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ABSTRACT:This paper proposes a flexible four-element super-wideband (SWB)multiple-inputmultiple-output (MIMO) antenna based on
characteristic mode analysis (CMA) for wearable wireless communication, broadband sensing, and wireless body area network (WBAN)
applications. The antenna employs a spiral mesh radiator combined with a defected ground plane incorporating triangular and T-shaped
slots to form amulti-slot-coupled current path, enabling the cooperative excitation of multiple characteristic modes. The proposed antenna
achieves an impedance bandwidth of 3.23–44.68GHz, satisfying the SWB criterion. A four-port MIMO configuration is adopted to
enhance diversity and isolation performance. Measured results agree well with simulations, with port isolation better than 20 dB across
the operating band. In addition, the envelope correlation coefficient (ECC) is below 0.0015; the diversity gain (DG) is close to 10 dB; the
total active reflection coefficient (TARC) is below −10 dB; and the channel capacity loss CCL) is less than 0.12 bit/s/Hz. The antenna
also maintains stable SWB impedance matching and radiation performance under bending conditions, making it suitable for flexible
SWB wearable and WBAN systems.

1. INTRODUCTION

With the rapid development of modern wireless commu-
nications, radar detection, microwave imaging, medical

monitoring, and satellite systems, antennas capable of cover-
ing ultra-wide frequency spectra have become essential com-
ponents in a wide range of applications [1, 2]. In particular,
the 3–40GHz frequency band encompasses 5G Sub-6GHz and
lower cellular communication systems, millimeter-wave bands,
and multiple radar and sensing frequencies, and has emerged as
a critical spectral resource for both current and next-generation
wireless technologies [3, 4]. To satisfy the increasingly diverse
requirements for frequency coverage, ultra-wideband (UWB)
and super-wideband (SWB) antennas have attracted growing
research interest. An SWB antenna is generally defined as a
structure with a bandwidth ratio exceeding 10:1 [5]. However,
achieving stable impedance matching and efficient radiation
over such an extremely wide frequency range remains a chal-
lenging task, requiring careful structural design and a thorough
understanding of the underlying electromagnetic mechanisms.
Meanwhile, flexible and wearable wireless systems have

shown steadily increasing demand in applications such as hu-
man healthmonitoring, wireless body area networks (WBANs),
and portable sensing devices [6–10]. Owing to their confor-
mal capability, wideband transmission characteristics, and po-
tential biocompatibility, flexible UWB antennas have become
key enabling components in wearablemedical devices, the flex-
ible Internet of Things (IoT), and body-centric communica-
tion systems. Nevertheless, while satisfying structural require-
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ments, including a low profile, lightweight construction, bend-
ability, and conformality to complex surfaces, structural flex-
ibility inevitably introduces additional electromagnetic uncer-
tainties [11]. Specifically, physical deformation alters the ef-
fective permittivity and geometric boundary conditions, which
inevitably result in impedance mismatch under bending con-
ditions, radiation pattern distortion, and degradation in char-
acteristic mode stability [12–16]. In this context, “character-
istic mode stability” denotes the robustness of modal eigen-
values and surface current distributions against mechanical
deformation. Its degradation indicates that bending-induced
modal detuning or current redistribution directly compromises
impedance matching and radiation performance. Most existing
flexible UWB antenna designs rely on empirical bandwidth-
enhancement techniques, such as slot loading [17], tapered ge-
ometries, or defected ground structures (DGSs) [18]. Although
these approaches can achieve wide impedance bandwidths to
a certain extent, they typically depend on extensive parame-
ter sweeps and trial-and-error optimization, and lack a system-
atic physical explanation of the intrinsic coupling mechanisms
among flexible-substrate dielectric properties, geometric defor-
mation, and multimode radiation behavior. This limitation re-
duces the design predictability and performance robustness un-
der variable bending conditions [19, 20].
To address these critical limitations, characteristic mode

analysis (CMA) provides a rigorous eigenmode-based electro-
magnetic framework for revealing the intrinsic resonant behav-
ior of conducting structures. By decomposing the total cur-
rent into orthogonal characteristic modes, CMA offers valu-
able physical insight into the modal-evolution mechanisms as-

1doi:10.2528/PIERC26033003 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERC26033003


Wei et al.

