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ABSTRACT: A compact four-port circularly polarized multiple-input multiple-output (CP-MIMO) antenna with a dual-layer architecture
is proposed for low-altitude communication. In compact MIMO arrays of CP-capable monopole elements, strong mutual coupling makes
stable CP radiation difficult to achieve. To address this issue, the proposed antenna uses a lower layer for dual-polarized MIMO generation
and an upper layer for polarization conversion. The antenna was fabricated on two FR-4 substrates with an overall size of 0.85\ x
0.85X x 0.084\. In the lower layer, a dual-polarized feed backplane (DPFB) forms a +45° dual-polarized MIMO array with port
isolation exceeding 17 dB. In the upper layer, a polarization conversion superstrate (PCS) converts the incident dual-polarized waves into
CP radiation. The PCS extended the impedance bandwidth by 36%, from 7.55 to 10.08 GHz, and enabled LHCP radiation with a 3 dB
axial ratio bandwidth of 8.22-8.89 GHz. A gain enhancement of 48% was also achieved. The measured results verified the design and

demonstrated good MIMO diversity performance.

1. INTRODUCTION

he rapid development of the low-altitude economy has led

to a growing demand for advanced wireless communication
systems [ 1-3]. Emerging applications, such as unmanned aerial
vehicle (UAV) swarms, urban air mobility (UAM), and low-
altitude logistics, require compact, lightweight, and highly in-
tegrated antenna systems [4]. These systems must support high
data rates, strong interference suppression, and reliable link
performance under strict size and platform constraints [5, 6].
In addition, the dynamic operating environments of such plat-
forms, including frequent movement and orientation variations,
impose stringent requirements on antenna stability and robust-
ness [7, 8].

Multiple-input multiple-output (MIMO) technology has
been widely adopted to improve channel capacity and spectral
efficiency by exploiting spatial diversity [9-11]. By utilizing
multiple antennas, MIMO systems can effectively mitigate
fading effects and enhance the signal reliability in complex
propagation environments. Meanwhile, circular polarization
(CP) provides additional advantages, such as reduced sen-
sitivity to antenna misalignment and improved immunity to
multipath interference [12, 13]. Therefore, combining MIMO
with CP has become an effective solution for improving both
the link reliability and transmission efficiency. Consequently,
CP-MIMO antennas have attracted significant attention in
recent years, particularly for compact wireless platforms in
low-altitude communication systems [14—16].

Various techniques have been proposed for integrating CP
functionality into MIMO systems. A commonly used approach
is to realize circular polarization directly at the antenna ele-
ment level and then arrange these elements into a MIMO ar-
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ray. Typical designs employ meandered lines [17], slot-loaded
patches [18, 19], or parasitic elements [20] to excite two orthog-
onal modes with a 90° phase difference. However, in such con-
figurations, the CP performance is strongly dependent on the
geometry of individual elements. When these CP-capable ele-
ments are placed in close proximity to form a compact MIMO
array, strong mutual coupling occurs inevitably. This coupling
disturbs the current distribution on the radiating elements and
leads to a significant degradation of the axial ratio (AR). Conse-
quently, stable CP radiation can only be achieved through care-
ful and often iterative optimization, involving tradeoffs among
the AR, port isolation, and impedance matching. This process
not only increases the design complexity but also limits the flex-
ibility of the overall antenna design.

Another approach introduces CP through feeding networks
or auxiliary structures before forming a MIMO array. For in-
stance, orthogonal slot-coupled feeding combined with a polar-
ization conversion metasurface was reported in [21]. Unequal-
length feeding of dielectric resonator antennas (DR As) has also
been utilized to generate the required phase difference [22]. Al-
though these methods can effectively produce circular polar-
ization, they often suffer from a relatively large physical size
or limited bandwidth. In particular, DRAs are not well suited
for compact X-band applications, where a low profile and wide
impedance bandwidth are required simultaneously.

Despite these research efforts, achieving stable CP radiation
in compact MIMO arrays remains challenging. The main diffi-
culty lies in the strong mutual coupling between closely spaced
elements, which makes it difficult to maintain both stable po-
larization characteristics and good MIMO performance. More
importantly, it is still difficult to achieve stable CP radiation
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FIGURE 1. Exploded three-dimensional view of the proposed CP-
MIMO antenna.

without modifying the original array structure or degrading its
inherent impedance matching and isolation properties.

