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ABSTRACT: This paper presents a compact four-port conformal multiple-input multiple-output (MIMO) antenna designed on a 0.1-mm-
thick transparent flexible polyimide substrate for wideband X-band wireless applications. Each antenna element is composed of an
annular ring radiator and an asymmetric coplanar ground to achieve low mutual coupling and high diversity performance. The proposed
MIMO antenna covers an impedance bandwidth of 7.9—14 GHz, with isolation greater than 20 dB and a maximum reflection coefficient
of 32.5dB at 10.5 GHz. The experimental results are in good agreement with the simulated ones in terms of reflection, transmission,
and radiation characteristics. The measured gain ranges from 4.5 to 6 dBi, with stable radiation patterns across the operating band. The
MIMO performance metrics, including envelope correlation coefficient (ECC = 0.002), diversity gain (= 10dB), channel capacity
loss (< 0.3 bits/s/Hz), and total active reflection coefficient (TARC), confirm the suitability of the design for robust high-data-rate
communication. Furthermore, the antenna maintains stable operation under various bending configurations, ensuring its potential for

X-band conformal and wearable applications.

1. INTRODUCTION

earable and conformal antennas have gained significant
Wattention over the past decade due to their critical role
in emerging wireless technologies such as body area networks
(BANSs), telemedicine, military communications, and emer-
gency response systems [ 1, 2]. As these applications require the
seamless integration of electronic components with the human
body or flexible platforms, antenna characteristics such as me-
chanical flexibility, compact size, and electromagnetic stabil-
ity become essential. Among the various solutions, textile- and
flexible-substrate-based antennas have demonstrated consider-
able potential, as they can be easily integrated into garments
and wearable devices while maintaining satisfactory electrical
performance [3-7].

A key challenge in wearable antenna design is ensuring user
safety by maintaining a low specific absorption rate (SAR)
and minimizing electromagnetic interaction with the human
body. To address this issue, several techniques have been
proposed, including electromagnetic bandgap (EBG) struc-
tures [8—10], artificial magnetic conductors (AMC) [11-13],
and high-impedance surfaces (HIS) [14]. These surfaces func-
tion as electromagnetic shields by controlling the reflection
phase and impedance characteristics, thereby reducing radi-
ation leakage and energy absorption. However, such ap-
proaches often increase antenna size, fabrication complexity,
and cost. Alternative solutions, such as cavity-backed configu-
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rations [15], can achieve unidirectional radiation but at the ex-
pense of increased thickness and structural rigidity, which lim-
its their suitability for conformal and wearable applications.

In parallel, multiple-input multiple-output (MIMO) tech-
nology has emerged as an effective approach for enhancing
channel capacity, improving link reliability, and mitigating
multipath fading in dynamic body-centric environments [16—
22]. However, implementing MIMO antennas on wearable
or flexible platforms introduces additional challenges, partic-
ularly high mutual coupling between closely spaced antenna
elements. Maintaining a low envelope correlation and high
isolation within such constrained geometries is essential to en-
sure effective diversity performance. Several techniques —
such as the incorporation of U-shaped or I-shaped ground stubs
[18, 23], the use of metamaterial-inspired surfaces [19,21], and
the adoption of perpendicular or orthogonal element orienta-
tions [24-30,45-47] — have been explored to mitigate mu-
tual coupling. Although these methods improve isolation, they
often require increased surface area, which conflicts with the
compactness demanded by wearable and conformal systems.

Recent studies have reported notable advancements in
compact and high-performance MIMO antenna designs, par-
ticularly for X-band, wideband, and conformal applications.
Kulkarni et al. [32] proposed a dual-circularly polarized quad-
port X-band MIMO antenna that effectively suppresses mutual
coupling through orthogonal element placement and optimized
radiator geometry, demonstrating the benefits of polarization
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FIGURE 1. (a) Structure of proposed MIMO antenna, (b) structure and dimension of Antenna 1.

