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ABSTRACT

This thesis develops full wave analysis techniques for multilayer printed transmission lines
and antennas and investigates bandwidth enhancement techniques for printed antennas.
Initially, general solutions in space and spectral domains for the electromagnetic boundary
value problem of multilayer dielectrics are presented in the form of vectorial auxiliary po-
tential functions to form the theoretical basis for the entire thesis. Then, a space domain
full wave technique is developed for open printed transmission lines, which can give full
wave results for structures of finite width dielectrics. Numerical examples on single and
coupled microstrip lines of finite width dielectrics are presented.

For the spectral domain solution, initially, a network approach is developed to evaluate
spectral domain Green’s functions of arbitrarily directed electric/magnetic currents in mul-
tilayer dielectric structures. It reduces a very lengthy derivation process into a simple and
systematic procedure. Results for single layer grounded dielectrics supporting both electric
and magnetic currents are presented to validate the approach.

A unified spectral domain full wave technique is then presented for printed antennas with
multilayer dielectrics. It can treat different feeding structures and radiating elements of ar-
bitrary shape geometries. New formulations for quick evaluation of far field radiation pat-
terns are also developed.

As an application example, aperture coupled microstrip antennas of various coupling aper-
tures and radiating elements are analyzed. Results are presented to discuss the effects of
structural parameters.

Several techniques are proposed to enhance bandwidth performance of printed antennas.
Subarrays of coplanar or stacked parasitic elements can widen bandwidth and increase di-
rectivity. Slotted patch can achieve dual-frequency operations with only a single patch and
single feed. Techniques for achieving multi~frequency operations are also presented.

Finally, a concluding remark is presented to outline the future work in this area.
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Chapter 1 INTRODUCTION

1.1 Motivation and Objective of the Thesis

The technology of microwave and monolithic integrated circuits has experienced impres-
sive advances in recent years. It has enabled implementation of many new devices and nu-
merous printed circuit systems have been developed for various applications. However,
once fabricated, It is generally difficult, if not impossible, to adjust the performance of
monolithic integrated circuits. Their design must be accurate which is usually handled ana-
lytically using the CAD techniques. Since the effectiveness and accuracy of a CAD tool
islargely based on the analysis techniques implemented in the computer program, an accu-
rate and fast analysis process is very important to the successful design and fabrication of

microwave and monolithic integrated circuit systems.

Printed transmission lines and antennas are two basic passive components in microwave
and monolithic integrated circuits, and there have been constant efforts for developing ef-
fective and accurate analysis techniques for them. Most studies on printed transmission
lines involve enclosed structures, or open structures with dielectrics extending to infinity
intwo dimensions. Publications addressing finite dielectric widths are very limited and ad-
dress only some quasi-static problems of open planar transmission lines of finite wide di-
electrics. In addition, existing work on printed antennas are mainly on structures with
single or two layers. However, in practical applications, the open planar transmission lines

have only finite wide dielectrics and increasing number of dielectric layers are used in



printed antennas to enhance their performances or fulfill different requirements. A realiza-
tion of such kinds of needs for both multilayer planar transmission lines and printed anten-

nas initiated the theoretical part of research in this thesis.

On the other hand, research on performance enhancement technique has always been very
active due to limitations in electrical performance of printed antennas, such as the narrow
bandwidth, and low directivity of the element. In this research, several performance en-
hancement techniques are developed to widen the bandwidth and/or increase directivity

of microstrip antennas.

1.2 Printed Transmission Lines

Printed transmission lines are composed of several conducting plates and either enclosed
or open dielectric layers. They cannot support the TEM wave modes due to the presence
of inhomogeneous dielectrics. The basic printed transmission line is the microstrip line as
shownin Fig.1.1. There are also some otherkind of structures, such as the slot line, coplanar

waveguide, and fin-line in the enclosed structure.
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(a) enclosed structure (b) open structure

Fig.1.1. Enclosed and open microstrip lines



1.3 Printed Antennas

The concept of microstrip radiators was first proposed in 1953[1], almost at the same time
as the microstrip lines. But, practical antennas were not developed until early 1970°s[2],[3]
when they are used as conformal antennas on missiles and aircrafts, where the conformal
antennas were needed. Since then, research on microstrip antennas has been growing rapid-
ly with thousands of papers being published in this area and progress made both theoretical-
ly and experimentally. Several books and a special issue of IEEE transaction were pub-
lished in early 1980’s[4]-[6] and a handbook[7] on microstrip antennas was also written
which includes most of the developments by international community of printed antenna

specialists before 1990.

1.3.1 Basic performance and features

The basic configuration of a microstrip antenna is shown in Fig.1.2a. It is composed of
three parts, the dielectric substrate with a ground plane, printed radiating elements which
may be conductors printed on the dielectric or slots on the ground plane, and the feeding
structure which may be coaxial probe or printed transmission lineé. It radiates.a relatively

broad beam broadside to the plane of the substrate as shown in Fig.1.2b.

It is obvious from Fig.1.2a that microstrip antennas have features of low—profile, low—
weight, low—cost, easy of integration into arrays or with microwave integrated circuits, and
conformal to curved surfaces. They are therefore, utilized both in civilian and military
applications. However, as compared with other microwave antennas, microstrip antennas
have a number of major electrical weakness, such as narrow bandwidth, spurious feed radi-

ation, poor polarization purity and limited power capacity. And, these disadvantages have



restricted their applications. Consequently, in the past few years, much research work, both
theoretically and experimentally, have been done to overcome these disadvantages of mi-

crostrip antennas.

Ground Plane

Radiating Element

feeding
Dielectric Substrate

T T AT AT T AT AT AT
A A w

P U]

(a) basic configuration

00

— E-plane

—=——=— H-plane

N
-

270> :
0.0 -10 -20 -30 -40

90°

(b) typical radiation pattern

Fig.1.2. A microstrip antenna and its radiation pattern



1.3.2 Various radiating elements

The radiating element in a printed antenna can be a printed conducting patch or printed slot
with various shapes. Some typical, but not all, shapes of printed antennas are shown in

Fig.1.3. They are also many modifications to these basic shapes which can be found in [7].

i

(a) rectangle (b) triangle (c) dipole
Tttt 1:::
3 N
g Q
\ \
5 )
[ e T e \H
(d) disk (e) ring (f) rectangular loop

Fig.1.3. Some basic radiating elements of printed antennas

1.3.3 Multilayer dielectric structures

Conventionally, printed antennas are fabricated in one or two dielectric layers. Recently,
more and more multilayer dielectric structures are used to achieve high performance anten-
nas or to fulfil structural requirements. For example, a number of microstrip antenna disad-
vantages can be overcome by stacking several antennas of different sizes to form multi-re-
sonance structures. By using multilayer dielectric structures, the antennas and feeding

structures can be stacked to save space of the entire system.



1.3.4 Various feeding techniques

Printed antennas can be fed either directly by connecting them with feedlines, including
-the coaxial probe feeding and microstrip line feeding, or, through electromagnetically
coupled feedlines, including the gap coupled microstrip line feeding, proximity coupled
microstrip line feeding, and aperture coupled microstrip line feeding(Fig.1.4). These tech-
niques can be used individually or simultaneously in an array, and each one has advantages

and disadvantages. Features of these feeding techniques are summarized below.

(1) Coaxial probe feeding

In the coaxial probe feeding(Fig.1.4a)[6], the probe is soldered directly to the patch, or us-
ing some modifications, such as the capacitance gap[8] or ring[9] between the probe and
the patch. The input impedance can be adjusted by changing the position of the probe. This
coaxial cable lies behind the ground plane and do not contribute to the radiation. Only the
vertical probe itself may produce spurious radiation. However, this structure suffers from
the complexity of mechanical connections, especially in a large array, and the asymmetry

of the feed may cause higher cross polarizations and sidelobe levels.

(2) Direct connected microstrip line feeding

In this structure(Fig.1.4b), the microstrip antenna is connected directly to the microstrip
feedline[4][S]. This is a very simple structure for integration of the antenna and feedline.
The input impedance can be adjusted by changing the feeding position. But, the feedline
will produce spurious radiation that affects the antenna polarization and sidelobes. This

method also is not suitable for direct integration of radiating elements and active devices.



The circuit and antenna requirements often conflict and their mutual coupling deteriorate
the performance. In a large array, it can be used in conjunction with other techniques to sim-
plify the feeding network. The notched feeding structure[10][11] is one of its modifica-

tions. Again, the asymmetry of the feed may affect the cross polarization and sidelobe level.

(3) Gap coupled microstrip line feeding

The gap coupled microstrip line feeding(Fig.1.4c)[4],[5] may be considered as a modifica-
tion to the direct microstrip line feeding. It provides isolation for the direct currents be-
tween the feedline and radiating element. Therefore, it is suitable for mounting of the active
elements between the antenna and feedline. It has almost the all advantages of the direct
microstrip line feed, except it suffers from some restriction on the feeding position. It also
suffers from disadvantages of the direct microstrip line feeding and the feedline and gap
discontinuity produces spurious radiation. The asymmetry of the feeding may deteriorate
the cross polarization and sidelobe level. It is also difficult sometime to make compensa-
tion between the circuit and antenna requirements. One extension of such a feeding struc-
ture is that of using one patch to feed another patch through electromagnetic coupling

which leads to a kind of subarray composed of coplanar parasitic elements.

(4) Proximity coupled microstrip line feeding

As in the previous feeding structure, the proximity coupled microstrip line feed-
ing(Fig.1.4d)[12] also provides isolation for direct currents between the feedline and ra-
diating elements. The feedline is fabricated on the lower dielectric and the radiating ele-
ment is on the upper one which can increase its bandwidth. The input impedance can be
adjusted by changing the position and/or the extension of the feedline. The different re-

quirements of antenna and circuit can be both fulfilled quite well. It posses other advan-



tages and disadvantages similar to the gap coupled and direct connected microstrip line
feeds. But the contribution from the spurious radiation of the feedline may be smaller be-
cause it is on the lower substrate. However, the twin layer structure increases the mutual
coupling between elements in the array. Again, the concept of proximity coupled feeding
has been extended to stacked microstrip antennas where a patch, or several patches, at an

upper dielectric layer is fed by another patch on the lower dielectric layer.

(5) Aperture coupled microstrip line feeding

Microstrip radiating elements can also be fed by microstrip lines through a coupling aper-
ture on the ground plane(Fig.1.4e)[13]. In this structure, the feedline and radiating ele-
ments are isolated somewhat by the ground plane which allows different substrates to be
used in each side, suitable for both antenna and microwave integrated circuits. Also, the
size and position of the coupling aperture provides more freedoms in the design. The elec-
trically small coupling aperture ensures a very small backward radiation. However, the nar-
row bandwidth of the coupling aperture makes the antenna bandwidth narrower than that

of other microstrip antenna types.
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Fig.1.4. Feeding techniques for microstrip antennas.



1.4 Arrangement of the Thesis

In Chapter 2, a unified auxiliary potential function theory is presented for the open struc-
tures with inhomogeneous dielectrics. In preparation for the analysis of microstrip lines
and antennas, the problem of stratified dielectric layers is discussed in detail. Then various
analysis techniques for microstrip lines and antennas are reviewed in conjunction with their

advantages and disadvantages.

A space domain full wave technique is developed in Chapter 3 for the analysis of open
printed transmission lines. Initially, a special form of finite difference, the method of line,
is extended to the infinite region and then, the Helmholtz equations in each region are
solved and boundary conditions on the interface of dielectric layers are enforced to obtain
a set of linear algebraic equations. By some matrix manipulation, the wave number and
electromagnetic field distributions of printed lines are obtained. This technique is especial-
ly suitable for open structures with finite width dielectrics although it can also be applied
to structure with infinitely wide dielectrics. Numerical results on a single and coupled mi-

crostrip antennas with finite width dielectric and ground plane are presented.

In Chapter 4, a network approach is developed for the evaluating of spectral domain
Green’s functions of arbitrarily directed electric/magnetic currents in multilayer dielectric
structures. By substituting the dielectric layer with an equivalent network and replacing the
electric/magnetic current sources by appropriate electric current/voltage generators, the
spectral domain Green'’s functions can be evaluated very efficiently by using a network ap-
proach. This approach is very suitable for the development of a general computer program
for treating structures of arbitrary number of layers of dielectrics. An example is presented

to compare with results obtained by using a field matching at the layer interface.
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In Chapter 5, a unified spectral domain technique is developed to analyze printed antennas
with multilayer dielectrics. By using spectral domain Green’s functions, a set of spectral
domain integral equations is obtained. Then, the spectral domain moment method is
applied to enforce the boundary conditions. New formulations are presented for quick eval-
uation of far field radiation patterns. Treatment of various feeding structures are discussed,
and entire domain and subsectional basis functions are employed in the analysis of struc-
tures with regular geometries. For the structure with arbitrary geometries, nodal based ba-

sis functions are also proposed and studied.

In Chapter 6, microstrip antennas fed with aperture coupling are studied in detail. The fea-
tures of aperture coupled microstrip antennas are discussed with respect to the analysis re-
sults. The effect of various parameters on antenna performances are discussed, and results

for several different patches fed with different coupling apertures are presented.

In Chapter 7, several techniques are proposed to enhance performance of microstrip anten-

nas. Both wideband techniques and multiple frequency operation techniques are described.

Chapter 8 is a conclusion of the thesis. The main contributions of the thesis are summarized

in this chapter and some future work in this area are outlined.

11



Chapter 2 THEORETICAL ANALYSIS OF OPEN
MULTILAYER DIELECTRIC STRUCTURES

In ahomogeneous, linear, isotropic and source free dielectric region, relationships between

the components of harmonic electromagnetic fields are

VXE=-jouH VXH=jwecE
2.1)

V-D=0 V-B=0

where € = €,¢6, and yu =y, u, , and a time varying factor ™ is assumed.

The solution of the electromagnetic field boundary value problem can be obtained by solv-
ing (2.1) in conjunction with the appropriate boundary conditions and excitation situations.
Usually, the solution procedure can be simplified by introducing auxiliary potential func-
tions[14][15], for which two types of vectorial potential functions are used in the literature.
Both are provided here and shown that they are essentially the same. Then the electromag-
netic boundary value problems for the multilayer dielectrics are discussed. In the last sec-

tion, a comparative study of various analysis techniques for microstrip antenna is provided.

