Abstract

NATH, JAYESH. Design and Characterization of Frequency Agile RF and Microwave

Devices using Ferroelectrics. (Under the direction of Dr. Michael B. Steer).

A methodology for the optimized design of tunable distributed resonators is intro-
duced and verified. This technique enables maximum tuning with minimum degra-
dation in quality (@) factor. The concept of a network transformation factor and a
new figure-of-merit for tunable resonators is introduced and applied to experimental
data. The figure-of-merit quantifies the trade-off between tunability and () factor
for a given tuning ratio of the variable reactance device. As such, it can be ex-
tended to the design of filters, phase shifters, antennas, matching networks and other
frequency-agile devices where resonant elements are used. Varactors utilizing Barium
Strontium Titanate (BST) thin-film were designed and fabricated in integrated form
and also in discrete form as standard 0603 components. High frequency characteriza-
tion and modeling of BST varactors is described. A novel characterization technique
for the intrinsic loss extraction of symmetrical two-port networks was developed and
verified experimentally. Both integrated and discrete BST thin-film varactors were
used to design, fabricate and characterize frequency-agile circuits. Tunable bandpass
and bandstop filters and matching networks are described. A dual-mode, narrowband
microstrip patch antenna with independently tunable modes was developed and char-
acterized. Tuning and nonlinear characterization results are presented. Investigation
for the use of BST thin-film varactors for voltage-controlled oscillators and phase
shifters are also presented. Design parameters, fabrication issues, and processing

challenges are discussed.
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Chapter 1

Motivation, Contributions and

Dissertation Overview

1.1 Introduction

This chapter deals with the motivation for this work, original contributions and
publications resulting from the original contributions. First the basics of frequency-
agile systems and the need for such systems will be reviewed. Various enabling
technologies such as mechanical varactors, MEMS, semiconductor varactors and BST
varactors will be described and compared. In the light of the need for frequency-agile
systems, the characteristics of BST varactor and its application to system design will
be described. The motivation for this work and the objectives of the research work
will also be introduced. A list of original contributions and publications will also be

presented. Finally, an overview of the dissertation will be described.



IMT-2000 / UMTS Frequency Spectrum after WRC2000

BO0 BAOD 900 950 1000 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2500 2550 2600 2650 2700 MHz
ITU Allocations || T-2000 MT-2000 | IMT=2000 E s INT-2000
E IMT-2000, band pl
f -2000, band plan
Eurape GSM GSM 1800 ¢ UMTS UMTS not yet decided
IMT-
China | Celular| GSM L IMT-2000 IMT- 2000 under stud
1800 2000 {regional) g
P L
Japan PRC POC g %IJU E Izlg&') under study
PCS . .
North Ameri Lk i Mobile allacation added,
orth Amerc Cellut Wi ADBERC |ADBEFC AME no band plan yet
Brazil Cellular Cellular Cellular Izh(;g('] Izl"é‘(])—(')

AWS = Advanced Wireless Systems
inel. IMT-2000)
MSS = Maobile Satellite Services

Figure 1.1: Crowding of electromagnetic spectrum. Credit: World Radiocommunica-

tion Conference (WRC) 2000

1.2 Frequency agile radio frequency systems

With the proliferation (see Figures 1.1 and 1.2) of wireless systems and standards
over the past few decades the need for frequency-agile hardware has increased consid-
erably. Since different parts of the world tend to have different frequency standards,
the need for devices operating on different standards and also over different frequency
bands within each standard is increasing quickly. It is estimated that as of late 2005
well over 2.0 billion people around the world used a wireless device and millions more
are joining the growing network each day. Though GSM has over 75% market share,
there are eight other major standards. Sometimes, the same standard is implemented
at different frequency bands in different regions of a country or in different countries.
GSM, for instance, operates in the 800, 900, 1800, and 1900 MHz bands, necessitating

the need for a multi-frequency wireless device.
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Figure 1.2: Proliferation of wireless standards. Credit: Texas Instruments, Inc.

Traditionally, frequency agility has been achieved by replicating hardware com-
ponents for different frequency bands. Quad-band phones covering all four GSM fre-
quencies are a standard now. However, this increases both the board space and cost.
There is a great need for a single hardware unit to operate across different frequency
bands and seamlessly switch between heterogeneous standards [1, 2]. The need is
echoed by the military and satellite markets as well. DARPA (Defense Advanced
Research Project Agency) has funded a program called the Joint Tactical Radio Sys-
tem (JTRS) [3] which hopes to achieve the ultimate frequency agility by integrating
modular, scalable, multi-band, multi-mode hardware devices that can be upgraded
in software and is interoperable through the internationally endorsed open Software
Communications Architecture (SCA). Reuse, scalability, and field upgrades are the
key advantages from a military perspective, among others. Similarly, in the field of
satellite communication it is not uncommon to find multiple-frequency transponders
on the same communication spacecraft serving different markets and varied needs.
This not only allows judicious use of spectrum resources but also lowers the cost

of satellite based communication systems since the payload cost is shared. Further
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reduction in payload weight by using frequency-agile transponders is highly desirable.

1.2.1 Techniques for achieving frequency agility

Frequency agility can be achieved in the either the digital or the analog domain or
a combination of both. In most practical systems a reasonable compromise is made.
Typically analog frequency-agile systems offer higher dynamic range at a higher cost
while achieving frequency agility in the digital domain is usually accomplished in
software at a marginal cost, though at the expense of reduced dynamic range. For
the purposes of this dissertation, discussions of frequency agility will refer to analog
frequency agility unless otherwise noted. Figure 1.3 shows a frequency-agile receiver
operating from 30 MHz to 300 GHz as envisioned by DARPA. DARPA has funded
many projects that aim to develop technologies which will provide frequency agility
in a modular multi-band 3D chip. Various commercial applications are also being

developed, such as the one from Maxim Integrated Inc., shown in Figure 1.4. A
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single-chip [4] provides multi-functionality in terms of services offered to the end-
user. The demand for a single product which offers cellular, WLAN and location
based services has witnessed tremendous growth in recent years.

Analog components such as filters, matching networks, phase shifters, power am-
plifiers [5], duplexers and antennas need to be frequency-agile in a multi-band, multi-
standard communication system, see Figure 1.5. From a physical point of view,
changing either the inductance or the capacitance will accomplish frequency agility.
This is because all frequency selective devices comprise of unit structures which are
resonant systems and the resonant frequency of any system can be reduced to an
equivalent capacitance and inductance.

Various techniques for changing either the inductance or the capacitance is illus-
trated pictorially in Figure 1.6. In general, methods of changing the capacitance are
much more practical than those for changing the inductance. This is especially true at
higher frequency where an integrated variable reactance element is highly desirable.
Details of the various tuning methods and enabling technologies is discussed in the

next section.
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1.2.2 Enabling technologies

Various technologies have been used for frequency-agile devices. Ferrites and
ferrimagnetic components, YIG (yttrium iron garnet), semiconductor varactors and
PIN diodes, mechanical varactors, microelectromechanical MEMS) [6], varactors, and
ferroelectric varactors are the most commonly used technologies. The choice of tech-
nology depends on the application, system specification, cost, integration with other
technologies and reliability, among others. Usually two or more of these technologies
may be required to work in a complementary manner to achieve the required system
performance.

Ferrites and ferrimagnetic components have been used for many years for fab-
ricating tunable filter and phase shifters. Ferrimagnetic materials exhibit magnetic
anisotropy upon application of a DC magnetic bias field. This field aligns the mag-
netic dipole moments in the material to produce a nonzero net magnetic moment and
causes the dipoles to precess at a frequency controlled by the strength of the bias field.
The interaction with the applied microwave signal can also be controlled by adjusting
the strength of the bias field [7]. Ferrite materials exhibit a typical hysteresis curve
and are usually operated in saturation where losses are lower. One of the popular
design for a ferrite phase shifter is the remnant nonreciprocal phase shifter using a
ferrite toroid in a rectangular waveguide. It provides a digital phase shift and allows
noncontinuous bias current operation. Current pulses of different polarity only need
to be applied when switching states. The same design can be modified to operate in
the continuous bias current mode as an analog phase shifter. Nonreciprocal faraday
rotation phase shifters are also used [7].

A ferrite based phase shifter has the advantages of low cost, and large power han-
dling capability. However, they are slow (switching time in the microsecond range),
and bulky, and are discrete components which do not offer ease of monolithic inte-
gration with the rest of the system.

MEMS or mircoelectromechanical systems have been used for various applica-
tion since the 1970s. They are essentially miniature incarnations of mechanical

switches fabricated at the micron scale using conventional photolithography tech-



niques. MEMS have been used as temperature and pressure sensors, accelerometers,
gas chromatographs, and other sensing devices. In early 1990s Larson [8] was the
first to demonstrate a MEMS switch and a varactor at microwave frequencies. Since
then RF MEMS have been extensively developed by both companies and universi-
ties. MEMS- based varactors and switches have been used to construct tunable filters,
phase shifters and matching networks. MEMS switches have been used as low loss RF
switches in multi-band communication devices to replace GaAs, MOS or PIN diode
based switches. They offer small size and have a low insertion loss advantage over

the competition. Broadly speaking, MEMS can be divided into four broad categories
[9]:

RF MEMS switches, varactors, inductors, and transmission lines.

Micromachined high @) resonator, filters, and antennas.

e RF micromachined resonators that use mechanical vibration of small beams.

High @ resonator at low frequencies have been used as reference clock sources.

FBAR (Film Bulk Acoustic Resonators) using acoustical vibrations to achieve
very high @ (> 2000) resonators. Agilent has pioneered its use in low loss,

compact filters and duplexers for mobile handsets.

MEMS devices also offer low power operation and high linearity. Due to the
low thermal budget involved in MEMS processing, they can be added as a last step
process in CMOS, GaAs, SiGe and other popular process technologies. Despite all
the advantages, the widespread use of MEMS has been impeded by the high cost of
packaging and by reliability issues. MEMS-based devices typically require hermetic
packaging and this significantly increases the cost over solid-state devices. An asso-
ciated problem is that of reliability and lifetime testing. Many systems, especially
military systems require lifetimes of over 30 years and most of the MEMS devices
currently available do not meet such requirements. Another important limitation of
MEMS-based devices is that of slow switching speed. Typically the switching speed

is in the range of a few microseconds. Though it is quite sufficient for an application
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Figure 1.7: C-V curve from Skyworks, Inc. [10] for silicon abrupt varactor diodes.

such as switching in cell phones, it proves to be a limitation on the system perfor-
mance in phased array radar system where tracking a target in real time is of primary
concern. Overall, MEMS-based devices have tremendous potential for frequency-agile
devices if packaging and reliability problems are solved.

Semiconductor varactors have been used in frequency-agile devices in both discrete
and integrated form for over five decades. Operation is based on the principle of
change in the depletion width when a reverse bias is applied to a PN junction diode.
The depletion width can be thought of as the distance between the two plates of
an equivalent parallel plate capacitor. The depletion width increases with increasing
reverse bias and hence the capacitance decreases with bias, see Figure 1.7.

Semiconductor diodes [10] have a significant advantage in terms of tuning range
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and tuning ratios as large as 15:1 for under 20 V bias are easily available for hy-
perabrupt diodes. Of course, such high tuning comes at a price of poor linearity
and lower (). The linearity can be controlled to an extent by properly tweaking the
manufacturing process to yield the desired C-V curve. Semiconductor varactors have
@ factor in the range of 20-60 up to 10 GHz. Beyond that, the @) factor degrades
dramatically. GaAs varactors offer higher @) factors than their silicon counterparts
but they have a higher flicker noise due to increased mobility. Various frequency-agile
devices such as tunable filters, matching networks, phase shifters, and antennas have
been reported using semiconductor varactors. It is also the varactor of choice for most
integrated and on-chip VCOs.

Mechanical varactors [11] have been used since the early days of radio for channel
selection at the RF front-end. Even today one can find motorized and microprocessor
controlled mechanical varactors used in tunable filter banks and other frequency-agile
devices. They offer high power handling capability and extremely low insertion loss.
However, the their large size and weight prevents their use in all but very specialized
applications.

Ferroelectric varactors utilize the fact that the dielectric constant is a function
of the applied electric field [12]. They are generally used in the paraelectric phase
above the Curie temperature (T.) where hysteresis is absent and losses are lower.
Barium Strontium Titanate (BST) is the most popular of the perovskite-type ferro-
electric materials used as dielectric for fabricating tunable capacitors. BST offers low
loss, high tunability and integration with other technologies. BST varactors, both
in parallel plate and interdigital form, have been used to demonstrate tunable phase
shifters, filters, matching networks and delay lines. They offer higher @) in the gi-
gahertz range compared to a semiconductor varactor [16]. Though at the expense
of higher tuning voltage, but not higher power, BST varactors offer better linearity
performance than semiconductor varactors. In the construction of voltage controlled
oscillator they potentially offer a lower 1/f noise device, though this needs to be
investigated further.

Recently, Park et al. [13] reported a non-ferroelectric tunable material, Bismuth

Zinc Niobate (BZN) as a microwave dielectric. It has cubic pyrochlore structure and a



Table 1.1: Comparison of competing technologies.

11

Parameter | Mechanical | Semiconductor | Ferroelectrics MEMS
Varactor Varactor (BST) Varactor
Tunability Excellent Very good Good Very good
(20:1) (15:1) (3:1) (10:1)
Q@ factor Excellent Good Very Good Excellent
(500-1000) (1020 ) (30-50) (150-200)
(@ 1-5 GHz) (@ 20 GHz) (@ 20 GHz) (@ 20 GHz)
Integration Difficult Very Good Very Good Very good
Packaging Standard Standard Standard Hermetic
Cost High Low Low Moderate
Linearity Excellent Moderate Very Good Excellent
(> 60 dBm) (15-25 dBm) (30-55 dBm) | (> 65 dBm)
Size & weight Large Small Small Small
Reliability Very Good Excellent Very good Good
Maturity Mature Mature Developing Developing

permittivity in the range of 170-200. Its low loss (tané = 0.0005) and high tunability
(55%) are the main attractions compared to ferroelectrics. They reported @ factor
of over 200 at 20 GHz and low leakage current and high field strength compared to
thin-film BST varactors. This is a very promising material and could become a viable

technology for frequency-agile systems.

1.2.3 Comparison of competing technologies

Various technologies mentioned in the previous section have particular strengths
and weaknesses. Depending on the particular systems requirements, the most suit-
able technology from a cost, ease of integration and reliability point of view is chosen.
It is conceivable that in certain implementations two or more technologies might be
employed for system design. For example, in phased array radar systems azimuth
scanning is usually implemented using mechanical rotors while elevation scanning is
implemented using electronic phase shifters. Similarly, in multi-standard, multi-band
wireless devices, MEMS switches could be used at the front end for selecting the

appropriate filter while a semiconductor varactor can be used in a fully-integrated
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digital oscillator. A comparison of various competing technologies in light of param-

eters typically considered in system design is shown in Table 1.1.

1.3 Original contributions

Several contributions were made as a part of this dissertation work. A technique
for the design of optimized resonators and a figure-of-merit enabling the trade-off be-
tween tunability and Q) factor was introduced and verified. Furthermore, a technique
for calculating the intrinsic loss in symmetrical two-port network is also introduced
and verified. A BST thin-film and metallization process was co-developed and op-
timized. Frequency agile devices using the BST process were designed, fabricated
and characterized. A discrete BST thin-film varactor technology was also developed
and employed to demonstrate frequency-agile bandstop and bandpass filters on FR4
board in the range of 1-4 GHz. A novel dual-mode antenna with independently tun-
able modes was designed and characterized. A list of original contributions is given
below. Appropriate sections in the dissertation are indicated against each original

contribution that is claimed.

1. Co-development of thin-film BST and metallization process (Chapter 3, Section
3.3)

2. Process optimization for high ) BST varactors (Chapter 3, Section 3.3)
3. Characterization of BST varactors (Chapter 3, Sections 3.3 and 3.4)

4. Resonator design for optimized tuning and quality factor (Chapter 4, Sections

422, 4.2.3,4.2.4, and 4.2.5)
5. Intrinsic loss extraction technique (Chapter 4, Sections 4.3.2, 4.3.3, and 4.3.4)
6. Integrated tunable bandpass filter on alumina and sapphire (Chapter 5)

7. Development of discrete BST varactor technology (Chapter 6, Section 6.1)
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11.

12.

13.