diversity at higher frequencies. Agarwal and Rafique [46]
introduced a super-wideband circular ring fractal antenna
with a high bandwidth dimension ratio (BDR), illustrating
how iterative fractal perturbations can significantly enhance
bandwidth while maintaining a compact footprint. Saurabh et
al. [48] presented a compact wideband four-element MIMO
antenna aimed at achieving high isolation within a limited
footprint, where the design emphasizes structural symmetry
and optimized element spacing to suppress mutual coupling
without relying on complex decoupling networks. The pro-
posed configuration demonstrates that a careful geometrical
arrangement of radiating elements can simultaneously support
wide impedance bandwidth and effective isolation, making it
suitable for compact wireless terminals. In contrast, Jhunjhun-
wala et al. [49] focused on a four-port flexible ultra-wideband
(UWB) MIMO antenna tailored for wearable applications,
where both mechanical flexibility and electromagnetic perfor-
mance are critical. Their design employs a flexible substrate
and isolation-enhancement techniques to mitigate coupling
effects caused by close element proximity and body-centric
operation. Together, these works highlight two complementary
research directions in MIMO antenna development: achieving
high isolation in compact rigid platforms for conventional
wireless devices, and ensuring stable, low-coupling perfor-
mance in flexible UWB MIMO systems intended for wearable
and body-area network applications.

In this context, the present work introduces a compact four-
port conformal MIMO antenna printed on a 0.1-mm-thick trans-
parent polyimide substrate. Each antenna element consists of
an annular ring radiator combined with an asymmetric coplanar
ground structure, optimized to achieve wideband impedance
matching and low inter-port coupling. The antenna operates
efficiently over the 7.9—14 GHz frequency range, covering the
X-band spectrum with isolation better than 20 dB. The proposed
configuration exhibits excellent MIMO performance, including
a low envelope correlation coefficient (ECC) of 0.002, a diver-
sity gain of approximately 10 dB, and a channel capacity loss
below 0.3 bits/s/Hz. Furthermore, the antenna maintains sta-
ble electromagnetic performance under various bending condi-
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tions, confirming its suitability for flexible, wearable, and con-
formal wireless applications.

2. ANTENNA DESIGN AND ANALYSIS

Figure 1 illustrates the structural configuration of the proposed
four-port conformal MIMO antenna system. The overall an-
tenna geometry, shown in Fig. 1(a), is realized on a compact
flexible substrate with dimensions L x W = 65 mm x 65 mm,
where four identical radiating elements (Antenna 1—-Antenna 4)
are positioned at the corners of the substrate in an orthogonal
orientation. This orthogonal arrangement provides both polar-
ization and spatial diversity and simultaneously reduces mutual
coupling among the ports without the need for additional de-
coupling networks. The coplanar configuration ensures that all
radiating elements and ground planes are printed on the same
side of the substrate, which simplifies fabrication and preserves
conformal flexibility.

Figure 1(b) presents the structural layout and dimensional
details of a single antenna element (Antenna 1). The antenna
employs an annular ring radiator as the primary radiating ele-
ment. The ring is characterized by an outer radius R; and an in-
ner radius Ro, which jointly govern the resonant frequency and
impedance bandwidth. Excitation is provided through a rectan-
gular 50-2 microstrip feed line with dimensions L3 x W3, en-
abling efficient power transfer and impedance matching across
the 7.9—-14 GHz operating band. The ground plane is intention-
ally designed with asymmetry, comprising unequal left (W5)
and right (W}) ground arms. This asymmetric coplanar ground
structure modifies the surface current distribution and intro-
duces multiple resonant modes, thereby enhancing impedance
bandwidth and improving reflection characteristics. Further-
more, the ground extensions L4 and L5 are used to fine-tune
the reactive fields in the vicinity of the feed and radiating
ring, resulting in optimized return loss and balanced radiation
performance. The upper rectangular slot region with dimen-
sions L; X W7 encloses the ring radiator and functions as an
impedance transformer, contributing to stable current distribu-
tion across the antenna structure.
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FIGURE 2. Simulated S-parameters of the MIMO antenna. (a) Reflection coefficient, (b) transmission coefficient.

The detailed dimensions of the proposed MIMO antenna sys-
tem are listed in Table 1.

TABLE 1. Various design parameters of the proposed antenna.

