
Abstract
TOMBAK, Ali. Radio Frequency Applications of Barium Strontium Titanate Thin Film

Tunable Capacitors. (Under the supervision of Amir S. Mortazawi).

Properties of thin film barium strontium titanate (BST) based capacitors for RF

and microwave components were studied. The capacitors were measured for their

tunability, loss tangent, frequency dependence of dielectric permittivity, and behavior at

large RF signal amplitudes. A nonlinear equivalent circuit model for tunable BST

capacitors was developed.

Analysis of a tunable low pass filter fabrication using BST capacitors along with

its intermodulation distortion measurements was given. Several simulations for bandpass

filters were performed. Furthermore, a periodically loaded coplanar waveguide phase

shifter utilizing the BST capacitors was designed.
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Chapter  1 

Introduction

Barium strontium titanate (Bax, Sr1-x)TiO3 (BST) is a material which can exhibit

paraelectric or ferroelectric properties depending upon the specific composition and

temperature. The permittivity of paraelectric BST can be controlled electronically by

applying a DC electric field across it. By exploiting this property of BST, tunable RF and

microwave capacitors (varactors) can be fabricated [1]-[4]. In parallel plate capacitors,

tunabilities greater than 50% are achievable at DC bias levels as low as 2 Volts [1]. BST

varactors also offer a host of advantages. These include the ease of integration with active

devices such as MMICs, low cost simultaneous fabrication of multiple parts, low losses

in high quality films, and minimal frequency dispersion. In addition, tunable BST

capacitors do not produce junction noise (as compared to varactor diodes), and due to the

high dielectric constant of BST thin films (typically around 300) [5], very high energy

density capacitors can be fabricated on appropriately buffered Si substrates.

A voltage controlled capacitor is one of the core components in tunable RF and

microwave devices, such as voltage controlled oscillators (VCO), tunable filters, phase

shifters, and tunable matching networks. BST varactors seem to be a great candidate for

the construction of adaptive communication systems, in both commercial and military

applications with the ability to adapt to various conditions (such as temperature, noise,

fading etc…) for optimum operation. The motivation behind this work was the

integration of BST varactors into these applications. This integration requires detailed

characterization of the frequency and the field dependence of both the permittivity
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(tunability) and the dielectric loss tangent (tanδ) of BST. Accurate measurements of BST

up to microwave frequencies must be performed to achieve these goals.

The tasks undertaken here can be divided into three parts. The first is to

characterize the RF and microwave properties of the BST capacitors, and to understand

their behavior under large RF signal excitation. The second task is the design and

fabrication of tunable filters, and the characterization of the intermodulation distortion

introduced by the BST capacitors. Lastly, the required properties of the BST capacitors

and the conductor for the design of low loss tunable phase shifters must be investigated.

1.1. Thesis Overview

Chapter 2 presents a review of the previously published work on BST including

fabrication process, measurement results for BST capacitors, and several applications

including phase shifters and tunable filters. Chapter 3 describes the fabrication process

used to grow BST thin films in this work, and gives the detailed material information.

Chapter 4 discusses the measurement setup and results for the BST capacitors at

RF and microwave frequencies. The large signal measurement results are also included in

chapter 4.

In chapter 5, the design of tunable lowpass and bandpass filters and the

implementation of a tunable low pass filter are presented. Chapter 6 covers a periodically

loaded distributed phase shifter design, and discusses the main requirements for a BST

capacitor in this application. Finally, in chapter 7, conclusions and suggestions for future

work are discussed.
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Chapter  2 

Literature Review

2.1. Introduction

Ferroelectric thin films are very promising for the design of a wide range of

devices such as high dielectric capacitors, non-volatile memories with low switching

voltage, infrared sensors and electro-optic devices [6]. They have a characteristic

temperature - the transition temperature TC – at which the material makes a structural

phase change from a polar phase (ferroelectric) to a non-polar phase (paraelectric). The

ferroelectric phase possesses an equilibrium spontaneous polarization that can be

reoriented by an applied electric field. The culmination of this field response is best

observed in a polarization field hysteresis loop. At the characteristic temperature TC, the

material changes from the ferroelectric phase to the paraelectric phase, in which the

spontaneous polarization equals zero, however the relative dielectric constant (εr)

remains large and can be changed with the applied electric field. Materials in the

ferroelectric phase exhibit a hysteresis, which is absent in the paraelectric phase. Hence,

the ferroelectric phase is preferred in non-volatile memory applications, whereas the

paraelectric phase is preferred for dynamic random accessible memories (DRAM) [7].

Among the great variety of ferroelectric compositions, two families of materials

have emerged. These are the lead titanate family of solid solutions including PZT and

PLZT, and the barium strontium titanate solid solution family which includes several
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paraelectric phase materials such as (Ba,Sr)TiO3 (BST) (where Ba/Sr < 70% at room

temperature) [7]. It should be noted that a large array of ferroelectric and paraelectric

materials exists, however, in general, the majority of their properties are represented by

the two families mentioned.

Due to the negligible frequency dependence and high dielectric constant of well

prepared BST compositions, significant attention has been given to these materials for a

variety of novel applications. This is mainly because, BST allows the construction of

small cell size and large-scale DRAMs [7]. Also, the nonlinear dielectric properties of

these ferroelectric films with respect to the applied DC bias enables the fabrication of

electronically tunable capacitors. Therefore, these capacitors can be used to construct

tunable microwave devices, such as voltage controlled oscillators (VCO), tunable filters,

phase shifters, tunable matching networks, and frequency multipliers.

Currently, varactor diodes are extensively used in most of the RFIC applications

including voltage-controlled oscillators, tunable filters and phase shifters. However, they

suffer from high losses at microwave frequencies, and their quality factor drops

exponentially when the frequency approaches to 1-2 GHz [18], [19]. Other drawbacks of

varactor diodes are the junction noise resulting from the electron/hole collisions and

relatively high tuning voltages.