(a) (b)

FIGURE 1. Geometry of the four-port MIMO antenna: (a) top view; (b) bottom view.

sociated with geometric modification and slot perturbation.
This capability helps explain how multimode excitation con-
tributes to the formation of SWB radiation characteristics and
supports the bandwidth-enhancement strategy adopted in this
work. Recent studies have demonstrated that CMA-assisted
structural optimization of radiating elements and ground con-
figurations can support stable excitation of multiple character-
istic modes across wide frequency ranges in flexible UWB and
multiple-input multiple-output (MIMO) antennas, thereby im-
proving bandwidth stability, radiation efficiency, and port iso-
lation under bending conditions. For example, a textile wear-
able antenna with a defected ground structure was optimized
using CMA to enhance bandwidth forWBAN applications, and
its on-body performance was further evaluated through spe-
cific absorption rate (SAR) analysis [19]. In the context of
UWB MIMO antennas, a compact two-port UWB MIMO an-
tenna using a unique DGS was analyzed by CMA to clarify
the significant modes and their contributions to radiation while
achieving improved inter-element isolation [20]. Furthermore,
a miniaturized 4×4UWBMIMO antenna with orthogonally ar-
ranged elements was designed and experimentally verified us-
ing CMA, demonstrating the usefulness of modal analysis for
improving isolation and explaining the operating mechanism of
multi-port UWBMIMO antennas [21]. Despite these advances,
the systematic application of CMA to flexible wideband an-
tennas, particularly for achieving the simultaneous excitation
of both low-order and high-order characteristic modes over ex-
tremely wide frequency spans in SWB configurations, remains
relatively limited.
Motivated by these considerations, this paper proposes a

CMA-guided design methodology for a flexible four-element
SWB MIMO antenna operating from 3.23 to 44.68GHz.
Unlike conventional empirical bandwidth-enhancement tech-
niques that rely mainly on parameter tuning, the proposed
approach systematically regulates the modal evolution of
both the radiating element and the defected ground plane
to construct a continuous multi-slot-coupled current path
that supports the cooperative excitation of low-order and
high-order characteristic modes across an extremely wide
spectral range. In addition, the proposed spiral mesh radiator
introduces distributed multiscale current paths that enhance
modal-coupling capability and improve the excitation effi-

ciency of higher-order characteristic modes at millimeter-wave
frequencies. By combining CMA-assisted modal regulation
with structural flexibility, the proposed antenna simultaneously
achieves stable SWB impedance matching, high port isolation,
and deformation robustness, thereby providing a practical
design framework for next-generation wearable broadband
communication and sensing-oriented MIMO systems.

2. ANTENNA DESIGN

2.1. Antenna Structure
The geometry of the designed flexible SWB antenna is shown
in Fig. 1. It employs a Rogers Duroid 5880 substrate with a rel-
ative permittivity of εr = 2.2, a loss tangent of tan δ = 0.0009,
and a thickness of 0.508mm. At this ultra-thin thickness, the
substrate exhibits excellent conformal capability, allowing it to
adapt to moderate bending radii typically required in flexible
wearable applications. It should be noted that Rogers 5880 is
primarily chosen for design validation due to its stable dielectric
properties and ultra-low loss across the entire 3.23–44.68GHz
band, which ensures the reliable characterization of the pro-
posed CMA-based modal regulation methodology. This ultra-
thin substrate provides a practical balance between conforma-
bility and structural stability under moderate bending condi-
tions, making it suitable for proof-of-concept wearable proto-
types, such as wrist-worn monitoring terminals, back-of-hand
smart glove systems, or torso-worn WBAN gateway devices.
The radiating element is composed of multiple symmetrically
distributed spiral mesh structures. The design of these spiral
elements ensures good radiation performance over the entire
operating band and effectively broadens the bandwidth to meet
the requirements of SWB communications. The radiating el-
ement adopts an optimized multi-arm symmetric spiral mesh

TABLE 1. Optimized parametric dimensions of the proposed MIMO
antenna.

Parameters L L1 L2 L3 Lb W W1

Value (mm) 56 12 5.3 2.5 11.6 56 1.5
Parameters W2 W3 W4 Wb R1 R2 R3

Value (mm) 0.3 2.8 5 25 7.5 9 0.5
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FIGURE 2. Structural evolution of a single antenna: (a) Antenna 1, (b) Antenna 2, (c) Antenna 3.

structure, which improves the radiation characteristics of the
antenna. A rectangular ground plane is located on the bottom
of the substrate, in which a T-shaped slot and two triangular
slots are etched to further expand the bandwidth and reduce
coupling. Due to the good impedance-matching performance
and the inherent decoupling effect of the multi-slot DGS, no
additional dedicated isolation structures are required. The op-
timized antenna parameters are listed in Table 1.