Parameter | Value (mm) | Parameter | Value (mm)
L 65 w 65
Ly 28.8225 Wi 22.5
L, 21 W, 2.55
Ls 9.5271 Wi 2.25
Ly 5.5225 Wi 1.05
Ry 8.2 R, 7.5

Figure 2 illustrates the simulated S-parameters of the pro-
posed four-port MIMO antenna, highlighting both the reflec-
tion and transmission characteristics over the frequency range
of 7-14 GHz. As shown in Fig. 2(a), the reflection coefficients
(S11, Sa22, Ss3, and S44) indicate excellent impedance match-
ing for all four antenna elements, with return losses better than
—10dB across the 7.9—-14 GHz operating band and a minimum
reflection coefficient of approximately —32.5dB at 10.5 GHz.
This behaviour confirms that each element resonates efficiently
and maintains a stable input impedance over a wide bandwidth,
fully covering the X-band spectrum.

Figure 2(b) presents the transmission coefficients (S12, S13,
S14, S23, So24, S34, and their symmetric counterparts), which
characterize the isolation between antenna ports. The results
demonstrate that the mutual coupling between any two ports re-
mains below —20 dB throughout the operating frequency range,
indicating excellent inter-port isolation. This high isolation is
primarily attributed to the orthogonal arrangement of the an-
tenna elements and the asymmetric coplanar ground structure,
which together suppress surface current coupling. Such perfor-
mance ensures low signal correlation among the ports, making
the proposed antenna well-suited for MIMO-based high-data-
rate X-band communication systems where wide bandwidth
and strong isolation are critical for reliable diversity operation.

3. PARAMETRIC STUDY

This section investigates the effects of key design parameters
on the performance of the proposed MIMO antenna. Although
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several geometrical parameters influence the antenna charac-
teristics, only the primary parameters — namely W,, L4, and
W4 — are considered for brevity. As shown in Fig. 3(a), the
influence of the ground-plane width (W,) on the impedance
response is examined. When W, is varied from 1.05mm
to 2.55mm with a uniform step size; noticeable changes in
impedance matching are observed across the desired operating
band. Specifically, a reduction in W, leads to degraded reflec-
tion characteristics, indicating poorer impedance matching.

Similarly, the bottom ground-plane length (L4) is varied
from 5.0225 mm to 6.5225 mm, and the corresponding effects
on antenna performance are analyzed, as illustrated in Fig. 3(b).
Variations in L4 result in a shift of the resonant frequency to-
ward the lower or higher ends of the spectrum, demonstrat-
ing that L, plays a critical role in determining the operating
frequency. In addition, changes in the left-side ground-plane
width (W,) significantly affect the impedance matching of the
antenna, as depicted in Fig. 3(c). These results confirm that
careful optimization of the ground-plane dimensions is essen-
tial for achieving wideband operation and stable impedance
characteristics in the proposed MIMO antenna.

4. SURFACE CURRENTS

Figure 4 illustrates the simulated surface current distribution
of the proposed MIMO antenna when Antenna 1 is excited at
three representative resonant frequencies — 8.5 GHz, 9.5 GHz,
and 12 GHz — while the remaining ports are terminated with
50-Q2 loads. At 8.5GHz, as shown in Fig. 4(a), strong cur-
rent concentrations are observed along the right edge of the
asymmetric ground plane and partially over the annular ring
radiator, indicating that both the feed line and the adjacent
ground structure contribute to the lower-frequency resonance.
When the excitation frequency increases to 9.5 GHz, as de-
picted in Fig. 4(b), the surface current is predominantly con-
fined around the annular ring, exhibiting a more uniform and
balanced distribution. This behaviour supports efficient radi-
ation and improved impedance matching in the mid-band re-
gion. At 12 GHz, shown in Fig. 4(c), the peak current density
shifts toward the upper and right edges of the ground plane,
suggesting the excitation of higher-order resonant modes that
contribute to bandwidth extension at higher frequencies.
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FIGURE 3. Parametric analysis when changing (a) Wa, (b) L4, (c) Wj.

Notably, a negligible induced current is observed on the
non-excited antenna elements at all three frequencies, confirm-
ing excellent port isolation (greater than 20 dB) and low mu-
tual coupling within the MIMO configuration. This behaviour
validates the effectiveness of the asymmetric coplanar ground
structure and orthogonal element orientation in controlling sur-
face current flow, thereby enhancing MIMO performance while
maintaining stable radiation characteristics across the wide 7.9—
14 GHz operating band.

