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Abstract—A new concept for phased arrays is proposed us-
ing a voltage-controlled ferroelectric lens. The ferroelectric lens
concept uniquely incorporates bulk phase shifting—the array
does not contain individual phase shifters—using ferroelectric
material. This will reduce the number of phase shifters from
(n�m) to (n+m), wheren is the number of columns andm is the
number of rows in a phased array. The number of phase shifter
drivers and phase shifter controls is also significantly reduced
by using row-column beam steering. Thus, the ferroelectric lens
concept can potentially lead to low-cost phased arrays. This paper
presents the ferroelectric lens concept, theoretical analysis and
design, and experimental results. The results indicate that the
ferroelectric lens concept is viable and sound. Various phased-
array configurations using ferroelectric lens are included. A
brief discussion on ferroelectric materials is included along with
information on a U.S. Department of Defense program to improve
ferroelectric materials.

Index Terms—Bulk phase shifting, ferroelectric materials/de-
vices, lens antennas, phased arrays.

I. INTRODUCTION

PHASED-ARRAY antennas can steer transmitted and re-
ceived signals without mechanically rotating the antenna.

Each radiating element of a phased array is normally 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 diode phase shifters. Phase shifters using ferroelectric
materials have been proposed [1], [2]. The cost of a phased
array mainly depends on the cost of phase shifters and drivers.
A typical array may have several thousand elements and that
many phase shifters and drivers; hence, it is very expensive.
Therefore, reducing the cost and complexity of the phase
shifters, drivers, and controls is an important consideration
in the design of phased arrays. The phased array reported here
uniquely incorporates bulk phase shifting—the array does not
contain individual phase shifters—using ferroelectric material.
This will reduce the number of phase shifters from
to , where is the number of columns and is the
number of rows in a phased array. The number of phase shifter
drivers and phase shifter controls is also significantly reduced
by using row–column beam steering. Bulk phase shifting using
diodes has been proposed [3] and reasonably developed [4] in
the radant lens. The lens described here uses voltage-controlled
ferroelectric, which introduces analog phase shift rather than
digital phase shift as in the radant lens. The ferroelectric lens
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Fig. 1. Basic configuration of the ferroelectric lens.

has the further advantages of smaller lens thickness, higher
power handling capability, simpler beam steering controls, and
it uses less power to control the phase shift compared to the
radant lens. Thus, it leads to low-cost phased arrays. However,
it should be noted that the use of row–column steering may
limit the level of sidelobes that can be achieved. For the
present study, it is assumed that ultralow side lobes are not
a requirement and that row–column phase control can be used
to significantly reduce the phased-array cost.

II. DESCRIPTION OFFERROELECTRIC

LENS AND ITS OPERATION

The main feature of the antennas that use ferroelectric
material is the change of permittivity with an applied dc
control voltage. A lens type antenna is discussed in this paper.
Fig. 1 shows a dielectric lens made up of dielectric slabs
sandwiched between conducting plates. Dielectric slabs are
made up of ferroelectric material whose dielectric constant
can be changed by applying and varying the dc electric field
(dc voltage sources , are used for this purpose,
as shown in Fig. 1). If a plane wave is incident on one
side of the lens with RF electric field normal to the
conducting plates, the beam coming out on the other side
of the lens can be scanned in the-plane if a linear phase
gradient is introduced along the-plane direction by adjusting
the voltages , . The corresponding dielectric
constants are shown as in Fig. 1.

U.S. Government work not protected by U.S. copyright.
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(a)

(b)

Fig. 2. (a) A more practical configuration of the ferroelectric lens. (b) Top
view of one column.

Fig. 1 is used to illustrate the principle of operation of
a ferroelectric lens. However, it has some limitations. To
reduce the lens complexity and weight, the number of dc
control voltages and the number of conducting plates need
to be minimized. This can be achieved by selecting the
separation between the conducting plates to be slightly less
than ), similar to interelement spacing in any
phased array in order to avoid grating lobes, whereis the
free-space wavelength, and is the maximum scan angle.
Normally, the space between the conducting plates would be

. However, in a ferroelectric lens, this space is filled
with a high dielectric constant ferroelectric material and so
the space between the plates is much larger than, where

is the wavelength in the ferroelectric. This means that
higher order modes may propagate. Therefore, to eliminate
the problem with higher order modes, the spacing between the
conducting plates should be kept to less than. In addition,
there should be some type of impedance matching arrangement
to match the lens surface to free-space.

