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Abstract—A new concept for phased arrays is proposed us- Parallel
ing a voltage-controlled ferroelectric lens. The ferroelectric lens Conducting
concept uniquely incorporates bulk phase shifting—the array Plates* T _>| _/122}<_ o
does not contain individual phase shifters—using ferroelectric Direction of
material. This will reduce the number of phase shifters from Propagation

(nxm)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 \ L
design, and experimental results. The results indicate that the D’gggg“
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- Th?i“?% ;
vices, lens antennas, phased arrays. e Ly

P -} poobof et e e L1l Bias
Vi V

) i i i i i ‘ ! V l. s
5 Vi oltages

I. INTRODUCTION Fig. 1. Basic configuration of the ferroelectric lens.

HASED-ARRAY antennas can steer transmitted and re-

ceived signals without mechanically rotating the antenngas the further advantages of smaller lens thickness, higher
Each radiating element of a phased array is normally connecisisiver handling capability, simpler beam steering controls, and
to a phase shifter and a driver, which determine the phaseises less power to control the phase shift compared to the
of the signal at each element to form a beam at the desing@ant lens. Thus, it leads to low-cost phased arrays. However,
angle. The most commonly used phase shifters are feriit&should be noted that the use of row—column steering may
and diode phase shifters. Phase shifters using ferroelechiit the level of sidelobes that can be achieved. For the
materials have been proposed [1], [2]. The cost of a phagg@sent study, it is assumed that ultralow side lobes are not
array mainly depends on the cost of phase shifters and driveisequirement and that row—column phase control can be used
A typical array may have several thousand elements and thgfsignificantly reduce the phased-array cost.
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 Il. DESCRIPTION OFFERROELECTRIC
in the design of phased arrays. The phased array reported here LENS AND ITS OPERATION

uniquely incorporates bulk phase shifting—the array does notThe main feature of the antennas that use ferroelectric

contain individual phase shifters—using ferroelectric materi%aterial is the change of permittivity with an applied dc

This wil redUﬁe the.nuLnber of phas]:e s|h|fters frgm> ”;) control voltage. A lens type antenna is discussed in this paper.
to (n +m), wheren is the number of columns and is the  rjg 1 shows a dielectric lens made up of dielectric slabs
number of rows in a phased array. The number of phase shiflgh, iched between conducting plates. Dielectric slabs are
drivers and phase shifter controls is also significantly reduc%de up of ferroelectric material whose dielectric constant

b_y using row—column beam steering. Bulk phase shifting usi@gn be changed by applying and varying the dc electric field
diodes has been proposed [3] and reasonably developed [4 dp voltage source®, Vi ...V, are used for this purpose,

the radant lens. The lens described here uses voltage-contro gdshown in Fig. 1). If a plane wave is incident on one

ferroelectric, which introduces analog phase shift rather th%le of the lens with RFE electric fiel® normal to the

digital phase shift as in the radant lens. The ferroelectric IeE§nducting plates, the beam coming out on the other side
Manuscript received May 29, 1997; revised June 3, 1998. This work waf the lens can be scanned in tlkeplane if a linear phase

supported by the Office of Naval Research Code ONR 31. radient is introduced along t#&-plane direction by adjusting
The authors are with the Radar Division, Naval Research Laborato | Vi V.V V.. Th di diel ;
Publisher Item Identifier S 0018-926X(99)04445-2. constants are shown as, 2,3 ---¢,, in Fig. 1.
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— of Fig. 1. A stepped configuration is used for impedance
E 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

B NPT ' of the lens safer.

Paraue/[(jonducting Plates Aol2 The lens thickness needed to use the lens as a scanning
antenna can be determined as follows. ltebe the lens
thickness as shown in Fig. 1. Let the dielectric constant of any

Ferroelectric Material one dielectric slab be, .,.x when no bias voltage is applied.

The dielectric constant of a ferroelectric decreases as the bias

voltage is increased. Let. .,y 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
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Similarly, the phase introduced by the same slab when max-

imum bias voltage is applied is given by (note: dielectric
Bonstant decreases with applied bias voltage)

27

¢min = )\_t\/m (2)
Fig. 1 is used to illustrate the principle of operation of °
a ferroelectric lens. However, it has some limitations. Tohen, the maximum phase change when the maximum bias
reduce the lens complexity and weight, the number of dwltage is applied is
control voltages and the number of conducting plates need 2
to be minimized. This can be achieved by selecting the Pmax — Punin = 1~ H/Eramax — /Ermin)- 3
separation between the conducting plates to be slightly less ) o )
than A, /(1 + sin ¢,), similar to interelement spacing in anyFor scanning appllc_atlons, this maximum phase_ change should
phased array in order to avoid grating lobes, whges the be qual to27 (as in the case of a phase shifter used in a
free-space wavelength, angl is the maximum scan angle.S¢@nning array), hence (3) becomes
Normally, the space between the conducting plates would be 27
~X,/2. However, in a ferroelectric lens, this space is filled m = )\_Ot(vg”’max = VErmin)- )

with a high dielectric constant_ ferroelectric material and S§o, the thickness of the ferroelectric material needed (in the
th? space between the_ plates is much Igrger m@] where direction of propagation) to obtain 368@hase shift is
A is the wavelength in the ferroelectric. This means that
higher order modes may propagate. Therefore, to eliminate + = Ao ) (5)
the problem with higher order modes, the spacing between the /Ermax — \/€r,min
conducting plates should be kept to less thgg. In addition,
there should be some type of impedance matching arrange
to match the lens surface to free-space.

Fig. 2 shows a more practical lens configuration. This con- Tunability = Erymax — Er,min (6)

figuration has several advantages over the basic configuration €r,max

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

Tunability can be defined for a ferroelectric as the fractional
rT];erﬂlnge in the dielectric constant with applied dc bias voltage or
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Fig. 3. Amount of ferroelectric needed for 36@hase shift.

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

t 1

- = : )

o /Emmax[l — /1~ tunability]
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 typicat,. 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

a(dB) = 27.3tan 6\/5% (8)

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

27.3tan é
dB)/360° = . 9
a(dB)/ 1— /T — tunability ©

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

o ., Dotand
a(dB)/360° = 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