14.
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Discrete tunable bandstop filters (Chapter 6, Section 6.3)
Discrete tunable bandpass filter (Chapter 6, Section 6.4)
Tunable matching network (Chapter 7, Section 7.2)
Narrowband tunable antenna (Chapter 7, Section 7.3)

Co-development of BST thin-film based VCO and master oscillator power am-
plifier (Appendix A, B)

Development of co-planar T resonator based permittivity characterization tech-

nique (Appendix C)

Co-development of BST interdigital varactor loaded line phase shifter (Ap-
pendix D)

1.4 Publications

This section details a list of technical publications and patents generated as a part

of this research work. Publications in progress have been listed separately. Six journal

and ten refereed conference papers have been published while seven other papers are

in progress for a total of twenty three publications. One provisional patent has also
been filed.

List of papers:

e Publications:

1. J. Nath, W. M. Fathelbab, P.G. Lam, D. Ghosh, Seymen Aygun, Kevin
G. Gard, J.-P. Maria, A. I. Kingon, and M. B. Steer, “Discrete Barium
Strontium Titanate (BST) Thin-Film Interdigital Varactors on Alumina:
Design, Fabrication, Characterization, and Applications,” Accepted for

publication in 2006 IEEE MTT-S Int. Microwave Symp. , Jun. 2006.
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. J. Nath, D. Ghosh, J.-P. Maria, A. I. Kingon, W. Fathelbab, P. D. Fran-
zon, and M. B. Steer, “An electronically-tunable microstrip bandpass filter
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on Microw. Theory and Tech., vol. 53, no.9, pp. 27072712, Sep. 2005.

. J. Nath, D. Ghosh, W. Fathelbab, J.-P. Maria, A. I. Kingon, P.D. Fran-
zon, and M. B. Steer, “A tunable combline bandpass filter using barium
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. M. Buff, J. Nath, and M. B. Steer, “Origin of half-wavelength errors in
microwave measurements using the thru-line calibration family,” Under

review.

. F.P. Hart, S.R. Luniya, J. Nath, D. Ghosh, A. Victor, J.-P. Maria, and
M.B. Steer, “Discrete-Time filter synthesis and implementation in a circuit
simulator,” Accepted for publication in Int. J. on RF and Microwave

Computer Aided Eng.

. A. Victor, J. Nath, D. Ghosh, S. Aygun, W. Nagy, J.-P. Maria, A. L.
Kingon, and M. B. Steer, “Voltage controlled GaN-on-Si HFET master
oscillator power amplifier using ferroelectric varactors,” Submitted to 36th

FEur. Microwave Conf., Under Review.

. A. Victor, J. Nath, D. Ghosh, B. Boyette, J.-P. Maria, M. B. Steer, A.
I. Kingon, and G. T. Stauf, “Noise characteristics of an oscillator with a
barium strontium titanate (BST) varactor,” Accepted for publication in

IEE Proc. Microwaves, Antennas € Prop..

. D. Ghosh, J. Nath, J.-P. Maria, M. B. Steer, and A. I. Kingon, “High
Q (Ba, Sr)TiOj3 interdigitated capacitors fabricated on low cost polycrys-
talline alumina substrates with copper metallization,” in Proc. Amer.

Ceram. Soc. Conf., pp. 125-132, Jan. 2005.

. J. Nath, D. Ghosh, J.-P. Maria, M. B. Steer, and A. I. Kingon,“A tunable

combline bandpass filter using thin-film barium strontium titanate (BST),”
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in Proc. Asia-Pacific Microwave Conf., New Delhi, India, Dec. 2004, pp.
939-940.

J. Nath, D. Ghosh, J.-P. Maria, M. B. Steer, A. 1. Kingon, and G. T.
Stauf, “Microwave properties of BST thin-film interdigital capacitors on

low cost alumina substrates,” in Proc. 34th Eur. Microwave Conf., Ams-

terdam, Netherlands, Oct. 2004, pp. 1497-1500.

A Victor, J. Nath, D. Ghosh, B. Boyette, J.-P. Maria, M. B. Steer, A.
I. Kingon, and G. T. Stauf, “A voltage controlled oscillator using barium
strontium titanate (BST) thin-film varactor,” in Proc. Radio and Wireless

Conf., Atlanta, Georgia, Sep. 2004, pp. 91-94.

W. Y. Liu, J. Suryanarayanan, J. Nath, S. Mohammadi, L. P. B. Katehi,
and M. B. Steer, “Toroidal inductor for radio frequency integrated cir-

cuits,” IEEE Trans. on Microw. Theory and Tech., vol. 52, no. 2, pp.
646-654, Feb. 2004.

D. Ghosh, B. J. Laughlin, J. Nath, A. I. Kingon, M. B. Steer, and J.-P.
Maria, “Tunable high Q interdigitated (Ba, Sr)TiO3 capacitors fabricated
on low cost substrates with copper metallization,” Thin Solid Films., vol.

496, no. 2, pp. 669-673, Feb. 2006.

T. Kim, J. Nath, J. Wilson, S. Mick, P. Franzon, M. B. Steer, and A. I.
Kingon, “A high K nanocomposite for high density chip-to-package inter-

connections,” in Proc. Maters. Res. Soc. Fall Symp., Boston, MA, Dec.
2004, pp. G5.9.1-G5.9.6.

J. Nath, and M. B. Steer, “A straight forward method of characterizing
the intrinsic insertion loss characteristics of symmetrical two ports,” in
Proc. 62nd Automatic RF Tech. Group Conf., Boulder, Colorado, Dec.
2003, pp. 233-238.

J. Suryanarayanan, W. Y. Liu, J. Nath, B. N. Johnson, S. Mohammadi,
L. P. B. Katehi, and M. B. Steer, “Toroidal inductors for integrated radio
frequency and microwave circuits, 7 in 2003 IEEE MTT-S Int. Microwave
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Symp. Dig. , Jun. 2003, vol. 1, pp. A93-A96.
e In preparation:

1. J. Nath, D. Ghosh, J.-P. Maria, A. I. Kingon, and M. B. Steer, “Design of

optimized resonators : Tunability and @) factor trade-off,” In Preparation.

2. J. Nath, D. Ghosh, J.-P. Maria, A. I. Kingon, W. Fathelbab, K. G. Gard,
and M. B. Steer, “A frequency agile bandpass filter using thin-film barium
strontium titanate (BST) interdigital varactors on alumina,” In Prepara-

tion.

3. J. Nath, D. Ghosh, J.-P. Maria, A. I. Kingon, W. Fathelbab, K. G. Gard,
and M. B. Steer, “A tunable bandstop filter on FR4 substrate using discrete

thin-film BST varactors ,” In Preparation.

4. J. Nath, D. Ghosh, J.-P. Maria, A. I. Kingon, W. Fathelbab, K. G. Gard,
and M. B. Steer, “Tunable matching network using BST thin-film inter-

digital varactors on Alumina,” In Preparation.

5. J. Nath, D. Ghosh, J.-P. Maria, A. I. Kingon, W. Fathelbab, K. G. Gard,
and M. B. Steer, “A dual-mode narrowband tunable microstrip patch an-

tenna using ferroelectric varactors ,” In Preparation.

6. D. Ghosh, J. Nath, M. B. Steer, A. I. Kingon, and J.-P. Maria, “High
density, low loss metal-insulator-metal (MIM) capacitors using ZrO, thin-

films for RF applications,” In preparation.

7. D. Ghosh, J. Nath, S. Aygun, W. Fathelbab, A. 1. Kingon, M. B. Steer,
and J.-P. Maria, “An electronically tunable microwave bandpass filter us-
ing ferroelectric Barium Strontium Titanate (BST) thin-films on low cost
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Invention disclosure:
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1. A. I. Kingon, A. Mortazawi, J.-P. Maria, M. B. Steer, and J. Nath, “Novel
frequency-tunable antennae for wireless devices employing varactors integrated
with the radiating metallization and a co-fabrication method for the same, ”

Oct. 2004, NCSU Invention Disclosure No. 05-007. Provisional patent applica-

tion in progress.

1.5 Dissertation overview

This dissertation presents work done on the design and characterization of BST
(Barium Strontium Titanate) based thin-film frequency-agile radio frequency devices.

BST has a field-dependent permittivity and can be used as a dielectric in voltage
tunable capacitors or varactors. Chapter 2 reviews the fundamentals of BST varactor
technology and presents a survey of the BST-based frequency-agile devices reported
in the literature.

Chapter 3 introduces the BST varactor technology and details the choice of var-
ious capacitor configurations. Substrate issues, metallization and other processing
details are also discussed. BST varactor characterization results for MOCVD and
sputtered BST thin-film on alumina are presented. Interdigital capacitors were fab-
ricated yielding capacitors in the sub-picofarad range and tunable by voltages up to
120 V. Low frequency intrinsic ) of over 100 were obtained. This reduced to an
external ) of 17 at 26 GHz mainly due to the series resistance introduced at the
electrodes. The maximum dielectric tunability was found to be about 1.65:1 (40%)
for an applied field of 300 kV /cm at a bias of 120 V. Results are also presented for
BST varactors deposited on alumina substrate using RF magnetron sputtering and
metallization using a thermally evaporated copper. () factor in the range of 28-30
was obtained for 0.2-0.6 pF capacitors at 26.5 GHz.

Chapter 4 introduces a technique for optimized resonator design. Experimental
verification of the technique and trade-off with tunability and () factor is also dis-
cussed. The concept of network transformation factor and a new figure-of-merit for

characterizing tunable resonators is introduced and applied to the experimental re-
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sults. A method of characterizing the intrinsic loss characteristics of a symmetrical
two-port network using a two tier calibration procedure is also introduced. Mathemat-
ical development and experimental verification is presented. A first tier calibration to
device fixturing ports results in symmetry. The second tier calibration uses a single
through line. The resulting characterization is equivalent to the transmission factor
of the network with ideal input and output matching networks. This has the effect
of putting two ideal matching networks at the input and output of the network. A
microstrip bandpass filter measurement and characterization using this technique is
presented. The results are compared with de-embedded characterization obtained
using the TRL (Thru-Reflect-Line) calibration procedure.

In Chapter 5 a third-order tunable combline bandpass filter using integrated thin-
film BST varactors on sapphire and alumina substrate is presented. The center fre-
quency of the filter on sapphire varied from 2.44 GHz to 2.88 GHz (16% tuning) upon
the application of 180 V tuning voltage. The insertion loss of the filter was 8.3 dB
at zero bias and 6.7 dB at 180 V bias. The return loss was better than 17 dB at all
bias voltages. The effect of metallization on insertion loss is reported and non-linear
characterization using a two-tone setup is also presented. The zero bias insertion was
reduced from 8.3 dB for 0.5 pum sputtered copper metallization to 5.1 dB for 1 um
evaporated copper metallization. The IIP3 of the filter was found to be +41 dBm.

The effect of vias and bond wire on insertion loss is reported and non-linear char-
acterization using a two-tone setup and a digitally modulated signal is also presented.
For filters on alumina the high bias insertion was reduced from 6.6 dB for filters with
wire-bonds and epoxy grounding to 4.5 dB for filters with on-chip probe pads with
ground vias. The center frequency of the filter varied from 1.6 GHz to 2.0 GHz (25%
tuning) upon the application of 200 V tuning voltage. The reduced loss was due to
the elimination of wire-bonds and “ground wrapping”. The IIP3 of the filter was
found to be +38 dBm. Using a digitally modulated signal the ACPR was found to
be better than —55 dBc for up to +26 dBm of input power.

In Chapter 6 discrete BST varactor technology is introduced and temperature
characterization is described. Tunable bandstop filters at 1 and 3 GHz using two

different topologies on FR4 substrate are presented. Frequency tunability up to 20%
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was obtained with tuning voltages up to 130 V. A second-order bandpass filter at 2
GHz with 22% tuning with the application of 130 V is also described. The insertion
loss decreased from 4.9 dB at high bias state to 2.9 dB at 130 V. The power consump-
tion was < 0.7 uW. Nonlinear characterization showed an IIP3 of +32 dBm and an
ACPR of better than —50 dBc up to +26 dBm of input power.

In Chapter 7 the design and characterization of a semi-lumped tunable matching
network and a narrowband dual-mode tunable antenna with independently tunable
mode is also presented. A tuning range of over 400 MHz from 2.9 GHz to 3.3 GHz
was obtained with a return loss better than 23 dB for the tunable matching network.
The maximum tuning voltage was 200 V.

Two tunable antennas were designed, one with a BST MIM varactor on copper foil
and the other with discrete BST Interdigital (IDC) varactors. For the first antenna,
the zero bias frequency was 628.5 MHz and the return loss was 6.33 dB. The resonant
frequency tuned to 653.2 MHz upon application of 40 V bias but the return loss
deteriorated to 2.66 dB. The observed tuning range was 4%. The antenna with
the discrete BST IDC varactor showed 8% tuning with 120 V. The return loss was
better than 13 dB over the tuning range. Gain of 2 dB was obtained for the tunable
transverse mode, while the gain of the non-tunable mode was 6 dB at 2.4 GHz.
Radiation pattern of the antenna is also presented.

Finally, in Chapter 8 the dissertation draws to a close with conclusions and im-
plications of the research work and recommendations for future work.

Application of BST varactors to other frequency-agile components, a voltage con-
trolled oscillator (VCO), a master oscillator power amplifier (MOPA), and a tunable
phase shifter are also presented in the Appendix A, B, and D respectively. The fre-
quency of oscillation using a BST MIM varactor varied from 34.8 MHz to 44.5 MHz
(28% tuning) upon application of 7 V tuning voltage. The VCO gain was 1.38 MHz/V
and the 2nd harmonic was over 23 dB below the fundamental throughout the tun-
ing range. A master oscillator power amplifier using discrete BST IDC varactor and
GaN-on-Si transistor showed flat power output of 1.6 W over the tuning range at 1.6
GHz. Phase noise of —81 dBc/Hz at 10 kHz offset was recorded. A loaded line phase

shifter using BST interdigital varactor was characterized at 10 GHz and showed phase
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shift of 17 deg/dB. Also in Appendix C, a new technique for characterizing frequency
dependent permittivity of thin-film dielectric using a multi-layer CPW T-resonator

is presented and experimentally verified.

1.6 Conclusion

In this chapter the motivation for this work and the need for frequency-agile sys-
tems was discussed. Various technologies for frequency-agile systems were discussed
and compared. A list of original contribution and publications was also presented.
Finally, an overview of the dissertation was described. The next chapter presents a
survey of the literature on BST growth and characterization. Literature on frequency-

agile devices using BST varactors will also be discussed.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter the fundamentals of dielectric tuning in ferroelectrics and their
growth and characterization techniques will be discussed. A survey of BST thin-film

varactor based frequency-agile devices reported in the literature will also be presented.

2.2 Ferroelectrics and applications for tunable de-

vices

Ferroelectrics are a class of polar materials that exhibit spontaneous polarization
(see Figure 2.1) under the influence of an external applied electric field [14]. Ferro-
electrics also show a peak in permittivity at the transition temperature, see Figure
2.2. The phenomenon of ferroelectricity has been known to the Europeans since the
15th century. Rochelle salt has been used for the past 275 years for its mild purga-

tive medicinal properties. It was discovered in La Rochelle, France in 1655 by Elie
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Figure 2.1: Polarization versus electric field.

Seignette who was an apothecary. The salt is sodium potassium tartrate tetrahy-
drate. However, it is unstable against dehydration and is a difficult material to work
with for reliable electrical connections. It is also complex structurally. Ferroelec-
tricity was “rediscovered” in the United States in 1923 when Joseph Valasek was
analyzing Rochelle salt [15]. He was the first to establish the analogy between the
magnetic properties of ferromagnetics and the dielectric properties of Rochelle salt
and hence the name ferroelectrics. He also demonstrated the hysteretic nature of the
polarization and its marked dependence on temperature.

These difficulties were largely overcome when Busch and Scherer reported the
occurrence of ferroelectricity in potassium dihydrogen phosphate (KDP) and the iso-
structural dihydrogen arsenate. The was followed by the discovery of Barium Titanate
(BaTiO3) in the 1940s. BaTiO3 belongs to the family of ceramic perovskite (named
after a Russian mineralogist named Perovsky) dielectrics. BaTiOj is the prototype

of many oxide based ferroelectric perovskites which are characterized by the chemical
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formulae ABO3, where A and B are cations. Ferroelectric materials have permanent
electric dipoles and therefore exhibit spontaneous polarization. Among the 32 crystal
classes, 11 of them have a center of symmetry and hence cannot exhibit ferroelectricity.
Of the remaining 21 crystal classes, only 10 exhibit spontaneous polarization and can
be classified as ferroelectrics. The classification of ferroelectrics based on symmetry
is shown in Figure 2.3.

