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Beam Steering and Shaping of Smart Cylindrical Antenna
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Shape control of parabolic cylindrical antennas and corresponding effect on radiation pattern, using piezoelectric
actuators, is investigated. A narrow, 350-mm-long aperture, parabolic cylindrical antenna of Lexan® material is
chosen for analysis. Antenna deformation is analyzed using an experimentally validated piezoelectric shell finite
element. Radiation pattern is calculated using physical optics. Significant steering and shaping are obtained by
deforming the antenna using centrally placed actuators. Using the strategy of making the phase variation at
aperture as linear as possible and adjusting the phase difference between the two halves of the antenna to be an
integral multiple of 27, very good quality is achieved for the steered and shaped beams.

Nomenclature
A = area
dy1,ds; = piezoelectric strain coefficients
E = field Intensity
f(x) = phase distribution
h = aperture length
k = phase slope
px) = path difference distribution
t = thickness
{u,v,w} = linear displacements
\% = applied voltage
{x,y,z} = Cartesian coordinates
Y = Young’s modulus of elasticity
B = beam shift
En ¢ = curvilinear coordinates
¢ = electric field
Subscripts
)4 = piezo actuator
s = substructure

1. Introduction

ISTRIBUTED piezoelectric sensors and actuators, bonded

to/embedded in structures, have been explored for achieving
desired shape and vibration control. The key issues in such a study
include the number of sensors/actuators required, their sizes, loca-
tions, the field to be applied on each actuator, and finally the feedback
control algorithm. Shape control of beams and plates has been ob-
tained by minimizing the error between the desired shape and actual
shape, using distributed piezoactuators.'~® Both analytical'™* and
finite element based>~7 models of deformation have been used. Yang
and Ngoi* gave analytical solutions for the shape control of beams by
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piezoelectric actuators subjected to different boundary conditions.
They showed that the piezoelectric actuators can deform a beam
approximately in a quadratic or a cubic curve. Recently, Irschik®
reviewed the literature on shape control of structures using piezo-
electric actuators.

One of the application areas currently being actively pursued is
shape control of antenna. The central idea is to apply suitable elec-
tric fields to the actuators placed at appropriate locations on the
antenna shell structure and induce the desired deformation of the
antenna structure. These deformations in turn affect the path length
of rays (phase difference) and hence the resulting radiation pattern.
Washington!® proposed the use of fully covered polyvinylidene flu-
oride (PVDF) film for shaping and steering of antennas.

Steering refers to changing the principal direction of the antenna
and is used when one wants to change the scanning area from one
location to another location (Fig. 1). Shaping refers to changing the
area covered around the principal direction and is used when the
area covered at a particular location is to be increased or decreased.
Beam shaping is a broader term and can be used to refer to other
ways of affecting the beam shape, for example, splitting of principal
beam into a pair of symmetric beams.

Yoon and Washington!! used PZT strips, which do not extend the
full surface of the antenna. Recently, Yoon et al.'? used piezoelectric
actuators to control the spherical (doubly curved) antenna’s cover-
age area. They applied Reisner’s shell theory to derive the equations,
and deformation of reflector surface was calculated analytically. In
addition to reflector antennas, piezoactuation has been investigated
for microstrip antennas'® and D-fiber antennas.'*

In the current study, piezoactuated steering and shaping of radi-
ation of parabolic cylindrical antenna has been investigated. Defor-
mation of antenna is calculated using shell finite elements adapted
for modeling surface bonded piezoelectric actuators.'> Radiation
pattern is calculated using physical optics.'® The aim of the study
is to obtain significant steering and shaping with good radiation
quality.

II. Radiation Pattern of Undeformed
Cylindrical Antenna

Radiation pattern of an antenna refers to the spatial distribution of
radiated energy. Physical optics (theory of diffraction) has been used
here for determination of radiation pattern, which is applicable only
in cases where the aperture is very large compared to wavelength.
For the antennas considered in the current study, aperture size is
about 350 mm and wavelength is 1 mm.

Two rays emanating simultaneously from secondary sources x
distance apart on the aperture plane and traveling in direction 0
would arrive at a point P at infinity, at different times as they travel
different distances (Fig. 2b).
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Let the phase difference between the secondary source at S and
at the center O be f(x). The field intensity of the wave from S in
direction @ is given by!’

