





ACKNOWLEGEMENTS

First of all, I would like to thank God for giving me the strength, courage, and
means to complete this dissertation.

I would like to thank my advisor, Dr. Rhonda R. Franklin, for her constant
support and invaluable guidance over this six year journey. Inspiration drawn from the
insightful ideas and fruitful discussions with her has helped me overcome plenty of
difficulties encountered during my Ph.D. study. I have also learned much from her
insights into science, industry, and her philosophy of research. I would also like to thank
my committee members, Dr. Anand Gopinath, Dr. Stephen A. Campbell, and Dr.
Tianhong Cui, for their time and effort in serving on my committee.

I would like to extend special thanks to all current and graduated MPACT group
members: Young Seek Cho, Casey Murray, Jordan Alstad, Dr. Swagata Riki, Dr. Isaac
Itotia, Ethan Miller, Emile Davies-Venn, Napol Chaisilwattana, and Chenglin Zheng.
They gave me a lot of help in many aspects and made my time at the University of
Minnesota enjoyable. I feel very lucky to have worked with them.

I also appreciate the help that I received from all the staff in the Nanofabrication
centers and the Characterization Facility. The staff, Suzanne Miller, Mark Fisher, Kevin
Roberts, Tony Whipple, and John Nelson helped me many times with equipment and
processing problems.

I gratefully thank my parents and parents in law, Young Cheol Kim, Uh Yeon

Eom, Yong Kyun Oh, and Kwan Sim Jun, for their love, care, and prayer. I owe them a



huge debt of gratitude for their selfless support and encouragement. I would also like to
thank my sister, Jeong Ae Kim, for her support.

Last but not least, I would like to thank my wonderful wife and lifelong friend,
Sook Kyoung Oh, for her love, faith, support, and encouragement. Without all of these

wonderful supporters, I could not have made it through my Ph. D. study.

-1 -



To my loving wife, Sook Kyoung Oh

- 1ii -



ABSTRACT

This thesis deals with several design and analysis techniques for RF/microwave
passive circuits such as interconnects, filters, and antennas that offer circuir size
reduction and lower fabrication cost associated with future integrated communication
systems. Presented are new design approaches to enhance performance of passive circuits
and offer the ability to reduce size, minimize mismatch, reduce group delay variation, and
alleviate unwanted odd-mode excitation. This work is developed by exporing and using
periodic structure behavior in coplanar waveguide (CPW) designs. Periodic structures are
known to have bandgaps such as those seen in electromagnetic bandgap (EBG) designs.
Circuit based models were developed to predict the stop-band frequency range and to
reduce computational time associated with full wave models. To reduce circuit size slow-
wave designs can be employed. Thus, periodic structures in the form of interdigitated
designs can be used to achieve this function when operating well below the bandgap
frequency range. Herein, interdigitated coplanar waveguide designs are developed by
increasing both inductance and capacitance per unit length to reduce circuit size, control
signal phase, and match signal velocity. Geometrical characteristics of the proposed
structures are analyzed with the S-paramters, effective dielectric constant, and attenuation
constant. Design guidelines, which relate the effective dielectric constant to geometrical
parameters, are also developed. To suppress slot-line mode excitation in circuits with
structures, namely right-angle bends, slow wave structures can be used. In this work,

novel designs for wire-bond free circular interdigitated bends are presented and compared
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to circuits with right-angle bends. Also shown is a novel alternative approach which
presents a fast-wave design method and exploits it for suppression of slot-line mode
excitation. In filter design, the interdigitatated approach is used to (1) reduce the size of a
standard EBG based stopband filter by approximately 45% and (2) reduce the size of an
ultra-wide band (UWB) bandpass filter by 40% when combined coupled line with
meandered slot. Lately, annular ring slot antennas are miniaturized by leveraging the
periodic nature of meander geometry to reduce the surface area of single- and dual-band
annular ring slot antennas by 40% and 35%, respectively. The performance of all

structures is evaluated by comparing modeled designs to the measured one in this thesis.
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CHAPTER 1

INTRODUCTION

With the emergence of multiple wireless applications, industry initiatives and
activities have been targeted at enabling wireless access and mobile networking
technologies. Diversified applications using various wireless technologies, such as wide
area cellular networks, personal (hand-held) communication systems and wireless local
area networks (WLANSs), have created an increasing demand for handsets and portable
internet access devices, such as 3G cellular phone, PDAs and mobile PCs, that are small
in size and light weight for consumers. This trend has forced wireless systems to have
more functionality, higher performance, smaller size and lower cost. Moreover, with the
increasing demand on higher data rates, the wireless carrier operating frequency is
continuously moving to higher radio and/or microwave frequencies to provide greater
information bandwidth.

