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IMPLEMENTING A PIEZOELECTRIC TRANSFORMER FOR A

FERROELECTRIC PHASE SHIFTER CIRCUIT

ANTHONY ROBERTS

ABSTRACT

The ferroelectric phase shifter is the fundamental component in a new type of
scanning phased array, the ferroelectric reflectarray. These phase shifters require a DC
bias voltage, up to 300 Vdc, for continuous 0 to 360 degree phase shift. In a conventional
phased array comprised of potentially thousands of phase shifters, each phase shifter
requires up to six control signals so routing and integration become extremely complex.
The coplanar ferroelectric phase shifters require only a single control signal, albeit at high
voltage. If a technology could be developed that allows a low-level signal to be routed to
each phase shifter and converted to the proper bias voltage levels, essentially at the phase

shifter, then a new type of phased array architecture could be realized.

Magnetic circuit components comprise a conventional means for voltage and
current step-up and step-down. However, magnetic devices suffer from resistive (1°R)

losses, and dimensional and economical costs, thereby forcing compromises in design



and cost. Integrated multichannel, high voltage amplifiers have been developed for the
MEMs industry and are usually based on high voltage Op Amp arrays. The goal of this
work, however, is to demonstrate low power, high voltage control to complement the

inherent high efficiency of the ferroelectric reflectarray.

This research explores using a piezoelectric transformer (PT) as the alternative
enabling component in the voltage supply for a ferroelectric phase shifter utilizing
piezoelectrics in an AC-DC converter. Unlike magnetic transformers PTs generate no

electromagnetic interference, have higher efficiencies, and have higher power densities.

Preliminary work consisted of characterizing the device under cryogenic
conditions due to the temperature-dependant dielectric constant of ferroelectrics and
ultimately realistic environmental conditions. Then an analysis of the equivalent PT
model is performed focusing on reconciling the theoretical results with the experimental
and extracting the equivalent circuit parameters for the point of operation. Next, in a
proof-of-concept application, a circuit was developed for using the PT in a driver for a

ferroelectric phase shifter.

Initial results were successful with the driver achieving an output voltage from 0
to over 400 Vdc while accomplishing 0 to 115 degrees phase shift at Ka-band frequencies

(phase shift was limited to less than a full 2n because of phase shifter design).

Future work includes, further characterizing the piezoelectric transformer,
improving the driver circuit, implementing an output voltage feedback control scheme,

and using the driver in a ferroelectric phased array antenna.

Vi
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NOMENCLATURE

DC: Direct current

AC: Alternating current

Vdc: Direct current volts

Vac: Alternating current volts

VIV: Volts per Volt

PT:  Piezoelectric transformer

IC: Integrated circuit

RTD: Resistance temperature detector
MLPT:Multilayer piezoelectric transformer
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CHAPTER |

INTRODUCTION

1.1 Background

A phased array is a type of antenna made electronically steerable by means of
constructive and destructive interference from electromagnetic waves emitted by multiple
elements on the antenna. Its surface is composed of many phase shifters that become
active with a certain phase delay. It is this delay between the phase shifters that facilitates
the interference pattern necessary to steer the beam. The range of frequencies for which
the antenna operates determines the details of its construction. The advantages of the
phased array over a gimbaled parabolic antenna are the elimination of moving parts, rapid

beam steering, better integration, and packaging flexibility [1].



Figure 1: X-band Ferroelectric Reflectarray

The reflectarray is an improvement being pioneered at NASA’s Glenn Research
Center by Dr. Robert Romanofsky. It is a phased array antenna (Figure 1) but with the
directly radiating array replaced by a feed horn that illuminates a reflective surface in
transmission and collects the reflections off the surface in the receiving mode [2]. The
novelty of this application is in the elements that make up the reflectarray surface and
accomplish the beam steering. In a conventional phased array, the phase shifters are
located between the amplifiers and radiating elements. A modulated signal from a single
source is distributed to the phase shifters through some type of manifold. This type of
array is called direct radiating. The phase shifter loss is unimportant because the phase
shifters follow the low noise amplifiers in the case of a receiving array and precede the
power amplifiers in the case of a transmitting array. Consequently they do not play a part
in determining the sensitivity or noise temperature in the former, nor do they significantly
affect efficiency in the latter. In a reflectarray, the phase shifters are located between the
amplifier and the radiators, therefore they determine sensitivity and efficiency, and their
insertion loss is of paramount importance. Conventional commercial monolithic

microwave integrated circuit phase shifters have an insertion loss approaching or
2



exceeding 10 dB at Ka-band, rendering a reflectarray with such devices impractical.
NASA Glenn has developed low loss phase shifters based on thin ferroelectric films, an
example of which is shown in Figure 2. This device is the motivation behind this

research.