Over the past few decades BaTiO3 has been extensively employed in transducers,
capacitors and thermal detectors. R. B. Gary demonstrated the first working trans-
ducer using barium titanate in 1945 [15]. It was not long until lead zirconate:lead
titanate (PZT) was developed for use in transducer applications in 1950s. Barium
titanate, however, remained the candidate of choice for high density, multi-layered
capacitors due to its high dielectric constant and ease of manufacturing.

It was recognized early on that ferroelectrics could be used in microwave applica-

tions. However, there has been a renewed interest in application of ferroelectrics for
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tunable microwave devices in the past decade. This is in large part due to advances in
thin-film growth techniques and the ability to integrate ferroelectrics with semicon-
ductor and ceramic technologies and thereby affording economy of scale. Integration
with other technologies leads to miniaturization and also lower cost. Both thin-film
and thick-film ferroelectric technology has been developed. Thin-film processes are
those where the film thickness is < 1 pum while processes resulting in film thicknesses
> 1 pum are considered thick-film processes. Both processes utilize the fact that ap-
plication of an external bias leads to rearrangement of the microscopic dipoles in the
material causing a change in the dielectric constant of the material (see Figure 2.5).
It is to be noted that most ferroelectrics are used in their paraelectric phase, i.e above
the Curie Temperature (T,). It is well established that the absence of domain walls
in the paraelectric phase results in lower loss tangent compared to the ferroelectric
phase, thereby rendering the material in the paraelectric phase more suitable for mi-
crowave applications [16]. Despite this technical distinction, ferroelectrics used in the
paraelectric phase for tunable microwave devices are still referred to as ferroelectric
materials. A typical frequency response curve of a dielectric material is shown in
Figure 2.4. This curve shows a general trend. The exact ranges of frequency where
permittivity is non-dispersive with frequency is dependent on the material proper-
ties, growth techniques, and interfacial properties. For thin-film BST, permittivity
has been shown to be flat with frequencies up to 50 GHz.

Ferroelectrics have been used as tunable dielectrics to fabricate varactors of both
parallel plate and interdigital form. The most common ferroelectric used for tunable
microwave devices is Barium Strontium Titanate (BST). It has a Curie temperature
in the range of —30 °C to +10 °C depending on the stoichiometry of the film and
deposition conditions. BST thin-film varactors have been used to demonstrate a wide
variety of tunable microwave devices. Loaded-line phase shifters, low-pass and reflec-
tion type phase shifters, tunable planar filters, tunable matching networks, tunable
antennas, and voltage controlled oscillators (VCO) using BST varactor as the tuning
element have been successfully demonstrated. In the next section the characteristics
of thin-film and thick-film BST will be discussed and potential applications will be
highlighted.
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2.3 Bulk, thick-film, and thin-film BST

Thin-film processes are those where the resultant film thickness is < 1 pym while
processes resulting in film thicknesses greater than > 1 um are considered thick-film
processes. A solid mass of ferroelectric single crystals will be considered as bulk BST
in this work. The thickness of bulk BST is usually in the 5002000 gum range. Bulk
ferroelectrics are useful in substantial size reduction of microwave devices due to their
high dielectric constant (500-2000). When used as substrates or as dielectric filling
in transmission lines the linear dimensions becomes inversely related to the square
root of the dielectric constant, thereby enabling a size reduction of a factor of 10—
20 corresponding to the dielectric constant range of approximately 100-400. Bulk
ferroelectrics can also be used in lens antennas for beam steering applications. One
of the biggest drawbacks of bulk BST is that very high tuning voltages (400-2000
V) are typically required to achieve a usable tuning range. This limits their use in

all but very specialized applications where the availability of high voltages is not of
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primary concern. As will be pointed out later, bulk BST typically exhibits lower loss
tangent values than thin-film BST.

Thick-film BST is a considerably more practical form of BST requiring substan-
tially lower tuning voltages and has been developed using screen-printing technology.
It also affords integration with Low-Temperature Co-fired Ceramic (LTCC). Thick-
ness usually ranges from 2-30 pm and tuning voltages in the range of 100-400 V
have been achieved. Tunable filters, phase shifters and matching networks have been
demonstrated using this technology. Hu et al. [18] demonstrated a reflection type
phase shifter at 2.2-2.6 GHz with an average differential phase shift of 48° and inser-
tion loss of 2.4 dB. The figure-of-merit (FOM) was 54 deg/dB at 2 GHz. The tuning
voltage was 100 V. They used a 25 pm thick BST layer and 8 pm thick silver paste
for the transmission line. Though the FOM is lower than that reported for thin-film
phase shifters, the results look very promising. Jackoby et al. [19] has summarized
the results for thick-film BST on alumina using a low-cost screen printing process and
subsequent pressing and sintering. They reported loss tangent and permittivity in the
range of 0.01 and 450 respectively at zero bias. The tunability was more than 60% for
20 V/pm of applied field. They also reported a phase shifter with a 28 deg/dB FOM
for a maximum field strength of 100 kV/cm. Other researchers have also reported
tunable filters and matching networks using BST thick-film. The material showed a
strong frequency dispersion and the dielectric quality factor was reported as 11 at
room temperature and 10 GHz. The results, though promising, are not as good as
that obtained with thin-film BST. The most important difference is that thin-film
BST has been shown to have non-dispersive behavior up to 40 GHz. Furthermore,
the tunability is lower than that of thin-film. This is in large part due to the fact that
only a thin upper layer of the BST film is tunable. The rest of the layer is equivalent
to a non-tunable capacitor in parallel with the tunable upper layer. This results in
lower overall tuning range.

BST thin-film is very attractive for tunable microwave devices due to the low
tuning voltages required, typically between 2 and 200 V, depending on the thin-film
composition, film thickness, and capacitor configuration. Even though the dielectric

loss is one order of magnitude lower than that of bulk BST, the lower tuning volt-
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age and other integration benefits make thin-film BST a viable candidate. It can
be produced using standard photolithographic process and could potentially be low
cost. Typically substrates such as MgO, LaAlOs, Sapphire and Alumina are used to
grow BST-thin-film. Important considerations include good lattice matching with the
substrate since the interfacial strain has been shown to affect the electrical properties
of the BST thin-film. Silicon substrates, though a very attractive alternative, do not
provide a good lattice matching and hence electrical properties are inferior. However
a buffer layer provides a potential solution to this problem.

York et al. [20, 21] have demonstrated loaded-line phase shifters on sapphire and
quartz substrates. Using a parallel plate capacitor configuration and less than 20 V
tuning voltage they reported figures-of-merit of 93 deg/dB and 87 deg/dB at 6.3 and
8.5 GHz respectively.

2.4 Methods of growing BST thin-film

BST thin-film is grown by a wide variety of methods each with their own ad-
vantages. The method of choice is usually determined by the application, cost and

system parameters. Broadly speaking, they can be divided into three main categories

1. Physical Vapor Deposition (PVD)—this includes RF sputtering, molecular beam
epitaxy (MBE) and pulsed laser deposition (PLD).

2. Chemical solution deposition (CSD)—this includes sol-gel and metal-organic

decomposition.

3. Chemical Vapor Deposition (CVD)—this includes metalorganic chemical vapor

deposition (MOCVD), and atomic layer deposition. (ALD)

Some of the preferred methods of growing BST thin-films will now be discussed.
Chemical Solution Deposition (CSD) methods such as sol-gel are widely used for
growing high quality BST thin-film at low cost and with good composition control.
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It does not require vacuum infrastructure. The sol-gel method consists of a sequence
of methods. First a stable dispersion (sol) of particles less than 0.1 pym in diameter
is formed in a liquid from organic or inorganic precursors [22]. In the next step a
gel is formed based on a change in concentration, aging, change in pH value of the
liquid, or addition of a suitable electrolyte and three-dimensional bonding occurs. The
remaining liquid is evaporated from the gel by heating or freeze-drying. Finally, the
dehydrated gel is converted into powder by increasing the temperature. Van Keuls
et al. [23] have demonstrated a phase shifter using CSD deposited BST thin-film on
LaAlOjz. The device had an insertion loss of 6.5 dB and a FOM of 40.9 deg/dB at
14.2 GHz. Various groups have also used this process for integrating BST with LTCC
technology.

In the Pulsed Laser Deposition (PLD) technique a high-energy pulsed laser beam
is focused on the surface of a target at an angle such that the substrate can sit directly
in front of the target. The interaction of the pulsed laser ablates the material and
produces a plume of material that is subsequently deposited on the substrate. The
PLD method affords a very fast rate of deposition and the deposition temperature is
also low. This can be beneficial in processes with limited thermal budgets. Bellotti et
al. [24] reported a tunability of 65% for a bias field of 70 kV /cm and a quality factor
of 4 at 20 GHz. Heteroepitaxial BST thin-film was deposited on LaAlO3/MgO using
PLD. The paper also reports the effects of strain on tunability. Bubb et al. [25] also
reported a high quality BST thin-film on MgO. A @ factor of 600 was reported at 6
GHz with tunability of 12%.

MOCVD is a widely used method for BST deposition. It is based upon a chemical
reaction of chemicals called metalorganic precursors in a vapor phase. The metalor-
ganic precursors are transported into the reactor chamber using a carrier gas. High
temperature in the chamber decomposes the precursors and the liberated atoms re-
combine forming a compound. It offers many advantages including: large area growth,
conformal deposition, excellent composition control, and uniformity. Tombak et al.
[26] have also reported parallel plate metal-insulator-metal (MIM) varactors on silicon
using MOCVD BST. They reported varactors using both platinum (Pt) and tungsten

(W) electrodes on standard silicon substrates.
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RF sputtering is by far the most commonly used method for BST thin-film growth.
Various groups have reported varactors and devices using this versatile technique. It
is a physical vapor deposition process which involves removal of material from a solid
cathode [28]. The cathode is bombarded by positive ions emitted from a rare gas
discharge. The ions with high kinetic energy displace or sputter atoms from the
material. The sputtered atoms then get deposited on the substrate. Sputtering is
usually done either in a DC chamber or RF chamber. In the former a DC current
is used to create a discharge while in the latter process RF energy, usually at 13.56
MHz, is used to create the plasma discharge. DC sputtering is mostly used for metal
and other conductive oxides. RF sputtering is employed for dielectrics and other non-
conducting materials. The RF cycle is necessary to remove the charge build up on the
non-conductive target. RF sputtering chambers also need a matching network that
impedance matches the chamber to the RF source for optimum transfer of energy
to the target. Both DC and RF sputtering techniques can employ either diode or

magnetron as sputter source. The diode source offers the following advantages:

e Cheap and very simple.
e Available in large production sizes.

e Uniform plasma is created between anode and cathode, this leads to uniform

consumption of the sputter target.
The disadvantages of a diode source are as follows:
e Inefficient use of electrons to maintain the plasma.

e FElectrons can cause substrate damage.

e Low deposition rates.

Magnetron sputter sources use a magnetic field to control the motion of elec-
trons. This is accomplished by placing a permanent magnet behind the target. The

advantages offered by a magnetron source are following:
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e Reduction in substrate bombardment.
e Increased deposition rate.

e High efficiency due to increased plasma density.
The disadvantages of a magnetron source are following:

e Source is complex and hence more expensive.

e Uneven consumption of the sputter target due to localization of plasma in a

ring around the center of the target.

Despite the added cost and complexity of a magnetron sputter chamber the ad-
vantages are quite compelling that they warrant widespread use. The quality and
the properties of BST thin-film deposited by sputtering technique is dependent on
numerous parameters such as substrate temperature, partial pressure of oxygen, total
sputtering pressure, RF power and composition of the target, and the ratio of the
partial pressure of Ar and Os.

Padmini et al. [29] have investigated the effect of texturing on the tunability of
BST films. They concluded that <100> textured BST thin-film shows good tunability
under optimized conditions. They optimized the deposition conditions such that the
film was predominantly <100>. It was noted that a biaxial tension in the film results
in the polar axis of the material orienting itself along the substrate surface and this
results in increased tunability.

Xu et al. [30] studied the effect of substrate and post deposition anneal on the
properties of sputtered BST film on MgO and LaAlOs. They reported better tunabil-
ity on MgO compared to LaAlO3 due to tensile stress in the former. Tunability was
also improved by post deposition anneal in air at 900 °C for 5 hours. The tunability
obtained was 22% for 100 kV/cm (10 V/um) and a loss tangent of 0.0023 at 1 MHz

and room temperature.
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2.5 Characterization of BST thin-film

BST thin-film is typically characterized for electrical and physical properties. The

method of choice for physical characterization are following;:

e X-Ray Diffraction(XRD) — characterize the texture/orientation of the BST
film.

e Atommic Force Microscopy (AFM) — evaluate surface roughness and mor-

phology of the BST film.

e Scanning Electron Microscopy (SEM) — characterize thickness and sur-

face of the film.

e Profilometery — measure film thickness.
Electrical characterization involves the following:

e LCR Meter — Capacitance and loss tangent versus voltage and frequency.

Usually accurate up to 10 MHz.

e Impedance Analyzer — Capacitance and loss tangent versus voltage and
frequency. Usually accurate up to 3 GHz, measurement range overlaps with

LCR meter.

e Electrometer, DC parameter Analyzer — Leakage current versus voltage

and time. Also reliability measurement.
e Hot-Cold Stage — Capacitance and loss tangent versus temperature.

e Vector Network Analyzer — Model extraction and impedance data up to
50 GHz.

e Signal Generators and Spectrum Analyzer — Nonlinear characterization

and modeling.
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The common methods used for the electrical characterization of BST thin-film
will now be discussed. The BST thin-film to be characterized is measured as such
or embedded in a circuit in the form of a varactor or a tuning element. Capacitance
and loss tangent is then extracted from the measured data. The accuracy of charac-
terization technique depends on the frequency range of interest. The frequency range
determines whether the fixturing and other peripheral effects can be ignored without
compromising the accuracy of the measurement. For instance a simple parallel RC
model may work very well at few tens of MHz but the same model would results in
erroneous results if fixturing effects are not properly accounted for and calibrated out
of the measured data. Also at higher frequencies a distributed model may be required
to accurately extract the capacitance and loss tangent data. In general, the higher
the frequency of measurement the greater is the effort involved in the measurement
and the accuracy degrades with increasing frequency range.

Certain techniques such as the resonant cavity method are well suited for thick-
film/bulk BST and yield very accurate result at one frequency point even at microwave
frequencies. Thin-film BST is typically much more difficult to characterize than
thick-film/bulk BST. One of the simplest characterization techniques is the one using
lumped element capacitors; either in parallel plate or interdigital configuration. LCR
meters and Impedance Analyzers employ a RF I-V test method in which a current is
forced through the capacitor under test and the voltage drop across it is measured.
Some LCR meters also use bridge balancing technique similar in principle to the
classic Wheatstone bridge. Both methods yield complex impedance and capacitance
and loss tangent data is extracted using either a parallel or series RC model. LCR
meters generally do not require additional calibration structure and they are accurate
to up to 10 MHz. Impedance Analyzers such as the Agilent 4991A use additional
calibration to extend the test frequency to 3 GHz. Open, short and 50 €2 load are the
typical calibration structures used for removing test fixture parasitics. Impedance
analyzer also provide one-port reflection data which can be directly used in a circuit
simulator for model fitting. Network Analyzers typically measure one-port reflection
data using ratio of reflected to incident power. The measured S-parameters can be

converted into impedance or Z-parameter using Equation (2.1).
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where Z, is usually 50 €.

Extraction of capacitance using a network analyzer is usually more accurate than
extraction of loss tangent data. This is because the loss measured is the total loss
in the device and the separation of metallic losses from dielectric loss becomes very
difficult at high frequencies. At RF frequencies the metal loss begins to dominate the
total loss in the device under test and this increases the uncertainty in the extraction
of the dielectric loss. Accuracy is typically increased by using additional calibration
structures to remove the effect of parasitics and accurately calculate metallic loss. The
total device quality factor can be conveniently calculated using the network analyzer.
Equation (2.2) can be used to extract @) factor from the measured complex reflection

coefficient once it has been converted to Z-parameter using Equation (2.1).

[ Im(Zin)|
Q = LlZun)l 2:2)
|Re(Zin)|
Alternatively in terms of one-port S parameter:
2(1
0 2(m(51) (2.3

~ 1 (Im(Sn))? — (Re(Sn))?]

It can be seen from Equation (2.3) that the @ factor is highly sensitive to errors in
the measurement of the complex reflection coefficient. Figures 2.9 and 2.10 show the
results of the sensitivity analysis of () factor in terms of the error in the imaginary
and real part of the complex reflection coefficient respectively. The plots were gen-
erated for a @) factor of 34 with 0.97 and 0.05 as the imaginary and real part of Si;
respectively. It is evident from the plots that the error in @) factor is very sensitive
to errors in the imaginary part of the reflection coefficient. Hence, extreme care must
be exercised while measuring () factor with a network analyzer. It can similarly be

shown that the sensitivity of () factor with an RF I-V method is considerably better.
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Figure 2.11: Capacitance versus frequency of a BST capacitor (after Zhu et al. [32]).

