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Abstract

This paper presents the design, optimization, and experimental validation of
a triband star-shaped microstrip patch antenna for Ku-band applications. The
design process begins with a single star-shaped patch antenna, which is
progressively improved and extended to form a multiple-input multiple-output
(MIMO) configuration. The final optimized MIMO antenna operates within 12—16
GHz, achieving resonances at 12.3 GHz, 14.2 GHz, and 15 GHz. The star-shaped
geometry is employed to enhance the impedance bandwidth and improve gain
performance. Simulated and measured results show good agreement in terms of
return loss, impedance bandwidth, voltage standing wave ratio (VSWR), and
radiation patterns. Moreover, diversity performance metrics, including the envelope
correlation coefficient (ECC) and diversity gain (DG), confirm low correlation and
near-ideal diversity across the three operating bands. The proposed triband MIMO
antenna exhibits stable radiation performance and satisfactory gain, making it a
strong candidate for 5G and satellite communication systems in the Ku-band.
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I. Introduction

The rapid growth of wireless communication systems, satellite networks, and
emerging 5G/6G technologies has stimulated significant research interest in the
development of compact and high-performance antennas. In particular, the Ku-band
(12-18 GHz) plays a vital role in satellite broadcasting, radar sensing, and high-
capacity terrestrial links, making it an attractive spectrum for next-generation
communication systems [I, III]. To meet the requirements of such applications,
antennas must exhibit wide impedance bandwidth, stable radiation patterns, and
satisfactory gain, while maintaining a compact size suitable for integration into modern
devices. Microstrip patch antennas have become one of the most promising solutions
due to their low profile, lightweight structure, ease of fabrication, and compatibility
with planar circuits. However, conventional rectangular and circular patch antennas
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suffer from narrow bandwidth and limited gain, which restricts their applicability in
high-frequency and broadband communication systems. To overcome these
limitations, numerous techniques have been proposed, including the introduction of
slots, defected ground structures (DGS), parasitic elements, and modifications of the
radiating geometry [ VL, IX]. In recent years, triband and multiband patch antennas have
gained particular attention for their ability to support multiple services with a single
structure. For example, [I] reported a compact dual-band patch antenna for satellite
communication, while [II] proposed a wideband slot-loaded antenna for 5G
applications. Similarly, [III] demonstrated a high-gain triband MIMO antenna designed
for X- and Ku-band satellite links. Despite these advancements, achieving a compact
triband design with optimized gain and robust MIMO performance remains a
significant challenge. Multiple-input multiple-output (MIMO) technology is a key
enabler for modern wireless systems, as it enhances spectral efficiency, reliability, and
channel capacity by exploiting multipath propagation. For efficient MIMO operation,
antennas must demonstrate high isolation, low envelope correlation coefficient (ECC),
and near-ideal diversity gain (DG) [XV, XVI, XX].

The integration of multiband operation with MIMO performance is therefore essential
to meet the stringent requirements of 5G and satellite systems in the Ku-band [XXII,
XXIX]. Motivated by these challenges, this paper presents the design, optimization,
and experimental validation of a triband star-shaped microstrip patch antenna,
progressively evolved from a simple single-element design to a final optimized MIMO
configuration. The initial star-shaped geometry improves impedance matching and
enhances bandwidth, while successive design iterations lead to the realization of a
compact triband MIMO antenna resonating at 12.3 GHz, 14.2 GHz, and 15 GHz. Both
simulated and measured results are analyzed in terms of return loss, voltage standing
wave ratio (VSWR), gain, and radiation patterns. In addition, diversity parameters such
as ECC and DG are evaluated to demonstrate the suitability of the proposed antenna
for MIMO operation. The fabricated prototype confirms the validity of the design,
showing good agreement with simulations.

II.  Antenna Design and Methodology
a. Substrate and General Specifications

The antenna is fabricated on an FR-4 substrate having a relative permittivity of
4.4, a thickness of 1.6 mm, and an overall size of 41.5 x 30 mm?. The copper cladding
thickness of the patch and ground plane is 35 pm. While FR-4 is a popular substrate
due to its low cost, ease of fabrication, and availability, it is well known that FR-4 has
relatively high dielectric losses at Ku-band frequencies. To account for this effect, the
dielectric loss tangent (tand) of the substrate has been included in the simulation, with
a value of 0.02, which is typical in the 10-15 GHz range. Furthermore, the loss tangent
of FR-4 increases with frequency, and as such, the dielectric losses are even higher at
higher operating frequencies.

