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ABSTRACT: This study proposes a high-performance miniaturized wideband circularly polarized (CP) metasurface (MTS) antenna for
WLAN and 5 GHz wireless communication systems. The design innovatively utilizes a hybrid embedded structure, where regular oc-
tagonal patches are incorporated into the gaps of modified X-shaped primary radiating elements to increase edge capacitance and lower
resonant frequency, thereby achieving antenna miniaturization. To effectively excite the orthogonal degenerate modes required for CP
radiation, a characteristic mode analysis (CMA) was employed to guide the design of the feed network. A feeding structure consisting of
a hook-shaped microstrip line and a symmetrical stepped cross-slot is designed to achieve CP excitation via a 90° phase delay introduced
by path length differences. Measured results demonstrate that the antenna achieves a —10 dB impedance bandwidth of 34.2% (4.38—
6.19 GHz) and a 3 dB axial ratio (AR) bandwidth of 23.9% (4.68-5.95 GHz). Regarding radiation characteristics, the radiation efficiency
remained stable above 75%, and the peak realized gain reached 5.26 dBic. The experimental results verified that the proposed design
achieved stable CP and radiation performance within a miniaturized footprint.

1. INTRODUCTION

ireless communication technology is developing rapidly,
Wand CP antennas can effectively overcome the limita-
tions of traditional linearly polarized antennas in complex com-
munication scenarios owing to their unique electromagnetic
radiation characteristics [1-3]. Therefore, CP antennas ex-
hibit significant advantages in satellite communications, nav-
igation, and positioning, and WLAN/5 GHz wireless commu-
nications [4-6]. However, conventional planar CP anten-
nas, such as microstrip patches, are limited by their high Q-
factor resonant characteristics, making it difficult to simultane-
ously achieve broadband performance, high gain, and minia-
turized size. Although conventional techniques, such as stack-
ing patches or employing thick substrates, can extend the band-
width to some extent, they inevitably lead to increased surface-
wave losses and reduced radiation efficiency.

To overcome the inherent bottlenecks of traditional planar
CP antennas, metasurface technology has recently been widely
introduced into antenna design [7]. Its subwavelength unit
cell structure enables wavefront modulation and resonant mode
expansion within a low-profile configuration [8]. To further
meet the requirements of miniaturized systems, various meth-
ods have been proposed to miniaturize MTS antennas. In [9],
a miniaturized antenna was designed based on the analysis
of the dispersion characteristics of an MTS structure; how-
ever, traditional rectangular MTS units exhibit limited poten-
tial for further miniaturization. In [10], miniaturization was at-
tempted by loading parasitic loops around a cross-dipole struc-
ture; however, this multi-layer configuration inevitably led to
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an increased profile height and assembly difficulties. Further-
more, although loading quasi-fractal slots, as mentioned in [11],
can effectively extend the current path to a lower resonant fre-
quency, such designs often result in linearly polarized radiation
and are unsuitable for CP scenarios. To achieve CP miniatur-
ization, a structure utilizing microstrip line loading on patches
was proposed in [12]; however, its achievable 3-dB axial ra-
tio bandwidth (ARBW) was restricted to only 8.5%. Conse-
quently, structural complexity, excessive profile heights, and
narrow CP bandwidths remain the primary drawbacks of these
existing studies. In contrast, multi-mode excitation designs
with simplified feeding structures have maintained significant
research interest owing to their potential for bandwidth exten-
sion [13].

Generally, employing a simplified slot-coupling structure is
a highly cost-effective approach for exciting CP antennas com-
pared with complex feed networks. Therefore, systematically
increasing the ARBW of slot-coupled miniaturized MTS anten-
nas is a valuable research objective. To address this, CMA has
been introduced to predict current modal behaviors and reveal
underlying operating mechanisms without the need for external
excitation sources [14]. This method provides clear guidance
for miniaturization and wideband CP design, while avoiding
inefficiencies of blind parameter optimization [15].