2.2. Design and Analysis of a Single Antenna Based on Charac-
teristic Mode

To deeply understand the operating principle and systemati-
cally optimize the SWB performance of the proposed structure,
CMA is utilized. For a conventional narrow-band circular ring
radiator, the fundamental resonant frequency can be approxi-
mated by the analytical formula fc = c/(2πa

√
εeff), where a

is the mean radius, and εeff is the effective dielectric constant.
However, this empirical equation is only applicable to the pri-
mary resonant mode. It is entirely insufficient for analyzing an
SWB antenna that spans a massive 10:1 bandwidth ratio and re-
lies on the cooperative excitation of multiple high-order modes.
Therefore, CMA is strictly required as it provides a comprehen-
sive mathematical modeling and modal-regulation design pro-
cedure. Based on theMethod ofMoments (MoM), CMA solves
the generalized eigenvalue equation [X]Jn = λn[R]Jn, offer-
ing physical insights into the inherent resonant characteristics
independent of any specific excitation. The extracted modes
(e.g., Mode 2, 5, 7, ...) are true characteristic modes, each cor-
responding to a distinct eigenvalue λn and orthogonal eigen-
current. By extracting these orthogonal characteristic modes,
the CMA systematically guided the core optimization of the
proposed antenna in three critical aspects: identifying the opti-
mal feed location viamodalmatching, extending the impedance
bandwidth through continuous high-order mode excitation, and
regulating the radiation patterns via the DGS. The effective-
ness of the CMA-guided optimization is verified through the
following structural evolution, reflection-coefficient compari-
son, modal significance, characteristic angle, andmodal current
distribution analyses.
The structural evolution of the proposed single antenna is il-

lustrated in Fig. 2, and the corresponding simulated reflection

FIGURE 3. Simulated S-parameter plot of the antenna.

coefficients are presented in Fig. 3. The substrate size of the an-
tenna is 30 × 25 × 0.508mm3. CMA was conducted in Com-
puter Simulation Technology (CST) to investigate the modal-
evolution behavior during the design process and to clarify the
mechanism responsible for bandwidth enhancement.
The modal significance (MS) and characteristic angle (CA)

of Antenna 1 are shown in Fig. 4, and the corresponding modal
current distributions are presented in Fig. 5. It is worth not-
ing that the characteristic modes extracted by the solver are
inherently orthogonal. This orthogonality is algorithmically
guaranteed by the eigenvalue decomposition process and can
be physically verified via the distinctly non-overlapping spa-
tial current distributions of different modes. MS describes the
excitation capability of each mode within a specific frequency
range, where values close to unity indicate strong modal reso-
nance, whereas values below 0.707 correspond to weakly ex-
cited modes. CA further reflects the resonance condition of
each mode, with values approaching 180◦, indicating effective
modal excitation. As observed in Fig. 5, Modes 2, 5, 7, and 11
exhibit relatively strong current concentration near the feeding
region and circular patch structure, indicating their dominant
contribution to radiation at this stage. However, higher-order
Modes 14 and 15 remain weakly excited and are mainly dis-
tributed along the ground-plane edges, resulting in limited par-
ticipation in broadband radiation. Consequently, the achiev-
able impedance bandwidth of Antenna 1 cannot cover the target
SWB operating band.
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FIGURE 4. Simulated results of the mode analysis of Antenna 1: (a) CA, (b) MS.

(a) (b) (c) (d)

(e) (f) (g) (h)

FIGURE 5. Simulated mode current distribution of Antenna 1: (a) Mode 2 at 3.56GHz, (b) Mode 5 at 7.01GHz, (c) Mode 7 at 9.44GHz, (d) Mode 9
at 12.13GHz, (e) Mode 11 at 14.91GHz, (f) Mode 13 at 17.76GHz, (g) Mode 14 at 23.18GHz, (h) Mode 15 at 36.57GHz.

(a) (b)

FIGURE 6. Simulated results of the mode analysis of Antenna 2: (a) CA; (b) MS.

To improve the modal-excitation capability, an additional
spiral mesh radiator and two triangular slots are introduced to
form Antenna 2, as shown in Fig. 2(b). The corresponding
modal characteristics are presented in Figs. 6 and 7. Compared
with Antenna 1, the spiral mesh structure effectively modifies
the surface-current paths and enhances the excitation of multi-

ple characteristic modes, particularly Modes 9 and 13 near the
feeding region. Meanwhile, the triangular slots further regu-
late the current distribution on the ground plane and improve
the coupling between the radiating patch and the ground struc-
ture. As a result, the combined excitation of Modes 2, 5, 7, 9,
11, and 13 contributes to a significantly broadened operating
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FIGURE 7. Simulated mode current distribution of Antenna 2: (a) Mode 2 at 3.77GHz, (b) Mode 5 at 8.27GHz, (c) Mode 7 at 9.65GHz, (d) Mode 9
at 12.13GHz, (e) Mode 11 at 14.48GHz, (f) Mode 13 at 17.63GHz, (g) Mode 14 at 20.57GHz, (h) Mode 15 at 37.54GHz.

