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This paper reports a miniature low-profile denim textile 2-port MIMO (multiple-input-multiple-output) 
antenna for dual-bands: 5G sub-6 3.5 GHz and Wi-Fi 5.2 GHz wearable applications. This MIMO 
antenna has impedance bandwidths and peak gain of 310 MHz and 8.3 dBi and 950 MHz 13.0 dBi at 
3.5 and 5.2 GHz, respectively. This MIMO antenna has a compact area of 0.078 λ0

2, with both antenna 
elements of the MIMO being a modified elliptical patch, L-shaped stubs for impedance matching, 
and a circular decoupling ring to achieve > 25 dB port isolation. The designed antenna is very tiny 
and integrated into the shirt’s pocket. It is tested in two positions, i.e., hidden (integrated inside the 
pocket, for example, military applications) and visible (when integrated on the pocket surface for 
conventional communication). Moreover, the antenna’s working is analyzed in these positions (hidden 
and visible), and it was found that it functions well in both 5G sub-6 GHz and Wi-Fi frequency bands 
with nearly close gain values and communication range. This MIMO antenna has a very small ECC 
(envelope correlation coefficient) of 0.006/0.002 in both frequency bands, which shows high channel 
isolation. The 1 gm/10 gm SAR (specific absorption rate) values at 3.5 and 5.2 GHz are 0.034/0.057 and 
0.026/0.0132 W/Kg, respectively, substantially lesser than the recommended values of FCC/ICNIRP.

Wearable textile antennas are attracting many researchers due to their popularity in numerous areas, such as 
healthcare, military, sports, space, etc. These antennas can be fabricated on some popular materials: denim, felt, 
silk, cotton, etc., and play a crucial role in communicating with external or implantable devices to exchange 
health-related data wirelessly1. In the upcoming time, with the growth of 5G and 6G networks, the entire nature of 
communication will be based on MIMO antennas because MIMO antenna can provide reliable communication 
due to their low path losses, high channel capacities, high data rate, and increased communication range without 
extra input power requirements compared to the single-port antenna2–4. The wearable devices operate close 
to the human body, and the human body behaves as a lossy channel owing to the high dielectric properties of 
different tissue layers, which may lead to low data rate/limited communication distance. Due to this, the MIMO 
antenna is a superior contender to the conventional single-port antenna in the lossy and challenging human-
body environment.

Recently, many single-port and MIMO antennas were recommended for wearable textile applications. 
A single-band textile MIMO antenna was given in5. This antenna operates in the ISM (Industrial Scientific 
Medical) 2.45 GHz band but has poor port isolation (12 dB) of 1.67 dBi. Another wearable MIMO antenna 
with multiband operation, large footprints and high port isolation between the antenna elements was proposed 
in6. This antenna shows moderate gain at the operating frequency bands. An ultrawideband wearable antenna 
with a decent gain of 7.2 dBi was proposed for wearable applications, but this antenna has limited port isolation 
between the antenna elements and has relatively large footprints7. A wearable MIMO spiral button-form antenna 
with dual-band operation was proposed8.

This antenna had decent isolation, gain, and bandwidth, but its structure had shorting pins that might have 
made it a bit unstable. Recently, two more wearable antennas with large footprints and optimum isolations 
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and gains were proposed9,11. A single-band wearable antenna was proposed for 2.4 GHz WBAN applications10. 
This semi-flexible antenna had a limited bandwidth (3.8%) and a moderate gain (3.81 dBi). Also, there was no 
consideration of bending, and SAR was not analyzed. A dual-band wearable antenna for sub-6 GHz wearable 
applications was designed12. It had good gain and broadband behaviour. Still, port isolation between antennas 
was insufficient (only 12 dB), which might lead to unfavourable interference between the ports. A quad-
element MIMO antenna for wearable applications was proposed for 3.5 GHz frequency applications, with good 
isolation and bandwidth but with large antenna size13. Recent literature shows many wearable antennas15–19 
with multiband behaviour, wide bandwidth, and high gain for wearable multiband applications. However, these 
antennas are conventional single-port antennas and will provide limited data rates and low losses compared to 
the MIMO antennas.