Tunable devices employing ferroelectric thin films have the potential to achieve

fast tuning speeds, low microwave losses, low drive powers and potentially low costs [8].

For modern microwave integrated microelectronics, the use of thin film ferroelectric

films is preferable to bulk elements [8]. However, there does not seem to be a standard or

best method of deposition of thin films. Among different techniques studied, chemical

vapor deposition (CVD) is usually considered to be the most promising one. It has

several advantages such as excellent composition control, large area coverage, and the
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potential for areal homogeneity and conformal coating of complicated topography [7],

[9], [10].

So far, research activities to characterize the microwave properties of these

materials primarily include the use of high temperature superconductors (HTS e.g.

YBCO) on pure SrTiO3 (STO) dielectric layers. In most cases, an interdigitated capacitor

or a microstrip resonator is fabricated. From the measured quality factor and the resonant

frequency, the loss tangent, the relative dielectric constant and the tunability of the STO

thin films are extracted. Table 2.1 below summarizes the measurement results of several

recent studies.

Table 2.1: A summary of the past measurement results for STO thin films.

Tunability Loss tangent (tanδδδδ) at 77Ko

Raymond [11] 2.5:1 0.003 at 10 kHz, 0.01 at 1-2 GHz

Kozyrev [12], [13] 1.6:1 0.03-0.05 at 3 GHz

Galt [14] 2.0:1 0.01 at 6-20 GHz

Treece [15] 2.25:1 0.01 at 1 MHz

The devices presented in [11]-[15] employed high temperature superconductors

and were generally based on planar structures which required very high tuning voltages

and temperatures below 90K for optimal operation. The STO thin films show non-tunable

characteristics at room temperature [15]. For room temperature applications, BST thin

films are preferred. Tunabilities greater than 50% are achievable in parallel plate

capacitors with the application of DC bias levels ranging from 2 to 5 volts (thickness ≅

700 Ao) [1]. Also, loss tangents as low as 0.002 at kHz range frequencies have been

achieved [16]. Table 2.2 summarizes the current status of BST thin films.



CHAPTER 2. LITERATURE REVIEW 6

Table 2.2: Current status of BST thin films.

Tunability Loss tangent (tanδδδδ)

Pond [17] 1.7:1 0.02 at UHF

Stauf [16] N/A 0.002 at kHz range frequencies

Tombak [1] 2.4:1 0.004 at VHF frequencies

Currently, a significant amount of research is being conducted to improve the

properties of BST capacitors and to incorporate them into the RF and microwave devices

mentioned above. This integration requires detailed characterization of the frequency and

the field dependence of both permittivity (tunability) and dielectric loss tangent (tanδ) of

the BST at RF and microwave frequencies.

2.2. Applications of BST in Tunable RF/Microwave Devices

It was previously mentioned that BST is one of the promising candidates for the

construction of high frequency tunable filters and phase shifters. In this section, a brief

review of ferroelectric tunable filters and phase shifters is given.

2.2.1 Tunable Filters

Field dependent dielectric constant of BST can be exploited for RF and

microwave tunable filter applications. Planar microstrip HTS tunable filters are currently

being tested by the wireless industry for low-loss high performance receiver front-end

systems. Initial applications have been successful [20].

A two-pole tunable bandpass filter was designed by Subramanyam using

microstrip-edge coupled resonators [21]. STO thin films were deposited on LaAlO3 by

Laser Ablation Technique and YBCO thin films were used as metallization. The filter

operated at a center frequency of 17.4 GHz, and yielded 9% tunability with the

application of +/- 500V at 77K. The insertion loss (IL) of the filter was better than 3.3 dB
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and the return loss (RL) was also higher than 10 dB at 77K. This result of IL and

tunability compares better with a similar study [20], and seems to be promising for

satellite communication applications. The STO thin films had loss tangent values ranging

from 0.005 to 0.05 at GHz frequencies.

An important parameter to assess the dynamic range of a tunable filter is the level

of spurious signal generated by the varactors in the filter. Third order intermodulation

distortion (IMD) products are generated when two fundamental signals of frequencies, f1

and f2, which are close to each other, are applied to nonlinear devices. The third order

IMD frequencies are given by fIMD=2f1-f2, and fIMD=2f2-f1. The difference in power levels

between the fundamental and the third order IMD signal determines the maximum

dynamic range of microwave circuits, thus this difference must be optimized for

maximum circuit performance.

In [13], the intermodulation distortion measurements were made on a microstrip

resonator which uses STO capacitors. The intermodulation data showed that the level of

the 3rd order products is at least 15 dB below the fundamental signal, thus this shows that

the power handling capability of these capacitors are much higher than contemporary

varactors diodes.

The tunable bandpass filters discussed in [20] and [21] utilized high temperature

superconductors and planar structures, and thus required very low temperatures for

optimum operation and tuning voltages of several hundred volts. Therefore, it is very

difficult to incorporate them into low cost RF components at room temperature. On the

other hand, the BST capacitors described in [1] are promising for the design of low loss,

low cost and high performance tunable circuits. They can also be integrated with active

devices [5], [16].
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2.2.2 BST Phase Shifters

One of the important applications of BST is electronically controlled phase

shifters. Currently, most of the phased array antenna systems rely on ferrite and

semiconductor based phase shifters. Ferrite phase shifters are very slow to respond to

control voltages. Semiconductor based phase shifters are much faster, but they suffer

from high losses at microwave frequencies and have limited power handling capabilities

[22]. At this point, ferroelectric materials offer a variety of benefits to overcome these

difficulties. A ferroelectric based phase shifter operates by changing the phase velocity of

a guiding structure through a change in the permittivity of the dielectric.