(a) (b)

FIGURE 8. Simulated results of the mode analysis of Antenna 3: (a) CA, (b) MS.

bandwidth. Nevertheless, higher-order Modes 14 and 15 are
still weakly excited, and the antenna bandwidth remains insuf-
ficient to satisfy the desired SWB bandwidth.
To further enhance the excitation efficiency of the higher-

order modes and extend the operating bandwidth, a T-shaped
slot is etched on the ground plane to form Antenna 3, as shown
in Fig. 2(c). As demonstrated in Fig. 8, the MS of Mode 14 and
Mode 15 shows a consistent improvement compared with An-
tenna 1 and Antenna 2, indicating stronger coupling between
the feed line and these high-order modes. It should be noted
that the S11 curves remain similar across the three designs be-
cause the fundamental and intermediate-order modes (Mode 2
to Mode 13) are already well matched in Antenna 1 and An-
tenna 2, and the T-shaped slot primarily affects the excitation
of higher-order modes above 20GHz. Since these high-order
modes have negligible modal significance in the lower andmid-
dle frequency bands, their excitation enhancement has mini-
mal impact on the overall S11 performance in these bands. The
corresponding modal current distributions of Antenna 3 are il-
lustrated in Fig. 9. Due to the synergistic interaction among
the spiral mesh radiator, triangular slots, and T-shaped slot, a

continuousmulti-slot-coupled current path is established across
both the patch and ground regions. This configuration effec-
tively alters the boundary conditions and ground return paths.
According to fundamental CMA theory, a mode is optimally
excited when the feed aligns with its current maxima, which
maximizes the modal excitation coefficient. The introduction
of the multi-slot structure intentionally shifts the current max-
ima of higher-order modes toward the feeding region. As vi-
sually verified in Figs. 9(g) and 9(h), the intense current con-
centrations forMode 14 (24.65GHz) andMode 15 (38.25GHz)
are now strongly localized around the feed and T-slot. This spa-
tial modalmatching enables the simultaneous and robust excita-
tion of multiple characteristic modes, including the previously
weakly excited higher-order Modes 14 and 15. In addition, the
excitation levels of Modes 2, 5, 7, 9, 11, and 13 remain effec-
tive, resulting in improved multimode coupling across a wide
frequency range. As confirmed by Fig. 8, these characteris-
tic modes collectively cover the frequency range from 3.23 to
44.68GHz, which agrees well with the simulated S11 parame-
ters shown in Fig. 3 and verifies the effectiveness of the pro-
posed modal-regulation strategy for achieving SWB operation.
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FIGURE 9. Simulated mode current distribution of Antenna 3: (a) Mode 2 at 3.77GHz, (b) Mode 5 at 8.85GHz, (c) Mode 7 at 10.03GHz, (d) Mode 9
at 12.17GHz, (e) Mode 11 at 14.44GHz, (f) Mode 13 at 18.09GHz, (g) Mode 14 at 24.65GHz, (h) Mode 15 at 38.25GHz.

It is worth noting that the CMA presented in Figs. 8 and 9 re-
veals that the narrow spiral mesh and ring composite structure
adopted in this paper exhibits significant frequency-dependent
radiation characteristics, and its SWB operation originates from
the cooperative excitation of multi-order characteristic modes.
In the lower frequency band of 3.23–6GHz, the antenna has
a moderate electrical size with a maximum aperture of ap-
proximately 0.75λ, where radiation is dominated primarily by
the lowest-order characteristic mode (Mode 2), and the sur-
face current forms clear standing-wave nodes and antinodes,
typical of resonant-type radiation antennas that provide ini-
tial low-frequency coverage. In the middle frequency band
of 6–20GHz, as the electrical size becomes comparable to the
operating wavelength, intermediate-order characteristic modes
(Mode 5, 7, 9, 11, and 13) are sequentially excited with con-
tinuously overlapping modal significance curves, with Mode 5
extending smoothly from the lower band; their current distribu-
tions evolve gradually from standing-wave-dominant to a dis-
tributed propagating form, where currents in some regions of
the spiral mesh exhibit progressive phase shifts while partial
reflections persist at the spiral arm ends, forming a gradual tran-
sition region, where standing-wave and distributed-propagating
characteristics coexist, and ensuring seamless continuity of
impedance matching and radiation across the entire mid-band.
In the upper frequency band of 20–44.68GHz, the antenna be-
comes electrically large with an aperture size of approximately
8.2λ×8.2λ. High-order characteristic modes (Mode 14 and 15)
are strongly excited, with widely and uniformly distributed
currents over the entire spiral mesh and no distinct standing-
wave nodes or antinodes. Radiation in this regime arises from
the constructive superposition of these high-order modes rather
than ideal traveling-wave propagation, as the closed-loop spi-
ral geometry inherently prevents pure traveling-wave behavior.
Nevertheless, the CMA-guided design ensures efficient collec-
tive radiation with stable gain and no significant broadside pat-
tern nulls.