Jin [31] has demonstrated that in a two-port measurement configuration the ac-
curacy in parameter extraction is increased. Experimental results using Jin’s work
was reported by Zhu et al. [32]. They used three structures, namely the capacitor
under test embedded in a transmission line and two other through lines to remove the
effect of transmission lines in which the capacitor was embedded. Explicit formulae
for capacitance and loss tangent in terms of measured parameters was reported. The
BST film thickness was 200 nm deposited using PLD. Tunability of 2.4:1 at 15 V
bias and a loss tangent of less than 0.012 up to 10 GHz was reported. The extracted
capacitance value showed little dispersion with frequency, see Figure 2.11. However,
the loss tangent value varied by over 70% between 1 and 12 GHz, see Figure 2.12.

Other two port parameter extraction techniques using the network analyzer in-
clude measurement of co-planar transmission line, planar resonators and coupled line.
Formulae derived using conformal mapping technique are then used to extract per-
mittivity and loss tangent data from the measured S parameters. There have been
some reports in the literature regarding this extraction technique but there seems to
be some disagreement over the dispersion properties of the dielectric constant and
the loss tangent of the BST film. Lue et al. [33] have reported such a technique

using a combination of Thru-Reflect-Line (TRL) and conformal mapping technique.
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Figure 2.12: Loss tangent versus frequency of BST thin-film (after Zhu et al. [32]).

The extracted loss tangent data reported by them shows considerable dispersion at

frequencies below 5 GHz. This can be seen in Figure 2.13.

2.6 BST-based tunable filters

Tunable filters using thick film, thin-film and bulk BST have been reported in
the literature. Various university groups have reported BST thin-film based filters.
There are at least four companies that are pursuing the commercialization of this

technology for tunable applications. They are:

1. Paratek Inc., USA [34, 38|.
2. Agile Materials and Technologies Inc., USA [35].
3. nGimat Inc., USA [36].

4. Gennum Corporation, Canada [37].
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Figure 2.13: Calculated loss tangent versus frequency of BST thin-film. D1, D2, D3,

etc. represent different samples with varying permittivity, for details see Lue et al.
[33].

Apart from the four companies mentioned above, other large corporations such
as Samsung, Nokia, Rockwell Scientific, Matsuhita and others are also pursuing or
supporting their own internal research and development programs in this area.

Planar filters using either a single layer or multiple layer configuration are com-
monly used. A combination of lumped and distributed approach is usually employed.
Filters using a single layer BST and metal use a interdigital or a gap capacitor config-
uration while those employing a single layer BST and two or more levels of metal use
a parallel plate configuration. In the single layer configuration tuning is sometimes
also achieved by applying bias voltage across the subtrate/BST thin-film stack up.
Though this technique is attractive from a fabrication and analysis point of view, the
bias voltage required to achieve reasonable tuning tends to be prohibitive for almost
all but the very specialized systems. Configurations where bias is applied locally
through the BST is more promising in terms of realizability and integration with
other systems.

Kozyrev et al. [39] reported a 20 GHz tunable filter using BST thick-film gap

capacitors on MgO with silver electrodes. They reported a 3:1 change in capacitance
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at 20 GHz with loss tangents in the range of 0.1-0.05 with 0-400 V bias. The sintered
thickness of BST was 5 mm. The filter was based on a symmetrical finline topology
in a rectangular waveguide. A 9% (1.8 GHz at 20 GHz nominal center frequency)
tuning of the center frequency was obtained with maximum insertion loss of 3.5 dB
and a 3 dB bandwidth of 3.5%. This is one of the first tunable filter reported using
BST thick-film technology at room temperature.

Findikoglu et al. [40] described a 3-pole tunable bandpass filter on LaAlO3 using
a Strontium Titanate (1.2 pm) and YBCO thin-film combination to reduce conductor
losses. The filter had a bandwidth of less than 2% and tuned more than 15% at 4 K
and 76 K. The center frequency was at 2.3-2.4 GHz and the insertion loss was in the
range of 16-30 dB at zero bias and improved to 3—6 dB at bias voltages over 100 V.
One of the drawbacks of the filter was the relatively high insertion loss despite the
additional cost associated with cryogenic cooling.

Eriksson et al. [41] reported a two-pole bandpass filter based on YBCO and plated
single crystal KTO disk resonators. The filter operated at 0.9 GHz with a 1.5%
bandwidth at 77 K. With 500 V bias, 5% tuning range was obtained. The insertion
loss ranged from 1.6-4.7 dB over the tuning range. This result was comparable with
commercially available tunable filter of similar characteristics.

Subramanyam et al. [42] reported a K-band microstrip bandpass filter using a
thin-film HTS/Ferroelectric/Dielectric multi-layer configuration. They used a thin-
film of YBCO/STO on LaAlOj dielectric substrates. The STO layer was 0.3 pum thick
while the HTS was 0.35 pm thick. The two pole filter was centered at 19 GHz with a
7% measured bandwidth. The passband of the filter showed considerable distortion.
At 77 K the minimum insertion loss was 3.3 dB and a tuning range of 9% at 17.4
GHz with +500 V bias was reported. The same filter was investigated at 24 K and
a demonstrated a slightly degraded insertion loss of 4.4 dB at zero bias. However,
the tunability improved to 14% with +400 V. A comparative filter with the HTS
thin-film but measured at 77 K showed considerably higher loss of 6 dB. The same
group also reported a two-pole filter [43] on MgO using pulse laser ablated 0.35 pm
BST thin-film and gold multi-layer configuration. The filter demonstrated a rather
low tunability of 3% with 100 V bias at room temperature. The 3-dB bandwidth
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was 500 MHz at 17.2 GHz and insertion loss ranged from 8.1 dB at the zero bias state
to 5.3 dB at the high bias state.

Roy et al. [44] reported a tunable filer at VHF frequencies using bulk ferroelectrics.
The filter showed a tuning range of 1.75:1 with 200 V bias. The insertion loss at
77 MHz was approximately 2 dB and increased to 7 dB at 137 MHz. The authors
reported that these losses were corrected for conductor loss but the exact methodology
was not described. It is expected that the actual losses would be much higher than
the reported values.

Vendik et al. [45] reported a 3-pole tunable filter using BST film at room tem-
perature. Tunable capacitor were formed by a 10 ym gap in the microstrip line. The
insertion loss was 15 dB at zero bias and at the center frequency of 4.4 GHz. The
loss improved to 7 dB at the high bias state of 150 V at 4.65 GHz. The tuning range
was 5.7%. The loss tangent values for the BST film ranged from 0.044 to 0.017 at
the zero and high bias states respectively.

Tombak et al. [46] have reported tunable lowpass and bandpass filters in the VHF
range using parallel plate BST thin-film capacitors and 0-6 V tuning voltage. The
tuning voltage is considerably lower than the high bias voltages required for filters
using planar or interdigitated capacitor. This feature lends itself to easy integration
with many systems where higher bias voltages are not available. The authors used
MIM capacitors fabricated on silicon using a MOCVD BST thin-film process and Pt
electrodes. The capacitors were subsequently singulated from the wafer and used in
discrete form. They reported both a third and fifth order lowpass filter. The fifth
order lowpass filter had an insertion loss of 2 dB and a tunability of 40% (120-170
MHz) with the application of 0-9 V DC bias. The IIP3 of the filter was +22 dBm
at zero bias voltage. IIP3 or input IP3 (third-order intercept point) is defined as
the extrapolated input power level of a single tone for which the output power of the
third-order intermodulation products equals that of the single-tone linear fundamental
output power. The third-order filter had an insertion loss of 0.8 dB and a 30% (120—
170 MHz) tuning range. The IIP3 at zero bias was +24 dBm. The bandpass filter
showed a tunability of 57% (176-276 MHz) with 0-6 V bias. The passband insertion
loss was 3 dB and the IIP3 was measured to be +19 dBm.
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Noren et al. [47] also reported a two-pole bandpass filter with 35% center frequency
tuning from 910 to 1230 MHz for a 50% reduction in capacitance. The insertion loss
was in the range of 6-7 dB over the tuning range. As means of alleviating the insertion
loss they also presented a technique of shunting the tunable capacitor with a high @)
ceramic resonator to improve the @ factor at cost of reduced tuning range. A 7%
tuning range for a 50% reduction in capacitance was reported. @ factor ranged from
135-217 over the tuning range.

Rahman et al. [48] have reported a 3-pole tunable combline bandpass filter using
BST thin-film and LTCC technology. The filter was targeted at the commercial
cellphone market. The filter tuned from 1656 MHz to 1983 MHz with an average
insertion loss of 4.3 dB. The tuning voltage requirements were not indicated in the
paper.

Overall, a wide variety of BST based tunable filter have been reported in the
literature. In general MIM based filters have lower tuning voltage requirement than
planar capacitors at the expense of reduced linearity. Planar capacitor based filters
tend to have higher power handling capabilities. Most filters have been reported on
single crystal substrates and at cryogenic temperatures. In the next section BST-

based tunable phase shifters will be reviewed.

2.7 BST-based tunable phase shifter

A phase shifter is a device that will provide a variable insertion phase in a mi-
crowave signal path without changing the physical path length [49]. Phase shifters are
used in many different applications. Some of the most important ones are in phased
array radars, synthetic aperture radars, diversity combining schemes, and adaptive
antenna configurations. Phase shifters can be broadly classified into the following

categories:

1. Digital

2. Loaded line



46

3. Reflection type
4. Switched line
5. Low-pass/High-pass

Digital, Switched line, and Low-pass/High-pass phase shifter typically use switches
and are more suitable for applications requiring discrete values of phase shift. The
loaded line and the reflection type phase shifters lend themselves to analog phase
shifter design where a variable reactance element can be employed to achieve con-
tinuous phase tuning. In this section only these two types of phase shifters will be
discussed and a survey of BST thin-film based phase shifters reported using these
topologies will be presented.

Nagra et al. [50] expanded on the work by Rodwell et al. [51] and reported
optimization techniques for loaded line phase shifters. They reported a 0-360 degree
phase shift at 20 GHz with 4.2 dB of insertion loss. Liu et al. [21] reported a BST
thin-film phase shifter loaded with interdigital varactors on a sapphire substrate.
With a 1 pym gap (separation between two electrodes, see Section 3.2 for details) in
IDC, differential phase shift of 110° at 20 GHz was reported. The insertion loss was
3.4 dB, resulting in a 32 deg/dB FOM (figure-of-merit). The tuning voltage was 100
V. Acikel et al. [20] also reported a phase sifter in the Ku/Ka band using parallel
plate and IDC varactors on sapphire and glass substrates. The parallel plate version
showed a phase shift of 180° with 4 dB of insertion loss at 30 GHz. The tuning voltage
was 30 V. The IDC version showed a tuning of 460 degrees at 8 GHz with 8.8 dB of
loss. Both circuits showed a promising FOM of 60 deg/dB at 10 GHz. Sullivan et al.
[52] recently reported a adaptive duplexer using the BST phase shifter developed by
the UCSB (University of California Santa Barbara) group. They employed a single-
path feedforward technique to achieve over 20 dB improvement in isolation over a 2
MHz bandwidth.

Kim et al. [53] have reported reflection-type phase shifters using BST interdig-
ital varactors on sapphire using the CCVD (chemical combustion vapor deposition

technique) and copper metallization. The circuit consisted of a lange coupler with
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a series LC termination. By changing the capacitance, the phase of the reflection
coefficient is changed and phase shifting through the network is achieved. The phase
shifter operated in the 1.9-2.5 GHz range with a phase shift of over 90° and better
than 2 dB of insertion loss. A maximum figure of merit of 72 deg/dB was achieved
at 2GHz. They also reported I1P3 of +32 dBm and +41.9 dBm for 0 and 60 V bias
respectively. The same group has also reported a phase shifter using an all-pass net-
work consisting only of lumped elements and a size of less than 2.2 mm X 2.6 mm
at 2.4 GHz [54]. The phase shifter provides for over 121 degrees of phase shift with
a maximum insertion loss of 3.75 dB from 2.4-2.5 GHz. The figure of merits of both
single and double section phase shifters was over 65 deg/dB from 2.4 to 2.5 GHz.

In a subsequent publication [55] they also reported a temperature optimized device
with the figure of merit of 62.5 deg/dB £2.5 deg/dB from 10 °C to 75 °C. The
temperature variation of the phase shift was held to less than 4° over 10 °C to —50
°C . They investigated different ratios of Ba/Sr and (Ba+Sr)/Ti for minimizing the
temperature variation and found that a Ba/Sr ratio of 1.2 : 1 and (Ba+Sr)/Ti ratio
of 0.8 : 1 yielded a Cyax/Cuin variation of 1.17. As an application of the phase shifter
the group demonstrated a ferroelectric smart antenna system for WLAN where the
antenna automatically adjusts to the interference null by dynamically changing the
phase shift in the beam forming network [56].

Kuylenstierna et al. [57, 58] have reported true-time delay lines using BST thin-
film parallel plate varactors on high resistivity silicon. They used laser ablation
process and gold metallization in a coplanar strip loaded line configuration for circuit
fabrication. The absolute group delay was reported to be 70 ps at room temperature
and tunable by up to 20% under 20 V bias voltage. The insertion loss was less than
3.5 dB at 20 GHz. At a much cooler temperature of 145 K the group delay increased
to 100 ps and the tunability to 50% under similar bias conditions. At 7 GHz, the
insertion loss was 3 dB, resulting in a figure of merit of 0.03 dB/ps and 50 ps/mm.
The leakage current at room temperature was less than 0.1 pA.

Romanofsky et al. [59] have also reported phase shifter for phased array and
reflectarray application applications. A linear array at 23.675 GHz using 16 ferro-

electric phase shifters on a 1 cm x 0.75 cm MgO substrate was reported. 36° of scan
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angle was achieved. The authors also reported phase shifter using CCVD and PLD
methods on LaAlO3 and Sapphire respectively. The figure of merit was reported as
50 deg/dB and 18 deg/dB for the PLD and CCVD films respectively at 20 GHz [60].

Lee et al. [61] have reported a 10 GHz phase shifter using BST IDC varactors on
MgO. Phase shift of 153° was obtained at 10 GHz with 11.6 dB of loss. Relatively high
tuning was obtained using only 40 V bias. This was accomplished by inserting a seed
layer of thin BaTiO3 (BT) with a lattice parameter intermediate between those of
BST thin-film and MgQO. This relives the lattice mismatch stress in the BST thin-film
and improves its dielectric properties. A large capacitance tuning of 78% with 133
kV/em and loss tangent in the range of 0.024 and 0.01 between 0 and 40 V bias was
reported. The same group has also reported a PLD BST thin-film deposited on MgO
which was used to fabricate a loaded line phase shifter using interdigital varactors.
The phase shift was reported to be 179° with an insertion loss of 5.6 dB at zero bias
at 20 GHz. At the high end of the bias range (200 V) the insertion loss decreased to
2.1 dB. The figure of merit was 32 deg/dB.

A silicon based phase shifter using high resistivity silicon substrates and TiO,
buffer layer was reported by K.-B. Kim et al. [62]. They used a PLD technique for
depositing 0.5 pum BST thin-film. Phase shift of 98° at 50 V and 17 GHz was reported.
The figure of merit was 10.5 deg/dB at 17 GHz. Though the FOM is quite low it is a
promising technology that will lead to monolithic integration. This has the potential
of greatly reducing cost and also improving reliability.

Ryu et al. [63] have reported a tunable phase shifter on MgO using PLD deposited
BST thin-film. The film thickness was 400 nm and 60/40 composition of Ba/Sr was
used. They used RF-ion milling to remove BST from the substrate except for areas
in which the interdigital fingers were located. They measured a 179° phase shift at
20 GHz with maximum insertion loss of 5.6 dB. A FOM of 32 deg/dB was achieved.

