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ABSTRACT In this paper, we propose a dual-band shared-aperture antenna composed of array elements with
high electromagnetic (EM) transparency. To increase EM transparency, the antenna consists of an optimized
substrate with low effective permittivity by combining thin dielectric sheets and air-gap layers. To further
improve the EM transparency, thin dual-loop radiators with optimized widths and lengths are adopted for
the S-band element, and an E-shaped patch antenna is employed for an X-band element. This configuration
minimize the pattern distortion in the X-band elements while enhancing antenna bandwidths. In addition,
a calibration layer comprising four monopole probes and microstrip transmission lines is included for
monitoring the phase and amplitude errors of each element. To verify the feasibility, the proposed antenna
is fabricated to measure antenna characteristics, such as reflection coefficients, beam steering performance,
and mutual coupling in a full anechoic chamber. The fractional bandwidths of the antenna in the S- and
X-bands are 16.4% and 26.8%, respectively. The array gains at the bore-sight are 16.0 dBi in the S-band and
24.0 dBi in the X-band.

INDEX TERMS Radar, shared-aperture, array antenna, S-band, X-band.

I. INTRODUCTION

With the rapid advancement of radar technologies, multi-
function radars (MFRs) that can simultaneously detect and
track multiple targets using S- and X-band radars have been
extensively employed in military applications [1], [2], [3], [4],
[5]1,[6], [7]. In conventional MFRs, S-band and X-band radars
are separately mounted on the mast of a military ship, thus
requiring a large mounting area. To reduce the mounting area,
multi-layered shared-aperture antennas in which an S-band
radar is stacked on top of an X-band radar have recently
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been reported [8], [9], [10], [11]. However, the top-placed
S-band elements of these shared-aperture antennas have thick
antenna substrates, which can generate unwanted surface
wave modes and cause pattern distortion in the bottom-placed
X-band elements. To solve the problem, quasi-air substrates
with thick air gaps can be adopted for S-band elements [12],
[13], [14]. Since these substrates can suppress unwanted
surface wave modes, the electromagnetic (EM) transparency
of an S-band element can be improved. Nevertheless, pattern
distortion remains because of the sizable conductive surface
of S-band elements. To further enhance EM transparency of
the S-band element, various studies have been conducted by
employing small radiators such as monopoles, dipoles, and
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loops for the S-band elements [15], [16], [17], [18], [19],
[20]. However, since reducing the radiator size often results
in bandwidth decrease due to the high-quality factor of the
radiator, it is important to design a radiator that achieves
maximum bandwidth while minimizing blockage from an
S-band radiator [21]. Furthermore, to monitor and precisely
compensate for beam forming errors in phased array radar,
a calibration probe should be also considered [22], [23].

In this paper, we propose an S/X-band shared-aperture
array antenna composed of array elements with high EM
transparency. The proposed array antenna consists of S-band,
X-band, and calibration layers. The S-band layers, which are
equipped with air-gap layers, are stacked onto the X-band
layer. Since radiation patterns of X-band elements can be
distorted by S-band elements, high EM transparent structures
are employed for the antenna substrate and the conductive
radiators of the S-band elements. The S-band antenna sub-
strate has the thin dielectric sheets and the thick air-gap
layers. A perforated 3D printed resin structure is employed
to form the robust air-gap layer. Since the permittivity of the
S-band substrate is reduced close to 1 by the thick air-gap lay-
ers, generation of unwanted surface waves can be effectively
suppressed. To further achieve high EM transparency, loop
radiators with optimized widths and lengths are applied to the
S-band elements. These thin loop radiators minimize radia-
tion blocking between the S- and X-band elements, thereby
reducing pattern distortion in the X-band. In addition, the
S- and X-band elements have coupled-fed dual-loop struc-
tures and E-shaped patch structures, respectively, which
maintain broadband characteristics while reducing the radia-
tor size. The combination of the loop and E-shaped antennas
is the design that can achieve high EM transparency by mini-
mizing blockage effect between radiators. This configuration
is adopted for the first time in this work, unlike previous
shared-aperture radars. Furthermore, to precisely compen-
sate for beam forming errors, an additional calibration layer
consisting of monopole probes and transmission lines is pro-
posed. This calibration layer is inserted below an X-band
layer to monitor abnormal input signals in real time. The
calibration layer consists of four probes that collect coupling
signals from each array element and microstrip lines that
transmit the signals to a calibration port. The transmitted
coupling signals are used to determine compensation values,
which can maintain the beam forming performance of the
radar system. The S-band, X-band, and calibration layers
combine to create an entire antenna part, which is then con-
nected to transmit/receive modules (TRMs) for beam steering
control. To verify the feasibility of the proposed antenna, its
reflection coefficients and beam steering performance in the
S- and X- bands are investigated. Mutual coupling between
the calibration port and each element are also measured.