5. MEASURED RESULTS AND DISCUSSIONS

The proposed four-element conformal MIMO antenna was fab-
ricated, and all antenna parameters were experimentally eval-
uated. Figs. 5(a) and 5(b) present the front and back views of
the fabricated prototype. Each antenna element in the MIMO
configuration is excited using a 50-2 SMA connector, and dur-
ing measurements, the non-excited ports are terminated with
50-2 loads to ensure proper impedance matching and accurate
characterization.

Figures 5 and 6 collectively illustrate the fabricated proto-
type and the measured .S-parameter validation of the proposed
four-port conformal MIMO antenna. Fig. 5 presents the front
and rear views of the fabricated prototype. The antenna is re-
alized on a 0.1-mm-thick transparent flexible polyimide sub-
strate, providing both mechanical flexibility and structural sta-
bility for conformal applications. The front view, shown in
Fig. 5(a), clearly depicts the four annular ring radiating ele-
ments arranged in an orthogonal configuration, with each el-
ement excited through a 50-(2 SMA connector to ensure proper
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impedance matching. The rear view, shown in Fig. 5(b), dis-
plays the ground plane and copper traces, confirming accurate
fabrication and precise alignment of the feed lines. This config-
uration minimizes parasitic coupling while preserving a com-
pact form factor suitable for wearable and curved-surface in-
stallations. Fig. 6 compares the measured reflection and trans-
mission coefficients of the antenna to validate its simulated
performance. As illustrated in Fig. 6(a), the measured reflec-
tion coefficients (S11, S22, S33, and S44) demonstrate good
impedance matching for all four antenna elements over the 7.9—
14 GHz frequency range, with a minimum return loss exceed-
ing —30dB near 10.5 GHz, in close agreement with the simu-
lated results. Fig. 6(b) shows the measured transmission coeffi-
cients between antenna ports (512, S13, S14, and related param-
eters), indicating that the inter-port isolation remains better than
—20dB across the operating band. The strong correlation be-
tween the simulated and measured responses confirms the accu-
racy of the design methodology, the structural symmetry of the
antenna, and the effectiveness of the asymmetric ground struc-
ture and orthogonal element arrangement in achieving high iso-
lation. These results demonstrate that the proposed antenna
provides a wide impedance bandwidth, strong inter-element
isolation, and consistent performance, making it a reliable can-
didate for wideband X-band MIMO and conformal communi-
cation systems. Figs. 7 and 8 display simulated and measured
far-field patterns of Antennas 1 and 2 at three distinct frequen-
cies, respectively.

The simulated and measured gains of Antennas 1 and 2 are
presented in Fig. 9(a). The results indicate that each antenna
maintains a stable gain ranging from 4.5 dBi to 6 dBi across the
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FIGURE 4. Surface currents when 1 is excited at (a) 8.5 GHz, (b) 9.5 GHz, (¢) 12 GHz.

(b)

FIGURE 5. Manufactured prototype. (a) Front view, (b) rear view.
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FIGURE 6. Measured (a) reflection coefficient, (b) transmission coefficient.
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FIGURE 7. Two-dimensional radiation pattern of antenna 1 at (a) 8.5 GHz, (b) 9.5 GHz, (c¢) 12.5 GHz.

entire operating frequency band. This level of gain is adequate
for the proposed MIMO antenna system and confirms its suit-
ability for X-band wireless applications.

Figure 9(b) illustrates the simulated radiation efficiency of
the four antenna elements (Antennas 1-4) over the 8-14 GHz
frequency range, as indicated by the shaded region. Each an-
tenna exhibits frequency-dependent efficiency variations, char-
acterized by distinct peaks and minor dips across the band. No-
tably, Antenna 3 demonstrates comparatively higher efficiency
in the 9-10 GHz and 12-13.5 GHz ranges, while Antennas 2
and 4 maintain relatively stable efficiency throughout the oper-
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ating spectrum. These variations can be attributed to differ-
ences in impedance matching, radiation behavior, and inter-
element coupling effects. Furthermore, the observed efficiency
degradation outside the shaded region (below 8 GHz and above
14 GHz) indicates reduced operational performance beyond the
intended bandwidth. The presence of multiple resonant features
within the operating range confirms the wideband nature of the
proposed antenna system. However, for practical deployment,
further validation through measured efficiency data is neces-
sary to corroborate the simulated results.
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6. MIMO PARAMETERS