The above analysis demonstrates that no single radiation
mechanism dominates alone throughout the entire 3.23–
44.68GHz SWB operating range. Instead, the sequential and
overlapping excitation of low-, intermediate-, and high-order
characteristic modes achieved under the guidance of CMA
provides a unified and physically rigorous explanation for the
continuous SWB operation of this low-profile flexible antenna
and also verifies the effectiveness of the CMA-based modal
regulation method proposed in this paper.

2.3. MIMO Antenna Design and Analysis

To systematically investigate the influence of key structural
parameters on the antenna’s impedance matching and inter-
element decoupling performance, a parametric sweep analysis
of W1 (width of the 50Ω microstrip feed line) and W4 (total
horizontal length of the transverse arm of the T-shaped defected
ground structure) was conducted. These two parameters were
selected because W1 is the core parameter affecting the equiv-
alent current path and capacitive coupling at the feed port, and
W4 is the key parameter regulating the coupling current distri-
bution on the defected ground plane. In the parametric sweep,
only the target parameter was varied while all other structural
parameters were kept constant, and the simulation results are
presented in Fig. 10.
It can be observed that the variation of W1 mainly affects

the S11 parameter with a negligible influence on the isolation
parameters S12, S13, and S14. As W1 increases, the equiva-
lent capacitive coupling at the feed port is gradually optimized,
leading to an improvement in the input impedance matching,
a deeper resonance of S11, and an expansion of the impedance
bandwidth. However, when W1 exceeds 1.5mm, impedance
overcompensation occurs at the feed port, which leads to the
deterioration of S11 and a narrower bandwidth. This result indi-
cates thatW1 regulates the resonant behavior of the antenna by
modifying the equivalent current path and capacitive coupling

6 www.jpier.org



Progress In Electromagnetics Research C, Vol. 171, 1–13, 2026

(a)

(b)

FIGURE 10. The effect of adjusted parameters on the simulated S-parameters of the antenna: (a)W1, (b)W4.

in the feeding region, thus optimizing the impedance matching
performance of the antenna.
In contrast, as explicitly shown in the S11 plot of Fig. 10(b),

when W4 varies within the structural range of 2mm to 6mm,
the fluctuation of S11 across the entire operating band is min-
imal (less than 2 dB difference). This quantitative stability in-

dicates that the input impedance matching is highly robust to
moderate variations in the horizontal length of the T-shaped
DGS. Consequently, this allowsW4 to serve as an independent
tuning variable for decoupling: it significantly affects the iso-
lation parameter S12. As W4 increases, the coupling current
distribution on the defected ground plane is effectively altered,
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FIGURE 11. The proposed antenna fabricated prototype: (a) front view, (b) back view, (c) measurement environment.

(a) (b)

FIGURE 12. Simulated and measured S-parameters of the MIMO antenna: (a) S11, (b) S12 and S13.

and the equivalent coupling capacitance between antenna ele-
ments is reduced, leading to a progressive suppression of the
mutual coupling and a noticeable reduction in S12 within the
operating band. When W4 exceeds 5mm, the improvement in
decoupling performance tends to saturate and even slightly de-
grade, because an excessively wide T-shaped slot disrupts the
continuity of the ground plane current and introduces additional
resonant modes. This result suggests thatW4 influences the en-
ergy transmission between ports by altering the coupling cur-
rent distribution and equivalent coupling capacitance around
the decoupling structure, thus effectively suppressing the inter-
element mutual coupling.
In summary, W1 and W4 independently contribute to

impedance matching and isolation enhancement, respectively.
Through their coordinated optimization, the overall antenna
performance is effectively improved. Considering both the
impedance bandwidth and isolation characteristics, the optimal
values of W1 and W4 are determined to be 1.5mm and 5mm,
respectively.

3. RESULTS AND DISCUSSION

3.1. S-Parameters
The S-parameters of the antenna were measured using an Ag-
ilent N5235A vector network analyzer, and the measurement
setup and physical prototype are shown in Fig. 11. Fig. 12

shows that the measured S11 results are in good agreement
with simulated ones, covering the desired bandwidth of 3.23–
44.68GHz. In addition, S12 and S13 remain below −20 dB
across the entire operating band, which indicates excellent iso-
lation performance. Such excellent isolation performance ben-
efits from the combined effects of a 90◦ rotationally symmetric
orthogonal layout and multi-slot DGS. The orthogonal config-
uration introduces polarization diversity to weaken near-field
mutual coupling between adjacent radiators. Meanwhile, the
T-shaped and triangular slots etched on the ground plane act as
current-restricting resonators to block surface current propaga-
tion. As analyzed from Fig. 12(b), the fluctuations and reso-
nant dips in the S12 and S13 curves are closely associated with
the resonance characteristics of DGS slots, which further sup-
press cross-port coupling current paths. In particular, the para-
metric optimization of W4 enables the DGS to achieve optimal
decoupling in key frequency bands, ensuring stable isolation
across the SWB range. Due to the 90◦ rotationally symmet-
rical arrangement of the four antenna elements, the isolation
parameters between adjacent ports (e.g., S23, S34, and S41) and
diagonal ports (e.g., S24) are essentially identical to S12 and
S13, respectively. Therefore, the presented results are repre-
sentative of the overall inter-element decoupling performance.
Minor discrepancies between the simulation and measurement
results are mainly caused by fabrication and soldering errors,
but the overall trends are consistent, confirming the stable per-
formance of the antenna.
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(c) (d)

FIGURE 13. Simulated and measured radiation characteristics at (a) 4.1GHz; (b) 22.4GHz; (c) 33GHz; and (d) 40.8GHz.