A loaded line phase shifter, which utilizes thin film ferroelectric capacitors to

periodically load a high impedance transmission line is reported in [22], [23]. Fig.2.1

shows the schematic representation of the phase shifter.

Zi , Vi Zi , Vi Zi , Vi

Cvar CvarCvar

Lsect

Figure 2.1: Circuit schematic of the phase shifter.

This structure behaves like a synthetic transmission line and can be approximated

in terms of the inductance and the capacitance per unit length of the transmission line at

frequencies much lower than the cut-off frequency (Bragg frequency) that the

approximate circuit represents [23]. The insertion of BST capacitors does not change the

inductance per unit length. The characteristic impedance and the phase velocity of the

transmission line are both changed by applying a voltage to the BST capacitors. Based

upon the tuning ratio of the BST capacitors, phase shift per unit cell can be calculated. It

is desirable for the characteristic impedance of the loaded transmission line to be 50 Ω
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for impedance matching purposes, so it is important to have precise line dimensions and

substrate properties for the transmission line.

Erker et al. has demonstrated a Ka-Band phase shifter using BST parallel plate

capacitors [22]. A transmission line (coplanar waveguide, CPW) of characteristic

impedance 100 Ω on a high resistivity silicon substrate (40 kΩ-cm) was fabricated. The

CPW line was loaded by BST capacitors with a zero bias capacitance of 96 fF. The

section length of one unit cell was chosen as 340 µm. The phase shifter was designed to

produce 160o phase shift at 20 GHz, thus requiring 9 identical cells to be connected in

series. A phase shift of 157o at 30 GHz with an insertion loss of 5.8 dB was reported. The

measured return loss was higher than 12 dB. The performance of the periodically loaded

distributed phase shifters will improve further when low loss BST thin films are utilized

[22].

In the following chapters, the material properties and the approach to characterize

the loss tangent and tunability of the BST capacitors will be discussed. Finally,

implementation of the BST capacitors into the above applications will be studied.



CHAPTER 3. MATERIAL PROPERTIES AND FABRICATION 10

Chapter  3 

Material Properties and Fabrication

The BST thin films used in this project have been grown in Advanced

Technology Materials Inc., in Danbury, CT USA. Top metallization was depozited in the

Materials Science and Engineering Department at North Carolina State University,

Raleigh, NC USA. This chapter is intended to give some material and fabrication

information of the BST capacitors.

Parallel plate capacitors for this project were fabricated on 500 µm thick silicon

wafers covered with approximately 500 Å of thermal SiO2 and a final 1000 Å of Pt (this

Pt layer acts as the device ground plane – see Fig.3). (Ba0.7Sr0.3)TiO3 was grown by

metalorganic chemical vapor deposition to thicknesses between 500 and 5000 Å.

MOCVD is the deposition method of choice for the fabrication of BST thin films. It

provides excellent composition control, large area coverage, and the potential for areal

homogeneity and conformal coating of complicated topography [9], [24]. In this work, all

BST films were uniformly deposited on 150 mm wafers, thus indicating the suitability for

commercial mass production. Top electrodes completing the parallel plate capacitor

structures were deposited by either sputtering or electron-beam evaporation. Using

standard photolithographic methods and reactive ion etching, the top platinum surface

was patterned. To achieve the best electrical properties, it was necessary to anneal the top

electrodes after deposition at 550 °C for 30 minutes in air. This annealing process results

in reduced loss tangents and reduced dielectric dispersion. If samples are re-exposed to

atmosphere for extended periods after this annealing step, in order to maintain reliable
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electrical properties, this step must be repeated. It is believed that atmospheric moisture

will in some way influence the film/electrode interface over time and degrade the

interfacial electrical properties. This implies that BST components in real circuits must be

capped with layers providing isolation.

Structural characterization was performed to assess the quality of the BST films.

X-ray diffraction and atomic force microscopy were used to determine the crystal

structure and surface roughness, respectively. Figure 3.1 shows a typical x-ray diffraction

pattern of the BST films used in this study.
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Figure 3.1: Xrd pattern for a typical BST thin film.

This pattern indicates that the material is perovskite single phase with good

crystal quality. In addition, the relative peak intensities indicate that a bimodal

distribution of (110) and (001) orientations is present. In most cases, however, the (001)

oriented fraction is predominant. This type of spectrum is typical of high quality BST

material and can be reproduced over many deposition cycles [25]. Figure 3.2 is an atomic

force microscope (AFM) (non-contact) image of a BST thin film surface.  This image is

typical of BST thin films in the thickness range between 500 Å and 2000 Å. The surface

image indicates a uniform microstructure with a surface grain size of approximately 80

nm.  In addition, a surface roughness of approximately 5 nm rms is indicated.
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0.5
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Figure 3.2: AFM image of typical BST thin film.

From the previous work on BST thin films, the importance of the composition in

producing the ultra-low loss material was recognized and well understood [9]. The results

clearly show that compositions containing a small titanium (Ti) excess lead to the lowest

loss tangent values. The Ti excess will also result in reduced permittivities, but the effect

on capacitance density can be easily compensated by reducing the film thickness. The

samples used in our experiments have a Ti excess of approximately 2.5%. Measurements

of composition were made using a grazing incidence x-ray fluorescence technique. In all

cases, the Ba/Sr ratio used was about 70/30 [26]. This composition was chosen since it

provides a material with a high permittivity and tunability at room temperature. In

addition, the 70/30 composition corresponds to a material which is paraelectric at room

temperature, thus will provide a non-hysteric voltage response.
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Chapter  4 

Measurements of BST Capacitors

4.1. Introduction

The integration of BST thin films with the RF and microwave applications

mentioned so far requires detailed characterization of the frequency and the field

dependency of both the permittivity (tunability) and the dielectric loss tangent (tanδ) of

BST. Accurate measurements of BST up to microwave frequencies must be performed to

achieve these goals.