It is essential to evaluate key MIMO performance metrics
to assess the robustness of the proposed antenna system.
Fig. 10(a) presents the envelope correlation coefficient (ECC)
between the antenna elements, calculated from the measured
S-parameters. The ECC provides insight into the degree of
correlation and mutual independence among the antenna ele-
ments. For an ideal MIMO system, the ECC is zero; however,
in practical implementations, values below 0.1 are considered
acceptable. As shown in Fig. 10(a), the proposed antenna
exhibits an exceptionally low ECC of approximately 0.002
across the operating band, indicating excellent isolation and
strong MIMO performance. Diversity gain (DG) is another
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important parameter for evaluating the effectiveness of a
MIMO antenna system. Fig. 10(b) illustrates the diversity gain
of the proposed antenna, which remains very close to the ideal
value of 10dB across the operating frequency range. These
results confirm the capability of the proposed MIMO antenna
to provide reliable diversity performance and enhanced link
quality for wideband X-band applications.

The channel capacity loss (CCL) of the proposed antenna is
evaluated using (1) and (2). CCL quantifies the reduction in
data transmission capacity resulting from correlation and mu-
tual coupling among the antenna elements. In MIMO systems,
CCL is commonly derived from the envelope correlation co-
efficients (ECCs), and values below 0.4 bits/s/Hz are gener-
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FIGURE 11. Various bending configurations of the proposed antenna.

ally considered acceptable for practical applications. As shown
in Fig. 10(c), the calculated CCL of the proposed antenna re-
mains below 0.3 bits/s/Hz across the operating frequency band,
thereby confirming its suitability for efficient high-capacity
MIMO communication.

Channel Loss (CL) = — log, det(A") (1)
ECCy; ECC;
A= ; @)
ECCy; ECCj;
where,
ECCy; = 1—((S%) +(S%)) 3)
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ECC;; = — (SZ*ZS” + SJ*ZSJJ) fori,7=1,2,...,4 (4

The total active reflection coefficient (TARC) of the proposed
MIMO antenna system is evaluated by varying the excitation
phase angles of all antenna elements except the antenna under
test. In this analysis, the phase of Antenna 1 is held constant,
while the phases of Antennas 2, 3, and 4 are varied from 0°
to 150° , and the corresponding TARC responses are plotted,
as shown in Fig. 10(d). The results indicate that the effective
bandwidth of Antenna 1 remains largely unaffected by changes
in the phase angles of the other radiating elements. This behav-
ior demonstrates the robustness of the proposed MIMO config-
uration under different excitation conditions, confirming that
the antenna is a strong candidate for X-band wireless applica-
tions.
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TABLE 2. Performance comparison of the proposed antenna with the literature.

. . Electrical
Reference Single Antenna Frequency Spectrums Gain . .
N 2 . Dimension of the
No. Size (mm-~) (GHz) (GHz) (dBi) )
Antenna (mm~)
[31] 30 x 30 5.5 4.8-5.99 2.5 0.043X x 0.043X
[32] 36 x 27 7.90-9.59 7.90-9.59 35 0.0748\ x 0.0561\
[33] 28 x 32 5.8 and 8 — 4.5 and 7.38 0.042X x 0.0488\
[34] 50 x 50 1.28 and 2.43 1.198-1.345 and 2.395-2.484 NA 0.018\ x 0.018X\
[35] 20 x 15 3.9 3.3-7.35 2.25 0.0205X x 0.015X
[36] 25 x 25 4.175,9.05 3.34-5.01,8.9-9.2 4 0.612) x 0.612X
[37] 62 x 40 3.9and 4.9 — 3and 3.5 0.0636A x 0.041A
[38] 29 x 29 2.4 and 5.5 2.25-2.45 and 5.2-5.75 1 and 0.6 0.018X x 0.018\
[39] 29 x 40 3.5and 5.2 3.35-3.9 and 4.8-6 NA 0.026 x 0.036A
[40] 20 x 40 2.45and 5.8 2.37-2.42 & 5.7-5.84 04&1.6 0.012X x 0.0252\
[41] 32 x 15 3.5,5.8,and 7.5 — 1.2,2.8,and 4 0.025\ x 0.011A
[42] 85.5 x 85.5 1.575 and 2.45 1.455-1.965 and 2.26-2.57 1.08 and 1.97 0.035X x 0.035X
[43] 35 x 50 2.5and 5.5 2.15-3.03 and 5-6.05 2.5and 2.75 0.023X x 0.032X
[44] 60 x 50 245 and 5.8 2.4-2.5 and 5.725-5.875 2.2 and 2.8 0.0386A x 0.0322)\
Proposed 22.5 x 28.8225 11 7.9-13.5 48 0.023) x 0.0152)
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FIGURE 12. (a) Reflection coefficient, (b) transmission coefficient during conformal analysis.

