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Abstract: In this paper, we propose a high-durability X-band patch antenna with a coplanar waveg-
uide (CPW) feeding network that can directly connect the upper antenna and the lower transmitting
receiver modules without additional cabling. To improve the durability of the antenna, both the sub
miniature push-on (SMP) connector and the feed-pin are separated through the CPW layer. This
separated structure can minimize the deterioration of the antenna performance when the unwanted
movement of the SMP connector occurs from external shocks. To verify the design feasibility, the
reflection coefficient and radiation patterns of the proposed antenna are measured in a full anechoic
chamber. The reflection coefficient of the proposed antenna is −27 dB at 10 GHz, and the operating
frequency bandwidth (|Γ| < −10 dB) is 4.7% (9.82~10.29 GHz) in X-band. The proposed antenna
has a maximum gain of 5.7 dBi at the bore-sight direction. In addition, the durability evaluations
of the proposed design according to unwanted SMP connector movements provoked by external
shocks are investigated using Monte Carlo simulations. The results demonstrate that the proposed
high-durability antenna design is suitable for military ship applications that involve exposure to
various external shocks.

Keywords: antennas; transmission lines; radars; durability evaluation

1. Introduction

In recent years, there has been an increasing demand for the use of X-band array
antennas in military ship radar systems for detecting targets, navigation, and safety [1–4].
In such radar systems, because ships are frequently damaged by various external shocks, the
antenna element of the radar must be designed to be structurally stable. In previous studies,
various individual element types for X-band radar systems have been reported, such as
Vivaldi antennas [5,6], dipole antennas [7–9], and horn antennas [10,11]. In particular,
patch-type antennas with a low profile and reduced radar cross-section characteristics are
considered to be more suitable for military ship radar systems [12–14]. In this application,
the patch array antennas are typically connected to transmitting receiver modules (TRMs)
for steering the array beam. Herein, antenna elements usually use various transmission
lines such as microstrip [15], substrate integrated waveguide (SIW) [16], and coplanar
waveguide (CPW) [17–19] to connect the antenna and TRM. In this research, although
some antennas have a high gain, the size of the antenna is bulky considering the operating
frequency [15,16,19]. On the other hand, other antennas have a small size with proper
antenna gain [17,18]. However, in these antennas, frequent external shocks at the connection
part between the antenna and the TRM can easily accumulate structural fatigue, which may
cause fatal defects in electromagnetic power transmission from the TRMs to the antenna.
To improve antenna durability, structurally stable shapes (e.g., using support posts or a
metallic body, etc.) have been applied to the design of the antenna element [20,21]. In some

Electronics 2022, 11, 553. https://doi.org/10.3390/electronics11040553 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics11040553
https://doi.org/10.3390/electronics11040553
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-5629-8294
https://orcid.org/0000-0001-7968-1272
https://orcid.org/0000-0003-1184-3807
https://orcid.org/0000-0002-8409-6964
https://doi.org/10.3390/electronics11040553
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11040553?type=check_update&version=2


Electronics 2022, 11, 553 2 of 10

cases, dielectric substrates that strongly resist physical impact have also been employed [22].
In general, because high heat is typically generated during radar operation, using a solder
with a high melting point would be a good solution to enhance durability [23]. More
recently, in some design cases, sub miniature push-on (SMP) connectors mounted on the
bottom surface of the antenna layer, are required to directly connect both the antenna and
the TRM without complicated cabling [24]. However, when applying these techniques
to the antenna, there is not in-depth consideration for improving the durability of the
connection part that is relatively weak against external shocks.

In this paper, we propose a high-durability X-band patch antenna with a coplanar
waveguide (CPW) feeding network that can directly connect the upper antenna and the
lower TRM without additional cabling. To improve the durability of the antenna, both
the SMP connector and the feed-pin are separated through the CPW layer, so that when
unwanted feed-pin movement occurs due to external shocks, the deterioration of the
antenna performance can be minimized. The line width of the CPW near the feed-pin is
designed to be sufficiently thick, whereas a narrow line width is needed near the SMP
connector. Thus, the proposed CPW layer requires a transition part that can maintain
impedance matching characteristics between the thick line for the feed-pin and the thin
line for the SMP connector. To verify the high durability of the design, the proposed
antenna with the CPW layer is fabricated, and its antenna performances such as reflection
coefficient and radiation patterns are measured in a full anechoic chamber. Finally, to
more accurately evaluate the durability of the design, performance degradations due
to unwanted SMP connector movements provoked by external shocks are investigated
using Monte Carlo simulations. From this durability evaluation of the proposed antenna,
the results demonstrate that the proposed antenna has a high durability through CPW
feeding network that can play the interface between the antenna and TRM. Thus, this
antenna design is suitable for military ship applications that involve exposure to various
external shocks.