In this chapter, measurements, modeling and characterization of the BST

capacitors will be described. Furthermore, measured results for frequency dependent

permittivity and tunability at large RF signal amplitudes will be presented.

4.2. BST Tunable Capacitor Measurements and Modeling

An HP8510C Vector Network Analyzer was used to characterize the small signal

impedance of the parallel plate BST capacitors based on the measurement setup in Figure

4.1. GGB Industries’ Model 10 and Model 40A high frequency probes were used to

measure the capacitors. Cascade Microtech’s calibration standards were used to make a

one-port short-open-load (SOL) calibration at the network analyzer. Access to the ground

plane was achieved through etching the BST. Figure 4.2 shows a typical contact for BST

capacitors. BST capacitors having dimensions of 50 µm x 50 µm were measured at a
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frequency range between 45 MHz and 1 GHz. The upper frequency limit was set by the

value of the capacitance. DC bias was applied to the capacitors through a bias-tee.

Computer

HP-IB

HP8510C
Network
Analyzer

High
frequency
probes

BST
Capacitors

DC Power
Supply

Figure 4.1: Small signal measurement setup.

Ground  Plane

Top Plate

BST

Probe

Figure 4.2: A typical probe contact for the BST capacitors.

To extract the loss tangent and dielectric constant of BST, the capacitors were

modeled as shown in Figure 4.3. In this model, the series resistor, RS, is used to account

for the losses due to probe contacts and conductor losses, while the shunt resistor, RP,

accounts for the BST losses (tanδ).
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Top
Electrode

Silicon
Substrate

Ground
BST

Figure 4.3: Schematic illustration of a planar BST thin film capacitor with Pt electrodes and the
associated circuit used to model the electrical data.

The model parameters in Figure 4.3 were optimized in HP-Advanced Design

System (ADS) simulation program to achieve the best fit to the measured reflection

coefficients over a given frequency range. The simulation setup is shown in Appendix A.

Several BST parallel plate capacitors were measured to characterize the dielectric

constant and loss tangent of BST. The measured data was optimized within the frequency

range from 45 MHz to 200 MHz to yield unique solutions for RS, εr and tanδ=given in the

circuit model of Figure 4.3.=Τhe graphs below (Figure 4.4-Figure 4.9) summarize the

measurement results for selected samples, whose properties are shown in Table 4.1.

Table 4.1: Properties of the measured samples
Sample Name BST Thickness (Ao) Platinum Thickness (Ao) Capacitance (pF)

AV30 703 971 59

AV48 695 975 66

AV60 666 937 61

AV62 714 931 88

AV63 735 930 87

AV68 700 938 63

AV69 722 933 61

AV175 3000 3000 31
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Figure 4.4: Measurement results for the sample AV48.
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Figure 4.5: Measurement results for the sample AV60.
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Figure 4.6: Measurement results for the sample AV62.
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Figure 4.7: Measurement results for the sample AV63.
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Figure 4.8: Measurement results for the sample AV68.
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Figure 4.9: Measurement results for the sample AV69.

From these measurement results, it can be seen that tunabilities as high as 4.18:1

(76%) and loss tangents as low as 0.003 are obtainable. These losses correlate with

relaxation currents in the films. The microstructural origin of these relaxation currents are
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still under debate, but appear to be related to structural defects associated with the

relatively low processing temperatures. It can also be seen that BST has symmetric

tunability characteristics around 0 V, and the loss tangent of the material drops when DC

bias is applied.

 An important parameter to be mentioned here is the quality factor of the

measured capacitors. Total quality factor of a capacitor can be calculated using the

formula below;

)(
)(

Zreal
ZimagQtotal = (4.1),

where Z is the impedance seen from the capacitor.

The quality factors of the BST capacitors in this work were measured using an

HP8510C Network Analyzer. The measured S-parameters were converted to Z-

parameters and the formula in (4.1) was applied. In Figure 4.10, the total quality factor of

a typical BST capacitor can be seen. The obtained quality factor is already comparable

with a commercially available semiconductor based varactor diode, MA-COM part

#MA4ST079 tuning varactor with Q of approximately 80 at 50 MHz. It is expected that

the quality factor of the BST capacitors will improve further by reducing the conductor

losses.
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Figure 4.10: The total quality factor of a 31 pF capacitor at 0 Volt DC bias (AV175).

4.3. High Frequency Measurements

Incorporating the BST into tunable microwave applications requires the

characterization of its permittivity and loss tangent at microwave frequencies. A smaller

size capacitor of 20x20 µm2  was measured up to 11 GHz using the setup in Figure 4.1.

This upper frequency limit was due to the capacitance of the 20x20 µm2 capacitors. The

frequency spectrum was divided into small ranges, and the measured data was optimized

for these ranges, e.g. from 45 MHz to 500 MHz, from 500 MHz to 1 GHz, and so on. The

relative dielectric constant vs. frequency graph is shown in Figure 4.11. It can be seen

from the graph that the dielectric permittivity is nearly constant up to microwave

frequencies, introducing only 4.4 % dielectric dispersion per decade, which is similar to

the values obtained [27].

 A reliable loss tangent figure could not be obtained in this experiment because of

the relatively poor probe contact and noisy data. However, it will be possible to measure

the loss tangent by measuring a capacitor which has a more proper structure for probe
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placement, e.g. a capacitor fed through a coplanar waveguide (CPW). Research on

overcoming this difficulty is still underway.
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Figure 4.11: Relative dielectric permittivity of thin film BST as a function of frequency.