Il. DESIGN OF THE SHARED-APERTURE ARRAY ANTENNA
Fig. 1 illustrates the geometry of the proposed shared-aperture
array antenna. As shown in Fig. 1(a), the antenna has
a stacked structure, wherein dual-loop S-band elements

137534

Layer3
(S-band)
Air gap
Layer2
(S-band)
R F Alr gap
: L , feed pin
- |
hy : - SIS TS o Layerl
' - - -4 (X-band)
P —— i ! X-band
: | v % v 8 i ifeed pin

i . Calibration
layer
" Connector

T/R module

E,
E

1]

(0)

FIGURE 1. Geometry of the proposed antenna. (a) Configuration of the
multilayered shared-aperture antenna. (b) Top view of an S-band
element. (c) Top view of the X-band array.

(layers 2 and 3) are stacked onto X-band E-shaped patch
elements (layer 1). To prevent the degradation of radiation
characteristics in the X-band elements owing to the stacking
of the S-band elements, the substrates and radiators of the
S-band elements are optimized to achieve high EM trans-
parency. The stacked structure in the S-band comprises two
sets of thin RF-35 dielectric sheets (¢, = 3.5, tan § = 0.0018)
and air-gap layers. To form a robust air-gap layer beneath
the thin dielectric sheet, a perforated 3D-printed structure
made of 2.5 mm thick resin is employed. This S-band
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TABLE 1. Design parameters of the proposed antenna.

Parameters Optimized values (mm)
A 29.5
b 242
I3 6.5
n 6
Wi 17.2
Wy 29.5
w3 7
Wy 0.8
Ws 2.7
t 1.5
t 22
dy 51
d, 17
hsy 0.5
hy 0.5
hy 2.5
hy 1.6
he 1.6

substrate can improve EM transparent characteristics because
of its reduced effective permittivity and can also broaden the
bandwidth in the S-band by increasing the volume of the
element. The antenna is also modularized with a unit cell that
consists of one S-band element and 3 x 3 X-band elements.
This proposed unit cell combining the loop and the E-shaped
antennas is the design that can achieve high transparency
by minimizing blockage effect between radiators. The 4 x
4 unit cells are then expanded to the entire array, which is
advantageous for maintenance. Fig. 1(b) shows the top view
of the S-band layer in one unit cell. The S-band element is a
thin dual-loop antenna whose length, width, and thickness are
I1, l; wi, wo; and 11, 12, respectively. The loop radiator for the
proposed S-band element has a structure similar to an annular
ring or a rectangular patch with a rectangular slot at the center
to minimize the blockage effect. This antenna employs a
rectangular slot to lengthen surface current paths, and thus
reducing the size of the element [24]. The S-band loop ele-
ment is designed for the fundamental TM; mode assuming
the S-band loop as an annular ring. Typically, the average
circumference of an annular ring antenna matches the guiding
wavelength of the microstrip used [25]. The proposed antenna
is designed with dual loop radiators having circumferences of
0.99A and 0.95A, based on a center frequency of 3.05 GHz.
Since the thin loop radiator minimizes the radiation blocking
between S and X-band elements, EM transparency can be
maximized. Furthermore, the coupled-fed dual-loop antenna
improves bandwidth while maintaining a thin loop geom-
etry. Fig. 1(c) presents the top view of a unit cell for the
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FIGURE 2. The pattern distortion in the X-band element according to the
S-band substrate. (a) Geometry of dielectric sheets in the S-band
elements stacked onto the X-band array. (b) Average pattern distortion.

X-band layer. The E-shaped patch is employed for the X-band
element that has a length /3 and a width w3. The length and
width of the slot are I4 and wy, respectively, and the spacing
between slots is ws. Because an E-shaped patch has various
current paths due to its slots, it has broadband characteristics
while maintaining a low profile in the X-band layer. At the
bottom of the X-band layer is a calibration layer intended to
monitor the status of each element in real time, with which
abnormal phase and amplitude errors can be appropriately
compensated. The calibration port monitors the status of
each element through coupling, and thus the calibration layer
consists of four monopole probes and microstrip transmission
lines. The entire antenna part is completed by assembling the
S-band, X-band, and calibration layers with a metal frame.
Finally, the antenna part is attached to the TRMs for beam
steering control. Each element is fed with different phases
and amplitudes by TRMs, allowing for precise control of the
beam’s direction and shape. The optimized design parameters
are listed in Table 1.