Figure 2: Thin Film Ferroelectric Phase Shifter

1.1.1 Ferroelectrics and the Phase Shifter

Ferroelectrics are crystals that electrically polarize under the influence of a strong
electric field. Ferroelectricity is analogous to ferromagnetism in ferromagnetic materials.
When the external electric field is removed, some of the crystals in the substance retain
their polarization. If enough of the crystals have done so then the mass as a whole retains
an electric polarization. If a field were applied in the opposite direction, with the intent of
reversing the bulk ferroelectric’s polarization, then energy would first have to be
expended in reversing the previously biased crystals before the bulk material as a whole
could be polarized. This behavior manifests itself as hysteresis in the ferroelectric

material. Once the bulk substance is polarized it saturates. Any further increase in the



external electric field results in no further of an effect, much like saturation in a magnetic
core. It is this hysteresis, the retention of electric polarization, which is characteristic of
ferroelectrics [3]. Ferroelectrics are excellent dielectrics, with dielectric constants in the
hundreds for many crystal types. When a ferroelectric crystal is heated past its Curie
temperature (a temperature unique to each particular crystal), it enters the paraelectric
region and becomes non-polar because the crystal cell assumes a symmetrical shape.
Also at this temperature, the dielectric constant increases to the thousands. When the
crystal cools through its Curie temperature, it (and the bulk material specifically) forms
Weiss domains. Typically in the bulk ferroelectric material, groups of crystals form
regions which behave as a single crystal. Known as Weiss domains, these can exist with
their own distinct polarizations, even uniquely so from the polarization of the bulk
material [3]. Weiss domains exist with random orientations in bulk material and only a
high strength static electric field will align most, but not all, with a net polarization.
Application of an electric field also has the effect of varying the dielectric constant; this
is the mechanism by which the ferroelectric phase shifter functions, and is referred to as
orientational polarization. Devices incorporated on the reflectarray are thin films of the
crystal Barium Strontium Titanate (chemical formula BaTiO3). When a static voltage is
applied, the central Titanium atom at the center of the crystal is displaced, forming a
dipole, and remains so even with the voltage removed [4]. This is called ionic
polarization. The ferroelectric crystal under relaxed and polarized conditions is illustrated

in Figure 3 and Figure 4, respectively.
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Figure 4: Deformation of Cell Followed by Polarization

The same effect is observed with an alternating electric field with the
consideration that hysteresis is present. This applied voltage has the effect of depressing
the dielectric constant. For the ferroelectric material to serve as an effective phase
shifting element, it is made a thin film (only a fraction of a micrometer in thickness) and
operated in the paraelectric region. In the paraelectric region, there exists the absence of
ferroelectric domains or the practical elimination of residual polarization. This reduces
the hysteresis and dielectric losses when exposed to an electric field while permitting the
manipulation of the dielectric constant. It is the dielectric constant of the phase shifter
that inserts phase delay in the reflected signal. By varying the applied static electric field

strength (bias) to the phase shifter, the dielectric constant is varied. This variance forces a
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delay upon the incident signal. When different phase shifters insert varying amounts of
phase in the reflected signal, a pattern of constructive and destructive interference occurs
and the resulting cophasal beam is formed. By updating the applied voltages, the beam

can then be steered towards any target [2].

Given a bias voltage between 0 to 300 Volts, the phase shifters accomplish 0 to
360 degrees of phase shift, which is necessary for complete beam forming®. This voltage
is supplied to each individual phase shifter using a high voltage bus employing a DC-DC

converter and a high voltage switching integrated circuit (IC) [5].

1.1.2 Research Motivation

The motivation for researching piezoelectric transformers stems from the
shortcomings of the DC-DC converter/switching IC combination. Improvements in key
properties such as power consumption, speed, size, and weight can improve with this new
technology. In the current implementation a DC-DC converter is used in a boost
configuration that steps up a DC input voltage to reach the necessary bias voltage. While
the efficiencies due to resistive (1°R) and magnetic losses and board space cost may seem
negligible, the energy and space penalties increase as more phase shifters are added to the
reflectarray (which is made of 616 elements) and each require their own bias. Figure 5 is
a drawing of the antenna and controller, from which, the size concerns become apparent.

