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ABSTRACT The demand for multi-band high-power antennas, which have been rarely reported, becomes
urgent in high-power microwave field. To meet the demand, a C/X dual-band high-power circularly polarized
patch reflectarray antenna is proposed in this paper. Two main technologies are adopted to make the proposed
antenna realize the high-power feature. Firstly, the elliptical patch with no abrupt structure is proposed to be
the dual-band reflecting element to mitigate the electric field concentration. Secondly, the elliptical patches
are proposed to be embedded into substrate to avoid the triple junction. The proposed dual-band reflecting
element is designed by arranging two embedded elliptical patches with different sizes in a square lattice
grid. The larger elliptical patch operates in C-band and the smaller one works in X-band. The elliptical
patches are proposed to be rotated to realize continuous 360° phase response in both bands. By optimizing
the thickness of substrate, the element spacing, and the size of the patches, the dual-band element shows
good reflection amplitude and phase response and low mutual coupling performance. An antenna prototype
with the aperture size of 345 mm x 345 mm is simulated and measured. The measured radiation results of
the designed reflectarray antenna are in good agreement with simulations in both C-band and X-band. The
measured gain of the antenna at 6.2 GHz is 24.6 dBi, and at 9.3 GHz is 27.8 dBi. Full-wave simulations
show that the power capacity of the antenna at 6.2 GHz is about 10.2 MW, and at 9.3 GHz is about 3.9 MW
in air condition. The low mutual coupling performance of the proposed antenna is verified both in element
level and array level. All of the results show that the proposed antenna has the merits of high-power capacity,
dual-band, and low mutual coupling.

INDEX TERMS Dual-band, embedded patch, high-power microwave, reflectarray antenna.

I. INTRODUCTION

With the development of high-power technology, the research
on high-power array antennas promotes the applications for
various military and civilian satellite communications [1].
The available high-power array antennas mainly focus on
increasing the operating frequency [2], [3], improving the
power capacity [4], [5], realizing beam scanning [6], and
extending the bandwidth [7]. These technologies promote the
development of high-power microwave antennas, but they can
only operate in one frequency band. Based on the analysis
of the existing literatures, there have been few reports on
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high-power antenna to cover two frequency bands. Dual-
band reflectarray antenna is a good candidate to provide the
coverage. In general, the dual-band reflectarray antennas can
be divided into double-layer and single-layer configurations.
The double-layer dual-band reflectarray antenna achieves
the phase shift by adjusting the patches placed on the two
substrate layers. However, the patches on the upper layer
inevitably block the patches on the lower layer, which affects
the performance of the antenna [8]. And the double-layer
structure makes the weight and cost high. Single-layer dual-
band reflectarray antenna has been widely studied for the
advantages of low cost and eliminated shielding [9]-[13].
Typically, the representative single-layer dual-band reflectar-
ray antennas include the dual split-loop antenna achieving
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the phase adjustment in the two frequencies by rotating the
inner and outer split rings [9], the square ring and slotted
rectangular patch antenna realizing the phase adjustment by
varying the size of element [10], the slotted circular patch
with two phase delay line antenna changing the lengths of
phase delay line to achieve the both bands’ phase compensa-
tion [11]. These antennas realize the directional radiation in
two frequency bands. But the patches with splits or slots are
easy to cause the electric field concentration and restrict their
power capacity. Up to now, the research on dual-band patch
reflectarray antennas are mainly focused on the low-power
microwave field, there have been few reports on high-power
dual-band patch antenna.

Elliptical patch with no abrupt structure has the potential
for high-power microwave applications. An elliptical patch
reflectarray antenna has been proposed and the given electric
field on the patch is much lower than that on the traditional
patches with splits or slots [14]. In the design, the elliptical
patch reflecting element achieves the phase adjustment by
varying the dimension of the patch with S-shaped phase
response curves. In this letter, a C/X dual-band high-power
circularly polarized reflectarray antenna consisting of two
kind of elliptical patches embedded into substrate is pro-
posed. The elliptical patch element is proposed to be rotated
to realize the linear phase response curves. The compar-
ison with state-of-the-art single-layer dual-band reflecting
elements verifies the performances of high-power and low
mutual coupling. And the low coupling effect between the
two band elements is further verified by comparing the radi-
ation patterns of the single-band reflectarray antennas with
that of the dual-band reflectarray antenna.