Reduction in the size and component count of a wireless system have been
achieved by developments of low- and high-level integration technology including
multilayered circuits using layered board technology and monolithic integrated circuits

(MMIC). Despite many years of research, there are many challenges to further increase



integration. Passive components and devices, such as high-Q inductors, capacitors,
varactors, interconnects, filters, and antennas, limits reduction in system size. In a typical
mobile phone design, the passive surface mount devices (SMDs) account for a large
portion of the components and system board area, which increases fabrication cost. In
complex high frequency systems, cost is a linear function of circuit area. As such, the size
associated with passive devices unlike active devices has become a primary issue to
address. While active device size is regularly scaled down in integrated circuit (IC)
technology development, passive devices are not and still present different challenges.

Hence, research is still needed to enhance size reduction of passive components.
A variety of techniques to shrink passive device designs have been developed. One of
these techniques is to increase effective dielectric constant of the substrates using
periodical structures. Periodical structures with large effective dielectric constant, called
slow wave structures, are one method for miniaturization of passive devices. Slow wave
structures offer the ability to reduce circuit size, control signal phase and match signal
velocity. Component level designs include miniature filter and antennas as well as
velocity matched electrical and optical signals in electro-optic modulators. Another
approach to reduce a device’s size is to fold the geometry of the device whiling
maintaining functionality of the device.

In this work, circuit models of a parallel plate electromagnetic bandgap (EBG)
structure are developed to analyze its properties in electric circuits and to reduce analysis
time. Moreover, several design approaches for smaller and cheaper passive devices

(interconnects, filters, and antennas) are presented. Slow wave structures are used to



shrink the size of filters and are used to suppress the excitation of unwanted modes (slot-
line) typically achieved with wire-bonds in right-angled CPW bend structures. Fast wave
structures are also developed for the same purpose. Two miniaturized filters (stopband
filter and UWB bandpass filter) are developed and reduced their size using slow wave
structures and coupled-lines with meandered slot. In addition, meandered annular ring

slot antennas are developed.

1.1 Thesis Overview

In chapter 2, lumped element circuit models of a parallel plate type EBG structure
are developed to analyze stopband characteristics of the EBG structure and are discussed
in details. The lumped element circuit models are verified with simulation results by full-
wave simulation tools and measurement results of test EBG structures. The lumped
element circuit models are used in designing a waveguiding structure.

In chapter 3, an interdigitated slow wave coplanar waveguide is designed and
developed on high resistivity silicon wafer. Performance of the slow wave coplanar
waveguide is evaluated with S-parameters, effective dielectric constant, and attenuation.
In addition, design guidelines, which relate effective dielectric constant to geometrical
parameters, are presented for design of a new slow wave coplanar waveguide.

Two wire-bond free techniques, slow-wave and fast-wave are used in right-angled
CPW bend structures and are presented in chapter 4. Incorporating a slow wave structure
or fast wave structure in 90° circular bends suppresses the excitation of slot-line mode in

right angled CPW bends in a similar manner for wire-bonds or air bridges. Simulated and
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measured results are used to demonstrate the performance of the two wire-bond free
techniques.

In chapter 5, two filter designs (a stopband filter and an ultra-wide band (UWB)
filter) are presented and studied. The stopband filter shrinks its size by replacing low- and
high-impedance sections of a conventional stopband filter with slow wave structures, and
the UWB filter size is reduced using slow wave coplanar waveguide and meandered
coupled lines. The details of design and performance of two miniaturized filters are
followed.

Chapter 6 begins with a description of basic theory about slot lines and antennas
as well as recent studies based on slot-ring antennas and their application.
Miniaturization of the ring slot antenna is obtained by meandering the slot feature. After
describing the design of meandered ring slot antennas, geometrical characteristics are
discussed. The performance of meandered ring slot antennas for single- and dual-band
operations is demonstrated using antenna parameters such as return loss, far-field
radiation patterns, and gain.

The thesis is summarized and future works is described on various topics relating
to periodical structures in chapter 7. The appendices contain details about the different
simulations, fabrication processes, and measurement techniques used for the various

circuit discussed in this work.



CHAPTER 2

ELECTROMAGNETIC BANDGAP (EBG) STRUCTRUE

Electromagnetic bandgap (EBG) structures have become popular because of their
ability to suppress unwanted electromagnetic mode transmission and radiation in
microwave and millimeter waves [1-3]. The EBG structures are periodic structures that
allow greater control over electromagnetic waves than has previously been possible.
These structures block the propagation of electromagnetic waves within particular
frequency bands and allow propagation only in certain spatial directions. They are
scalable and operate a wide range of frequencies. These properties of EBG structures are
very desirable for a variety of applications such as radar, communication devices,
antennas, and noise suppressing ground planes.

