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ABSTRACT: This paper presents a dual-band antenna design for X/Ku bands, featuring asymmetrical feed ports, slot-loaded radiating
patches, and a reconfigured defect ground structure (DGS) integrated with a back air cavity to achieve 32.11% reduced patch area and
directional radiation. By coplanar waveguide (CPW) feeding and vertical interconnect accesses (VIAs) connecting all metal layers, the
antenna miniaturizes via extended surface current paths and broadens bandwidth via DGS. Simulation and measurement show operating
bands of 8.30-12.29 GHz (38.75% fractional bandwidth) and 12.91-14.21 GHz (9.58%), with measured gains aligning well with simu-
lations. Compared to traditional dual-band designs, this work reduces physical size by over 30% while maintaining high gain, making it
suitable for compact satellite communication, radar, and microwave energy systems.

1. INTRODUCTION

n the advancing landscape of wireless communication, an-

tennas remain indispensable, bridging the gap between elec-
tronic signals and the transmission of information through
space. The advent of dual-band antennas, particularly those
operating in the X and Ku frequency bands, has significantly
expanded the horizons of wireless communication, radar, and
satellite systems [1, 2]. These bands are highly sought after due
to their ability to support high-data-rate transmissions and long-
range communications [3]. However, dual-band antennas for
X and Ku bands often rely on complex multi-resonator designs
or metamaterial-enhanced backside structures to achieve broad
bandwidth performance [4—6].

As the demand for compact and high-performance antennas
escalates, coplanar waveguide (CPW) structure has emerged as
a promising candidate [7-9]. Its planar configuration facilitates
the integration with monolithic microwave integrated circuits
(MMICs), enhancing the overall system’s compactness and ef-
ficiency. Furthermore, the incorporation of a back cavity in the
antenna design has been recognized for its potential to enhance
radiation performance, including gain and directivity, without
a proportional increase in the antenna’s physical size [10, 11].
However, the introduction of an additional or independent back
cavity, while boosting radiation performance, often leads to an
increased antenna volume, negating the low-profile advantage
typically associated with CPW designs [12, 13].

Directional antennas offer several advantages over their om-
nidirectional counterparts, including reduced interference, en-
hanced spatial frequency reuse, extended transmission ranges,
and increased network capacity. These benefits have facili-
tated a variety of innovative outdoor and indoor applications,
as extensively documented in contemporary research [14, 15].
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In the design of directional antennas, the incorporation of re-
flectors is a common approach to enhance gain and directiv-
ity [16]. However, the addition of reflectors can hinder minia-
turization efforts. Recently, metamaterials have emerged as an
alternative for reflector elements, offering the capability to ma-
nipulate directionality. Despite their potential, the integration
of metamaterials introduces complexity in the antenna design
process [17]. However, existing X/Ku dual-band antennas of-
ten rely on complex multi-resonator structures or metamaterial-
enhanced backsides, leading to large size and limited control
over radiation directionality, which restricts their use in com-
pact, high-performance systems.

In this work, we present an innovative dual-band antenna de-
sign that achieves miniaturization by creating slots on the radi-
ating patch and positioning the feed port off center on one side,
effectively increasing the equivalent path length of the patch
surface current. The incorporation of a DGS broadens the an-
tenna’s operation bandwidth. Behind the patch, we place a sub-
strate with a strategically cut-out middle part, and the cut-out
bottom is covered by a metal layer to form a back-air cavity.
To facilitate integration with the back cavity, the DGS was re-
configured to be coplanar with the patch. The back cavity is
integrated with all metal layers and the antenna through vertical
interconnect accesses (VIAs), which are strategically placed on
both sides of the feed line and the lower side near the patch. The
back cavity not only introduces a new resonance and expands
part of the frequency band, but also utilizes the metal ground
behind the air cavity as a reflector, steering the radiation pat-
tern into a unidirectional forward radiation mode.

This configuration effectively supports operation in both
the X-band and Ku-band. It also shows potential in direc-
tional electromagnetic energy transmission, microwave wire-
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TABLE 1. Detailed dimension parameters (unit: mm).