In this paper, a miniaturized wideband CP MTS antenna
is proposed for WLAN and 5 GHz communications. Distinct
from conventional multi-layer or asymmetric designs, a pla-
nar hybrid structure is developed by nesting regular octagonal
patches within the gaps of modified X-shaped elements. The
multi-angled edges of the regular octagonal patches effectively
enlarge the capacitive coupling perimeter and elongate the sur-
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FIGURE 1. Configuration of the proposed antenna. (a) 3-D view, (b) top view, (c) top view of the ground plane, (d) bottom view.

face current paths. This unique geometry lowers the resonant
frequency via increased edge capacitance, while expanding the
effective current distribution for orthogonal degenerate modes
without sacrificing structural symmetry. Guided by CMA, a
hook-shaped microstrip line and a symmetrical stepped cross-
slot are utilized to introduce the required 90° phase delay. Sim-
ulation and measurement results verify the excellent perfor-
mance of the proposed antenna in terms of operating bandwidth,
CP purity, and radiation efficiency, which can meet the practi-
cal application requirements of modern miniaturized wireless
terminals in WLAN and 5 GHz communication scenarios.

2. ANTENNA DESIGN PROCESS

2.1. Antenna Geometry

The geometry of the proposed antenna is illustrated in Fig. 1.
From top to bottom, the antenna consists of an MTS layer, an
upper dielectric substrate as Substrate I, a GND layer, a lower
dielectric substrate as Substrate 11, and a bottom feedline layer.
Substrate I has a thickness h; of 2.65 mm, and Substrate Il has a
thickness h, of 1.1 mm. Both substrates are made of FR-4 ma-
terial with a relative permittivity of e, = 4.4 and a loss tangent
oftan § = 0.025. These two layers serve distinct physical func-
tions in the design. Substrate I provides the necessary dielec-
tric spacing for the MTS, where its thickness primarily affects
the resonant frequency and operating bandwidth. Substrate II
supports the bottom feed network, with its dielectric properties
and thickness governing the characteristic impedance of the mi-
crostrip line and electromagnetic coupling through the stepped
cross-slot.

The MTS layer is composed of 2 x 2 hybrid radiating ele-
ments, where each primary radiating patch adopts an improved

X-shaped structure. Regular octagonal patches are embedded
in the gaps of these primary patches to increase edge capaci-
tance and lower resonant frequency, thereby achieving antenna
miniaturization. The GND layer, situated at the bottom of the
upper substrate, features an etched symmetrical stepped cross-
slot. The bottom feedline layer employs a hook-shaped mi-
crostrip line in a series-fed configuration. The electromagnetic
energy from the bottom microstrip line is coupled to the top
MTS layer through the symmetrical stepped cross-slot on the
GND layer. The optimized structural parameters are listed in
Table 1. To further elucidate the miniaturization mechanism of
the proposed antenna, a theoretical equivalent circuit analysis
is discussed in the following section.

2.2. Miniaturization of the MTS

As described in [16], the surface impedance of a conven-
tional MTS can be modeled as the equivalent circuit shown in
Fig. 2(a). This circuit consists of an inductance L, from the
ground plane and a capacitance Cj introduced by the gap be-
tween two adjacent MTS units. The resonant frequency condi-
tion can be expressed as

1
o=, (L, + La) Co M

Consequently, the resonant frequency can be reduced by in-
troducing additional capacitance and inductance. The equiva-
lent inductance L is typically influenced by the substrate thick-
ness h, whereas the equivalent capacitance Cy is governed by
both the width of MTS elements and the inter-element gap.
Therefore, in this study, additional capacitance is introduced
through the MTS structure, as shown in Fig. 2(b).
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TABLE 1. Antenna parameter dimensions.

Parameter W Wy, W. L Lo Gi G2 Gz Gy
Size (mm) 255 0.7 0.5 12.6 2.5 489 9.79 0.89 0.74
Parameter G5  Gg hy ha Ws D g1 92 93
Size (mm) 0.87 1.55 2.65 1.1 11.24 211 043 042 030
Parameter d a b c Wy Wi W W3

Size (mm) 282 7.11 489 6.97 1.41 1.5 1.0 1.0
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FIGURE 2. (a) Conventional MTS and (b) hybrid embedded MTS.