BST-based phase shifters have the potential of reducing the cost of phased-array
systems while providing a figure-of-merit which is comparable to or better than that
of semiconductor or ferrite- based phase shifters. Potential size and weight reduction

are also important features.
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2.8 BST-based oscillators

VCOs are perhaps the most ubiquitous element in all communication systems,
wired or wireless. In a wireless system the quality of the communication link is deter-
mined in large part by the characteristics of the VCO. A reversed bias semiconductor
junction is typically used as the tuning capacitor in a VCO, wherein the applied
voltage changes the depletion width and hence the tuning capacitance. The figure of
merit of the VCO is primarily determined by the quality of the capacitor used and
the RF voltage that can be applied across the capacitor. The varactor must operate
in the reversed bias region to avoid forward conduction and excess shot noise. Thus
there is a limit to the RF voltage swing that can be impressed upon the capacitor and
this imposes an inherent limitation on the lowest achievable phase noise in the VCO
. This is in sharp contrast to the BST varactor which can handle high RF voltage
swings since there is no equivalent of a forward biased junction as in the case of a
conventional semiconductor varactor. Now, the () factor of a semiconductor varactor
increases with increasing bias. Thus, while increased resonator () is desirable, the
increased RF voltage peak plus DC tuning voltage risks forward biasing the semi-
conductor junction. This is known as the junction bias effect and is minimized by
using an array of back-to-back varactors. The BST varactor does not suffer this con-
sequence. Thus a BST-based VCO is expected to offer better performance than a
semiconductor based VCO in terms of harmonic performance and phase noise, espe-
cially 1/f noise. However, there are very few reports of BST thin-film based VCO in
the open literature. Some of them are discussed below.

Paratek Inc. markets tunable oscillators based on BST varactors and they also
hold several US patents [64] in that area. They have however not reported any data
in the open literature. Recently Xu et al. [65] have also used BST thin-film varactor
as decoupling elements in high-power on chip GaN (Gallium Nitride) VCOs due to
their high capacitance density. This enables high values decoupling capacitors to be

integrated on-chip.
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2.9 BST-based tunable antennas and matching net-

works

Reconfigurable antennas are very useful in multi-functional and multi-band wire-
less communication devices. They also find use in electronic surveillance, counter-
measures and other defense applications. The properties of these antennas can be
adapted in real time to achieve selectivity in frequency, bandwidth, polarization and
gain. Compared to broadband antennas, tunable antennas offer certain significant
advantages. They have a small footprint and have similar radiation pattern and gain
for all frequencies of operation. They offer judicious use of the electromagnetic spec-
trum and their frequency selectivity is useful for reducing co-site interference and
jamming. Furthermore, a reconfigurable narrowband antenna can also enable low
power transceivers by potentially eliminating the losses in duplexers.

Tunable antennas have been typically fabricated by loading a microstrip patch
antenna with varactors [68]. Tuning can either be voltage controlled or optically
controlled. Since the antenna is reactively loaded, the resonant frequency of the
antenna can be changed by changing the reactance. All of these implementations
use discrete components such as PIN diodes, varactor diodes or switches to vary the
resonant frequency.

Tunable matching networks are required for multi-band devices using a single
antenna. Even for single-band devices the antenna impedance varies over time due
to human and environmental capacitive effects. A dynamically tunable matching
network will optimize the power transfer for varying usage conditions. The design of
efficient Power Amplifiers (PA) is essential for reducing the power consumption and
hence increasing battery life and potentially reducing the size of the wireless device.
The PA in a multi-band, multi-standard phone must operate efficiently across different
frequency bands. The two most common circuit configurations used are multiple PAs
optimized for each band and selected using switches and single broadband PA with
tunable matching network either by using switches or varactors. Considerable work

has been done in the area of MEMS-based tunable matching networks using either
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MEMS switches or varactors. Though MEMS is a very promising technology; it still
has very stringent packaging requirements and consequently higher cost. Reliability is
also a concern. Semiconductor varactor-based tunable matching networks have been
implemented by many researchers but they suffer from poor linearity performance.

Chen et al. [66] recently reported a BST thin-film parallel plate varactor based
tunable matching network at 900 and 450 MHz on sapphire. The impedance trans-
former network was capable of transforming a 50 2 impedance to range of values
between 13-29 Ohm at 900 MHz. Using a slightly modified network, antenna match-
ing was obtained over 425490 MHz with approximately 1.5 dB of insertion loss. A
narrowband matching with less than 0.6 dB of loss was also reported.

Scheele et al. [67] have also reported an impedance matching network using dis-
crete BST interdigital varactor fabricated on alumina using a screen printing process.
They reported an insertion loss of 1.15 dB for 50 €2 source and load impedances. The
tuning range was from approximately 1880 MHz to 2000 MHz (6.4%) for 100 V bias.
They also reported nonlinear characterization of the matching network at different
power levels. TIP3 of +46.5 dBm and +52.8 dBm at +26 dBm and +33 dBm av-
erage input power was reported. Applications include real-time antenna impedance
matching. However, it should be noted that the tuning range is far too low for many
applications and could only be used for trimming the desired response to compensate

for manufacturing tolerances.

2.10 Conclusion

A summary of BST tuning mechanisms and techniques for characterizing BST
thin-film was presented. Fundamental concepts were also reviewed. A survey of
frequency-agile devices using thick-film, thin-film and bulk BST was also presented.
A range of devices fabricated on various substrates using optimized deposition tech-
niques have been described. Most authors have used expensive single crystalline sub-
strates for BST thin-film fabrication as it is usually believed that epitaxial growth of

BST thin-film on such substrates results in improved electrical properties. However,
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such substrates are also not widely available in large sizes. Typically polycrystalline
alumina is the most commonly used substrate in the microwave industry. There is
need for a BST process that allows integration with other existing passive technolo-
gies on alumina. This would result in lower cost and also promote increased usage.
Another challenge with BST-based devices has been achieving thick metallization to
reduce conductor losses, especially in the range of 1-10 GHz. Most BST processes
require a high temperature anneal to fully crystallize the BST thin-film and increase
grain size. This is essential for obtaining high quality BST thin-film [27]. The thermal
budget restricts the choice of metallization to noble metals which can be processed at
high temperatures, typically in the range of 600-1200 °C, required for an optimized
BST thin-film process. The conductivity of noble metals is usually 2—6 times lower
than that of good conductors such as copper and silver. This further aggravates the
lithographic and processing challenges as thicker metal films are required to meet the
thickness requirement of three skin depths for reducing conductor losses to a min-
imum. If copper could be used, the lithographic challenge could be rendered more
tractable.

In the next chapter BST thin-film varactor technology on polycrystalline alumina
using copper metallization will be introduced and processing issues, substrate and
metallization choice will be discussed. Techniques for microwave characterization of

BST varactor will be introduced and measured results will also be presented.
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Chapter 3

BST Varactor Technology

3.1 Introduction

Barium Strontium Titanate (Ba,Sr;_,TiOs or BST) is an attractive candidate
material for tunable microwave devices as it has a high dielectric constant of about
300-500 for thin-films, large field-dependent permittivity, and relatively low dissipa-
tion losses. The voltage dependent permittivity of BST enables the fabrication of
frequency-agile components such as tunable filters [48], delay lines [57, 58|, and phase
shifters [21, 20]. Tunability and loss are traded off in processing and for most mi-
crowave applications practical tuning range of 2:1 can be achieved with material loss
tangents of the order of 0.005. BST thin-film was described an an enabling technology
for frequency-agile systems in Chapter 1. In Chapter 2 various devices reported in
the literature using BST thin-film varactors are described. Methods for growth and
characterization of BST thin-film were also presented.

In this chapter different capacitor configurations and the effect of metallization
on @ factor will be discussed. Substrate choice and optimization of BST thin-film for
maximum tuning and low-loss will also be discussed. The fabrication of interdigital

varactors using 0.3 pm MOCVD thin-film BST and also 0.6 pum sputtered BST thin-
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film will be described. Both processes used polycrystalline alumina substrate for
varactor fabrication. Electrical characterization is presented up to 26 GHz. Electrode
thicknesses of 0.1 um, 0.5 pum, and 1.0 um were considered and intrinsic () factor
of more than 100 was obtained. Intrinsic ) factor is defined as the inverse of the
material loss tangent. The @) factor measured at low frequencies is the intrinsic @)
factor since the dominant loss mechanism is energy dissipation in the material. At
higher frequencies, the measured () factor is the external ) and is dominated by
the external series resistance of the capacitor. A new model was developed to relate
the external and intrinsic () factors and identify the sources of loss and so guide
circuit development [69]. IDC varactors were also compared with MIM varactors
and a parametric evaluation was also carried out. Results of capacitance variation
with frequency, finger spacing and number of fingers are also reported. Frequency

dispersion of capacitance is also evaluated.

3.2 Capacitor structures: parallel plate and inter-

digital configurations

Microwave applications require capacitances in the sub-picofarad (< 1 pF) range
and preferably with 3 pum lithography InterDigital Capacitors (IDCs). This is because
MIM (metal-insulator-metal) capacitors have a very high capacitance density due to
the high dielectric constant of BST thin-films. Hence, to achieve sub-picofarad capac-
itance, MIM capacitors require either sub-micron lithography or series connection of
capacitors, both of which require expensive multi-layer photolithography. The IDC
varactor lends itself to single-layer processing and higher ) values. Various param-
eters defining the IDC varactor are shown in Figure 3.1. A schematic of both the
MIM and the IDC is shown pictorially in Figure 3.2. The MIM capacitors offer the

following advantages:

e Lower tuning voltages, usually in the range of 5-30 V.
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Figure 3.1: Representative 3D layout of the BST interdigital varactor, L. = finger
length, S = finger spacing, E = finger end gap, W = width of the fingers, and W; =
width of feed-line.

e Very high capacitance density, in the 10-40 fF/um? range.

Its disadvantages are as follows:
e Lower power handling capability compared to interdigital capacitors.
e Poor linearity.

e Two or more layer lithography and micron level lithography for < 0.2 pF ca-

pacitors is required.

e Growth of thick bottom electrode required for high () capacitors can be chal-
lenging.

Interdigital capacitors lend themselves to the design of < 0.2 pF capacitors quite
naturally. Since the total capacitance is the sum of gap capacitances between the
fingers, all that is required to reduce the value of the capacitors is to make the gaps
larger or to reduce the length. Of course, making the gap larger entails an increase in
the tuning voltage which is usually not desired so capacitance is usually adjusted by
changing the finger length or the number of fingers. The following are the advantages

of the interdigital capacitors:
e High power handling capability [70].

e Better linearity [71], usually 15 to 20 dB higher than MIM varactors.
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Figure 3.2: Interdigital and parallel plate BST varactors.
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e Simple and inexpensive single layer lithography.
e Thickness of metal is only limited by the aspect ratio issues in processing.
The IDC varactors does have its own share of disadvantages as noted below:

e Tuning voltages are considerably higher, in the range of 75-400 V depending
on the configuration and the type of BST thin-film.

e Low capacitance density compared to the MIM configuration.

e Difficult to analyze analytically, usually empirical formulae and some electro-

magnetic simulation is required.

The choice of MIM or IDC varactor depends on the specific application and other
system requirements. Since both MIM and IDC varactors draw very little current
(1-10 nA) [72] the usage is largely determined by the availability of tuning voltage
and linearity requirements. In portable applications where space and cost is of utmost
concern, MIM capacitors should be preferred. In fixed applications such as WLAN
node or wireless base stations where availability of high voltages and space is not of

great consequence and higher linearity is required, IDC is the configuration of choice.

3.3 Substrate choice and metallization

The substrates generally chosen for BST-based varactors have been sapphire
21, 20], magnesium oxide (MgO) [73], lanthanum aluminium oxide (LaAlOg) [74],
strontium titanate (SrTiOs), and SiOy/Silicon due to the ease with which high qual-
ity BST thin-films that can be grown epitaxially at high temperatures on such single
crystalline substrates. These substrates are costly and are generally not readily avail-
able in large sizes and processing is expensive. Silicon is one possible alternative
substrate but conventional low-resistivity silicon has poor microwave and millime-
ter wave properties and so-called high resistivity silicon substrate loses its resistivity

when processed at the high temperatures (600-1200 °C) required for the fabrication
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Figure 3.3: Cost comparison of different substrates, CTE: Coefficient of thermal
expansion.

of high quality BST films. However, research is being carried out in adapting BST
processing to develop devices requiring lower thermal budget [58]. Alumina is a well
known low-cost substrate and has been used in the microwave industry for decades.
It is low loss, readily available, and is compatible with most existing fabrication pro-
cesses. Due to its low cost, availability from multiple vendors, and widespread use
in the microwave industry a BST thin-film process was developed on polycrystalline
alumina substrate. A cost comparison of alumina with other candidate substrates is
shown in Figure 3.3. In particular it should be noted that both alumina and sapphire
have similar properties in terms of CTE (coefficient of thermal expansion), permittiv-
ity and loss tangent. However, the per unit area cost of alumina is about one-fourth
that of sapphire. Moreover, alumina is easier to machine than sapphire. It should be
noted that the chemical form of both alumina and sapphire is the same, Al,O3. Sap-
phire is the single crystal form of Al,O3. Delpart et al. [75] have reported BST film
of 1.8 pm thickness on alumina. Loss tangent values were in the range of 0.04-0.06,
resulting in maximum @’s of about 16.

High-quality BST capacitors on low cost polycrystalline alumina substrates using
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Source: Greg Stauf, ATMI Inc

Figure 3.4: MOCVD chamber at ATMI, Inc.

copper metallization and single step processing was developed and characterized.
Both MOCVD and sputtering techniques were used. The MOCVD was used for
BST thin-film deposition in co-operation with the Materials Science and Engineering
(MSE) department at NC State University and ATMI Inc (see Figure 3.4). The
sputtering technique was developed in-house by the MSE department at NC State
University (see Figure 3.5). The quality of the BST thin-film is a function of the
processing conditions such as temperature, film thickness, and thus film integrity,
substrate nucleation and other processing conditions [76]. These, particularly the
processing temperature, impose limits on the types and thicknesses of metals that
can be used and structures that can be realized. Thus development of BST-based
varactors is a trade-off of many factors.

The metal organic chemical vapor deposition (MOCVD) process at ATMI [77]
was used to grow 0.3 um (BagsSrgs5)TiO3 (known as BST-0.5) thin-films on 635
pm-thick 99.6% polished ( <2 pin surface roughness) alumina substrates (Intertec
Southwest Inc., Tucson, AZ). The MOCVD process provides excellent composition
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Figure 3.5: BST sputtering chamber at NC State University.

control, good area coverage and conformal coating and hence was used for fabrication
of the BST thin-films. Film deposition was done at 640 °C in the MOCVD chamber.
A bilayer lift-off process was used for fabrication of the IDCs. Microchem LOR 5A
resist was used in conjunction with Shipley 1813 positive imaging resist to produce a
thick bilayer stack. Bilayer process was chosen since it involves only benign chemicals
which do not harm the BST thin-film. After a standard photolithography technique
the sample was further metallized. Details of the fabrication include a thin 0.03
pum adhesion layer of chromium (Cr) deposited by magnetron sputtering at room
temperature; this was followed by sputtering of copper (0.1-0.5 gm) which was chosen
as the top electrode metal since it provides high conductivity and is also low cost.
A radio frequency magnetron sputtering technique was also used in the MSE de-
partment at NC State University to deposit thin-film (Bag 755r0.25)TiO3 (known as
BST-0.75) on polished (<1 pin surface roughness) polycrystalline alumina substrates
(from Coorstek, Golden, Colorado) [27]. The BST composition was chosen for opti-

mum balance between dielectric tunability and loss tangent. The substrates ranged
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in size from 0.5 inch square to 2 inch square and 635 pm in thickness. Sputtering
was done off axis at an angle of 30° in an argon/oxygen mixture (Ar:Oy = 5:1) to
obtain optimal stoichiometry and uniform film thickness. However, the gun normal
pointed at the center of the substrate despite the 30° incident angle. A 4 inch diam-
eter stoichiometric ceramic BST target (Super Conductor Materials Inc., NY) was
used and sputtering pressure of 10 mtorr was maintained. Deposition temperature
was maintained at 300 °C. Deposition was done for 60 min to obtain 0.6 pum thick
BST film. After deposition the film was annealed at 900 °C in air for 20 hours to
obtain fully dense and crystalline BST thin-film on alumina substrate. The process
was optimized for tunability and for low leakage current, see Figure 3.6. The leakage
current is shown as the actual current and is not normalized per unit area as is the
usual practice with leakage current data reported for MIM varactors. The leakage
current at a bias field of 100 kV /cm was measured as 1.39 x 1071 A. The calculation
of area through which leakage current flows in an IDC is not as straightforward as
that for a MIM varactor. However, the approximate ares was calculated using the

total IDC surface area as found to be 1.3 x 10™* c¢m?