Parameter L1 L2 L3 L4 L5 L6 W1 W2 W3 W4 gl g2
Value 32 29 205 45 13 8 32 22 18 4 0.27 3.928

less charging, microwave energy harvesting, satellite commu- and length of the notched section, respectively. The feedline’s
nication, and radar systems. position on the radiation patch is denoted by L6. Each VIA has
a radius of 0.15 mm, with a center-to-center spacing of 0.5 mm
between adjacent VIAs. The distance from the feed line to the

2. CONFIGURATION AND RESULTS edge of the metallic patch is g1, and the spacing between VIAs

The antenna configuration is shown in Fig. 1, where (a) is the on both sides of the feedline is g2. The gap between the radia-
front view of the antenna, highlighting the asymmetric radi- tion patch and feed line is 0.5 mm.
ant patch fed laterally by the coplanar waveguide structure; (b) As depicted in Fig. 2(a), the proposed antenna is designed to
is the upper surface of the air cavity; (c) is the bottom metal operate at dual frequency bands, targeting both the X-band and
ground; and (d) is the overall cross-section which more intu- Ku-band. The X-band demonstrates an ultra-wideband (UWB)
itively shows the structure of the entire antenna. FR4 with a rel- performance, with a simulated —10 dB bandwidth extending
ative permittivity of 4.4 is used as the antenna design substrate. from 7.83 to 12.35 GHz, corresponding to a fractional band-
Among them, the thickness of the substrate where the patch width of 44.79%. In contrast, the Ku-band is simulated to func-
is located is 1 mm; the thickness of the substrate with an air tion from 12.98 to 14.05 GHz, resulting in a fractional band-
cavity is 2 mm; and the thickness of the bottom substrate with width of 7.91%. Fig. 2(b) depicts the surface current distribu-
ground is 0.508 mm. Vertical interconnect accesses (VIAs) pro- tion on the radiation patch of the antenna. By creating slots
vide connections to all metal layers and additional branches on the radiation patch’s surface and
by placing the feed line in a non-central position on one side
@ L3 ®) » : of the radiating patch, the effective path length of the current

is increased without expanding the area of the radiation patch,
thereby achieving miniaturization of the antenna.

Figures 3(a) to (d) display the radiation patterns at frequen-
cies of 9 GHz, 10 GHz, 11 GHz, and 13.5 GHz, respectively. It
| | is evident that the antenna maintains a directional radiation pat-
‘ tern across these frequencies, with gains of 6.38 dBi, 5.52 dBi,

5.76 dBi, and 3.8 dBi at the respective frequency points. Cross-
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© ! @ polarization levels typically exhibit significantly lower levels
than their co-polarization counterparts. As shown in Fig. 3, the
- rotation of the radiation pattern at different frequencies is the re-
é‘ sult of the combined effect of the antenna’s back-cavity reflec-
= E tor structure, asymmetric feeding design, and multi-band opera-
z tion characteristics. The back cavity forms an equivalent reflec-
tor through the metal ground plane. As the frequency changes,
the electromagnetic resonance of this structure and the current
. . distribution on the patch surface also change. Combined with
L1

the off-center feeding method and the modulation of the current
path by the slots, the movement of the strong current radiation
region and the displacement of the phase center at different fre-
quencies cause the main radiation lobe direction to be adjusted
regularly.

FIGURE 1. Configurations of the antenna (unit: mm). (a) Top view. (b)
Ground G'1 with a cutout. (c¢) Bottom ground G2. (d) Cross-section
view.

The radiation patch is situated on a dielectric substrate, S1,

with its corresponding ground plane, GG1, shown in Fig. 1(b), 3. EVOLUTIONS AND DISCUSSIONS
followed by a second substrate, S2, and its ground plane, G2,

as depicted in Fig. 1(c). G1 and S2 have the same cutout region, The proposed design evolves from a monopole antenna with a
and together with the remaining parts of G2 and S1, they form DGS, typically used in creating UWB antennas. As shown in
an air cavity positioned directly under the radiation patch. The Fig. 4, the evolution begins with the original monopole antenna
specific dimensions are detailed in Table 1, including the over- featuring a defected ground in (a), and it then progresses to the
all length and width (L1 and W), dimensions of the etched relocation of the defected ground to coexist with the radiation
sections (L2 and TW2), and the size of the radiation patch (L3 patch in the same plane, forming a CPW structure in (b) to inte-
and W3). Additionally, L4 indicates the length of a segment grate with the back air cavity. Subsequently, the design incor-
on the radiation patch, while W4 and L5 represent the width porates a back-defected ground G1 and a substrate S2, which,
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FIGURE 2. Si; and the surface current distributions of the antenna. (a) S11. (b) Surface current distribution on the radiation patch.