Fig. 2 shows a more practical lens configuration. This con-
figuration has several advantages over the basic configuration

of Fig. 1. A stepped configuration is used for impedance
matching to reduce the amount of dielectric material, to
eliminate higher order mode propagation, and to reduce the
bias voltage necessary to create a certain amount of dc electric
field intensity within the ferroelectric material. Quarter-wave
dielectric transformers are used for impedance matching of the
empty waveguide region to the ferroelectric-loaded waveguide
region. More than one transformer may be needed depending
on the value of the dielectric constant of the ferroelectric mate-
rial and the degree of matching needed. A further refinement is
also shown in Fig. 2. This refers to the way the dc bias voltage
is applied to the ferroelectric material. An additional center
conducting plate is used to bifurcate the ferroelectric material.
The dc voltage is applied between this center conducting plate
(recessed with respect to parallel plates) and the parallel plates.
Since the dielectric material is bifurcated, only half the dc
voltage needs to be applied to produce the same dc electric
field intensity. It is this dc electric field intensity that controls
the dielectric constant of the ferroelectric. In addition, the
parallel plates are at ground potential. This makes the handling
of the lens safer.

The lens thickness needed to use the lens as a scanning
antenna can be determined as follows. Letbe the lens
thickness as shown in Fig. 1. Let the dielectric constant of any
one dielectric slab be when no bias voltage is applied.
The dielectric constant of a ferroelectric decreases as the bias
voltage is increased. Let be the dielectric constant when
maximum dc bias is applied. The phase introduced by the slab
when no bias voltage is applied is given by

(1)

Similarly, the phase introduced by the same slab when max-
imum bias voltage is applied is given by (note: dielectric
constant decreases with applied bias voltage)

(2)

Then, the maximum phase change when the maximum bias
voltage is applied is

(3)

For scanning applications, this maximum phase change should
be equal to (as in the case of a phase shifter used in a
scanning array), hence (3) becomes

(4)

So, the thickness of the ferroelectric material needed (in the
direction of propagation) to obtain 360phase shift is

(5)

Tunability can be defined for a ferroelectric as the fractional
change in the dielectric constant with applied dc bias voltage or

Tunability (6)
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Fig. 3. Amount of ferroelectric needed for 360� phase shift.

Now (5) can be written in terms of tunability as

tunability
(7)

So, the thickness of the ferroelectric material needed is a
function of the dielectric constant and the tunability of the
ferroelectric and the wavelength. The relationship shown in (7)
is illustrated in Fig. 3 for typical of 90 and 120. Additional
discussion on this relationship is included later.

Also, it can be shown [5] that the attenuation constant for
a uniform plane wave propagating in a low-loss dielectric is

(dB) (8)

where is the loss tangent. Using (7), we see that in
order to obtain 360 phase shift, the dielectric loss through
the ferroelectric is

(dB)
tunability

(9)

It may be noted that the lens loss is independent of the
ferroelectric permittivity and depends only on its loss tangent
and tunability. This equation is plotted in Fig. 4. It can also
be approximated by using the Binomial series as

(dB)
tunability

(10)

In general, the ferroelectrics with higher offer higher
tunability, which is desired to reduce the lens thickness.
However, the lens matching to free-space is easier for smaller

. Therefore, a compromise is needed between reducing the
lens thickness (to reduce overall lens size) and achieving
reasonable impedance match to reduce reflections from the

Fig. 4. Ferroelectric loss for 360� phase shift.

lens surface. For a typical value of , it is possible
to obtain a tunability of 20% which results in a reasonable
lens thickness of (e.g., 3 cm at 10 GHz), as shown in
Fig. 3. For this reason, ferroelectric materials with
were chosen for the experimental work which will be discussed
later. In Fig. 4, it can be seen that needs to be less than
0.005 to limit the lens loss to less than 1 dB. The existing
ferroelectric materials are a bit more lossy (
at 10 GHz) and further research is needed to reduce losses.
Additional discussion will be included when the experimental
results are discussed in a later part of the paper.

The ferroelectric lens offers electronic scanning in one
plane. The lens proposed here can be fed by a nonscanning
planar array, like a slotted waveguide array. A combination
of slotted waveguide array with phase shifters and the lens
proposed here can be used as a phased array which can scan
in two planes. A space feed can be used with the combination
of two lenses proposed here (with a polarization rotator in
between) to scan the beam in two planes. The details of these
alternatives are discussed in the next section.