This paper is organized as follows. The design process of
the proposed high-power dual-band element and the reflected
amplitude and phase responses, and coupling effect of the
element is analyzed in Section II. In Section III, the com-
prehensive simulated and measured results of a reflectarray
antenna prototype are presented to verify the performances
of dual-band, high-power capacity, and low mutual coupling.
Finally, the conclusion is given in Section IV.

Il. DESIGN OF THE DUAL-BAND REFLECTING ELEMENT

To design a dual-band reflecting element with low mutual
coupling, and high-power capacity performances, there are
three considerations as follows. First, the angular rotation
technique is one of the popular methods to achieve the tunable
phase shift, and this technique has a stable phase response
inherently, which means that there is little mutual coupling
on the reflected phase. Second, circular polarization is the
basic of the angular rotation technique. The elliptical patch
can radiate circular polarized wave and mitigate the electric
field concentration for the patch having no abrupt structure.
Third, comparing with the traditional reflecting elements with
the patches exposed to the air, the patches embedded into
substrate can avoid the triple junction and can improve the
power capacity. Based on the above analysis, the high-power
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FIGURE 1. Configurations of (a) the proposed high-power dual-band
embedded elliptical patch reflecting element, (b) periodic structure
containing four dual-band elements, and (c) simulated model of the
proposed element.

dual-band embedded elliptical patch reflecting element is
proposed and deigned.

A. ELEMENT GEOMETRY

The configuration of the proposed high-power dual-band
embedded elliptical reflecting element is shown in Fig. 1 (a)
and the view of the periodic structure containing four ele-
ments is shown in Fig. 1 (b). The dual-band reflecting element
is designed by arranging two embedded elliptical patches
with different sizes in a square lattice grid. The patches are
placed in the center or the corner of the element. The larger
elliptical patch operates in C-band and the smaller one works
in X-band. The distance between the adjacent patches with
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FIGURE 2. (a) Configuration and (b) electric field distribution diagram of
the X-band traditional single elliptical patch reflecting element.
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FIGURE 3. (a) Configuration and electric field distribution diagrams of
(b) patch and (c) surface of the X-band embedded single elliptical patch
reflecting element.

same dimension is equal to the element spacing. The patches
are designed to be embedded into FABM-2 substrate with
dielectric constant of 2.2, loss tangent of 0.001.

First, an X-band traditional single elliptical patch reflecting
element is designed as shown in Fig. 2 (a). The preliminary
dimensions of the patch can be calculated by the formulas
in [15]. And the element is simulated under the left-handed
circularly polarized plane wave excitation. The obtained
electric field distribution diagram of the element is shown
in Fig. 2 (b). The maximum electric field is lower than that
in [14], but is still higher than that of the high power ele-
ment [7]. The design with no triple junction can improve
the power capacity [16]. So the traditional single elliptical
patch reflecting element is modified with the patch embedded
into substrate. The configurations of the embedded single
elliptical patch reflecting element and the obtained electric
field distribution are shown in Fig. 3. It can be found that
the maximum electric field strength of the embedded patch
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FIGURE 4. Reflected amplitude of the proposed dual-band embedded
elliptical patch reflecting element for different thicknesses of upper
substrate.

is about half of that of the traditional element, and the
electric field on the surface is significantly reduced. The
compared results prove that the proposed embedded elliptical
patch reflecting element shows high power capacity feature.
It should be pointed out that the electric field on the surface
would further reduce with a thicker substrate, but the avail-
able bandwidth would be changed. The reflected amplitude
of the dual-band reflecting element with different commer-
cially available thicknesses of upper substrate H; are shown
in Fig. 4, with the thickness of the lower substrate H» selected
to be 1.575 mm. With H; increases, the available bandwidth
of the two bands move toward the lower frequency and the
cross-pol reflected amplitude of X-band become deteriorated.
The relative good reflected amplitude for the two bands can
be obtained with H; is 0.787 mm.