To address this challenge, this study proposes a compact
four-port CP-MIMO antenna based on a dual-layer architecture.
In the lower layer, a dual-polarized feed backplane (DPFB) is
employed to reconfigure four umbrella-shaped monopoles into
a +45° dual-polarized MIMO array with improved port iso-
lation. This configuration provides a balanced amplitude and
consistent phase excitation, which are essential for polariza-
tion control. In the upper layer, a polarization conversion su-
perstrate (PCS) is introduced as an independent, transmissive
phase-control structure. By manipulating the phases of the inci-
dent orthogonal components, the PCS converts dual-polarized
waves into circularly polarized radiation.

With this decoupled configuration, the proposed design sep-
arates the MIMO generation and polarization conversion into
two coordinated functional layers. The proposed dual-layer
design separates MIMO generation and polarization conver-
sion. This avoids the difficulty of simultaneously handling
both functions in a single layer and enables step-by-step de-
sign of impedance matching, isolation, and polarization char-
acteristics. Consequently, stable CP radiation is achieved with-
out modifying the original array structure, while the inherent
MIMO performance of the lower layer is preserved. This de-
sign strategy provides a flexible and efficient solution for com-
pact CP-MIMO antennas with a low profile.

2. CP-MIMO ANTENNA DESIGN

The proposed CP-MIMO antenna was developed using a three-
stage design strategy, in which the radiation and polarization
characteristics were progressively established. In the first
stage, a CP-capable monopole element was designed as the
fundamental radiating unit, providing the basis for broadband
impedance matching and initial polarization control through
structural asymmetry. In the second stage, a dual-polarized
feed backplane (DPFB) is introduced to reconfigure four
monopole elements into a compact MIMO array with £45°
dual-polarized radiation. This configuration not only im-
proves port isolation but also generates two orthogonal linear
polarization (LP) components with balanced amplitude and
stable phase characteristics, which are essential for circular
polarization (CP) formation. In the third stage, a polarization
conversion superstrate (PCS) is deployed above the MIMO
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array as an independent transmissive phase-control structure
to convert the incident dual-polarized waves into circularly
polarized radiation.

The exploded three-dimensional view of the proposed an-
tenna is illustrated in Fig. 1, which clearly shows the lay-
ered configuration of the structure. The detailed geometries of
the MIMO array, DPFB, and integrated antenna are shown in
Fig. 2, and the corresponding geometric parameters are sum-
marized in Table 1.

TABLE 1. Antenna geometrical parameters (unit: mm).

Parameter H H1 H2 Al A2 R | WH
Dimension | 2.3 | 0.7 | 0.25 30 20 3 6
Parameter | WF | LS | WS HP WP LP
Dimension | 5.5 3 52 1075 | 3375 | 12

2.1. CP Monopole Antenna Design

Figure 3 shows the geometry of the proposed monopole antenna
element. The antenna was printed on an FR-4 substrate with di-
mensions of 0.43\ x 0.43\ x 0.02\ and is fed by a microstrip
line. Based on the method reported in [19], circularly polar-
ized (CP) radiation can be achieved by introducing geometric
asymmetry to perturb the surface current distribution on the ra-
diating element. Accordingly, an asymmetric umbrella-shaped
geometry was adopted in this study.

The corresponding simulated performance of the antenna el-
ement is presented in Fig. 4, where Fig. 4(a) and Fig. 4(b) show
the reflection coefficient (S71) and axial ratio (AR), respec-
tively. As shown in Fig. 4(b), the initial symmetrical configura-
tion (Ant. 1) exhibits only linear polarization (LP) owing to the
absence of asymmetrical perturbation. As the geometry evolves
from Ant. 1 through the intermediate configurations to Ant. pro-
posed, impedance matching is well maintained while the axial
ratio is progressively improved. This indicates that the intro-
duced asymmetry effectively modifies the current distribution
and excites two orthogonal modes with an appropriate phase
difference, thereby enabling CP radiation. The final antenna
element (Ant. proposed) achieves an impedance bandwidth of
8.22-11.87 GHz and a 3 dB AR bandwidth of 8.11-10.4 GHz,
indicating favorable broadband CP performance.