An eventual goal is to reduce the power draw to below 25W. Also of concern are the high

! The phase shifters are operated in reflect mode, not in a transmit mode. Up to 180 degrees of
phase shift are achieved in each direction for a total of 360 degrees.
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voltage switches. Even with using a semiconductor switching IC, the transition time (the
time from one updated input voltage to a new output on the phase shifter) is too long. The
transition time goal is 10uSec so as to prevent intersymbol interference. Form factor is
another concern; for a ferroelectric phased array to be practically implemented, especially
somewhere that size and weight are a premium, it should be light and compact, and the
same holds true for the bias circuitry as well. As depicted in Figure 6, the footprint for the

IC carries quite a penalty for the scale implemented on the reflectarray.

Figure 5: The 616 Element Reflectarray Controller Connected to the Reflectarray
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Figure 6: Element Controller with High Voltage Switching IC

This research explores the potential of the piezoelectric transformer (PT) as a
fundamental component in the voltage supply for a ferroelectric phase shifter. While the
previous power supply relied on magnetics in a DC-DC converter, this supply utilizes
piezoelectrics in an AC-DC converter. By virtue of the piezoelectric and reverse
piezoelectric effects, piezoelectric transformers succeed where magnetic ones fail;
however, they operate on completely different principles. Piezoelectric transformers are
electromechanical and therefore generate no electromagnetic interference. They also have

higher efficiencies and higher power densities than magnetics.
1.1.3 Piezoelectrics and the Piezoelectric Transformer

Piezoelectricity was discovered by Pierre and Jacques Curie in the 1880s while
studying the crystalline properties of quartz, tourmaline, and Rochelle salt. The Curies
discovered that a certain class of crystals deform in the presence of an electric field (now

known as the piezoelectric effect) and, conversely, develop an electric charge while being



mechanically stressed (the inverse piezoelectric effect). It was not until World War I
that practical application of piezoelectrics finally caught on, first with the use of Quartz
crystal oscillators in the frequency control of radio communication circuits. The twentieth
century saw the implementation of ceramic-based piezoelectrics such as lead
metaniobate, barium titanate, and lead ziconate titanate. Since then, piezoelectrics would
find use in a myriad of industries with applications as actuators, ultrasonic transducers,
sensors, and electrical filters [6]. Piezoelectrics are a subset of ferroelectrics but, what
makes them unique is that the crystals’ unit cells lack a center of symmetry. Piezoelectric
crystals retain an electrical polarization after being exposed to an external electric field,

as shown in Figure 7.

O

® (1.In

Figure 7: Lead Zirconate Titanate Elementary Cell

The remnant polarization gives the crystal the piezo and reverse piezoelectric

effects. Just like the aforementioned ferroelectrics, piezoelectrics are useful in bulk form,
9



but, also like ferroelectrics, bulk piezoelectrics form Weiss domains. Piezoelectrics
become amorphous about the Curie temperature and it is only below this that Weiss
domains form [3]. For the bulk substance to function uniformly, all of these domains
(and therefore their individual dipoles) must be first aligned. If they are, the entire bulk
substance behaves as one giant unit crystal. This alignment, known as poling, is achieved

by applying a large, static electric field to the raw piezoelectric substance.

et L
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Figure 8: Piezoelectric Poling in Weiss Domains

Figure 8 illustrates how the dipoles align themselves to the external field when a
voltage is applied to the now poled piezoelectric. With nearly every crystal in the field
doing this, the result is a mechanical distortion in the direction of the field. It does not
take a leap of the imagination to realize that when an alternating electric field is applied

to the sample, the result is an alternating (oscillating) motion in the crystal.

Because a piezoelectric crystal is a bulk device that is poled, it is now anisotropic.
Its behavior and properties are vector quantities in three dimensions and are referenced to
the original axis of poling and the applied electrical or mechanical stresses. To assist in

conveying this information, a coordinate system is used where the direction of positive
10



polarization is the z axis and serves as the reference. Referring to Figure 9, the X, y, and
z axes are represented by the numbers 1, 2, and 3, respectively. Forces or voltages
applied (or resulting) parallel to these directions are described by these numbers.
Shearing about the X, y, and z axes are described by the numbers 4, 5, and 6, respectively.
Radial forces or one applied to the whole surface, such as hydrostatic ones, are assigned

the letter p [7].
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Figure 9: Designation of the Axes and Directions of Deformation