When the hybrid MTS structure is exposed to an incident _ wseo(l + &) cosh™

electric field E, in the z-direction, the electrons on the MTS T
are stimulated and move along the x-axis, thereby producing

i) 3)

a surface current J. The moving electrons form capacitance Cy = m cosh™!

at the adjacent gaps; thus, edge capacitances C, Cs, and Cs 4 (

are introduced. Additionally, the MTS unit itself contributes

to the strip inductance L4, whereas the ground plane provides = M cosh™! <— @)
inductance Ly. Therefore, the equivalent circuit model for the ™

hybrid MTS, shown in Fig. 2(b), is composed of inductances

Ly and Ly and capacitances C, Cs, and C in parallel. The Cy = m cosh™! (

resonant frequency fy can be expressed as m

1 _ wsep(l+ &) cosh-!
™

fo =

; >
(5)
27\ /(Ly + La)(C1 + Cs + C3)

(er+1)
1 27, wy/og0y/ 5 (w3 — 2p)
= ) Ly = % tan 2 (©6)
271' (Lg + Ld)ctotal w 2

) 1"{he Cs, Lq, and Ly in the formula can be approximated as Ly = phy (7)
orows: where ¢ and (o represent the permittivity and permeability of
wseo(l + &) . the free space, respectively; ¢, and p denote the relative permit-

C1 = T cos 9_1 tivity and permeability of the dielectric substrate, respectively;
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hy is the substrate thickness; w is the angular frequency; 2 is
the characteristic impedance of free space.

To clarify, this equivalent-circuit model is established based
on the quasi-static approximation, and the fringing fields within
the narrow gaps are evaluated using the conformal mapping
method. The variables a, b, ¢, and d correspond to the specific
geometric distances between the modified X-shaped patches
and regular octagonal patches, as depicted in Fig. 2(b), whereas
p denotes the width of the small octagonal patch. Since the unit
dimension is much smaller than the operating wavelength, these
formulas are dimensionally consistent and physically valid for
the targeted 5 GHz band.

From a physical perspective, the specific arrangement of
the embedded regular octagonal patches and the modified X-
shaped elements directly determines the resonance character-
istics of the MTS. The narrow gaps between these metal ge-
ometries introduce additional capacitive coupling, thereby sig-
nificantly increasing the equivalent edge capacitances (Cy, Ca,
C3). According to the equivalent circuit model, this enhanced
total capacitance naturally shifts the resonant frequency down-
ward. Consequently, antenna miniaturization is successfully
achieved without enlarging the physical footprint.

2.3. Characteristic Mode Analysis

To effectively excite the proposed MTS structure and design
an appropriate feed network, the CMA method is adopted in
this section to guide antenna analysis. According to the CMA
theory, the total current distributed on the surface of a perfect
electric conductor (PEC) can be described as a linear superpo-
sition of the characteristic currents as follows:

J=> anly ®)

where o, is the modal weighting coefficient, employed to char-
acterize the proportion of the n-th characteristic current .J,, to
the total current .J. When external excitation is considered, a,
is expressed as

(B
S T @

where ), is the eigenvalue corresponding to the characteristic
current .J,,, and E* denotes the incident electric field. The de-
nominator of v, is defined as the modal significance (MS) and
can be expressed as

1

MS = ———
1+ jAn]

(10)

MS represents the inherent property of each mode and is
solely dependent on the antenna structure, with a value range
of [0, 1]. An MS value approaching 1 indicates that the mode
is more prone to resonance, leading to more effective antenna
radiation. Therefore, the desired antenna characteristics can
be obtained by strongly exciting the target modes at the de-
sired resonant frequency, avoiding the excitation of undesired
modes, and determining a suitable feed structure.

To investigate the operating mechanism, the commercial
software Computer Simulation Technology (CST) was used to
perform CMA on the conventional MTS and the proposed hy-
brid embedded MTS geometries without feeding structures. In
these simulations, the ground plane and MTS radiation layers
were modeled as perfect electric conductors, with both the sub-
strate and ground plane infinitely extended.