To confirm the circularly polarized wave radiation perfor-
mance of the elliptical patch reflecting element, the X-band
embedded single elliptical patch reflecting element as shown
in Fig. 2 (b) is simulated under the horizontally and vertically
polarized plane wave incidence. The obtained electric field
distribution diagrams of the surface of the element are shown
in Fig. 5. Two orthogonal TMy; modes are excited on the
surface of the element. For elliptical patch, given that the
effective length in the two orthogonal directions is different,
the 90° phase difference between the two orthogonal TMy;
modes can be achieved with an appropriate size and the circu-
larly polarized wave can be reradiated. Therefore, the phase
of the reflected wave can be adjusted by rotating the elliptical
patch when the element is exited by the circularly polarized
plane wave [17].

Generally, the suggested element spacing is half wave-
length at high frequency in order to avoid grating lobes at
both bands. Due to the two bands’ elements are arranged in
a square lattice grid, so a slightly larger element spacing is
adopted, which contribute to the low coupling effect and also
can reduce the electric field on the surface. The reflected
amplitude results of dual-band embedded elliptical patch
reflecting element with different element spacing P are shown
in Fig. 6. The cross-pol amplitude in C-band increase but
that in X-band decrease with P increases. The relative good
reflected amplitude can be obtained with the element spacing
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FIGURE 5. Electric field distribution diagrams of the surface of the X-band
embedded single elliptical patch reflecting element under (a) horizontally
polarized plane wave, and (b) vertically polarized plane wave incidence.
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FIGURE 6. Reflected amplitude of the proposed dual-band embedded
elliptical patch reflecting element for different element spacing values.
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FIGURE 7. Reflected amplitude of the proposed dual-band embedded
elliptical patch reflecting element for (a) different major axis, and
(b) different minor axis of the X-band element.

P is chosen to be 23 mm, which is equal to 0.475A ower at
6.2 GHz and 0.713Apigher at 9.3 GHz.

For the proposed dual-band reflecting element, the ampli-
tude responses are analyzed and optimized with different
dimensions of the patches under the circularly polarized plane
wave excitation. The results for the different dimensions
of X-band elliptical patch are shown in Fig. 7. When the
length of the major axis Bj increases, keeping By equal
to 9.3 mm, the frequency with low co-pol reflection loss
expands toward low frequency in the X-band. And when the
length of the minor axis B, increases with By is 10.5 mm,
the frequency with low co-pol reflection loss expands toward
high frequency in the X-band. The cross-pol reflected ampli-
tude of the center frequency increase with B increases and
B decreases. The similar regular can also be obtained for
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TABLE 1. Optimized parameters.

parameter A A B, B, H, H, p
value (mm) 17 14.45 104 | 93 | 0.787 1.575 23

the C-band elliptical patch. The reflected amplitude of the
element can be optimized by adjusting the length of the major
and minor axis of the elliptical patches. In Fig. 7, the rel-
ative good reflected amplitude can be obtained with B; =
10.4 mm, B, = 9.3 mm. In addition, from Fig. 7, when the
size of the X-band patch is changed, the reflected amplitude
of the C-band patch change little, which can preliminary illus-
trate the low coupling effect between the two band patches.

The designed dual-band reflecting element is simulated
and optimized by the frequency domain solver. The simulated
model is shown in Fig. 1 (¢). The boundary condition is set as
unit cell to emulate the element in the periodic environment.
The left-handed circularly polarized plane wave is adopted
and excited by the Floquet port. The reflected phase in C- and
X-band is responded to the rotation angle ¢; and ¢,,, respec-
tively. The optimized parameters of the dual-band reflecting
element are summarized in Table 1.

B. ELEMENT PERFORMANCE

The reflected amplitude and phase response of the dual-
band elliptical patch reflecting element is analyzed with the
rotation angle ¢; and ¢, changed in steps of 10° under left-
handed circularly polarized plane wave incidence. The two-
dimensional co-pol reflected amplitude and phase response
curves are shown in Fig. 8, where ¢; is shown at 6.2 GHz
and ¢, is shown 9.3 GHz, under normal and 20° oblique
incidence. At 6.2 GHz, the co-polar reflected phase response
is only controlled by the rotation angle ¢; under normal and
20° oblique incidence, which is seen by the almost com-
pletely horizontal contour curves as shown in Fig. 8 (a)-(b).
For a fixed rotation angle ¢, the linear 360° phase variation
is realized with ¢; varying from O to 180°. The co-polar
reflected amplitude keeps more than —0.14 dB and is very
stable as shown in Fig. 8 (c¢)-(d). And the results under
normal incidence are consistent with those under 20° oblique
incidence.