Ey(x) = Adxexp(—j[f(x) + 2n(xsing/W)]} (1)

where A is the field amplitude of the secondary sources per unit
length of aperture and A is the antenna wavelength.

Here, it is assumed that the field amplitude is uniform over the
aperture. Eg(x) is expressed as a phasor, so that the sum of field in-
tensities from all secondary sources can be obtained in a convenient
way. This phasor sum is

h/2 x sinf
E9:f Aexp{—j|:f(x)—|—27t i“dx 2)
) A

E, is also a phasor/complex number, whose amplitude/modulus
gives the total field intensity of radiation in the direction 6.
Equation (2), used for calculating radiation pattern, is valid for
any width of the antenna provided the directions considered have
¢ =0 (Ref. 17). While calculating radiations in other directions, the

effect of width has to be considered. In this study, radiation patterns
in the directions with ¢ =0 only have been considered.

A code written in MATLAB® is used for the calculation of radia-
tion pattern. Equation (2) is numerically integrated using the Gauss
quadrature rule for each value of 6 ranging from —10 to +10 deg
at an interval of 0.02 deg. Calculating radiation field intensity at
0.02-deg intervals is found necessary to determine peak radiation
field intensity with sufficient accuracy. A window of —10to +10 deg
is found sufficient to capture the important features of the intensity
variation with respect to direction. A plot of radiation field intensity
vs 6 (¢ =0) is given in Fig. 3 for an antenna covering 120 deg,
with an aperture length of 0.35 m, focal length f of 0.151 m. (The
parameters are illustrated in Fig. 4.) The wavelength used here is
1 mm, which is prevalent in astronomy applications. The main lobe
is at # =0 deg and of amplitude 0.35. Several small side lobes,
symmetric about 8 = 0, are also visible.

A. Radiation Pattern Parameters

Three important parameters that indicate the quality of radiation
pattern are directivity, half-power beam width, and side-lobe ratio.
Directivity is the ratio of maximum value of radiation intensity to the
average radiation intensity. The half-power beam width (HPBW),
shown in Fig. 3, is a measure of the coverage of the main lobe. It
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is the angle between two directions in which the field intensity is
0.707 times the maximum field intensity of the main lobe. Side-lobe
ratio is the ratio of the peak radiation intensity of the main lobe to
the peak intensity of the side lobe.

B. Effect of Phase Variation

Phase distribution of secondary sources at aperture has significant
influence on the direction of main lobe. Here effect of linear phase
variation on steering of the radiation pattern is analyzed for the
undeformed antenna.

If phase is linearly varied along aperture (say, phase = kx), the
entire radiation pattern is shifted by an angle 8 (Fig. 5). As the slope
k is increased, the main lobe shifts more. For £ = 109.95 rad/m, the
shift in main lobe, B =1 deg, and for k =219.91 rad/m, B =2 deg.
It can be shown that sin $ is proportional to k. The shape of radiation
pattern does not change significantly with the beam steering. Side-
lobe levels and HPBW remain more or less the same. This effect
has been used for antenna beam steering by using the feed to apply
appropriate phase variation.'”

If phase variation in the two halves is in the same direction (i.e.,
positive) (Fig. 6), two peaks are observed in the radiation pattern.
For k =200 rad/m, one peak is at —1.38 deg and another at 1.38 deg.
Both peaks have amplitudes equal to half the amplitude of the peak in
uniform phase variation. Side-lobe ratio remains the same as that of
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the uniform phase radiation while HPBW has doubled. This type of
variation is useful when two noncontiguous areas are to be scanned
by the antenna simultaneously.

It can be concluded that a linear variation in phase causes a shift
in the main lobe, retaining the shape of the radiation pattern. Two
separate radiation peaks are obtained with symmetric, piecewise lin-
ear phase variation. Nonlinear phase variations were also studied.'?
They lead to deterioration of radiation pattern quality by increasing
the side-lobe intensity and the number of side lobes. Steering and
shaping of the radiation pattern are now attempted by inducing lin-
ear and piecewise linear phase variations by deforming the antenna
using piezoelectric actuators.

