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ABSTRACT: This paper describes a flexible dual-port multiple-input multiple-output (MIMO) antenna system tailored for multi-band
operation, covering 2.4 GHz Wi-Fi, 3.5 GHz 5G, as well as the 5-7 GHz band used in wireless applications such as Wi-Fi 7. The antenna
is fabricated on a liquid crystal polymer (LCP) substrate, featuring an ultra-thin profile of 0.1 mm and a compact size of 60 x 35 mm?,
making it highly suitable for integration into modern flexible and wearable devices. To achieve high port isolation, a complementary
split-ring resonator (CSRR) structure is incorporated between the two radiating elements. The measurement results indicate that the
antenna achieves impedance bandwidths across 1.36-2.71 GHz, 3.07-3.655 GHz, and 4.015-8.245 GHz, which fully cover the target
frequency bands of 2.4-2.483 GHz, 3.4-3.5 GHz, and 5.15-7.125 GHz. The antenna’s performance is comprehensively characterized by
evaluating key parameters, including S-parameters, envelope correlation coefficient (ECC), diversity gain (DG), total active reflection
coefficient (TARC), gain, mean effective gain (MEQG), and radiation patterns, along with other relevant metrics. All measured results
confirm that the antenna meets the essential requirements for MIMO and diversity systems. Furthermore, bending tests conducted at two
distinct radii of 30 mm and 50 mm confirm stable antenna performance, verifying its mechanical robustness and reliability under practical
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bending conditions.

1. INTRODUCTION

he relentless evolution of wireless communication systems

— encompassing Wi-Fi standards (including the latest Wi-
Fi7), 5G, and the emerging 6G — has driven an unprecedented
demand for multi-band capable, high-speed, and compact mo-
bile devices [1-5]. These technologies operate across several
key frequency bands, most notably the 2.4 GHz ISM band,
5G sub-6 GHz band spanning 3.4 to 3.6 GHz, and 5-7 GHz
range, which is crucial for Wi-Fi 6E and future applications,
requiring antennas to support broad bandwidths and seamless
multi-standard operation. Concurrently, the emergence of flex-
ible electronics for applications in wearable devices, biomed-
ical sensors, and conformal systems has driven the need for
antennas that are not only electromagnetically proficient but
also mechanically robust and adaptable [6—8]. Hence, many
flexible antennas have been printed on the flexible substrates.
Among various substrate candidates, liquid crystal polymer
(LCP) stands out due to its exceptional properties, such as a low
and stable dielectric constant, extremely low moisture absorp-
tion, and a compatible coefficient of thermal expansion, making
it an ideal substrate for fabricating high-performance, flexible
microwave components and antennas [9-11]. Furthermore, to
meet the escalating requirements aimed at augmenting chan-
nel capacity and strengthening link reliability within the con-
fines of limited space, multiple-input multiple-output (MIMO)
technology has been adopted as a cornerstone of modern com-
munication standards, leveraging multiple antenna elements to
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dramatically enhance data throughput and mitigate multipath
fading.

MIMO technology is a fundamental paradigm for enhanc-
ing channel capacity and link reliability without requiring ad-
ditional spectrum, leveraging spatial multiplexing to increase
data rates and combat multipath fading [12]. However, inte-
grating multiple antenna elements within the compact form fac-
tors of modern devices introduces significant mutual coupling,
which degrades impedance matching, radiation efficiency, and
overall MIMO performance [13]. To mitigate this issue, vari-
ous decoupling techniques have been developed. They include
defected ground structures (DGS) [14—16] that disrupt surface
currents, electromagnetic band-gap (EBG) [17—-19] structures
that suppress surface waves, neutral lines (NL) [20,21] that
cancel coupling currents, and complementary split-ring res-
onators (CSRRs) [22, 23] which provide resonant isolation —
each offering distinct mechanisms to achieve high port isolation
in multi-antenna systems.