Traditionally, the analysis of the electromagnetic properties of EBG structures
relied heavily on the mathematics of infinite periodic structures, similar to that used to
describe crystal diffraction. However, for real applications, the finite dimensions, lattice
defects, and boundaries have to be included in the analysis to account for their impact on

the bandgap characteristics. To accomplish this, various full-wave simulation tools such



as HFSS, CST, and Sonnet, which give very accurate results, have been used. In contrast,
these full-wave tools require high-performance computer systems and the simulation
times significantly increase as EBG structure size is increased.

In this chapter, lumped element circuit models of a parallel plate EBG structure
are developed to fully understand its properties in electric circuits. Moreover, these
lumped element circuit models significantly reduce simulation time in comparison to full-
wave simulation tools. The lumped element circuit models are developed based on
transmission line theory and are verified using full-wave simulation tools and

measurements of test circuits.

2.1 Geometry

Figure 2.1 shows the top view and cross-sectional view of the unit cell of the EBG
structure studied in this chapter. The EBG structure consists of cylindrical air holes with
a radius of 3mm on Rogers RO3010 substrate and conducting metal layers attached to the
top and bottom of the substrate as shown in Figure 2.1. The substrate dielectric constant
is 10.2 with a thickness of 1.15mm, and the lattice spacing is 12.5mm with air holes
arranged in a triangle shape.

This triangle EBG structure design is derived from [1] by changing configuration
of unit cells as shown in Figure 2.2. The parallelogram unit cell of the original EBG
structure 1s modified into a rectangle with three cylindrical air holes arranged in triangle

shape as shown in Figure 2.2(b) to simplify the EBG structure and to make it easy to
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Figure 2.1. Top view and cross-sectional view of the unit cell of the modified EBG structure.

model the EBG structure into lumped element equivalent circuit models. This design

reduces the coupling effects between unit cells.

2.2 Dispersion Diagram

Dispersion diagrams of the triangle EBG structure are obtained using the
eigenmode solver in HFSS and periodic boundary conditions [5]. The eigenmode solver
in HFSS enables direction calculation of the permitted resonance frequencies for a unit
cell structure, and the computations by the eigenmode solver can be performed over the

entire range of field relationship between linked boundary condition (LBC) pairs by using
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Figure 2.2. The top views of (a) the original EBG structure in [5] and (b) the modified EBG
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Optimetrics. The Optimetrics interface automates the process of altering parametrically
phase relationship of the LBC pair to match each value in a table of desired configuration
setups and executing each resultant solution. The resultant solutions with different phase
relationship form a dispersion diagram of the unit cell of the EBG structure in one
direction.

The dispersion diagrams of the triangle EBG structure for x, y, and diagonal
directions are shown in Figure 2.3. For x direction, the forbidden band of the infinite
periodic EBG structure is from 4.69GHz to 6.20GHz. The y direction has forbidden band
gap frequency range of 5.5GHz and 6.56GHz, and the diagonal direction has forbidden

band gap frequency range of 6.03GHz to 7.9GHz.

12 ‘ ‘
X-direction

10

(o]

Y 6.2GHz

) 4.69GHz

Frequency (GHz)
D

—{1— mode 3

| | |
0 20 40 60 80 100 120 140 160 180
Phase (Deg)

(a)



y-direction

—O— mode 1 [
—)— mode 2
—{1— mode 3

L

Forbidden Band

12

(zHD) Aousnbai4

140 160 180

120

Phase (Deg)

(b)

7.9GHz
»6.03GHz

Forbidden Band

—{1— mode 3
L

-1 —O— mode 1|
X | —O— mode 2

12

(zH9) Aousnbai4

140 160 180

120

Phase (Deg)

(©)

Figure 2.3. Dispersion diagrams of the EBG structure for wave propagating in (a) x-direction, (b)

y-direction, and (c) diagonal direction respectively.
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Figure 2.4 Top views of the unit cell without the top metal divided into 16 sections in (a) x and

(b) y directions. R=3mm in each case.

2.3 LC Circuit Modeling

The triangle EBG structure is sandwiched between two metal plates and is a
parallel plate structure which can support a TEM mode and other higher-order modes
(TE;, TM,, etc.). The cut-off frequency of the modes TE; and TM,; of this triangle EBG
structure is between 40.84GHz and 130.43GHz. Thus, higher order modes are outside of
the frequency range of interest. The triangle EBG structure have only TEM mode in
frequency range of interest up to 10GHz. Thus, the triangle EBG structure can be
modeled with lumped elements.