2.2. Dual-Polarized MIMO Array and DPFB Design

Based on the proposed umbrella-shaped monopole element, a
compact dual-polarized MIMO array was constructed on an
FR-4 substrate with overall dimensions of 0.85A x 0.85\ x
0.02X. As illustrated in Fig. 2(a), the four umbrella-shaped
monopoles are orthogonally arranged at 0°, 90°, 180°, and
270°, forming a rotationally symmetric layout that effectively
exploits both spatial diversity and polarization diversity. This
configuration not only supports multi-port operation but also
establishes the necessary conditions for generating orthogonal
polarization states in subsequent designs.

However, when a conventional backplane structure is imple-
mented, strong electromagnetic coupling arises among closely
spaced elements owing to overlapping near-field distributions
and shared current paths on the ground plane. Consequently,
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FIGURE 2. Geometry of the proposed CP-MIMO antenna: (a) top view of the MIMO array, (b) dual-polarized feed backplane (DPFB), and (c) top

view of the integrated antenna.
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FIGURE 3. Geometry evolution of the proposed monopole antenna element.
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FIGURE 4. Simulated performance of the antenna element: (a) reflection coefficient (S11) and (b) axial ratio.

the port isolation of the MIMO array was limited to approxi-
mately 15 dB. Such isolation is insufficient for practical MIMO
systems, where high isolation is essential to suppress the mu-
tual coupling, preserve the channel independence, and main-
tain stable radiation characteristics. Therefore, further modifi-
cations of the feeding and grounding structures are required to
enhance the isolation performance while retaining the compact
array configuration.

To enhance port isolation, a dual-polarized feed backplane
(DPFB) based on a shared ground-plane configuration [17] is
introduced. Although the proposed structure is geometrically
similar to that in [17], the feed parameters are re-optimized to
accommodate the present four-port MIMO array configuration.
The DPFB effectively redistributes the surface current paths,
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thereby improving inter-port isolation without increasing the
structural complexity.

With the incorporation of the DPFB, the array maintains
good impedance matching over 7.99—9.85 GHz (Fig. 5(a)).
Meanwhile, the adjacent-port isolation exceeded 17 dB, and
the diagonal-port isolation was better than 26 dB (Fig. 5(b)),
demonstrating the effectiveness of the DPFB in mitigating mu-
tual coupling in a compact layout.

Based on the shared-ground structure in [17], the modified
DPFB was demonstrated to generate dual-polarized excitation,
which was not reported in [17]. Beyond isolation improve-
ment, the DPFB also plays a critical role in establishing sta-
ble dual-polarized radiation. Specifically, it introduces two or-
thogonal current modes along the +45° directions. According
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FIGURE 5. Performance of the dual-polarized MIMO array and DPFB: (a) Geometry of the DPFB and reflection coefficients. (b) Isolation charac-
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FIGURE 6. Surface current distributions of the dual-polarized MIMO array: (a) DP1 excited; (b) DP2 excited.

to the surface-current-based polarization verification method in
[23], when only DP1 is excited (Fig. 6(a)), the dominant cur-
rent flows along the —45° direction, whereas the excitation of
DP2 (Fig. 6(b)) results in a current flowing along the +45° di-
rection. This orthogonal current distribution directly leads to
the generation of £45° linear polarizations.

Furthermore, owing to the 180° rotational symmetry of the
array, DP3 and DP4 can be regarded as rotated counterparts
of DP1 and DP2, respectively, ensuring consistent electromag-
netic behavior across all ports. As a result, DP1 and DP3 pro-
duced —45° linear polarization (LP), whereas DP2 and DP4
generated +45° LP, forming two orthogonal polarization pairs
with balanced amplitude characteristics. The well-aligned S11—
-S44 responses further confirm the uniform impedance perfor-
mance among all ports.

In summary, the DPFB-based MIMO configuration not only
enhances port isolation by suppressing the coupling paths, but
also enables the formation of stable and orthogonal £45° LP
modes. These features provide well-defined and balanced in-
cident fields that are essential for the subsequent polarization
conversion stage.
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2.3. Integrated CP-MIMO Antenna with PCS

Although the DPFB provides stable dual-polarized excitation,
the MIMO array alone is still incapable of generating circu-
larly polarized (CP) radiation. This limitation is clearly ev-
idenced by the axial ratio (AR), which remains above 10 dB
across the operating band, as shown in Fig. 7(c). This indicates
that the two orthogonal linear polarization components lack the
required quadrature phase relationship for CP formation.