With the development of flexible and wearable technology,
many wearable antennas have been proposed [24-28], partic-
ularly those capable of supporting multi-band and multi-port
MIMO operations. For instance, the flexible antenna in [24]
achieves triple-band operation (covering 2.28-2.56 GHz, 3.28—
3.85 GHz, and 5.06—7.30 GHz) but is limited to a single antenna
element. Conversely, the design in [25] implements a two-
port MIMO configuration on a flexible substrate; however, it
only supports dual-band operation (2.15-2.87 GHz and 5.13—
5.86 GHz), lacking broader coverage. In pursuit of higher chan-
nel capacity, significant efforts have been devoted to develop-
ing flexible MIMO systems with more antenna ports, as seen
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in the four-element designs of [26-28]. Nevertheless, these
designs often cover a limited number of bands or narrower
bandwidths (e.g., [26] covering 3.33-3.89 GHz, [27] covering
3.05-3.74 GHz). Another flexible four-port MIMO antenna
in [28] offers dual-band operation (3.156-3.84 GHz and 4.638—
6.348 GHz), yet a wider continuous bandwidth covering key
bands like 2.4 GHz and the entire 5-7 GHz range is highly de-
sirable for comprehensive multi-standard applications. So, the
antenna achieving both multi-band operation and multi-port
MIMO configuration within a compact flexible structure re-
mains challenging.

In this paper, a miniaturized two-element flexible MIMO
antenna array fabricated on a liquid crystal polymer (LCP)
substrate is developed to achieve multi-band operation, cover-
ing the frequency ranges of 2.4-2.483 GHz, 3.4-3.5 GHz, and
5.15-7.125 GHz, which are essential for Wi-Fi 7 and 5G wire-
less systems. To mitigate the mutual coupling typically en-
countered in tightly arranged MIMO configurations, a CSRR
is incorporated into the shared ground plane. This technique is
chosen due to its demonstrated efficiency, straightforward im-
plementation, and negligible influence on the antenna’s physi-
cal dimensions, an essential factor for flexible electronics. The
fabricated MIMO antenna achieves a measured port isolation
exceeding 20 dB across all target bands.

2. ANTENNA DESIGN

2.1. Single Element Antenna

A 0.1 mm-thick LCP substrate, with a dielectric constant of 2.9
and a loss tangent of 0.002, serves as the platform for the pro-
posed antenna. Figure 1 shows the geometry of the antenna
element, which is fed by a coplanar waveguide (CPW).

L1

W8 W9
FIGURE 1. Unit antenna geometry.

The detailed geometric dimensions (in mm) are as follows:
W1=24L1=35W2=45W3=16,W4 =3, W5 =6,
W6 =1, W7 = 93, W8 = 10.8, W9 = 2, L2 = 1.5,
L3 =15,L4 = 14.

The progressive design stages of the antenna element, along
with their corresponding performance outcomes, are depicted
in Figure 2. The initial structure (Step 1) employs a CPW-fed
configuration, consisting of a rectangular radiating patch and
a pair of symmetrical metal ground planes. This rectangular
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FIGURE 2. Evolution of the antenna element design and its perfor-
mance.

patch is primarily responsible for exciting the fundamental op-
erating band at 4.08-8.92 GHz. To enhance low-frequency per-
formance, Step 2 incorporates an “L”-shaped stub into one of
the ground planes. Finally, based on Step 2, an “I”’-shaped slot
and an “L”-shaped slot are etched onto the radiating patch to
form the Step 3 structure. This modification not only shifts the
lower resonance downward to around 2.4 GHz but also success-
fully generates an additional resonant mode within the range of
3.24-3.68 GHz.

To further investigate the influence of key structural parame-
ters on the operating bandwidth of the antenna, a detailed para-
metric analysis of the connecting structure parameter W5 was
carried out, with the results presented in Figure 3. The anal-
ysis indicates that the antenna’s low-frequency performance
is highly sensitive to variations in W5. As the length of W5
increases, the bandwidth around 2.45 GHz gradually narrows,
while the bandwidth near 3.45 GHz correspondingly expands.
When W5 is set to 7mm, the antenna exhibits optimal overall
radiation performance across all bands, identifying this dimen-
sion as the best design parameter for achieving superior perfor-
mance.