2. Proposed Antenna Design

Figure 1 presents the geometry of a high-durability X-band patch antenna with a CPW
feeding network that can directly connect the upper antenna and the lower TRM without
additional cabling. The square patch antenna has a length of l, and the feed-pin has an offset
position fp from the antenna center along the x-axis, as shown in Figure 1a. To improve the
durability of the antenna, both the SMP connector with size of Sx × Sy and the feed-pin
are separated through the CPW layer. Through this design technique, the deterioration of
antenna performance can be minimized when unwanted feed-pin movement occurs due
to external shocks. Thus, the line width (wt1) and gap (g1) of the CPW near the feed-pin
are designed to have a sufficiently wide line width because the feed-pin must be stably
connected to the CPW line by soldering. For example, if the line width of the CPW near the
feed-pin is not wide enough, the soldering connection between the CPW and the feed-pin
can be easily damaged by external shocks. On the other hand, it is recommended that
the X-band radar have a small SMP connector in general [24,25] to minimize physical
interference between neighboring elements when antenna elements are expanded to a full
array. Due to the small entrance size of the SMP connector, a narrow line width of wt2 and
a gap of g2 are applied to the CPW structure near the SMP connector. Thus, because the
line width of both ends of the CPW is not the same, the proposed CPW layer requires a
transition part with a length of lt, as shown in Figure 1b. This transition part can maintain
impedance matching characteristics between the thick line for the feed-pin and the thin
line for the SMP connector. Using the CPW feeding network, the patch antenna located at
the top is directly connected to the bottom TRM, and the resulting absence of complicated
cabling makes system maintenance much easier. The proposed antenna combines both a
patch layer and a CPW layer as shown Figure 1c. The conducting patch is printed on a
TLY-5 substrate (εr = 2.2, tan δ = 0.0009) with a height of h1, and an FR-4 substrate (εr = 4.5,
tan δ = 0.016) with a height of h2 is used for the CPW feeding network. The proposed
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antenna is modeled using the FEKO full electromagnetic simulator [26], and the detailed
design parameters are listed in Table 1.
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Table 1. Geometrical parameters of the proposed antenna.

Parameter Value (mm)

l 9
fp 2.3
h1 0.8
h2 0.8
g1 0.6
g2 0.1
wt1 1
wt2 0.75
lt 0.85
Sx 5
Sy 5

Figure 2 illustrates a photograph of the fabricated high-durability antenna. The patch
layer and the CPW layer are strongly adhered through a bonding film, and a thin cylindrical
conductor pin is inserted between the radiator and the CPW line. Due to the thick line
width of the CPW line near the feed-pin, the patch antenna pattern at the top layer and the
CPW line at the bottom layer can be firmly connected by soldering. The SMP connector [25]
is precisely mounted on the CPW layer that is coated except for the direct installation part.
This configuration can directly connect to the TRM without the complicated cabling. To
verify the antenna feasibility, the reflection coefficient and radiation pattern are measured
in a full EM anechoic chamber.
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Figure 2. Photograph of the proposed antenna: (a) top view; (b) bottom view, (c) zoomed CPW.

Figure 3 shows the measured (solid line) and simulated (dashed line) reflection co-
efficients of the proposed antenna. The measured reflection coefficient is observed to be
−27 dB at 10 GHz, which is in good agreement with the simulated result of −20.9 dB. In
addition, the measured fractional bandwidth (|Γ| < −10 dB) is 4.7% (9.82~10.29 GHz), and
that of the simulation is 3.3% (9.84~10.17 GHz). Thus, the proposed antenna can be applied
to the X-band radar applications.
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Figure 3. Reflection coefficients of the proposed antenna.

Figure 4 presents the 2D radiation patterns of the zx-plane (E-plane) by measurement
and simulation. In the bore-sight direction, the measured and simulated gains are 5.8 dBi
and 6.4 dBi at 10 GHz, respectively, and simulated radiation efficiency is 81.3%. The
half-power beam widths by measurement and simulation are 99◦ and 83◦, respectively.
A broad beamwidth without a pattern distortion is observed in the upper hemisphere,
which enables wide-range beam steering and is important for beamforming applications of
military ship radars.
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Figure 4. Radiation patterns of the proposed antenna.