3.2. Radiation Properties
The radiation properties of the proposed flexible MIMO an-
tenna were characterized through simulation and measurement
at 4.1, 22.4, 33, and 40.8GHz, with the E-plane and H-plane
radiation patterns presented in Fig. 13. At 4.1GHz, the an-
tenna exhibits a bidirectional radiation pattern in the E-plane
and a quasi-omnidirectional distribution in theH-plane, which
is consistent with the typical radiation behavior of a monopole-
like resonator. At this frequency, the electrical size of the
56mm× 56mm radiator is approximately 0.75λ× 0.75λ, and
the radiation is dominated by the lower-order resonant charac-
teristic modes. As the operating frequency increases to 22.4,
33, and 40.8GHz, the radiation patterns gradually evolve into
more complex multilobed distributions. This behavior is a nat-
ural result of frequency-dependent pattern evolution rather than
radiation instability. As the operating frequency enters the
millimeter-wave region, the electrical size of the radiator in-
creases significantly, reaching approximately 8.2λ × 8.2λ at
40.8GHz. Under such electrically large conditions, the coop-
erative excitation of multiple higher-order characteristic modes
naturally leads to distributed multilobed radiation patterns. Al-
though the radiation patterns become increasingly complex at
higher frequencies, stable broadside radiation coverage is still
maintained without significant radiation nulls in the boresight
direction. In addition, the multilobed radiation characteristics
at high frequencies can be beneficial for MIMO systems, since
they provide enhanced spatial diversity and reduced multipath
correlation in complex body-centric communication environ-
ments. The observed radiation behavior is also consistent with
the distributed multi-mode radiation mechanism analyzed in
Section 2.2.

As shown in Fig. 14, the peak realized gain increases from
approximately 1.5 dBi at 4.1GHz to approximately 8.8 dBi at
40.8GHz, while the total efficiency (product of impedance
matching efficiency and radiation efficiency) gradually im-
proves from about 84% to 92% across the operating band. The
realized gain can be approximated by GdB = 10 log10(η) +
DdB , where G is the realized gain, η the total efficiency, and
D the directivity. Since the efficiency improvement from 84%
to 92% corresponds to only about 0.4 dB, it cannot fully explain
the observed 7.3 dB gain enhancement. Therefore, the directiv-
ity is also expected to increase with frequency.
At higher frequencies, the measured radiation patterns in

Fig. 13 exhibit broader beam coverage in theH-plane together
with increasingly pronounced multilobed characteristics. Al-
though the broaderH-plane beamwidth indicates reduced beam
confinement in the azimuthal plane, the overall peak directivity
depends on the three-dimensional radiation distribution rather
than on a single radiation plane alone. In the E-plane, sev-
eral narrower lobes appear at higher frequencies, leading to en-
hanced peak radiation intensity in specific directions. Based
on the measured gain and efficiency, the estimated directivity
increases from approximately 2.3 dBi at 4.1GHz to approxi-
mately 9.2 dBi at 40.8GHz. The increase in directivity is also
consistent with the growth of the electrical aperture. The phys-
ical antenna size remains fixed at 56mm×56mm, correspond-
ing to approximately 0.75λ×0.75λ at 4.1GHz and 8.2λ×8.2λ
at 40.8GHz. According to aperture radiation theory, D ≈
ηap4πAeff/λ

2, where Aeff is the effective aperture area, λ the
free-space wavelength, and ηap the aperture efficiency. As the
operating frequency increases, the electrical aperture becomes
significantly larger, naturally supporting higher directivity. The
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(a) (b)

FIGURE 14. Peak realized gain and radiation efficiency: (a) Peak realized gain; (b) Radiation efficiency.