Freq (GHz)

FIGURE 3. Parametric analysis of W5.

2.2. Two-Element MIMO Antenna

To construct a dual-element MIMO antenna system, dual-port
antennas were arranged in an array with a symmetrical layout
in this study, and an additional isolation optimization structure
was introduced to suppress the electromagnetic coupling be-
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FIGURE 4. Dimension and physical drawing of binary: (a) Antenna geometry; (b) Fabricated antenna prototype.
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FIGURE 5. Evolution of 2-port antenna.
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FIGURE 6. S-parameters of Step 1-Step 3: (a) Reflection coefficient; (b) Isolation.

tween the elements. Based on the above design scheme, the
structural diagram of the resulting dual-element MIMO antenna
is shown in Figure 4(a); meanwhile, to verify the feasibility
of the design, the physical fabrication of the antenna has been
completed, and its physical photograph is presented in Fig-
ure 4(b).

The detailed geometric dimensions (in mm) are as follows:
Wbl = 12, Wb2 = 0.55, Wb3 = 0.2, Wbd = 0.4, Wb =
5.55, Lbl = 3, Lb2 = 4, Lb3 = 2.8, Lb4 = 0.4mm, Lb5 =
0.4, Lb6 = 1, Lb7 = 0.5.

Figure 5 presents the structural evolution of the two-element
antenna. Figure 6 illustrates the corresponding S-parameter
variations at each design step.
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In Step 1, the initial configuration is formed by placing two
antenna elements symmetrically. In Step 2, the ground of two
antenna elements are connected by a branch, which improves
the isolation at 2.45 GHz and 3.45 GHz, and the isolation is
only better than 17 dB within the 5.48-5.84 GHz band. Finally,
in Step 3, twelve CSRR structures are symmetrically arranged
along the central ground plane by parametric sweeping and em-
pirical selection, and the isolation is better than 20 dB at all
working bands, effectively enhancing the isolation across the
5.15-7.125 GHz frequency range. The suppression frequency
of the CSRR is primarily governed by its equivalent electrical
length. In this design, the total conductor length of the outer
ring arm of each CSRR is 15.6 mm, which is close to a quarter-
wavelength at 5.5 GHz (A\¢/4 =~ 13.6 mm).
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FIGURE 7. Current distribution: (a) Step 1; (b) Step 2; (c) Step 3.
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FIGURE 8. Comparison of the simulated and measured S-parameters of the antenna: (a) Reflection coefficient; (b) Isolation.

2.3. Decoupling Structure Analysis

Figure 7 presents the simulated current distribution of the an-
tenna at 5.6 GHz under the condition of exciting Port 1 and
terminating Port 2 with a 50-Ohm load. In Step 1, without
any isolation structure, relatively weak coupling current is ob-
served near Port 2. In Step 2, after connecting the two antenna
elements, the coupling current becomes noticeable around the
“L”-shaped stub. In Step 3, with the introduction of a CSRR
structure, strong coupling current is concentrated around the
CSRR unit, and the current amplitude at Port 2 is significantly
suppressed. These results demonstrate that the port isolation is
effectively improved by adding a CSRR structure at 5.6 GHz
bands.

16

3. MEASURED RESULTS AND ANALYSIS

3.1. S-Parameters

The measured S-parameters of the fabricated antenna, as shown
in Figure 8, demonstrate that the proposed two-element MIMO
antenna operates across three frequency bands: 1.36-2.71 GHz,
3.07-3.655 GHz, and 4.015-8.245 GHz, which satisfactorily
meet the design specifications. Furthermore, the port isolation
exceeds 20 dB across the entire operating range. Some minor
discrepancies are noted between the measured and simulated
data, primarily due to practical imperfections such as soldering
quality and the measurement environment.
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FIGURE 9. Characterization of radiation patterns: (a) Radiation pattern measurement environment; (b) 2.45 GHz; (c) 3.45 GHz; (d) 6.1 GHz.
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FIGURE 10. Gain and radiation efficiency: (a) Gain; (b) Simulated radiation efficiency.
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FIGURE 11. ECC of the proposed antenna.
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3.2. Radiation Patterns