To understand why performance metrics are used and necessitate a coordinate
system, it is first important to take a closer look at piezoelectric and reverse piezoelectric
actions. First, consider the case of applied voltage. This voltage is described by one of the
seven (the six shown in Figure 9 plus the p designation) coordinates indicating how it is
applied relative to the direction of poling. If the applied voltage is parallel to and is the
same polarity as the poled axis (three) then it is described by the number three and the
resulting expansion is in the poled axis direction and is also described as being in the
three direction. Applying a voltage in the same direction but in the opposite polarity of
the polled axis results in a constriction in the poled axis direction but all resulting
changes are described as being in the three direction. For forces or voltages perpendicular
to the axis of poling, the applied stimulus is in either x or y direction and is described as

being one or two, respectively, but with the results occurring in the three direction. The p
11



is assigned in special cases where the piezoelectric material experiences stresses to a
plane or entire surface [8]. This nomenclature is practically assigned to simple geometric
shapes like discs and plates but becomes somewhat complicated and impractical for more
complex geometries; however, it is very useful in understanding the behavior of these

materials and helps in understanding the functioning of the piezoelectric transformer.

Because piezoelectrics are anisotropic, their constants are tensor quantities
described using the aforementioned coordinate system. The constants are a measure of
the various properties of piezoelectrics and relate the interactions and directions of
applied and resultant stresses, and electric fields. Some constants are expressed with two
subscript indices, each referring to the direction of the related quantities, while others
apply to the piezoelectric substance’s chemical and electrical properties and are unrelated

to the polarization [6].

Permittivity, or dielectric constant, is the dielectric displacement per unit of
electric field and is expressed as €', where m can either be a T, indicating a condition of
constant stress, or an S, indicating a condition of constant strain. The n indicates which

axis the applied electric field is perpendicular to.

The compliance is a measure of strain produced per unit stress and is reciprocal to
the modulus of elasticity or Young’s Modulus. It is expressed as sj', where m is either E,
indicating a constant electric field, or D, for constant electric displacement. The n is the

direction of compliance for a strain in a particular direction.

The piezoelectric charge constant quantifies the effects of charges generated

within the piezoelectric material. It either defines the polarization per unit of applied

12



stress or strain per unit of the applied electric field and is indicated using dm,, Where m is
the direction of applied (or generated) electric polarization due to generated (or applied)

mechanical strain, respectively.

The piezoelectric voltage constant, indicated by gmn, is the electric field generated
in the m direction per unit stress in the n direction. Alternatively, it is the strain induced

in the n direction due to an applied electric displacement in the m direction.

The electromechanical coupling coefficient, Ky, is @ measure of how well the
piezoelectric material converts electrical energy into mechanical, and vice versa. The first
subscript, m, indicates the direction which a voltage is applied and the second, n,

indicates the direction along which the mechanical energy is applied or developed.

Other values included on piezoelectric materials datasheets might include the
Curie temperature, density, and dielectric loss factor, to name a few. An example of
manufacturers’ data for piezoelectrics is given in [9]. However the voltage constant,
charge constant, and electromechanical coupling coefficient are the most commonly used

for evaluating the performance of a particular piezoelectric.

These constants are applicable to both static and dynamic forces and fields. A
piezoelectric ceramic exposed to an alternating electric field will vibrate at the drive
frequency, and the same ceramic, mechanically oscillating, will produce an alternating
electric field. The directions of these produced oscillations are dependent on the
directions of poling and applied stimulus. From the physical characteristics of the
material, every ceramic element has a particular resonant and anti-resonant frequency

where, depending on the drive frequency, there is a point of either low or high

13



impedance, respectively. At the resonant point, the behavior is modeled with an

equivalent circuit [9].

The equivalent circuit values are determined by the ceramics’ material properties
and dimensions, C,, models the elasticity, L, is determined by the mass, C, is the output
capacitance between the surface electrodes and leads, and Ry, models the mechanical
losses in the device [8]. So for a given rectangular piece of piezoelectric ceramic
operating in the transverse mode (poling direction orthogonal to the direction of applied
field), there is a corresponding value for Kks;, ds;, and gs;, which in turn, determine the
equivalent parameters at resonance. The “at resonance” part should be regarded as a
caveat because the equivalent circuits neither accurately reflects the piezoelectric’s
neither off-resonance behavior nor its nonlinear characteristics [7]. Fortunately for most
at or near resonant applications, the model is sufficient. R, a model for the mechanical
losses, plays a prominent part in determining the quality factor, Qn, for the piezoelectric
device, because at resonance, mechanical losses are greatest, whereas dielectric losses are
minimal. The second source of losses are dielectric losses, they determine the electrical

quality factor, Qe, and are a maximum at off-resonance.

