
as the location of the substrate changes. When the substrate is mo%;/cd close to the side
wall, both Z;. and Z,, start to decrease. This is different from the qj:ase with two equal
slots.

Fig. 3.22 illustrates the case where the centers of two slotjs shift from the E-
plane center with an equal distance but in the opposite directions. As the slots shift
from the E-plane center, Ar/Ag and Z, monotonically increase, whereas Ao/Ag and Z
initially decrease and then increase. As the distance between twoj slots increases, the
coupling between them decreases. This is reflected by the fact ?that c- and ®-mode
parameters approach to each other for a large separation between the slots. For the
same structure with unequal slots, a similar effect is seen in Fig.% 3.23 when the slot
centers deviate from the E-plane center with the equal distance but in the opposite
directions. Z; < Z, for a small or medium separation between the slots. There exists a

distance with which Z; = Z,. A further increase in the distance makes Z; > Zs.




39

The effect of changing the slot width w; on the characteristics of the structure
is demonstrated in Fig. 3.24. As w; is increased, An/Ag, Z1n, and Zp, slowly increase,

whereas Ao/Ag, Z1c, and Z, first increase and then decrease.

3.3.2 Symmetric Coupled Three-Slot Fin Line Structures

The influence of the dielectric constant of the substra;ke on the frequency
dependent characteristics of the fin line structures is shown in Flg 3.25. As frequency
is increased, A/Ag decreases. At lower frequencies, the even-odd mode corresponding
to € = 2.22 is in its cutoff region. At higher frequencies, A/Ag dcjtcreascs drastically.
As the frequency is increased, Ry, increases and IR.! decreases. Zlia decreases for both
€ = 2.22 and 9.8. Z;;, increases and Z;. decreases slightly in the case of €, = 9.8.
However, Z1}, decreases and Z; increases in the case of &, = 2.2231 As expected, A/Ag
corresponding to a higher &, is smaller. The fact that the evcfn—odd mode for the
substrate with a lower €, has a much higher cutoff frequency thijan other two modes
could mistakenly leads one to consider the structure as a two-linej: structure [37]. This
suggests that a substrate with a higher €, be chosen to ensure ﬁhat all three modes
propagate in a desired frequency band. It is worthwhile to note tl‘j;at Ab/Ao > A/Ag in
the case of & = 9.8, whereas Ay/Ag < A/Ag in the case of € =2.22. Qn the other hand,
as & 1s increased from 2.22 to 9.8, Ry, decreases while IRl increasczs. Zy, and Z;. both
decrease, whereas Z,;, increases. |

The dependence of the characteristics on the center slot wijidth w¢ is plotted in
Fig. 3. 26. As w, is increased, A/Ag also increases. Ry, increases, wﬂjhercas IR initially
increases and then decreases. 7, first decreases and then increase%, while Z1p and Z;
both increase. It is seen that Ay/Ag > Ao/Ag > Aq/Ag. When w, is sm%aﬂ, the increase in
Av/Ag and the difference between A,/Ag and Ao/A are relatively largcjz. There is a region

where the difference between A,/Ag and A./Ag is very small and|Ay/Ag is almost a
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constant. When w. becomes large, the difference starts to increase. For small and
medium size center slots (W, < 1.3 mm), Zj, > Z1. > Z1a. In addition, Z1, remains
small and Z1. shows a slight variation. For a large w¢, Z1, and Z;y, increase sharply.

The variations of A/Ag, R, and Z; as a function of the side slot width W, are
illustrated in Fig. 3.27. Again, it is seen that Ay/Ag > Ac/Ag > Au/Ag. As W is increased,
the overall change in A./Ag s relatively small. A,/Ag changes slightly when w is
small. However, it increases sharply when w, becomes large. A./Ag increases
smoothly. While R}, stowly decreases, R undergoes a drastic change. It is seen that
there is a divergent point in Re where the voltage across the side slot in the ¢ mode
approaches to zero. Z1, increases nonlinearly, whereas Zi. initially increases slightly
and then rapidly decreases to a negative value. On the other hand, Z;, undergoes three
different stages with one peak and one valley.

The dependence of the characteristics on the center position of the side slot,
Le., the separation between two side slot centers, is shown in Fig. 3. 28. As the
separation is decreased, A,/Ag rises monotonically. Ay/Ag first decreases and then
increases, whereas A /Aq first increases and then decreases. The change in Ap/Ag is
relatively large. While Ry, increases slowly, R, goes through a drastic change due to
the existence of the divergent point. Z;, decreases slowly and Z; increases from a
negative value to a positive value. Z;, first decreases and then increases.

The effect of the substrate thickness on the characteristics is plotted in Fig.

3.29. Increasing the thickness results in decreases in both A,/Aq and Ab/Ag, but an
increase in A/Ao. The change in Ay/Ag is relatively large. As the thickness is
increased, Ry, decreases while IR.| increases. Whereas both Z1, and Z; increase, Z1p
decreases.

As seen in Fig. 3. 30, the lateral displacement of the substrate has a relatively

small influence on the characteristics. All of the characteristic parameters are almost
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unchanged as long as the substrate is located far from the side wall. When the
substrate is placed close to the side wall, Ay/Ag, Ry, and Z;y, increase. IR.! increases
when the two side slots are closer to the side wall and decreases when the center slot

1s closer to the side wall.

3.4 APPLICATIONS OF THE COUPLED FIN LINE STRUCTURES
Applications of the coupled fin line structures in directional couplers have
been reported in the literature [6, 21, 23, 38, 39). Design examples of the couplers
using asymmetric coupled two-slot fin lines and symmetric coupled three-slot fin
lines terminated in non-mode converting impedances [40], which result in closed-
form expressions of the scattering parameters for the couplers, are given in [21, 33].
However, due to the fact that the characteristic impedances of the coupled lines are
frequency dependent, the use of the derived scattering parameters for the couplers
terminated in the non-mode converting impedances is confined to a single frequency
point, such as the center frequency of the coupler, where the non-mode converting
conditions are satisfied. The scattering parameters of the coupled two-line structure
terminated with arbitrary impedances were derived in [41]. In general, the normalized
scattering parameter matrix [S] of a multiport network can be written as [42]

[S] = [Ro]~%3{[Zoc] - [Ro]}{[Zoc] + [Rol}! [Ro] 05 (3.16)
where [Ro] is the characteristic reference impedance matrix and [Z] is the open-
circuit impedance matrix. [Z,.] can be calculated in terms of the normal mode
parameters [32, 34, 35] of the coupled line structure. For simplicity, the following
analysis of the directional coupler design will be focused on the asymmetric coupled
two-line four-port couplers.

A matched two-line four-port directional couplers, as shown in Fig. 3. 31,

using coupled lines can be realized when the c- and m-mode impedances are
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equalized, i.e., Zj 3¢ = Z1 2. Terminating such coupler with Z; 5 = Z; 5., which are

non-mode converting impedances, yields the scattering parameters as given by [41]

S11=S220=S33=S4=0 (3.17a)
S12=521=534=843=0 (3.17b)
S13 = S31 = Sa4 = S42 = 5——— V-RoRy (e -¢3%) (3.17¢)
R.- Ry
1 . .
S14=841= ®.-R, (Reei®r -Rpei®) (3.174d)
823 = S32 = —ER‘c];—Rn (Rce'lec -Rne'jeﬂ) (3. 176)

where 0. = 2rtL/A¢ x and L is the length of the coupled line.