When the triangle EBG structure is modeled into a lumped element circuit, the
EBG structure is divided into smaller sections whose length is less than A/10 at the

maximum frequency of interest, in this case 10GHz. Figure 2.4(b) shows the unit cell
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Figure 2.5. Circuit Modeling of the unit cell of the EBG structure. (a) Unit cell. (b) Cross
section of an element of the unit cell. (¢) Lossless lumped element circuit model of the element

shown in (b). R=3mm in each case.

which is divided into 16 element sections in x and y direction. Each element section of
the unit cell is modeled into a distinct LC circuit as shown in Figure 2.5, and all the LC
circuits are combined together to form the overall lumped element circuit model of the
unit cell of the triangle EBG structure. The inductance of each element section is
calculated using the equation L=(uyd/W)Ax where d is substrate thickness and the relative
permeability . is 1. The total capacitance C of each element section is calculated for the
parallel set of capacitors shown in Figure 2.5. The calculated capacitance and inductance
of each element of the unit cell which is divided in x-direction and in y-direction,

respectively, and is summarized in Table 2.1.
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Table 2.1. Capacitance and inductance of each element of the unit cell divided in x-direction and

in y-direction, respectively.

Element X direction Y direction
Number Capacitance Inductance Capacitance Inductance
(pF) (pH) (pF) (pH)
1 0.592 96.82 0.505 84.25
2 0.465 96.82 0.263 84.25
3 0.411 96.82 0.159 84.25
4 0.387 96.82 0.109 84.25
5 0.268 96.82 0.098 84.25
6 0.161 96.82 0.125 84.25
7 0.161 96.82 0.195 84.25
8 0.268 96.82 0.298 84.25
9 0.268 96.82 0.452 84.25
10 0.161 96.82 0.455 84.25
11 0.161 96.82 0.420 84.25
12 0.268 96.82 0.407 84.25
13 0.387 96.82 0.412 84.25
14 0.411 96.82 0.437 84.25
15 0.465 96.82 0.489 84.25
16 0.592 96.82 0.609 84.25

2.4 ADS and HFSS Simulation

Lumped element circuit models of the unit cell of the triangle EBG structure is
developed as explained in the previous section. However, with only one unit cell, the
frequency characteristics of the EBG structure cannot be investigated because of
insufficient periodicity. Figure 2.6 shows the insertion loss of the lumped element circuit

models for 1x1, x2, x4, x8, and x16 unit cells connected in series. As shown in
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Figure 2.6. ADS simulation results of EBG structures based on the lossless lumped element

circuit model. Input and output ports are terminated with 50hom. (a) Return loss of 1x1, 1x2, 1x4,
1x8, and 1x16 unit cells connected in series. (b) Insertion and return losses of the EBG structure

of 2, 4, 6, and 8 rows (1 row = 1x8 unit cells)
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Figure 2.6(a), the stopband frequencies are saturated into certain frequencies by
increasing the number of unit cells because the lumped element circuit model periodicity
is large enough to show the frequency characteristic of a periodic EBG structure.
Furthermore, the stopband characteristics of the lumped element circuit model of the
EBG structure is improved by considering a two dimensional array with the number of
the rows increasing as shown in Figure 2.6(b). The lumped element circuit model of the
8x8 EBG structure has insertion loss of about 50dB in the stopband.

Figure 2.7(b) compares the ADS simulation results of the lumped element circuit
model for the 8x8 EBG structure with ports matched (1.8ohm) to the full-wave
simulation results by HFSS [6]. As shown in Figure 2.7(b), the insertion and return losses
obtained from the ADS simulation are close to those obtained from the HFSS simulation.
Moreover, both simulation results are consistent with the forbidden band shown in the
dispersion diagrams (Figure 2.3). The stopband frequencies obtained from the lumped
element circuit model simulation and full-wave simulation are close to the forbidden
band frequencies as shown in Table 2.2. The results by the full-wave simulation are
closer to the forbidden band of the EBG structure than those by the lumped element

circuit model as expected.

Table 2.2. The stopband frequencies of the EBG structures obtained from three different

analysis techniques.

Dispersion Diagram Full-wave Simulation Circuit Model

Stopband (GHz) 4.69 ~6.20 4.64 ~ 6.24 4.65 ~6.51
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(a) The 8x8 EBG structure. (b) Comparison of ADS and HFSS simulation results.



Several factors affect the difference in the results. First, the 8x8 EBG impedance
varies with frequency of operation. In HFSS, this is accounted for by the termination that
offers variable port impedance compared to the fixed port impedance of the ADS circuit
model. At low frequency, for example, the port impedances of the HFSS 3D models
rapidly decrease with increasing frequency. Second, the wave propagation mode changes
from single below the bandgap to multiple modes above the bandgap. The lumped
element models, developed based on TEM mode, are accurate descriptions of the 8x8
EBG structure at low frequencies whereas the simple lumped element circuit model
doesn’t work above the first stopband because the higher order modes are not included.

HFSS models automatically consider higher order modes. Another minor reason is that
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SeleUetleSletie e Y2

(b)

500~ O00~0O~CO~0
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1x4 unit cells are flipped

(c)
Figure 2.8. Three different 1x8 cell EBG structures. (a) original 1x8 cell EBG structure, (b)
the modified 1x8 EBG structure A, and (c) the modified 1x8 EBG structure B.
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the coupling effect between unit cells and fringing fields at the edge are not included thus
far in the current ADS simulation. Despite these differences, this approach using lumped
element circuit models shows fairly good agreement in the EBG structure for single mode

regions.