At 9.3 GHz, the co-polar reflected phase responses are
almost completely vertical contour curves as shown in
Fig. 8 (e)-(f), which indicate that the reflected phase only
has to do with the rotation angle ¢,. For a fixed rotation
angle ¢, the linear 360° phase variation is also achieved with
¢, varying from O to 180°. As shown in Fig. 8 (g)-(h), the
co-polar reflected amplitude under normal and 20° oblique
incidence keeps more than —0.78 dB. The uniformity is also
good except at some rotation angle ¢, under 20° oblique
incidence. The reflected amplitude response in the both bands
is little impacted by rotation angle ¢; and ¢,. Under differ-
ent incident angles, the dual-band reflecting element obtains
good reflected amplitude and phase response.

The coupling effect is important to the dual-band antenna.
In general, the coupling effect refers to the maximum phase
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FIGURE 8. Two-dimensional co-pol reflected amplitude and phase of the
proposed dual-band embedded elliptical patch reflecting element.

At 6.2 GHz, amplitude response (a) under normal incidence and (b) under
20° oblique incidence, phase response (c) under normal incidence

and (d) under 20° oblique incidence. At 9.3 GHz, amplitude response

(e) under normal incidence and (f) under 20° oblique incidence, phase
response (g) under normal incidence and (h) under 20° oblique incidence.

change for one frequency band element caused by adjust-
ing another frequency band element. According to Fig. 8,
the maximum phase change for the C-band element is 6°
with the rotation of the X-band element, and for the X-band
element is 8°. To illustrate the advantage of the proposed
dual-band reflecting element, the representative single-layer
dual-band reflecting elements [9], [12], [13] are analyzed
with the same simulated method for comparison. To illustrate
the power capacity level of the designed element, the mod-
els are scaled to work in the same frequencies and the
scaled models are also simulated and compared. The obtained
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FIGURE 9. Schematic view of the dual-band reflectarray antenna.

mutual coupling effect and electric field results are shown
in Table 2. The proposed element shows better mutual cou-
pling effect and power capacity performance with respect to
the other three designs.

Ill. REFLECTARRAY ANTENNA EXPERIMENTS AND
SIMULATIONS

To verify the performance of the proposed dual-band reflect-
ing element, a reflectarray antenna prototype with the aper-
ture size of 345 mm x 345 mm is designed. The schematic
view of the dual-band reflectarray antenna is shown in Fig. 9.
To mitigate the blocking effect of the feeds, the C-band left-
handed circularly polarized feed horn is titled 15° away from
the boreside direction of the reflectarray for the relatively
larger aperture, while the X-band left-handed circularly polar-
ized feed horn is center-fed. The main beams at both bands are
set to focus at the specular 15° direction to further minimize
the feed blockage. In order to balance the illumination and
spillover efficiencies, the position of the two feeds should
be optimized with the edge taper of about —10 dB. The
X-band feed horn is located at the height of 300 mm and
the C-band feed horn is located at the height of 255 mm
above the reflectarray aperture. The required phase shift over
the reflectarray aperture can be calculated by the ray-tracing
method [7],

Omn =k - (rfmn — dlg - ?mn) + Qref (D

where k is the free space wavenumber, 7y, is path distance
between the feed and the mn™ element, 1o is the unit vector
of required main beam direction, 7 is the position vector of

h element, and @rer 1s the reference phase. The obtained
progressive phase distributions at 6.2 GHz and 9.3 GHz on
the reflectarray aperture are shown in Fig. 10 (a)-(b). Cor-
respondingly, the elements are rotated to realize the pencil
beam in the two bands according to Fig. 8 and the fabricated
reflectarray aperture is shown in Fig. 10 (c). Full-wave sim-
ulations are carried out. The reflectarray antenna prototype
is measured in an anechoic chamber. The prototypes of the
fabricated dual-band reflectarray antenna in measurement
setup are shown in Fig. 11. The epoxy resin skeleton forms
the support structure to reduce the impact on the radiation
pattern.
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TABLE 2. Comparison of representative reports on single-layer dual-band reflecting elements.

Element number along x Element number along x

@ | (®)

(©

FIGURE 10. Progressive phase distributions on the reflectarray aperture
(a) at 6.2 GHz, and (b) at 9.3 GHz. (c) Corresponding reflectarray aperture
configuration.