7. CONFORMAL ANALYSIS

Since the proposed antenna is designed on a conformal 0.1-mm-
thick polyimide substrate, a conformal analysis is conducted to
evaluate its performance under bending conditions. The an-
tenna is bent at angles of 30°, 45°, and 60°, as illustrated in
Fig. 11. The corresponding S-parameters for these bending
scenarios are presented in Figs. 12(a) and 12(b). The results
indicate that bending the antenna at different angles does not
significantly affect its impedance or isolation characteristics.
Therefore, the proposed antenna demonstrates stable perfor-
mance under conformal deformation and is well suited for flex-
ible and conformal wireless applications.

Figure 13 illustrates a finite element analysis (FEA) sim-
ulation of the electromagnetic field distribution on a human
hand model. The meshed structure covering the hand repre-
sents the computational domain employed for the numerical
analysis. Regions of high field intensity, indicated by yellow
and red colors, are primarily observed around the back of the
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FIGURE 13. SAR analysis of the proposed antenna.

hand, suggesting stronger electromagnetic coupling or local-
ized resonance effects in these areas. Such simulations are
essential for assessing signal propagation, electromagnetic ab-
sorption, and human-body interactions in wireless communi-
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cation and biomedical applications, including RFID tracking,
bio-impedance sensing, and wearable or implantable devices.

The proposed work, with compact dimensions of 22.5 mm
x28.8225 mm, stands out due to its higher operating fre-
quency of 11 GHz and wide operating bandwidth spanning
7.9-13.5 GHz, making it well-suited for X-band applications,
as summarized in Table 2. Compared with existing works, the
proposed antenna achieves a higher gain of 4.8 dBi, outper-
forming several reported designs such as [31] (2.5 dBi), [38]
(1 and 0.6 dBi), and [40] (0.4 and 1.6 dBi). In addition, the an-
tenna maintains a compact electrical size of 0.023\ x 0.0152),
offering superior space efficiency compared with larger
designs such as [36] (0.612)\ x 0.612)) while still delivering
competitive performance. This combination of wide X-band
coverage, enhanced gain, and compact electrical dimensions
positions the proposed antenna as a strong candidate for
next-generation high-frequency and wireless communication
applications.

8. CONCLUSION

A compact and flexible four-port conformal MIMO antenna has
been successfully designed, fabricated, and experimentally val-
idated for wideband X-band applications. The antenna, realized
on a 0.1-mm-thick polyimide substrate, demonstrates excellent
electrical performance, with an impedance bandwidth extend-
ing from 7.9 to 14 GHz and inter-element isolation exceeding
20dB. The asymmetric ground configuration combined with
orthogonal element placement effectively suppresses mutual
coupling while maintaining stable radiation behaviour. Both
simulated and measured results confirm consistent gain rang-
ing from 4.5 to 6dBi, high radiation efficiency, and omni-
directional to bidirectional radiation characteristics. The ex-
tremely low envelope correlation coefficient (ECC ~ 0.002),
high diversity gain (= 10dB), and minimal channel capacity
loss (< 0.3 bits/s/Hz) further highlight the superior MIMO per-
formance of the proposed design. In addition, conformal anal-
ysis demonstrates that bending angles up to 60° have a negligi-
ble impact on antenna performance, confirming its mechanical
robustness and suitability for body-mounted or curved-surface
integration. With a compact footprint of 0.023\ x 0.0152), the
proposed antenna achieves an effective balance among minia-
turization, bandwidth, and gain, making it a strong candidate
for next-generation wearable, aerospace, and high-frequency
X-band communication systems.
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