Fig. 2 illustrates the pattern distortion in the X-band ele-
ments according to the structure of the S-band substrate.
The S-band substrate is stacked onto the X-band array as
shown in Fig. 2(a). The S-band substrate is composed of
RF-35 dielectric sheets and air-gap layers. The heights of the
dielectric sheets for the S-band are hg; and hy. Dielectric
substrate height hy is calculated using hg; + hg, and total
substrate height /., is the sum of sy and an air-gap. In the
stacked structure, the electromagnetic waves radiated by an
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FIGURE 3. EM transparency and bandwidth according to the S-band loop size. (a) Geometry. (b) Average pattern distortion in the X-band
element (c) Comparisons of reflection coefficients depending on the length /. (d) Comparisons of reflection coefficients depending on the

thickness ¢.

X-band element pass through the overlying S-band substrate
so that unwanted surface waves can be generated due to the
thickness of the dielectric substrate. The dielectric substrate
thickness at which the dominant TE surface mode occurs is
derived by the following equation [26]:
c

TE| : Iy YT 1)
where f, is the cutoff frequency, €, denotes the effective rela-
tive permittivity of the substrate, and c is the speed of light in
free space. When the thickness of the substrate exceeds #;, the
pattern of the X-band radiator is severely distorted because of
the induced surface waves. Fig. 2(b) depicts pattern distortion
in the central element of the X-band according to 7y, and
halhiper. The pattern distortion in the X band is determined
thus [27]:

Pattern distortion (dB)

o fo% [Fo(0, ¢) — Fe(0, ¢)| dBd

2w @

= 10 loglo
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where Fy refers to the radiation pattern of the X-band element
without S-band dielectric sheets (hy = 0), and F. refers
to the radiation pattern of the X-band element with S-band
dielectric sheets. Pattern distortion is defined as the average
difference in radiation patterns in the hemispheric region in
the +z direction. As expected, significant pattern distortion
occurs over the dotted line A, derived from equation (1).
Below the dotted line, relatively little pattern distortion is
observed, and the circle indicates the substrate height for
the proposed antenna. At this point, pattern distortion is
suppressed to less than 0.6 dB. Based on this parametric
study, an optimized S-band substrate consists of two RF-35
dielectric sheets (hs1, hyy = 0.5 mm) and two air-gap layers
(hg = 2.5 mm).

Fig. 3 depicts the analysis for the EM transparency and
bandwidth according to the S-band loop size. Fig. 3(a) illus-
trates the geometry of the S-band loop radiator located on
top of the X-band elements, where / and ¢ are the length and
thickness of the S-band loop radiator, respectively. As shown
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FIGURE 4. Active element pattern of a central X-band element.

in Fig. 3(b), pattern distortion in the central element of the
X-band varies according to / and ¢. As t and / increases, the
area of the S-band loop that blocks radiation in the X-band
elements expands, which naturally elevates the pattern dis-
tortion. Fig. 3(c) shows reflection coefficients depending on
the S-band loop length / within the range where the S-band
loop radiator does not obscure the X-band element. The
bandwidth characteristics are investigated by varying / from
29.5 mm to 35.5 mm in 2 mm increments, while keeping the
loop circumference constant. As the / increases, the matching
characteristics deteriorate at the center of the target band
(3.05 GHz). Fig. 3(d) provides reflection coefficients accord-
ing to the loop thickness 7 (from 2.5 mm to 0.5 mm). When
the ¢ decreases, the matching characteristics also deteriorate.
The shape of the S-band loop radiator is then optimized for
!l = 29.5 mm and t = 2.2 mm, which generated a pattern
distortion of less than 1.2 dB.

Fig. 4 presents a comparison between the active ele-
ment patterns (central X-band element) with and without
the S-band element. The bore-sight gains with and with-
out the S-band structure are 5.7 dBi and 5.9 dBi, respectively.
The pattern distortion occurs 1.2 dB in the comparison.
This demonstrates that the proposed S-band antenna element
maintains electromagnetic transparency and does not signifi-
cantly affect the performance of the X-band antenna.

lIl. VERIFICATION OF THE PROPOSED ANTENNA

To verify the feasibility of the proposed antenna, the array
antenna is fabricated and measured in a full anechoic cham-
ber. The array spacings in the S- and X-band elements are
51 mm (0.52A at 3.05 GHz) and 17 mm (0.54A at 9.5 GHz),
respectively. Fig. 5 displays the fabricated array antenna
parts, which are S-band layers, an X-band layer, a calibration
layer, and a metal frame. A front view of the antenna is
provided in Fig. 5(a), showing the top S-band layer, which
contains 4 x 4 S-band array elements. Fig. 5(b) shows the
second S-band layer, where the S-band feed pin is connected
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FIGURE 5. Photograph of the fabricated array antenna. (a) Top view of the
proposed antenna (S-band layer). (b) Top view of an S-band layer. (c) 3D
printing frame for the air-gap layers. (d) Top view of the X-band layer.