. . . . . 2
For a given coupled line structure, the maximum achievable coupling 183117,

for the matched coupler is found from (3.17) to be

2 4R R.
IS31) 45 = m (3.18)
at the frequency where
cos(B;- 0y) =- 1. (3.19)

The four port coupler can be realized for a desired coupling by designing the physical
structure to yield the required ratio of Ry/R. or R¢/Ry; at the center frequency [33].
Directional couplers with desired coupling coefficients less than the maximum
value of 153112 as given by (3.18) can also be realized by an appropriate selection of a
coupler length. For example, 3-dB couplers can be realized either by choosing the

desired R/Ry at the center frequency or by choosing the coupler length such that

cos(8; - By) = —(%Il%)z. (3.20)

It is seen from Fig. 3.7 that Z,. and Z;, can be equalized for a given two-slot
fin line structure by changing the separation between two slots. The effect of the slot
separation on the characteristic impedances of the asymmetric and symmetric coupled

two-slot unilateral finlines is shown in Fig. 3.32. As the separation is increased, Z,
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and Z;. decrease while Z, and Z increase. It is obvious that there is an intersection
point where Z;. = Ziy. That is, ideal codirectional couplers can indeed be physically
realized by choosing the desired separation. In theory, an accurate result of the
separation, which equalizes Z;. and Zy5, can be found numerically. However, a
practically realizable separation is limited by the MIC processing technology. For the
curves shown in Fig. 3.32, Z;. = 151.31 Q and Z1x = 151.29 Q when the slot
separation S = 1.304 mm, which is considered as acceptable for the design purpose.
Therefore, the matched terminations for the ideal coupler are determined by Z; =
NZiZix and Zy = VZaZyy in the calculation. It should be noted that the difference
between the impedances will decreases again with the slot separation as the two slots
are decoupled.

Fig. 3.33 shows the coupling and isolation of an asymmetric coupler designed
for maximum coupling at the center frequency f = 33 GHz. The coupler can be
terminated with the matched terminations or the line impedances corresponding to the
centered single-slot fin line impedances at the center frequency. The difference in the
coupling between the two couplers is relatively small. However, the isolation of the
coupler with the matched terminations corresponding to the characteristic values of
Zy = NZiZsn and Z = VZpZ4 is much better than that of the coupler terminated
with the line impedances. In the latter case, the isolation is still better than 50 dB.

Fig. 3.34 shows the coupling and the isolation of a 3-dB coupler terminated
with the matched impedances and the line impedances at the center frequency f = 33
GHz. Again, the difference in coupling is insignificant. The isolation of the coupler
with the matched terminations is about 90 dB whereas that of the coupler terminated

with the line impedances is only about 28 dB at the center frequency.



3.5 SUMMARY

A useful normal mode impedance definition for the coupled strip lines or slot
lines, which guarantees that the resultant impedance matrix is symmetric for a linear,
isotropic, and passive transmission line structure, is introduced to characterize the
coupled fin line structures. The propagation and impedance characteristics of the
various uni- and bi-lateral, asymmetric coupled two-slot and symmetric coupled
three-slot fin line structures are calculated by using the normal mode impedance
definition. The application of the coupled fin lines in the directional couplers is

illustrated through the design examples.
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Fig. 3.15 (a) A/Aq, (b) voltage ratio, and (c) impedance Z; of a unilateral
symmetric coupled three-slot fin line as a function of the lateral

displacement of the substrate (g,=2.22, d=0.254, ws=w.=0.2, ps=1.378,
pc=1.778, f=33GHz, length unit: mm).
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Fig. 3.20 (a) A/Ap and (b) impedance of a bilateral coupled two-slot fin
line with an equal slot width as a function of the lateral displacement of

the substrate (€,=9.8, d=0.254, wi=w,=0.2, p;=p,=1.778, f=33GHz, length
unit: mm).
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Fig. 3.21 (a) AM/Ag and (b) impedance of a bilateral coupled two-slot fin
line with unequal slot widths as a function of the lateral displacement of

the substrate (£,=9.8, d=0.254, w1=0.2, w»=0.3, p1=p2=1.778, f=33GHz,
length unit: mm).



63

(b)

0.55 -
’ — 0dd mode |
- - ___ Eve ode -
0.50 ] nm
s
T 0.45 1
< i
0.40 -
]
0.35-Illl[‘ﬁlll[Illllllll]lll![llll
0.8 1.0 1.2 1.4 1.6 1.8 2.0
P
(a)
250 y
: 0dd mode /’
- 4 —_— mode /
c 200; -——- Even mode J
O
O 1503 )
= - /
« ] /
S 1004 7
¥ ] - -7
Bl
O-llll|lﬁ|l[l|1l||lll[|llt[lrl
0.8 1.0 1.2 1.4 1.6 1.8 2.0
P1:

Fig. 3.22 (a) A/A¢ and (b) impedance of a bilateral coupled two-slot fin
line with two equal slots symmetric to the structure center as a function of

the slot center p; (,=9.8, h1=3.429, d=0.254, wi=w,=0.2, Pp2=3.556-p1,

f=33GHz, length unit: mm).



A/ No
o
NS
1911

0-35 rr Ty T rr 1 roroy
0.9 1.1 1.3 1.5 1.7 1.9

P

300

pli et el bty

N n
S O
o O

1.1

[—y
9)]
(=)

Impedance ()
=
o

W
o

2 drar et gl

LUNNL AN SN N N N S N N N BN R S RN SN BN S R |

0.9 1.1 1.3 1.5 1.7 1.9
Pi

(b)

Fig. 3.23 (a) M/Ao and (b) impedance of a bilateral coupled two-slot fin
line with the centers of two unequal slots symmetric to the structure center
as a function of the slot center p; (§=9.8, h;=3.429, d=0.254, w;=0.2,
w=0.3, p»=3.556-p1, f=33GHz, length unit: mm).



0.55

0.50 - T
< ] -—__ c mode
. 0.45 - T mode
< ]
0.40 -
i - —
0.35-Illl]llll[llII]III1[|TII]|I|I
0.0 02 04 06 08 1.0 1.2
Wa
‘ (a)
300 -
= 2507
o 200
O .
= 1507
s ]
S, 100
, g 5ol
0-llllllflllllll[TllllllIl[TTll
00 0.2 04 06 08 1.0 1.2
Wa

(b)

Fig. 3.24 (a) A/Ap and (b) impedance of a bilateral asymmetric coupled
two-slot fin line with two unequal slots as a function of the slot width w,

(£:=9.8, h1=3.429, d=0.254, w1=0.2, p1=p2=1.778, f=33GHz, length unit:

mm).



2.0 ] .
h \
1.7 -] a \
- \
Do b \
1.4 4 c N
2., T >
~ 114 £=2.22
~< ] el (a)
0.8 4
3 _ &£,=9.8
0.5 ik
Ooz-llllerﬁ*vlvnlv]vwvu
22 27 32 37 42
Frequency (GHz)
3.0 -
oz.s% _____Ri- .
:3 zo§ T R
& :
o 1.5 1
(b) :n ] - -_ &=2.22 -R,
> 1.0 £=9.8
[5) [ -
> 0.5 ] R
1 e —
22 27 32 37 42
Frequency (GHz)
350 - -
S 300] --_-_ &=2.22 7
~ 3 £,=9.8 _-
o 2009 = T - --—o_____
g 3
g 1503 (c)
D 1003 —  ~__
o, 3 b -
g 503
(=] ] C
o a8 ~e—
0 LA SR AN NN NN M S RSl SUN SEu RN BERS B [NANR NI SN

22 27 32 37 42
Frequency (GHz)

Fig. 3.25 (a) A\, (b) voltage ratio, and (c) impedance Z; of a bilateral

symmetric coupled three-slot fin line as a function of frequency with &; as
a parameter (h1=3.429, d=0.254, wy=w.=0.2, ps=1.578, p.=1.778, length
unit: mm).

