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ABSTRACT In this paper, we propose an S/X-band shared-aperture array antenna with a mutual comple-
mentary design to improve the electromagnetic (EM) transparent characteristics. A unit-cell of the proposed
antenna includes one dual-loop element for the S-band and 3 × 3 dual-loop elements for the X-band.
To configure the shared-aperture structure in a limited space, the S-band element is stacked on top of the
X-band elements. To solve the practical engineering problems of the shared-aperture antennas, novel design
techniques such as using a mutual complementary structure, a coupling compensation array, an interface
layer, and an antenna modularization are employed. To verify the antenna feasibility, the fabricated unit-cell
extends into a 4 × 4 unit-cell array. The fractional bandwidth of the reflection coefficients for the proposed
array are 14.7% and 15% in the S- and X-bands, respectively. In the S-band, as the steering direction of the
main beam increases from 0◦ to 45◦, the maximum gain decreases from 14.6 dBi to 11.8 dBi. In the X-band
under the same conditions, the maximum gain varies from 26.6 dBi to 25.3 dBi.

INDEX TERMS Array antennas, shared aperture antennas, radar, dual loop antennas, mutual complimentary
design.

I. INTRODUCTION
In recent years, the demand for a multi-function radar (MFR)
system of military ships that includes both the S- and X-bands
is gradually increasing [1], [2], [3], [4]. The MFR is useful
for detecting and tracking enemies from a long-distance;
however, the drawback of such a system is the fact that
both antennas are mounted separately, which means that the
mounting area is relatively larger than in conventional radar
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systems. To minimize the mounting area, shared-aperture
antennas technologies can be considered an attractive solu-
tion for MFR applications. Thus, combinations of various
elements for the shared-aperture antennas such as patches,
monopoles, loops, and meshed patches [5], [6], [7], [8], [9],
[10], [11], have been reported. Since the various elements
of the different bands need to be integrated in a limited
space, the shared-aperture antennas typically suffer from
performance degradation due to the mutual coupling effects
caused by adjacent elements. To overcome these mutual cou-
pling effects, various techniques, such as the insertion of

VOLUME 12, 2024

 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 21199

https://orcid.org/0000-0002-5629-8294
https://orcid.org/0000-0003-1184-3807
https://orcid.org/0000-0001-5130-5865
https://orcid.org/0000-0002-8409-6964
https://orcid.org/0000-0002-5942-4807


D. Jang et al.: Design of a Shared-Aperture Dual-Loop Antenna Using a Mutual Complementary Shape

a cavity structure [12], a meta-surface [13], and an elec-
tromagnetic band gap structures [14], have been reported.
Nevertheless, these technologies have structural difficulties
in applying to stacked shared-aperture antennas. In addition,
it is important to achieve the electromagnetic (EM) transpar-
ent characteristics of the top-placed element with regard to
the bottom-placed element. However, the research on the EM
transparent characteristics of the shared-aperture radar arrays
has not yet been sufficiently conducted.

In this paper, we propose a shared-aperture array antenna
with amutual complementary shape to improve the EM trans-
parent characteristics. A unit-cell of the proposed antenna
includes one dual-loop element for the S-band and 3 ×

3 dual-loop elements for the X-band. To configure the shared-
aperture structure in a limited space, the S-band element is
stacked on top of the X-band elements. Then, novel design
techniques to solve the practical engineering problems of
the shared-aperture antennas are employed in the proposed
antenna: the S-band element has a mutual complementary
shape, which improves the EM transparent characteristics
in the X-band without degradation of the antenna perfor-
mance. In [15], we reported some preliminary results on the
shared-aperture radar arrays using a hashmark-shaped loop,
but consideration for the design of the X-band array and
the feeding network was not sufficiently described. In addi-
tion, the array performance such as an active reflection
coefficient (ARC), an array gain, and beam steering has
not been explained. In this study, a coupling compensation
design is applied to the X-band elements in consideration
of the mutual coupling characteristics between the S-band
element and each X-band element. This can improve the
antenna bandwidth in the multilayered shared-aperture array.
Then, an interface layer is applied under the X-band layer to
enhance the antenna durability. To improve maintainability,
the unit-cell of the proposed antenna is modularized in a sym-
metrical structure, where the full radar array can be obtained
through repeated arrangement of the modules. To verify the
antenna feasibility, the reflection coefficients are investigated
in the S- and X-bands. Furthermore, the proposed unit-cell
expands into a 4 × 4 unit-cell array to examine the array
performance such as the ARC, the array gain, and beam
steering. The results demonstrate that the proposed shared-
aperture antenna is suitable for MFR applications.