A. RADIATION PERFORMANCE ANALYSIS

The measured and simulated radiation patterns at the center
frequency of 6.2 GHz and 9.3 GHz are shown in Fig. 12.
The measured main lobes are well consistent with the sim-
ulated results with a little discrepancy for the first sidelobe
and beyond. The reason for the discrepancy is that there
are some differences between simulation and experiment in
detail, such as the errors of assembling, fabrication, and
measurement. The discrepancy is generally acceptable with
the errors. At 6.2 GHz, the sidelobe level is —18 dB, and the
—3 dB beamwidth is 8.7°. At 9.3 GHz, the sidelobe level is
—15.3 dB, and the —3 dB beamwidth is 5.8°. Both at 6.2 GHz
and 9.3 GHz, the pencil beams at the specified direction
are realized, which verify the dual-band performance of the
reflectarray antenna.

The measured and simulated gain and axial ratio results
at different frequencies are shown in Fig. 13. At 6.2 GHz,
the simulated gain is 24.9 dBi, the measured axial ratio is
0.7 dB, the measured gain is 24.6 dBi and the corresponding
aperture efficiency is 51.8%. At 9.3 GHz, the simulated gain
is 27.7 dBi, the measured axial ratio is 2.5 dB, the measured
gain is 27.8 dBi and the aperture efficiency is 42%. In C-band,
the measured 3 dB-gain bandwidth is in the frequency band
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Ref Mutual Coupling (deg) Maximum E-field on Surface Maximum E-field on Surface
: pung (deg (V/m) [scaled model] (V/m)
9] 19.95 GHz 29.75 GHz 19.95 GHz 29.75 GHz 6.2 GHz 9.3 GHz
<20 >100 581,300 814,582 209,749 294,464
[12] 11.7 GHz 13.7 GHz 11.7 GHz 13.7 GHz 6.2 GHz 9.3 GHz
>80 >80 46,832 58,235 15,319 26,849
[13] 35 GHz 94 GHz 35 GHz 94 GHz 6.2 GHz 9.3 GHz
>80 <20 690,500 3459,000 110,613 215,779
This 6.2 GHz 9.3 GHz 6.2 GHz 9.3 GHz 6.2 GHz 9.3 GHz
work <6 <8 4,203 7,928 4,203 7,928
14 21500 350
g2 §13 300
S0 T 11 250
2 2 9 200
ES £
2 6 27 150
E 4 g 5 100
@ 5 3 50
u w0 | ]
0 2 4 6 8 10 12 14 1 3 5 7 9 1113 15

Prototype

/
X-band feed horn

FIGURE 11. Prototypes of the dual-band reflectarray antenna in
measurement setup at (a) C-band, and (b) X-band.

of 5.7-6.7 GHz, and the measured axial ratio is lower than
3.8 dB in the above-mentioned frequency band. In X-band,
the measured 3 dB-gain bandwidth is in the frequency band
of 8.65-9.55 GHz, and the measured axial ratio is lower than
2.8 dB. The measured results are in good agreement with the
simulated results, which verify the radiation performance of
the antenna.

B. COUPLING EFFECT ANALYSIS

To further verify the low coupling effect of the antenna,
the single-frequency reflectarray antennas that only contain
the C-band or X-band patches are simulated and designed
with the same aperture size for comparison. The simulated
radiation patterns are shown in Fig.14. At 6.2 GHz, the gain
of the C-band only reflectarray antenna is 24.5 dBi, which is
reduced by 0.4 dBi compared to the dual-band reflectarray
antenna. At 9.3 GHz, the gain of the X-band only reflectarray
antenna is 28.3 dBi, which is increased by 0.5 dBi compared
to the dual-band reflectarray antenna. The radiation patterns
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FIGURE 13. Measured and simulated gains and axial ratios at various
frequencies.

of the single band reflectarray antennas are consistent well
with those of the dual-band reflectarray antennas, and the gain
change is less than 0.5 dBi, which can verify the low mutual
coupling performance of the dual-band reflectarray antenna.

C. POWER HANDLING CAPACITY ANALYSIS

The formula of power handling capacity calculation is as
follow [18]:

Pax = Pin - (Ep/Emax)* 2

which Ppax is power handling capacity, P;, is input power,
E}, is breakdown threshold value and E .« is maximum field
strength.