66



(a)

3.0 -

o 2.5°

opnd -

W 2.0 ]

gaﬂ 1.5::1

(v) o ]

* 1.0 1

o ]

> 0.5 "

0.0:IIﬁllllllrﬁ*lilll'f
0.0 0.5 1.0 1.5 2.0
We
300 -
) .
& 2501
&3 2003
2 150
o] b
3 c
3 100 (c)
g‘ 3
5 J
g 50;
= ]
0

0.0

Fig. 3.26 (a) A/Ag, (b) voltage ratio, and (c) impedance Z; of a bilateral
symmetric coupled three-slot fin line as a function of the center slot width
(&r=9.8, h1=3.429, d=0.254, w=0.2, ps=1.578, p.=1.778, f=33GHz, length

unit: mm).

67



68

0.9 -
0.8 a ;
3 -—__Db /
Y c /
< p /
< 0.6 7 7/
< 1 e _____ e (a)
0.5 4 R
043 -7 j
0-3-l'll[lll']lIII]IllI’]lllI[III'
00 02 04 06 08 1.0 1.2
Ws
5-
o ol
oy -4
e - R
[} ] I’
2 —5] /
[V ] Rb !
(b) g -10] ____ -R, !
‘- ] ]
° : !
> —154 l’
] |
2002 04 06 08 1.0 12
Wy
200 -
@ ]
_ 1001
N ]
Q ]
¢ o
< ] (c)
o 1
E‘—IOO;
'—200.‘ T T T T T
00 0.2 04 06 08 1.0 1.2

Fig. 3.27 (a) A\, (b) voltage ratio, and (c) impedance Z; of a bilateral
symmetric coupled three-slot fin line as a function of the side slot width

(&:=9.8, h1=3.429, d=0.254, w.=0.2, ps=1.678-0.5w;, p.=1.778, f=33GHz,
length unit: mm).



0.7 -
1 a
0.6 - AN -___Db
] N c
o : \ -
. \ P
<0-5: \\ ///
< I (a)
04 e
0-3-"'"]"'l{llll[Tlll]'lvl['llI
0.80 095 1.10 1.25 1.40 1.55 1.70
Ps
20
S 10] '
a4 o{
o ] Tt~
(b) & —107 '
b 4 \ R
"6‘ ] \ b
> —20+ \\ - =R,
] |
"30 LI B St Ty Ty yrrrryrrtetyrrrrrerrTrrrrT
0.80 0.95 1.10 1.25 1.40 1.55 1.70
Ps
130
~~ : //’_
g .
N_‘ 80; \\\\__”/’ a
. ) -—___Db
0 30 e c
o § e T (c)
T ]
Q‘—ZO: /,
E ] /
_70 T LI PLANLANE SO U S SN N S B (NS S0 N SO SN N B SN SN mm . S R
0.80 0.95 1.10 1.25 1.40 1.55 1.70

Fig. 3.28 (a) A/Ag, (b) voltage ratio, and (c) impedance Z; of a bilateral
symmetric coupled three-slot fin line as a function of the side slot center p;

(8=9.8, h1=3.429, d=0.254, ws=w.=0.2, p.=1.778, f=33GHz, length unit:

mm).

Ps

69



70

0.6 —
I
0.5 -
s ] . d=0.127
~N i — d=0.254
<~ | ¢ (a)
0.4 1
1 a
0.3 LU B S S A AR BN A S N SR BERND SENNR BReh (NN RN RN BN
22 27 32 37 42
Frequency (GHz)
2.4 -
2.2 3
2 ]
"; 2.03
& 183
o
(b) z 167
- ]
g 1.42
1.2 4
l.o:lﬁlly T T T
22 27 32 37 42
Frequency (GHz)
160
-1
S ] J
_, 1207 ;’/_,,‘L———————
N -
Q
g 80 - —-d=0.127
o 1 — d=0.254 (c)
'8 ]
e 40+
E c
=] TS - - - --==
0 LI |a'| T TT LI SUE AN SRAN S N U a1
22 27 32 37 42

Frequency (GHz)

Fig. 3.29 (a) Mo, (b) voltage ratio, and (c) impedance Z; of a bilateral
symmetric coupled three-slot fin line as a function of frequency with d as a

parameter (€=9.8, h;=3.556-0.5d, we=w.=0.2, ps=1.578, p.=1.778, length
unit: mm).



0.6
0.5 -
’<c k a
< —___b
~< B (o]
04q
0.3 TrTY T L2 A L g | T T T
0 1 2 3 4 5 6 v
h,
2.0
v:g 1.9 -
-]
1.8 -
&
b 3
( ) -S 1.7: \
-—ot ]
> 1.6 ]
1.5 Frrrrrrre
0
150
— ]
c ] -
VIZO: —————————————
N
8 90-*j a
] ——-_Db
5 L e c
"u u
° :
g‘ 30
K 1  remmememeeeeeee
0 LINLINL S0 BN AL S I U M SN BN G (N AN B M 20 (D SN0 BN AR N (D B M N N B B aw

(a)

(c)

TroT

Fig. 3.30 (a) A/Ag, (b) voltage ratio, and (c) impedance Z; of a bilateral
symmetric coupled three-slot fin line as a function of the lateral

displacement of the substrate (£,=9.8, d=0.254, ws=w.=0.2, ps=1.578,

pc=1.778, f=33GHz, length unit: mm).

71



72

= h—d 4— b

4
1
“ =1 2
z, ¢ 2 3z,
F
(b)

Fig. 3.31 Four-port directional coupler: (a) cross section and (b)
circuit schematic.

Asymmetric Line
- --- Symmetric Line

[

5]

=~
1

Impedance (0Q)
-
TR

142 T T T T T T T T T L AL I LI B 4
1.0 1.1 12 13 14 15 1.6
Slot Separation S

Fig. 3.32 Characteristic impedances of asymmetric and symmetric
unilateral coupled fin lines as a function of the slot separation S
(f=33GHz, £;=2.22, d=0.254, h;=3.556, p1=1.778-0.5(S+w1),
p2=1.778+0.5(S+w,), symmetric case: wi=w,=0.2, asymmetric case:
w1=0.2, wp = (.3, length unit: mm).



73

o
o

I
e
v

|
S
N

Line Impedances
— — — Matched Impedances

|
e
@

TN T T W 0 WO T O T O O W I B O O O O B A NS |

Coupling ISs!* (dB)
&
(o2}

!
[
o

Tty T rrrrrrrrrrrrrrrrrrirrrr T

26 28 30 32 34 36 38 40
Frequency (GHz)

(a)

=) - Line Impedances

o —357 — — — Matched Impedances
e ] \
n —457\

(éu -554

g —657 Voo

) . Voo

S =757 b

o 7 Vo

© -85] \

n . I

— ;

—95 Tl'ﬁ"lllrl]ll]"l['lllllll"'rl|l

26 28 30 32 34 36 38 40
Frequency (GHz)

(b)

Fig. 3.33 (a) Coupling and (b) isolation of maximum coupling
couplers terminated with the matched (L=27.946mm) and the line
(L=27.615mm) impedances.



-1
i — Line Impedances
Qa ] — — — Matched Impedances
c
-
n
RS
g 8
n —
=)
S5
=0
—"5lllI[lIll||lll]lI|l|llll|Irll|lﬁﬁl
26 28 30 32 34 36 38 40
Frequency (GHz)
(a)
_ —255
s
A 353 Line Impedances
3 I = ~~- - - Matched Impedances__
o —457 S s
R ~ /
) —557 \ ’
o _ \ P /
] ~_ -
g —653 ‘o
o . \
D -751 .
« . !
S -85 !
%) : \
— .
_95 llll]ll1l'[|l|lllll[jlllIllll[lllﬁ

26 28 30 32 34 36 38 40
Frequency (GHz)

(b)

Fig. 3.34 (a) Coupling and (b) isolation of 3-dB couplers terminated
with the matched (L=14.142mm) and the line (L=14.176mm)
impedances.