(a) (b)

FIGURE 15. Simulated DG and ECC of the proposed antenna: (a) DG; (b) ECC.

measured directivity values are consistent with the nonuniform
andmultilobed field distributions caused by the cooperative ex-
citation of multiple higher-order characteristic modes.
Furthermore, the low-loss Rogers Duroid 5880 substrate and

defected ground structure help maintain high efficiency across
the entire operating band. Even at the ultra-thin thickness of
0.508mm, this low-loss characteristic effectively avoids severe
energy attenuation at millimeter-wave frequencies, and simi-
lar high-gain performance with thin Rogers 5880 substrates has
also been reported in [28]. At millimeter-wave frequencies, the
spiral mesh radiator supports a more distributed aperture cur-
rent distribution, which further contributes to the radiation per-
formance enhancement.
Therefore, the gain enhancement originates from the com-

bined effects of improved total efficiency and increased di-
rectivity associated with the enlarged electrical aperture and
higher-order modal radiation. Overall, the measured and simu-
lated radiation characteristics agree well, with minor discrepan-
cies primarily attributed to fabrication tolerances and measure-
ment uncertainties, thereby validating the stable SWB radiation
performance of the proposed antenna.

3.3. MIMO Diversity Performance

3.3.1. DG and ECC

The diversity characteristics and mutual coupling performance
ofMIMO antennas are evaluated using the envelope correlation

coefficient (ECC). ECC describes the correlation between the
received signals of antenna elements and is calculated using (1),
where lower values indicate better isolation. The diversity gain
(DG), calculated from (2), reflects the diversity performance of
the system. As shown in Fig. 15, the ECC of the proposed an-
tenna remains below 0.0015 across the operating band, while
the DG is close to 10 dB, indicating excellent diversity perfor-
mance for communication applications in the 3.23–44.68GHz
band.

ECCij =

∣∣S∗
iiSij + S∗

jiSjj

∣∣2(
1− |Sii|2 − |Sji|2

)(
1− |Sjj |2 − |Sij |2

) (1)

DG = 10×
√
1− |ECC| (2)

3.3.2. TARC and CCL

The total active reflection coefficient (TARC) is a key met-
ric for evaluating the reflection performance of MIMO anten-
nas. It comprehensively accounts for the reflected signals at the
ports and the mutual coupling between elements and reflects
the overall impedance-matching efficiency and port coupling
by quantifying the total reflection characteristics of the sys-
tem under all-port excitation. Ideally, TARC should remain be-
low −10 dB, indicating efficient absorption of incident power
and reduced reflection and mutual-coupling interference; it is
calculated using (3). As shown in Fig. 16(a), the TARC of
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TABLE 2. Performance comparison of the proposed MIMO antenna with other works.

Ref. Substrate/Material
Size
(mm2)

Bandwidth
(GHz)

Isolation
(dB)

Peak Gain
(dBi)

ECC CMA

[22] LCP 65× 65 2.9–10.86 > 22 4.0 < 0.01 No
[23] Jeans textile 21× 16 3.35–4.12, 6.07–11.67 > 20.3 / < 0.20 No
[24] PDMS 56× 41 3.4–11.8 > 20 4.3 < 0.02 No
[25] PET 65× 56 3.55–5.3 > 24 4.9 < 0.001 Yes
[26] Flexible substrate 62× 52 3.8–4.43, 5.25–6.3 > 23 5.2 < 0.02 Yes
[27] Polyimide 57× 50 3.6–3.8, 5.65–5.95 > 22 5.2/7.7 < 0.05 Yes
[28] Rogers 5880 40× 40 3.4–70 > 20 12 < 0.003 No
[29] FR-4 + metal mesh 70× 70 1.6–19.2 > 25 2.2–6.3 < 0.004 No

This work Rogers 5880 56 × 56 3.23–44.68 > 20 2.0–8.8 < 0.0015 Yes

(a) (b)

FIGURE 16. Simulated TARC and CCL of the proposed antenna: (a) TARC, (b) CCL.

FIGURE 17. S11 parameters of the MIMO antenna under bending con-
ditions.

the antenna remains below −10 dB across the 3.23–44.68GHz
band, demonstrating low inter-element mutual coupling and
high channel independence, thereby enhancing the capacity of
the MIMO system.

TARC =

√
4∑

i=1

∣∣∣∣Si1 +
4∑

n=2
Sinejθn−1

∣∣∣∣2
2

(3)

Channel capacity loss (CCL) is also an important parame-
ter for evaluating MIMO antenna systems and is generally re-

quired to be less than 0.5 bit/s/Hz. It is calculated using (4)–(6),
which involve the correlation matrix of the receiving antenna.
Fig. 16(b) shows that the CCL of the proposed antenna is less
than 0.12 bit/s/Hz, verifying the excellent performance of the
MIMO antenna system.

CCL = − log2(Ψ
R) (4)

where ΨR denotes the receiver’s correlation matrix, expressed
as:

ΨR =

[
Ψ11 Ψ12

Ψ21 Ψ22

]
(5)

The elements of the matrix are defined as:

Ψ11 = 1−
(
|S12|2 + |S13|2

)
Ψ12 = − (S11 + S12 + S13 + S14)

Ψ13 = (S22 + S23 + S24 + S21)

Ψ14 = 1−
(
|S21|2 + |S23|2

)
(6)

3.4. Bending Analysis and Numerical Simulation
To evaluate the bending performance of the antenna, the simu-
lated S11 was analyzed for different bending radii along the y-
direction, as shown in Fig. 17. Three bending radii (Ry = 30,
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FIGURE 18. SAR analysis of the proposed antenna.