However, FR-4 remains an attractive substrate for practical, cost-sensitive applications,
especially for large-scale production. In this paper, FR-4 has a good compromise
between performance and fabrication cost while still achieving satisfactory radiation
characteristics at Ku-band.
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To further emphasize the effect of the losses of the substrate, a comparison with a low-
loss substrate (Rogers RT/Duroid 5880, er = 2.2, tand = 0.0009) is included in the
Results section.

b. Stepwise Design Evolution

The antenna development followed a systematic three-step evolution, where each step
introduced specific modifications to enhance resonance characteristics, improve gain,
and enable MIMO operation.

The first design, Antenna 1, consists of a single star-shaped microstrip patch fed by a
50-Q microstrip line. The star geometry was deliberately selected because it alters the
surface current paths, creating multiple effective resonances and thereby enhancing the
potential for triband operation within the Ku-band. This antenna provided initial
resonant modes but exhibited limited gain and no diversity since it was a single-element
configuration. Figure 1 shows the geometry of Antenna 1.

In the second design, Antenna 2, a second identical star-shaped patch was introduced
to form a MIMO configuration. In this case, the two ports were placed on opposite
sides of the substrate, creating a mirrored configuration. This layout improved
isolation between the two elements because of the spatial separation, while maintaining
compact overall dimensions. The resulting antenna exhibited improved impedance
bandwidth and enhanced resonant behavior compared to Antenna 1, along with the
added advantage of MIMO diversity. However, the opposite-feed layout created some
asymmetry in radiation, which required further refinement. Figure 1 depicts the layout
of Antenna 2 with ports located on opposite sides.

The third and final design, Antenna 3, represents the optimized triband MIMO antenna.
In this version, two star-shaped patches were retained, but the feed ports were placed
on the same side of the substrate. This arrangement not only facilitated a more
compact and practical feed network design but also ensured symmetrical radiation
performance and improved integration possibilities. Careful optimization of the patch
geometry, inter-element spacing, and feed positioning resulted in clear and stable
resonances at 12.3 GHz, 14.2 GHz, and 15.0 GHz. The final antenna also demonstrated
enhanced realized gain and excellent MIMO performance, validated later through
envelope correlation coefficient (ECC) and diversity gain (DG) analysis. Figure 1
illustrates the geometry of this optimized design with both ports on the same side.

A B C

Fig. 1. Evolution of the design. (A) Antenna 1, (B) Antenna 2, and (C) Antenna 3, or
the proposed antenna
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Table 1: Dimensions of the Proposed Antenna

Fig. 2. Proposed star MIMO antenna
III. Results and Discussion
a. Reflection Coefficient And Bandwidth Analysis

The reflection coefficient (S11) of the three proposed antenna designs was
analyzed to evaluate the matching performance and the evolution of resonant
frequencies. Figure 3 presents the comparative S11 plots of Antenna 1, Antenna 2, and
Antenna 3.

For Antenna 1, the single star-shaped patch generated initial resonances within the Ku-
band, but the return loss levels were not sufficiently deep, indicating poor impedance
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matching. The reflection coefficient was only slightly below —10 dB across a narrow
bandwidth, which limited its practical performance.

In Antenna 2, where two star-shaped patches were introduced with ports located on
opposite sides of the substrate, the S11 response improved significantly. Multiple
resonances appeared with deeper return loss values, confirming better impedance
matching. The isolation provided by the opposite feed configuration also contributed
to a more stable return loss curve. However, while the triband response began to
emerge, some resonances remained shallow and required further optimization.

The final configuration, Antenna 3, exhibited the best performance. The return loss plot
shows three well-defined resonances: the first centered at 12.3 GHz with a bandwidth
from 12.09 to 12.70 GHz and a return loss of —19.62 dB, the second centered at 14.2
GHz with a bandwidth from 13.67 to 14.67 GHz and a return loss of —18.98 dB, and
the third centered at 15.0 GHz with a bandwidth from 14.67 to 16 GHz and a return
loss of —17.10 dB. These results confirm excellent impedance matching across the three
operational bands. Compared to Antenna 1 and Antenna 2, the resonant frequencies of
Antenna 3 were more stable and covered wider bandwidths. The achieved triband
operation demonstrates the effectiveness of the optimized star-shaped geometry and
the placement of both ports on the same side of the substrate.
a
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Fig. 3. Comparison between S11 of the different antennas

These results confirm that the design progression from Antenna 1 to Antenna 3
significantly improved impedance bandwidth and matching quality, leading to a high-
performance triband MIMO antenna suitable for Ku-band applications.