II. DESIGN OF THE HASHMARK-SHAPED ANTENNA
Figure 1 illustrates the geometry of the S/X-band multilay-
ered shared-aperture array antenna for the MFR systems.
The unit-cell of the proposed antenna consists of one S-band
element and 3×3X-band elements array. A coupled-fed dual-
loop structure is employed for the X-band elements (Layer
1 and Layer 2), which can achieve a broadband matching
characteristic. To improve the isolation of the X-band ele-
ments, via cavity structures are inserted among them. The
width, length, and thickness of the X-band elements are wxij,
lxij, and txij, respectively, where i and j indicate the ele-
ment number and the layer number, respectively. The S-band

elements with the coupled-fed structure (Layer 3 and Layer
4) are stacked on top of the X-band elements so that the S- and
X-band elements share a limited aperture space. Herein, when
placing the S-band elements above the X-band elements,
there are several advantages compared to the opposite case.
One S-band element has a smaller total radiator area than
nine X-band elements in the unit-cell, which means that the
S-band element results in a smaller blockage effect. In addi-
tion, since the feeding structure of the X-band elements is
more complicated than that of the S-band elements, it is
preferred that X-band elements are placed at the bottom. Nev-
ertheless, in this stacked configuration, the S-band element
still physically blocks the X-band elements, which causes
performance degradation in the X-band. To overcome this
blockage effect without degrading the antenna bandwidth,
the S-band element has a mutual complementary shape for
obtaining the EM transparent characteristics in the X-band.
The lengths of the conductors extending into the x and y
axis from the loop edge are aij and bij. The width, length,
and thickness of the S-band elements are wsij, lsij, and tsij,
respectively. A perforated layer ensuring the presence of an
air gap is placed between the S- and X-band layers, which can
minimize the manufacturing errors by providing a soldering
space of hair . The thicknesses of the antenna layers are h1, h2,
h3, and h4 from the bottom. For the electric beam steering,
the proposed shared-aperture antenna should be connected
to the transmitting receiver modules (TRMs). Due to the
harsh operating environment of a military ship, the connec-
tion between the antenna part and the TRMs must be robust
with regard to the external shocks. Therefore, an interface
layer is employed between the antenna part and the TRMs,
which prevents any unwanted movement of the feed-pin due
to the external shocks as shown in Figure 1(d) [16], [17]. The
geometric parameters are optimized using a genetic algorithm
and the FEKO EM simulator [18], [19], and they are listed
in Table 1. This optimization requires more than 96 hours
with 128 GBytes of memory (AMD Ryzen 7 3700X, 8 core
processor). A simple cost function of 1/bandwidth is used for
the optimization process.

Figure 2 shows the pattern distortion in the X-band ele-
ment according to the size of the S-band element. As shown
in Figure 2(a), the S-band element is located above the
nine X-band elements, which causes the pattern distortion of
theX-band elements. The effects of the S-band element on the
X-band elements vary according to their relative locations.
The pattern distortion of the X-band element is defined by
the following equation:

PD(dB)=10 log10

∫ 2π
0

∫ π
2
0 |Fo(θ, φ) − Fl(θ, φ)| sin θdθdφ

2π
(1)

where the Fo means the radiation gain pattern of the X-band
patch antenna without the S-band element, and Fl is the
radiation gain pattern with the S-band element. Therefore, the
PD is defined as the difference between the Fo and the Fl ,
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FIGURE 1. Geometry of the proposed antenna. (a) 2 × 2 unit-cell array, (b) S-band layer, (c) X-band layer, and (d) side view of the
unit-cell.

where the PD is observed in front half space of the antenna.
As the variable s (S-band element size) increases, the PD of
the element located on the side (p8) also increases, as shown
in Figure 2(b). On the other hand, as the variable s decreases,
the PD of the central element (p5) becomes higher than that
of the side elements.