To overcome this limitation, a polarization conversion sur-
face (PCS) was introduced above the array as an independent
transmissive phase-control layer. By leveraging the wavefront
manipulation mechanism of metasurfaces [24], the PCS modi-
fies the phase response of the incident orthogonal components,
thereby introducing an additional 90° phase difference. Conse-
quently, the incident £45° linearly polarized waves were con-
verted into circularly polarized radiation.

The PCS was fabricated on an FR-4 substrate with a thick-
ness of 0.007\ and overall dimensions of 0.57\ x 0.57A. It
is separated from the lower-layer array by an air gap of height
H, which provides sufficient space for effective electromag-
netic coupling and phase accumulation to occur. As illustrated
in Fig. 2(c), the PCS consists of a periodic windmill-shaped
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FIGURE 7. (a) Simulated four-port VSWR w/o PCS. (b) Return loss for different (Lp, Wp), compared w/o PCS. (c) AR for different (Lp, Wp),

compared w/o PCS. (d) Amplitude ratio (|Ex/Ey|), and (e) phase difference.

slot structure formed by four identical rectangular slots rotated
by 90° with respect to each other. Each slot has dimensions of
L, /2 and W, and the spacing between adjacent slots is denoted
as H),. This geometrical arrangement enables anisotropic phase
responses along orthogonal directions, satisfying the wavefront
manipulation condition reported in [25].

The polarization conversion mechanism of the PCS can be
explained as follows. The incident £45° dual-polarized waves
were first decomposed into two orthogonal linear components
along the 0° and 90° directions. These two components have
equal amplitudes but different orientations, forming the basis
for subsequent phase manipulation.

Owing to the rotational symmetry of the windmill-shaped
slot, the two orthogonal components interact selectively with
different parts of the PCS. Specifically, the 0° component
mainly couples to the horizontal rectangular sections, whereas
the 90° component predominantly interacts with the vertical
rectangular sections. This directional selectivity ensures that
the two orthogonal components follow distinct transmission
paths in the PCS.

Because these transmission paths are geometrically differ-
ent, the corresponding electromagnetic responses are also dif-
ferent, resulting in a phase difference Ay between the transmit-
ted fields. By properly optimizing the geometrical parameters
of the PCS, this phase difference can be tuned to approach 90°
within the target frequency range. When combined with the
equal-amplitude condition, this phase relationship enables the
formation of circularly polarized radiation.

13

To optimize the PCS dimensions, the voltage standing wave
ratio (VSWR) and axial ratio (AR) were analyzed. As shown
in Fig. 7(a), the VSWR of all four ports remains below 2 over
7.55-10.08 GHz, and is further reduced to below 1.5 within
the CP operating band of 8.22-8.89 GHz. Compared with the
case without the PCS, the impedance bandwidth is extended
from 7.99-9.85 GHz to 7.55-10.08 GHz, corresponding to an
increase in the relative bandwidth from 20.9% to 28.7% (a
36% enhancement). These results indicate that the introduc-
tion of the PCS does not degrade the impedance matching per-
formance, but instead contributes to bandwidth improvement.

Figures 7(b) and 7(c) further illustrate the effects of differ-
ent L, and W, combinations on the impedance matching and
AR performance. Fig. 7(d) and Fig. 7(e) show the correspond-
ing amplitude ratio (| E, / E,|) and phase difference between the
orthogonal components under different PCS dimensions. It can
be observed that modifying the slot length and width effectively
tunes both the amplitude ratio and phase response of the or-
thogonal components. In particular, within the target CP band,
the amplitude ratio remains close to 1 while the phase differ-
ence approaches 90°, satisfying the circular polarization condi-
tion. These results further verify that the windmill-shaped PCS
provides controllable orthogonal phase manipulation through
the rectangular slot geometry. Consequently, a 3 dB AR band-
width of 8.22—-8.89 GHz was achieved. In addition, the PCS en-
hances the realized gain within the CP band through near-field
coupling between the PCS and radiating elements. As shown
in Fig. 9(b), the realized gain increases from 0.71-1.53 dBi to
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FIGURE 8. Fabricated antenna prototype and measured results: (a) top and bottom views, and (b) measured return loss and axial ratio.
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FIGURE 9. Measured performance of the proposed antenna: (a) transmission coefficient (dB), and (b) gain (dBi) and radiation efficiency.