At the two operating frequencies, the obtained electric
field distribution diagrams of the embedded patches and the
surface of the reflectarray are shown in Fig. 15. The input
power is 0.5 W. At 6.2 GHz, the maximum electric field
of the embedded patch is 2153 V/m, and the maximum
electric field on the surface of the reflectarray is 665 V/m,
which is about a quarter of that in the patch and signif-
icantly improves the power capacity of the antenna. The
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TABLE 3. Comparison of the previous reports on high power reflectarray
antennas.

Ref. [7] [19] [20] This work
Aperture Dimension | 5.8% 8.4\ 8.2% 6.7)/10.7A
Frequency (GHz) 9.3 10 10 6.2/9.3
Measured Gain (dB) | 23.4 21.66 20.2 24.6/27.8
Side-lobe Level(dB) | -15.8 -10 -12 -18/-15.3
Aperture Efficiency | 50.6% 15.5% 11.8% 51.8%/42%
Power Capacity | 0.5SMW | 1.2MW | 2.7MW | 10.2 MW
under Air Condition /3.9 MW

calculated power handling capacity of the embedded patches
is (4 x 107/2153)>x0.5 W = 172.6 MW, which is based on
the substrate breakdown threshold of 40 MV/m [18]. The
calculated power handling capacity of the surface of the
reflectarray is (3 x 10%/665)>x0.5 W = 10.2 MW, which
is based on the breakdown threshold of air that is 3 MV/m.
At 9.3 GHz, the maximum electric field of the embedded
patch is 3295 V/m, and the maximum electric field on the
surface of the reflectarray is 1071 V/m. The calculated power
capacity of the embedded patches is (4 x 107/3295)?>x0.5
W = 73.7 MW. The calculated power handling capacity
of the surface of the reflectarray is (3 x 10%/1071)*x0.5
W = 3.9 MW under air condition. For the two operating
frequencies, the power capacities are limited by the surface
of the reflectarray. To improve the power capacity, it is easy
to mount a radome on the reflectarray to fill one atm of SFg
gas with the breakdown threshold value of 11 MV/m. Under
one atm of SFg gas, the calculated power handling capacity of
the surface of the reflectarray is (1.1 x 107/665)>x 0.5 W =
136.8 MW for 6.2 GHz. As for 9.3 GHz, the calculated
power handling capacity of the surface of the reflectarray is
(1.1 x 107/1071)*x 0.5 W = 52.7 MW.

In general, the thermal issue is not the main issue to be
considered in the high-power microwave field. The duty cycle
of the high-power microwave pulsed is sufficient low and the
average power is not high. So it should not cause a huge
change in the temperature to affect the configuration of the
antenna and thermal effects can be ignored.

D. COMPARISON WITH OTHER HIGH-POWER
REFLECTARRAY ANTENNAS

The comparison on some previous reports of high-power
reflectarray antennas is shown in Table 3. The proposed
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FIGURE 15. Electric field distribution diagrams of (a) the patches, and (b) the surface of the reflectarray at 6.2 GHz and 9.3 GHz.

reflectarray antenna shows higher power capacity than the
other three designs [7], [19], [20]. And the proposed reflectar-
ray antenna shows higher aperture efficiency and lower side-
lobe level than the designs in [19] and [20]. Furthermore,
the proposed design can work in two frequency bands with
the frequency ratio of 1.5, but the other three designs can only
work in one frequency band.

IV. CONCLUSION

This letter presents a patch reflectarray antenna to realize the
dual-band feature of high-power antennas. Since the patches
of the traditional reflecting element generally are exposed to
the air and with the structure of splits or slots, their power
capacity is limited. To solve this problem, the elliptical patch
with no abrupt structure is proposed to be embedded into
substrate. And two embedded elliptical patches with different
sizes are proposed to be arranged in a square lattice grid to
be the high-power dual-band reflecting element. The dual-
band reflecting element has not only high-power capacity but
also low mutual coupling. In addition, the angular rotation
technique is demonstrated can be applied to the elliptical
patch element to realize the linear 360° phase shift. To ver-
ify the performance of the proposed element, a reflectarray
antenna prototype is designed, simulated, and measured in
both C-band and X-band. The measured results are in good
agreement with simulations, which can validate the proposed

VOLUME 9, 2021

design and its practical realization of dual-band high-power
microwave antenna applications.
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