III. PHASED-ARRAY CONFIGURATIONS USING

FERROELECTRICLENS FOR 2-D SCANNING

A single ferroelectric lens provides one-dimensional (1-D)
electronic scanning. Two-dimensional (2-D) scanning can be
achieved by cascading two ferroelectric lenses or using one
ferroelectric lens in a hybrid configuration with a phased array
which can scan in one plane.

Fig. 5 shows the cascading of two spatially orthogonal
ferroelectric lenses. The first lens provides an elevation scan
of a vertically polarized wave. A 90passive polarization
rotator then rotates the electric field to become horizontally
polarized. The second lens then provides the azimuth scanning
of the horizontally polarized wave. In Fig. 5, a planar array is
shown as the illuminator (or feed) for the dual lenses. A space
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Fig. 5. Dual lens configuration with a planar array feed.

Fig. 6. Dual lens configuration with a space feed.

feed can also be used, as shown in Fig. 6, with the dual lens
configuration. In this configuration, in addition to scanning
the beam, row-column phase controls can also be used to
correct the spherical phase errors due to the point space feed;
however, this phase correction is not exact, but it is satisfactory
for many applications. Spherical phase error corrections for
an offset feed configuration is not possible with row–column
phase controls. So, offset feeding is not recommended for dual
lens configuration.

Another method of achieving 2-D scanning uses a hybrid
technique in which a planar array with phase shifters provides

Fig. 7. Hybrid phased-array configuration for 2-D scanning.

scanning in one plane and the ferroelectric lens provides the
scanning in the other plane. For example, consider a stacked
slotted waveguide array with the slots in the narrow wall of
the waveguide. Each waveguide is fed through a phase shifter
at its input. Scanning in one plane is achieved with these
phase shifters. Scanning in the orthogonal plane is obtained
by placing a ferroelectric lens in front of the waveguide array,
as shown in Fig. 7. For the reasons mentioned before, the
cost of the phased arrays which use ferroelectric lens will be
much less than the phased arrays that use phase shifter or T/R
module behind each radiating element.

IV. FERROELECTRICMATERIALS

A ferroelectric material possesses spontaneous polarization.
However, in our application, we use the material in the nonfer-
roelectric (paraelectric) state above the Curie temperature. The
high and of ferroelectric materials have limited their
applications in phased arrays. Recent improvements in ferro-
electric composite materials at the Army Research Laboratory
(ARL), Aberdeen Proving Ground, MD, prompted renewed
interest in developing phase shifters at microwave frequencies.
The materials are bulk oxide-ceramic composites of barium
strontium titanate oxide (BSTO). ARL has also developed a
simple, low-cost processing technique for their manufacturing
[6]–[8]. It involves mixing barium titanate (BaTiO) and
strontium titanate (SrTiO) powders. The resulting BSTO
powder is calcined and mixed with an oxide. After pressing
and sintering, the composite is ready to be machined. Table I
lists the properties of several ARL ferroelectric composites at
room temperature. The first column indicates the Ba/Sr ratio
of the composition. The second column shows the weight
percent oxide in the composition. The third column is the
Curie temperature. The fourth column is the ferroelectric tun-
ability at 2 V/ m. The lower the Curie temperature, the more
paraelectric (and so the less tunable) the material becomes
at room temperature. The last two columns listand
measured at 1 kHz and 10 GHz. Low frequency results were
calculated from capacitance measurements. Measurements at
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(a)

(b)

Fig. 8. Matching networks. (a) Three-section matching network. (b) Four-section matching network.

TABLE I
PROPERTIES OFARL BULK FERROELECTRICS

10 GHz were performed by Dr. R. Geyer at the National
Institute of Standards and Technology and confirmed with our
measurements. We see that, in general, tunability,, and
decrease with decreasing Ba content; they also decrease with
increasing oxide content. After oxide is added, changes
much less with frequency. As expected for ceramics,
increases with frequency; however, it is far lower than that
of any other tunable ferroelectrics. Measurements at higher
bias voltages indicate that tunability increases linearly with an
increase in bias voltage.