To check the impact of the substrate material on the impedance matching, a
comparative investigation of the reflection coefficient (S11) was carried out through
FR-4 and Rogers RT/Duroid 5880 substrates. It is observed that the FR-4-based
antenna provides a clean triband response with distinct resonances at 12.3 GHz, 14.2
GHz, and 15 GHz, whereas the Rogers-based antenna shows a significant shift in the
resonance behavior, where it has only one dominant resonance at 12.3 GHz, and the
other resonances do not fulfill the matching condition (S11 <-10 dB).
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Fig. 4 Comparison of the reflection coefficient (S11) of the proposed antenna using
FR-4 and Rogers RT/Duroid 5880 substrates.

This difference is mainly due to the change in the dielectric constant between the two
substrates, which has a significant impact on the effective electrical length of the
antenna and shifts the resonant frequencies.

These findings show that the proposed antenna geometry is optimized only for the FR-
4 substrate, and a re-optimization would be needed to achieve the desired multiband
response of the antenna using another substrate.

b. Gain (G), Directivity (D), and Efficiency (1)

The radiation performance of the three designs was evaluated in terms of simulated
realized gain (G) and directivity (D). The progression from Antenna 1 to Antenna 3
reveals a consistent improvement in both metrics, reflecting the benefits of geometry
refinement and feed configuration.

For Antenna 1, the simulated values are G = 1.23 dB and D = 3.67 dB across its
operating resonances. These results indicate limited radiation efficiency and relatively
weak directivity, which is consistent with the single-element configuration and its
non-optimized matching.

For Antenna 2, which introduces a MIMO arrangement with ports on opposite sides,
the simulated values increase to G = 3.94 dB and D = 5.82 dB. The improvement in
both G and D confirms that the dual-element arrangement and the accompanying
impedance refinement strengthen the main lobe while containing unwanted radiation.
Some asymmetry persists due to the opposite-side feeds, which motivates further
optimization.

For Antenna 3, the final optimized MIMO design with both ports on the same side
yields simulated results of G = 6.18 dB and D = 7.87 dB. This configuration achieves
the highest gain and directivity among the three designs, yielding a more concentrated
main beam and more stable patterns across the three operating bands.

An additional indicator of improvement is the simulated radiation efficiency, which
can be inferred from the G-D gap. Using the equation below [XVII]:
G-D

n=1010 (1)
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The efficiency evolves from roughly 57% for Antenna 1 (1.23 dB vs. 3.67 dB) to about
65% for Antenna 2 (3.94 dB vs. 5.82 dB) and up to approximately 68% for Antenna 3
(6.18 dB vs. 7.87 dB). According to Ku-band antenna standards, a minimum radiation
efficiency of 60% is generally required for practical applications such as satellite links
and high-frequency 5G applications. It can therefore be concluded that while Antenna
1 falls below this requirement, both Antenna 2 and Antenna 3 satisfy and exceed the
minimum efficiency threshold, with the final design offering the most robust margin.
Overall, the radiation analysis demonstrates that the stepwise evolution from a single
star-shaped patch to the final MIMO configuration produces marked gains in both
realized gain and directivity, with the Antenna 3 design offering the most favorable
balance for Ku-band triband operation.
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Fig. 5. Simulated radiation patterns and comparison of Directivity and Gain for
Antenna 1 (A and D), Antenna 2 (B and E), and Antenna 3 (C and F).

Figures 6 and 7 show the comparison between the realized gain and radiation efficiency
of the proposed antenna when FR-4 and Rogers RT/Duroid 5880 substrates are used.
As can be seen, the antenna using Rogers has a better realized gain (approximately 7.3
dB at 12.3 GHz), since its dielectric losses are much smaller. On the other hand, the
proposed antenna using FR-4 substrate has a lower gain (up to 6.18 dB). Likewise, the
antenna with the Rogers substrate also has a better radiation efficiency, due to its small
loss tangent. Nevertheless, as we can see, the antenna does not preserve its triband
behavior with Rogers, since only one resonance satisfies the matching condition (S11
< -10 dB), while the other bands are displaced.