(e) Top view of the calibration layer. (f) Metal frame of the antenna.

FIGURE 6. Measurement setup in the full anechoic chamber.

to the loop radiator. The perforated 3D printed resin frame
is fabricated to form the robust air-gap layer beneath the
S-band dielectric sheet, as shown in Fig. 5(c). Fig. 5(d) shows
the X-band layer, which consists of 12 x 12 X-band array
elements. Holes in the X-band layer allow the S-band feed
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FIGURE 7. Reflection coefficients: (a) S-band element. (b) X-band
element.

pins and the monopole probes to pass through. The monopole
probe for calibration is connected to the calibration line on
the calibration layer as shown in Fig. 5(e), with which the
proposed array antenna can be monitored. All elements of
the antenna are fabricated through an etching process and
laminated using an adhesive film in each layer. Additionally,
the metal frame connected to the bottom of the antenna firmly
fixes all the layers, improving the durability of the antenna as
shown in Fig. 5(f).

Fig. 6 presents the measurement setup in the full anechoic
chamber. The fabricated antenna under test (AUT) is fixed
with a Styrofoam jig, and the reflection coefficients and array
gains of the AUT are measured to verify antenna feasibility.

Fig. 7 shows the reflection coefficients of the central ele-
ments of the S- and X-bands in the array. The solid and
dashed lines indicate the measured and simulated results,
respectively. The slight variation between simulation and
measurement results is due to manufacturing and assembly
tolerances, such as adhesive thickness and soldering during
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FIGURE 8. Beam steering performance of the proposed antenna
(a) S-band. (b) X-band.

the antenna fabrication process. As indicated in Fig. 7(a), the
bandwidth (|I"'| < —10 dB) of the S-band element is 16.4%
(2.8 ~ 3.3 GHz) which agrees well with the simulated result
of 16.5%. Fig. 7(b) shows that the bandwidth of the X-band
element is 26.8% (8.4 ~ 11 GHz), which is also in good
agreement with the simulation of 24.7%.

Fig. 8 depicts the beam steering performance of the
proposed antenna at the central frequency of each band.
To examine the array gain of the antenna, the active element
patterns (AEPs) of the proposed array elements are measured
in the full anechoic chamber [28], [29]. The total array gain
is then calculated on the basis of the AEPs of all the elements
using equation (3):

1
> Wagn (AZ, EL)
=1

Garray (AZ, EL) = "

y 2
Z (W
n=1

3
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FIGURE 9. Geometry of the calibration layer. (a) Top view of the
calibration layer of the proposed antenna. (b) Top view of the power
divider part. (c) The calibration port pin. (d) Sideview of the antenna
including the calibration layer.

where g, is a complex AEP vector of the n”* element port,
and w, is a complex weighting vector of the n element
port. In the S-band, the measured array gain in the bore-sight
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TABLE 2. Design parameters of the calibration layer.

Parameters Values
d, 102 mm
Wer 5 mm
Wea 7 mm
We3 3 mm
1. 12 mm
1o 4.5 mm
r 1.5 mm
r 10 mm
(28 17°
Ly 7.6 mm
I 12.6 mm

direction is 16.0 dBi, which agrees with the simulation result
of 16.7 dBi. The maximum gain varies from 16.0 dBi to
12.5 dBi when the main beam is steered from AZ = 0°
to 45°. For the X-band, the measured and simulated array
gains in the bore-sight direction are 24.0 dBi and 24.8 dBi,
respectively. The bore-sight gains decrease from 24 dBi to
21.5 dBi under the same beam-steering conditions.

The ideal array gain with the number of elements can be
calculated as following equation [30]:

Gurray = Gelement + 10 loglo(N) (4)

where N is the number of elements. Measured bore-sight
gains of the central array element of the proposed antenna are
4.5 dBi in the S-band and 4.4 dBi in the X-band, respectively.
Thus, when each single element is arranged in an S-band 4 x
4 array and an X-band 16 x 16 array, the ideal array gain is
calculated to be 16.5 dBi for the S-band and 25.9 dBi for the
X-band, which are close to the simulated and measured array
gain.