2.1 Auxiliary Vectorial Potential Functions

There are mainly two types of auxiliary vectorial potential functions which used in electro-
magnetic field boundary value problems, i.e., the vectorial electric and magnetic poten-

tials, and the Hertzian electric and magnetic potentials.
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The definitions for the vectorial electric and magnetic potential functions are[14][15]

H=V X A
(22)
E =—j V(iV-A
Jotolt A + o (V-A)
E=-VXF
2.3
= — jwe &, F + - V(V-F) 2.3)
Jop, 1,

where u, and €, is the relative dielectric constant in the region.

The definitions of the Hertzian electric and magnetic potential functions are[14][15]

E=¢;'VxV x I,

2.4
H = jw,e,V X I,
E- —jk,V X I:ih
L1 - (2.5)
=—VXxXVXxII,
Mo

where k, = w Ju e, and 1, =Ju,/le, .

It is obvious from (2.2)-(2.5) that, these two sets of auxiliary vectorial potential functions
can be transformed to each other, and either of them can be used in practical applications.

As amatter of fact, in the analysis of planar transmission lines with finite width dielectrics,

13



the Hertzian electric and magnetic potential functions are adopted because they give sim-
pler boundary conditions at the truncation of dielectrics. For the spectral domain analysis
of printed antennas, the vectorial electric and magnetic potential functions defined in (2.2)
and (2.3) are used in order to establish analogy between dielectric layers and equivalent

transmission lines.

2.2 Field Theory for Stratified Dielectrics

The stratified dielectric structure can only support hybrid modes due to the complexity of
the boundary conditions at dielectric interfaces. Consider a dielectric layer as shown in

Fig.2.1. The vectorial electric and magnetic potential functions are assumed as

A=éZ Az(x’y7z) (26)

F= éz Fz(x’y’z)

A € = Eoky

1= Yol

Fig.2.1. A dielectric layer
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then the electromagnetic field components are

__1 &A, 9F, gl 8%F, 94
¥ jwe dxdz  dy ¥ jou 9xdz  dy
2 2
y=.1 6AZ+6FZ Hy=_1 0F, 04, @7
Jwe 3ydz  ox jou dydz  dx
1, 8 1 82
EZ=—.—"(“"—2+k2)AZ Hz=._ ——2-+k2)FZ
Jwe "9z Jjou "0z
and the potential functions satisfy the following equations
2
A+ KA, =0
VA A, 2.8)
V2F, +I2F, =0

where k2 = w%u , w? =27m/A .

The general solutions to (2.8) can be found with some unknown coefficients and A, and
F, are substituted into (2.7) to get the expressions for all electromagnetic field compo-
nents. Those unknown coefficients in the expression of A, and F, can then be determined

by considering the boundary conditions and exciting situations.

For dielectrics extending to infinity in two dimensions, the electromagnetic field boundary
value problem can be transformed into the spectral domain by defining the following Fouri-

er transform pair,
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Ok k0= [ [ 0y e & axay 2.9)

1 © , .
0@y 9 =27 [ [ 0l k.2 & aiak, (2.10)
which results in
=2 i LT
wEe 07 op 9z v Az
. ky 3A ) 2
E,=—2—24jk F - 1 .9 -
Y we 8z T Hz-‘-m 'a—z;;:+k2)Fz 2.11)
- 1 8 : -k, oF _
=—(—+k)A =—2—Z2_jk A
¢ jwe 92 e " opu 9z Foatlz
and
-
-a—%+k%fiz—0
0z
(2.12)

It is very easy to obtain the general solutions for Eq.(2.12) with unknown coefficients

which can be determined in a similar way as in the space domain solution.
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For a dirac—delta function excitation, analytical expressions can be obtained for the un-
known coefficients of electric and magnetic potential functions. However, for a general ex-
citation, such analytical expressions do not exist. Therefore, the numerical methods are

adopted to get numerical results.

2.3 Theoretical Analysis of Printed Antennas

Many methods have been developed for the analysis of microstrip antennas. These meth-
ods can be divided into two categories of the network models based on the magnetic sur-
face current sources, including the transmission line model, modal expansion cavity model
and the multiport network model; and the integral equation methods based on the surface
or volume electric and magnetic currents, including the equivalent source method, the
method of Green’s functions, and the spectral domain moment method. The network mod-
els are simpler and need less computation, while the integral equation methods are usually
more exact but need more computation efforts. It is also difficult to treat structure with mul-
tilayer dielectrics by using the network models, while no extra effort is needed in the inte-
gral equation methods. In the following sections, a brief description of the principles, ad-

vantages and disadvantages of these methods with representative references are given.

2.3.1 Transmission line model

Microstrip patch antennas have a physical structure derived from the microstrip transmis-
sion line. Consequently, the transmission line model[16][17] is the first and most obvious
choice for the analysis. In this model, the microstrip patch element is treated as a line reso-
nator with no transverse field variations. The fields vary along its length and radiation oc-

curs mainly from the fringing fields at the open circuited ends. The radiator may be repre-
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sented as two slots. That is, the microstrip patch is expressed as a transmission line with

two end loaded impedances representing the radiating slots.

The transmission line model is simple both in the analysis and design of rectangular micro-
strip patch antennas. However, it can only be applied to the patch elements with simple and
regular configurations and to thin dielectric substrates due to the fact that it can not take

into account the surface wave effects.

2.3.2 Cavity model

The cavity model[18] approximates the region between the microstrip patch and its ground
plane by a thin TM, — mode electromagnetic cavity bounded by a magnetic wall along the
edges and two electric walls of the patch and ground plane. The field between the patch
and the ground plane is expanded in terms of a series of cavity resonant modes or eigen-
functions along with their eigenvalues or resonant frequencies associated with the modes.
The radiation effect and other losses are represented in terms of either an artificially in-
creased substrate loss tangent or an impedance boundary condition at the walls. The fields
of the antenna may be assumed to be those of the cavity and used to evaluate the radiation

patterns, radiated power and input admittance at any feed point.

This model provides a clear physical explanation of the solution which is especially impor-
tant to control the polarization or to explore wideband techniques for microstrip antennas.
But, it can not take into account the surface wave effect and multilayer effect, and is diffi-

cult to consider the mutual coupling between elements in the array.

2.3.3 Multiport network model

As an extension of the cavity model, the multiport network model[19] treats electromag-

netic fields underneath the patch and outside separately. The patch itself is modelled as a
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two dimensional planar network with a multiple number of ports located all around its
edges. Each port represents a small section( the section is small enough so that the fields
over its length may be assumed uniform) of the edge of the patch. The fields outside the
patch(the fringing fields at the edges, the surface wave fields and the radiation field) are
incorporated by adding equivalent edge admittance networks, including radiating edge ad-
mittance networks and non-radiating edge admittance networks, connected to various
edges of the patch. This model can take into account the junction between the feed line and

the patch and can also consider the mutual coupling between two radiating edges.

This model combines the concept of network theory with microstrip antennas which makes
it possible to use available network analysis and design theories and software in microstrip
antenna analysis and design. But large computation time is needed to treat complex prob-

lems.

2.3.4 Equivalent source method

The equivalent source method[20] is based on the equivalence principle. Initially, the effect
of the dielectric substrate is repreéented by equivalent electric and magnetic currents and
a set of integral equations are established by satisfying all the boundary conditions of the
original problem with the equivalent electric and magnetic currents being unknown. The
moment method is then applied to solve these integral equations. This method is accurate

in formulation by considering all boundary conditions.

This method can be applied to various structures with arbitrary patch and dielectric sub-
strate shapes, especially with finite dielectric substrate and ground plane. When it is
applied to the axial symmetric geometries, much computation time and storage can be

saved by expanding the field distributions in terms of a limited number of azimuthal modes
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representing the physical modes of the structure, since microstrip patch antennas are highly
resonant structures. Also, solutions obtained by using this modal expansion have clear
physical meanings. However, huge memory and computation are required when it is

applied to structures with large dielectrics and with no axial symmetry.

2.3.5 Spatial and spectral domain moment methods

The spatial domain moment method[21],[22] and spectral domain moment methods[23]
are similar with only a difference that in the first method, calculation is done in the space
domain while in the second method, it is handled in the spectral domain. In both methods,
integral equations with the surface electric current on the patch being unknown are estab-
lished by using the boundary conditions on the surface of the patch. The effect of the ground
plane and the dielectric substrates are included in the Green’s functions. The surface elec-
tric current on the patch is normally determined by using the moment method in the space

or spectral domain.

The spatial domain moment method also establishes relationships between problems with
stratified dielectrics and problems in the free space with different Green’s functions. How-
ever, it needs large computation time to evaluate Green'’s functions. The computation time
can be saved dramatically by using complex image theory to consider the effect of dielec-

trics[24].

The spectral domain moment method can treat microstrip antennas easily for various di-
electrics(multi-layer, anisotropic, etc.), arbitrary radiating elements and feeds. And, when
it is applied to microstrip antenna arrays with infinite number of elements, the formulation
and computation can be simplified significantly. However, it also has large computation

and storage requirements.
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Chapter 3 A SPACE DOMAIN FULL WAVE TECHNIQUE
FOR OPEN PRINTED TRANSMISSION LINES

In this chapter, a space domain full wave approach is developed to analyze open printed
transmission lines. The method of lines, a special type of finite difference technique used
in the analysis of enclosed printed structures, is extended to the printed structures in open
space. This technique can be used to analyze various open printed lines and is suitable espe-
cially for dielectric substrates with discontinuities and/or with finite ground planes where
a full wave approach is not available yet. The convergence of the method is examined by
numerical experiments. As application examples, the dispersion characteristics of open
single and coupled microstrip lines with finite dielectric substrates are calculated and com-
pared with the full wave results for structures with infinite width dielectric/conductor and
the available quasi—static results for single microstrip line with finite dielectric in the litera-

ture. The effect of dielectric width on the characteristics is also discussed.

3.1 Outline of Analysis Technique

Open printed transmission lines are widely used in microwave and millimeter wave inte-
grated circuits. Such transmission lines with continuous and infinite dielectric layers may
be analyzed by many effective methods. Their characteristics have therefore been system-
atically studied[25]. However, practical structures usually have discontinuities in the di-
electric layers(Fig.3.12) or use substrates of finite width(Fig.3.1b). Their characteristics

are therefore expected to be different from those without discontinuities, but unfortunately,
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at present there exist only a few quasi—static results for open microstrip lines with finite
dielectric substrates[26][27]. On the other hand, at high operating frequencies, the frequen-

cy dependent characteristics are needed to accurately design circuits or antennas.
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(a) with discontinuous dielectrics

(b) with finite wide dielectric and/or ground plane

Fig.3.1. Open printed transmission lines

Traditionally, the method of lines has been used effectively in various enclosed planar or
quasi-planar microwave structures[28]-[32]. In this chapter, this method is extended to
open unbounded regions[33] by introducing a form of coordinate transformation. Based
on this extension, a unified full wave approach[34] is presented here for the analysis of
open printed transmission lines. The approach itself is general and can be used in either case
with or without discontinuities in the dielectric layer. Of course, its advantage lies in its ca-
pability of giving the full wave characteristics of structures with discontinuous dielectric

layers which are presently unavailable in the literature.
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The procedure for application of the method of lines to the enclosed problems has been dis-
cussed in many publications[28]-[32]. In this chapter, initially, the formulation of the tech-
nique is provided briefly and its difference as compared with the conventional ones is
pointed out. Then, the convergence of the method is examined carefully by numerical ex-
periments. As application examples, the dispersion characteristics of open single and
coupled microstrip lines of finite dielectric substrate widths are calculated. The results are
compared with those of other full wave methods for structures with infinitely wide dielec-
trics and the available quasi—static results for the single microstrip lines of finite dielectric
widths. Some differences are observed. This means that the full wave results for the struc-
tures with infinitely wide dielectrics can not be used directly in the case of finite dielectric
case and the quasi static results for structures with finite dielectric can not be used at higher
frequencies. However, similarities are found between the full wave results of structures
with infinitely wide and finite dielectrics, which implies that nomograms used in the design
of structures with infinitely wide dielectrics [25] may also be used for structures with finite

dielectrics.

3.2 Formulations

An open printed transmission line with a single layer dielectric is shown in Fig.3.2a, which
is composed of three dielectric regions(&,1, €2, €,3 ) and several conducting strips on its
lower and upper interfaces while the areas above and below the layer are free space. The
structure with a ground plane at the interface can be obtained by letting one of the conduct-
ing strips become infinitely wide, whereas that with a finite dielectric width is obtained

by selecting &,; =€,3=1.0.
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3.2.1 Hybrid modes in the structure

As it is discussed in chapter 2, the electromagnetic fields in the structure of Fig.3.2a can
be represented by hybrid modes of two types, the longitudinal section electric(LSE) and
longitudinal section magnetic(LSM) modes. For completeness, fields in each layer ex-

pressed in terms of Hertzian vector potentials are written as

E =¢;l(®)V x V x I, - jk,V x I,
(3.1)

ﬂoﬁ=jk0V X ﬁe+V XV X ﬁh

where € . (x) is the relative dielectric constant in the layer which is dependent on x ,

=wVp £, »Mo= M,/ , andtheHertzian vector potentials I, ,II, have only the

X — components as

O, =x k2 g, e?& (LSM modes)
(3.2)

IO, = % k2 gy, ez (LSE modes)

where the dependence ¢! has been assumed, k, is the propagation constant of the line,

and the scalar potentials ., 1, must satisfy the following Helmholtz equations:

ad oY, oY,
er(x)?’;(e;l(x) 6::302 ) a‘l/;_ +( r(x)k%"k%)we—

Sy 9
Sp s (e - - 0

(3.3)
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Therefore, the propagation constant k, of the line may be obtained by solving (3.3) in com-

bination with the appropriate boundary conditions of the structure.

3.2.2 Coordinate transformation between open and closed regions

In the structures of Fig.3.2, some of the boundaries are located at infinity. Usually in most
solution methods, a boundary at infinity is substituted by a finite artificial boundary and
then the problem is solved inside this finite artificial boundary, instead of its real open
boundary. However, even when the artificial boundary is made large enough, there are still
differences between the results obtained using the artificial boundary and the real problem.
On the other hand, when the artificial boundary is made too large, the area becomes very

large and introduces difficulties in application of numerical computation.

In the application of the method of lines, one needs to discretize the region only in one di-
rection and the fields in the other direction may be expressed in explicit forms[28][29].
Therefore, when applying the method of lines to analyze the open problem as shown in
Fig.3.2a, one needs to treat the unbounded region only in the X — direction. In [33], the
coordinate transformation was used to map the unbounded open region into a half—
bounded region and then the method of lines was used to analyze the open microstrip line.
This technique is adopted here for the analysis of problems with discontinuous dielectric

layers.