V. THEORETICAL ANALYSIS AND EXPERIMENTAL RESULTS

For the theoretical analysis of the ferroelectric lens, an
individual section between two conducting parallel plates
of the lens can be considered as one column of a phased
array. Initially, the column height is considered infinite in
extent and, hence, it becomes a 2-D parallel-plate wave-
guide with electric field normal to the plates as shown in
Fig. 2(b). The lens column fed by a parallel-plate waveguide
was evaluated assuming transverse electromagnetic (TEM)
mode propagation. To eliminate higher order mode propa-

gation, the ferroelectric slab thickness between one of the
parallel plates and the central conducting plate is limited to
less than , as discussed earlier. Theoretical analysis was
also performed using Touchstone, a commonly available
software, for a rectangular waveguide with a cross section
shown in Fig. 2(b). The analysis was done assuming different
column heights (waveguide widths). For widths larger than

, the rectangular waveguide results matched well with
parallel plate results. For practical reasons, most of the initial
measurements were performed in a reduced height-band
rectangular (WR90) waveguide. Theoretical and experimental
results for the waveguide configuration along with a brief
description of the ferroelectric lens and its principle of oper-
ation have been reported earlier [8]–[11]. This paper includes
the detailed theoretical analysis of the ferroelectric lens along
with the extensive experimental results. Theoretical analysis
also indicated that the results are better for a parallel-plate
waveguide than with a rectangular waveguide.

In this paper, for theoretical analysis and numerical results,
the geometry was restricted to be 2-D since each column of
the ferroelectric lens is predominantly 2-D as discussed earlier.
Because the lens is to be fed with a linearly polarized field
with the electric field normal to the conducting plates, the lens
was analyzed only for that case. A single column of the lens
fed by a parallel-plate waveguide was evaluated as a parallel-
plate waveguide. Therefore, the results presented here are for
a single column of the lens and do not include the effects of
mutual coupling between columns.

A. Analytical Solution

We have considered two impedance matching networks
to match the lens surface to free-space over a broad range
of frequencies. Both networks use multisection impedance
matching transformers. They are shown in Fig. 8, which are
the top views of one column. The matching network in
Fig. 8(a) uses three transformers. The matching network in
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Fig. 8(b) uses four transformers. Each transformer is a section
of a parallel-plate waveguide. In Fig. 8(a)

where .
In Fig. 8(b)

where .
are the lengths of the waveguide sections,are the

heights (separations between the parallel plates) of the wave-
guide sections and are the dielectric constants of the
dielectrics completely filling the waveguide sections.is the
dielectric constant of the ferroelectric material. Since the input
and output sections of the lens are identical (empty parallel-
plate waveguide), the same matching network can be used at
both ends. The matching network provides impedance match-
ing between the empty semi-infinite parallel-plate waveguide
( and in Fig. 8) and the waveguide section completely
filled with the ferroelectric ( in Fig. 8). The heights of
waveguides and are chosen to assure that only the
dominant TEM mode will propagate in the waveguides and
that grating lobes are not formed when an antenna is designed
by arraying several columns together. Because waveguide
is filled with a high dielectric constant material, its height is
chosen to be much smaller than the height of waveguides
and to eliminate higher order mode problems. The heights
of waveguides and are the same and are approximately

at the highest frequency of operation in order to avoid
grating lobes.

The matching network of Fig. 8(a) uses a design with three
transformers where the first transformer is an empty parallel-
plate waveguide whose height is between that of waveguide

(or ) and . The other two transformers are parallel-plate
waveguides completely filled with dielectric materials whose
relative permittivities are between that of air (or unity)
and that of the ferroelectric. Dielectric constant of the first
transformer is less than that of the second transformer. The
heights of these two transformers are the same as the height
of waveguide . The matching network of Fig. 8(b) uses
four transformers where the first two transformers are empty
parallel-plate waveguides whose heights are between that of
waveguide (or ) and . The height of the first transformer
is larger than the height of the second transformer. The other
two transformers are parallel-plate waveguides completely
filled with dielectric materials, whose relative permittivities are
between that of air (or unity) and that of the ferroelectric. The
heights of these two transformers are the same as the height
of waveguide . Dielectric constant of the first transformer is
less than that of the second transformer.