Based on the characteristic mode simulation, Fig. 3 presents
the MS curves of the first four modes for both the conventional
rectangular patch MTS (denoted as Jo; ~ Jo4) and the pro-
posed hybrid embedded MTS (denoted as J; ~ Jy). For the
conventional structure, Jo; and Jo, constitute a pair of degen-
erate modes that resonate (MS = 1) at approximately 7.8 GHz,
while the remaining two modes are ideal for omnidirectional
radiation. Upon adopting the hybrid structure, the resonant fre-
quencies of the dominant degenerate modes J; and J;, shifted
to approximately 6.1 GHz, and all four modes of the proposed
structure shifted toward the lower frequency band. In other
words, for an MTS with the same physical dimensions, the
proposed hybrid structure exhibits a lower resonant frequency
(from 7.8 GHz to 6.1 GHz). Because the physical area of an an-
tenna is roughly proportional to the square of its resonant wave-
length, this frequency shift translates to an equivalent physi-
cal footprint reduction of approximately 38.8% compared to a
conventional rectangular MTS operating at the same frequency.
This observation is consistent with the equivalent circuit anal-
ysis.

—_
=

Modal Significance

45 50 58 6.0 6.5 7.0 7.5
Frequency(GHz)

FIGURE 3. Simulated modal significance (MS) of the conventional and

proposed MTSs.

To further reveal the physical characteristics of these modes,
Figs. 4 and 5 illustrate the boundary setups, far-field radiation
characteristics, and modal currents of the conventional and hy-
brid structures at their respective resonant frequencies. It can
be observed that the surface current distributions of J; and J,»
are mutually orthogonal, and the most intense currents for all
modes are concentrated on the four modified patches in the cen-
tral region. To acquire the desired CP radiation characteristics,
these two orthogonal modes (J; and .J;) should be selected and
synchronously excited with a 90° phase difference.

With the desired modes identified, CMA was subsequently
applied to the complete fed structure to evaluate its practical
excitation capability, explicitly including the ground slot and
feedline. As shown in Fig. 6, the extracted modal weighting
coefficients (MWCs) clearly indicate that the desired orthogo-
nal modes (J; and J,) are effectively excited with equal ampli-
tudes around the center frequency. Meanwhile, the undesired
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FIGURE 4. CMA of the conventional MTS: boundary setup, radiation patterns, and modal currents of Joi ~ Jos at 7.8 GHz.
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FIGURE 6. Modal weighting coefficients (MWCs) of the complete fed
antenna.

higher-order modes (J5 and Jy) are significantly suppressed to
near-zero levels. This confirms that the proposed sequential
coupling feed network successfully isolates and excites the tar-
get radiation modes.

Based on the analyzed current distribution characteristics, a
symmetrical stepped cross-slot and a hook-shaped microstrip
line were combined as the feed. In this series-fed structure,
the microstrip line sequentially crosses the two orthogonal
branches of the cross-slot. To introduce the required 90° phase
difference, the path length between these two coupling points is
set to approximately a quarter of the guided wavelength (\,/4)
at 5.315GHz. To verify this mechanism, simulated F-field
probes were utilized to extract the local electric fields. As
shown in Fig. 7, the E-field magnitudes of the two orthogo-
nal slot branches (denoted as Branch 1 and Branch 2) are highly

~
w0

3
<

-field Magnitude(V/m)
a 2 &

E
2

4.0 4.5 5.0 55 6.0
Frequency(GHz)

FIGURE 7. Simulated E-field magnitudes and relative phase difference
of the two orthogonal slot branches.

consistent across the operating band, indicating a well-balanced
power division. Furthermore, as the frequency increases from
4.0 to 6.0 GHz, the phase difference first decreases and then
increases. Within the 3-dB axial ratio (AR) bandwidth (4.73—
5.91 GHz), the phase difference is maintained within 90° +15°,
crossing 90° near 5.315 GHz. This quantitatively confirms the
synchronous excitation of modes J; and J, with a 90° phase
difference, generating right-hand CP (RHCP) radiation along
the +z-direction.