There are a number of mapping functions that can be used to map the unbounded open re-
gions(Fig.3.2a) into a half-bounded region(Fig.3.2b). In this paper, the following algebraic

function is used(Assuming that the coordinate system in Fig.3.2a is x,y,z and that in

Fig.3.2b is t,y,z2 )
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s X € (o, +®),1 € (-1,+1) (3.4)

where s is a constant that determines the shape of the mapping function which should be
chosen carefully in the numerical processing. Then all the partial derivatives with respect

to x in (3.3) may be expressed with respectto ¢ as follows

Yy Yy
= . k 1)y 1=
P 0p(t) P
3.5)
Py, 3 Y,
=kop(t) — | k,p(¢
a2~ kop® az( o p(f) 5
where subscript u = e,h and
Py ==& (3.6)

d(kox)

By such a coordinate transformation, the original open structure of Fig.3.2a is mapped into
the half-bounded structure of Fig.3.2b, where the boundary along the X - direction is

closed and the boundary along the y — direction is kept open.

3.2.3 Discretization in the transformed region

To solve the problem in the mapped half-bounded region of Fig.3.2b, one needs to discre-
tize the £~ variable in the partial differential equations which are obtained by substituting

(3.5) into (3.3). In this mapped region, the method of lines may be used in a similar way
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as it is used in a closed region with a difference that in the present case the region in the

y — direction is open.

Initially, two sets of N straight lines parallel to the y — axis are laid into the cross section

as shown in Fig.3.2c. Then, the potentials ¢, ,y), in the differential equations are replaced

by their discrete values at these two sets of lines. For clarity, the lines corresponding to the

potential ¥, are named as ““ 1. — lines” while those of the potential ), as * 1y, — lines”.
The .- lines are placed at ¢=1t,,t0, -2,y and the w,—lines are at
t=1Ip1,th, - -+, tay . The distance between the two adjacent i, — lines or 9y, — lines is

h=2/(N+0.5) ,ie., fe(i+1) — Lei = In(is1) — Ini = h . Thus, the distance between the two ad-

jacent Y. — ,9,— lines is h/2 , 1.e., le(i+1) — tn(iv1) = tn(is1) — lei = h/2 .

In addition to the above general rule for the placement of 9, — and 9, — lines, there are

two other points that should be noted regarding certain special boundaries perpendicular

to the t— direction:

(1). At the electric wall perpendicular to the t— direction, the tangential electric

e
d

fields must be zero which results in setting 3, =0 and =0 . Therefore, a

Y, — line is placed at the electric wall to fulfill these boundary conditions. Similar-

ly, at the magnetic wall perpendicular to the t - direction, the tangential magnetic
Yn

fields should be zero which results in setting ¥, = 0 and = - 0 , and therefore,

a ¥, — line must be placed at the magnetic wall to fulfill these boundary conditions.
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(2). When there is a discontinuity of the dielectric constant along the t— direction,

the boundary condition at the discontinuity interface which is perpendicular to the

t— direction must be fulfilled. For this purpose, a P, — line is placed at the dis-
continuity interface between the two dielectrics, and the value of &,(f) in the per-
mittivity matrix [¢,5] atthislineis assumed as the average of its values at two adja-

cent dielectrics.

The derivatives of ¥, , ¥, withrespectto ¢, in the mapped region, are replaced by their

values at the 9, — or 1 — lines through the following central finite difference scheme

(?_{1_) _Aimp-Aiap 3.7
i h

where A represents either ¥, or ﬁ—;p;“— , subscript i implies the position at = ¢, ,

i+ 1/2 fort=t,;+ h/2 and u=e,h.

Therefore, according to (3.5) and (3.7), one has

dA 0A
(7’;) : (kop(t) E) " (38)

Ai12-Ai1
- kop(tui)-ﬂ;l—l—i

and can therefore express the derivatives in (3.3) in terms of a finite difference matrix as

30



Lk ok, 17 (D (%)
Le ok, i (D] 2
% =k b [Dy] [D.] [¥4] (3.9)
e7) "’;/;e =k K el (D4 W]

er(x)f; (s:%x)a—a"”j) = k2 1?2 [ere] Dol [ern]™! [D] [P

where [W,] and [¥,] are N X 1 matrices representing the set of the values of 9, and

Yy atthe y.— and 9y, — lines respectively, i.e.

[Wel = [elte)), Welted), - Weltew)]”
(3.10)

(W5l = [Wrth), ¥1(th2), - )|

and [g,,] and [¢,4] are N X N diagonal matrices with the diagonal elements representing

the set of the values of ¢, atthe .- and 9, — lines as

[ere] = diag (8 Hte1), €x(te2), s € r(teN))
3.11)

[srh] = diag (er(thl)s sr(ch), very sr(thN))

while [D,] and [Dj] are N X N matrices given by
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—p(te) plter) O - O 0
0 —p2) pte) - - 0 0
mi-| o0 TR0 X
. . o e plev-1) PCtev-1))
L0 0 0 - 0 —p(tw)]
(3.12)
[ p(tm) O 0 . 0 0 ]
-p(t) pty) O -« 0 0
D] - 0 —P(:l‘h3) p(t:hs)-:" 0 0
) . - e pltyv-y) O
0 0 0 - —ptw) -ptnv) |

Substituting (3.9) into (3.3), one can obtain the following matrix equations for [‘I‘e] and

[lph] .
dZ
7 [Werl — k5 B2 [Qepl [Wepl 12 [Wopl =[ 0] (3.13)

where [Q,] and [Qp] are N X N unsymmetrical trigonal matrices

[Qc] =- ([‘c:re]h2 + [€rel[De] [srh]_l [Dh]) (3.14)

[Q] = - ([eml#® + [D4ID,])

Since [Q,] and [Qp] are unsymmetrical trigonal matrices, it is difficult to write the explic-
it solution of (3.13). Therefore, one needs to implement certain transformations in (3.13)

to obtain the explicit solution form.
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Itis known that[35] [Q.] and [Qj] can be transformed into the following diagonal forms

[Tenl™ [Qepl [Tepl = [Acs] (3.15)
where [A.],[As] are N X N diagonal eigenvalue matrices of [Q,], [Qx]
[Acpl = diag (Aein) (i=1,2,---,N) (3.16)

and their diagonal elements A.; and A;; are the i — th eigenvalues of [Q,] and [Qj] re-

spectively. [T,] and [T,] are, of course, the corresponding eigenvector matrices of [Q,]

and [Qp] .

Therefore, [W,] and [W)] can be expressed by their transformed matrices [W,] and

W] as

[Werl = [Tep) [l (3.17)
Substituting them into (3.12), one obtains:

dZ

P [Wenl - k2 [Kepl W] =[0] (3.18)

where [K,] and [Kj] are N X N diagonal matrices
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K.zl = diag (k% ;) (3.19)

{

and their diagonal elements are determined by
Keipi = / Eof+ B hcihi (3.20)
and g, #F= K2/K% is the effective dielectric constant to be determined.

3.2.4 Solutions in one layer

For a single layer, (3.18) can also be expressed in the following single variable form

& . _
P Veii —k3 ki Peii=0 (3.21)

(4

and its general solutions are given by

'l/) eihi = Qi hi ekei.hi koy + bei,hi e_kei,hi k,y (322)
where a,;p; and b,;p; are the coefficients to be determined by the boundary conditions.

The general solutions of (3.22) may be written as a relationship between [¥,] and [¥)]

and their normal derivatives in the upper and lower interfaces of the same layer. For exam-

ple, for the layer I as shown in Fig.3.2, with the lower interface at y = y; and the upper

interface at y =y, , the transfer relations are
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d [+ .
d_y[lpe”’]w _ ko[—ye,h ae,h] [q’e’h]yz (3.23)
aual,| Lo v,

where

enrl = diag[kei,hi/ tanh(kokez,hi d)}
(3.24)

[@ep] = diag[kei,hi/ Sinh(kokei,hi d)]

and d =y,—y; is the thickness of the dielectric layer.

In particular, when one of the interfaces at y =y, is a perfectly conducting surface, as in

Fig.3.2d, one has

[Te] [li}e]yg = [0] => [Ipe]yg = [0]

g p (3.25)
[T] o [Wily, =101 = E;[lph]yg = [0]
and, when one of the interfaces approaches infinity, i.e. y = o , one obtains
[TA¥elyso =[0] = [Pclye = [0]
(3.26)

Til¥ilyse =[01 = [Fhlymse = [0]

3.2.5 The electromagnetic field components

According to (3.1), (3.2) and (3.9), all electromagnetic field components in the layer can

be expressed by [¥,] and [¥)] as
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[Ex = - h—-z[8 re]_1 [Qe] [‘Pe]
[Ey] = 57 [e, ] D IIGIY,] - Ve 5[]

[E.] = - {1 Ve leal ' DAIP,] - [GAI[Ws])

(3.27)
[H,] = -n;' h2[QuI[¥]
(] = 75 [ DRG] + Ve o (W1}
[H,] = - 5! {7 Ve o (DLWl + (G, ]
where
[Gepl = [TepllyepllTepl™ (3.28)

3.2.6 Matching of the boundary conditions at the interface

So far, all the electromagnetic field components have been expressed in terms of [‘Pe] and

[¥;] . These terms, [¥,] and [W}] have general solutions as shown in (3.22) with coeffi-

cients and the effective dielectric constantin k,; and k;; asunknowns. The unknown coef-

ficients in (3.22) may be eliminated by fulfilling the boundary conditions at the interfaces

between the dielectric layers.

Substituting the electromagnetic field components from (3.27) into the boundary condition
equations at each interface and after some mathematical manipulations, one can obtain a
set of simultaneous equations for the relationship between the strip electric current and the

electric field components at the interface with the strip at y = y; ,
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[Eddy, = Mol ™ MZad [T + 10072113 ,]
(3.29)

[Ez]y: = ﬂo[zzx] {Jx] + ]'7 o[Zzz][Jz]

where [J,] and [J,] are N X 1 matrices of the transverse and longitudinal electric cur-
rents on the strip, and [Z,] ,[Z,] ,[Z] ,and [Z,;] are N X N matrices dependent only

on the effective dielectric constants Eoff -

For the structure shown in Fig.3.2d, where the dielectric is terminated by a perfect conduc-

tor in one side, the [Zy,] ,[Z,,] ,[Z,] , and [Z,,] matrices can be expressed as follows:

[Z] = - K[l 1 QLPT!

[Z.,] = Ve [el I QUIPT U SIIQ!

(3.30)
(2] = I Ve W]
(2] = {PIGHIAT + & WIISI} Q]
with
[W] = (%1 [D] ~ [G}I[AT (@1 P
(1 = {11 + (11 - [@,)AT} 33D

[P] = K% ¢{Dy]([11 - [@])AT Q] + [GL] - [GH][©.,]

[A] = [@4] - [GIT[GL]

and
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Q] = [G}1"{[D. 1101 - [, [D.]}
[©.] = [QT [l QL]
[04] = [QA1[Q}]

(3.32)

where the superscript I and II represent the values in layer I and layer II as indicated in

Fig.3.2d.

Since the electric currents J, and J, are nonzero only at the surface of the metallic strip,
where E, and E;, mustbe zero, one can obtain the following reduced homogeneous equa-

tions from (3.29):

[Edsirip = Moh MZS I dstrip + 1oh UZ3 1 Jstrip = [0]
(3.33)

[Edsrip = NlZ1Txlsrip+  MolZE T strip = [0]

The Equations of (3.33) must have nontrivial solutions, since the electric currents on the

strips can not be all zero. Thus, the effective dielectric constant ¢, = k2/k% can be ob-

tained through an iterating procedure from the determinant of the coefficient matrix of

(3.33), i.e.

de (241 + (ZHZET ' [z81] = 0 (3.34)

Once the effective dielectric constant €, = K2/k2 is obtained, all the electric field com-

ponents and other characteristics of the transmission lines, such as the characteristic imped-

ance of the line, can be obtained via a computation of the transmission power[29][30].
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3.3 Convergence of the Method

The convergence of the method is examined by the analysis of a single microstrip line with
a finite width dielectric substrate, as shown in Fig.3.3. In Fig.3.3a, the convergence curves
for the effective dielectric constants are provided as a function of N ( the number of lines
in half space ), for different values of M ( the number of lines in half of the dielectric sub-
strate ). The structure is a conducting strip with constant conducting and dielectric substrate
widths. It shows that the method convergences by increasing N. But, the rate of conver-
gence depends on the value of M. When M is small, the results converge slowly and the final
values depend on the value of M ( For instance, the final value for M = 8 and 24 are differ-
ent by about 2% ). This indicates that the selected value of M must be large enough to in-
sure the solution accuracy. In addition, for adequately large values of M, the convergence
with N becomes very rapid. For example, for M = 16 , the numerical results for the effec-
tive dielectric constant vary only within a range of approximately 0.1% , when N = 40 .
This is due to the fact that the field lines are concentrated in the dielectric region and there-

fore, more attention must be paid to their accurate computation.

The dependence of the convergence on M could be seen more clearly in Fig.3.3b where
another set of curves are plotted to show the convergence of the effective dielectric constant
versus M. It shows that when M is adequately large(M = 20 in this example) the results
become almost independent of M. For structures with wider dielectric substrates as shown
in Fig.3.3c and Fig.3.3d, field lines are spread in the dielectric region and therefore larger
M values are needed to obtain a convergent result. Otherwise, these results show similar
convergence properties as before. In this case, the numerical results for the effective dielec-
tric constant vary only within a range of approximately 0.1% when N = 50 and
M = 20 (Fig.3.3c). Again for M = 30 in Fig.3.3d, they remain almost independent of
M, but values of N are larger than those in Fig.3.3b.
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(a) convergence with respect to N

(b) convergence with respect to M

Fig.3.3.  Testing for the convergence of the method. (N — — number of lines
in half space, M — — number of lines in half of dielectric substrate)
(6,=9.7,d/A,=0.1,w/d=1.0)



M =15, 20, 25, 30, 35

N—number of lines in half space
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(d) convergence with respect to M

Fig.3.3  (continued)
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All numerical experiments made above are for the case of &, = 9.7 . For other dielectric

substrates, the rate of convergence depends on their dielectric constant. When the relative
dielectric constant becomes smaller, the rate of convergence also decreases. Because in this

case, the fringing field is not as concentrated as the higher dielectric constant case.