Figure 3 presents the coupling compensated design of the
X-band array. The bandwidth characteristics of the X-band
elements are degraded due to the mutual coupling with the
S-band element. Since the coupling characteristics between
the S-band and X-band elements differ depending on their
relative distances, the coupling effects should be differently
compensated for each X-band element. Therefore, a cor-
rection length of lm is applied to the basic X-band loop
for the purpose of the coupling compensation, as shown in

Figure 3(a). Thus, the X-band array antennas of the pro-
posed array have non-uniform element sizes, as shown in
Figure 3(b). Figure 3(c) shows the fractional bandwidth
characteristics with and without the coupling compensation
technique. When the coupling compensation is not applied,
the bandwidth of each element is not uniform, and the aver-
age fractional bandwidth is 12%. On the other hand, when
the coupling compensation is applied, the average fractional
bandwidth is improved up to 15%.

III. VERIFICATION OF THE PROPOSED ANTENNA
Figure 4. illustrates the fabricated array antenna. To verify
the antenna feasibility, the proposed unit-cell is fabricated
and extended into a 4 × 4 array configuration. The array
spacings in the S- and X-band arrays are 51 mm (0.52λ
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TABLE 1. Optimized design parameters.

FIGURE 2. Pattern distortion of the X-band element according to the
S-band loop size. (a) X-band array and S-band element and (b) average
pattern distortion.

at 3.05 GHz) and 17 mm (0.54λ at 9.5 GHz), respectively.
As can be seen in Figure 4(a), the fully extended array
configuration is connected to the TRM part for the purpose
of electric beam steering. Figure 4(b) presents the top view
of the fabricated S-band layer which contains 4 × 4 S-band

FIGURE 3. Bandwidth with and without the coupling compensated
design. (a) basic loop and coupling compensated loop, (b) with and
without coupling compensated array configuration, and (c) fractional
matching bandwidth of each X-band element.

array elements. Figure 4(c) illustrates the X-band layer which
includes 12 × 12 X-band array elements. The size of each
X-band element in the unit-cell is not uniform because the
coupling compensation technique is employed as explained
in Section II. Plastic screws are used to fix the S- and X-band
layers, and TLY-5 substrates (εr = 2.2, tan δ = 0.0009) are
used for the antenna substrate layers. The interface layer is
inserted between the array antenna and the TRM, and this
layer is fabricated using the FR-4 substrate (εr = 4.6, tan
δ = 0.018), as shown in Figure 4(d). The durability of the
antenna is increased by adopting a metal frame for this layer.
The antenna performances such as a reflection coefficient,
a gain, and a radiation pattern are measured in a full anechoic
chamber.
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FIGURE 4. Photograph of the fabricated array antenna. (a) isometric view
of the assembled radar, (b) top view of the S-band layer, (c) top view of
the X-band layer, and (d) bottom view of the antenna part.

FIGURE 5. Reflection coefficient of the proposed antenna: (a) S-band and
(b) X-band.

Figure 5 presents the reflection coefficients for the central
element of the S- and X-bands in the array. The reflection

FIGURE 6. Active reflection coefficient of the proposed array: (a) S-band
(3.05 GHz) and (b) X-band (9.5 GHz).

coefficients are observed for the central element, and all
other elements are terminated with matched loads. The
reflection coefficient of the S-band element has a band-
width of 450 MHz (2.85 GHz to 3.3 GHz, |0| < −10 dB)
with a fractional bandwidth of 14.7%, which reveals good
agreement with the simulated result of 12.1%, as shown in
Figure 5(a). In addition, the fractional bandwidth for the
X-band is 15% (8.9 GHz to 10.4 GHz, |0| < −10 dB), which
is also in good agreement with the simulated result of 17%,
as shown in Figure 5(b).