Fig. 9 presents the geometry of the calibration layer located
below the X-band layer. The four monopole probes and
microstrip transmission lines in the calibration layer are
shown in Fig. 9(a). The transmission lines are divided into
four branches from the calibration port, and each monopole
probe is located at each end of the line. The four monopole
probes collect coupling signals from each array element,
and their spacing d. is adjusted for appropriate coupling
strengths between the probe and each array element. The
calibration port then monitors the status of each element
by monitoring the coupling. The detailed geometry of the
power divider, where two lines are divided into four lines,
is shown in Fig. 9(b). The design parameters are listed in
Table 2. The transition for power distribution is determined
by w1 and I:1. The line is split into two by w3, w¢a, and 5.
In Fig. 9(c), the calibration port pin is connected to the center
circle of the transmission line with a radius of r;. A fan-
shaped transmission with radius r, and angle 6, is employed

137539



IEEE Access

J. Park et al.: Design of a Dual-Band Shared-Aperture Array Antenna Composed of Array Elements

40} ]

Mutual coupling (dB)

L L L

sob . . . . .
0 2 4 6 8 10 12 14 16

Element index

(a)

-50F

Mutual coupling (dB)

700 J

80 . . . . . . .
0 20 40 60 80 100 120 140

Element mdex

(b)

FIGURE 10. Mutual coupling between the elements and calibration port:
(a) s-band and (b) X-band.

for impedance matching between the central circle and the
transmission lines. The entire array antenna, including the
calibration layer, is shown in Fig. 9(d). The length (/,1 + [;2)
of the monopole probes is optimized to capture the coupling
strength of —20 dB to —50 dB between the probe and each
array element.

Fig. 10 indicates the measured coupling characteristics
between the calibration port and each array element (S-band
4 x 4, X-band 16 x 16) at the center frequency of each band.
The calibration port should have relatively uniform coupling
values with each antenna element to ensure better calibration
accuracy. The coupling levels for all the S-band elements
are distributed in the range from —21.2 dB to —33.0 dB at
3.05 GHz, as shown in Fig. 10(a). At 9.5 GHz, all the X-band
elements have coupling from —21.1 dB to —51.04 dB as
shown in Fig. 10(b). These coupling values indicate that the
calibration layer can monitor abnormal input signals in each
element.
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TABLE 3. Comparisons of antenna characteristics.

Research  Bandwidth  Number  Height Array Scan
of gain range
elements
S: 8
S: 7.7% S: 1 dBi
(9] X-48%  X:16 oMM x5y <=5
dbBi
L:5
L:21.7% L:1 qu114
[15] S: 11.6% S:4 45 mm CiBi -
X: 18.9% X: 36 <
21dBi
L:7
L:<5% L:9 dBi
(7 Si<5%  s:36  0Mm gy -
dBi
$:9.5
S: 1.03% S:2 dBi
(9] X: 1.0% x:28 Mmoo ygs -
dBi
S:9
S:26.5% S: 1 11.6 dBi .
(201 X:252% X4 mm X194 <~ ¥20
dBi
S: 16.0
This S: 16.4% S: 16 dBi .
work  X:268%  X:144  02MM  x.o4q <45
dBi

Antenna performances are compared with other studies in
Table 3. The proposed array has a low antenna profile while
having more than 16% bandwidth in each band. In addition,
it has an additional calibration layer, making it easier to
maintain precise beamforming performance. The array gain is
investigated by steering the beam up to £45° in the azimuthal
direction.

IV. CONCLUSION

We investigated a dual-band shared-aperture array antenna
composed of array elements with high EM transparency. The
unit cell of the proposed antenna consists of one S-band
dual-loop element and an array of 3 x 3 X-band E-shaped ele-
ments. The 4 x 4 unit cells were expanded to form the entire
array. The S-band elements were designed with a substrate
layer that combines air-gap layers with thin dielectric sheets.
These elements also had thin loop radiators with optimized
widths and lengths. The fractional bandwidths of the antenna
were 16.4% and 26.8% in the S- and X-bands, respectively.
The maximum array gains of the S-band elements varied from
16.0 dBi to 12.5 dBi when the main beam was steered from
0° to 45°. Under the same conditions, the maximum gain in
the X-band decreased from 24 dBi to 21.5 dBi. Mutual cou-
pling between the calibration port and each element ranged
from —21.2 dB to —33.0 dB at 3.05 GHz and from —21.1dB
to —51.04 dB at 9.5 GHz. The results demonstrated that
the proposed shared-aperture antenna was suitable for MFR
applications.
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