Figure 9 depicts the E- and H-plane radiation patterns of the
two-element MIMO antenna at three principal operating fre-
quencies: 2.45GHz, 3.45GHz, and 6.1 GHz, covering both
co- and cross-polarization. At 2.45GHz, the E-plane co-
polarization pattern features a clear figure-eight form. In con-
trast, the H-plane pattern is largely omnidirectional, with the
cross-polarization showing the opposite behavior. At the higher
frequencies (3.45 and 6.1 GHz), notable variations are observed
in the radiation intensity and beamwidth of the patterns for both
polarizations across the two planes.

3.3. Gain and Radiation Efficiency

At 2.4 GHz, the antenna achieves a peak measured gain of
7.78 dB, as illustrated in Figure 10(a). Both measured and sim-
ulated gains remain above 2 dB across most of the frequency
range, demonstrating favorable antenna performance. It can be
observed that the measured gain is generally higher than the
simulated result below 6 GHz, whereas above this frequency,
the measured values become slightly lower. Such a discrep-
ancy may be attributed to practical factors such as SMA con-
nector effects, soldering quality, and the testing environment.
Figure 10(b) shows the simulated radiation efficiency, and the
radiation efficiency is above 74% for all operating bands.
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FIGURE 12. DG of the proposed antenna.

3.4. Diversity Performance

The channel correlation between antennas is evaluated using
the envelope correlation coefficient (ECC), a core parameter
for quantifying the signal coupling degree between antennas.
ECC s calculated based on the S-parameters of the antenna sys-
tem, and its specific mathematical expression is given in Equa-
tion (1):

peli, j, N) = S !

! (1)
My (1~ 220850500

As illustrated in Figure 11, the measured ECC values of the
antenna system remain below 0.0012 across the entire target
operating band, which is significantly lower than the standard
threshold of 0.5 in engineering applications. This result fully
indicates that the signal coupling degree between the designed
antenna elements is extremely low, endowing the system with
excellent isolation performance and effectively avoiding signal
interference between channels.

The diversity performance of the antenna system is quanti-
tatively evaluated by the diversity gain (DG), a key parameter
characterizing the diversity reception capability. DG has a clear
theoretical correlation with ECC, and its mathematical deriva-
tion is provided in Equation (2):

DG =10+/1 - (ECC)? 2)

WWwWw.jpier.org



Progress In Electromagnetics Research M, Vol. 137, 13-23, 2026

PIERM

[—=— Mea0®  —e— Mea0®
Meal20® —v— Meal80°

Sim60°
Sim180°

[—e— Sim0°
[—— Sim120°

-204

-25 : T T

Freq (GHz)

FIGURE 13. TARC of the antenna.

As shown in the measured results of Figure 12, the mea-
sured DG values of the antenna system are all higher than
9.99999 dB throughout the operating band with minimal fluc-
tuations. These results further verify that the designed antenna
system can stably achieve efficient diversity reception, which
significantly improves the reliability of signal reception in com-
plex electromagnetic environments.

In the design of MIMO antenna systems, conventional S-
parameters are only applicable under ideal conditions where
a single port is excited, and the remaining ports are matched.
They fail to accurately characterize the actual response when
multiple ports operate simultaneously, thus presenting signifi-
cant limitations in practical performance evaluation. To more
comprehensively assess the compatibility and radiation effi-
ciency of MIMO antennas under multi-port excitation, the total
active reflection coefficient (TARC) must be introduced. Its
mathematical expression is as follows:

2

N Giedt 3
. k—1
Zk:l ik€ ()

TARC = N°'5\/ >

where S;; denotes the scattering parameter, 6 the excitation
phase difference among ports, and N the total number of an-
tenna elements.