This paper proposes a denim-based textile two-port MIMO antenna, tiny footprints of 24 mm × 24 mm and 
dual-band behaviour for 5G sub-6 GHz (3.5 GHz ) and Wi-Fi 5.2 GHz resonating frequencies. The 3.5 GHz can 
support communication on the 5G platform, and the 5.2 GHz frequency band can support high data speeds, 
which will help transmit high-quality patient images to distant healthcare professionals. This MIMO antenna has 
a novel modified semi-elliptical patch antenna with microstrip feed, L-shaped stub, and circular decoupling ring 
to achieve high isolation between the antenna elements. The ground plane of the designed MIMO antenna has 
continuous slots that help to achieve high gain at both working frequency bands. Compared to the other reported 
antennas, as specified in Table 1, this antenna has the most compact size, low profile, sufficient bandwidth, high 
gain, and low SAR values. This antenna can fit inside the pocket, be hidden, or be integrated outside the shirt’s 
pocket, as illustrated in (Fig. 1). Its behaviour in both positions is analysed and found satisfactory, covering the 
desired operating frequency bands of 3.5 and 5.2 GHz wearable applications. Also, the dual-band operation of 
this antenna makes it fit for wireless data/power telemetry, which is the common requirement of modern-day 
BAN (body area network) wearable devices20. The novelty of the proposed wearable textile antenna, as compared 
to the recently reported wearable antennas, can be summarized in the following points:

•	 The proposed antenna has the most compact size and low profile, which makes it easily integrated inside/
outside the shirt’s pocket and can support hidden/visible communications.

•	 This antenna has sufficient bandwidth and comparatively high gain.
•	 Due to dual-band operation of sub-6 3.5 GHz and WiFi 5.2 GHz, it can operate in a 5G environment and 

support high data rates, respectively.
•	 Low SAR values offered by this antenna make it safe for wearable applications.

Methodology
Antenna design
A dual-band MIMO antenna proposed in this paper is constructed on the 1 mm thick denim fabric substrate. 
The dielectric constant (εr) and the loss tangent (δ) are 1.72 and 0.04, respectively. An RF impedance/material 
analyzer (Agilent E4991A) was used to evaluate the dielectric constant, and a digital vernier gauge was used for 
the fabric’s thickness measurement. A copper conducting material was used to construct conducting patterns 
of the textile antenna21. This 2-port textile MIMO antenna was designed in a 3D EM simulation tool, Ansys 
HFSS. Its layout is illustrated in (Fig. 2a,b), and its entire size is 24 mm × 24 mm. The design parameter values 
are mentioned in (Table 2).

Moreover, the MIMO antenna is intended for wearable textile applications. So, it is created on a multi-layer 
(skin-fat-muscle) chest phantom, as given in (Fig. 3). The permittivity and conductivity of skin, fat and muscle 
are considered from22. The proposed 2-port MIMO antenna elements are designed using a modified semi-
elliptical geometry with microstrip feed. Each antenna has L-shaped stubs connected to the microstrip feeds 
for the desired matching, and a circular ring between the two modified elliptical radiating patches enhances 
port isolation. The ground plane of this antenna is slotted and helps to achieve high gain23. Finally, this MIMO 
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Antenna type MIMO MIMO MIMO Single MIMO MIMO MIMO MIMO

Isolation 15 20 19.8 – 20 12 20 25

Area (mm2) 92 × 92 33 × 22.5 80 × 40 55 × 55 56 × 41 40 × 50 44 × 44 24 × 24

Area (λ0
2) 0.75 × 0.75 (0.56) 0.38 × 0.26 (0.10) 1.67 × 0.81 

(1.357)
0.37 × 0.25 
(0.09)

0.41 × 0.3 
(0.123)

0.47 × 0.40 
(0.192)

0.63 × 0.63 
(0.39)

0.28 × 0.28 
(0.078)

Frequency (GHz) 2–14 3.4/5.3 5.6 2.4 4.0/8.1 4.6 4.3 3.5/5.2

Bandwidth (%) 120 11/08 34.87 3.8 110.5 74 2.2 11.4/17.5

Peak gain (dBi) 7.2 7.2/5.6 7.95 3.86 4.3 6.7 3.0 8.3/13.0

Bending analysis done Yes Yes No No Yes Yes Yes Yes

ECC 0.04 0.05 0.35 – 0.002 0.0005 0.015 0.006/0.002

SAR (W/Kg) 1 g/10 g 0.0125/–
(at 50 mW)

0.36/0.35
0.51/0.53
(at 1 W)

– –
100.6/66.7
39.6/25.2
(at 1 W)

1.93/–
(at 1 W) –

0.034/0.057
0.026/0.013
(at 0.5 W)

Table 1.  Proposed antenna vs other wearable antennas.