The first piezoelectric transformer was invented by Charles A. Rosen in 1954. He
coupled two piezoelectric elements together, one an input and the other an output, in what
is known today as a Rosen-type piezoelectric transformer, an example of which is
depicted in Figure 10. When the input piezoelectric is driven by a sinusoidal voltage, it
begins to oscillate mechanically at the same frequency. This, in turn, mechanically
vibrates the second half at the same frequency, creating a sinusoidal voltage on its output.

Through a combination of the piezoelectric and inverse piezoelectric effects, Rosen
14



realized a way to transfer energy using an electrical to mechanical and back to electrical
approach, and by varying certain properties as well as the driving signal he could also

vary the output to input voltage ratio [10].
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Figure 10: A Rosen-type Piezoelectric Transformer

So while the functionality is similar to a traditional transformer, the process by
which the voltage step-up or step-down occurs is entirely different. As mentioned before,
the piezoelectric transformer is a resonant-operated device, with the largest dimension of
the device determining the lowest resonant frequency [10]. The PT’s characteristic
resonant frequency is a result of its length and the standing waves generated within it.
The sinusoidal input and sinusoidal output generate a standing wave along the length of
the device. When the wave is proportional to the device’s length, there are nodes (areas
of greatest displacement) and anti-nodes (areas of least displacement). At the
fundamental frequency, the areas of greatest displacement are at a maximum and the
whole node (or nodes) fit on the length of the device [10]. So for Rosen-type
piezoelectric transformers, the drive frequency is proportional to half the device length.
Because of the proportionality of drive frequency to device length, the nearer the drive

frequency is to the resonant frequency, the greater the mechanical displacement is which

15



corresponds to greater voltages generated. Multiples of the resonant frequency will also
work but not quite as efficiently as the fundamental frequency. Other frequencies, both
harmonics of the drive frequency and others, increase the likelihood of other vibration
modes [10]. These other modes are vibrations propagating in the transformer but only
serve to dampen efficiency by diminishing the fundamental. The piezoelectric
transformer acts like a highly selective, band-pass filter. So perhaps if instead of driving
it with a sine wave, a square or saw tooth wave were used instead, then the PT would trap
those frequencies not at the resonant frequency and only that signal at the resonant
frequency would appear on the output. However, the other frequencies would likely
increase inefficiency through mechanical losses by inducing destructive modes of

vibration in the transformer, dampening the main mode, or increasing dielectric losses.

Figure 11 shows the accepted standard equivalent circuit model for a piezoelectric
transformer [7]. Chapter three is devoted to the further analysis of the equivalent model.
It allows engineers to analyze the device for practical purposes, but due to the non-linear
nature of piezoelectric transformers, it is only applicable around the resonant point. The
input and output static capacitances between the device terminals are modeled by Cj, and
Cout, respectively. The device resonance is modeled by L and C while R models the
mechanical dampening. Typically, a transformer is used to model the voltage transfer
ratio for the PT, but because the dielectric does not conduct current, some researchers

suggest modeling the gain with dependant voltage and current sources [11].

16



Figure 11: Equivalent Circuit Model for the Piezoelectric Transformer

Because of the PT’s non-linear nature, the equivalent component values are
dependent on operational and environmental conditions such as electric fields,
mechanical stress, temperature, aging, and depolarization [10]. Non-linear behavior is
exacerbated when the transformer is operated with large electric fields present due to the
great mechanical deformation and increased losses [12]. Because the transformer’s
performance depends on vibrations from a standing wave, mounting the device is of
critical concern [10]. It must be done in such a way that does not dampen the vibrations,
so typically what is done is the device, particularly the Rosen-type transformer, is
fastened to a cradle at a nodal point. This point should be the portion of the PT
experiencing very little mechanical displacement due to the standing wave transferring
energy from input to output. A soft and flexible material is the best choice to use in
fastening the PT to the cradle because it minimizes any detrimental mechanical
dampening. For research purposes, a Rosen-type piezoelectric transformer manufactured
by Steiner & Martins, Inc. of Miami, Florida is used. The SMMTF53P2S40 is a
multilayer, Rosen-type device made of lead zirconate titanate. From the manufacturers,
the equivalent circuit data is given as such: C; is 120nF, C is 8.8nF, C, is 18pF, L is 1.24
mH, R is 0.5Q, and N is 40 [13]. The piezoelectric constants for this particular device are
shown in [14]. The device consists of a rectangular piece of ceramic material with a

differently poled input and output half and vibrates along the length of the device [15].
17



For this reason it is referred to longitudinal mode vibration and the resonant frequency is

proportional to this length.