3.4 Numerical Results of Single and Coupled Microstrip Lines

The method presented above can be used to analyze open planar structures with continuous
or discontinuous dielectric layers and/or with a finite ground plane width. As an example,
an open microstrip line with an infinitely wide dielectric and ground plane is analyzed and
compared with results of spectral domain full wave methods[36] in Fig.3.4. Their good

agreement indicates the validity of this technique.

7.6‘ 81‘1 = 9.7

erf

7.4{ wfld=1

7.24

y sccsaas Presént Method

6.8 Kobayashi & Ando [36]

6.6 4

0.01 0.02 0.03 0.04 005 006 0.07 0.08 009 010 011 4o

Fig.3.4.  Results for an open microstrip line with infinitely width dielectric
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The technique is then applied to analyze the open single and coupled microstrip lines of
finite width dielectric substrate. Since similar full wave analysis results for open planar wa-
veguides of finite dielectric substrates are not available, the results obtained here can only
be compared with available quasi-static results[26] and with the full wave results of the
structures with infinitely wide dielectric substrates. In Fig.3.5, the dispersions of the effec-
tive dielectric constant calculated by the present method are compared with the quasi—static
results[26]. The latter method gives results independent of frequency. As it is expected, the
difference between the full wave and the quasi-static results is small when the operating
frequency is small. As the frequency increases, their difference increases rapidly and the
quasi—static solutions can no longer be used to obtain meaningful results. This figure also
shows that, the difference between the quasi—static and full wave results is dependent on
the size of the dielectric substrate. For small substrate widths, their difference is small, es-
pecially at low frequencies where the quasi-static results approach the full wave ones.
However, this is no longer true for wider dielectric substrates where differences also exist

at low frequencies.

In Fig.3.6, the effects of finite dielectric substrate widths on the dispersion characteristics
of open microstrip lines are considered where the effective dielectric constant versus the

ratio a/d are shown for different values of d/A,, . It shows that by increasing the dielectric

width, the effective dielectric constant also increases and approaches its upper bound value

for a structure with an infinite dielectric substrate. It is interesting to note that, although the

results are dependent strongly on d/A, , their rate of change with a/d is almost indepen-
dent of d/A, . They increase rapidly for a/d < 0.4 , but their rate of change decreases
thereafter. There is a definite turning point around a/d = 0.4 , which shows that most of
the fringing fields are concentrated within the region of a/d < 0.4 . It is evident that the

size of this region is dependent almost entirely on a/d.
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Fig.3.7 Shows the dispersion characteristics of the above geometry for different dimen-
sions of the structure. Again, the results increase monotonically with frequency, or, by in-

creasing the substrate thickness.

In Fig.3.8, the dispersion characteristics of the odd and even modes for a few selected line
dimensions of the open coupled microstrip lines with finite width dielectric substrate are
shown. In this case, the static results for structures with a finite dielectric substrate are not
available in the literature. The results obtained by this technique are then compared with
the full wave results of structures with an infinitely wide dielectric substrate[37] and show
differences between them. This means that the characteristics of infinitely wide dielectric

substrates can not be used, in some cases, for accurate design of lines with finite dielectrics.
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Fig.3.5. Comparison between the quasi-static and full wave results.
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Fig.3.6. Effects of the dielectric width on the characteristics of microstrip

lines. (&,=9.7, w/d=1.0)
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Fig.3.7. Dispersions of microstrip line of different dielectric
widths(e, =9.7 ).
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Fig.3.8. Dispersions of open coupled microstrip lines of finite dielectric
widths.
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3.5 Conclusions

Based on an extended method of lines, a unified full wave approach for the analysis of open
planar or quasi planar waveguides was presented. It is general and can be applied to struc-
tures with continuous or discontinuous dielectric layers. However, its advantages are more
obvious when it is used in the latter case, where a full wave approach is not available yet.
The convergence of the method was examined by analyzing open microstrip lines of finite
dielectric substrate widths. As application examples, both open single and coupled micro-
strip lines with various substrate widths were analyzed and their dispersion characteristics
were provided. The results were compared with available full wave and quasi—static re-
sults. The effects of the dielectric width and thickness on the characteristics of structures

were also discussed.

49




Chapter 4 A NETWORK APPROACH FOR THE EVALUATION
OF SPECTRAL DOMAIN GREEN’S FUNCTIONS

As it was pointed out, one important step in the spectral domain moment method is to evalu-
ate the spectral domain Green’s functions. The most direct way to do so is to expand electro-
magnetic wave modes in each dielectric layer, and then match the boundary conditions at
each interface[38][39]. For a single layer dielectric, this is not very complicated. However,
for multi-layer dielectric structures, this leads to a very lengthy derivation process. There
have been some efforts towards the simplification of this process. In [40], an immitance
approach is proposed to derive spectral domain Green’s functions for planar electric cur-
rents in printed transmission lines of two dimensional problems. In [41], a set of formula-
tions are derived to evaluate Green’s functions by an iteration process. In [42], a dyadic
spectral domain Green'’s-function for single layer grounded dielectrics was derived for
electric currents and a corresponding network displayed for this structure. However, the

Green’s function was still derived from the Maxwell’s equations and boundary conditions.

In this chapter, a network approach is developed to evaluate spectral domain Green’s func-
tions for arbitrarily directed electric or magnetic currents in multilayer dielectrics. Each
dielectric layer is substituted with a two port network while the multilayer structure is re-
placed by a ladder connection of those two port networks for individual layers. The arbi-
trary directed electric or magnetic currents are decomposed into horizontal and vertical
components with respect to dielectric interfaces, and the horizontal components are further
divided into two orthogonal components. Each current component is replaced by an elec-

tric current or voltage generator in the network. The spectral domain Green’s functions are
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equivalent to network parameters. Therefore, the complicated procedure to evaluate the
spectral domain Green'’s function for a multilayer dielectric structure can be obtained in
a simple and systematic way. The approach is presented in detail in the following section

and applied to an example to compare with results obtained by the field matching approach.

4.1 Decomposition of Modes in the Spectral Domain

The hybrid modes in a dielectric layer can be expressed by vector electric and magnetic

potential functions in the spectral domain as

3 k, 0A B, - k., oF
WELE, 07 Wloly 07
- k, 0A, . k, oF -
= —=2 + jk F. =—2 —Z_jk A 4.1

y wsoer az J x* 2 y wﬂoﬂr az .] x4tz ( )
i} 1 82 i - 1 82 .
E, = —+ k2 A H, = — i+ k2 F

2 S, ( Py € r,ur) z z oot ( Py o€ rﬂr) z

Consider the definition of inverse Fourier Transform
1 © . y
0wy.9 =7 [ Ok, ™ & aak, (42)

Eq.(4.2) shows that the propagating electromagnetic waves in the space domain is a super-

position of inhomogeneous waves in the spectral domain. Each plane wave propagates in

the direction given by the angle ¢ = 7 + cos™! (kx/ ‘/ K+ k%) measured from the x axis.
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Therefore, one may define a new coordinate system ( U, v,z ) from the original coordinate

system (x, ¥, z) by using the following coordinate transformation as shown in Fig.4.1.

{ U= xcosg +y sing

(4.3)
=—x sing + y cos¢

/Z\ > x s1n¢=—%’- cosg15=—-]/—;£
B=[B+E

Fig.4.1. Transformation between two coordinate systems

Then, the spectral domain electromagnetic field in the system ( XY,z ) given in (4.1) can
be transformed into the new coordinate system ( wv,z ) by relation (4.3), which is decom-

posed into two orthogonal modes, TM to z and TE to z , as follows(Fig.4.2)

- ___B 94
WELE, 07
H,=iBA
I, : y=JBA; (4.4)

Bert (2 e a
z e, Py ot rikr Az
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; B 9dF,
Hu = - —
TE, : Ololly 0Z (4.5)
5 1 92 5
H,=- — + ke |F,
Jopy \ 02
0%A

i 2
™, E--—_%% g _pi gL i (46)
WELE, 07 , JOEEy
- - . F . z
TE, : -E,=jBF, H,=- B_oF, H,=- B F, 4.7)
) Ololty 07 JO oty
y4  wave y4d wave
v propagation v propagation
) 4 3 -

@ TM to 7 (b) TE to z

Fig.4.2. Orthogonal modes in a new coordinate system
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4.2 Equivalent Transmission Lines for Dielectric Layers

4.2.1 Equivalent transmission line for a single dielectric layer

It is very easy to find from (4.6) and (4.7) that electromagnetic field components of each

mode satisfy the transmission line equation in a source free region, i.e.,

J0 -
™, : —E,=—j H —H, =— jwe. g.E (4.8)
z 9z u stoer v, a2 v JOE o€ pLuy
9/ - - d - k2 .
TE, : —(-E,) =-jw H, Sy & S U A (4.9)
z 82( V) JORAM Ty Pl Jw'uaur( V)

which means that the E u(v) transverse electric field and the H u(v) magnetic field are equiv-

alent to the voltage and current in the equivalent transmission lines as shown in Fig.4.3,

(4.10)

(a) dielectric layer
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(b) TM to z mode (¢) TE to z mode

Fig.4.3. Equivalent transmission lines for a single dielectric layer

The propagation constant for these two equivalent transmission lines is k, = v k2¢ 4, — 82

while their characteristic admittances are different

Yy =—5 =— =
123 E, k;
4.11)
I, H k
Yrp = & =— :

d - - d - - o
where —A, =-jk A, ,and a—zF ; =—Jk, F, are assumed because only one direction for
the propagating wave should be considered to evaluate the characteristic admittance.

Fig.4.3 also shows that the two modes in a dielectric layer can be replaced by a single equiv-

alent transmission line with different parameters.

According to the equivalence between the field and circuit parameters, a short cir-
cuit(Fig.4.4) can be used to model a perfect conductor terminated dielectric layer, and a

dielectric extending to infinity can be modelled by a matched impedance load.(Fig.4.5).
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(a) dielectric layer (b) short circuit equivalence

Fig.4.4. Equivalent circuits for a dielectric terminated by a conductor

(a) dielectric layer (b) matched load equivalence

Fig.4.5. Equivalent circuits for a dielectric extending to infinity

4.2.2 Equivalent network for multilayer dielectrics

In multilayer dielectric systems, each layer can be modelled by two equivalent transmis-
sion lines with their own parameters for two different modes, while the whole system can
be modelled by two different cascaded ladder transmission lines for two modes as shown
in Fig.4.6b. Then the ABCD matrix for the whole network can be easily obtained by sim-

ply multiplying that of each section

C D TM(E) i jYTM(E)l sin(kzi di) COS(kzi di)

A B N cos(k,; d;) Jsintky; d;) [ Yoy (4.12)
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which is equivalent to a two port II network as shown in Fig.4.6¢ (see equation (A.6)).
If the top or the bottom layer is terminated or open to infinity, it is then simplified to a single

one port network with one admittance.

z
il sl skl ] ol o ]l ] el ll ol ol sl sk o ] el sl oot ool ol sl ] sl sl sl ol ol ol ol ol sl el el ¢
i i i ) i TNaaa033333333%3 T
o o o o o I
B o oo o oo o o
B A A A

EEErEhabahabal b ol Calab ol PP ab b PP de b P ab b AL AP ab b b ababab b ol ababab ot oCab b,
¢§¢‘cgcSr.gc‘c‘c‘¢§¢‘¢‘¢‘¢¢¢‘¢§¢§¢‘¢‘¢‘t CLEeE 10, Uy Cabebebebebpbabebobabababet | o,
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(a) multilayer dielectrics
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kzl kzZ e oo kzn
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(b) equivalent ladder network

(c) equivalent T network

Fig.4.6. Equivalent network for multilayer dielectrics.
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4.3 Equivalent Networks for Sources

An arbitrary directed electric or magnetic current J/M as shown in Fig.4.7 can be decom-

posed into two components in the transformed coordinate system (i, v, z) , one is the hori-

zontal component J;,/M;, lying in the uov plane which can be further divided into two

orthogonal components J,/M, and J,/M, , the other is the vertical component J,/M,

inthe z direction. Then the electromagnetic fields produced by this arbitrary directed elec-
tric/magnetic currents is the superposition of those fields produced by three components.

Its Green’s function can also be expressed in a dynamic form as

(4.13)

So the dyadic Green'’s function can be obtained by evaluating each scalar one.

J/™m

u/ Jn/My,

Fig.4.7. Decomposition of an arbitrary directed electric/magnetic current
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4.3.1 Horizontal components

Eqgs.(4.6) and (4.7) imply that a u directed electric current will only excite a TM to z
mode, and a v directed electric current will produce only a TE to z mode. While for the
magnetic current, a 4 directed component will only excite a TE to z mode anda v di-

rected component will produce only a TM to z mode. Therefore, the equivalent circuits
of horizontal current components shown in Fig.4.8a can be derived by using the boundary

conditions at the interface and the equivalent network as shown in Fig.4.8b.

Z

N s

N\

NN

17/ 1"” J u(v)/// Mu(v
< ¢ s

(a) horizontal electric/magnetic current components

e

o

Ly Iy
> z
+ +
YTmEy 9 Yo
Veny2 . Ve
[ I — e e

(b) equivalent network for current

Fig.4.8. Network modelling of horizontal current components
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Take the electric cuurent component J,, as an example, which will produce a TM, mode.
The following relation can be derived from the boundary condition at the interface as in

Fig.4.8

gvl _HVZ == ~u (4.14)

Replacing field components with their equivalent circuit parameters given in (4.10) yields

Iy—In=-J, (4.15)

which means thatthe u directed current component at the interface is equivalent to an elec-

tric current generator in the equivalent network.

Similarly, the electric cuurent component J, can also be modelled by an electric current

generator in the TE, equivalent network. And equivalent magnetic current components

M, , M, can be modelled by electric voltage generator. The equivalent electric current
or voltage generators for electric and equivalent magnetic current components are shown

in Fig.4.9. The mathematical formulations are

Ige=— u Igh=jv

2

(4.16)

Vge=_Mv Vgh=_Mu .

b
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(b) equivalent electric voltage generator for horizontal magnetic currents

Fig.4.9. Equivalent sources for horizontal current components

4.3.2 Vertical components

The equivalent network for vertical current components in Fig.4.10a can also be obtained

according to the equivalence between the electromagnetic field components and the net-

work current and voltage. A vertical electric current will only excite a TM to z mode as

3%A,
072

(4.17)

+ KA, = -1,
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and jz = 0(z— 2,) exp(~ jkx¥o _jky)’o) .