74



75

4. CHARACTERISTICS OF COUPLED STRIP-SLOT STRUCTURES

The coupler design using coupled strip-slot structures has been reported in [7,
22-27, 43]. However, it has been limited to the use of the symmetric coupled strip-slot
structures. For the general case, the coupled strip-slot structures have not been
accurately characterized. An effort [44] was made to characterize the general coupled
strip-slot structure by using the impedance definition proposed by Jansen [31]. As
pointed in Chapter 3, the definition will leads to an impedance matrix which is non-
symmetric for the strip-slot structure in a lossless, linear, and isotropic medium.
Therefore, it is not suitable for microwave circuit design.

In this chapter, an assumption is proposed to resolve the problem which exists
in characterizing the coupled strip-slot structures. In general, there are two basic
normal modes in the structures: the strip mode where the total power is dominated by
the power propagating on the strip line and the slot mode where the total power is
mainly contributed by the power propagating along the slot line. It is assumed that the
ratio of the coupling power contributed by the strip line to the total coupling power in
the strip mode is equal to that of the coupling power contributed by the slot line to the
total coupling power in the slot mode. With this assumption, a symmetric impedance

matrix for the coupled strip-slot structure is ensured.

4.1 THE FORMULATION OF THE SOLUTION

Since the slot voltage and the strip current are well defined in the modal
analysis of the coupled strip-slot structure and solutions for the equivalent slot current
and strip voltage can, in general, be expressed in terms of two forward propagating
waves and two backward propagating waves as given by

Vi = Are Y2 + Are¥e? + Aze W2 + Ayein? (4.1a)
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L = mcAje ¥ - mAgeYeZ + mpAse- 2 - myAyein? (4.1b)

Iy = YgcAre YeZ - YcAne¥Z + YgrAsze oz - Y Age¥e? 4.1c)

Vi = mZgcAre YeZ + meZg AreYe? + MpZgnAze W + MyZgnAge¥nZ (4.1d)
where the subscripts ¢ and & stand for the strip and slot modes, Y and Zg, are the
characteristic admittance of the slot line and the characteristic impedance of the strip
line, and the transadmittance m is defined as:

I
m= \,Lstl 4.2)

The admittance matrix for an equivalent four-port network of the coupled
strip-slot structure can be obtained by solving for the port current-voltage
relationships in (4.1). The symmetry of an admittance matrix in a lossless, isotropic,

and linear system requires

Yi2=Y21=Y31=Yg3 (4.3a)

Y13=Y31=Yu=Yy (4.3b)
which lead to

Ysie,n = - MeMnZgen c 4.4)

Since the characteristic admittance of the slot line and the characteristic impedance of

the strip line are defined as:

Ya==% (4.52)
sl
st% (4.5b)

where Py and Py, are the powers propagating on the slot line and the strip line,

respectively. The following power ratios can be derived from (4.4) and (4.5):

Tite _ Isle e (4.6)
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where P; and Py are the total c- and n-mode powers, which are the sum of the power
on the strip line and the power on the slot line as given by
Pe =Py + Pyic (4.7a)
Pr =P + Pyn. (4.7b)
Re-examining the expressions for the electric and magnetic fields, one finds that the
total fields can be separated into two parts: the fields solely due to the existence of the

strip line and those solely due to the existence of the slot line in the coupled structure,

that is,
E=E.+Eg (4.8a)
H=Hy+Hg. (4.8b)
The total power propagating in the structure is given by
P = Re[[J(ExH)eds] = Py + Pyo + Pgp 4.9)
where
Py = Re[[l(EqxH,)eds] (4.10a)
Py = Re[[[(EqxH)eds] (4.10b)
P.p = Re[[J(EsxH + EgxHg)eds]. (4.10c)

It is clear that Py and Py are attributed to the fields of the strip line and the slot line
and P, is due to the coupling between the strip line and the slot line.

Rearranging (4.6) leads to

&_?ﬂ 4.11
Pslc—Psm: ( )

which indicates that if there is an x portion of the total c-mode power propagating on
the strip line, there is also the same portion of the total T-mode power propagating on
the slot line. One more equation is needed to find the solution for decoupled powers
in (4.11), which cannot be derived from the previous equations. Similar to the power

relationship in (4.11), it is assumed that an x portion of the c-mode coupling power in
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the c-mode is contributed by the strip line and the same portion of the coupling power

in the m-mode is contributed by the slot line, i.c.,
Pgte = Psioc + XPepe
Pgie = Pgjoc + (1 - X)Pepc
Psin = Psion + XPepn
P = Psion + (1 - X)Pepr
Replacing (4.6) with (4.12) yields

Pgioc + XPcpe - Pgoc + (1 - X)Pcpe =Ec_
Psion + XPcpn Pgior + (1 - X)Pcpn Py

which together with (4.12) results in

7o = Rc_ PcpnP stoc - P cpcP slOn
st 12 PcPcth - PnP cpe

stc

%= 12 " PePapr - PrPepe

St

The corresponding slot impedances can be found from (4.4).

4.2 NUMERICAL RESULTS

P PepnPsioc - PopePston

4. 12;1)
(4.12b)
(4.12¢)
(4.12d)

4.13)

(4.14a)

(4.14b)

The frequency dependent characteristics of the coupled strip-slot structure are

shown in Fig. 4.1. As frequency is increased, the effective dielectric constant also

increases. A higher ¢, leads to a higher effective dielectric constant. The c-mode

transadmittance m, decreases and the n-mode transadmittance my changes slightly for

the substrate with &r = 2.2, while m, first decreases and then increases slightly and

Imgl increases insignificantly for the substrate with € = 9.8. Both m¢ and Imy/ for the

case of & = 9.8 are larger than those for the case of €, = 2.2. The n-mode strip

impedance Zg, decreases, whereas the c-mode strip impedance Zg, increases. There

exists a point where Zg = Zgy for the substrate with g, =2.2.
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The effect of the substrate thickness on the effective dielectric constant, the
transadmittance, and the strip impedance is illustrated in Fig. 4.2. A thicker substrate
results in a higher m-mode and a lower c-mode effective dielectric constants. As the
substrate thickness is increased, m; decreases and Imy| has no significant change. The
strip impedance increases. This is consistent with the impedance variation of a single
strip line.

The dependence of the characteristics of the structure on the position of the
strip center with the slot center located at the E-plane center of the waveguide is
shown in Fig. 4.3. As the strip center deviates from the slot center, the effective
dielectric constant of the c-mode first increases and then decreases. On the contrary,
the effective dielectric constant of the w-mode first decreases and then increases. im,l
initially rises sharply and then drops slowly, while m,; changes insignificantly. Z
remains unchanged, whereas Zyy decreases from a very large value to a value slightly
smaller than Z_

The variations of the effective dielectric constant, the transadmittance, and the
strip impedance with the position of the slot center for a centered strip line is plotted
in Fig. 4.4. As the slot center deviates from the strip center, the changes in the
effective dielectric constants and the strip impedances are similar to those in the case
shown in Fig. 4.3. m, initially decreases drastically and then increases slightly. The
value of my is negative and very small.

Fig. 4.5 shows that the dependence of the characteristics on the position of the
strip and slot centers when the strip and the slot deviate from the E-plane center with
the same distance in the same direction. As the offset S is increased, the effective
dielectric constant changes slightly. m. decreases rapidly, while m, remains very

small. Zy, changes slightly, whereas Z,; decreases from infinity to a large value. Part
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of Zgr is not shown due to its relatively large value, which is beyond the scale of the
figure.