Since a single ferroelectric lens provides electronic scanning
in one plane, another lens or antenna is needed to scan in
the second plane. If the first antenna (the one closer to the
transmitter/receiver) is a lens, the electromagnetic wave is
incident normally on this lens from the feed. This lens will

create a phase gradient in one plane and its radiation will be
incident obliquely onto the second lens. For the theoretical
analysis of one column, we assume that the dominant TEM
mode is obliquely incident in the -plane. The electric field is
orthogonal to the waveguide plates (-direction). The magnetic
field is in the plane parallel to the waveguide walls. The
oblique incidence angle is measured with respect to theaxis.
This is the scan angle of the first antenna. A time dependency
of is assumed, and the waveguide walls are assumed
to be perfect conductors.

As a plane TEM wave is obliquely incident on the matching
network from waveguide , some of the energy associated
with the incident wave will be reflected back to waveguide

. We will derive an analytical solution for the reflection
coefficient and use this solution to design the optimum match-
ing network which minimizes the magnitude of the reflected
field for a range of incidence angles over the frequency band
of interest and for the required change of the ferroelectric
dielectric constant to obtain 360differential phase shift. The
case of normal incidence represents a special case of oblique
incidence where the incidence angle is zero.

The optimization algorithms were devised and computer
programs have been written based on the analytical solutions.
As optimization parameters, computer programs use lengths
of the transformers, height(s) of the empty waveguide trans-
former(s), and the dielectric constants of the materials in the
last two transformers.

First, consider the matching network which uses four trans-
formers shown in Fig. 8(b). Assuming that the dominant TEM
mode is obliquely incident, the electric field in waveguide
can be written as

(11a)

where is the amplitude of the incident wave, is the
free-space wave number, andis the oblique incidence angle.
The magnetic field components of the incident TEM mode are
defined using Maxwell’s equations as

(12a)

and

(12b)

where is the free-space permeability. Based on (11a) and
(12a), the component of the incident wave’s magnetic field
can be expressed as

(11b)

Reflection occurs at the interface between waveguideand
the matching network. The angle of reflection is equal to the
angle of incidence. The reflected wave’s field components in
waveguide are

(13a)

and

(13b)

where is the amplitude of the reflected wave.
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Since the input and output matching networks are identical,
the angle at which the plane wave propagates in waveguide

[area X in Fig. 8(b)] is equal to the angle at which the
plane wave was incident in the waveguide. The electric
and magnetic fields of the dominant mode in area X can be
written as

(14a)

and

(14b)

where is the amplitude of the wave in waveguide(area
X).

In area IX of Fig. 8(b), the electromagnetic fields can be
represented as a sum of two waves: the first wave travels in
the positive direction with an amplitude ; the second wave
travels in the negative direction with an amplitude . The
fields can be written as

(15a)

and

(15b)

and are to be determined from the boundary conditions
at the interfaces between areas VIII and IX and areas IX and
X. The oblique angles of the waves propagating in area IX
are the same as in area X because both areas are filled with
the same dielectric (air).

The boundary conditions require that the tangential com-
ponents of electric and magnetic field be continuous at all
discontinuity interfaces. The interface between areas IX and
X is at

(16)

and the boundary conditions are

(17a)

and

(17b)

Substituting electric field expressions from (14a) and (15a) into
the boundary condition (17a), followed by integration over the
interval leads to

(18a)

Similarly, substituting magnetic field expressions from (14b)
and (15b) into the boundary condition (17b) followed by
integration over the interval leads to

(18b)

Dividing (18a) by (18b), we get

(19)

where

(20)

Using (19)–(20), the electromagnetic field components
and can be expressed as

(21a)

and

(21b)

Continuing this process of writing the TEM field components
in each consecutive area and applying boundary conditions at
each interface, we arrive at the expression for the dominant
mode-reflection coefficient in waveguideas reported earlier
[12]

(22)

where

(23)

(24)

(25)

(26)

(27)

(28)

where . In order to determine the reflection coefficient
for the matching network, which uses four transformers
is needed. It is computed iteratively as follows. Initially,

is used to compute and then is computed;
is used to compute and so on until can be computed.

A similar solution was derived for the matching network
which uses three transformers shown in Fig. 8(a). It is ex-
pressed by the same set of equations as (22)–(28), except now
with .
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Fig. 9. Reflection coefficient for normal incidence with three-section match-
ing network for various dielectric constants ("r = 80; 90;100;110, and
120).