. The leakage current density
was calculated as 1.0 x 1079 A /ecm? at a bias field of 100 kV/cm. This is comparable
to the best results published in the literature for high quality BST thin-film [27].
Standard photolithography and a metal lift-off process was developed and used to de-
fine the fingers of the interdigital varactor and the feed electrodes. A lift-off process
was used since it utilizes benign chemicals which do not harm the BST. This is in
contrast to an etch back process where potentially harmful acids are used. Positive
imaging photoresist Shipley 1813 and Microchem LOR 5A was used to deposit a thick
bilayer photoresist stack for lift-off. After standard UV (ultra-violet) exposure and
development of the photoresist the sample was ready for metallization.
Metallization is an important consideration for obtaining high ¢ BST varactors.
Ideally, one would like to have the metallization with highest conductivity and max-
imum possible thickness allowed by the lithography process. The skin depth versus
frequency for various metals is shown in Figure 3.7. In order to minimize loss, metal

thickness of three skin depth is required. However, in the case of BST thin-film pro-

cess metallization choice is guided by its interaction with the BST thin-film layer and
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Figure 3.6: Measured leakage current data with bias. Finger length, L = 1000 pm,
Width, W = 10 pm, Spacing, S = 10 pm.

other processing issues. Typically, noble metals such as Pt, Au, or Ir have been used
as electrodes in thin-film oxide based devices because they are in most cases non-
reactive upon contact with oxides and their large work functions provide Schottky
contacts. However, due to the high resistance values of Pt and Ir, electrode thick-
nesses of several microns are necessary to achieve an acceptably low ESR, (Equivalent
Series Resistance) of the device. The use of thick electrodes involves difficult pattern-
ing issues from a manufacturing point of view. One of the issues is achieving high
aspect ratio — closely spaced fingers with thick metallization. One key development
in the microelectronics industry has been the use of copper in interconnects since
it offers higher conductivity and improved electromigration performance. However,
limited work has been reported in the area of using copper as an electrode material
for thin-film oxide-based devices due to its inherently poor adhesive property and its
tendency to oxidize [78]. Despite this copper was chosen as the top electrode metal in
our work since it provides the highest conductivity (see Table 3.1) of any base metal.
Technology was developed in the MSE department at NC State University to enable

copper to be deposited on BST without the associated oxidation problems.
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Table 3.1: Conductivity data for common metals [7].

Material Conductivity
(10" S/m) @ 20 °C

Silver 6.173
Copper 5.813
Gold 4.098
Chromium 3.846
Aluminium 3.816
Tungsten 1.825
Nickel 1.449
Platinum 0.952
Titanium 0.175
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Figure 3.7: Skin depth versus frequency for various metals.
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The choice of adhesion layer is an important consideration in the process flow.
Usually metals with a high conductivity value have poor adhesion properties to di-
electrics. So, less conductive metals or oxides of metals are used as an adhesion layer
between the metal and the dielectric. Typical adhesion layers are Chromium (Cr),
Titanium (Ti), Titanium-Tungsten (Ti-W), and Iridium Oxide (IrO;). The adhesion
layer should be reasonably conductive and should be able to provide sufficient ad-
hesion with minimum thickness. The problem of adhesion was addressed by using a
metallic adhesion layer. This also provided barrier to oxidation. Cr is a good choice
which meets these requirements. Ti-W is also commonly used. Ti requires specially
processing since both the adhesion layer and the metal must be deposited in situ.
This is because of the tendency of Ti to form an oxide in ambient environment.

Chrome (Cr) was selected as the adhesion layer of choice for reasons mentioned
above. First a thin layer of chromium (0.03 pm) was sputtered on top of the BST film
and this was followed by deposition of 0.5-1.0 um copper, either by sputtering or by
thermal evaporation. Finally, lift-off was done in Microchem Remover PG solution
to define the interdigital fingers. A series of IDCs were fabricated in this manner
and characterized using an impedance analyzer. Finally lift-off was completed in a
Microchem Remover PG solution. A representative layout of the IDC capacitor is

shown in Figure 3.8.

3.4 BST varactor modeling

Microwave characterization on two sets of IDCs with different metal thicknesses
was performed in a one-port configuration using a HP 8510C Vector Network Ana-
lyzer. Standard one-port Open-Short-Load (OSL) calibration was performed using a
100 pm pitch ground-signal (GS) probe and a calibration substrate from GGB Indus-
tries [79] (see Figure 3.9). Capacitor measurements were done for different number of
fingers and also for varying width and spacing of the fingers. The data presented here
is for the IDCs with smallest finger spacing since this results in maximum electric

field in the BST and hence the largest tuning range. The dimensions of the IDCs for
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8 fingers, 4 um width and 4 gm spacing

Figure 3.8: Representative layout of the BST interdigital varactor.

each of the two sets are as follows: W = 4.0 ym, S = 4.0 pm, no. of fingers, N =6, §,
10, length of fingers, L = 50 pm. The contact pad size was 50 um. Bias was applied
to the IDCs using a DC Source/Monitor (HP4142B) and a high voltage bias tee from
Picosecond Pulse Labs. A current-limiting resistor network was also used to prevent
excess current through the bias tee and the network analyzer port in the event of a
capacitor shorting out due to the application of high bias voltages. Usually this is not
much of a problem since the capacitors usually become open circuited in the event
of breakdown but it is essential to prevent the bias tee from excessive current if the
breakdown event were to turn out to be a short circuit instead.

The reflection data was measured at different voltages up to 120 V. It was found
that capacitor breakdown occurred at about 130 V due to air breakdown. High
voltages could be applied if a passivation layer was used as the dielectric breakdown
of the BST film was very high. At bias voltages below breakdown the DC insulation
resistance was found to be of the order of 10 Gf2. This was verified independently
using a DC current measurement setup.

It was found that the extracted series resistance obtained was quite high for the
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capacitors with 0.1 pgm of metal, in the range of 15-20 2, depending on the number of
fingers. The values for 0.5 um of metal were found to be in the range of 1.5-2 ). These
values are quite different from those obtained using simple calculations based on DC
resistance and the physical dimensions of the IDC contact pads. Such calculations are
based on the assumption that the current distribution in the electrodes is uniform.
This is a reasonable assumption up to 26 GHz for the 0.1 pum electrode and up
to 10 GHz for the 0.5 um electrode. At these frequencies the thickness is much
smaller than the skin depth and hence the current distribution can be considered
constant in the cross-section. To investigate this discrepancy further the quality of
the sputtered copper was evaluated using a sheet resistance method using the four-
point probe technique. It was found that the resistivity of the sputtered copper film
was substantially higher than that of copper base metal. The resistivity was higher
by a factor of as much as 50—60 times that of copper base metal. This explains why
such high resistance values for series resistance were extracted. The impact of this
on external () factor for two different electrode thicknesses is shown in Figure 3.10.

In Figure 3.10 the total device @ factor was calculated using Equation (3.1).

_ [Im(Zin)]

@ = \Re(Za)

(3.1)

It can be seen that using thicker metallization can improve the ) factor by as much
as an order of magnitude. In the microwave region the @) factor is primarily limited
by the series conductor losses and hence it is disadvantageous to use BST-based
capacitors as discrete components. In the discrete form the advantages of having
a high quality BST thin-film is systematically undermined by the series resistance
resulting from the contact to the capacitor. Thus the solution is to use BST varactors
in an integrated fashion. As seen in Figure 3.10 the @ factor for the capacitor with 0.5
pm of metal is 17 at 26 GHz while that of the capacitor with 0.1 um of metal is about
1 at the same frequency. It should be noted that these values are comparable to or
better than that reported in the literature for similar IDC structures. These results

have been obtained despite the fact that the copper deposition process is not well
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Figure 3.11: Measured @) factor for BST varactor (0.4 pF) with evaporated copper.

optimized. The low frequency () factor data shows values in the range of 100-250.
This clearly indicates that the quality of the BST thin-film is quite good and the @)
factor is primarily limited by the metallic losses in the GHz range. A comparison of
the sputtered copper with evaporated copper shows that for the same thickness the
conductivity of evaporated copper is much higher. Measured () factor in the range
of 30 at 26 GHz for a 0.4 pF capacitor with 0.5 um of evaporated copper is shown in
Figure 3.11.

The tunability was calculated by fitting a model to the measured data across var-
ious bias voltages. Unlike the simple parallel RC model widely used in the literature
it was found that a good fit was obtained only if the series resistance and the series
inductance was taken into account. This is particularly true at higher frequencies
when the effect of such parasitic elements is most significant.

From the reflection data the model of Figure 3.12 was extracted using fits of both
external () and reflection data. This proved to be the most reliable way of extracting
the model of the device with very high intrinsic ) of the BST. In the process of fitting

the parameters to the measured reflection data, it was found that the same response
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Figure 3.12: Equivalent circuit model of the BST interdigital capacitor.

could be obtained using different networks resulting in vastly different values of the
extracted capacitance. This problem is due to the inherent inaccuracy of extracting
loss from a reflection coefficient that is very close to unity in magnitude. This difficulty
was resolved by simultaneously fitting the model to both reflection data and () values.
As shown in Figure 3.13 the agreement between measured and simulated values it
quite good. The plot is shown for a capacitor with eight fingers. Though for the sake
of clarity the comparison is shown only for zero-bias, the model holds equally well at
all bias voltages.

Comparison of the measured and modeled () is shown in Figure 3.14. All element
values in the model were assumed to be independent of frequency. The typical peaking
behavior of the () factor with frequency is evident in the plot. The peak occurs where
the contribution due to metallic losses begins to overtake the losses due to dielectric
dissipation in the BST film, since the former is directly proportional to frequency while
the later is inversely related to frequency. The measurement uncertainties correspond
to high intrinsic @) of the capacitors. However the frequency of the peak of the external
() is most critical in determining the intrinsic ) rather than the absolute value of the
@ at the peak. From this the intrinsic @) of the BST capacitor, without the parasitic
series resistance was determined to be in the range of 100 to 250.

Tunability of the IDC with electrode thickness of 0.1 um was found to be about
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Figure 3.13: Measured reflection (S;;) data for BST interdigital capacitor for bias
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Figure 3.16: Extracted capacitance versus voltage for N = 6, 8.

35% at a bias voltage of 120 V, for the 6 finger capacitor the capacitance decreased
from 200 fF to 130 fF. For the 8 finger IDCs the capacitance decreased from 252
fF to 154 fF for a 40% tuning or 1.64:1 tuning ratio at 120 V. It should be noted
that although () measurements at zero-bias could be performed up to a frequency of
26.5 GHz, the reflection data for different bias voltages was recorded only up to a
frequency of 12 GHz. This is due to the upper frequency limit of the high voltage bias
tee that was used. Capacitance versus voltage for six and eight finger IDC is plotted in
Figure 3.16. Using formulae published by Gevorgian [80], permittivity versus voltage
was also extracted (Figure 3.17) and shows a trend similar that of capacitance versus
voltage.

The frequency dependence of capacitance was also investigated using a E4991A

Agilent Impedance Analyzer (1 MHz to 3 GHz). The result is shown in Figure
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Figure 3.17: Extracted permittivity versus voltage.
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Q factor at 20 GHz, 298 K
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Figure 3.18: Comparison of BST IDC @ factor with comercially available semicon-
ductor varactor.

3.15. As can be noted from the plot, there is very little frequency dispersion in
the capacitance up to 1 GHz. The loss tangent data shows considerable dispersion
throughout the measurement range. This is due to the fact that the instrument
assumes a simple series or parallel RC model for the extraction of loss tangent and
capacitance. Note that the tunability data is expected to be independent of frequency.

Comparison of () factor of BST IDC varactor with commercially available semi-
conductor varactor at 20 GHz is shown in Figure 3.18. It can be seen that the BST
varactor is superior to the state-of-the-art semiconductor varactors in terms of () fac-
tor. At higher frequencies the advantage in terms of @) is more pronounced. The BST
IDC varactor is also compared with data reported by other research groups, see Table
3.2. The @ factor and tunability obtained is comparable to or better than similar

results on expensive single crystal substrates such as sapphire, MgO, and LAO.



75

Table 3.2: Comparison of BST IDC Varactor

Author Capacitance | () factor Tunability | Substrate
(pF)
Y.K.Yoon et al., 0.78 18.0 20.5 % @ 30 V | Sapphire
G. Tech (2003) @ 2.5 GHz | (250 kV/cm)
Y.K.Yoon et al., 0.52 21.5 54.0 % @ 30 V | Sapphire
G. Tech (2003) @ 1.0 GHz | (150 kV/cm)
R. A. York et al., 7.0 20.0 46.0 % @ 90 V | Sapphire
UCSB (2000) @ 26.0 GHz | (450 kV /cm)
Delpart et al., 1.0 < 14.0 15.0 % @ 35 V | Alumina
(2005) @6.0 GHz | (35 kV/cm)
S. E. Moon et al., 0.4 21.0 43.0 % @ 40 V MgO
(2003) @9.0 GHz | (133 kV/cm)
Y. L. Cheng et al., 1.5 — 26.0 % @40 V LAO
(2003) (200 kV /cm)
J. Nath et al., 0.4 28.0 41.0 % @ 35 V | Alumina
(2004-2005) @ 26.0 GHz | (97.5 kV /em)

3.5 Comparison with MIM varactors and paramet-

ric investigation

A set of capacitors was also fabricated to investigate the dependence of capacitance
on various parameters such as finger spacing and number of fingers. The results are
shown in Figures 3.19 and 3.20 respectively. As expected, the capacitance scales with
increasing number of fingers or reduced spacing. This trend agrees with that predicted
by analytic formulae published in the literature [80]. Either method of scaling could
be used to obtain the required capacitance values.

The tunability of interdigital capacitors with finger spacing (see Figure 3.21) was
compared with published data for BST MIM varactors. It is interesting to note that
the rate of decrease of tunability is also a function of the finger spacing. When the
finger spacing was increased beyond 6 pum the tunability decreased rather slowly with
further increase in finger spacing. This behavior can be explained by considering the

fact that beyond a certain finger spacing most of the field lines between adjacent
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Figure 3.19: Capacitance dependence on finger spacing, data at 0 V and 1 MHz.
Finger length, L. = 1000 gm, Number of fingers, N = 10. Width is equal to spacing.
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Figure 3.22: Comparison of IDC tunability with published data on MIM varactors,
data at with 35 V bias and 1 MHz; open circles represent IDC data, solid circles

represent MIM data
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fingers are already in the air above the fingers. Increasing the finger spacing further
does not reduce the tunability significantly. However, this qualitative reasoning has
not been confirmed by simulation or analytic techniques. It is usually believed that an
MIM capacitor is more tunable than an IDC varactor. While that is true in terms of
absolute tuning voltage required, it has been demonstrated (see Figure 3.22) that on
an electric field basis, an IDC on polycrystalline alumina substrate is just as tunable
[113]. In fact, it has a lower loss tangent than the corresponding MIM varactor for the
same tunability. The data compares MIM varactors on copper foil and IDC varactors
on alumina. Both capacitor configurations were implemented using the same BST

process in order to have a fair comparison.

3.6 Conclusion

In this chapter various configuration of capacitors were discussed. Each config-
uration has its own advantage depending on the particular application. Choice of
substrates and metal electrodes for optimum BST varactor performance were also
discussed. Results from the characterization of both MOCVD and sputtered BST
thin-film on polycrystalline alumina were presented. Tunability of up to 1.64:1 was
reported with @ factor up to 30 at 26 GHz for a 0.5 um evaporated copper metal-
lization. This is comparable to results reported in the literature by other groups but
on expensive single crystalline substrates. It is expected that with thicker electrodes
the external @) factor would be significantly higher. The effect on @) factor was quite
dramatic with change in electrode thickness. It should be possible to obtain higher
tunability by using smaller finger spacing to increase the applied electric field and
also by using a passivation layer over the electrodes for applying higher voltages.

BST technology on alumina with copper metallization was demonstrated to be
a very viable technology for frequency-agile systems. In the next chapter design
techniques for optimized design of tunable resonator for high tuning range without
any significant compromise in @) factor values will be introduced. The concept of

network transformation factor (7wtr) and a new figure-of-merit (K.) will also be
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described. Also, a novel characterization technique for the extraction of intrinsic loss

in symmetrical two-port networks will be introduced and verified.
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Chapter 4

Design of Tunable Resonators

4.1 Introduction

This chapter introduces the optimized design of distributed tunable resonators.
In frequency-agile systems the goal is to achieve the maximum frequency agility for a
given tuning ratio of the element or device that is being used for tuning. This must be
accomplished without sacrificing the @) factor of the devices. The theory is presented
and results demonstrate an optimized tunable resonator design. The concept of net-
work transformation factor (7wrr) is introduced to quantify the tunability of different
networks using the same tuning element. Tuning frequency and @) factor data will
be presented. Furthermore, a figure-of-merit (K ) is defined for a tunable resonator
in terms of the ) factor and the network transformation factor. This enables the
design trade-off between tunability and () factor to be made in accordance with the
system requirements. This technique will be contrasted the with figure-of-merit, or
Commutation Quality Factor (CQF) introduced by Vendik et al. [81, 82]. An intrin-
sic loss extraction technique is introduced for symmetrical two port networks. This
enables the physical loss in the device to be determined so as to guide technology

development.
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4.2 Optimized resonator design

4.2.1 Introduction

The goal of any frequency-agile system is to operate with maximum selectivity and
tunability while simultaneously achieving minimum insertion loss. Selectivity is the
property of a communication system that allows it to select the desired channel while
rejecting other channels. The higher the selectivity the better the system performance.
Tunability allows the system to cover multiple frequency bands. Insertion loss is the
attenuation that a signal suffers while passing through frequency selective devices in a
communication system. The insertion loss for a filter, phase shifter, matching network
and other components are largely determined by the Quality factor or the @) factor
of the elements comprising the resonator. @ is a measure of the effectiveness of the
resonator to store energy in a network with minimum loss. The higher the @) factor
the lower the losses in the resonator. In the limit of no loss, a resonator approaches
an ideal system of energy oscillation that sustains itself without any external driving
force once an impulse is initially applied to the system. The @) factor is defined as the

ratio of the average energy stored to energy dissipated per cycle, see Equation (4.1).