In addition, the dependence of the characteristics on the separation between
the strip and slot centers when the strip and the slot deviate from the E-plane center
with the same distance but in the opposite directions is shown in Fig. 4.6. As the
offset S is increased, the effective dielectric constant of the c-mode first increases and
then decreases, whereas that of the T-mode first decreases and then increases. m, first
falls rapidly and then rises, while my, remains very small. Zgc changes insignificantly,
whereas Zgy decreases sharply from infinity to a value smaller than Zg.

Fig. 4.7 shows that the influence of the strip width on the characteristics. As
the strip width is increased, the effective dielectric constant increases. m, first
increases and then decreases, while my; decreases slightly. Both Zg and Zgy decrease.

The effect of the slot width on various characteristic parameters of the
structure is illustrated in Fig. 4.8. It can be seen that as the slot width is increased, the
effective dielectric constant of the c-mode has only a slightly variation and that of the
n-mode decreases monotonously. m, first decreases and then increases, whereas my
changes insignificantly. Z, increases slightly, while Z increases rapidly.

The variations of the effective dielectric constant, the transadmittance, and the
strip impedance with a lateral displacement of the substrate are plotted in Fig. 4.9. In
general, the displacement has only a little effect on the characteristics. When the
substrate is laterally displaced close to a side wall, the c-mode effective dielectric
constant only has a small change and the change in the n-mode effective dielectric
constant is relatively larger. Although my; shows no significant change, m. has a small
increase. Zg. decreases when the strip is closer to the side wall and it has almost no
change when the slot is closer to the side wall. Z; increases when the slot is closer to

the side wall and decreases when the strip is closer to the side wall.
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4.3 SUMMARY

The coupled strip-slot structure is characterized with the assumption which
ensures that the resultant impedance matrix of the structure is symmetric in a lossless,
linear, and isotropic medium. The impedance and propagation characteristics of the

structure are illustrated through the numerical results.
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5. QUASI-TEM CHARACTERISTICS OF LAYERED MULTICONDUCTOR
STRIP-SLOT STRUCTURES

Fig. 5.1 Cross sections of some symmetric strip-slot structures: (a)
strip-slot, (b) two-strip one-slot, (c) three-strip one-slot, and (d) three-
strip two-slot structures.

The layered multiconductor strip-slot structures such as those shown in Fig.
5.1 have not only been used in microwave circuits [28, 45, 46], but are increasingly
used in electronic packagings and VLSI interconnections [47]. Due to the inherent
difficulties in the analysis of the structures, a full-wave analysis can only provide
solutions for the propagation characteristics of the structures, which alone is not

sufficient to develop an equivalent circuit model for their applications in VLSI and
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microwave circuits. Since a frequency dependent circuit model of the structures is not
available to date, a quasi-TEM, though approximate, circuit model for the structures
will be invaluable for the applications in VLSI and microwave circuits. The quasi-
TEM solutions yield quite accurate results at low microwave frequencies.

In this chapter, the characteristics of various layered multiconductor strip-slot
structures are presented on the basis of the quasi-TEM spectral domain analysis
formulated in Chapter 2. First, the effects of the basis functions representing the
charge distributions on the strips and the ground plane conductors and of the
summation terms used in the analysis on the accuracy of the computational results are
discussed. Second, the effect of the shielding case is studied. Then, the results of the
coupled strip lines with one and two slots on the ground plane are shown in various
figures. Later, the characteristics of double-sided strip lines with a slot on the
common ground are presented. Finally, some examples are given to illustrate the
applications of the structures in the far-end crosstalk reduction in digital circuit

systems.

5.1 BASIS FUNCTIONS AND SUMMATION TERMS

The singularity of the charge distribution in the vicinity of sharp edges makes
it necessary to consider the edge conditions in selecting basis functions, which
approximate the true charge distributions, to speed up the convergence of the
calculation. The same basis functions used in the full-wave analysis for the electric
fields on the slots are used with a modification which guarantees that the charge
distribution at the corner of the ground plane and the shielding case equals to zero.
More specifically, the odd functions which are only defined in half of the space
region are used for the charge distributions on the ground conductors connected to the

shielding case.
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Since all other parameters in the quasi-TEM analysis are derived from the
capacitances, it is sufficient to examine the convergence of the capacitance
calculation. Fig. 5.2 indicates that as the number of the basis functions increases, the
capacitance asymptotically approaches the upper bound of the true capacitance when
1,500 summation terms are used in the calculation. The difference between the results
of using six basis functions and those of using eight basis functions is negligibly
small. The use of more basis functions will not significantly improve the accuracy of
the results, while it reduces the computational efficiency. Therefore, the use of six
basis functions in the capacitance will yield an accurate result.

The dependence of the convergence of the capacitance calculation on the
summation terms used in the spectral domain analysis is illustrated in Fig. 5.3 for the
substrate with €; = 9.8. It can be seen that the effect of the summation terms on the

convergence is trivial when more than 600 summation terms is used.
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In the following calculations, six basis functions and 1,500 summation terms

are used to guarantee a sufficient accuracy in the capacitance calculation.
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5.2 EFFECT OF THE SHIELDING CASE
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The effect of the walls of the shielding case on the capacitance calculations
depends on the case dimension. If the case is too small, it interacts strongly with the
strips and the ground plane slots. If it is too large, more expansion terms are needed to
ensure an accurate results. The influence of the top and bottom walls on the
capacitance is shown in Fig. 5.4, where the distance from the top wall to the strip
lines and that from the bottom wall to the ground plane have been set equal. It is
observed that as long as the distance is large enough, say, eight time larger than the
substrate thickness, the effect from the top and bottom walls can be neglected. A
similar effect from the side walls of the shielding case is demonstrated in Fig. 5.5 as a
function of the ratio of the distance from the center of the broad wall to either of the
side walls to the strip width. It is seen that the overall effect from the side walls is

small.
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Fig. 5.5 Effect of side walls on capacitance with &; as a parameter
(b=21d, d=0.635, h;=10d, w=0.6, s=0.3, g=1.0, length unit: mm).

Therefore, it is concluded that the wall effect is insignificant with h; and hy 2

10d and a 2 22.5w, which will be used in the following calculations.
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5.3 SYMMETRIC TWO STRIPS WITH A GROUND PLANE SLOT

The analysis of the coupled strip lines with a ground plane slot has been
presented in [28], where the characteristic impedances and the normalized
wavelengths were computed with the knowledge of the line capacitances. However,
information on the line capacitances as well as inductances was not made available in
[28]. The information on the line capacitances and inductances is of great interest in
studying signal crosstalks and distortions in electronic packagings and
interconnections used in VLSI digital circuits. One way to reduce crosstalk between
interconnects is to increase the distance between them. However, the limited area
available on a circuit chip or chip module makes it almost impractical to increase the
distance between interconnects. Hence, there is a necessity to find an alternative to
reduce the crosstalk. Introducing ground plane slots is one of possible choices.

Shown in Fig. 5.6 is the effect of the ground plane slot on the capacitance,
inductance, effective dielectric constant, and impedance. As the slot width is
increased, Cy; first decreases and then increases and finally decreases again, while

L1 changes in a way just opposite to Cyy. Both ICy;l and Ly increase. The change in

capacitances for a substrate with a large value of €; is more significant than that for a
substrate with a small value of €,. The effective dielectric constant first decreases and
then increases and finally decreases again. The change in the even mode effective
dielectric constant is relatively large. The even and odd mode effective dielectric
constant can be equalized by changing the slot width. Both even and odd mode
impedances increase. The odd mode impedance has only a small variation, whereas
the change in the even mode impedance covers a wide range.