2.5 Measurement Results

2.5.1 Fabrication

Two symmetric 1x8 EBG structures are developed from an original 1x8 EBG
structure shown in Figure 2.8(a) to verify the developed LC circuit models and are shown
in Figure 2.8(b) and (c) respectively. The modified EBG structure A shown in Figure
2.8(b) has an extra hole with the original 1x8 EBG structure. In the modified EBG

structure B, half of the original 1x8 EBG structure is flipped as shown in Figure 2.8(c).

Copper tape
with conductive adhesi

Rogers RO3010

Figure 2.9. Configuration of the 1x8 EBG structure A.
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(b)
Figure 2.10. Picture of the two modified EBG structures (a) A and (b) B.

Figure 2. 11. Microstrip fixture
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Figure 2.9 shows the configuration of the modified EBG structure A fabricated on
Roger’s RO3010 substrate. The 3M copper tape with conductive adhesive is used as the
two metal plates on the top and bottom of the substrate. A milling machine, LPKF C60, is
used to drill air holes and to fabricate microstrip feed lines. The fabricated EBG

structures A and B are shown in Figure 2.10.

2.5.2 S-Parameters

The two modified 1x8 EBG structures are measured form 1GHz to 15GHz with
an Agilent 8510C network analyzer connected to a microstrip fixture shown in Figure 2.
11. TRL calibration technique is used with the Inter-Continental Microwave calibration

kit (ICM TRL-303B).
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Figure 2.12. Comparison of the measured and simulated S parameters. (a) Return loss

(S;1) and insertion loss (Sy)).

Figure 2.12 shows the measured S parameters of the two modified EBG structures.
As shown in Figure 2.12, the EBG structures have the stopband (from 5GHz to 6.2GHz)
which is close to each other. However, in comparison to the simulated S parameters
obtained from the LC circuit models, the measured stopband regions shift approximately
1GHz to lower frequency due to the microstrip feed line. The input and output ports of
the EBG structures used in the LC circuit models are parallel plate waveguides. In
contrast, the test EBG structures have microstrip feed lines, and they may lead to higher

order modes in the transition of the microstrip line to the EBG structure.
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2.6 Summary

A triangular EBG structure based on the modified honeycomb lattice of holes in a
solid dielectric substrate, sandwiched between two conducting plates, is designed and
analyzed using HFSS. A circuit model of the triangular EBG cell is developed from the
HFSS data, simulated in ADS and compared with the dispersion diagram. Although, the
lumped element circuit models have some limitation of high-order mode, the simulation
results of the lumped element circuit models are consistent with the dispersion diagram

and the HFSS simulation results in single mode regions of operation.

-22 -








































































































































































































































































































































































A.1.4  Boundaries/Sources Setup

The master and slave boundaries are assigned to the side faces of the substrate
with phase relationship (Figure A.2). The variables for the parametric analysis are the
phase relationship between each opposing pair of linked boundaries. By varying the
phase between the boundaries the permissible eigensolutions for each phase relationship
are calculated. Both the top and bottom conductors are selected as rectangular plane and
assigned perfect E (Figure A.3). The perfect E boundaries do not make a big simulation

difference compared with a finite conductivity of copper (5.8¢7 S/m).

S, ve ;

A
\4

(a) (b) (c)
Figure A.2. Linked boundary condition and phase relationship fro HFSS eigensolution analysis.
(a) Phase relation between master and slave boundary conditions. (b) Master 1 and Slave 1. (¢)
Master 2 and Slave 2.

Figure A.3. Perfect E boundaries are assigned to the top and bottom face of the substrate.
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A.1.5  Solution Setup

To calculate the resonances of a structure the eigenmode solver is selected as a

solution type, and the details of the solution setup are shown in Figure A.4. The minimum

resonance frequency is 0.1GHz, and number of modes that we are interested in is 3. The

eigenmode solver will find the first three resonance frequencies.

Solution Setup

| Advanced ] Defaults }

tinimumn Frequency |U 1
Mumber of Modes:

Adaptive Solutions

aximum Mumber of Passes:

—

t awimum Delta Frequency Per Pass:

™ Converge on Real Frequency Only

Use Defaults

—
—

Cancel

Figure A.4. Solution setup for calculating resonance frequencies of the EBG structure.