III. Use of Piezoelectric Actuators to Influence
Antenna Radiation Pattern

The central idea here is to apply suitable electric fields to the
actuators, placed at appropriate locations on the antenna shell struc-
ture, and induce the desired deformation of the antenna structure.
These deformations, in turn, affect the path length of rays (phase
difference) and hence the resulting radiation pattern. A finite ele-
ment model is developed to calculate the deformations of cylindrical
antenna surface under the piezoelectric actuation, details of which
are described in the following section.

A. Finite Element Analysis of Antenna Deformation
Ahmad et al.’s'® eight-noded reduced shell element (Fig. 7) is
used to develop the finite element (FE) model. The FE formulation
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is discussed in detail in Gupta et al.'” Each node on the reduced shell
element has five deg of freedom, three nodal displacements (u, v,
w), and two rotations («, B).

A typical piezoelectric shell element is shown in Fig. 8. It con-
tains three layers, two piezoelectric (upper and lower) layers bonded
on either side of the shell substrate layer. Material properties of
piezoelectric material differ from the properties of the substruc-
ture and hence are not a continuous function of ¢. Hence the lay-
ered theory as proposed by Panda and Natarajan®>?! is applied
to consider the effect of different layers. When an electric field
(¢ =V /t,)is applied on piezoelectric actuator, a free piezostrain &y
will develop in the actuator. This has been modeled as initial strain
problem. It is assumed that the actuator is perfectly bonded to the
structure.

B. Experimental Validation

Experiments are conducted on straight and cylindrical curved
beams to verify the FE formulation. A curved-beam specimen
with bonded piezoelectric actuators, along with typical equip-
ment/instruments used, is shown in Fig. 9.

An electric field is supplied to the actuator by a high-voltage
(200 V) and low-current (200 mA) power amplifier. The deflection
caused by piezoelectric actuation is measured using a noncontact
fiber-optic displacement sensor.

The straight beam specimen and a comparison of the finite ele-
ment predicted and experimentally observed response of the beam
under piezoactuation are shown in Fig. 10. The fiber-optic sensor
is traversed along the length of the beam and the deflection of the
beam recorded. It is observed that the finite element prediction of
the deflected shape matches very well with the experimental obser-
vations.

The circular curved-beam specimen used in experiment is shown
in Fig. 11a and a typical finite element mesh in Fig. 11b. Effect of
voltage variation on deformation of the beam is shown in Fig. 11c.

Picz02 !
iczo -t
Shell
Piezol -
s

Fig. 8 Piezoelectric shell element.

Opto
Electronic

Bench Vice

Piezoelectri¢”
W Actuator
'3

Finite element method and experimental results show a maximum
deviation of 25% at 88 V, but this is only 3.3% at 45 V. Experi-
mental results indicate nonlinear behavior especially at higher volt-
ages. Hysteresis curves have been obtained under cyclic variation
of voltage."

C. Antenna Deformation and Phase Variation

Effect of piezoelectric actuation on antenna performance is ana-
lyzed now. Deformations caused by piezoelectric actuation are cal-
culated using the finite element code developed.'® It is assumed
that the antenna is rigidly fixed at the apex. For deformation cal-
culation, 1050 elements are used in the length direction and three
elements in the width direction (Fig. 11b). The material proper-
ties of the antenna considered are given in Table 1. An antenna
with aperture length =0.35 m, focal length f =0.151 m, and an-
gle covered = 120 deg (these parameters are illustrated in Fig. 4)
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is considered. The wavelength used here is 1 mm. Piezo System,
Inc.’s, PSI-5A-S4-ENH?? is used here as a piezoelectric actuator,
the properties of which are summarized in Table 2.

The phase variation caused by deformation of the antenna can be
calculated as follows, considering only the middle line of the antenna
(line AB in Fig. 11b) and corresponding deformations. Figure 12
shows a deformed antenna with deflections exaggerated. Point N
on the antenna surface, is shifted to point N’, mainly in the z di-
rection as x and y displacements are negligible. It is assumed that
the deflection of antenna is very small and the rays from focus,
when reflected from the antenna shell, travel parallel to the axis of
the parabola.