The variations of the capacitance, inductance, effective dielectric constant, and
impedance as a function of the substrate thickness is depicted in Fig. 5.7. As the

substrate thickness is increased, Cq; decreases monotonically, while ICy,l, L1, and
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L7 all increase. The effective dielectric constant first increases and then decreases for
the substrate with €, = 9.8. In the case of €, = 2.22, the even mode effective dielectric
constant first increases and then decreases, whereas that of the odd mode decreases.
The even and odd mode impedances both increase, but the increase in the even mode
impedance is much faster than that in the odd mode impedance.

The dependence of the capacitance, inductance, effective dielectric constant,
and impedance on the strip width is illustrated in Fig. 5.8. As the strip width is
increased, Cy1 and ICyyl increase while L;; and L;, decrease. The effective dielectric
constant increases slightly, whereas the impedance decreases.

Increasing the separation between the strips leads to a decrease in the mutual
capacitance and inductance as shown in Fig. 5.9. As the separation is increased, Cq1
decreases while L1; increases. The effective dielectric constant first increases and
then decreases. It is more pronounced in the case of & = 9.8. The even mode
impedance decreases, whereas the odd mode impedance increases. Both even and odd
mode impedances converge to the impedance of a single strip line and the mutual
terms will vanish for a large separation.

In general, the even mode effective dielectric constant and impedance are

more sensitive to a change in the structural parameters than those of the odd mode.

5.4 SYMMETRIC THREE STRIPS WITH A GROUND PLANE SLOT

The capacitance, inductance, effective dielectric constant, and modal
impedance [48] of the symmetric coupled three strips with a ground plane slot as a
function of the slot width is shown in Fig. 5.10. As the slot width is increased, the self
capacitance Cpj and the self inductance L;; of the side strip behave in a similar
manner as those in the symmetric coupled two strips with a ground plane slot.

Whereas the self capacitance of the center strip C;, decreases, the self inductance of
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the center strip Loy increases correspondingly. The mutual capacitance between the
side and the center strips ICy,l first decreases and then increases, while the mutual
inductance between the side and the center strips L1, first increases and then
decreases and finally increases again. The mutual capacitance ICy3l and the mutual
inductance Li3 between the side strips experience three different changes: increase,
decrease, and again increase. While the effective dielectric constants of both the even-
even and the even-odd modes decrease continuously, that of the odd mode first
decreases and then increases and finally decreases again. However, it is confined
within those of the other two modes. The odd mode impedance initially increases and
then decreases and again increases after reaching a local minimum. The even-even
mode impedance, like the odd mode impedance, undergoes three regions: increase,
decrease, and again increase. In addition, its variation covers a wide range of
impedance values. The impedance curve of the even-odd mode looks like a bell-
shaped one. It has intersection points with those of the odd and even-even modes.

The variations of the capacitance, inductance, effective dielectric constant, and
modal impedance with the substrate thickness are indicated in Fig. 5.11. As the
substrate thickness is increased, the self capacitances Cy1 and Cy; decrease and the
self inductances Ly; and Ly increase correspondingly. All the mutual capacitances
and inductances increase. The effective dielectric constant of the odd mode has only a
slight change. The effective dielectric constant of the even-even mode decreases,
while that of the even-odd mode increases. The impedances of both odd and even-
even modes increase, whereas that of the even-odd mode decreases.

The dependence of the capacitance, inductance, effective dielectric constant,
and modal impedance on the center strip width is shown in Fig. 5.12. As the center
strip width is increased, C;; has a small decrease, whereas L1 has a slight increase.

Cx rises due to the increase in the center strip width, which results in a decrease in
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L. Here, all the mutual capacitances and inductances decrease. The effective
dielectric constants of the odd and the even-odd modes decrease, while that of the
even-even mode increases. The odd mode impedance increases, whereas those of the
even-even and the even-odd modes decrease.

The effect of the side strip width on the capacitance, inductance, effective
dielectric constant, and modal impedance is plotted in Fig. 5.13. As the side strip
width is increased, Cy; increases and Lj; decreases. It is observed that the side strip
width only slightly affects C2; and Ly;. All the mutual terms except IC;3l decreases.
IC13l increases because of the increase in the coupling between two side strips. The
effective dielectric constants of both the odd mode and the even-odd mode decrease,
while that of the even-even mode increases. All the modal impedances decrease
monotonically.

The influence of the separation between the center and side strips on the
capacitance, inductance, effective dielectric constant, and modal impedance is shown
in Fig. 5.14. As the separation is increased, the self capacitances decrease while the
self inductances increase correspondingly. All of mutual capacitances and inductances
decrease. The overall change in the effective dielectric constant is relatively small.
The odd and even-odd mode impedances increase, while the even-even mode

impedance decreases.

5.5 SYMMETRIC THREE STRIPS WITH TWO GROUND PLANE SLOTS
For the symmetric coupled three strip structure, there is a conducting strip on
the ground plane when two symmetric slots are introduced on the ground plane. If the
length of the ground plane strip is much longer than that of the other strips, the
ground plane strip can be considered as a floating conductor, which has a zero-sum

charge [49]. Otherwise, it should be treated as a strip line instead of a ground
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conductor due to its inability of being connected to the ground without altering the
physical structure.

The effect of a floating conductor in the symmetric three strip lines with two
ground plane slots on the capacitance, inductance, effective dielectric constant, and
modal impedance is shown in Fig. 5.15. When the slot width is zero, that is, there is
no slot on the ground plane, it is just simply a symmetric coupled three strip lines. As
the slot width is increased, Cy first decreases and then increases slightly and finally
decreases again after it reaches a maximum. However, the overall change in Cy; is
relatively small. Cy; has a relatively large decrease. On the other hand, both L and
L;; increase. The mutual capacitances and inductances also increase. The effective
dielectric constants of the even-even and the even-odd modes decrease first rapidly
and then slowly, whereas that of the odd mode first decreases quickly and then
increases slowly and later decreases again. The odd and even-even mode impedances
first increase and then decrease and finally increase again. The change in the odd
mode impedance is relatively small, while that in the even-even mode is more drastic.
The even-odd mode impedance first rises and then drops. It is seen that there are
intersection points where the even-odd mode and the odd or the even-even mode
impedances are equal. When the inner edges of the two slots merge together, it
becomes a symmetric coupled three strip lines with one ground plane slot, which has
been discussed in the previous section.

The influence of a ground plane strip line in the symmetric coupled three strip
line structure with two ground plane slots on the capacitance, inductance, effective
dielectric constant, and modal impedances is illustrated in Fig. 5.16, where C44 and
L44 are the self capaciatance and inductance of the ground plane strip, C14 and L4 are
the mutual capaciatance and inductance between the side and the ground plane strips,

and Cy4 and Loy are the mutual capacitance and inductance between the center and the
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ground plane strips. Since the structure is a four line system, there are four
fundamental modes associated with it. Modes a, b, and ¢ correspond to the odd, even-
even, and even-odd modes in the structure with a floating conductor, whereas mode d
is due to the existence of the ground plane strip line. As the slot width is increased,
the self capacitances decrease while the self inductances increase. ICqal and 1C;3!
increase, whereas ICy4l decreases. ICy4l first increases and then decreases. All the
mutual inductances increase. The effective dielectric constants of modes a and c first
increase and then decrease. The effective dielectric constant of mode b just simply
decreases, while that of mode d first decreases and then increases. The impedances of
modes a and b first decrease and then increase, while those of modes ¢ and d both
increase. The changes in the impedances of modes a, b, and ¢ are small, but the

change in the impedance of mode d is quite large.

5.6 DOUBLE-SIDED STRIP LINES WITH A GROUND PLANE SLOT

Two different double-sided strip line structures with a ground plane slot are
illustrated in Fig. 5.17. One is symmetric to the ground plane (GPS); the other
symmetric to the slot center (SCS). These structures could be useful in microwave
filter, VLSI interconnection, and PCB applications.