As shown in Figure 13, the TARC of this dual-element
MIMO flexible antenna exhibits robust stability across the op-
erating band when the excitation phase varies from 0° to 180°
in 60° increments. Both simulated and measured curves re-
main below the —10dB threshold throughout the target fre-
quency band, meeting the practical requirements for radiation
efficiency and impedance matching in multi-antenna systems.

The mean effective gain (MEQ) is used to quantify the statis-
tical characteristics of the received power of individual antenna
elements in multipath environments within multi-antenna sys-
tems. The theoretical framework is defined by Equations (4)
and (5):

MEG, =05 {1 - ZL |sij|2} )

IMEG; — MEG,| < 3dB 5)
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FIGURE 14. MEG.

where N denotes the total number of antenna elements. Engi-
neering specifications require that the MEG variation between
any two elements must remain below the 3 dB threshold.

As shown in Figure 14, a comparative assessment of the
simulated and measured MEG performances is provided.
Both simulated and measured results demonstrate that all
inter-element MEG differences are rigorously constrained
within 1dB across the operational bandwidth, confirming the
design’s consistent performance in practical environments.

In an ideal MIMO antenna system, the channel capacity in-
creases linearly with the number of antenna elements. How-
ever, in practical scenarios, mutual coupling among antenna el-
ements leads to pattern distortion and increased channel corre-
lation, significantly degrading the spatial multiplexing perfor-
mance. To quantify this degradation, a key metric referred to
as channel capacity loss (CCL) — defined as the difference be-
tween the ideal and the actual channel capacity — is introduced.
This metric effectively captures the extent of capacity deterio-
ration under realistic conditions. In engineering practice, it is
generally required that CCL remains below 0.5 bps/Hz, indi-
cating that the system performs near-ideally and can efficiently
utilize MIMO spatial resources, thereby fully leveraging the ad-
vantages of the multi-antenna architecture.

The comparison between simulated and measured CCL char-
acteristics over the antenna’s operating bandwidth is depicted
in Figure 15. All measured CLL values strictly adhere to the
engineering threshold of 0.5 bps/Hz. This empirical validation
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FIGURE 15. CCL.
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FIGURE 17. Comparison of S-parameters and measurement scenarios for the antenna at different on-body positions: (a) Antenna body measurement;

(b) S11; (c) Sa1.

confirms the capability of the proposed antenna system to ef-
fectively suppress inter-channel interference.

3.5. Flexibility Analysis

Bending tests were conducted by conformally wrapping the
flexible antenna onto 30 mm and 50 mm radius foam dielectric
cylinders, with the feed line oriented both parallel and perpen-
dicular to the cylinder axis. This study investigates the bending
response of a two-element MIMO patch antenna, with particu-
lar focus on its S-parameters under each condition. As shown
in Figure 16, when bent on the 50 mm radius cylinder, only the

20

configuration with the feed line perpendicular to the axis ex-
hibits a slight degradation in isolation, though it remains better
than 19 dB; all other cases demonstrate excellent performance.
Similarly, with the 30 mm radius cylinder, a minor decrease in
performance is observed only when the feed line is perpendicu-
lar to the axis, while all other configurations maintain favorable
performance, indicating robust bending adaptability.

3.6. Effects of Human Body

This section investigates the antenna’s performance when it is
worn on the human body. Tests were conducted by placing the
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FIGURE 18. Structure of the multi-layer human tissue model used in
simulations.

Frequency (GHz) | H (mm) | SAR (W/Kg/10¢g)
245 3 0.77
0.67
3.45 3 0.90
5 0.79
3 1.4
6.1 !
5 0.93

TABLE 1. SAR values at different spacing heights from the human body
model.

TABLE 2. Comparative performance analysis of the proposed antenna and the current literature.