Setup Sweep Analysis

Sweep Definiions ]Table ] General] Ca\culaliuns}

Senc # | Waiiable |
phazel Linear Step from Odeg to 180deq, step=10deg

Drescription | Add

i

o | [0

Operation | Description |

X

Add/Edit Sweep Dialog K

Variable | phasel -

" Single value

& Linear step

Add »»
" Exponential count

Start: |0 deg = Q
Stop: |180 deg  w
Step: |10 deg >

" Linear count
" Decade count

" Dctave count

Yariable |
phasel Linear Step from Odeg to 180]

Description

Cancel

o]

Figure A.5. Setup sweep analysis of Optimetrics.
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To find the resonance frequency with different phase relationship, Optimetric
setup is shown as shown in Figure A.5. The parametric setup shown in Figure A.5 is for a
plot of possible solution frequencies in the I' to X direction. For this direction, the phase
between the first pair of LBCs is held at zero and the phase between the second pair is

varied from 0° to 180°.

A.1.6  Dispersion Diagrams in x and y directions

For a plot of possible solutions frequencies in x direction, the phase between the
first pair of LBCs is held constant at zero (Phase 1) and the phase between the second
pair is varied from 0° to 180° (Phase 2). For solution frequencies in y direction, the phase
between the second pair of walls is held zero (Phase 2) while the phase between the first
pair is incremented from 0° to 180° (Phase 1). The results of this analysis are shown in
Figure A.6. The horizontal axis of each graph represents the changing phase variable, and
is analogous to having the wave vector plotted in a true dispersion diagram. The bandgap
in x direction is approximately 4.69GHz to 6.2GHz, and the bandgap in y direction is

approximately 5.5GHz to 6.56GHz.
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Figure A.6. The dispersion diagrams of the EBG structure shown in Figure A.l1 about x an y

direction.
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APPENDIX B

FABRICATION

Fabrication of all designs in this thesis is described in this section. All test circuits
are fabricated using either printed circuit board (PCB) techniques or stand
microelectronic fabrication techniques. All fabrication on on-wafer circuits was done at

the Nanofabrication Center (NFC) at the University of Minnesota, Twin Cities.

B.1 Parallel Plate EBG Structure

The parallel plat EBG structures shown in Figure 2.10 are fabricated on Rogers
RO 3010 laminate with dielectric constant of 10.2 and thickness of 1.15mm using printed
circuit board (PCB) techniques. The first step of the fabrication is to draw layouts of top-
side and bottom-side of the EBG structure and to convert them to the board plotter files.
AutoCAD 98LT is used for layout, and CircuitCam 4.0 is used to convert the layout files.
The next step is milling and drilling processes. These processes are done with the LPKF
ProtoMat C60 milling machine shown in Figure B.1 . The air holes are made from the

bottom side using drill bits, and the feed lines are formed from the top-side using milling
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bits. The final step of the fabrication is assembly. The conductive copper tape with
conductive adhesive provided from 3M is attached on the both top- and bottom-sides. To
minimize the effect of air bubbles between the substrate and the copper tape the assembly
is put under sufficient pressure. Figure B.2 shows how to attach the copper tape on the

substrate.

T Ahg,

ProtoMat C60
Malling machine

Duroid substrate

Figure B.1. LPKF ProtoMat C60 milling machine.
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Copper tape
with conductive adhesive .+~

Rogers RO3010

Figure B.2. Assembly of the parallel plate EBG structure.

B.2 Fabrication Recipe #1

This recipe is used to fabricate slow wave CPWs, right angled CPW bend

structures with slow wave compensation and CPW EBG structures.

- Number of Mask: 1
- Wafer Side: Front
1. Solvent clean wafer
(a) Soak 1 minute in acetone
(b) Soak 1 minute in isopropyl alcohol

(c) Soak 1 minute in methanol
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(d) Rinse in DI water and air-dry with N, gun
2. Deposit seed layers using the AJA sputter or the CHA evaporator
(a) Ti (400A) / Au (1500A) / Ti (400A)
3. Photolithography
(a) Prebake on 115°C hotplate for 1 min
(b) Vapor prime HMDS (1min)
(c) Spin Shipley 1045 photoresist on the wafer at 500rpm for 15 sec, then
4500rpm for 40 sec (3.5um)
(d) Soft bake the photoresist on 105°C for 1 min
(e) Hard contact align (MA6/BA6 aligner) and expose 15 sec
(f) Develop in Shipley MF351:DI 1:5 for 1min 30 sec
(g) Rinse in rinse tank for 1 min and air dry with N,
4. Measure resist thickness using Dektek
5. Electroplate the Au to 3um thick
(a) Heat bath to 70°C
(b) Calculate the current to obtain a density of 2mA/cm’
(c) Set current to calculated value
(d) Electroplate about 30 min for 3um of gold
(e) Rinse in rinse tank and air dray with N,
6. Measure the thickness of plated gold using Dektek
7. Remove the photoresist using acetone

8. Remove the seed layers
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(a) Remove Ti seed layer with 1:10 HF:DI for 3 sec
(b) Rinse in rinse tank

(c) Remove Au seed layer with GE6 for 20 sec

(d) Rinse in rinse tank

(e) Remove Ti seed layer with 1:10 HF:DI for 3 sec

(f) Rinse in rinse tank and air dry with N,

B.3 Fabrication Recipe #2

This recipe is used to fabricate right angled CPW bend structures with fast wave

compensation.