It is easy to obtain the following relations from (4.17) and (4.4)

i £ = —j—=—H,+ i Jz
9z WEEr WE L,
(4.18)
By 1 0H,
JWEEy 07
Considering the equivalence relation in (4.10), one has
v, . kK - .
- aze =J(08z8 Ie_wfoa T2
’ ! (4.19)

al,
——== JOEEV e
0z

Eq.(4.19) is the governing equation for a transmission line with an electric voltage genera-
tor. Therefore, a vertical electric current in the dielectric is equivalent to the voltage genera-

tor as shown in Fig.4.10b.

Similarly, a vertical magnetic current in the dielectric excites only TE to z mode, which
results in the following governing equation for a transmission line with an electric current

generator and is equivalent to the voltage generator as shown in Fig.4.10c.

WV
**52}1 = jopotrlp

(4.20)
O i K g B g
07 T Wlglly WOy

62



The equivalence relations between the voltage generator and the vertical electric current,

and the electric current generator and the magnetic current are

V-—P_J, Iy =—P—11, (421)

| A/ A /e /2

Z 21/ ErsUr /‘ /1 Eul’Evl’Ezl)

o Z
o ErlUr 22 22)
7 e,

(a) a vertical electric/magnetic component

Ie2 Vge Iel

I In z
—
® ° >
+ +
Vio Ten Vi
[ + ®

(c) equivalent electric current generator for a vertical magnetic current component

Fig.4.10. Equivalent sources for vertical current components
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4.4 Network Approach Evaluation of Green’s Functions

Now that the multilayer dielectrics are substituted with equivalent transmission lines and
all electric and equivalent magnetic current components are replaced by the electric voltage
and current generators, the spectral domain Green’s functions can be evaluated by calculat-

ing the appropriate network parameters in the network.

In a practical multilayer dielectric structure, the electric or magnetic current sources may
be pléced at alayer interface or inside one single dielectric layer. Generally, there is no dif-
ference between these two situations, because in the second case, one may divide this single
layer into two layers with the same dielectric parameters and a general formulation can also

be obtained with the current position as a varying parameter.

The procedure to evaluate these network parameters is as follows. First, the cascaded net-
work between the source point and field point is replaced by a two port IT network as dis-
cussed in section 4.2, and the circuit beyond source point and field point is then equivalent
to a single admittance. The electric/magnetic current components are equivalent to electric
current/voltage generator as discussed in section 4.3. The problem is equivalent to the net-
work problem as shown in Fig.4.11a or Fig.4.11b, depending on the current types. General-
ly, it is easy to find the electric voltage and current at the field point. For the network of

Fig.4.11a, one has

{V1=YSZ1VS 4.22)

I =Y. YrZ, V,

which for the network of Fig.4.11b, they become
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Vi=21 I (4.23)
{ 11 =YT Zl Is

where Zj = Y,/[(Y1+ Y)Y, + Y2+ ¥7) + V(Y2 + ¥7)] .

O\
Y,
v, 0
Ys Y, Y,
®
(a) Network with electric voltage generator
AN\
I, Yo
Ys Y, Y,

(b) Network with electric current generator

Fig.4.11. Network approach for the evaluation of Green’s functions

As it is shown in eq.(4.10), the electric voltage (V1) and current (I;) at the field point are
equivalent to the electric field (£, , £, ) and magnetic fields (A, , H, ) , respectively, in the
transformed coordinates ( U, v,z ) .From (4.16) and (4.21), it is known that the electric cur-

rent generator (/) and voltage generator (V) are equivalent to the electric current or mag-

netic current, respectively. Therefore, the spectral domain Green’s functions in the trans-

formed coordinates ( u,v, z) can be obtained by eq.(4.22) or (4.23).
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Finally, the Green’s functions in the (x, Y, z) coordinate system can be obtained from

those in ( u,v, z) coordinate system using the coordinate transformation (4.3), i.e.,

E.= E,cos¢ + E, sing (424
4.24

L, =—E, sing + E, cos¢

When a part or the entire network is resonating, the electric current or voltage in the net-
work has singularities, which corresponds to the surface wave modes in a multilayer dielec-
tric structure. It is easy to determine the condition of singularities from the equivalent net-
work, which is another advantage of the network approach. The reason for these
singularities is that there is no loss in the network. Therefore, singularities can be avoided

by considering a lossy network, which is equivalent to lossy dielectrics in the real world.

4.5 An Example

A single layer grounded dielectric with both electric and magnetic currents is shown in
Fig.4.12a. As shown in Fig.4.12b, the dielectric layer is replaced by its equivalent transmis-
sion line and the free space area s equivalent to an admittance, and all electric and magnetic
current components are replaced by appropriate electric current and voltage generators. It

should be noted that different parameters should be used for different modes, i.e.,

we wEe k1 k
Yo = “r , Yop=—2, Ym=—-, Ym=—2, ky=/K, -2,
kz1 kz Wpho Wi,
kzZ = k%"ﬁz .
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(a) electric or equivalent magnetic currents at dielectric interface

f— a—j z

L L —_
YrmEn +
Va2 14} Vi Iy YrueE):
kzl -
° *

(b) equivalent transmission lines

Yo z
ANANNY ® . >
+
Vg2 b Y1 Y, Vi I Y,
@ @

(b) equivalent network

Fig.4.12. A single layer grounded dielectric with electric and magnetic

currents and its equivalent networks

The equivalent transmission lines is further replaced by the equivalent network shown in
Fig.4.12¢ where the transmission line section of length d isreplaced by atwo port IT net-

work. The ABCD matrix of the transmission line section is
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A B _ cos(kz1d)
C D |mEn | JjYueE sin(kyd)

and the parameters of this I network are

Yoeny = — JY )1 csc(ky1d)

Y1ey = j¥aaEy1[cscly1d) — cot(k,1d)]

and Yo.ny = Yrmey2 -

j sin(kyd) [ Y TM(E)1:| (4.25)

cos(kz1d)

(4.26)

Then, according to the network theory, one can establish the following relations

Vil_|&u K| |1a
L Ky Kp || Ve

where
1% 1
K= Vo= 0" Fer77Ts
Ig1 | Va2 Yo+ Y1+ Y,
| Y
K-, T
ng gl Yo+Yi1+Y,
I Yo
Ky =— Voo =0 " VoiVit Vo
I 1 Vg2 Yo+Y1+Y,
I YolY1+ Y2
K22=_..%.. 1 =O= 1+__i.—)
Vo | Lg1 Yo+Y1+Y;

4.27)

(4.28)



According to the equivalence in (4.16) and (4.10), Ipe1 =—Jo1 , L1 =Jv1 , Ve = =M1,

Ver=-My, Va=Ey , Vi=-Ey , Ip=Hy , Iy = Hy , and eq.(4.27) becomes

Eul —Rell 0 0 —4el2
E, _ 0 -Kp1 Kn2 0 (4.29)
Hy 0 Kwpi —-Kwpa O
HvZ — 2l 0 0 = DBe22
By considering the transformation (4.3), (4.29) becomes
-1
[F] = [T~ [K] [T] [S] (4.30)
where
- K11 0 0 -Keo I?x
_ E
[ K ] | 0 Kni Kz 0 F]-| 2 (4.31)
0 Kwi -Kpa O H,
-Kp1 O 0 -Kp» 1, |,
T cos¢p sing O 0
[S] _ J~y [T] _| - sing cos¢ 0 .O (4.32)
M, 0 0 cos¢ sing
M, |, 0 0 -sing cos¢

and cos¢=—%, sin¢=—--]/—;}—',ﬁ=\/k,26+k§.

Therefore, the Green’s function is
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and
GExe GExyy GExMx GExmy
[ G] _ GEny GEny GEny GEyMy
Guwx Guxry Gratx Gy
GHny GHny GHny GHyMy
For example,
GExx = — 2¢ — Kp1 sin?
ExJx = — Ke11€08” @ — Kp11 8in” @

Gy = (Kni1 — Ke11) sing cos @
Grxptx = (Ke12— Kp12) sing cos @

Gty = — Kni25in’ ¢ — K1z cos’ ¢
Substituting (4.28) into (4.35) results in

2, (6.~ )k cos kd + (K3~ Bk sin ki d

Gy = i22 ink,d
ExJx J k, T, T, S1n K71
~ Z, k k,1d + jk,1 sink,d
GEny - j k: z2 Cos ZIT .]T21 sin z1 kxky Sin kzld
m e

- _(sr - 1) .
GExMx =—1] T T kxky sm kzld

m +e

utkege, cos kud + j(Re, — e, ~ ) sink;1d
T T,

GExMy = —
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(4.34)

(4.35)

(4.36)



where

Ty = kpe, coskyd + jky1 sinkyd
4.37)

T, = k;1 cos kyd + jky sink, d

Eq.(4.36) is exactly the same as those obtained by using the field matching process.

4.6 Conclusions

A unified network approach is developed in this chapter for the evaluation of spectral do-
main Green'’s functions of multilayer dielectrics. The electromagnetic wave modes in the
multilayer dielectrics is decomposed into two modes and equivalent transmission line is
obtained for each mode. Different electric and magnetic currents are replaced by appropri-
ate electric current and voltage generators. The electric and magnetic fields are equivalent
to electric currents and voltages in the network. Then the spectral domain Green'’s functions
can be obtained by evaluating appropriate parameters of the network. Analytical results for
a single layer grounded dielectric layer are provided to validate the technique. Consequent-
ly, the lengthy derivation process of deriving the spectral domain Green’s function for mul-
tilayer dielectrics becomes a simple and systematic procedure of evaluating the parameters
of aladder network by using the network approach. Itis ideal for the development of a gen-

eral software to evaluate efficiently the spectral domain Green’s functions.
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Chapter S A UNIFIED SPECTRAL DOMAIN FULL WAVE
TECHNIQUE FOR MULTILAYER PRINTED
STRUCTURES

In this chapter, a unified spectral domain technique is developed for the full wave analysis
of multi-layer printed structures. The multilayer dielectric extends to infinity in two di-
mensions and stacks up in the third dimension. By a Fourier Transformation, the electro-
magnetic boundary value problem of multilayer printed structures is transformed into spec-
tral domain and solved by using the moment method in the spectral domain. Various types
of radiating elements and feeding structures are considered in the analysis. A nodal based
basis function is proposed along with other types of basis functions to model different

shapes of structures.

5.1 A Generalized Printed Structure with Multilayer Dielectrics

A generalized open printed structure with multilayer dielectrics is defined in Fig.5.1. This
structure represents most common types of open printed transmission lines, printed pas-
sive components, and printed antennas, and forms a building block for various printed
structures used in the analysis. Its basic element is a dielectric layer with different printed
circuits. The printed circuit on the surface of dielectric layer is represented in a complemen-
tary form of dielectric and conductor, i.e., if one part is covered with conductor, then the
other part is covered with dielectric surface. In the following section, an outline of different

parts of the structure shown in Fig.5.1 is presented.
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5.1.1 Dielectric layers

The multilayer dielectric is assumed to extend to infinity inthe x— and y— directions and

stack up in the z— direction. The lossy dielectric is treated automatically by using a com-

plex dielectric constant.

5.1.2 Geometry of radiating elements

Both printed patches and slots can be used as printed antenna radiating elements, and the
most frequently used radiating element shapes are rectangles and circles. However, in some
cases, other shapes may also be used to fulfilled special requirements such as the circular
polarization. Therefore, arbitrary shape radiating elements(patches or slots) is also in-

cluded in the present model.

5.1.3 Feeding types

Among all five feeding techniques discussed before, the microstrip feeding structures(ei-
ther direct or electromagnetically coupled feeds) have more attractive features than the
coaxial probe feeding, especially when they are used in a large array. Therefore, the direct
microstrip line or coupled feeds are used as the general feeding structure in the analysis

model. For completeness, a model for probe feeding is also developed.
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S

dielectric layer

1 and 2 form complimentary surface
1: conductor, 2: dielectric;
1: dielectric , 2: conductor.

Fig.5.1. A generalized printed structure with multilayer dielectrics
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5.2 A Unified Spectral Domain Technique

In this section, the moment method is applied in the spectral domain to develop a unified

technique for the analysis of printed structures with multilayer dielectrics.

The spectral domain moment method analysis starts with the modeling of patches printed
on the dielectrics and slots etched on the conducting planes. As it is known, the perfectly
conductor patch can be modelled by using either surface patches or wire grid models. But,
in [43][44], it has been proven that the wire grid modelling is equivalent to a surface patch
modelling with subsectional basis functions. Therefore, in the present study, the surface
patches are used to model perfectly conductor patches, i.e., the conducting patches are re-
placed by electric currents and vanishing of the tangential electric fields is enforced on their

surface.

For a printed slot, the equivalent magnetic currents are assumed over the slot aperture and
the conductor aperture is closed according to the equivalence principle(Fig.5.2). The
equivalent magnetic currents on both sides of the closed conducting plane can be evaluated

according to the electric fields as

M;=-1 X E;=XM,+yM,, (5.1

The continuity conditions for the tangential magnetic fields should be enforced in the mo-

ment method solution, which can be satisfied by assuming M: = — M, .
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Erj M{Y =—-M; X
Mé‘ = Ms

Fig.5.2. A printed slot and its equivalent model.

In summary, all the conducting patches are replaced by electric currents and the slots by
equivalent magnetic currents. The total electromagnetic fields produced by all these planar

currents can be evaluated by using the spectral domain Green'’s functions as follows

+ 00

Eior = f J(x0,¥0) - f f c_EE,] (ks ky)e] kalorxo) gl ky(y—ya)dkxdky dx,dy,
Sy

— 00

5.2)
+00
+ J M(x,, yo) - j J éEM(kx’ ky)ej kX(x_x”)@jky(y_ya)dkxdky dx,dy,
Sy
+00
H;y; = f J(x0,¥0) - j j éHJ(kxa ky)ej ko) gl ky(y—yO)dkxdky dx,dy,
Sy
—o (5.3)

+00

+ f M(x,, yo) - I j éHM(kx’ ky)ej hlor=2) g ky(y_ya)dkxdky dx,dy,
Sy

—00

where J and M represent all planar electric and equivalent magnetic currents in the mul-

tilayer dielectric structure, and G isthe dyadic Green'’s function in the spectral domain
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which is composed of the corresponding scalar Green’s functions discussed in the last
chapter. For the planar currents considered here, the dyadic Green’s function has the fol-

lowing form

. 2y L (5.4)

which can be evaluated from (4.13) by using coordinate transformation (4.3).

the subscripts E and H in (5.2) and (5.3) represent the electric and magnetic fields and the

subscripts J and M represent electric and magnetic currents, respectively.