Fig. 5.18 shows the capacitance, inductance, effective dielectric constant, and
modal impedance of the two different structures as a function of the distance between
the strip and the slot centers, i.e., the strip offset s. It can be seen that as s is increased,
the self capacitances increase and self inductances decrease for both structures. The
difference between the self capacitances is relatively small, so is that between the self
inductances. The mutual capacitances and inductances decrease. However, the mutual
capacitance and inductance of the SCS structure drop much faster than those of the

GPS structure. The differences between the mutual capacitances and between the
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mutual inductances are quite significant as s is further increased. The odd mode
effective dielectric constant of the GPS structure is a constant, while that of the even
mode first increases and then decreases and eventually increases again. On the other
hand, the odd mode effective dielectric constant of the SCS structure first increases
and then decreases and later increases again, whereas its even mode counterpart
experiences a similar change as that in the GPS structure. One thing is worth noting
that there is an intersection point where the even and the odd mode effective dielectric
constants are equal in the SCS structure. The even mode impedances decrease for
both structures. The odd mode impedance of the GPS structure is a constant, while
that of the SCS structure first increases and then decreases. The even and the odd
mode impedances converge to each other as s becomes very large.

Since their self capacitances as well as self inductances are very close to each
other and the mutual capacitance and inductance of the SCS structure are smaller than
those of the GPS structure, the former should be favored in the VLSI interconnection

and PCB applications for the crosstalk reduction.

5.7 APPLICATIONS

The layered multiconductor strip-slot structures can be used in electronic
packagings and VLSI interconnections for reducing far-end crosstalk. Crosstalk is an
increasingly important factor in high-speed circuit interconnection design due to the
increases in the clock frequency and integration density in VLSI circuits [1, 47, 50].
The crosstalk can be reduced by increasing the separation between the interconnects,
i.e., the transmission lines. However, difficulties arise in the design when the area
used by the interconnects is limited. The far-end crosstalk reduction in the coupled

interconnects is obtainable by introducing ground plane slots, which add more
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freedom in the interconnection design without increasing the area used by the
interconnects and without significantly increasing the near-end crosstalk.

The capacitances and inductances calculated in the proceeding sections can be
used in a SPICE model [48] to study the crosstalk reduction in coupled interconnects
with ground plane slots. In the following examples, an non-ideal input step signal
with the magnitude of one volts and the rise time of 100 ps is employed as an input.
In addition, a substrate of € = 9.8 is used. The length of the interconnects is chosen to
be 5 cm long and all of the interconnects are terminated with resistors of 50 Q as
shown in Fig. 5.19.

The near- and far-end crosstalks of the symmetrically coupled two
interconnects with a ground plane slot are plotted in Fig. 5.20 as a function of the slot
width. As the slot width is increased, the magnitude of the far-end crosstalk decreases
from a large negative value to a small negative value. A further increase in the slot
width results in a positive far-end crosstalk, which suggests that a zero far-end
crosstalk is achievable with the width of an appropriate value. On the other hand, the
near-end crosstalk increases with the slot width. However, the increase in the near-
end crosstalk is relatively small. If the near-end crosstalk is of less concern in the
high-speed digital circuits, a zero far-end crosstalk is naturally the best choice.
Otherwise, a trade-off between the far- and the near-end crosstalks is needed. A 50%
reduction in the far-end crosstalk is obtainable with the ground plane slot, while the
relatively small near-end crosstalk has no significant increase. It is also possible to
equalize the magnitude of the near-end crosstalk with that of the far-end crosstalk by
changing the slot width.

The reason for the far-end crosstalk to change from a negative value to a
positive value is due to the fact that the even mode travels faster than the odd mode

with a large slot on the ground plane, while it travels slower than the odd mode with a
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small slot or without any slot on the ground plane. This is indicated in Fig. 5.6(b)
where the effective dielectric constants of the even and odd modes are plotted as a
function of the slot width. When the even and odd modes travel at an equal speed, a
zero far-end crosstalk can be realized if the interconnects are terminated with a
matched impedance Zg = v ZooZoe, where Zg, and Zo. are the odd and even mode
impedances of the structure.

For the symmetric three-strip interconnects shown in Fig. 5.1(d), two
symmetric ground plane slots are introduced to reduce the far-end crosstalk. The
ground plane strip between the slots can be treated as either a floating conductor or a
short-circuited transmission line. The ground plane strip is considered as a floating
conductor when it is much longer than the interconnect length, otherwise it has to be
treated as a transmission line with its two terminals connected to the ground. The
input signal can be connected to either one of the side interconnects or the center one.
When the input is connected to a side interconnect, all three modes are excited. When
it is linked with the center interconnect, only the even-even and the even-odd mode
are excited.

First, consider that a side interconnect is excited and the ground plane strip as
a floating conductor. The near- and far-end crosstalks as a function of the slot width
are shown in Fig. 5.21. As the slot width is increased, the peak of the center line far-
end crosstalk changes from a large negative value to a small positive one, while that
of the center line near-end crosstalk has a relatively small increase. The side line far-
end crosstalk changes from a small negative value to a significantly large positive
value, whereas the side line near-end crosstalk initially increases slightly and then
changes from a small positive value to a small negative value. A further increase in

the slot width worsens the center line crosstalk.
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It is reasonable to reduce the center line far-end crosstalk by at least 30%
without significantly increasing the center line and the side line near-end crosstalks.
When the center interconnect is excited, the near- and the far-end crosstalks on the
side interconnects are found to be same as those on the center interconnect with the
input connected to a side interconnect. Time domain responses from the SPICE
simulation are shown in Fig. 5.22 for the coupled two interconnects with a ground
plane slot with g = 0 and 0.9 mm and in Fig. 5.23 for the coupled three-strip
interconnects with two ground plane slots and with the input connected to a side
interconnect for g = 0 and 0.6 mm, respectively.

Now, let the ground plane strip be treated as an additional transmission line
with its terminals short-circuited and the input be connected to a side interconnect.
Shown in Fig. 5.24 are the peak values of the near- and far-end crosstalks. As the slot
width is increased, the peak values of the far-end crosstalks decrease. While the
center line near-end crosstalk has a relatively small increase, the side line near-end
crosstalk initially increases and then decreases slightly. When the two slots merge to
become a large slot, the center line far-end and the side line near-end crosstalks reach
their minimums while the center line near-end and the side line far-end crosstalks
reach their maximums. A 45% reduction in the center line far-end crosstalk can be
realized, whereas the near-end crosstalks are still kept at relatively low levels. When
the center line is excited, the corresponding crosstalks are again same as those on the
center line with the input connected to a side line.

The effect of an extra length AL on both sides of the ground plane strip with
the open- and short-circuited terminations on the crosstalks is shown in Fig. 5.25.
When AL = 0, the far-end crosstalks in the open-circuited case are better than those in

the short-circuited case. When AL 2 2L the open- and short-circuited ground plane

strips have the same effect on the crosstalks for the given example. This is due to the
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fact that AL introduces a long delay so that the reflected signals from the open- and
short-circuited ends can be negligible in the digital system. On the other hand, it is
seen that the crosstalks are far different from those shown in Fig. 5.21. This could be
partly due to the discontinuity in the ground plane strip.

The SPICE simulation results for AL = 0 are shown in Fig. 5.26 for g = 0 and
1.0 mm. It is observed that a small ringing effect appears in all of the responses due to
the presence of the short-circuited ground plane strip.