4.4. Large Signal Measurements and Simulations

One of the applications of BST based tunable filters and phase shifters is in

transmitters, where these devices are exposed to a large amount of RF power. This

requires understanding the behavior of the BST based capacitors at large RF signal

amplitudes. The set-up in Figure 4.12 was established to measure the large signal

behavior of BST capacitors.

forward

HP 70820A
Transition
Analyzer

DC Power
Supply

Picosecond
5530A Bias T

Mini Circuits ZFDC-20-1H
Directional Coupler

Oscilloscope High Frequency
Active Probe

input output

reverse

BST
Capacitor

Amplifier Research
10W1000C
RF Power Amplifier

Figure 4.12: Large signal measurement set-up.
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In this set-up, an HP70820A microwave transition analyzer is used to measure the

large signal S-parameters of the BST capacitors. The signal generated from the source of

the transition analyzer is fed into a power amplifier, and the amplified signal is fed to the

directional coupler. The directional coupler couples -20 dB of the input power to the 2nd

port of the transition analyzer. However, most of the power is applied to the device under

test through a bias-tee. The reflected signal from the capacitor is injected to the reverse

port of the transition analyzer. A calibration algorithm was written to the transition

analyzer to correct for the measurement errors within the system. The details of this

calibration algorithm are explained in Appendix B.

A Model 34A-4-35 high impedance active probe with a tungsten tip was used to

measure the true RF voltage amplitude across the capacitors. The probe was connected to

the top plate of the capacitors while being excited with the RF signal. The voltage

waveforms were observed on a high frequency oscilloscope, and the rms values of the

waveforms were recorded at various RF power levels.

Figure 4.13 shows a plot of the relative permittivity as a function of the applied

DC voltage for various RF signal amplitudes. The previously measured DC breakdown

voltage of 8 Volts for this particular sample limited the application of higher DC voltages

when high RF voltage levels were applied.
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Figure 4.13: Measured relative permittivity of BST at high RF voltages (f=50 MHz,
Thickness=700Å).

It can be seen that the dielectric tunability decreases with increasing the RF signal

amplitude. It is suggested that the tunability drop is proportional to the rms value of the

RF signal amplitude. The small signal tunability curve of this BST capacitor (Figure

4.14) was fit to a 14th order polynomial, which was then used in the nonlinear capacitor

model of HP-ADS. Through a Large Signal S-Parameter simulation in HP-ADS,

predicted results for the tunability at large RF signal amplitudes were obtained (Figure

4.15). The MATLAB program for curvefitting and the simulation setup can be seen in

Appendix C and Appendix D, respectively. The results obtained from this simulation are

in good agreement with the measured results. Almost the same tunability drops from the

measurements and the simulations are observed. The small discrepancy in peak dielectric

constants is due to imperfect curvefitting of the BST’s tunability to the polynomial.

Through these measurements, it was observed that tunability of the BST

capacitors drops at large RF signal levels. This effect has to be taken into account if BST

is intended to be utilized in some tunable RF and microwave applications such as tunable

filters, phase shifters, which are exposed to large RF signal amplitudes. The study

characterizing the large signal effects was the first study made among similar research
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activities. Furthermore, a nonlinear circuit model was developed, which will be important

in predicting the intermodulation distortion generated by these capacitors in the RF and

microwave applications mentioned. Understanding other nonlinearities in BST is still

underway.
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Figure 4.14: Small signal tunability curve of AV30.
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Figure 4.15: Simulated relative permittivity of  the BST capacitor at measured values of RF
voltages (AV30).
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Chapter  5 

Tunable Filters

5.1. Introduction

Tunable filters are widely used in most military applications and satellite

communication systems as receiver front-ends. Most of today’s tunable filters rely on

either mechanical tuning or utilization of semiconductor based varactors. Mechanically

tunable filters have high power handling capability with a low insertion loss. The main

disadvantages of these filters are low tuning speeds, large size and mass. Semiconductor

based tunable filters are much faster, but they have low power handling capabilities [28].

On the other hand, utilization of the BST capacitors offers several benefits to overcome

these difficulties. In this chapter, a design approach for BST based tunable lowpass and

bandpass filters will be presented. Based on the methodology given, an implemented

tunable lowpass filter will be demonstrated and its intermodulation distortion

measurement results along with the predicted values from simulations will be shown.

5.2. Tunable Lowpass Filters

A BST lowpass filter (LPF) can be designed using a Chebychev lowpass filter

design procedure (Figure 5.1). For a given ripple (insertion loss) in the passband, the

component values after frequency and impedance scaling are:

CR
gC
ω⋅

=
0

1 (5.1),
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and

C

Rg
L

ω
02 ⋅

= (5.2),

where g1 and g2 are the prototype element values from the design table, R0 is

characteristic impedance of the 1st and 2nd ports, and ωc is the cut-off frequency of the

filter [29].
L

C C

Figure 5.1: The circuit schematics of the tunable low pass filter.

Based on the measurement results from several samples, a 3rd order 0.5 dB ripple

Chebychev filter with C=32 pF, and L=56 nH was designed. To build the designed filter,

a microstrip fixture was used. The ground planes of the BST capacitors and the fixture

were connected using silver epoxy, and the BST capacitors were connected to the signal

path of the fixture by wire bonding. The designed filter including all losses from the finite

Q inductors and bond wires was simulated in HP-ADS. The insertion loss and the return

loss of both the simulated and measured filter responses can be seen in Figure 5.2 and

Figure 5.3, respectively.