2.46-3.21 dBi, indicating a significant improvement in the ra-
diation performance.

In summary, the PCS functions as an independent transmis-
sive phase-control layer that converts incident dual-polarized
waves into circularly polarized radiation without modifying the
underlying MIMO array structure. Meanwhile, through the
combined effects of phase regulation and near-field coupling,
it also improves the impedance bandwidth and enhances the re-
alized gain of the antenna system.

3. SIMULATED AND MEASURED RESULTS

Figure 8(a) shows the fabricated dual-layer antenna prototype,
which includes the lower MIMO array and upper PCS layer. In
the fabricated prototype, the air gap between the two substrates
is practically supported by a PTFE spacer ring with a relative
permittivity of 2.1 and a loss tangent of 0.0002. The spacer has
an inner diameter of 3 mm, outer diameter of 6 mm, and thick-
ness of 2.3 mm, and is placed at the center between the two
layers. To evaluate the possible influence of fabrication sup-
port structures, the PTFE spacer was also included in the HFSS
model during simulation. The results show only minor differ-
ences compared with the ideal air-gap case, confirming that the
practical support structure introduces negligible effects on the
antenna performance. Minor discrepancies between the simu-
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lated and measured results are mainly attributed to practical fab-
rication and assembly factors, including fabrication tolerances,
layer alignment deviations, and SMA connector soldering ef-
fects.

The S-parameters were measured using a vector network an-
alyzer (VNA). As shown in Fig. 8(b), the measured results indi-
cate a —10 dB impedance bandwidth of 7.49-9.87 GHz. Within
this band, a 3 dB axial ratio (AR) bandwidth of 8.56-9.01 GHz
was achieved, confirming effective circular polarization gener-
ation in the target frequency range.

Meanwhile, the measured isolation (Fig. 9(a)) is better
than 15.9dB across the operating band, demonstrating that
the DPFB-based structure maintains good decoupling per-
formance even after integrating the PCS layer. Compared
with the simulated lower MIMO array without the PCS in
Fig. 5(b), the isolation slightly decreases because the PCS
introduces additional electromagnetic coupling paths between
the ports. Nevertheless, the measured isolation still satisfies
practical MIMO requirements. Overall, the measured results
were in good agreement with the simulations, validating the
effectiveness and reliability of the proposed design.

The radiation characteristics were measured in a standard
anechoic chamber. As shown in Fig. 9(b), within the mea-
sured CP band, the realized gain ranged from 1.42 to 2.78 dBi,
whereas the radiation efficiency remained higher than 89.3%.
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Owing to the dual-layer air-gap configuration and transmissive
PCS structure, the electromagnetic field is not strongly con-
fined inside the FR-4 substrate, which helps maintain relatively
high radiation efficiency despite operation at X-band. The re-
sults indicate that the introduction of the PCS not only enables
polarization conversion but also maintains a high radiation ef-
ficiency and stable gain performance.

Figure 10 compares the simulated and measured LHCP and
RHCP radiation patterns at ¢ = 0° and ¢ = 90°. Good
agreement between the simulation and measurement was ob-
served, with only minor discrepancies. Compared with the
broad forward beam of the lower-layer MIMO antenna with-
out the PCS, the integrated dual-layer CP-MIMO antenna ex-
hibits a more concentrated forward main beam after introduc-
ing the PCS, while no obvious back-lobe enhancement is ob-
served. This indicates that the PCS mainly performs transmis-
sive phase control and polarization conversion without degrad-
ing the radiation pattern. The enhanced forward directivity is
also consistent with the measured gain improvement and radi-
ation efficiency higher than 89.3%. Simulated and measured
differences can be attributed to fabrication tolerances and mea-
surement uncertainties. The antenna exhibits high polarization
purity, and the LHCP/RHCP discrimination in the main beam
exceeds 18 dB, confirming effective circular polarization with
low cross-polarization levels.
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The MIMO diversity performance of the proposed antenna
was also evaluated. As shown in Fig. 11(a), the envelope cor-
relation coefficient (ECC) remains below 0.01, indicating very
low channel correlation between antenna ports, while the di-
versity gain (DQ) is higher than 9.99 dB, approaching the ideal
diversity performance. Furthermore, Fig. 11(b) shows that
the channel capacity loss (CCL) is below 0.156 bps/Hz, and
the mean effective gain (MEG) is lower than —3.36 dB across
the operating band, satisfying the commonly accepted criteria
for practical MIMO systems. These results confirm that the
proposed antenna not only achieves stable circular polariza-
tion performance, but also maintains satisfactory diversity and
multi-port MIMO characteristics for practical communication
applications [20, 26].