Table 1 Material properties of cylindrical antenna

Lexan®* (ASTM-D3935)

2.3 x 10° N/m?
0.2 mm

Material

Modulus of elasticity
Thickness

aModern Plastic Encyclopedia.?

Table 2 Properties of piezoelectric actuator

Composition PSI-5A-S4-ENH?

Piezoelectric strain coefficient, —190 x 10~12
m/V, d31 =ds;

C /s dimension, mm, b X ¢ 23.8 x 0.267

Modulus of elasticity, N/'mm?, Y| =Y, 6.6 x 10*

2Data available from URL: http://www.piezo.com [cited 20 Feb. 2002].
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Change in path length p(x) as a result of this deflection is the
sum of the differences in two path segments, that is,

p(x)=(FN' —FN)+ (N'P —NP) 3)
The phase difference f(x) caused by the path difference is given by
fx) =2m[px)/A] “

This f(x) is used in Eq. (2) to calculate radiation intensity in various
directions. The mesh used for numerical integration of Eq. (2) is
the same as in finite element model (1050 x 3 elements). A large
number of elements are taken along aperture length so that each
element is of the size of % of the wavelength of the antenna. Such
a small size is needed for proper integration of radiation intensity
function. The component of deflection at the middle of the antenna
width and perpendicular to the aperture is used for the purpose of
calculation of the radiation pattern.
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Fig. 12 Radiation pattern calculation.
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IV. Steering the Radiation Pattern

For steering of the radiation pattern, the apex of the parabola is
fixed, and actuators are placed symmetrically on either side of the
center. The two actuators are given opposite fields to obtain a skew-
symmetric phase variation. The aim is to obtain a near-linear phase
variation.

A. Effect of Pair of Central Actuators

Figure 13a shows the deflection induced by two actuators of
50 mm length, each placed on either side of the center with ap-
plied voltages of 300 and —300 V, respectively. Figure 13c shows
the corresponding radiation pattern.

The peak intensity occurs at 4.62 deg, but many lobes of high
intensity are observed. When actuator lengths are varied, similar
patterns are obtained. The number of side lobes increases when
the actuator length increases, as the nonlinear portion of deflection
increases. The radiation field intensity plotted in the figure is nor-
malized with the peak intensity of the undeformed antenna.

B. Improving the Quality of Steered Radiated Pattern

To understand the adverse effect of the nonlinear portion of de-
flection, phase variation induced by two centrally placed actuators
is plotted in Fig. 13b. The nonlinear portion at the center of the
phase variation is caused by the nonlinear deflection. What is more
important to note is that the remaining portion where deflection is
linear (see Fig. 13a) also has nonlinear phase variation because of
the nonlinearity of path difference p with respect to x.

Because a linear phase variation is better, additional actuators
(C and D) of length 50 mm are mounted at a distance 50 mm
from the end of first actuators (A and B, respectively) (Fig. 14),
and when the additional actuators are supplied with an electric field
of 100 V, the phase variation becomes almost linear (Fig. 15a). The
corresponding radiation pattern is plotted in Fig. 15b. The number
of side lobes is drastically reduced in this case, but still a side lobe of
almost the same amplitude as the main lobe is obtained. The occur-
rence of two large peaks side by side is caused by phase lag between
the linear portions in two halves (Fig. 15a) not being a multiple of
2r.

It is attempted to merge the two peaks obtained in case of 50-mm-
length actuator by making the lag between the two antenna halves
a multiple of 27 by adjusting the voltage applied to the actuators
at the center of the antenna. When the voltage on actuators A and
B is reduced from 300 to 215 V, phase lag becomes 3.97x radians
(Fig. 15c), and the radiation pattern shown in Fig. 15d is obtained.
Significant improvement in radiated beam quality is observed. Thus,
appropriate placement of actuators and suitable adjustment of volt-
ages give significant improvement in the radiated beam quality. In
this case, because of the significant reduction in voltage supplied
to the central pair of actuators the shift decreases to 3.26 deg from
4.62 deg, but the radiated beam quality (measured in terms of side-
lobe ratio) has improved significantly (from 1.05 to 2.40).