50, and 70mm) were considered to examine the deformation
tolerance of the proposed antenna, representing typical moder-
ate bending conditions encountered in wearable applications,
such as placement on the wrist, arm, and other curved body
surfaces. As shown in Fig. 17, the resonant frequencies ex-
hibit only slight variations with changes in the bending radius,
indicating that the antenna maintains relatively stable electro-
magnetic characteristics under bent conditions. Meanwhile, the
overall impedance bandwidth remains nearly unchanged, and
the reflection coefficient stays below −10 dB over most of the
operating band. These results indicate that the proposedMIMO
antenna maintains stable impedance matching under mechani-
cal deformation and shows good potential for applications in
flexible wearable electronic devices.

3.5. Specific Absorption Rate
To evaluate the electromagnetic safety and suitability of the
proposed flexible SWB MIMO antenna for wearable applica-
tions, a SAR analysis was performed. The antenna was simu-
lated in close proximity to a high-fidelity hand phantom model
in ANSYS HFSS. This investigation is crucial for ensuring that
the radiation levels remain within the safety limits defined for
human-tissue exposure during operation. The simulated SAR
distribution, as illustrated in Fig. 18, indicates that the absorbed
electromagnetic energy is primarily concentrated in the tissue
regions directly adjacent to the antenna structure. Localized
hot spots are observed near the antenna edges, which are at-
tributed to near-field concentration under close-contact condi-
tions. Most other parts of the hand model remain at a signifi-
cantly lower exposure level, demonstrating that the electromag-
netic interaction is spatially localized. Quantitatively, evalu-
ated with a standard wearable reference input power of 0.1W
(20 dBm), the maximum simulated SAR value is 1.077W/kg,
averaged over 10 g of tissue. Despite the monopole-like struc-
ture exhibiting backward radiation in the far field, the near-
field reactive energy is effectively distributed. The spiral mesh
radiator diffuses the surface currents, preventing severe local-
ized high-intensityE-field hotspots from penetrating the tissue.
Consequently, this peak value is well below the safety limit of
2.0W/kg mandated by the ICNIRP and IEEE C95.1. These re-
sults confirm that the proposed antenna satisfies the stringent

SAR requirements for wearable devices across its super-wide
operating band of 3.23–44.68GHz. Consequently, the antenna
is considered safe for practical use in flexible wearable systems
and WBANs.

3.6. Comparative Study
To evaluate the proposed design, Table 2 provides a compara-
tive performance analysis with SWB MIMO antennas. While
flexible antennas in [22–24] and CMA-based designs [25–27]
are primarily limited to the conventional UWB or Sub-12GHz
regions, [28] and [29] represent advanced SWB implementa-
tions, with [28] achieving a notable bandwidth up to 70GHz.
However, these wider-band designs typically lack the integra-
tion of structural flexibility or the systematic modal optimiza-
tion provided by CMA. In contrast, the proposed four-port
antenna achieves a continuous measured bandwidth of 3.23–
44.68GHz while maintaining good diversity metrics, including
an isolation better than 20 dB and an ECC below 0.0015. By
integrating the SWB radiation characteristics, CMA-guided de-
sign optimization, and favorable bending performance, the pro-
posed scheme can provide a useful reference for future research
in wearable wireless communications and broadband sensing.

4. CONCLUSION
A flexible four-element SWB MIMO antenna based on CMA
is presented. A spiral mesh radiator combined with a defected
ground plane incorporating triangular and T-shaped slots forms
a multi-slot-coupled current path, enabling the cooperative ex-
citation of multiple characteristic modes. The fabricated an-
tenna achieves an impedance bandwidth of 3.23–44.68GHz
and excellent MIMO performance, with port isolation above
20 dB, ECC below 0.0015, DG close to 10 dB, TARC below
−10 dB, and CCL less than 0.12 bit/s/Hz. The proposed an-
tenna also exhibits stable performance under bending condi-
tions. When the antenna is bent along the y-axis with differ-
ent curvature radii, only slight variations in the resonant fre-
quencies are observed. Meanwhile, the antenna maintains sta-
ble impedance matching across the SWB range, high isolation,
and favorable radiation characteristics under bending condi-
tions, thereby satisfying the conformal-bending requirements
of wearable devices. Overall, the proposed antenna simulta-
neously achieves excellent SWB radiation performance, high
isolation, strong diversity characteristics, and stable bending
performance, providing a promising antenna solution for flexi-
ble wearable systems, broadband sensing, and next-generation
wireless communication applications.
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