B. Optimization and Numerical Results

Using the analytical solutions that were developed in the
previous section, optimization algorithms based on the min-
imax approach have been devised and computer programs
have been written to implement these algorithms [12]. The
programs optimize the length of each transformer. For the
transformers that use empty parallel-plate sections, the height
is also optimized. For the last two transformers that use di-
electric materials, the programs evaluate various combinations
of dielectric constants; we use only the dielectric constants of
materials that can readily be obtained from manufacturers. The
height of the waveguide containing the last two transformers
is the same as the height of the waveguide containing the
ferroelectric material.

The programs provide the optimum values of the trans-
former parameters that minimize the magnitude of the reflected
field for a range of incidence angles over the frequency band
of interest and for the required variation of the ferroelectric
dielectric constant to obtain 360differential phase shift.

The matching network that uses three transformers
[Fig. 8(a)] does not provide a low enough reflection coefficient
for a wide range of incidence angles. However, for normal
incidence, the reflection coefficient is sufficiently low. The
optimization was conducted assuming that the dielectric
constant of the ferroelectric varies from 120 to 80 over a
frequency range of 8–12 GHz (40% bandwidth) and that

; ; . The computed results
for normal incidence are shown in Fig. 9. The corresponding
optimum parameters are: ; ;

; ; ; .
These results were compared with the results obtained by
using commercially available software “Touchstone” for a
rectangular waveguide. When the width of the rectangular
waveguide is chosen to be greater than , the results
obtained with Touchstone are identical to results obtained
from our computer program for the parallel-plate waveguide
structure under consideration.

The matching network that uses four transformers
[Fig. 8(b)] provides sufficiently low reflection coefficient
even for the case of oblique incidence. The optimization
was performed for incidence angle range of 0–55 and

(a)

(b)

(c)

Fig. 10. (a) Reflection coefficient for"r = 100, several incidence angles
(� = 0; 10;20;30;40;50, and55�), and 30% bandwidth with four-section
matching network. (b) Reflection coefficient for"r = 90, several incidence
angles (� = 0; 10;20;30;40;50, and 55

�), and 30% bandwidth with
four-section matching network. (c) Reflection coefficient for"r = 110,
several incidence angles (� = 0; 10;20;30;40;50, and 55

�), and 30%
bandwidth with four-section matching network.

for frequency range of 8.5–11.5 GHz (30% bandwidth).
The dielectric constant of the ferroelectric was assumed to
be 100. Variation of the dielectric constant was not used
in the optimization although it can be included. Again,

; ; . The
optimum parameters are: ; ;

; ; ; ;
; . The reflection coefficient is calculated

to be less than 0.13, as shown in Fig. 10(a); seven curves
are plotted corresponding to seven incidence angles. With
all other parameters kept constant, the dielectric constant



466 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 3, MARCH 1999

Fig. 11. Experimental setup for one column of the lens.

of the ferroelectric was changed to 90 and 110 to examine
the effect of applying dc bias voltage on the reflection
coefficient. The results are shown in Fig. 10(b) and (c); there
is no significant change in the magnitude of the reflection
coefficient compared to that of Fig. 10(a). These results
indicated that the lens is well matched even after applying
dc bias voltage to scan the beam.

Theoretical results presented in this section indicated that a
ferroelectric lens can be designed, which is well matched over
large scan angles and broad frequency range. The reflection
coefficient can be reduced further (or the matching can be
improved) by decreasing the frequency bandwidth and/or the
range of incidence angles over which the lens operates. If
necessary, the matching can also be improved by increasing
the number of transformers in the matching network.

C. Experimental Results

The measurement setup is shown in Fig. 11. An HP 8720B
Network Analyzer is connected to a WR90 (-band rectan-
gular) waveguide through a coax-to-waveguide transition. The
width of the WR90 is flared from 0.9 in to 5 in to create
a -plane horn, which feeds the parallel-plate column. The
column uses the matching network with three transformers.
The transformer parameters were given in the previous section
and the reflection coefficient was shown in Fig. 9. The network
analyzer measures theparameters of the column as a function
of frequency and dc bias voltage. The ferroelectrics were 1
in long (in the direction of propagation), 0.05 in high and 5
in wide. Experiments were performed with BaSr TiO
with 60% oxide. This material offered a good compromise
among , , and tunability. Properties of this material
are given in Table I; and at 10
GHz. Fig. 12 shows the measured transmission and reflection
coefficients of this material. Since the input and output re-
flection coefficients are almost identical, only one is shown.
The reflection coefficient is sufficiently small over a wide
frequency band as the theory had predicted in Fig. 9. Fig. 12
shows that the loss increases with frequency; this is due
to two reasons. First, increases with frequency, which
is expected for ceramics; second, the electrical length (in

Fig. 12. Measured voltage transmission and reflection coefficients.

terms of wavelengths) of the ferroelectric in the direction of
propagation increases with frequency since the physical length
is kept constant (1").