As it is known, the tangential electric field on a perfect conductor should vanish and the
tangential magnetic fields must be continuous across the printed slot. Since the electric cur-
rents can exist only on the conducting patch and the equivalent magnetic currents are pres-
ent only in the printed slot area, the following equations can be used to enforce these bound-

ary conditions from the principle of moment method

< H?orﬂz,, M>=0, through slot aperture (5.5)
<E,,,J>=0, on conducting patch (5.6)

where the superscript u represents the total field in the region above the slot and the super-
script d indicates that the field region is below the slot, and electric and magnetic fields are

the total fields produced by all the currents as given in (5.2) and (5.3).

By expanding the electric and equivalent magnetic currents in (5.5) and (5.6) in terms of
the basis functions with unknown expansion coefficients, one can finally obtain the follow-

ing matrix equation
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2] o] = [F )

where [a] is the coefficient matrix and the elements of [Z] and [F| matrices have similar

expressions given by

+

00

where G(ky, k) is the corresponding Green’s function, S,,(ky, k,) is the Fourier transform

of the electric or magnetic currents for the evaluation of Z,,, , or the exciting current when

F,, is evaluated, and Th,(ky, ky) is the conjugate of the Fourier transform of the testing

function, which is equal to that of the basis function when a Galerkin’s testing procedure

is used.

When there are vertical posts in the structure, they can initially be replaced by vertical elec-
tric currents and then, one additional term of Green'’s functions should be added as given
in (4.13) to account for these vertical electric currents. In the method of moment, as well,
the boundary condition on the surface of conducting post should also be enforced. The
above procedure is repeated by adding appropriate terms with respect to the vertical cur-

rents and boundary conditions in the equations.

5.3 Basis Functions for Various Currents

5.3.1 Domain based basis functions

The electric and equivalent magnetic currents exist only within a finite region in the spatial

domain. Therefore, the most straightforward way of approximating these currents is to de-
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For instance, on the subregion Sy , the longitudinal distribution of the x — directed current

can be expanded by using the entire domain basis functions as shown in Fig.5.4a
. hT
fin®) = sin—(x=1/2) for [x| < 1/2 (9
or using the subsectional basis functions as shown in Fig.5.4b

_ sin kol — = xcn) | (5.10)
T sinkl, for pi—en <y

Fin®)

For the transverse distribution, the basis functions, can be either constant as shown in

Fig.5.5a, as

£=1/w, bl<w/2 (5.11)

or take a more appropriate form of Fig.5.5b to satisfy the edge conditions as

Fr)=1/Vw/2* -2, bl<w/2 (5.12)

Fourier transforms of these basis functions are given in Appendix B.

When multiple patches are considered, the computation effort can be reduced by using a
pretreatment technique, discussed in [45][46], and adopted in combination with the domain

based basis functions for each individual patch.
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(b) Subsectional basis function

Fig.5.4. Basis functions for the longitudinal distribution

T 50)  AO)
y Yy
-w/2 w/2 -w/2 w/2
(a) no edge effect (b) edge effect

Fig.5.5. Basis functions for the transverse distribution
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5.3.2 Nodal based basis functions

The domain based basis function discussed in the last section is defined in a rectangular
region and cannot be used for arbitrary shaped patches. Instead, the triangular domain basis
functions[47] are used, which are more efficient for analyses in the space domain. For this
reason, they are also used in the spatial domain analysis of the microstrip antennas. The
triangular basis functions can also be applied in the spectral domain moment method. How-
ever, since the vectorial basis functions defined in each triangle is arbitrarily directed, it
is not easy to derive their Fourier transform expressions and the arbitrarily directed current
will need more computation time to implement the moment method in the spectral domain.
Therefore, in this section, a nodal based basis function is proposed for the spectral domain
moment methods. The current on the entire area is first approximated by those on the nodes
rather than in the subdomains. Then, the current at each node is decomposed into two ortho-
gonal components in order to obtain a simpler Fourier transform expression and reduce
computation time. Such nodal based basis functions can be used to approximate electric
currents on a conducting surface or equivalent magnetic currents on a slot. The current is

continuous all over the arbitrary area and satisfies the edge current boundary conditions.

A patch with an arbitrary geometry is divided into a number of subregions by a set of nodes
as shown in Fig.5.6. These subregions may have any shapes but here only triangular subre-
gions are considered. Then the electric current within each subregion is expressed as a lin-
ear combination of those at its vertices, i.e., three nodes in a triangular subregion. These
nodal electric currents are arbitrarily directed. However, they can be decomposed into two

orthogonal components to be treated separately. For example, the electric current at node

n , in Fig.5.6, can be assumed as a combination of two components along X — and y —
directions, giving I, =X Iz +¥ I, . These current components are in general indepen-

dent of each other, except when the node falls at the patch edge where the normal compo-
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nent of electric current vanishes. For the edge node m shown in Fig.5.6, the edge boundary
condition can be fulfilled by enforcing the following equation on the node current compo-

nents

L SiN 6Oy — Ly €08 Oy =0 (5.13)

In addition to enforcing the edge current condition, eq.(5.13) can be used to reduce numeri-
cal computation effort. In practice, numerical experience shows that this edge boundary
condition will automatically be fulfilled even if it is not considered explicitly in the expres-

sion of the basis functions, as long as the surface sub—division is fine enough.

P3(x3,3)

Pi(x1,y1)

division of the entire patch a single subregion with three nodes

Fig.5.6. A nodal based division for an arbitrary shaped patch

Now, to present the method in detail, consider a triangular subregion AT with three nodes

shown in Fig.5.6. The nodal electric current components at these three nodes are
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{Ii vli =1,2,3} , where subscripts v represents X — or y— component. The electric cur-

rent I,o7 in this subregion can be expressed in terms of the nodal currents as

3
I, xy)= Z(C,-O +C; x+Cypy) (5.14)

iv
=1

1 1 1
where Cig =?[{(xi+1yi+2 ~%42%17 0 Cin =§'Z(yi+1 Y2 Co =§Z(xi+2 ~Xp)
and A is the area of subregion AT .

The above constants are determined by enforcing the subregion current to be equal to nodal
current at each node. Therefore, currents expressed by (5.14) in each subregion are continu-

ous over the entire region.

In the spectral domain, (5.14) becomes
~ 3 - - -
I, pgk, k) = D (CroFo+ €y Fi+ C ) I, (5.15)
i=1

where F , F1 and F, are the Fourier transforms of Fo=1, F{=x and F, =y inthe

subregion AT , respectively, which are defined by

Fllk,. k,) = f f F(x,y) exp(-jk,x) exp(~jk,y) dxdy (5.16)
AT
and given in Appendix B.

If there are N nodes over the entire patch and the n — thnode is shared by M,, subregions,

then the electric current in the spectral domain is
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N
I G k)=>D,(k.k)I, (5.17)

n=1

where

(CniOFnO+Cni1Fn1+Cni2Fn2) (5.18)
Expression (5.18) in combination with the edge current condition (5.13) forms the spectral
domain expression for the two components of electric current on the patch. They can be
applied in the spectral domain moment method to determine unknown electric current

components at each node and then the electric current distribution on the entire patch.

The nodal based basis functions proposed above are ideal for representation of currents
over arbitrary shape patch, and the surface electric currents are continuous over the entire
area. Also, only two orthogonal current components need to be considered which simpli-
fies the analysis procedure and saves computation time. Furthermore, they can be used in
conjunction with other type fo basis functions in the spectral domain moment method with-

out any additional effort.
5.3.3 Semi-infinite transmission lines

The basis functions discussed above are for finite size structures. For planar transmission

lines, the distribution of the current in the transmission direction can be expressed by sinu-
soidal functions which yield dirac—delta (d) functions after Fourier transformation. There-

fore, one needs only to approximate the transverse distribution and the moment method is

reduced into a one dimensional problem in the spectral domain.

When the infinite planar transmission line is terminated as shown in Fig.5.7a, the currents

in the line can be divided into three parts[48], the infinite line current, the reflected current,
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and the higher order mode current in the vicinity of the termination. Thus, the longitudinal
distribution of the current can be modeled by using the entire domain traveling wave modes
along with the semi-infinite line and the subsectional sinusoidal modes in the vicinity of

the open end, as shown in Fig.5.7b.

Vo o o A T A A

(a) a terminated planar transmission line

J5(x)
//“\x/"\ //“\A/“ A , “\\ Y
/ 7/ N\ N\ R /. /N [\ A /. N
PR AN N g(‘ PNV AR S S AVATAY x

. NG 2 LN\ /[y

\\ / \\ \ / ’/h

1 %

No —/h\ fc(x) N N7 _

(b) basis functions for the longitudinal distribution of current

Fig.5.7. Basis functions for a semi—infinite planar transmission line

For small widths of the feedline, the transverse component of the electric surface current
on the line is very small, as compared with the longitudinal one. Therefore for simplicity,

only the longitudinal component is considered in the analysis, which can be expressed as

Ny
T55,y) = g - R - (L + Rfx) + D B flw)] (5.19)
n=1
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where g f(y) is the transverse distribution of the current which may include the edge effect
or be assumed simply as constant for a narrow feedline, R is the reflection coefficient

along the line to be determined, and [ J; are coefficients of subsectional basis functions.

Expressions for f (x) , f,(x) , and f’; (x) in (5.19) are

Je(x) = cos kex for — o <x<-m/2k, (5.20)

Js(x) = sinkyx for —o <x<0 (5.21)

ff(x) _ sin k.(hs— Ix + nhfl)

5.22
Sin kol for [x + nhfi < hy ( )

where k. isthe wavenumber of the infinite microstrip line with the same width as the feed-

line, and A # 1s the length of the sinusoidal roof top basis function. Usually these subsec-

tional rooftop terms can be terminated after one or two waveguide wavelengths away from

the open end of the feedline.
Fourier transforms of these basis functions are also given in Appendix B.

5.3.4 Vertical current

The subsectional basis function can be used to model the vertical electric current on the post

or feeding probe as shown Fig.5.8. It should be noted that the appropriate current distribu-
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tion should be assumed on the patch directly connected to the vertical current to enforce
the continuity of the current at the connection point, especially when the current on the

patch is modelled by the subsectional basis functions.

~ Junl2)
> ~
)

pad
OLD X

~

<>

A AT A LA I A A

Fig.5.8. Model of a vertical current and current continuity

5.4 Far Field Radiation Pattern

The coordinate system used to evaluate far field radiation pattern is shown in Fig.5.9. For

simplicity, the original point is at the upper interface of the top dielectric layer.

Assume that the electric fields at the upper interface of the top dielectric layer as shown
inFig.5.9 is Ey(ky, ky, 0%) , Ey(ky, ky, O%) , E (ky, ky, 0%) . Since the space above this inter-

face is free space extending to infinity, the electric field beyond this interface is
Eyk,,k,,2) = Eso exp(-jkz) (5.23)

where subscript s represents x , y, or z, respectively, Ey=Egk,,k,,0") and

k= B-B-F.
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P

Fig.5.9. The coordinate system for far field evaluation

Therefore, by using the inverse Fourier transformation, the space domain expressions for
electric fields in this area can be written as

o]

1 > . A
Ey(x,y,2) = w2 J I Eo exp(- jk;z) exp(jks + jky) dk dk, (5.24)

—®
or

(o]

1 - o
E((x,y,2) = WJ f Eg CXP[—](kxx +kyy + kzz)] dk; dk, (5.25)

-0

By using the stationary phase method, the integration in (5.25) can be approximated to
yield

ko expl—jkor .
E(x,y,2) = jﬁ—i}-‘-’lcow Ey

(5.26)
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where k,=—k,sinf cos¢ , k,=—k,sinf sing .

And, ,32=k)%+k%=k%Sin20 ’ k, = Vk(ZJ_,B2=k0COSG , and kx=_'3 cos¢ ,
ky=-pB sing .

The electromagnetic field components in a spherical coordinate system can be obtained

from

E, = (Excos¢ + E,sing)sin@ + E,cos 8
Eg = (Excos¢ +Eysing)cosf - E,sinf (5.27)

Ey = —Eyxsing + E,cos¢

and substituting (5.26) into (5.27) yields

xp(— jkor)

k . . .
E, = j—zie . cosf [(Exocos¢ +Eyosin¢)sin0 +Ezocos9]

~ ko exp(— jkor)
r

E
= on

cos 0 [(ExO cos¢ + Eygsing) cos @ — Eosin 0] (5.28)

ko exp(= jkor)

E, ~Jo cos @ [—Exosinfp +Eyocos¢]

Now, from (4.3) in the last chapter, we get

. ko exp(—jkor )

E, = Jom cos0 (Eyosind +Eycosd)
_ ik ) )
Eg = J"{C-q'zp(]—or)cose (Euocos@—Ey sin ) (5.29)
27 r
. k, expl—jk,r y
Ey z]-z—no——-———p(rj 2 )0050 Ey
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and (4.6) gives

- (5.30)
kZ

k —jkor) -
Eg = j_OEMEuO (5.31)

Therefore, the far field radiation patterns can be obtained using (5.31), in which E,q and

E,o is the spectral domain electric fields components at the interface of z = 0% produced
by electric/magnetic currents, which can be evaluated by multiplying the Fourier Trans-
forms of currents and their corresponding spectral domain Green’s functions as given in

the last chapter.

5.5 Conclusions

This chapter provided a unified spectral domain technique for the full wave analysis of
multilayer printed structures. The analysis was based on the spectral domain Green'’s func-
tions derived in the last chapter. The technique was described along with various basis func-
tions for different shapes of the structures. Simple expressions for the evaluation of far field

radiation pattern were also derived.
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Chapter 6 CHARACTERISTICS OF APERTURE COUPLED
MICROSTRIP ANTENNAS

Aperture coupled microstrip antennas were first proposed in 1985[13]. Subsequently, the
rectangular patch fed by a rectangular coupling aperture was analyzed by using various
techniques[49]-[55] and considering only the longitudinal component of the electric sur-
face current and equivalent magnetic current. However, the inclusion of both radiating
patch current components and accurate treatment of the exciting slot provide more accurate
solutions for the antenna input impedance and radiation characteristics. In particular, the
cross—polarization can be determined accurately. This is significant since the cross—polari-
zation is an important parameter of the antenna, but its low relative level requires accurate

far field computation to yield a meaningful result.