- Number of Mask: 2
- Wafer Side: Front
1. Solvent clean wafer
(a) Soak 1 minute in acetone
(b) Soak 1 minute in isopropyl alcohol
(¢) Soak 1 minute in methanol
(d) Rinse in DI water and air-dry with N, gun
2. Deposit seed layers using the AJA sputter or the CHA evaporator
(a) Ti (400A) / Au (1500A) / Ti (400A)
3. Photolithography

(a) Prebake on 115°C hotplate for 1 min
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(b) Vapor prime HMDS (1min)
(c) Spin Shipley 1045 photoresist on the wafer at 500rpm for 15 sec, then
4500rpm for 40 sec (3.5um)
(d) Soft bake the photoresist on 105°C for 1 min
(e) Hard contact align (MA6/BA6 aligner) and expose 15 sec
(f) Develop in Shipley MF351:DI 1:5 for 1min 30 sec
(g) Rinse in rinse tank for 1 min and air dry with N,
4. Measure resist thickness using Dektek
5. Electroplate the Au to 3pum thick
(a) Heat bath to 70°C
(b) Calculate the current to obtain a density of 2mA/ cm’
(c) Set current to calculated value (20mA)
(d) Electroplate about 30 min for 3um of gold
(e) Rinse in rinse tank and air dray with N,
6. Measure the thickness of plated gold using Dektek
7. Remove the photoresist using acetone
8. Remove the seed layers
(a) Remove Ti seed layer with 1:10 HF:DI for 3 sec
(b) Rinse in rinse tank
(c) Remove Au seed layer with GE6 for 20 sec
(d) Rinse in rinse tank

(e) Remove Ti seed layer with 1:10 HF:DI for 3 sec
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(f) Rinse in rinse tank and air dry with N,
9. Photolithgoraphy
(a) Prebake on 115°C hotplate for 1 min
(b) Spin Shipley 1813 photoresist on the wafer frontside at 2500rpm for
30 sec (1.3um)
(c) Soft bake the photoresist on 105°C for 1 min
(d) Hard contact align (MA6/BA6 aligner) and expose 6 sec
(e) Develop in Shipley MF351:DI 1:5 for 30 sec
(f) Rinse in rinse tank for 1 min and air dry with N,
10. Deep Trenching
(a) Deep trench etch the wafer for 18 min 40 sec (targeting depth: 55um)
(b) Remove the photoresist using acetone
(c) Rinse in DI water and air dry with N,

(d) Dry on 115°C hotplate for 1min
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APPENDIX C

TEST AND MEASUREMENT

C.1 Measurement Apparatus

All circuits fabricated on silicon wafers are measured using a HP8510C automatic
network analyzer (ANA) connected on Cascade Microtech/Alessi RF1 microwave on-
wafer probe station with Cascade GSG250 probes (250pm pitch, ground-signal-ground,
air coplanar waveguide) as shown in Figure C.1. The wafer is placed on the vacuum
chuck, and the probes are connected via 2.4mm coaxial cable to the ANA. The network
analyzer processes the S-parameter data, and the data is transferred to the computer by
the software WinCal. Two calibration techniques used are the LRM and the NIST’s
MultiCal TRL (Through-Reflect-Line) de-embedding calibration depending on the
circuits. Calibration standards are designed on each wafer as required. The LRM
calibration technique, which moves the reference plane to the tip of the probes, uses an

ISS calibration chip.
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Cascade probe Grounded chuck ¥
' > S

Probe station

Figure C.1. HP 8510C network analyzer with Cascade MicroTech probe station used for on-wafer
devices.

Circuits fabricated on printed circuit boards such as FR4, RO3010, RO6010 using
a milling machine, LPKF C60, are measured an Anritsu 37369D network analyzer or
HP3510C network analyzer. All circuits are measured through SMA connectors mounted
on the circuits except the parallel plate EBG waveguides. The parallel plate EBG
waveguide is measured using a microstrip test fixture shown in Figure C.2. Standard one
port or full two port calibrations are performed with the Anritsu K-calibration kit (Model
3652) for antennas and filters. The TRL calibrations are performed with Inter-Continental
Microwave calibration kit (ICM TRL-303B), shown in Figure C.3, for the parallel plate

EBG waveguide.
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Figure C.3. Inter-Continental Microwave calibration Kkit.
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C.2 TRL Calibration

The Thru-Reflect-Line (TRL) calibration technique is used to move the reference
planes at the inputs to the devices and to remove the effects of the feed lines, cables, and
probes. The TRL calibration is performed using the calibration standards fabricated on
the same silicon wafer on which the devices are located. The calibration standards used in
this thesis consists of three delay lines that cover the band of interest from 1GHz to
50GHz, an open and/or a short, and a thru line. In this work, the open standard is used as
the reflect standard.