(4.1)

0 Average energy stored
=w
Energy dissipated per second

The smaller the energy dissipation the larger the ) factor. It should be noted that it
is the relative amount of energy dissipated that determines the ) factor. Therefore,
if either the volume fraction in which the energy is stored is increased or the volume
fraction in which energy is dissipated in decreased, the ) factor will increase. The
@ factor for series RLC and parallel RLC resonance is given by Equations (4.2) and
(4.3) respectively.

wlL 1

Qseries = f = m
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R
Qparallel = W_L =wRC (43)

It is seen from the above equations that in a lumped element resonant system the
@ factor is largely determined by the equivalent series resistance in the series case
and by the equivalent parallel resistance in the parallel case. In most practical imple-
mentation the resistance is determined by the inductor. Typical implementation of
inductors include a coil wound SMT inductor or an on-chip inductor. In either case
@ factors of 20-50 in the range of 1-5 GHz is typical [83]. Capacitors on the other
hand have a slightly better @ factor in the range of 60-100 in the same frequency
range. The overall () factor is therefore dominated by the inductor. There have
been various attempts to increase the @) factor of inductors, especially those on-chip.
Among a variety of techniques, micromachined inductors and meshed ground plane
techniques to reduce eddy current losses have been explored by various researchers to
reduce the loss. However, despite the advancements, the ) factor remains < 100 for
all implementations. Integrated inductors are used for on-chip circuits despite their
limitations due to ease of integration with other circuitry and small size. However,
for applications where high selectivity and low insertion loss is desired one must turn
to distributed resonators for realizing higher () factor. Moreover as the frequency of
operation increases the length of a resonator required for resonance also decreases,
making them a more attractive method of realizing higher Q.

A distributed resonator is typically realized [7] by a quarter-wave or half-wave
transmission line terminated in either an open-circuit or a short-circuit. Implemen-
tations include microstrip, stripline, suspended stripline, waveguide, co-axial line, in-
verted microstrip and other transmission line topologies. The energy in a distributed
resonator is stored in the distributed bulk of the material and the volume is much
larger than in the case of a lumped element implementation. () factor values range
from 150 for a microstrip implementation to over 1000 for co-axial and suspended
stripline implementations. Frequency agility can be obtained by loading the trans-

mission line resonators with a tunable reactive element such as a varactor. The high
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@ factor of transmission line resonators offers the possibility of achieving an overall
Q) factor for the resonator and varactor combination which is higher than that of the
varactor alone. This can be expected since a large part of the energy is stored in the
bulk of the resonator and the volume fraction occupied by the capacitor is compar-
atively smaller. Overall, this has the effect of raising the ) factor above that of the
individual varactor alone. This concept can be used to great advantage in the design
of a tunable resonator, as will be shown in later sections. A distributed resonator
forms the basis of many frequency selective elements including filters and so this
work leads to the design of minimum loss tunable distributed filters. It also allows
the trade-off between tunability and () factor for a given specification. The total )
factor in any resonant system is given by the parallel combination of the conductor,
dielectric and radiation @ factors, see Equation (4.4). For most systems, except for
those at very high frequencies, the radiation () factor is much larger than the con-
ductor and dielectric @) factors and the overall () is limited by those two sources, see

Equation (4.5).

N S S
Qtotal Qcond Qdiel Qrad

(4.4)

1 ~ 1 n 1
Qtotal B Qcond Qdiel

(4.5)

The dielectric and conductor @) factor can be found by calculating the energy stored
and energy dissipated in a given volume. For a system consisting of separate regions
with different dielectric and conductor properties, the total () factor can be calcu-
lated from the sum of partial @) factors in each region using Equation (4.6). From
a knowledge of the electric field and magnetic fields, the conductor and dielectric @)
factors in each subregion, i, can be readily calculated using Equations (4.7) and (4.8)

respectively.

Q= (4.6)




85

(% fff!E! dv)
waltand fff|E| dv

w($ [[]|Ei|*dv)

Qcond(i) ~ R.. - 2 (48)
=2 S ol ds

Qaiel(s) = (4.7)

For the case of a resonator consisting of two regions (i = 2), Equation (4.6) can be
simplified and expanded to yield the total dielectric @ factor, see Equation (4.9).
Similarly the total conductor @) factor and hence the total @) factor of the system can

be calculated using Equations (4.10) and (4.11) respectively.

o | IR + (3 g1 18P

e e T T
o |5 1R + (3 417 18
B = L g P+ 2 [ i P .
S1 Sa2
Qtotal(i=2) = ( ! ! )~ (4.11)

+
Qdiel(i:2) Qcond(i:2)

The motivation for the investigation into the design of optimal resonators was to
achieve the maximum tunability for a given change in capacitance without signifi-
cantly reducing the @) factor. The above equations clearly demonstrate that if the
volume fraction occupied by the lossy tuning element is minimized with respect to the
bulk of the resonator where the large part of the energy is stored, the overall () factor
could possibly be raised above that of the individual tuning element while simul-
taneously achieving improved frequency tuning. This is essential for BST thin-film
varactor since it usually has a limited tuning range (2:1) and a material quality factor
(inverse of material loss tangent) of 100-150. There is also a trade-off between loss

and tunability in the material itself. This follows directly from the Kramers-Kronig
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relationship between the real and imaginary part of the complex permittivity. In gen-
eral, the higher the tunability, the higher the loss tangent and vice-versa. The goal,
therefore, was to develop a technique for attaining maximum tuning of a resonator
using distributed elements. In the following section the network transformation factor
is introduced and a figure-of-merit is defined which enables evaluation of resonators

with different () factors and tunability.

4.2.2 Network transformation factor and tunability

The effect of the network in which a tuning element is embedded and how it
transforms the tunability of the element into the resultant tunability of the overall
network will now be discussed. For a first order system consisting of a lumped element
inductor and a capacitor forming a parallel resonant network (see Figure 4.1), the
change of resonant frequency is directly related to the square root of the capacitance
ratio. This network yields the maximum frequency tuning that can be achieved. For
a 2:1 tuning ratio, a v/2:1 tuning ratio of resonant frequency is obtained and so on.
In this configuration the @) factor of the parallel resonant circuit is limited by the @)
factor of the individual elements. In most practical cases, this means that the @ will
be inductor limited, as discussed in the previous section.

Many practical circuits such as filters, phase-shifters, matching networks, etc,
are therefore built using high @) resonant elements such as short-circuited or open-
circuited transmission lines. In order to achieve frequency agility, transmission line
resonant elements are loaded/embedded with one or more tuning elements such as
a variable capacitor. Though the @) factor of the transmission line and varactor
combination is usually higher than that of the varactor alone, the frequency tuning
ratio is generally lower than that of the maximum that can be achieved using a
lumped element parallel resonator. The exact trade-off between the overall ) and
the frequency tuning ratio is dependent on the network itself and several common
network topologies were investigated to evaluate the network transformation factor.
Four different networks have been evaluated and they will be referred to as Type A,

Type B, Type C, and Type D. These networks were selected because they represent



87

-
_—l
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the most common topologies used in the design of frequency-agile networks. Each
of these represent a unique case of energy distribution and placement of the tuning
element such that an optimum trade-off between tunability and () factor is obtained.
Each of these networks also have subnetwork topologies where a reduction in line
length might lead to increased tuning. For instance the transmission line length for
the Type A network can be made vanishingly small and the tunability would then
approach that of parallel lumped element resonators. However, the () factor would
then be limited by that of the capacitor or the inductor, which ever is lower.

We focus on four different network types as described below:

e Type A — Capacitor in parallel with shorted transmission line (Figure 4.2(a))

e Type B — Capacitor in parallel with open-circuited transmission line (Figure
4.2(b))

e Type C — Capacitor in parallel with transmission line with series capacitor

loading at the end (Figure 4.2(c))

e Type D — Capacitor in series with the transmission line at the shorted end
(Figure 4.2(d))

The frequency tuning ratio, i.e, ratio of the change in resonant frequency from one
state to another, obtained for different capacitance ratio was investigated for each of

these topologies. The aim was to achieve parallel resonance, i.e input impedance of
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Figure 4.2: Various tunable network topologies, (a) Type A; (b) Type B; (¢) Type C;

(d) Type D.



Table 4.1: Tuning Characteristics (Type A)

89

Capacitance | Frequency(f;) | Frequency (f;) | Frequency

Tuning State 1 State 2 Tuning

Ratio(n) (MHz) (MHz) Ratio (f2/f1)
1.0:1 1194 - 1.0
1.5:1 1194 1358 1.137
20:1 1194 1466 1.228
4.0: 1 1194 1684 1.410
8.0:1 1194 1831 1.534

very high value (open-circuit point on the Smith Chart). For the sake of comparison,
a parallel lumped element resonator (see Figure 4.1) is also investigated under similar
tuning conditions. All simulations were carried out in the microwave circuit simulator
from Agilent, Advanced Design Systems (ADS). The resonator frequency in each case
was determined by evaluating the zero crossing of the phase versus frequency curve.
@ factor was determined using the 3-dB method and employing high impedance (500
k) ports in the simulation setup which is mathematically equivalent to a weakly
coupled two-port resonator. () factor was then determined as the ratio of the center
frequency to the 3-dB bandwidth of the resonator. The error in the extraction of @)
factor was < +£3%. Capacitor @ factor of 20 and 40 was considered. In both cases
the transmission line () was > 200. For the lumped element case, the inductor @)
factor was assumed to be equal to the capacitor @) factor, i.e. equal to 20 and 40
respectively. The results are shown in Table 4.1 and 4.2, Table 4.3 and 4.4, Table
4.5 and 4.6, Table 4.7 and 4.8, and Table 4.9 and 4.10 for Type A, Type B, Type C,
Type D networks, and the parallel lumped element resonator respectively. It can be
clearly seen that different network topologies have a different frequency tuning range
for the same capacitance tuning ratio. A comparative summary of tuning ratio for
various network topologies is shown in Table 4.11.

The Type C network with two tunable capacitors at either end of the resonator
has the most tuning range. A comparative plot of the frequency tuning range for
different network topologies, including the lumped element resonator, for a range of

capacitance tuning ratios is shown in Figure 4.3.



Table 4.2: Figure-of-Merit (FOM) (Type A)

Capacitance | () Factor () Factor Figure Figure
Tuning (Capacitor | (Capacitor | of Merit | of Merit
Ratio(n) Q@ = 20) Q = 40) (K7r20) (Kr40)
1.0:1 25.96 49.75 0
1.5:1 29.52 50.23 6.881
20:1 34.90 61.04 13.917
40:1 49.53 84.20 20.307 34.522
80:1 73.24 114.44 39.110 61.110
Table 4.3: Tuning Characteristics (Type B)
Capacitance | Frequency(f;) | Frequency (f;) | Frequency
Tuning State 1 State 2 Tuning
Ratio(n) (MHz) (MHz) Ratio (f2/f1)
1.0:1 1194 - 1.0
1.5:1 1194 1268 1.062
20:1 1194 1313 1.100
40:1 1194 1397 1.170
80:1 1194 1445 1.210
Table 4.4: Figure-of-Merit (FOM) (Type B)
Capacitance | () Factor ) Factor Figure Figure
Tuning (Capacitor | (Capacitor | of Merit | of Merit
Ratio(n) Q = 20) Q = 40) (Kr20) (Kr40)
10: 1 19.75 85.28 0
15: 1 55.13 90.57 5.615
20 1 62.52 101.00 10.100
10 1 87.31 126.90 14843 | 21573
80: 1 120.42 14450 25288 | 30.345

90



Table 4.5: Tuning Characteristics (Type C)

Capacitance | Frequency(f;) | Frequency (f;) | Frequency

Tuning State 1 State 2 Tuning

Ratio(n) (MHz) (MHz) Ratio (f2/f1)
1.0:1 1836 - 1.0
1.5:1 1836 2153 1.172
20:1 1836 2381 1.296
40:1 1836 2915 1.589
80:1 1836 3346 1.822

Table 4.6: Figure-of-Merit (FOM) (Type C)

Capacitance | () Factor ) Factor Figure Figure
Tuning (Capacitor | (Capacitor | of Merit | of Merit
Ratio(n) Q = 20) Q = 40) (Kr20) (Kr40)
1.0:1 23.54 44.78 0 0
1.5:1 25.63 47.84 4.408 8.228
20:1 27.68 51.76 8.193 15.320
40:1 36.44 64.77 21.463 38.149
80:1 53.11 90.43 43.656 74.333
Table 4.7: Tuning Characteristics (Type D)
Capacitance | Frequency(f;) | Frequency (f;) | Frequency
Tuning State 1 State 2 Tuning
Ratio(n) (MHz) (MHz) Ratio (f2/f1)
1.0:1 2689 - 1.0
1.5:1 2689 2889 1.074
20:1 2689 3036 1.129
40:1 2689 3379 1.256
80:1 2689 3640 1.354
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Table 4.8: Figure-of-Merit (FOM) (Type D)

92

Capacitance | () Factor () Factor Figure Figure
Tuning (Capacitor | (Capacitor | of Merit | of Merit
Ratio(n) | Q=20) | Q=40) | (Km) | (Koo)
10: 1 18.89 81.03 0 0
1.5:1 48.15 82.54 3.563 6.107
20:1 48.19 84.33 6.216 10.878
4.0:1 59.28 96.57 15.175 24.722
8.0:1 82.73 121.33 29.28 42.950

Table 4.9: Tuning Characteristics (Lumped Element Resonator)

Capacitance | Frequency(f;) | Frequency (f;) | Frequency

Tuning State 1 State 2 Tuning

Ratio(n) (MHz) (MHz) Ratio (f2/f1)
1.0:1 1194 - 1.0
15:1 1194 1464 1.225
20:1 1194 1688 1.414
40:1 1194 2388 2.000
80:1 1194 3376 2.828

Table 4.10: Figure-of-Merit (FOM) (Lumped Element Resonator)

Capacitance @ Factor @ Factor Figure Figure
Tuning (Capacitor, (Capacitor, of Merit | of Merit
Ratio(n) Inductor @ = 20) | Inductor Q = 40) | (K. 2) (Kra0)
1.0:1 10.0 20.0 0 0
15:1 10.0 20.0 2.25 4.5
20:1 10.0 20.0 4.14 8.28
40:1 10.0 20.0 10.0 20.0
80:1 10.0 20.0 18.28 36.56
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Table 4.11: Comparison of frequency tuning ratio for various network topologies for
different capacitance tuning ratios

Capacitance | Type | Type | Type | Type Lumped
Tuning A B C D Element
Ratio(n) | (f2/f1) | (f2/f1) | (f2/f1) | (f2/f1) | Resonator (f2/f1)

1.5:1 1.137 1.062 1.172 1.074 1.225
20:1 1.228 1.100 1.296 1.129 1.414
4.0:1 1.410 1.170 1.589 1.256 2.000
80:1 1.534 1.210 1.822 1.354 2.828

It is worth noting that in each case the maximum tuning of the resonator for a
given capacitance ratio is less than that obtained from the parallel LC resonant circuit.
Also, the higher the tuning the lower the () factor of the capacitor and transmission
line combination for a given @) factor of the capacitor. This is due to the network
transformation factor for different topologies. The network transformation factor
(Tnrr) is defined as the ratio of the frequency tuning ratio of the resonator to the
maximum tuning ratio obtained from a parallel LC resonator for a given capacitance

ratio. Some definitions are given below:
e 1) = capacitance tuning ratio
e Tn1r = network transformation factor
e f; = resonant frequency in state 1
e fy = resonant frequency in state 2
e . = fy/f1 = resonator frequency tuning ratio

e I, = /n = maximum frequency tuning ratio

F. F
TNTF = — = (4.12
NTF Fm \//’—7 )
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Figure 4.3: Frequency tuning ratio for various network topologies and capacitance
ratios.
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The largest value of mnrr is 1 and the higher the value the more tunable the
particular network topology is. The parallel LC network has a value of 7 = 1. The
smallest value of 7y is 1/ /1. However, the higher the 7xrr, the lower the the overall
Q factor. Thus, the network transformation factor is a measure of the suitability of a
given topology for frequency-agile devices. Depending on the system tuning and loss
requirements, trade-offs can be made based on the network transformation factor.