As shown in Figure 5.2, the simulated filter has a 3 dB cut-off frequency at 171

MHz, which can be tuned up to 236 MHz by halving the BST capacitors, thus resulting in

a 38 % tunability. The maximum insertion loss in the passband is 0.73 dB, and the

passband return loss is better than 10 dB for all bias levels. The measurement results

show that the 3 dB cut-off frequency can be tuned from 160 MHz to 210 MHz by biasing

the capacitors at +/- 9 V, giving 30 % tunability. Also, the maximum measured insertion

loss in the passband was 0.8 dB, showing that most of the passband insertion loss comes
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from the bond wires and the finite quality factor of the inductors. For all biasing

conditions, the return loss in the passband was higher than 10 dB. The stopband

attenuation of the filter can be further improved by designing higher order filters. The

simulated and measured results are in very good agreement.
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Figure 5.2: Simulated and measured insertion loss of the tunable LPF.
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Figure 5.3: Simulated and measured return loss of the tunable LPF.
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The filter mentioned herein is the first demonstration of a BST capacitor based

lowpass filter. Research on construction of higher order lowpass filters (for better

stopband attenuation characteristics) still continues.

An important measure of a tunable filter is the intermodulation distortion (IMD)

generated. In the following sub-chapter, a discussion will be made on IMD generated in

BST capacitor based tunable lowpass filters.

5.2.1 Intermodulation Distortion in Tunable LPFs

Intermodulation distortion (IMD) is a measure of the linearity of a two port

nonlinear circuit and sets the dynamic range of the device. When two signals at

frequencies f1 and f2 MHz, which are very close to each other, are injected to a nonlinear

two port circuit, harmonics of the fundamental signals and their cross products are

generated. Of particular interest are the 3rd order products at 2f1-f2 and 2f2-f1. This is a

troublesome effect in RF systems. If a weak signal accompanied by two strong interferers

experiences third order nonlinearity, then one of the IMD products falls in the band of

interest, corrupting the desired component. The corruption of signals due to 3rd order

products of two nearby interferers is so common and so critical that a performance metric

has been defined to characterize this behavior. Called the 3rd order intercept point (IP3),

this parameter can be measured by a two-tone test as in Figure 5.4.

Signal Generator
at f - δf

Signal Generator
at f + δf

Power Combiner Tunable Filter
HP8563E
Spectrum
Analyzer

(nonlinear two port)

Figure 5.4: Measurement setup for the intermodulation distortion.

A spectrum similar to Figure 5.5  is observed in the spectrum analyzer. In this

spectrum, increasing the input power raises the fundamental signal’s power by one time,
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whereas it increases the 3rd order product’s power by three times. IP3 is theoretically

defined as the level of the output power (or input power) at which the fundamental

signal’s power and the 3rd order product’s power are equal to each other, and can be

calculated using the formula below.

2
3 3rdfund

fund

PP
PIPOuput

−
+= (5.3)

dB

Frequencyf-3δf f-δf f+3δff+δf

Pfundamental

P3rd

Figure 5.5: Spectrum observed in the spectrum analyzer.

The IMD measurements were performed based on the lowpass filter given in

Figure 5.3. The output 3rd order intercept point (IP3) measurement results along with the

IP3 simulation results can be seen in Figure 5.6. The small signal tunability curve of the

BST sample used in this lowpass filter was fit to a polynomial based nonlinear capacitor.

Also, the current flowing through the BST capacitor with the applied DC voltage was

measured with a picoamp ammeter. Then, the current vs. voltage relationship was fit to a

nonlinear resistor model. Using the nonlinear capacitor and the nonlinear resistor

obtained, a Harmonic Balance (HB) simulation was performed in HP-ADS and the

expected output IP3 points were obtained (Figure 5.6). The BST capacitor’s small signal

tunability curve, and the measured current vs. voltage relationship can be seen in Figure

5.7 and Figure 5.8, respectively.
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Figure 5.6: Measured and simulated IP3.
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Figure 5.7: Small signal tunability curve of the BST capacitor used in the filter.
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Figure 5.8: Current vs. voltage curve of the BST capacitor.

It can be seen from Figure 5.6 that the IP3 near the cut-off frequency drops. This

is evident from the fact that near cut-off, more RF voltage drops on the BST capacitors,

thus resulting in increased level of harmonics generated and less IP3 measured. There is a

discrepancy between simulated and measured IP3. The research characterizing this

discrepancy is still underway.

5.3. Tunable Bandpass Filters Using BST

Another filter type which can be implemented by using BST capacitors is a

bandpass filter (BPF) shown in Figure 5.9. However, fabrication of this topology is

practically very difficult, because connecting a tunable BST capacitor in the series path

requires an isolated ground for the capacitors, and it is physically very hard to construct

using the available capacitor substrates (refer to Figure 4.2). However, the series LC

circuit in Figure 5.9 can be converted to a parallel LC circuit by using impedance

inverters seen in Figure 5.10 [29], resulting in a circuit which is easier to fabricate.
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L1 C1 L1

L2 C2
C1

Figure 5.9: Schematics of a 3rd order tunable BPF.

C2

-L -L

L L

-L-LC3L3

L2

Impedance inverter

Figure 5.10: Inversion of series LC to parallel LC.

Note that inductors provide a DC short to the ground, thus making it impossible to

apply the tuning DC bias to the filter. One possible solution involves connecting a very

large capacitor in series with the BST capacitors thus providing a DC isolation for the

capacitors. An alternate and easier solution is to connect a very large capacitor in series

with the inductors, L11 and L22, as shown in Figure 5.11, preventing them from shorting

the DC tuning voltage. The complete circuit for the filter then can be seen in Figure 5.11.