Figure 5 illustrates the current distribution on the patch surface. The strong current
is observed along the edge line, and the direction of the current is the same. This result is
similar to what would be expected with typical patch type antennas [27].
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3. Durability Evaluation Using Monte Carlo Simulations

To more accurately evaluate the durability of the proposed design, we examine the
antenna performance changes (i.e., resonant frequency shifts) according to the existence of
the CPW layer. Figure 6 shows the resonance frequency shift according to the unwanted
movement of the SMP connector due to external shocks. To clearly examine the influence of
the external shocks, we assume that the SMP connector is moved only along x- and y-axes
by the external shocks, as shown in Figure 6a. Then, we simulate the proposed antenna
with and without the CPW layer in the observation frequency from 9.5 GHz to 10.5 GHz.
The SMP connector is gradually moved with an interval of 0.01 mm (−0.3 mm ≤ xn ≤
0.3 mm and −0.3 mm ≤ yn ≤ 0.3 mm, n = 1, 2) to observe all movement for the external
shock assumption. In the proposed case, the shift in resonance frequency is observed to be
very small, which is less than 4 MHz, as shown in Figure 6b. Without the CPW layer, the
resonance frequency shift varies up to 35 MHz according to the unwanted movement of
the SMP connector, as shown in Figure 6c.

Figure 7 illustrates statistical histograms for the durability evaluation of the antenna
design with and without the CPW layer. To obtain the histogram results, a Monte Carlo
simulation is performed according to random movements of the SMP connector with
10,000 iterations. The movement distribution of the SMP connector is assumed to be a
discrete Gaussian distribution [28], which has a zero mean and a one standard deviation
distribution. At each iteration, we observe the antenna performance change such as the
resonance frequency shift and the reflection coefficient level, which is summarized in
Table 2. Figure 7a presents the histograms for the resonance frequency shift. The mean
and standard deviation of the proposed antenna are 0 and 0.0014, and those of the X-band
patch without the CPW layer are 0 and 0.0177, respectively. Figure 7b represents the
histograms for the reflection coefficient at 10 GHz. The mean and standard deviation of
the proposed antenna are −21 dB and 1.28; on the other hand, those of the X-band patch
without the CPW layer are −26.9 dB and 8.82. From Table 2, the proposed antenna has a
smaller standard deviation for the resonance frequency shift and reflection coefficient than
without CPW case. The smaller standard deviation means that antenna performance can
be maintained even if the connector is shaken from the external shocks. On the other hand,
higher standard deviation means that the antenna without CPW may have the vulnerable
performance from the external shocks. Thus, the results demonstrate that the proposed
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antenna has a high durability, as confirmed by the small standard deviation values in the
resonant frequency shift and reflection coefficient change.
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Table 2. Summarization of the durability evaluation.

Characteristic Case Mean Standard Deviation

Resonance Frequency
With CPW 0 0.0014

Without CPW 0 0.0177

Reflection coefficientat 10 GHz
With CPW −21 dB 1.28

Without CPW −26.9 dB 8.82

4. Conclusions

We investigated the high-durable X-band patch antenna with a CPW feeding network
that can directly connect the upper antenna and the lower TRM without additional cabling.
To improve the durability of the antenna, both the SMP connector and the feed-pin were
separated through the CPW layer, so that when unwanted feed-pin movement occurred
due to external shocks, the deterioration of the antenna performance could be minimized.
In order to verify the antenna feasibility, reflection coefficient and radiation pattern were
measured in full EM anechoic chamber. The reflection coefficient was measured to be
−27 dB, and the boresight gain and HPBW were observed to be 5.8 dBi and 99◦, respec-
tively. To more accurately evaluate the high-durability design, the Monte Carlo simulation
was performed according to the unwanted movement of the SMP connector with the
10,000 iterations. For the resonance frequency shift, the mean and standard deviation
of the proposed antenna were 0 and 0.0014, respectively. On the other hand, the mean
and standard deviation of the X-band patch without the CPW layer were 0 and 0.0177,
respectively. The results demonstrated that the proposed antenna with high-durability
design was suitable for military ship applications exposed to various external shocks.
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