 

Scientific Reports |         (2025) 15:5061 2| https://doi.org/10.1038/s41598-025-86605-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


antenna operates at 3.5 and 5.2 GHz frequency bands with > 25 dB port isolation and high gain: 8.3 and 13.0 
dBi, respectively.

Technical route of wearable MIMO antenna design
The complete technical route, which explains the proposed wearable MIMO antenna design, is discussed below:

Literature study
This is the proposed work’s first and most crucial part, as shown in (Fig. 4). Initially, the recent wearable MIMO 
antennas were studied5–8,12,13. Some of these MIMO antennas had certain limitations, such as optimum gain and 
dual-band behaviour, but large footprints6,13. Others had compact sizes, poor port isolation between antenna 
elements, and limited gain5,12. Some recently proposed antennas were single-port and might not compete with 
5G/6G and future technologies that need MIMO antennas to support high data-rate communication. To address 
these issues in one antenna, it was necessary to design an ultra-compact MIMO antenna with highly isolated 
ports, high gain, flexible, and low SAR parameters.

Selection of antenna geometry
A simple low-profile microstrip patch antenna on the denim fabric substrate was considered. Denim fabric 
offers wearer comfort and flexibility, and the microstrip antenna is easy to design and fabricate. However, we 
have selected a semi-elliptical microstrip patch antenna. This geometry, as compared to rectangular and circular 
geometry, provided better miniaturization and isolation between the antenna elements when designed in the 
same area of 24 mm × 24 mm. We have not mentioned these results for brevity.

In the literature, many researchers have used elliptical geometry to design antennas for different objectives/
applications. A two-port MIMO antenna was designed for 3.5  GHz wireless applications24. A half-elliptical 

Fig. 1.  Schematic view of proposed textile MIMO antenna integrated inside the pocket for wearable 
communication (human body figure is adapted from14).
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patch antenna with super-wideband behaviour was proposed in25. A shorted elliptical patch antenna for GPS 
applications was proposed in26. In one research, an elliptical card patch antenna for UWB applications was 
proposed in27, and a wideband elliptical patch antenna was proposed in28. However, in our proposed work, 
elliptical geometry assisted in miniaturization and port isolation between antenna elements of the proposed 
two-port antenna. The semi-elliptical antenna element used to design the proposed two-port MIMO antenna 
is significantly modified with a circular decoupling ring to provide more isolation between MIMO antenna 
elements, making this design novel.

MIMO antenna design on the chest phantom
From the very first step, the MIMO antenna was designed on the canonical phantom (skin, fat, and muscle). We 
created a compact 2-port MIMO antenna, elliptical microstrip patch antenna elements, and a ground plane on 
the denim fabric’s substrate. This two-port MIMO antenna was designed to work effectively in the 5G sub-6 GHz 
(3.5 GHz) and WiFi 5.2 GHz frequency bands.

Application of the miniaturization techniques
To achieve the desirable frequency bands, we applied a few miniaturization techniques, such as multiple 
ground slots in continuity and removing an arched-shaped section and a vertical slit from the elliptical patch. 
Consequently, asymmetric L-shaped stubs are connected to realize good impedance matching in the intended 
frequency bands.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

L 24 R1 5.8 L7 4.0 W7 4.0

W 24 R2 4.0 L8 2.0 W8 2.0

ES 13.8 R3 3.5 L9 1.0 W9 1.5

Emi 5.5 tS 0.25 L10 6.0 W10 2.0

LS 2.0 tF 0.5 L11 3.5 W11 1.0

Lx 2.2 L1 2.0 W1 7.0 W12 2.5

LF 6.0 L2 1.0 W2 3.0 W13 4.0

LSt1 3.5 L3 5.0 W3 5.0 g 1.0

LSt2 1.0 L4 2.0 W4 1.0

WSt1 1.0 L5 3.0 W5 4.0

WSt2 1.5 L6 7.0 W6 2.0

Table 2.  Parameters of the proposed two-port wearable MIMO antenna.

 

Fig. 2.  Proposed wearable MIMO antenna: (a) Top radiating patch, (b) ground plane.
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MIMO antenna isolation enhancement
A circular decoupling ring was created between the MIMO’s two modified elliptical patch antennas. It assisted 
in isolation enhancement. The next section provides a thorough explanation of the MIMO antenna evolution.