A figure-of-merit, K, will be defined in terms of the @) factor and the network

transformation factor. The definition is given below:

K, = Q(yiir — 1) (4.13)

For a given capacitance ratio n it is obvious that a higher 7y is desired for achieving
a higher K. Now, 7nTr is a measure of tunability that can be achieved for a given
network topology. The figure-of-merit, K, therefore, is a measure of the trade-off
between tunability and ) factor. The higher the number, the better the design.

A comparison of the various network topologies with the lumped element resonator
in terms of FOM (K, ) is shown in Figures 4.4 and 4.5 for a capacitor @ factor of 20
and 40 respectively. In both cases the transmission line () factor was > 200. For the
lumped element case, the inductor () factor was assumed to be equal to the capacitor
@ factor, i.e. equal to 20 and 40 respectively for Figures 4.4 and 4.5. Type C network
represents the best compromise between tunability and () factor since it has the
highest FOM for the two values of the @) factor of the varactor considered here. It
is worth noting that FOM of the lumped element resonator is the lowest among all
cases considered here. Even though the parallel lumped element resonator represents
the best choice of network topology in terms of tuning characteristics (see Figure 4.3),
it does not represent an optimal design in terms of the trade-off between tunability
and loss. The @ factor of the parallel lumped element resonator is always less than
half of the individual () factor of the capacitor and inductor, i.e., less than 10 and 20
respectively for the two cases considered here. On the other hand, distributed network

topologies offer an increase in the overall () factor at the price of reduced tunability.
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Figure 4.4: FOM for various network topologies versus capacitance tuning ratio, Q
factor for varactor for all topologies and fixed value inductor in the lumped element
resonator case assumed to be was 20, Q of transmission line resonator was > 200
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Figure 4.5: FOM for various network topologies versus capacitance tuning ratio, Q
factor for varactor for all topologies and fixed value inductor in the lumped element

resonator case assumed to be was 40, ) of transmission line resonator was > 200
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Overall, distributed resonators provide more flexibility in terms of trade-off between
loss and tunability, thus providing a larger design space.

The following section describes the technique for a single distributed resonator
loaded with a capacitor in series along it’s length (Type D). The objective was twofold.
The first was to determine the optimum capacitance for a given position along the
line and the second was to determine the optimum position along the line for a given

optimum capacitance. The two are complementary, as will be shown later.

4.2.3 Quarter-wave varactor loaded resonator

A short-circuited quarter-wave transmission line behaves like a parallel lumped
element resonator at a frequency where its electrical length is 90°. The resonator can
be made tunable in many ways including loading it with a varactor at the shorted end
will as be discussed (see Figure 4.6). The series varactor has the effect of increasing
the resonant frequency for a given physical length. This is because the capacitor adds
negative electrical length to the transmission line and hence the resonant frequency
must increase in order for the line to look electrically longer. The frequency at which
this occurs is the new resonant frequency and the effective electrical length of the
transmission line and the varactor combination becomes 90° and parallel resonance
is restored. This is shown pictorially in Figure 4.7. The curve has been plotted for a
2.0 cm long line on FR4 substrate with a relative dielectric constant of 4.6. The line
has been loaded by a 2.0 pF capacitor at the end. The total electrical length of the
line and the capacitor combination is plotted. The two curves are for the two states
of the tunable capacitor when it is changed from 2.0 pF to 1.0 pF. The intersection of
the 90° line with the two curves gives the resonant frequency of the loaded resonator
at two capacitor states, in this case 2.60 GHz and 2.94 GHz.

In this particular case the resonator frequency changed from 2.60 to 2.94 GHz as
the capacitance changed from 2.0 to 1.0 pF. The frequency shift obtained from other
values of nominal capacitance while keeping the tuning ratio, (7 = 2 in this case)
fixed is listed in Table 4.12. As can be seen, the shift in frequency peaks for a nominal

capacitance value of 2.0 pF for this particular case (see Figure 4.8).
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Figure 4.7: Total electrical length versus frequency for a capacitively loaded line
resonator of length 2 cm on FR4, resonator frequency changed from 2.60 to 2.94 GHz
as the capacitance changed from 2.0 to 1.0 pF, two lines are for capacitance value of
2.0 pF (left) and 1.0 pF (right)



Table 4.12: Frequency shift versus capacitance range

No. Tuning Frequency Center %
Range Shift(MHz) | Frequency (MHz) | Tuning
1 6.0-3.0 218 2214 9.85
2 5.0-2.5 232 2268 10.23
3 4.0-2.0 279 2326 12.00
4 3.0-1.5 316 2428 13.00
5 2.0-1.0 339 2600 13.03
6 | 1.73-0.865 345 2667 12.93
7 1.0-0.5 337 2939 11.46
8 0.75-0.37 319 3074 10.37
9 0.50-0.25 254 3271 7.76
10 0.30-0.15 198 3471 5.70
400

& 350

>3 AT

< N

7 / \

>

2 250 /

3 < N

g 200 \

LL

150
6 5 4 3 2 1 075 05 03
C (pF)

Figure 4.8: Frequency shift versus capacitance (for n = 2).
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This peaking behavior of the shift in resonant frequency can be understood from
the fact that on a Smith Chart the change in electrical length for a fixed capacitance
ratio is dependent on the nominal value of the capacitance. For instance, for a 2:1
capacitance change, a corresponding reactance change near the open-circuit position
from say 100 €2 to 200 €2 results in a much smaller change in electrical length than the
one resulting from 0.5 ) to 1.0 ) reactance change in the center of the Smith Chart.
This suggests the possibility of finding an optimum value of capacitance for which the
change in electrical length is maximum. This will now be investigated using standard
differentiation techniques.

The phase angle of the reflection coefficient of a transmission line for a lossless

capacitive load is given by:

1
010 = tan_l (m) (414)

Here 7, is the characteristic impedance of the transmission line, C, is the loading
capacitance, f is the frequency of operation, and 6., 6,., and Af are in radians.
If the capacitance tuning ratio is 7, the capacitance in the biased state becomes

C,/n and the phase angle of the reflection coefficient becomes:

09, = tan™! (W) (4.15)
The change in phase angle is given by:
Af = 0y, — 0;, = tan™* <L) — tan™! <¥> (4.16)
2 fCoZ, 2w fCyZ,
Now let: X
k= (W) (4.17)

Here k is a variable defined in terms of the characteristic impedance, loading capaci-
tance, and the frequency of operation.

Using Equation (4.17) above, Equation (4.16) becomes:

AG(k) = tan™! (nk) — tan™" (k) (4.18)
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Figure 4.9: Phase change versus k for n = 2, and Z, = 50 Q

By differentiating Equation (4.18) with respect to the variable k and equating the
derivative to zero that the maximum value of Af occurs when the following condition

is satisfied:

E=— (4.19)

The plot of phase change versus k for n = 2, and Z, = 50 2 is shown in Figure 4.9.
Equation (4.19) above is the key to designing tunable resonators with maximum

tuning for a given capacitance ratio. All parameters required for the design can

be deduced from this important result. The technique will now be described. The

maximum phase change as a function of the capacitance tuning ratio is plotted in
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Figure 4.10: Maximum phase change of input reflection coefficient for a capacitively
loaded resonator for a given capacitance tuning ratio.
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Figure 4.10.

For the purposes of further discussion, it should be noted that for n = 2, the
maximum phase change can be calculated using Equation 4.16 and was found to be
38.942° when the normalized reactance of the capacitor is 0.707 and changes to 1.414,
for a 2:1 capacitance change. A 2:1 capacitance change is considered here since this
the what is achieved with a BST varactor optimized to have a loss tangent of 0.01
and so a maximum () factor of 100. This is readily seen from the Smith Chart as
well. A expanded view of the Smith Chart highlighting this is shown in Figure 4.11
below. Using a protractor this can indeed be verified to be true.

The procedure for obtaining maximum tuning is outlined below. It consists of the

following steps:

1. First select the desired resonant frequency
2. Next look up the optimum capacitance value using the chart (Figure 4.12)

3. Now adjust the physical length of the resonator such that its nominal resonant

frequency coincides with the desired resonant frequency chosen in step 1 above.

4. The % tuning thus obtained will be the maximum for the given change in

capacitance ratio.

Step 2 above requires a little more explanation. Since the equations governing the
resonant frequency are transcendental equations they cannot be solved in an explicit
manner. A graphical solution must be obtained. This is shown in Figure 4.13. The
intersection points of the two phase line for the capacitors with that of the phase
line for the resonator gives the resonant frequency at each of the two states of the

capacitor.

4.2.4 Optimum loading position for a tunable resonator

The result obtained above is a fundamental result and shows the limit of maximum

tuning that can be attained for the given topology. The next step is to find if there
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Figure 4.13: Graphical solution of resonant frequency for a capacitively loaded line,
intersection of phase curves for the transmission line and the reflection coefficient
phase of the capacitive load gives the resonant frequency of the capacitively loaded
resonator.
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Figure 4.14: Resonator loaded with a varactor at position z (0<x<1) from the shorted
end, total length is L.

is any optimum loading position along the length of the line for which the tuning is
optimized. This question will be addressed now. The split resonator with the series
capacitive loading at a position x along the line is shown in Figure 4.14. The frequency
shift for different values of x with the constraint that 0<x<{1 was investigated.

It was found that just as there is an optimum value of loading capacitor there is
an optimum position along the line for maximum tunability. The results for varying
x from 0 to 1 is shown in Figure 4.15. It is observed that for x = 0.3 the tuning
is maximum. It should be noted that the optimized condition found in the previous
section was used for generating this result, all other parameters are the same as before.

The shift in resonant frequency as a function of & was also calculated numerically
and the results, both in terms of absolute shift in frequency as well as % shift in
frequency, are shown in Figures 4.16 and 4.17 respectively. It can be seen that both
the absolute and % shift in tuning peaks at a values of x = 0.3 as perviously indicated.
The peaking behavior is again due to the fundamental results obtained in the pervious
section and can be seen intuitively on a Smith Chart.

Thus, the technique of designing resonators with optimal tuning is two fold: first
find the value of the optimum capacitor and the line length for the desired resonant
frequency and then place the capacitor at the optimum position along the length
of the line. The experimental verification of tuning and @ factor trade-off for two
different network topologies loaded with similar tuning elements will be presented
in the next section. This procedure is quite general and can be repeated for other

network types such as those previously discussed.
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Figure 4.15: Shift in resonant frequency for various values of x; 1(xz = 0.0); 2(z =
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Figure 4.17: Percentage shift in resonant frequency as function of x for n = 2 and
center frequency corresponding to the curves in Figure 4.15.
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Table 4.13: Resonator design parameters

Parameter Value
Material FR4
Dielectric Constant 4.6
Loss Tangent 0.016
Height 62 mil
Metal thickness 34 pm
Resonator length 2.0 cm
Resonator impedance 50
Resonator line width 2.9 mm
Coupling Gap 800 pm
Loading parameter (x) 0.3
Varactor Skyworks 1232-079
Varactor tuning range 6:1

4.2.5 Experimental verification of optimal tuning

Two resonators were designed and characterized in order to verify the principles
introduced in the previous section. In the first design the resonator was loaded with
a capacitor at the end of the line while in the second design the resonator was loaded
at a position x = 0.3 along the length of the line. The parameters common to both
design are given in Table 4.13.

The design was implemented and verified using a circuit-EM co-simulation in
ADS. The layout of two different design is shown in Figures 4.18 and 4.20 respectively.
Design [ is for case where the resonator is loaded at the end of the line, while Design
IT is the case where the resonator is loaded at an optimum position along the length
of the line. The photographs of the two resonator designs are shown in Figures 4.19
and 4.21 for z = 0.3.

The resonators were weakly coupled to the input and output port so that the
loaded and unloaded () factor would be equal. This aids in the extraction of unloaded
() and also renders fabrication easier. The bias was applied to the resonators using a
short circuited quarter wave line of high characteristic impedance. At one end of the
bias line a 100 pF (rated to 50 V) decoupling capacitor was attached. This provided

an RF short while simultaneously providing for a DC open, enabling bias voltage to
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Figure 4.18: Resonator layout: Design I.

Figure 4.19: Fabricated resonator: Design I.
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Figure 4.22: Measured Sy; for Design I, increasing bias (decreasing capacitance) from
left to right, 0 V, 1V, 3V, 5V, 8V, 11V, and 15 V.

be applied at this point. The input and output port connections were made using
edge-launch SMA connectors. The FR4 board was fabricated using a in-house PCB
process. SMT components were attached using solder paste. All measurements were
made on a HP 8510C vector network analyzer with a full two-port calibration from
1.0 to 3.5 GHz. The results are shown in Figures 4.22 and 4.23 for the end-loaded
and the split resonator respectively.

The S-parameter data was recorded with varying bias and post-processing was
done in MathCAD®. The results show a marked difference in tuning between the
two designs, as was expected from the analysis presented in the previous section. The
tuning data with bias is shown in Figure 4.24 and the rate change with bias is shown
in Figure 4.25. It can be clearly seen that the design with the split resonator has
more tuning range than the one with the capacitor loaded at the end. Also the rate
change of frequency with bias is greater for the split resonator design, as would be
expected. The @) factor data with bias was extracted using the 3 dB method and
is plotted in Figure 4.26. Due to the weak couplings used at the input and output



114

S;, (dB)

1.0 1.5 2.0 2.5 3.0 3.5
Frequency (GHz)

Figure 4.23: Measured Sy; for Design 11, increasing bias (decreasing capacitance) from
left to right, 0 V, 1 V,3V,5V, 8V, 11 V,and 15 V.

ports, the loaded and unloaded () factors are the same to within £3% over the same
voltage tuning range. It can be seen that the @ factor for the split resonator (Design
IT) design is slightly lower than for the resonator with loading at the end (Design I).
This is especially true at the higher end of the bias range. This point will be explained
later when the trade-off between () factor and tunability will be discussed. It will be
shown that a slight deterioration in @) factor results in substantial gain in tuning and
in most situations this would be an acceptable or rather a desired trade-off.

Before analyzing the tuning data for the two resonators, it is essential to digress in
order to calculate the capacitance tuning range and other parameters at the frequency
of interest. This is essential since the analysis will be based on the capacitance values
and the tuning range at the frequencies of interest while the Skyworks datasheet only
provides data at 50 MHz (as is the case with almost all varactor manufacturers). This
is presented in the next section. Hence the varactor must be characterized at those

frequencies before resonator tuning data is analyzed further.
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Figure 4.24: Measured resonant frequency tuning with bias.

4.2.6 Parameter extraction of varactor diode at RF frequen-

cies

A methodology for extraction of the varactor model at RF frequencies will be
presented. The capacitance, series resistance and hence the () factor is expected to
be different at 1-3 GHz, compared to the data available at 50 MHz.

The varactor was characterized using a transform method introduced in [84]. Us-
ing this technique the impedance of the varactor under test is transformed from the
edge of the Smith® Chart to the center over a narrow range of frequencies. This
improves the accuracy of the model extraction substantially. In a one-port reflection
type measurement, the error in phase of S;; at the edge of the Smith® Chart de-
grades the accuracy of the method. In the transform method this is avoided since
the varactor is matched to 50 €2. This is accomplished by loading the varactor at the
end of the transmission line shorted at both ends and appropriately tapping along

the length of the line for the input port. This is shown in the layout in Figure 4.27.
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Figure 4.25: Measured rate change of resonant frequency with bias.
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Figure 4.27: Layout for varactor parameter extraction circuit.

The fabricated fixture with the diode mounted on it is shown in Figure 4.28.

The radial stub and the high impedance quarter-wave line at the end of the var-
actor provide an RF short while providing a floating DC node for application of bias.
The design was implemented in ADS using a circuit-EM co-simulation method for
improved accuracy. The one-port reflection data was measured over a 1.5-3.5 GHz
frequency range and the bias was swept from 0 to 15 V in appropriate steps. The
tuning data is shown in Figure 4.29 and it can be seen that the matching for all bias
voltages is better than 7 dB. This is sufficient to extract a