Table 1: Characteristics for the SMMTF53P2S40 Piezoelectric Material

Characteristics of Multilaver Piezoelectric Ceramic Materials

Item Unit Symbol | SMTML SMTAK
K, 0.62 0.50
Elect_romechani_cal Ko 0.70 0.66
coupling coefficient s
K: 0.37 0.27
Np 2200 2130
Frequency constant Hzem Ns; 1500 1460
Ni; 1700 1680
2 d3: 290 480
x10m/v
ds -140 -210
Piezoelectric constant
g o33 243 15.1
=x10"Vm/N
231 -11.5 -6.4
% 7.0 6.1
Elastic constant %10 N/m?
Y, 8.4 6.4
Poisson’s ratio o 0.27 0.42
Mechanical quality | Qu 2000 70
factor
Dielectric constant @1KHz g5/ g0 1300 3200
Dissipation factor %@1KHz | tand 0.5 23
Curie temperature C Te 290 210
Density g fem’ p 79 79

All measurements made according to IEEE standard on piezoelectricity. 176-1987

18
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Such devices are most suitable for high step-up voltage applications due to their
characteristically large gains and high output impedance [10]. The input section of the
SMMTF53P2S40 operates in the transverse mode and its function is described by the
piezoelectric constant ks;, meaning that its poling, applied electric field, and mechanical
displacement are all orthogonal to one another. The output half operates in the
longitudinal mode, ks3, where the poling, applied electric field, and mechanical
displacement are all parallel to one another. Electrodes are attached using a conductive
epoxy and placed respective to the devices’ poling. Figure 12 is of the mechanical
drawings for the multilayer piezoelectric transformer, provided by Steiner & Martins.
Everything from electrode placement to footprint is clear and it is important to take note
of how much greater the length is compared to the width or thickness of the device, as
this is what determines the mode of propagation. Knowing the polarization from the

19



provided piezoelectric constants and observing the electrode placements on the device
indicates the electrical and mechanical displacement within the transformer’s length. The
mechanical drawing also depicts an effective means of mounting the device: by using a
cradle that is attached to the PT at a node using a soft material and to the electrodes using

flexible conductor, so as to not dampen the device’s vibrations.

The primary characteristic that makes the Rosen-type PT function so well at high
voltage step-up is that its entire length is so much greater than either its width or
thickness. This assures that a standing resonant wave is at its greatest size for the device
and exerts maximum mechanical displacement, and therefore resulting in minimum
losses, and maximum electrical stress. Due to the output half operating in the longitudinal
mode (the most effective) the step-up gain is much higher [10]. Another part of the
SMMTF53P2S40’s design that allows it have such a high voltage gain is that it is made
using multilayer construction. Instead of the input and output halves being made of bulk
piezoelectric material, they are instead made of layers of piezoelectric ceramic with a thin
metal conductor sandwiched between them. The first benefit to this is that it increases the
total surface area and volume of piezoelectric ceramic, allowing more charge
accumulation and consequently, higher voltages to be achieved [12]. The second
advantage to multilayer construction is the improved thermal conductivity, which if poor,

leads to detrimental effects on PT performance [16].
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1.2 Problem Formulation

It is the focus of this work to explore and develop a proof-of-concept driver
circuit for a ferroelectric phase shifter based on piezoelectric transformer technology. The
piezoelectric transformer is but one part in a bias circuit for controlling the ferroelectric
phase shifter. In order to successfully replace the current high voltage switching circuitry,
the developed circuit must be able to step through 0 to 300 Vdc, be lightweight and

compact, and draw as little current as possible.

With these improvements, the hope is that phased array antennas become a more
practical option for engineers, particularly on space platforms. Two phased arrays were
ever flown on NASA missions: an X-band array on the EO-1satillite and an X-band array
on board the MESSENGER space probe. Despite being attractive from a performance
viewpoint, cost and efficiency continue to curtail the greater widespread use of phased

arrays.