4. COMPARISON

Table 2 compares the proposed antenna with previously
reported CP-MIMO designs in terms of key performance
metrics, including the impedance bandwidth, axial ratio
(AR) bandwidth, gain, and structural compactness. It can be
clearly observed that the proposed antenna achieves the widest
impedance bandwidth of 28.7% among the compared designs,
while maintaining a compact four-port configuration with an
overall size of 0.85\ x 0.85\ x 0.084\. This demonstrates its
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TABLE 2. Comparison of CP-MIMO antennas.

Ref. Impedance bandwidth (%) | AR bandwidth (%) Size (A X A X ) Ports | AGain (%)

[18] 233 1.28/3.17 2.9 x 1.8 x 0.04 2 -

[27] 9.3 9.3 1.36 x 0.94 x 0.05 2 -

[28] 32 6.2 1.25 x 0.83 x 0.01 2 35.2

[29] 9/105.9 4.3/67.7 1.98 x 1.93 x 0.045 4 -

[30] 7.05 2.04 1.4 x 1.4 x 0.03 4 12.5
This work 28.7 7.83 0.85 x 0.85 x 0.084 4 48

capability to provide wideband operation without sacrificing
structural compactness.

In addition, a 3 dB AR bandwidth of 7.83% was obtained, in-
dicating stable circularly polarized performance over the oper-
ating band. The realized gain was also significantly improved,
with an enhancement of 48% compared to the reference config-
uration without the polarization conversion layer. These results
confirm that the proposed antenna achieves a wide impedance
bandwidth while maintaining satisfactory polarization purity
and radiation efficiency.

It is worth emphasizing that, unlike conventional CP-MIMO
designs, where circular polarization is directly generated within
the antenna elements, the proposed antenna adopts a decoupled
design strategy by separating dual-polarized MIMO formation
and CP generation into two coordinated functional layers. This
configuration allows the impedance matching, port isolation,
and polarization characteristics to be optimized independently,
thereby reducing the design complexity and improving the per-
formance stability.

The proposed antenna achieves a favorable balance among
compact size, number of ports, impedance bandwidth, and ra-
diation performance. Compared with existing designs, it pro-
vides a more flexible and effective solution for realizing high-
performance CP-MIMO antennas on compact and integrated
platforms.

5. CONCLUSION

This study presents a compact four-port circularly polarized
multiple-input multiple-output (CP-MIMO) antenna for low-
altitude communication applications. Stable circular polariza-
tion is achieved without modifying the underlying array struc-
ture by introducing an upper-layer polarization conversion su-
perstrate above a dual-polarized MIMO array structure. This
dual-layer configuration separates the MIMO generation and
polarization conversion, thereby enabling effective and flex-
ible performance optimization. The measured results verify
the effectiveness of the proposed design, demonstrating an ex-
tended impedance bandwidth, enhanced gain, stable LHCP ra-
diation, and satisfactory MIMO diversity performance. These
results indicate that the antenna achieves a good balance be-
tween wideband operation, polarization purity, and multi-port
characteristics. Owing to its compact size and favorable radia-
tion properties, the proposed antenna is well-suited for space-
constrained low-altitude platforms, such as UAV terminals and
low-altitude IoT nodes. Furthermore, due to the functional sep-

aration between the lower MIMO radiating layer and the upper
PCS layer, the proposed dual-layer architecture also provides
good scalability for higher-order CP-MIMO array designs.
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