@

Simulated: Co-polar—, Cross-polar------

FIGURE 3.

as depicted in Figs. 1(d) and (e), is enclosed by a continuous
metallic ground G2. This enclosure forms an air cavity directly
beneath the radiation patch, creating a resonant structure that
eliminates the need for VIAs. The final design, as illustrated in
Fig. 1, includes the integration of VIAs to connect all metal lay-
ers, as illustrated in Fig. 4(c). A comparison of S-parameters
for these evolutionary designs is presented in (d).

As observed in Fig. 4(d), the monopole antenna with a
DGS exhibits dual-band operation characteristics, resonating at
8.95GHz and 11.85 GHz. After transitioning to a CPW struc-
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Radiation patterns. (a) At 9 GHz. (b) At 10 GHz. (¢) At 11 GHz. (d) At 13.5 GHz.

ture, the resonant frequencies shift to 9.58 GHz and 11.71 GHz.
However, the integration of a back-air cavity introduces three
operational bands at 8.25-10.25 GHz, 10.81-12.63 GHz, and
14.04—15.40 GHz. The proximity of the first and second bands
prompted the strategic placement of VIAs connecting all metal
layers on both sides of the feed line and near the radiation patch
side of the CPW, effectively merging the first two bands into
a broader operational range, as realized in the final dual-band
antenna design targeting the X and Ku bands. The peak gain
of the original DGS structure in the 8.3—-12.4 GHz frequency
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FIGURE 4. Evolutions of the antenna. (a) Monopole with DGS. (b) Monopole with CPW. (¢) CPW with VIAs. (d) Comparison of S-parameters. (e)

Comparison of Gain Curves at Different Frequencies.
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FIGURE 5. Evolutions of the patch. (a) Monopole with DGS. (b) Monopole with CPW. (¢) Monopole with CPW and match slots. (d) Asymmetric

feed. (e) With slots on patch. (f) With chamfer cuts. (g) S-parameters.

band is 3 dBi. After it is transformed into the CPW structure,
the peak gain becomes 4.1 dBi, with a gain increase of 36.67%.
Then, when transforming from the CPW structure to the back-
cavity structure without vias, the peak gain in the 8.3—14.6 GHz
frequency band is 4.95 dBi, with a gain increase of 20.73%. Fi-
nally, when transforming from the back-cavity structure with-
out vias to the proposed multi-layer back-cavity via structure,
the peak gain in the 8.3-14.21 GHz frequency band is 7.13 dBi,
with a gain increase of 44%.

Figure 5 further elucidates the evolutionary development of
the antenna patch, labeling the patches from (a) to (f) as Al
through A6. Their corresponding S1; parameters are depicted
in Fig. 5(g). As previously mentioned, monopole A1, equipped
with a DGS, demonstrates a wide-band capability. The an-
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tenna exhibits dual-band characteristics when the DGS is mod-
ified to a CPW configuration in A2. Incorporating impedance-
matching slots adjacent to the feed line on both sides of the
patch enhances port impedance matching, transforming the
dual-band of A2 into the broad bandwidth of A3. Transitioning
the feed line to an asymmetric structure in A4 lowers its reso-
nant frequency. Based on A4, the removal of a 4 x 13 mm? slot
and a 4.5 x 17 mm? slot from the patch reduces the patch area
of AS by 28.55%, shifting the corresponding resonance point
downward. A6 further refines the design by excavating two
chamfer cuts, reducing the patch area by an additional 3.55%,
which results in an increase in the low-frequency resonance
point and a decrease in the high-frequency resonance point.
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FIGURE 6. Measurement setup and results. (a) and (b) Setup of the measurement. (c) S-parameters.
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FIGURE 7. Comparison of the measured and simulated radiation patterns. (a) At 9 GHz. (b) At 10 GHz. (c) At 11 GHz. (d) At 13.5 GHz.

4. MEASUREMENT AND COMPARISON

The antenna prototype was fabricated and subsequently mea-
sured, with the measurement setup depicted in Fig. 6(a). The
antenna measurement process was conducted using a Ceyear
Vector Network Analyzer (VNA) model 3672B (10 MHz—
26.5GHz). The analyzer solved the error terms in the error
model by measuring high-quality calibration standards (e.g.,
open, short, load, and thru devices), thereby eliminating sys-
tematic errors prior to measurement. The antenna employed
SMA-KE connectors with a characteristic impedance of 50 €2
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and a frequency range of DC-18 GHz. A comparison of
the measured and simulated S-parameters, and the radiation
pattern at ¢ = 0° are presented in Fig. 6(c) and Fig. 7, respec-
tively. As observed in Fig. 6(c), the antenna operates over the
frequency ranges of 8.30-12.29 GHz (38.75% fractional band-
width) and 12.91-14.21 GHz (9.58% fractional bandwidth).
There is a minor deviation in the operating frequency bands
compared to the simulated results, with the X-band showing a
reduced bandwidth and the Ku-band exhibiting an expanded
range. Due to the poor high-frequency performance of the FR4
substrate, certain discrepancies exist between the simulation