) 3 . Flexible Number Ground Isolation
Ref. Size (mm”) Bandwidth (GHz) ECC DG
or not of ports connection (dB)
2.4-2.5 (4.08%
[5] 35 x 33 x0.1 ( ) YES 1 N/A N/A N/A N/A
5-7.125 (35%)
2.28-2.56 (11.57%)
[24] 42 x 30.5 x 1.025 3.28-3.85 (16.0%) YES 1 N/A N/A N/A N/A
5.06-7.30 (36.2%)
2.15-2.87 (28.69%
[25] 56 x 47x 1 ( ) YES 2 YES > 20 < 0.04 9.99
5.13-5.86 (13.28%)
[29] 38 x 28 x 1.59 4.04-8.27 (68.7%) YES 2 YES > 16 < 0.13 9.99
[26] 60 x 60 x 1 3.33-3.89 (15.5%) YES 4 NO > 15 < 0.01 9.98
[27] 95 x 65 x 0.2 3.05-3.74 (20.3%) YES 4 YES > 15 < 0.1 9.99
3.156-3.84 (19.6%)
[28] 60 x 60 x 0.1 YES 4 YES > 21 < 0.12 9.9
4.638-6.348 (31.1%)
3.164.63 (37.7%)
[30] 40 x 40 x 1.5 YES 4 YES > 20.5 < 0.12
8.92-12.2 (31.1%)
Thi 1.36-2.71 (66.3%)
is
K 60 x 34 x 0.1 3.07-3.655 (17.4%) YES 2 YES > 20 < 0.0012 | 9.999
wor
4.015-8.245 (68.9%)

antenna on the arm, chest, and thigh. Figure 17 depicts the cor-
responding S-parameters and the experimental setup for each
location. The obtained data validate the antenna’s robust per-
formance under on-body conditions, proving its potential for
practical wearable applications.

In the simulation model, a human tissue layer structure mea-
suring 55mm x 80mm x 40 mm was constructed to realis-
tically simulate the influence of biological tissues on antenna
performance. The model consists of, from top to bottom: skin
(1 mm), fat (5 mm), muscle (20 mm), and bone (14 mm). The
overall simulation model is illustrated in Figure 18. Further-
more, the specific absorption rate (SAR) was evaluated at dif-
ferent heights from the human model. The corresponding nu-

21

merical results are summarized in Table 1, providing key data
for assessing the antenna’s compliance with human safety reg-
ulations. The experimental results indicate favorable SAR per-
formance, meeting the relevant safety standards.

4. COMPARISON

This paper presents a flexible two-port MIMO antenna measur-
ing 60 x 34 x 0.1 mm?®, achieving tri-band operation at 1.36—
2.71 GHz, 3.07-3.655 GHz, and 4.015-8.245 GHz, with high
isolation (> 20 dB), extremely low envelope correlation coef-
ficient (ECC < 0.0012), and excellent DG close to 10. Com-
pared to existing flexible antenna designs (as summarized in Ta-
ble 2): although [5] covers the Wi-Fi 7 band (5-7.125 GHz), it
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employs a single-port configuration without MIMO capability;
[24] is only a wideband single-port flexible antenna; [25,29]
are also flexible two-port designs, and [26-28,30] are flexi-
ble four-port MIMO antennas have good isolation (> 15dB),
yet all of them are single band or dual-band antennas. In sum-
mary, while maintaining flexibility, high isolation, ground con-
nection, and a compact footprint, the proposed antenna offers
tri-band frequency coverage and superior MIMO performance.

5. CONCLUSION

This paper has successfully developed a compact flexible
tri-band dual-element MIMO antenna on a LCP substrate for
Wi-Fi 7/5G wireless applications. The measured impedance
bandwidths (1.36-2.71 GHz, 3.07-3.655GHz, and 4.015-
8.245 GHz) fully meet the design requirements. The port
isolation is better than 20 dB with connected ground. Crucially,
the measured MIMO performance metrics are outstanding:
an extremely low ECC of < 0.0012, a near-ideal DG of
> 9.99999, an MEG difference of < 3 dB, and a TARC below
—10dB across all operating bands, collectively confirming
superior MIMO performance and robustness under simulta-
neous operation. Furthermore, the antenna maintains stable
performance when being bent to radii of 30 mm and 50 mm,
demonstrating its significant potential as a high-performance
flexible solution for next-generation wearable devices.
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