The first step in developing the phase shifter driver circuit is to study the
piezoelectric transformer itself. Because the prime motivation for developing this
technology is for a space based phased array, it is necessary to evaluate the PT’s behavior
to cryogenic temperatures. We know the upper thermal limit of the device is the Curie
temperature. This is the temperature where the piezoelectric material loses polarization
and ceases to exhibit piezoelectric behavior,. The successful operation of the phased array
depends on phase shifters driven by a PT-based circuit, so it is important that the driver

circuit be reliable under all conditions, especially ones as dynamic as space. With
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cryogenic data at hand, further design considerations can be made to accommodate for

the low temperature effects of the PT’s performance.

Since the piezoelectric transformer’s performance is frequency sensitive, it is
necessary to extract the frequency response of the gain and both input and output
impedances from each device under test. While the ferroelectric phase shifter is itself a
negligible load, approximated by a resistor in the tens of Megaohms, other components
could have unforeseen effects on the PT. Once the peculiarities are better understood,

driver circuit design and evaluation can begin.

1.3 Thesis Organization

This thesis is laid out so as to illustrate the steps taken that led to a successful
proof-of-concept ferroelectric phase shifter driver circuit. In chapter one, an introduction
to the technologies presented is given. The underlying principles of piezoelectrics, and
the piezoelectric transformer in particular, are explained and should give the reader a
thorough understanding for the material that follows. Chapter two focuses on the
piezoelectric transformer and its operating characteristics with a particular focus on the
frequency response and device loading with consideration given to nonlinearities. The
devices’ behavior at cryogenic temperatures will also be explained. The driver circuit
engineering is explained in chapter three. It covers the circuit topology and theory of
operation, component selection, troubleshooting, and performance results. Attention is

also given to power consumed by the circuit. Modeling is an important tool as it
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highlights a system’s properties and behavior. Chapter three explores the equivalent
model, compares it with the experimental response, and employs it in determining the
equivalent circuit parameters. Chapter four provides results for the new integrated phase
shifter circuit. In this section, the circuit is evaluated on how well it meets the design
criteria. While the fundamental goal remains achieving significant phase shift at Ka-
bands, this thesis also explores different techniques for adjusting the phase shifter’s bias

voltage.

As with any prototype, there are bound to be shortcomings, especially in a circuit
with non-linear components. The research’s conclusion makes the case for successful
future work by examining those shortcomings in the driver circuit and discussing its
actual implementation onto the ferroelectric reflectarray antenna. In doing so, potential
solutions are offered to improving its performance and making it more practical for actual

use.
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CHAPTER I

CHARACTERIZING THE MLPT

2.1 Motivation

From chapter one, the underlying principles of piezoelectrics and piezoelectric
transformers are given with an emphasis placed on the electrical-mechanical-electrical
exchange. However it is critical to focus on a detail only briefly touched upon, that the
piezoelectric transformer is a non-linear, resonant device. Despite being modeled by a
second order circuit, the equivalent circuit model only approximates the PTs behavior for
a limited set of operating conditions. The resonant components modeling the frequency
response, as well as the transformer modeling the gain, are themselves dependant on the
piezoelectric material constants. For a given set of operating conditions and a limited
bandwidth of operation (around the resonant point), a PT closely resembles a high Q
factor, second order system. A piezoelectric transformer is a dynamic system whose

parameters change under environmental conditions and load.

24



Therefore, to more effectively utilize the device, especially under the conditions
of desired operation, characterizing the behavior of the PT is necessary. To that end, it is
important to determine the frequency response and impedance of the device over a range
of temperatures especially since the ultimate application could require operation in the
temperature extremes of space. The Space Shuttle payload bay experienced temperatures
in excess of 170 K to 370 K, depending on attitude, payload power, and many other
factors. Diurnal lunar temperatures span about 100 K to 400 K. Martian surface
temperature ranges from about 130 K to nearly 300 K. The room temperature operation is
a sensible place to begin since it is convenient and where the driver circuit development
is taking place. From there the device is characterized at cryogenic temperatures as low
as 40 K where the PT might operate in the cold of space. By observing changes occurring
in the frequency response, such as a shifting resonant point, varying quality factor, or
varying gain, the corresponding changes in the equivalent circuit model, and ultimately
the piezoelectric constants, are deduced. Determining the frequency response is important
to forming a driving scheme for the device. Seeing how it changes over temperature
illustrates the design considerations that must be addressed in a final implementation of a
driver circuit for a ferroelectric phase shifter based on a piezoelectric transformer. The
frequency response is critical to understanding how best to drive the PT. To investigate
further the effects of cryogenic exposure to the PT, laser radar mapping of the
transformers’ dimensions is used to look for change in device length. Any observed
change would correspond to a shift in the resonant frequency. The impedance data is
useful for extracting device parameters, determining how best to drive the device and

understanding how it behaves in different points of operation. Using the results of a
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frequency response and impedance measurement, a direct comparison is made with those
at cryogenic temperatures to see what effects temperature has and infer how it changes

the piezoelectric constants and in what manner.