In this chapter, various radiating elements fed by microstrip lines through several kinds of
feeding geometries at arbitrary positions on the ground plane are analyzed[56][57]. The
input impedances at the feedline are evaluated for the purpose of the feed network design.
The electric current distribution on the feedline and radiating elements along with the
equivalent magnetic current distribution on the coupling aperture are evaluated for better
understanding of the operating mechanism of the antenna. The radiation pattern by the en-
tire antenna and the coupling aperture are also calculated to evaluate the performance of
the aperture coupled microstrip antennas. Finally, design considerations for the aperture

coupled microstrip antennas are discussed.
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6.1 Basic Performances

In this section, the basic performances of an aperture coupled microstrip antenna is studied.
The structure is a rectangular patch fed with a centered rectangular coupling aperture as

shown in Fig.6.1.

Sideview

coupling aperture

\ radiating patch ground plane
\
feedline Wy \ Wy \
S A i
Topview [ - A - I o I T
1 L1 |1
Ld Y
ls

Ip

Erl=Ep= 2.54 df= dp = 1.6 mm Wy= 4.4 mm ls =12 cm

b ’

l,=11cm, w,=16 mm , b=4cm, w,=3cm.

Fig.6.1. Rectangular patch with centered coupling aperture

6.1.1 Input impedance

The input impedance of this antenna over a very wide bandwidth is shown in Fig.6.2. It

shows two resonances for the antenna. The first resonance is due to the resonance of the
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patch, while the second one is mainly due to the resonance of the coupling slot. It is clear
that the resonance frequency of the slot is much higher than that of the aperture coupled

microstrip antenna, i.e., at the operating frequency of the antenna, the slot is not effectively

excited.
Rin(€2) Xin(€) Rin(€2) Xin(€2)
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|
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0 b v o7 W § S— N ~900
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— Ry === Xin

Fig.6.2. Resonances of the antenna and coupling aperture

6.1.2 Current distributions

In the previous analysis, the equivalent magnetic current on the coupling aperture was ap-
proximated by a single term sinusoidal function. However, It is found that the accuracy of
the results for this current depends on the form of its representation by the selected func-
tions. Here, different number of subsectional sinusoidal basis functions are used and the
computed results are shown in Fig.3c. It clearly shows that a single term approximation is

not sufficient and additional terms are needed to provide a convergent solution.
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Fig.6.3. Normalized equivalent magnetic current on the slot aperture.

For the rectangular patch with a centered rectangular coupling aperture, Fig.6.4 shows the
electrical surface current distribution on the patch and the equivalent magnetic current dis-
tribution on the coupling aperture. The magnitude of the longitudinal, i.e., the copolar, cur-
rent component is symmetric with respect to the center point and in phase on almost the
entire surface except in the vicinity of the patch center(Fig.6.4a). The magnitude of trans-
verse, i.e., the crosspolar, current component is also symmetric with respect to the patch
center, but out of phase on two sides(Fig.6.4b). These results indicate a proper excitation
of the dominant mode and a strong influence of the coupling aperture on the patch currents.
The latter is evident from perturbation of both amplitudes and phases of the patch currents

as observed in the figure.
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(a) magnitude and phase distribution of the longitudinal electric currents

Fig.6.4. Electric current distribution on the patch
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(b) magnitude and phase distribution of the transverse electric currents.

Fig.6.4 (continued)
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6.1.3 Radiation Patterns

The co—polar and cross—polar radiation patterns are also evaluated and shown in Fig.6.5a.
It shows that the cross polarization is small in the vicinity of broadside and becomes zero
on the broadside. This indicates the superiority of the aperture coupling type feeding meth-
od for microstrip antennas, over other methods, by yielding a considerably lower cross—po-

larization level.

The coupling aperture radiates also in the backward direction, below the ground plane. This
back radiation is a loss and a main disadvantage of the aperture coupled microstrip anten-
nas. Its co— and cross—polar radiations, normalized by the maximum co-polar radiation,
are also computed and shown in Fig.6.5b. It shows that the backward radiation from the
coupling aperture is very small as compared with the forward radiation of the antenna,
which is an anticipated result because the coupling aperture is not effectively excited at this

frequency.
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Fig.6.5. Radiation field patterns of the rectangular patch.
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Fig.6.5 (continued)
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6.2 Parameter Studies of Rectangular Patch and Aperture

In this section, effects of various parameters on aperture coupled microstrip antenna per-

formances are studied for a rectangular patch fed by a rectangular coupling aperture.

6.2.1 Open end stub length of the feedline

The effect of the open end stub length on the input impedance of antenna is studied in

Fig.6.6. It shows that it affects only the input reactance, but not the bandwidth, of the anten-

na. When the stub length is changed, there is almost no change in the input resistance. The

reactance curve, on the otherhand, moves up or down with the stub length, but its derivative

with respect to the frequency remains unchanged.
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I, =109

w,=1.0

Ip=wp=37.9

248 2.50

Fig.6.6.
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Effects of the open end stub length
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6.2.2 Displacement of the coupling aperture

The coupling aperture is often shifted from the center of the patch as shown in Fig.6.7 to
adjust input impedance of the antenna[49]. However, this results in an asymmetric excita-
tion and as shown in Fig.6.8, it increases the relative magnitude of the transverse current
distribution, i.e., the cross—polar current, on the patch. As a result, the cross polarization
of the far field also increases. For a symmetric excitation, i.e., a centrally located aperture,
the cross—polarization shown in Fig.6.9a is identically zero in the principal planes and the
broadside. As shown in Fig.6.9b, shifting the coupling aperture along the symmetric x—
axis, does not affect the cross—polarization. However, for a shift along the asymmetric y—
axis, the cross—polarization in the principal planes become non-zero. They are shown in
Fig.6.9c for a y—axis shift and in Fig.6.9d for a combined x— and y- shift of the aperture.
The latter results show non—vanishing cross—polarization in both principal planes and
along the broadside. Therefore, the centered coupling aperture will give the best cross po-

larization performance as long as the linear polarization is concerned.

Sideview
T
- lp -
— e, 4y
T ra e
. - _‘ . - - - - Yp
Topview [ : : z - - | w,
t la 1|4 %
R |
L I

Fig.6.7. A rectangular patch with displaced coupling aperture
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Fig.6.8. Effects of coupling aperture position on patch current distribution.
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6.2.3 Size of the coupling aperture

The coupling between the patch and feedline can be adjusted by changing the size of the
coupling aperture. The computed input impedance values for different coupling aperture
widths are compared in Fig.6.10. Both input resistance and reactance increase with the ap-
erture width, but the operating frequency decreases. As expected the back radiation also
increases with the slot width. This is shown in Fig.6.11, which shows the back radiation

being nearly proportional to the slot width.

—'60 T T T T T T T T T
206 2.08 2.10 2.12 2.14 2.16

206 208 210 212 214
AGHz) AGHz)

Fig.6.10. Effects of coupling aperture width on input impedance.

(er1=€2=254, di=d,=1.6 mm , w=4.4 mm ,

Ij=20cm, ;=12cm, ,=42 cm ,w,=3 cm )
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6.3 Other Shapes of Coupling Apertures and Radiating Elements

6.3.1 End and center loaded coupling apertures

To study the effects of the coupling aperture shape on the antenna parameters, two configu-
rations of Fig.6.12 are selected. The computed input impedances are shown and compared
with results of w, = w,. in Fig.6.13. It shows that for these irregular coupling apertures,
the coupling efficiency is high, and results in an increase in the transverse electric surface
current. This means that the slot transverse dimension should not be too large, otherwise
the cross polarization of the far field in the direction away from the broadside will increase.
The backward radiation may also change when the shape of the coupling aperture is

changed.

Wac

A F lac 4-‘
la

Fig.6.12. End and center loaded coupling apertures
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—_— w,=1 mm, w,c=1 mm

Fig.6.13. Input impedance for different aperture shapes ( Iy = I./3 ).

(other parameters are the same as in Fig.6.10)
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6.3.2 Loop antennas

The loop antenna can be used in arrays to improve aperture distribution or add symmetry

to polarization. When the circumference of the circle is 2w r = A, , the loop is equivalent

to two dipoles excited in phase. The electric current distributions of a single loop (at f=5.4

GHz) and twin loops (at {=5.6 GHz) are shown in Fig.4.

(b) twin loops

- . K
If 100{ M i
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|
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|
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|
i
|
|
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/ —=X%Single loop

| ~75 —8—Twin loops
O T T 1 T T T T T T _‘IOO_ T T T T T T T 1 T
0 02 04 06 08 1 0 02 04 06 08 1
s/c s/c¢

(c) Normalized magnitude distributions (d) Phase distributions

¢c=2nr=80 mm w=0.5 mm d=0.1 mm

Fig.6.15. Electric current distributions of loops.
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6.3.3 Triangular elements

Other shapes of radiating elements may also be used in the aperture coupled microstrip an-
tennas. For example, the input impedance for an equilateral triangle patch fed with arectan-
gular coupling aperture as shown in Fig.6.16a is presented in Fig.6.16b. It shows similar

performance as a rectangular patch as shown on the same figure for comparison, although

cross polarization may be higher for the triangle patch.

Eri=8&pn = 2.54

Wy= 4.4 mm

I,=1.1cm

x rectangular patch ( [, =4 cm, w, =3 cm )
Frequency: GHz
«=+ =& triangular patch ( [,=6 cm, l;=1.732 cm )

(a) an equilateral triangular patch (b) input impedance

Fig.6.16. Performance of aperture coupled triangular patch

113



6.4 Design Considerations

The design of aperture coupled microstrip antenna is similar to that of other types of micro-
strip antennas. As it was discussed before, the shape, size and position of the coupling aper-
ture can be used to adjust the antenna performance, that is, more parameters are needed to
be determined in the design. In this section, design considerations for a regular aperture

coupled microstrip antenna are presented.

The first step is to select the shapes of both radiating element and coupling aperture. For
a linearly polarized antenna, a rectangular patch and rectangular coupling aperture should
be adopted to achieve the lowest cross polarization. For the patches, other shapes such as
triangular, may also be chosen to reduce its area, assuming that higher cross polarization
level can be tolerated. For the circular polarization, both square and circular patches are

the natural choices. The coupling aperture can be a single or two rectangular slots.

Usually, the types and thickness of the dielectric substrates are determined by other consid-
erations. For the antenna, thicker substrates with lower dielectric constants are preferred,

while for the feedline, thinner substrates with higher dielectric constant are selected.

The second step is to determine the dimensions and positions of the feedline, coupling aper-
ture, and patch. The width of the feedline is determined by the required characteristic im-
pedance. The length of the open end stub can be used to adjust the reactance of the antenna.
Its initial lengths plué the end effect should be around A,/4 , where A, is the wavelength
of the feedline. The patch can be designed as in a regular microstrip antenna. However, the
width of the patch can always be used to adjust the resistance of the antenna at resonance.

The coupling aperture is usually placed just above the feedline to maximize its coupling
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and minimize the cross polarization. The length of the coupling aperture should be selected
such that its resonance frequency is much higher than the operating frequency of the anten-
na. The width of the coupling aperture can be set around one to two tenth of its length. For
the linear polarization, the coupling aperture should be perpendicular to the patch and the
feedline. The aperture should be placed beneath the center of the patch in order to reduce
the cross polarization of the antenna. Even when a displacement from this center point of
the coupling aperture is needed, such as for the impedance matching in an array, it should

be done along the symmetry plane of the patch in the longitudinal direction.
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Chapter 7 BANDWIDTH ENHANCEMENT TECHNIQUES
FOR PRINTED ANTENNAS

The narrow bandwidth is one of the major disadvantages of microstrip antennas. Conse-
quently, several techniques have been developed to increase their bandwidth. One tech-
nique uses low dielectric constant or thick substrates. This thick dielectric can be a single
layer or multilayers as shown in Fig.7.1a, or a cover layer as shown in Fig.7.1b. This tech-
nique is simple but has limited applications. The dielectric type is often determined by oth-
er factors. A thick dielectric may excite higher order mode surface waves which cause a
gain loss and increased spurious radiation and mutual coupling in the arrays. Other tech-
niques use parasitic elements which can be stacked (Fig.7.1c) or made coplanar(Fig.7.1d)
or be their combinations. In the stacked structure, an additional dielectric layer is needed,
but this double layer structure increases the mutual coupling between the array elements.
However, it does not increase the element size. In the coplanar structure, the thickness is
not increased, but the out of phase mode[58] between the feeding patch and parasitic ele-
ments may be excited which decreases sharply the antenna directivity, and must be

avoided.

In stead of large bandwidths, multi—frequency capability may also be expected in some
applications, where the antenna is required to operate at several discrete frequency bands

that are far from each other and narrow individually.

In this chapter, the wide bandwidth properties of subarrays composed of coplanar and

stacked parasitic elements are investigated. Then, a dual frequency technique is proposed
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for a single patch over a single layer substrate by simply slotting the radiating patch. Final-
ly, techniques are proposed to achieve multi-frequency operation for aperture coupled mi-

crostrip antennas.

(c) stacked parasitic element

N
N\

(b) dielectric cover layer (d) coplanar parasitic elements

Fig.7.1. 'Wideband techniques for microstrip antennas.

7.1 Coplanar Subarray of Parasitic Elements

The subarrays composed of coplanar parasitic elements have been used to widen band-
width of probe fed microstrip antennas[58]. In this section, such subarrays fed by an aper-
ture coupling[59] as shown in Fig.7.2a are studied to widen the antenna bandwidth. They
offer an additional feature in a simplified feed network, where several elements can be fed

by only one coupling aperture and the parasitic radiation from the aperture can be reduced.

It has been reported that a multi—frequency operation can be achieved if several elements
of different sizes are fed directly by a single aperture[60], as in Fig.7.2b. However, this will

increase the length of the coupling aperture and increase its parasitic and backward radi-
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ations. Therefore, a subarray as shown in Fig.7.2¢ is considered here[59], where only one
patch is fed directly by the coupling aperture and other elements are excited through elec-

tromagnetic coupling between them.

j “J \]
i NI
de _ \

o o o Satn s e

R\’ @

(a) (©)

N\

Fig.7.2. Coplanar aperture coupled microstrip subarray

The parasitic elements can be placed to form a linear subarray, as shown in Fig.7.3, or a
cross subarray as in Fig.7.4. The input impedances for the linear and cross subarrays are
shown in Fig.7.5. It shows that a wider bandwidth can be achieved by using parasitic ele-
ments in either linear or cross subarray. A cross subarray may have better bandwidth per-
formance than a linear array. However, it should be noted that all subarrays have negative
reactances, which can be eliminated by using a longer open end stub for the feedline as dis-

cussed earlier.