L L

C-> C-> C->

C11 L22 C22 L11 C11L11

Figure 5.11: The complete circuit of the proposed filter.
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Based on the available BST capacitors, the BPF in Fig.11 was designed with the

component values; L=47 nH, L11=11 nH, L22=15 nH, and C11=C22=95 pF. The simulation

results for this design are shown in Figure 5.12. The results show that the 3-dB center

frequency of the BPF can be tuned from 167 MHz to 236 MHz, resulting in 41 %

tunability by halving the value of the BST capacitors. Also, the insertion loss in the

passband is better than 0.44 dB while the return loss is better than 10 dB. Fabrication of

this bandpass filter will be the subject of future work.
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Figure 5.12: Simulated response of the tunable BPF.
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Chapter  6 

BST Phase Shifters

6.1. Introduction

Phased array antennas can steer transmitted and received signals without

mechanically rotating the antenna. Each radiating element of a phased array is usually

connected to a phase shifter and a driver, which determine the phase of the signal at each

element to form a beam at the desired angle. The most commonly used phase shifters are

ferrite and semiconductor based phase shifters. Ferrite phase shifters are very slow to

respond to control voltages, whereas semiconductor based phase shifters are much faster,

but they suffer from high losses at microwave frequencies and have limited power

handling capabilities. On the other hand, ferroelectric based phase shifters offer a variety

of benefits to resolve these difficulties [22].

In this section, the design methodology of a loaded line phase shifter will be

discussed. The contribution of conductor losses and BST losses will be identified through

several simulations. This will allow to investigate the influence of the loss tangent of

BST and the properties of the conductor on the insertion loss of the phase shifter.

6.2. Phase Shifter Design

A periodically loaded line phase shifter has been reported to have several

advantages over previously reported phase shifters, such as promising loss performance,
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moderate control voltages, and compatibility with monolithic fabrication techniques. It

utilizes a high impedance transmission line which is loaded periodically by the BST

varactors (Figure 6.1). The high impedance transmission line can be approximated in

terms of its inductance per unit length (Lt), and capacitance per unit length (Ct) at

frequencies well below the cut-off frequency (Bragg frequency) that the approximate

circuit represents [30] (Figure 6.2). The capacitance per unit length of the loaded

transmission line can be controlled by applying a voltage to the BST capacitors, so the

characteristic impedance and the phase velocity of the loaded line can be changed

electronically.

Zi , Vi Zi , Vi Zi , Vi

Cvar CvarCvar

Lsect

Figure 6.1: Schematic illustration of a periodically loaded phase shifter.

Lt Lt Lt

Ct Cvar(V)
Ct Cvar(V) Ct Cvar(V)

Figure 6.2: Approximate circuit for the BST varactor loaded transmission line.

 The phase shifter was intended to give 3600 phase shift at 20 GHz, so the Bragg

frequency was chosen as 40 GHz for the design. The BST capacitors were assumed to

have a tunability of 2:1 (50%). The characteristic impedance of the unloaded

transmission line is given by [23],
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xZi += 150 (6.1)

where x is the loading ratio defined as,

t

t

C
LCx sec

max
var /

= (6.2)

where max
varC  is the 0 V bias capacitance of the loading BST capacitors, and Lsect is

the length of one unit cell.

The capacitance per unit length of a transmission line can be expressed in terms of

its characteristic impedance and the phase velocity by:

ii
t Z

C
υ⋅

= 1 (6.3).

Using (6.2) and (6.3) Cvar
max can be derived as:

ii

t

Z
L

xC
υ⋅

= secmax
var (6.4).

In [23], the ratio of Lsect to the phase velocity of the unloaded transmission line,

υi, was derived as:

xf
L

Braggi

t

+⋅
=

1
1

min
sec

πυ
(6.5).

The design used here consists of a coplanar waveguide (CPW) of characteristic

impedance Zi=74 Ω (x=1.2), loaded periodically with BST capacitors whose zero bias

capacitance is 87 fF. After capacitive loading, the characteristic impedance of the loaded

line reduces to 50 Ω. The substrate of the transmission line is silicon, whose dielectric

constant is 11.8. The required characteristic impedance of the line was designed in the

Agilent ADS-LineCalc program resulting in a width, W, and gap, G, of 100 µm and 225

µm, respectively. The phase velocity in this structure will be υi =1.2x108 m/s. Using

(6.5), Lsect can be calculated as 640 µm. The phase shift from a single section was given

in [23] as:
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Using (6.6), the phase shift per unit section can be calculated as 8.40. In order to

obtain a phase shift of 3600 at 20 GHz, 42 identical cells are connected in series resulting

in a total length of 2.7 cm. The structure in Figure 6.3 describes the circuit designed.

Cvar
max/2

G

W

G

Lsect

Cvar
max/2

Figure 6.3: Structure of the phase shifter.

6.3. Simulation Results

The phase shifter circuit was simulated in HP-ADS. In the simulation, the ADS

CPW model along with the ADS “capacitor with Q” model was used. The details of the

circuit setup is shown in Appendix E. Through these simulations, the effects of the loss

tangent (1/Q) of the BST capacitors, conductivity and the thickness of the conductor on

the insertion loss of the phase shifter were analyzed. The phase shift obtained from

changing the values of the loading capacitance is plotted in Figure 6.4. It is possible to

obtain a phase shift of 379o at 20GHz. The small deviation from the designed value is due

to the limits of the approximate circuit of Figure 6.2 as the frequency approaches to the

Bragg frequency.
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Figure 6.4: Simulated phase shift as loading capacitance changes.

The insertion loss and return loss of the circuit (without including the conductor

losses and the BST losses) are shown in Figure 6.5 and Figure 6.6, respectively. The

insertion loss of the phase shifter (due to the impedance mismatch) is lower than 0.1 dB,

while the return loss is better than 15 dB for all loading conditions.
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Figure 6.5: Insertion loss of the phase shifter as loading capacitance changes.
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Figure 6.6: Return loss of the phase shifter as loading capacitance changes.