2.1.1 Cryogenic Theory of Piezoelectrics

Piezoelectric behavior at cryogenic temperatures is explored in [17] and [18]. In
[17], the author brings samples of barium titanate and lead zirconate titanate to liquid
helium temperatures in a dewar and measures their coupling coefficients, frequency
constants, dielectric constants, and losses. In [18], the researcher takes a more in-depth
and thorough approach, analyzing various samples of PZT from -150°C to 300°C. This
study also evaluates the effects of temperature on the piezoelectric coupling coefficients,
dielectric constants, and losses too, with an analysis of the added thermal-mechanical
effects. Both studies find that as piezoelectric ceramics become cooler, the piezoelectric
charge and voltage constants and the coupling coefficient are all reduced. This indicates a
decreased effectiveness in the stress-electric charge relationship of the piezoelectric
material. The dielectric constant decreases over lower temperatures resulting in the
piezoelectric substance having a poorer response to an applied electric field or
mechanical stress. A reduction in compliance is observed, corresponding to an increase in
Young’s Modulus. This reduction in elasticity affects how mechanical waves propagate
through the substance and is confirmed by an increase in the frequency constant. Lastly,
at cooler temperatures, the piezoelectric substance becomes less lossy. All the

aforementioned changes are attributed to a reduction in piezoelectric domain wall
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mobility. The aforementioned works give a very good idea of what is expected from a
piezoelectric-based device subjected to the deep cold of space. Since the MLPT is a more
complicated arrangement of piezoelectric materials, further analysis of the cryogenic

condition is necessary.

2.2 Experimental Characterization: Procedure and Results

The SMMTF53P2S40 MLPT is analyzed for the frequency response under room
temperature and cryogenic conditions. To do so, a 1 Volt peak-to-peak (Vpp), sine wave
is applied and swept through a series of frequencies around the devices’ natural resonant
frequency. To drive the PT, an operational amplifier (Op Amp) was wired as a unity gain
amplifier buffering the signal from a benchtop signal generator while an oscilloscope
measured the output. The driver details are left to chapter three. The frequency was swept
from 45 kHz to 60 kHz in 250 Hz increments. This range is large enough that all shifts in
the devices’ natural and working resonant frequencies (53 kHz and 55 kHz, respectively)
are observable. The natural resonant frequency is characteristic of just the piezoelectric
bar (its dimensions and properties) and the working resonant frequency is a manufactured
specified value for operating the device under load. The input impedance was measured
using an HP4192A impedance analyzer and the magnitude and phase were recorded from

48 kHz to 60 kHz.

Cryogenic testing was done using a closed-cycle, helium-cooled cryostat. The

whole setup is shown in Figure 13.
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Figure 13: Cryostat and Instrumentation

The PT cradle was epoxied to a thin piece of aluminum to make handling it easier
and to provide a surface for thermal contact. The Tra-bond epoxy is thermally conductive
and has a low emissivity. This ensures improved heat flow. A silicon-based heat sink
compound was applied between the aluminum plate and cold finger to assure good
thermal contact. The device electrodes were accessed via probes into the cryostat. This
also allowed the application of other sensors. Due to the thermal impedance between the
cold finger and the PT (the adhesive holding the PT to the cradle, the cradle itself, the

thermally conductive epoxy, the aluminum plate, and the heat sink grease), a way to
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measure the PT’s temperature directly was necessary. A resistance temperature detector
(RTD) was epoxied, using the same material holding the PT to the aluminum plate, to the
main node of the PT. At the fundamental node there is little mechanical displacement of
the PT from the standing wave in it so attaching the PT should cause minimal mechanical
dampening. The setup, with the PT connected to the cryostat’s cold finger and wired to

all the electrodes, is shown in Figure 14.

Figure 14: PT Setup for Cryogenic Testing

Frequency response can now be measured at sequentially lower temperatures of

the PT.

29