This behavior is mainly because the dielectric constant is different, which changes the
effective electrical dimensions of the antenna and the resonance frequencies. Although
the gain and efficiency are lower, the multiband operation of the antenna using FR-4
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substrate is stable, and therefore it is better suited for practical applications in the Ku-
band. These results show that the proposed antenna provides a good compromise
between performance and cost.
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Fig. 6. Comparison of the realized gain versus frequency for the proposed antenna
using FR-4 and Rogers RT/Duroid 5880 substrates.
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Fig. 7. Comparison of the radiation efficiency versus frequency for the proposed
antenna using FR-4 and Rogers RT/Duroid 5880 substrates.

¢. Mutual Coupling and Isolation (S21)

An essential parameter for evaluating the performance of a MIMO antenna is the
mutual coupling between the radiating elements, expressed in terms of the transmission
coefficient S21 [X, XXIII]. High isolation ensures low correlation between the antenna
ports and supports the diversity performance required for advanced wireless systems.
For the final Antenna 3 design, the simulated S21 remains consistently below —20 dB
across all three operating bands (12.3 GHz, 14.2 GHz, and 15 GHz).

This level of isolation is significantly better than the commonly accepted threshold of
—15 dB for practical MIMO systems, thereby confirming excellent port decoupling.
The achieved isolation not only reduces mutual interference but also improves other
MIMO performance indicators, such as the envelope correlation coefficient (ECC) and
diversity gain (DG), which will be discussed in the following section. Thus, the
optimized geometry of Antenna 3 ensures reliable operation in Ku-band triband
scenarios.
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Fig. 8. Simulated S21 of the proposed Antenna
d. Envelope Correlation Coefficient (ECC) and Diversity Gain (DG)

The envelope correlation coefficient (ECC) is a key parameter for the characterization
of the diversity performance of MIMO antennas. In this paper, the ECC is estimated
using S-parameters, which is a simplified and common approximation. This
approximation assumes a lossless environment with a uniform propagation velocity
and does not consider the characteristics of the radiation patterns. An accurate
evaluation can be achieved using far-field radiation patterns. Nevertheless, due to the
very low mutual coupling between antenna elements (S21 < -20 dB), the S-parameter-
based approximation is still valid in this case.

The ECC values obtained are below 0.004 throughout the operating bands, showing a
good diversity performance and a low correlation between the signals received by the
antenna elements. Ideally, ECC should be close to zero, with values below 0.5
considered acceptable for practical systems [XVII, XIX, XXV]. One common
formulation exists: Based on S-parameters (commonly used for lossless 2 x 2 MIMO
antennas):

Pry = [S11%S12+S21%S22| )
12 (1-S1112 =$122)(1—[S2112 =S22%)

As illustrated in Figure 7, ECC, the proposed antenna achieves an ECC of less than
0.004 across the operating band, which demonstrates extremely low correlation
between antenna elements. This is consistent with the measured isolation of S21 <-20 dB.

The Diversity Gain quantifies the improvement in reliability due to multiple
uncorrelated radiation patterns. In Multiple Input Multiple Output (MIMO) systems,
diversity gain (DQ) is a performance indicator that measures the improvement in the
system's ability to combat signal dropouts and interference compared to a single-
antenna system [ XII, XIII]. It basically means the power reduction required to maintain
the same signal reliability. A high DG ratio indicates a more robust system, ensuring
more stable communication despite signal variations. It is usually determined by the
envelope correlation coefficient (ECC), with a high DG meaning a low ECC.

For a 2 x 2 MIMO system, it is given by:
DG = 10,/1 — |ECC|? (3)
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Fig. 9. Simulated DG of the proposed Antenna
e. Radiation Patterns

Figure 10 depicts the simulated radiation patterns of the proposed antenna at
12.3 GHz, 14.2 GHz, and 15 GHz for ¢ = 0° and ¢ = 90° planes. It can be seen that the
antenna has stable radiation characteristics at the three operating frequencies. The
direction of the main lobe is unchanged, showing stable radiation characteristics. The
radiation pattern changes slightly with the change in frequency, which is expected for
a multiband antenna. In general, the proposed antenna has stable and satisfactory
radiation characteristics in the operating bands.

Fig. 10. Simulated radiation patterns of the proposed antenna at (A) 12.3 GHz, (B)
14.2 GHz, and (C) 15 GHz for ¢ = 0° (red) and ¢ = 90° (purple) planes.