Also, the insertion loss of the circuit was simulated for several different metal

types, conductor thickness values, and loss tangents of BST. The simulation results can

be seen in Figure 6.7, Figure 6.8 and Figure 6.9, respectively.
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Figure 6.7: Insertion loss of the phase shifter for different metals (Thickness of the metal is
assumed 1 µm and the BST capacitors have no loss).
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From the simulations, it can be concluded that the conductor type and its

thickness have a major impact on the insertion loss of the phase shifter. More attention

should be paid to obtain thicker metals. The conductor thickness can be increased up to
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the skin depth to provide better insertion loss characteristics. Using copper or gold as

conductor greatly improves the insertion loss of the phase shifter. However, it is very

difficult to process BST and copper (or gold) together, whereas platinum is easier to work

with [1]. Furthermore, it can be seen from Figure 6.9 that obtaining low loss BST (tanδ ≤

0.007-0.008) is required for BST phase shifters to be a substitute for semiconductor based

phase shifters. In this case, the contribution of BST losses on the insertion loss becomes

approximately one third of the contribution of diode losses in a semiconductor based

phase shifter (similar to [23]).
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Chapter  7 

Conclusions and Future Work

7.1. Conclusions

Parallel plate capacitors fabricated on MOCVD grown BST thin films have

yielded a typical tuning range of 4.18:1 (76 %) and a typical loss tangent of 0.003 at VHF

frequencies. The dielectric constant of BST has been shown to be constant up to

microwave frequencies. The measured total quality factor of a 31 pF BST capacitor was

70 at 45 MHz. This result favorably compares with commercially available varactor

diodes (such as M/ACOM #MA4ST079) and it shows that BST capacitors are promising

substitutes for varactors diodes. Furthermore, the effect of large RF signal amplitudes on

the tunability of the capacitors was studied. Increasing the RF level across the BST

capacitors decreases the tunability. This effect needs to be considered for applications

where a large RF signal across a BST capacitor is present. A nonlinear circuit model

based on the measurements was developed for the BST capacitors. This model will help

the designer to predict the nonlinear properties of future BST based circuits.

One of the applications of BST includes the design of tunable filters. A BST

capacitor based 3rd order tunable lowpass filter was demonstrated for the first time. The

filter showed good agreement between measured and simulated responses. Also, the

intermodulation distortion generated by the filter was measured and simulated by a

nonlinear model for the BST capacitor. A bandpass filter utilizing impedance inverters
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was designed. Approximately 40 % tunability in frequency is achievable by halving the

BST capacitors.

Another important application of BST is a phase shifter. A distributed phase

shifter periodically loaded with BST capacitors was designed and several simulations

were performed to determine the contribution of conductor losses and BST losses.

Conductor type and its thickness have a major impact on the insertion loss of the phase

shifter. More attention is needed for obtaining conductor thicknesses near to skin depth.

Obtaining low loss BST (tanδ ≤ 0.007-0.008) is required for BST phase shifters to be a

viable substitute for semiconductor based phase shifters, in which the contribution of

BST losses on the insertion loss becomes approximately one third of the contribution of

diode losses.

7.2. Future Work

Intended goals include the complete characterization of BST capacitors such that

the large signal effects and the intermodulation distortion generated can be accurately

predicted. This requires precise measurement systems and better models for the BST

capacitors. Furthermore, the designed phase shifter and tunable bandpass filter will be

fabricated in the near future. Incorporation of BST in some other applications (such as

voltage controlled oscillators and tunable matching networks) will also be studied.
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Appendix A

Simulation Setup used in Optimization
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Appendix B

Basics of Short-Open-Load Reflection Calibration

In this section, the SOL reflection calibration algorithm will be discussed. In a

network analyzer measurement system, the actual data measured at the DUT and read at

the network analyzer differs dramatically due to the line losses and phase differences in

the connections. This requires correction for the errors (the middle box in Figure B.1.)

which are assumed to be linear.

Network Analyzer
S-parameter test set
S11M

Measurement errors
-Directivity
-Tracking
-Source match

DUT
S11A

Incident Wave

Reflected Wave

Measured S11 Actual S11

Figure B.1: A reflection measurement setup.

Let the s-parameters of the error network be:

S
e00

e10

e01

e11

e00

e10

e01

e11 (B.1)

Then, the measured S-parameters at the network analyzer can be expressed in

terms of S11A and S as:
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)011011(0011
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⋅−
⋅+= (B.2)
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Therefore, replacing the DUT with open, short and load will return known

reflection coefficients for S11A (Table B.1).

Table B.1: Reflection coefficients for the standards.

Standard Reflection, S11A

50 Ω Load S11AL = 0

Load S11LS = -1

Open S11AO = 1

0111
100100011
⋅−

⋅+=
e

eeeMLS (B.3)

)1(111
100110011
−⋅−

⋅−+=
e

eeeMSS (B.4)

)1(111
100110011
⋅−

⋅+=
e

eeeMOS (B.5)

Therefore, having three equations (B.3-B.5) and three unknowns

(e00,e11,e01e10), it is possible to solve for e00, e11, and e01e10, and correct the

measured S-parameters (S11M) to obtain the actual S-parameters (S11A).
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Appendix C

Matlab Curvefitting Program

clear all;
format long g;

v=[-8 –7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7 8 ]’;

Er=[174.4 182 195 207.6 223 242 257 279.4 308 308 286 260 237 217 199 185 173 ]’;

degree=14;
coeff=polyfit(v,Er,degree);
coeff'
data1='';
for i=1:degree+1
   data=sprintf('%s%e*Eo,',data1,coeff(degree+2-i));
   data1=data;
end
data

x=linspace(-8,8,1400);
plot(x,polyval(coeff,x));
grid;
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Appendix D

Large Signal S-Parameter Simulation Setup



APPENDIX E. SIMULATION SETUP OF THE PHASE SHIFTER 51

Appendix E

Simulation Setup of the Phase Shifter
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