Figure C.4 shows the TRL calibration standards used. The through line is 1400um,
and the reference plane is located at the middle of the through-line. Each delay line
includes feedline of length, 700um, at each port. The delay line must cover the desired
bandwidth where relative phase (/) is constrained between 45° and 135°. The function of
sin(pl) of each delay line is plotted to determine the bandwidth of each line at Figure C.5.
As can be seen in Figure C.5, three delay lines of L1=900um, L2=2500um, and L3=700
covers the frequency band from 0.2GHz to 5S0GHz. These calibration standards designed
are used for CPW EBG structures, slow wave CPWs, and right angled CPW bend

structures with slow- or fast-wave methods.
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Figure C.4. TRL calibration standards for on-wafer circuits.
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Figure C.5. The sinusoidal response of three delay line. y = sin( Blictay tines 12,3) :
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C.3 Antenna Measurement

C.3.1 Far-field Radiation Pattern

Once the resonant frequencies of the antennas are measured, far-field radiation
patterns are taken to characterize the operational performance of each antenna. These
measurements are obtained using the indoor anechoic test chamber at the University of
Minnesota. The test set-up is shown in Figure C.6. The Anritsu 37369D network analyzer
is connected to the turn-table on which the antenna under test sets. The computer in the
system is used to control the turn-table and to take data from Anritsu network analyzer
with the measurement software DAMs Model 5000. The LNA, which is designed to work
up to 18GHz with average gain of approximately 38dB, is used to amplify the receive
signal from the AUT.

For the far-field radiation pattern measurements, the anechoic chamber is
arranged such that the source remains stationary as the antenna under test (AUT) rotates
on the turn table. Principal far-field radiation patterns consist of collinear polarization
(co-pol) and cross polarization (cross-pol) plots, which are broken into either E-plane or
H-plane cuts. The polarization of the radiation pattern measurement, either collinear or
cross, is defined by the polarization of the source antenna. The source antennas used are
standard rectangular aperture horn antennas. Thus, to obtain an E-plane co-polarization
radiation patterns, the electric fields of both antennas must aligned parallel (collinear) and
then the turn-table must rotate 360 degrees along the E-plane of the antennas. E-plane

cross-pol is obtained by rotating the transmit antenna 90 degrees such that the E-field
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align anti-parallel, and then scanning the turn-table. Likewise, H-plane co-pol is

measured when the H-field

Anechoic chamber

Standard Antenna under
horn antenna test (AUT)
(1
Transmit
W cable

Receive cable

W
Network HPIB cable Z
Analyzer ‘

Q Q
Port 1] | Port 2 <
I 2 %
Computer ;

(turn table and ANA controller)

| o AT
o ]l T
Antenna under
test (AUT)

Turn Table : Control cable

Low noise
amplifier (LNA)

Receive cable

/

(b)
Figure C.6. Antenna test set-up. (a) Configuration of the anechoic chamber system and (b) AUT
mounted on the turn-table which is connected a LNA.
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align parallel. H-plane cross-pol is measure when the H-fields align anti-parallel. Figure

C.7 illustrates the required antenna alignments to obtain the desired polarization

measurement.

Test antenna

Source antenna

Photo illustrates

(a) H-plane co-pol: H fields of antennas
are

aligned parallel.
(b) H-plane cross-pol: rotate source
antenna

by 90°. H-fileds are aligned anti-

parallel

Test antenna

Source antenna

Photo illustrates

(a) E-plane cross-pol: E-fields of
antennas

are aligned anti-parallel.
(b) E-plane co-pol: rotate source antennas

by 90°. E-fields are aligned parallel

Figure C.7. Alignment of the AUT and source to obtain desired polarization measurements.

C.3.2 Gain Measurement

The gain of the antenna is measured by the comparison method using standard

gain antenna whose gain and reflection coefficient are known accurately. The power
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received by the standard gain antenna and the test antenna are measured, respectively,
under the same condition as shown in Figure C.8. Eq. C.1 and Eq. C.2 describes how the

gain of an antenna is determined using the comparison method.

Standard
gain

antenna
Source

Pr

Test
antenna

Figure C.8. Comparison method (gain transfer technique) for gain measurement using a standard
gain antenna.

o, nd) FoC
TR () =
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Eq.C.2
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Y t -4 - 089
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where G is the gain of the test antenna, Gy is the gain of the standard gain antenna, Py is
the power received by the test antenna, Ps is the power received by the standard gain
antenna, / 7 1is the reflection coefficient of the test antenna, and /s is the reflection

coefficient of the standard gain antenna.
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