Fig. 5.27 shows some experimental results of the coupled two strips with a
ground plane slot and the coupled three strips with two ground plane slots and a short-
circuited ground plane strip. The step input signal with the magnitude of 250 mV and
the rise time of 30 ps was connected to the center interconnect for the three-strip two-
slot structure. The experimental results indicate that the ground plane slots can indeed
reduce the far-end crosstalk.

The mechanism for the far-end crosstalk reduction in the symmetric coupled
two strip lines with one ground slot is different from that in the symmetric coupled
three strip lines with two ground plane slots. While the far-end crosstalk reduction in
the former is realized by controlling the wave propagation velocities of the odd and
the even mode with the ground plane slot, the reduction in the latter is obtained by
mainly changing the polarities of the modal voltages or currents on the lines with the
ground plane slots. As can be seen in Figs. 5.10, 5.15, and 5.16, the velocities of the
even-even and the even-odd modes cannot be equalized by just simply changing the

ground plane slot width.
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5.8 SUMMARY

The capacitances, inductances, effective dielectric constants, and modal
impedances of various strip-slot structures are calculated by the quasi-TEM spectral
technique. The calculated results are used in the SPICE model to study the crosstalk
reduction in digital systems. The simulation results show that slots on the ground
plane can reduce the far-end crosstalk in the coupled interconnects, which are

validated by the experimental results.
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Fig. 5.16 (a) Self capacitance and inductance, (b) mutual capacitance and
inductance, (c) effective dielectric constant, and (d) impedance of the
coupled three strip structure with two slots and a strip on the ground plane
as a function of the slot width (,=9.8, a=23.5w+s+w,, b=21d, d=0.635,
hy=10d, w=0.6, w.=0.3, s=0.6, w=w.+0.5(s-g), length unit: mm).
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Fig. 5.17 Double sided strip line structures with a ground plane slot:
(a) symmetric to the ground plane (GPS) and (b) symmetric to the slot
center (SCS).

119



350

325

(%}
[~
o

N
~
W

NN I B A S U B AN UD BN I U RN A O Ul IS AU SR N O SN BN O A

Inductance (nH/m)
o
Qo

Cagacitance (pF/m),

225

200

7.1

Effective Dielectric Constant

5.9

o 1 2 3 4
Strip Offset s
(a)
:—\ 0dd mode

-4
s
4
-

T T P TTTY

2 3
Strip Offset s

(c)

Inductance (nH/m)

Cagacitance (pF/m),

Impedance (0)

120

(2} [y
o o
PG TN SN U SOV WANE WY VRN U N T T TN DU (A W W O W |

A
o

[y
o

o

0

LU I 2O B A I S e B G B I B By A B B B

1 2 3 4
Strip Offset s

(b)

48

FE S S |

[2]
(2]
S TR T R N DU N S 1

(2]
N

0dd mode

0

T T T Ty

TTrrryrrrrr

Strip Offset s
(d)
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Fig. 5.22 Time domain simulation of the crosstalk shown in Fig. 5.20: (a)
g=0 and (b) g=0.9mm (V_CR_BAK: near-end crosstalk, V_CR_FOR: far-
end crosstalk, time unit: second, voltage unit: volt).
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Fig. 5.23 Time domian simulation of the crosstalk on the center
interconnect shown in Fig. 5.21: (a) g=0 and (b) g=0.6mm (VIN2: center
near-end crosstalk, VOUTS: center far-end crosstalk, time unit: second,
voltage unit: volt).
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Fig. 5.26 Time domain simulation of the crosstalk on the center
interconnect shown in Fig. 5.24: (a) g=0, VIN2: center near-end crosstalk,
VOUTS: center far-end crosstalk and (b) g=1.0mm, VIN2: center near-
end crosstalk, VOUT7: center far-end crosstalk (time unit: second,
voltage unit: volt).



0.04+ Dashed line - without slot i
. Solid line - with slot
0.02 E
0 <
s
o -0.02f 4
g
S L
> 004} b 1
-0.06+ Far end crosstalk b
-0.08 1
0.1 . L
0.5 1 1.5 2 25
Time (second) x10°
(a)
0.04} Dashed line - without siot A
g Solid line - with slot
0.02} 4
0 S
)
o -0.02 E
g
©
> 004 .
-0.06} Far end crosstalk 1
0.081 g
01— . - . : : .
0.6 0.8 1 12 1.4 1.6 1.8 2
Time (second) x10-%
()]
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6. CONCLUSIONS AND FUTURE WORK

The full-wave modal analysis and quasi-TEM spectral domain technique have
been introduced to characterize the layered multiconductor coupled slot and strip-slot
structures. The solutions for the differential equations (the Helmholtz equation in the
full-wave analysis and the Laplace equation in the quasi-TEM analysis) together with
the boundary conditions lead to sets of algebraic equations interrelating the sources (J
and p) to the resultant field and potential (E and ¢) at the interfaces of the layered
structure. Implementation of the Galerkin method to these equations yields the results
for the propagation constants in the full-wave analysis or for the unknown coefficients
of the charge distributions in the quasi-TEM analysis. Once the propagation constants
or the charge distribution coefficients are found, all the other characteristics of the
structures can be readily derived. One of the advantages of using the modal analysis
lies in its ability to incorporate finite metal thickness and waveguide grooves, which

.play a significant role in the design of fin line circuits [6]. The application of the
spectral domain technique is primarily confined to the structures with infinitesimal
metal thickness, though it can be extended to the structures with moderate metal
thickness [45].

For a multiple coupled line structure in a lossless, linear, and isotropic
medium, a resultant impedance matrix of the structure must be symmetric. The
usefulness of different impedance definitions proposed for the multiple coupled line
structures in the literature has been examined. It is found that the impedance matrix
derived from the modal impedance definition given in [32] for multiple coupled strip
lines satisfies the symmetry. Therefore, it is used to study the impedance
characteristics of the unilateral and as well as bilateral coupled two-slot and

symmetric three-slot fin line structures. The calculated results are used to design the
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coupled fin line directional couplers as illustrated in the examples, which demonstrate
the applications of the coupled line structures. Effects of the finite metal thickness and
waveguide grooves on the impedance characteristics of the multiple coupled fin line
structures are of interest in practical applications and should be included in any future
study of these structures.

In the full-wall analysis of the coupled strip-slot line structure, the symmetry
of the resultant impedance matrix is ensured by assuming that the ratio of the
coupling power contributed by the strip line to the total coupling power in the strip
mode is equal to that of the coupling power contributed by the slot line to the total
power in the slot mode. Before a useful circuit model can be built for the applications
of such structure in microwave circuits, a rigorous proof of the assumption needs to
be done. Otherwise, new definitions for the voltages and currents in the coupled strip-
slot structure have to be introduced. Once this simplest form of the coupled strip-slot
structure is fully characterized, its natural extension to the multiple coupled strip-slot
structures should be explored.

The quasi-TEM calculations of the capacitances, inductances, effective
dielectric constants, and modal impedances for various strip-slot structures are
presented, which are used to study the far-end crosstalk reduction in digital systems.
The SPICE simulation of the coupled multiport and measured results show that the
ground plane slots reduce the far-end crosstalk in the interconnects. While the
velocities of the even and odd modes in the coupled two strip lines can be equalized
with the ground plane slot, those of even-even and even-odd in the symmetric
coupled three strip lines cannot be made equal by simply changing the slot width.
However, the difference in mode velocities can be reduced. In the three strip line
structure with two ground plane slots, the ground plane strip between the slots is

treated as either a floating conductor or a transmission line short-circuited at its both
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terminals. The short-circuited transmission line results in a ringing effect in the time
domain response. One way to reduce the ringing effect is to open meshes on ground
plane instead of slots [51]. Additional experimental and theoretical work in this area
is warranted because of its applications in multichip module and other high

performance packaging technologies.
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