Using Fig. 12, our calculations showed that the dielectric
loss due to the ferroelectric material varied from approximately
2 dB at 9 GHz to 2.5 dB at 11 GHz for obtaining a phase
shift of 360 at 9 GHz. At higher frequencies, the phase
shift is proportionately larger. This loss is more than what is
desired in any practical application. We are, however, actively
participating in a U.S. Department of Defense program to
improve ferroelectric materials. The Frequency Agile Mate-
rials for Electronics (FAME) Program is being managed and
directed by the Defense Advanced Research Projects Agency
(DARPA). The goal of the FAME program is to provide an
order of magnitude enhancement in component performance
over current state of the art. We are participating in two
DARPA contracts (one with Raytheon Company and the other
with Northrop Grumman Corporation) to reduce the dielectric
loss in the ferroelectric materials below 1 dB for 360phase
shift.

For high-power applications, even 1-dB loss may create
temperature increase in the ferroelectric material. However, the
ferroelectric lens uses thin slabs of ferroelectric material with
large empty space between the adjacent waveguide sections
containing ferroelectric slabs. This configuration provides a
natural duct for forced air cooling. Our analysis indicated that
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Fig. 13. Measured phase shift as a function of the bias voltage for various
frequencies.

Fig. 14. Measured reflection coefficients as a function of frequency for
various bias voltages (0–13.5 kV).

forced air cooling is sufficient for practical applications of the
ferroelectric lens even with the present loss of 2–2.5 dB.

As discussed earlier, to minimize the dielectric loss for
obtaining 360 differential phase shift, one would like to obtain
as high a tunability as possible. Since tunability is a linear
function of the dc bias voltage, one would like to apply as high
a bias voltage as possible. Therefore, during experiments, bias
voltage was increased gradually until dielectric breakdown
occurred. Since ferroelectrics are good insulators, the dc
current requirements are very low. For example, at 10-kV bias
voltage, the dc current drawn was 0.05 mA and so the dc power
dissipated is only 0.5 W. Fig. 13 shows the measured phase
shift as a function of the bias voltage for various frequencies.
As expected, the phase shift increases linearly with frequency
because the electrical length of the material increases with
frequency.

As dc bias voltage is applied to the ferroelectrics, the di-
electric constant decreases, which is the basis for obtaining the
differential phase shift, but it also complicates the impedance
matching problem. However, our design optimization is able
to cope with this difficult problem. Fig. 14 shows the reflec-
tion coefficients as a function of frequency for various bias
voltages. The standing wave ratio (SWR) is less than two
for a frequency range of 8–12 GHz, as theoretically predicted
earlier.

It should be noted that considerable experimentation was
performed to gain experience with high dielectric constant

material loaded waveguide. Air gaps between the ferroelectric
and the parallel conducting plates cause considerable problems
with resonances. Poor electrodes will cause the electric field to
concentrate in the air gaps causing breakdown; also, the field in
the ferroelectric is reduced which decreases the ferroelectric
tunability.

The experimental results presented here agree well with the
theoretical results of the lens aperture matching. Control of
the column phase shift with the applied dc voltage was also
demonstrated experimentally. In summary, the experimental
results on one column of the lens proved that the ferroelectric
lens concept is viable and sound. Work is continuing in
building and demonstrating a small lens.

VI. CONCLUSION

A new concept for low-cost phased arrays using a voltage-
controlled ferroelectric lens was proposed. The ferroelectric
lens phased array uniquely incorporates bulk phase shifting
(the array does not contain discrete phase shifters) using
ferroelectric material, which reduces significantly the number
of phase shifters and drivers. Furthermore, row–column beam
steering is used. These features, in turn, reduce the cost
of the phased array. This paper presented the ferroelectric
lens concept, its theoretical analysis, design, and experimental
results. The theoretical results agree well with experimental
results proving that the ferroelectric lens concept is very
practical. It was shown that the lens surface can be matched
very well to free-space over a broad range of frequencies
and large scan angles. A number of low-cost phased-array
configurations using the ferroelectric lens were also described.
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