Figure 6 shows the measured ARC according to the
scan angle, where observation frequencies are the S-band at
3.05GHz and theX-band at 9.5GHz. The scan range is within
−90◦ to 90◦ in the azimuth angle (AZ) and the elevation
angle (EL). The target scan range is determined from −45◦

to 45◦ in the AZ and EL, which is presented by the dotted
line. The target ARC level is determined to be −6 dB for
all observation scan range, considering the harsh conditions
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FIGURE 7. Radiation pattern of the proposed array: (a) total gain of the S-band, (b) total gain of the X-band, (c) cross-polarization gain of the S-band,
(d) cross-polarization gain of the X-band.

of the multilayered shared-aperture antenna. According to
the S-band result, the proposed antenna maintains an ARC
of less than −9.8 dB within the target scan area. For the
X-band, an ARC of less than −6 dB is observed under the
same conditions.

Figure 7 presents the measured array gain when steering
the beam at the central frequency of each band. To examine
the array gain of the antenna, the active element patterns
(AEPs) at all the ports of the proposed array are measured in a
full anechoic chamber. The total array gain is then calculated
using the AEPs of all the elements based on the following

equation [20], [21]:

Garray (AZ ,EL) =

I∑
i=1

w̄iḡi (AZ ,EL)√
I∑
i=1

|wi|2
(2)

where gi is a complex AEP vector of the ith element port,
and wi is a complex weighting vector of the ith element port.
Average bore-sight gains of all AEP in the S- and X-bands
are 3.7 dBi and 4.8 dBi, respectively. As the main beam
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TABLE 2. Comparisons of the proposed antenna.

steering angle increases from AZ = 0◦ to 45◦ in the S-band,
the maximum gain decreases from 14.6 dBi to 11.8 dBi.
The side lobe level (SLL) also decreases from 12.7 dB to
11.3 dB, as shown in Figure 7(a). In the X-band, the maxi-
mum gain varies from 26.6 dBi to 25.3 dBi under the same
conditions, and the SLL also decreases from 14.3 dB to
12.7 dB, as shown in Figure 7(b). In addition, the beam
steering performances are examined at narrower intervals,
confirming that scan blindness does not occur within the
target steering range. Figures 7(c) and (d) indicate the cross-
polarization gains of the proposed antenna. The maximum
cross-polarization levels are −10.92 dBi in the S-band and
16 dBi in the X-band, respectively. The antenna performances
are then comparedwith other studies in Table 2. The proposed
array has a low antenna height while having a bandwidth
of more than 10% in each band. In addition, the proposed
array is designed considering the high durability and easy
maintenance compared to other studies. The array gain and
ARC are investigated by steering the beam up to ±45◦ in the
azimuth and elevation directions. These results demonstrate
that the proposed shared aperture antenna is suitable for MFR
applications.

IV. CONCLUSION
We investigated the S/X-band shared-aperture array antenna
with the hashmark-shaped element to improve the EM
transparent characteristics. To configure the unit-cell of the
shared-aperture structure in the limited space, the one S-band
element with the hashmark-shaped loop was stacked on top
of the 3 × 3 X-band dual-loop array. To verify the antenna
feasibility, the proposed unit-cell was fabricated and extended
into 4 × 4 unit-cell array configuration. The fractional band-
width of the reflection coefficients of the S- and X-bands
were 14.7% and 15%, respectively. In addition, when the
array beam was steered from −45◦ to 45◦ in the AZ and
EL, the ARCs of the S- and X-bands were observed to be
less than −9.8 dB and −6 dB, respectively. When the main
beam steering angle was increased from AZ = 0◦ to 45◦

in the S-band, the maximum gain decreased from 14.6 dBi
to 11.8 dBi. Then, the SLL also decreased from 12.7 dB

to 11.3 dB. In the X-band under the same condition, the
maximum gain varied from 26.6 dBi to 25.3 dBi, while
the SLL decreased from 14.3 dB to 12.7 dB. These results
demonstrated that the proposed shared-aperture antenna was
suitable for MFR applications. Therefore, the research of this
paper will help to solve the practical engineering problems of
the MFRs of the shared-aperture configuration.
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