C. Optimal Steering

It is now attempted to obtain maximum steering with optimal
radiation pattern quality in terms of peak intensity and side-lobe
ratio. Steering is achieved by using a pair of actuators at the center,
with the two actuators on either side having the same length. When
the lengths of the two central actuators are increased, the radiated
beam is steered more. Radiation pattern quality is optimized by
using off center actuators to “straighten out” phase variation along
the length. Length of the off-center actuators and voltage supplied
to them are determined by trial and error. First, different lengths
are tried, to obtain a reasonably straight phase variation, and then
voltage is adjusted to make it as straight as possible.

Four optimal radiation patterns obtained are shown in Fig. 16. As
actuator length increases, the main lobe shifts more, but the radiation
pattern quality deteriorates as the number of side lobes increases. It
can be observed that the ratio of shift to HPBW is very high in this
case (up to 42 for the 100-mm actuator), indicating that main lobe
has been steered well out of the original area scanned by the antenna.
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Fig. 16 Effect of center actuator length (A and B) on radiation pattern
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focal length f = 0.151 m, angle covered (2cx) =120 deg].

The variation of relative field intensity and side-lobe ratio with
shift are plotted in Figs. 17a and 17b, respectively.

As the shift increases, both side-lobe ratio and relative field in-
tensity decrease. Relative field intensity and side-lobe ratios are
more correlated to shift than to voltage applied or actuator length.
It indicates that optimal quality for a specific amount of steering
can perhaps be achieved with different combinations of lengths and
voltages.

The increase in side lobes and decrease in field intensity of main
lobe with increase in actuator length appear to be caused by an
increase in the nonlinear portion of phase variation at the center.
Good results are obtained here on the basis of simple heuristics of
making the phase variation linear and adjusting the phase lag. It will
be possible to improve these results using optimization, but that is
not attempted here.
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Fig. 17 Variation of performance parameters with shift.

V. Optimal Shaping
In Sec. IL.B, it was observed that a piecewise linear symmetric
phase variation at aperture leads to two equal and separated lobes
(Fig. 6). Here, it has been attempted to obtain two separated lobes
with piezoactuation. This can be achieved by supplying voltage
with the same polarity to the two actuators, whereas for steering
the radiated beam the voltage was supplied in opposite directions.
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covered (2a) =120 deg].

Additional actuators are placed to straighten out the nonlinear phase
variation.

Deflection induced as a result of piezoelectric actuation is shown
in Fig. 18a for a 50-mm center actuator and an additional 50-mm
actuator (discussed in Sec. IV.B). It can be seen in Fig. 18b that the
additional actuator has straightened out the phase variation in the
region BC. The corresponding radiation patternis plotted in Fig. 18c.
Pairs of distinct peaks can be observed located symmetrically on
either side of 6 =0.

With an increase in actuator length, the distance between the peaks
increases, but the field intensity decreases. This occurs because of
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Fig. 19 Variation of performance parameters with peak separation.

the increase in loss of focused energy in the middle portion. No
phase lag adjustment is needed in this case. Variation of relative field
intensity and side-lobe ratio with separation between peaks is plotted
in Figs. 19a and 19b, respectively. As the separation increases, both
side-lobe ratio and relative field intensity decrease. This appears to
be caused by the increase in actuator length and consequent increase
in the nonlinear portion of phase variation at the center.

VI. Conclusions

In this paper, the changes in the radiation pattern of a parabolic
cylindrical antenna, induced by piezoelectric actuators, have been
analyzed and near-optimal steering and shaping obtained. For the
chosen antenna and piezoelectric actuators, it is possible to shift
the main lobe substantially, by about 5-10 deg [i.e., about 25-50
times the half-power beamwidth (HPBW)] for steering and obtain
two main lobes separated by 10-20 deg (i.e., about 50—-100 times
the HPBW) for shaping. The manner of piezoactuation used here is
motivated by the influence of linear phase variation of the aperture on
radiation pattern. It has been shown that nonlinear phase variation
can be made linear by appropriately adjusting the placement of
actuators and the field applied. By adjusting the field applied to the
actuators, the path difference between the linear portions of antenna
deflections could be adjusted, leading to significant improvement in
the quality of the steered radiation pattern.
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