The radiation pattern of these subarrays are shown in Fig.7.6 and Fig.7.7. The directivity

of the subarray is larger than that of a single patch as shown in the figure.
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Fig.7.3. Aperture coupled linear microstrip subarrays
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Aperture coupled cross microstrip subarrays
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Fig.7.5. Input impedances of H- and E-plane linear and cross subarrays.
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Fig.7.6. Radiation Patterns of H- and E—plane linear subarrays
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Fig.7.7. Radiation Patterns of cross subarrays
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7.2 Stacked Parasitic Subarrays

The bandwidth of microstrip antennas can be increased by using stacked parasitic ele-
ments[61][62] as shown in Fig.7.8a. The two stacked patches are resonant at two different
frequencies, and their coupling affects the bandwidth of the antenna. Results for one

stacked structure is compared with the non—stacked case shown in Fig.7.8b.

patch 2

patch 1

ground plane
coupling aperture

feedline
(a) geometry
250 Eri=€pp =83 = 2.2 dr=0.508 mm
f
Ri . / ' dp1 = 0.5 mm dyy =1 mm
@ 200] / |\ wp=1.55 mm l;= 1.8 mm
| ‘ i patch 1 :3.5 X 3.5 mm?
150. 7( \‘ patch 2 : 3.8 X 3.8 mm?
/ \ aperture : 3.2 X 0.4 mm?
100- \ —=—-% Patch 1 alone
\ ——= Patch 2 alone
] —8— Stacked patches
50-
j “X\\ﬁ"‘)(\i—:)k__ S——
O _+l—'—+l' 1 1 T T T H * T - % - -. —
17 18 19 20 21 22 23 24
f (GHz)

(b) characteristics

Fig.7.8. Characteristics of a stacked aperture coupled microstrip antennas
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The stacked parasitic subarray in Fig.7.9 is formed by substituting patch 2 in the stacked
antenna with a subarray. The characteristics of such subarray of probe feeding has been stu-
died[63]. Here, characteristics of aperture coupling is studied. In Fig.7.10, input imped-

ance of a subarray with four upper patches and one lower patch is presented.

subarray

patch 1

ground plane
coupling aperture

feedline
-1
[N -
subarray L } : L - d
\ | Ld | ‘
N\ W2
v
dl lp2

Fig.7.9.  Stacked parasitic subarray fed by aperture coupling
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Fig.7.10. Characteristics of stacked parasitic subarray

The radiation patterns of the antenna shown in Fig.7.9 and dimensions given in Fig.7.10

are evaluated and shown in Fig.7.11 for two different frequencies. Radiation patterns of

individual parts of the antenna are also evaluated and ploted in the same figure to show their

contributions to the radiation of the whole antenna.
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7.3 Dual Frequency Operatioh of Slotted Patches

The slotted patches, as shown in Fig.7.12, can be designed to achieve dual or multi— fre-
quency operation[64][65]. The single centrally slotted patch will not be effectively excited
and the shift of the slot from the center will increase the cross polarization. The double—
slotted patch with two symmetric parts removed from the patch will be excited effectively.
The bandwidth may be increased by selecting the dimensions so that the two lowest modes
(the lowest mode of a regular patch and the lowest mode of a rectangular ring) couple to
each other appropriately. The other feature of the slotted patch is that it may be used to tune

the frequency of the antenna by changing the slot position or the area of the patch. The mul-

ti-frequency operation is possible by introducing additional slots on the patch.
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Fig.7.12. Aperture coupled microstrip antennas with slotted patches.

(b) transverse slots

(c) longitudinal slots
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The computed input impedance of the antenna of Fig.7.12c, is shown in Fig.7.13, which
clearly shows two distinct resonant frequencies, and the upper resonance is in the vicinity
of the patch resonance. Since the resonance frequencies are due to the coupling between
the slots and the patch, they can be modified by the size, location and orientation of the slot,

a property that was also confirmed by calculation.
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Fig.7.13. Dual frequency operation of longitudinal double slotted patch
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7.4 A Class of Multi-frequency Operation Techniques

The antenna bandwidth can be increased from about 3% to over 10% by using coplanar
parasitic elements or stacked structures discussed in this chapter. A dual frequency opera-
tion can also be achieved by using slotted patches. The two operating frequencies of the
slotted patch with aperture coupling can be tuned by adjusting the position and sizes of the
slots on the patch. However, the tuning range can not be very large without deteriorating
the gain and cross polarization performance of the antenna. On the other hand, in some
applications, the antenna is required to operate at several discrete frequencies that are far
from each other and over narrow bandwidths around individual operating frequencies, i.e.,

a multi-frequency operation is required over a very large frequency range.

Therefore, a new technique is proposed here to achieve multi—frequency operation at wide-
ly separately operating frequencies. The basic structure of multi-frequency operation an-

tennas are shown in Fig.7.14.

In Fig.7.14a, the antenna is composéd of three dielectric layers with a slotted ground plane
to separate layer 1 from layer 2 and 3. The microstrip feedline is placed on layer 1 below
the ground plane while patch 1 is placed on layer 2 and patch 2 is placed on layer 3 above
the ground plane. As it is known, patch 1 and patch 2 may couple to each other to form a
relatively wideband antenna. However, when the difference between dimensions of these
two patches is very large, their resonances may not couple well to each other. For instance,
when patch 2 is much smaller than patch 1, it can not be excited effectively through patch
1, due to its blockage. On the other hand, when patch 1 is much smaller than patch 2, then
while both patches are strongly excited, patch 1 cannot radiate through patch 2. In the pres-

ent structure, this problem is overcome. In order to excite this smaller patch 2 effectively
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at the higher operating frequency, a small slot is used at the center of patch 1. This slot will

allow patch 2 to be effectively excited at the higher operating frequency.

Since an appropriately slotted patch itself can achieve dual frequency operation, it can be
used to achieve even more operating frequencies. For example one additional operating
frequency may be achieved if patch 1 is slotted at two sides as shown in Fig.7.14b, where
two top patches are excited separately by these two slots on patch 1 rather than a new cen-
tered slot. Therefore, there are many possibilities and combinations to form multi-frequen-

cy operation and adjust resonance performances of the antenna.

An example of a dual frequency operation is shown in Fig.7.15. The two operating fre-
quencies of the antenna are at 2.27 GHz and 4.04 GHz. It is found that their separation can

be adjusted by changing the size of the slot on patch 1 in Fig.7.14a.
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Fig.7.14. Geometry of a class of multi—frequency operation antennas
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Chapter 8 CONCLUSIONS

8.1 Summary

This thesis presents the work on a space domain full wave analysis for open printed trans-
mission lines, a unified spectral domain full wave analysis for multilayer printed antennas,
and a set of bandwidth enhancement techniques for printed antennas. As applications of
the theoretical analysis techniques, the open single and coupled microstrip lines of finite

width dielectrics, and the aperture coupled microstrip antennas are studied.

As a theoretical basis for the entire thesis, the electromagnetic boundary value problem of
multilayer dielectrics is discussed in the form of vectorial auxiliary potential functions. It
shows that two potential function types are essentially the same and a general solution to

such problem can be obtained either in the space domain or in the spectral domain.

As an example of space domain solution, a full wave technique is developed for open
printed transmission lines. This technique is based on the method of lines. Its most attrac-
tive feature is that it can give full wave results for open printed transmission lines of finite
width dielectrics. It is then applied to study single and coupled microstrip lines of finite

width dielectrics.

When the problem is solved in the spectral domain, the first step is to evaluate the spectral

domain Green'’s functions. Traditionally, this needs a very lengthy and complicated deriva-
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tion. Therefore, a network approach is developed to evaluate spectral domain Green’s func-
tions of multilayer structure. It is a simple and systematic procedure and very suitable for
the development of a general computer program for arbitrary layers of dielectrics. As an
example, analytical results for a single layer grounded dielectric with both electric and
magnetic currents are presented, which are exactly the same as those obtained by the field

matching process.

Then, a unified spectral domain full wave technique is developed for printed antennas with
multilayer dielectrics. Different types of feeding structures and radiating elements with ar-
bitrary shapes of geometries are considered in the technique. The expression for the far
field radiation patterns are also presented by a set of simple formulations, that do not re-

quire calculation of integrals.

This technique is then applied to study the aperture coupled microstrip antennas. Basic
characteristics of the antenna are evaluated that considers all the components of electric
and magnetic currents and fields. Parameter studies are presented with respect to different

coupling apertures and radiating elements of various geometries.

The narrow bandwidth has been one major drawback of printed antennas. Consequently,
several techniques are proposed to enhance their bandwidth performance. Subarrays of co-
planar or stacked parasitic elements can widen the bandwidth and increase directivity.
Slotted patches can achieve dual-frequency operation with only one patch and a single

feed. Finally, a class of techniques is presented to achieve the multi—frequency operation.

8.2 Future Research

With ongoing development of the fabrication techniques, more and more printed transmis-

sion lines and antennas will be used in microwave and monolithic integrated circuits. Their
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design will also rely more and more on the theoretical analysis. Therefore, there is a need
for accurate modelling of these structures. A full wave analysis is undoubtedly needed.
However, how to generate the full wave results quickly and atlow cost, to fulfil the require-
ment of a computer aided design, is still an area in need for large effort. On the other hand,
attention should also be paid to the treatment of other kinds of dielectric materials and ac-
tive components which are used more and more frequently in the microwave and monolith-
ic integrated circuits to achieve high performance. The effect of finite dielectrics on the an-

tenna performance should also be considered in an accurate full wave model.

So far, several techniques have been developed to enhance performances of printed anten-
nas. Good results are obtained for single elements or subarrays. The next step is the applica-
tion of these techniques to antenna arrays by using these wideband or multi—frequency op-
erating antennas as array elements. It is expected that enhanced bandwidth performance
will also be obtained for the arrays. However, mutual coupling between elements should

be considered in the array applications.
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Appendix A NETWORK THEORY

This appendix presents the necessary network theory for the evaluation of spectral domain

Green’s functions in Chapter 4.

A.1 Basic Network Matrices

I, —» )
+ [A] +
V1— [Y] _ Vs

Fig.A.1. A two port network

The [A] and [Y] matrices of the two port network in Fig.A.1 are defined as

Vi B A B \%Z) (A.1)
L| |c D||L

L|_|Yu Y| |V (A.2)
-I Yo Yol Va
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Relation between the [A] matrix and [Y] matrix is

Yu Yo|_1| D -[A (A3)
Y1 Yo B |-1 A

where [Al is the determinant of the matrix [A] .

The matrix [A] of the ladder connected network in Fig.A.2 is

[Aly- (4], [A], -~ [4], >
I Ins1
Rl >
+ +
v, | Al [A] . e (AL | Vs

Fig.A.2. Ladder connection of two port networks

A.2 Network matrices for a transmission line section

The network parameter for the transmission line section shown in Fig.A.3 is

A B _ cos(k, d) jsintk,d) /Y, (A5)
C D JY.sin(k, d) cos(k, d)

138



where Y, is the characteristic admittance and k, is the wave number of the line.

le )
I —p ¢ d T — 5
——ENNEFENENENNNENS—
ot r +,

Fig.A.3. A transmission line section

A3 An equivalent II network

The reciprocal network in Fig.A.1 can be equivalent to a Il network as in Fig.A.4 with

1
0=“Y12=‘“Y21=E
Yl=Yu+Y12=D];1 (A.6)
A-1
Yy=Yp+Y;p= B
— SN e
R A
Vi : Yy Y, : Vs
° } } ®
L s o s s o e it i S S S S i S J

Fig.A.4. Equivalent IT network
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Appendix B FOURIER TRANSFORM EXPRESSIONS
OF BASIS FUNCTIONS

This appendix lists the Fourier Transform expressions of various basis functions used in

Chapter 5. The definition of Fourier transform is

o]

Ok, k0= [ [ 0@ y,0e ™ & axay ®B.1)

B.1 One Dimensional Basis Functions

Expressions of Fourier transform of one dimensional basis functions are as follows

Fop (@)= sin—”lf”-(x+ 1/2) for | < /2
(B2)
- l
{ fiky) = H_Ji'gtn_i;/—z? [cosmr exp(—jkl) ——exp(ikxl)]
fx) = M for Ixl </
{ sin k,l (B3)
- 2k, cosk,l—cosk,l
o) = K2— k2 sink,l
f=1/w, Ixl<w/2
k) = sin(kyw/2) B4
T kw/2
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{f(x)=1/\/(w/2)2—-x2 ,  bl<w/2

. (B.5)
- w_[(w
flky) = —4-]0(—5 Ikxl)
fx) =coskex for —x,<x<0
. , , , (B.6)
]Z( &) = (ke sin kpx, + jky cos kexo) exp(jkyx,) — jksx
* k2 -k
fx) = sink.x for —x,<x<0
v . . (B.7)
f( k) = (ke c0S kex, — jky Sin kexo) exp(kyxo) — ke
* k2 -2

B.2 Two Dimensional Basis Functions

In the application of nodal based functions, Fourier transforms of several basis functions

in the triangular area as shown in Fig.B.1 is needed, which can be evaluated by

Fk, k) = f j F(x,y) exp(-jk,x) exp(~jk,y) dxdy (B.8)
AA
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Fig.B.1. A triangle for two dimensional Fourier transform

The Fourier transform expressions are as follows

exp|— j(kxi + kyyi)| — exp[~ jlwtina + kyyia2) |

(B.9)

d

dk,

|

Fy(ky k) = j=——Fo Gy k)

ky[kx + kyti(i+2)]

1+ ke + ytiguay)ni] exp[— jkxs + k)|

=J

1

Fy=y

) d .

|

[tigeay + (ks + Kytiiany)yi) expl = jlkrs + k)|

3 {+ [ty + e +

+ji>

&) =

(B.10)
3 {+ [1+ ke + Kytiiaay)xing] exp|— jlxia + ky}’i+2)]}
=1

ok + Kytigien) |

Fok, k)
Tk
4 (B.11)

)

kyticiv2))yis2| €Xp| - j(kiisa + kyyisa)

i=1

ky[kx + kyti(i+2)]2
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