2.4. Antenna Parameters Analysis

Key structural parameters were investigated to optimize the an-
tenna performance, as shown in Fig. 8. Decreasing the gaps g2
and g3 effectively increases the inter-element coupling capaci-
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FIGURE 8. S parameters and axial ratio for antenna parameter analysis: (a) Si1 of g2, (b) AR of g2, (c) S11 of g3, (d) AR of g3, () Si1 of Lo, (f) AR

of L, (g) Sii of L, and (h) AR of L;.

tance between the main and octagonal patches, shifting both the
impedance resonances and axial ratio minimums toward lower
frequencies to significantly facilitate antenna miniaturization.
Simultaneously, adjusting the slot dimensions L; and Lo con-
trols the electromagnetic coupling strength, which improves the
equivalent input impedance and ensures the balanced, equal-
amplitude excitation of orthogonal degenerate modes for high

CP purity. Consequently, the optimized parameters were deter-
mined as go = 0.42mm, g3 = 0.30mm, L; = 12.6 mm, and
Ly = 2.5mm.

To visually verify the CP performance of the optimized an-
tenna, Fig. 9 presents the instantaneous surface currents and un-
derlying electric-field distributions at 4.93 GHz across different
excitation phases (0°, 90°, 180°, and 270°). As depicted, with
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FIGURE 9. Instantaneous field distributions of the proposed antenna at 4.93 GHz across different excitation phases: (a) surface current distributions

and (b) underlying electric field distributions.

FIGURE 10. Photograph of the prototype in the measurement.

an increase in the excitation phase, the resultant current vector
on the antenna surface (indicated by the red arrows) exhibits
a distinct counterclockwise rotation. Simultaneously, the con-
centrated regions of the underlying electric-field intensity un-
derwent a synchronous counterclockwise deflection alongside
the current vector. This synergistic rotational behavior of the
surface current and internal electric field in the time domain
fully substantiates the effective synthesis of orthogonal degen-
erate modes J; and .J, under a 90° phase difference, thereby
verifying that the antenna successfully achieves right-hand CP
(RHCP).

3. RESULTS AND DISCUSSION

3.1. S-Parameter and Radiation Efficiency

The S-parameters were measured using an Agilent N6000A
vector network analyzer (VNA) calibrated to the hand-soldered
SMA connector reference plane via the standard Short-Open-

Load-Through (SOLT) technique. The far-field characteris-
tics, including radiation patterns, efficiency, and axial ratio
(AR), were characterized in an anechoic chamber (test setup:
Figs. 10(a)—(b)). Specifically, the gain and efficiency were
measured using the standard gain-transfer method with a cal-
ibrated wideband horn antenna, while the AR was determined
by measuring the orthogonal linear-polarization components.
Figure 11 compares the measured and simulated S-
parameters and radiation efficiency. The results agree well;
minor deviations are primarily attributed to practical manu-
facturing uncertainties, including gap etching tolerances, FR4
dielectric fluctuations, and SMA connector welding errors.
Despite these factors, the resonant frequencies remain stable.
The measured —10 dB impedance bandwidth is 34.2% (4.38—
6.19 GHz) with a center frequency of approximately 5.3 GHz,
consistent with the simulated 32.2% (4.41-6.10 GHz). This
wide operating bandwidth is effectively distributed around
the center frequency to fully cover the targeted 5 GHz WLAN
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FIGURE 11. Simulated and measured .S1; and radiation efficiency of the
proposed antenna.

FIGURE 12. Simulated and measured axial ratio and realized gain of the
proposed antenna.

TABLE 2. Antenna performance comparison.

Ref. Frequency (GHz) Size (\3) —10dBBW (%) 3dB ARBW (%) Gain (dBic)

[12] 35 0.58 x 0.58 x 0.043 23.4 8.5 6.57

[14] 5.5 1x1x0.07 27.8 20.9 9.7

[17] 5.2 0.834 x 0.834 x 0.04 37.7 18.3 9

[18] 5.5 1.4 x 1.4 x0.07 38.8 14.3 8.5

[19] 3.305 0.40 x 0.40 x 0.044 29.1 13.47 4.08

[20] 5.5 0.96 x 0.96 x 0.136 36.3 27.3 9

[21] 5.5 0.67 x 0.67 x 0.065 39.25 17.7 6.5
This work 5.315 0.45 x 0.45 x 0.047 34.2 239 5.26

Ao is the free-space wavelength at center operating frequency

band (5.15-5.85 GHz). Furthermore, the radiation efficiency
is maintained above 75% within the operating band. Although
inherent material losses and antenna miniaturization typically
degrade efficiency, the optimized stepped cross-slot effectively
mitigates surface-wave losses and ensures stable radiation
performance.