IV. Fabrication and Measurement

In order to confirm the simulated performance of the proposed tri-band MIMO
star microstrip patch antenna, a prototype of the final version (Antenna 3) was built and
experimentally tested. Production was carried out on an FR4 substrate with dielectric
constant er = 4.4, thickness h = 1.6 mm, and overall dimensions of 41.5 x 30 mm?. To
achieve the star patch shape, standard PCB etching methods were used, while the
ground plane was kept flat to maintain the optimal performance observed in the
simulations. To feed the ports, two 50 Q SMA connectors were soldered, both placed
on the same side according to the final configuration. Figure 9 shows the fabricated
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prototype, including the top view of the radiating patch and the bottom view of the
ground plane.
A B

Fig. 11. Fabricated prototype (A) top view and (B) ground plane

The fabricated prototype was experimentally tested using a Vector Network Analyzer
(VNA) across the 12-16 GHz frequency range. Both antenna ports were connected
through 50-Q SMA connectors, and a full two-port calibration was carried out before
measurement. The evaluation included the reflection coefficients (S11 and S22), the
transmission coefficient (S21), the Voltage Standing Wave Ratio (VSWR), and the
input impedance at both ports. The measured results confirmed the triband behaviour,
with resonances appearing close to the simulated frequencies. A slight frequency shift
was observed in the measured curves compared to the simulated ones, which can be
attributed to fabrication tolerances, soldering effects of SMA connectors, and variations
in the effective permittivity of the FR4 substrate.

Fig. 12. Measurement of the prototype using VNA (A) Port 1 and (B) Port 2

The reflection coefficients (S11 and S22) exhibited values comparable to those
obtained in simulation, validating the proper impedance matching of both ports.
Furthermore, the measured VSWR remained consistently below 2 across the three
operating bands, indicating that the antenna maintains good impedance matching
throughout its operating range. The measured input impedances at the resonant
frequencies were found to be 51.9 - j2.8 Q for port 1 and 51.2 - j0.5 Q for port 2. These
values are remarkably close to the theoretical 50-Q reference line used for system
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matching. The small reactive components (-j2.8 and -j0.5 ) indicate only a minor
deviation from the ideal purely resistive impedance, which confirms that the antenna is
well matched across the operating bands.

A B

Fig. 13. The reflection coefficient of the fabricated antenna (A) S11 and (B) S22
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Fig. 14. Comparison of the reflection coefficient of the simulated and fabricated antenna

The simulated and measured realized gain of the fabricated antenna is presented in Fig.
15. The measured results confirm the trend of the simulated ones, with a slight decrease
in gain. This variance is due to the fabrication tolerances, the connector losses, and the
FR-4 substrate dielectric losses in Ku-band. The observed degradation in measured
gain further confirms the impact of substrate losses.

6
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Fig. 15. Comparison of the gain between the simulated and measured values of the

proposed antenna
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Nevertheless, a good agreement between simulation and measurement is obtained,
which confirms the proposed antenna design.

A

Fig. 16. Smith diagram of the input impedances (A) Port 1 and (B) Port 2
Table 2: Comparison with Other Works
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The comparison with recent works highlights the distinctive advantages of the
proposed design. In terms of compactness, the antenna occupies a moderate footprint
of 41.5 x 30 mm?, which is competitive compared to larger tri-band or multi-port
MIMO designs that often exceed 60 mm in one dimension. By contrast, the present
work demonstrates effective Ku-band triband operation on a low-cost FR-4 substrate,
which is more suitable for mass production and practical integration. Overall, the
results confirm that the proposed star-shaped MIMO triband antenna achieves a unique
balance between size, cost-effectiveness, gain, and outstanding isolation, making it a
highly competitive solution for Ku-band applications such as satellite communications
and emerging 5G systems.

V. Conclusion

A star-shaped triband MIMO microstrip antenna for Ku-band applications has
been designed, fabricated, and tested. The antenna operates at 12.3, 14.2, and 15.0 GHz,
achieving a maximum gain of 6.18 dB, radiation efficiency of about 68%, and an
excellent measured isolation of —32 dB. Compared with recent designs, the proposed
antenna offers a competitive compromise between compact size, cost-effective FR-4
substrate, multiband operation, and superior isolation, making it a strong candidate for
satellite and 5G Ku-band systems.
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