WWwWw.jpier.org
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TABLE 2. Comparison with other designs.
Ref. Freq. (GHz) BW (%) Peak gain (dBi) Size (Ao)
[3] 7.18-8.02, 11.55-12.44 11.05, 7.41 8.07 0.16 (C-band), 0.41 (Ku-band)
[18] 9.71-11.41 15.92 5.71 1.09
[19] 10, 15.2, 17.65 41,17 6.3 0.43 (10 GHz)
[20] 3-11.2 116 5 0.48 (8 GHz)
[21] 2.9-14.2 132 5.1 0.51 (8.5 GHz)
This work | 8.30-12.29, 12.91-14.21 | 38.75 (X-band), 9.58 (Ku-band) 7.13 0.53 (X-band), 0.92 (Ku-band)

and measurement results. For operating frequencies below
8 GHz, the figures demonstrate excellent agreement between
the simulated and measured results. However, when the fre-
quency exceeds 8 GHz, observable deviations emerge. These
discrepancies primarily arise from the increased dielectric loss
and reduced permittivity of the FR4 substrate at frequencies
above 8 GHz, which elevate the antenna’s resonant frequency
and result in a slight reduction in bandwidth. Fig. 7 illustrates
that the antenna’s simulated and measured radiation patterns
at multiple frequency points are in close agreement with the
patterns being measured in an anechoic chamber.

Table 2 compares the proposed antenna against existing de-
signs, revealing its distinct advantages in multi-band function-
ality and compactness () is the wavelength of the center fre-
quency in the free space). This comparison underscores the su-
perior attributes of our design.

5. CONCLUSIONS

This paper presents the design and evolution of a novel dual-
band CPW antenna with an integrated back cavity for direc-
tional radiation. The antenna’s innovative design transitions the
DGS structure to a CPW feeding mechanism, strategically po-
sitions VIAs along the feed line and near the CPW radiation
patch, integrates the radiation patch with an air cavity behind
it, and significantly reduces the radiation patch area by 32.11%
through asymmetric feeding and loading slits and chamfer cuts
on the patch. The result is a compact, high-performance in-
tegrated antenna. Simulation and measurement results show
that the antenna covers the frequency ranges of 8.30—12.29 GHz
(38.75% fractional bandwidth) and 12.91-14.21 GHz (9.58%
fractional bandwidth). The agreement between the measured
and simulated results substantiates the precision of the design
and confirms efficient operation within the targeted frequency
bands. Moreover, the current design has already enabled the
antenna to operate in dual bands, namely the X and Ku bands.
However, there is still room for improvement. Future research
will mainly focus on two aspects: first, expanding the band-
width, increasing the number of frequency bands, and enhanc-
ing the radiation efficiency. The methods to achieve bandwidth
expansion or add more frequency bands include: optimizing the
shape of the radiating patch, adjusting the antenna’s resonant
frequency and bandwidth by changing its shape, adjusting the
dimensions of the Defected Ground Structure (DGS), control-
ling the antenna’s operating bandwidth by taking advantage of

176

its influence on the electromagnetic field distribution, exploring
new substrate materials, and improving the antenna’s perfor-
mance by virtue of their characteristics such as low dielectric
loss and high permittivity. Second, improving radiation effi-
ciency can be achieved by optimizing the back-cavity structure
(for example, by adjusting the depth and shape of the air cav-
ity) to reduce energy dissipation and guide the radiation more
efficiently.

In addition, integrating the antenna into an array configura-
tion is also a promising direction. The combination of multiple
antennas in an array can enhance the antenna’s directivity and
gain, which is beneficial for applications such as satellite com-
munication and radar systems that require high-performance
antennas. In conclusion, the antenna’s compact design, wide
bandwidth, and appropriate gain make it suitable for modern
wireless communication systems. Future research focusing on
bandwidth and frequency band expansion, radiation efficiency
enhancement, and antenna array integration will further opti-
mize its performance and expand its application fields.
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