3.2. Axial Ratio and Realized Gain

As depicted in Fig. 12, regarding CP and gain performance, the
measured 3 dB AR bandwidth of the proposed antenna is 4.68—
5.95 GHz (23.9%), which agrees well with the simulated range
0f4.73-5.91 GHz (22.2%). Within this 3 dB AR bandwidth, the
measured peak realized gain reaches 5.26 dBic, closely match-
ing the simulated peak realized gain of 5.23 dBic. This gain
level reflects an inherent physical tradeoff with antenna minia-
turization, primarily constrained by four factors: the reduced
radiating aperture size, the inherent dielectric losses of the FR4
substrate, energy dissipation within the feed network, and in-
creased ohmic losses caused by the meandered current paths
in the embedded geometry. Despite these physical limitations,
the proposed design maintains a good balance among wideband
CP, stable gain, and radiation efficiency within a miniaturized
footprint.

3.3. Radiation Pattern

Figure 13 shows the numerically simulated and experimentally
measured radiation patterns in the xoz- and yoz-planes at 4.92,

5.315, and 5.77 GHz. The proposed antenna produces a stable
and symmetric broadside radiation pattern through right-hand
CP (RHCP) radiation. The measured radiation patterns were
in good agreement with the simulated results. Furthermore, at
all three frequency points, the co-polarization (RHCP) radia-
tion is significantly larger than the cross-polarization (LHCP)
radiation in the main beam direction (+z-direction), with a min-
imum difference of more than 15 dB, which indicates high CP
purity.

3.4. Performance Comparison

Table 2 provides a detailed comparison of the proposed an-
tenna with recently reported CP antennas, covering key pa-
rameters such as dimensions, —10dB impedance bandwidth
(IBW), 3dB ARBW, and peak gain. The results indicate that
the proposed antenna achieves a reasonable balance between
miniaturization and operating bandwidth. Its overall dimen-
sions are 0.45 x 0.45 x 0.047)\3, which explicitly account for
the complete substrate area. Although this footprint is slightly
larger than the design in [19], it delivers a considerably wider
—10dB IBW (34.2%) and 3 dB ARBW (23.9%). Specifically,
while the design in [20] employs hexagonal parasitic patches
to achieve a broader ARBW, it inherently requires signifi-
cantly larger physical dimensions. Similarly, although the work
in [21] utilizes an MTS slot configuration for linear-to-circular
polarization conversion, its 3-dB ARBW and miniaturization
effect remain limited compared to the proposed antenna. Fur-
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FIGURE 13. Numerically simulated and experimentally measured radiation patterns of the developed antenna at (a) 4.92 GHz, (b) 5.315 GHz, and

(c) 5.77 GHz.

thermore, while existing works, such as [14] and [17], exhibit
higher peak gains, they rely on larger footprints. Conversely,
compared to the designs in [12] and [18], the proposed antenna
provides a more distinct miniaturization effect without sacrific-
ing the CP operating band. Although the peak gain is limited to
5.26 dBic due to the reduced radiating aperture, it remains sta-
ble and sufficient for practical applications. Consequently, this
balanced, miniaturized design provides a useful reference for
modern WLAN and 5 GHz wireless communication terminals.

4. CONCLUSION

This study proposes a hybrid embedded CP MTS antenna for
WLAN and 5 GHz wireless communication systems. By nest-
ing regular octagonal patches in the primary radiating elements,
additional edge capacitance is introduced to shift the resonant
frequency downward, effectively achieving antenna miniatur-
ization. Guided by CMA, a sequential slot-coupled feed net-
work is implemented to synchronously excite the orthogonal
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degenerate modes with a 90° phase delay. Experimental results
validate the design, exhibiting a —10 dB impedance bandwidth
0f 34.2% (4.38-6.19 GHz) and a 3-dB AR bandwidth of 23.9%
(4.68-5.95 GHz). With a stable radiation efficiency over 75%
and a peak realized gain of 5.26 dBic, this highly integrated
topology provides a valuable reference for the design of modern
miniaturized wireless terminals.
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