2-port wearable MIMO antenna’s design evolution
Figure 5 describes the evolution of the MIMO antenna design, as explained following:

Fig. 3.  MIMO antenna on the skin-fat-muscle-layers canonical chest phantom (RSkin = 100 mm, RFat = 96 mm, 
RMuscle = 84 mm).
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Fig. 4.  Proposed wearable MIMO antenna design’s technical route.
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Fig. 5.  Evolution of the wearable MIMO antenna design: (a) Ant. 0, (b) Ant. 1, (c) Ant. 2, (d) Ant. 3, and (e) 
Ant. 4.

Fig. 6.  S-parameters at each stage of the antenna evolution (a) S11/S22 (b) S12/S21.
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Ant. 0
In the beginning, Ant. 0 is a simple semi-elliptical microstrip patch antenna with microstrip feed designed on 
top of the denim substrate with a full ground plane on the backside, as shown in (Fig. 5a). The antenna resonates 
at 8.7 GHz frequency with 15 dB isolation, as shown in (Fig. 6a,b). Figure 7a, b show design of Ant.0 and its 
current distribution, respectively.

At 8.7 GHz, the distance between successive current minima AB ( λ g) is 9.65 mm, as shown in (Fig. 7b). The 
theoretical guided wavelength is calculated from the equation,

	 λg = λ0/
√

ϵra� (1)

where, ϵra = permittivity (average permittivity of the denim, air and skin)
λ 0 = free space wavelength.
The calculated value of λ g  from Eq. (1) is 9.5 mm, which is almost the same as the resonating length of the 

current distribution of Ant.0 of (Fig. 7b). However, matching is not satisfactory in this design step.

Ant. 1
In this step (Ant. 1), to achieve the lower resonance, the current path was increased by removing an arced-
shaped section from the elliptical part of the patch antenna and a small slit along the feed length on the elliptical 
radiating patch, described in (Fig. 5b).

The ground plane of Ant. 1 was also modified by creating two asymmetric U-slots along its length. This change 
increased the current’s path and led to a resonance shift from 8.7 GHz to 4.75 GHz but with poor isolation of 7 
dB, as shown in (Fig. 6a,b). One lower resonance was also created at 3.5 GHz, with poor impedance matching, 
as given in (Fig. 6a,b). We can notice from current distributions in Fig. 8a,b that at 3.5 GHz, the non-curved 
part of the radiating patch is activated, but the 4.75 GHz resonance is caused by the curved part of the patch, 
respectively. Also, there is a strong coupling to port 2 of the antenna when only input power is applied to port 
1. The subsequent important objective was to enhance port isolation, the impedance matching at the targeted 
3.5 GHz, and the tuning of 4.75 GHz to the desirable Wi-Fi 5.2 GHz frequency band.

Ant. 2
Here, in this step (Ant. 2), as shown in (Fig. 5c), the MIMO antenna’s elements were kept the same; only the 
ground plane was modified to achieve isolation between the antenna elements.

Figure 5c describes two rectangular slots (vertical and horizontal) merged with two slits along the length of 
the merged slots and one slit along the width supported to obtain enhanced port isolation. This change caused 
the increased current path between the antenna element’s ports and enhanced the isolation. This phenomenon 
is also clear from current distribution plots at 3.5 and 5.8 GHz, as shown in (Fig. 9a,b), respectively. We can 
also observe from Fig. 9 that the current at the ground plane is confined around the two merged vertical and 
horizontal rectangular slots. This results in a significant reduction in coupling to port 2, as shown in (Fig. 9). 

Fig. 7.  First step (Ant. 0) of the MIMO Antenna evolution (a) Antenna design (b) Current distribution.
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Fig. 9.  Third step (Ant. 2) of the MIMO antenna evolution’s current distributions at (a) 3.5 GHz and (b) 
5.8 GHz.

 

Fig. 8.  Second step (Ant. 1) of the MIMO antenna evolution’s current distributions at (a) 3.5 GHz and (b) 
4.9 GHz.
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Finally, we could achieve good impedance matching at the lower 3.5  GHz resonance and more than 20 dB 
isolation in both resonances, as illustrated in (Fig. 6a,b), respectively. However, the higher resonance had poor 
impedance matching.

Ant. 3
In this step, the MIMO antenna’s ground plane was further modified by introducing two thin vertical slits (of 
width L2) and two horizontal slits (of width W9), as shown in (Fig. 5d). This modification caused the shifting 
of resonances from 3.5 to 3.4 GHz and 5.8 to 5.4 GHz due to an increased current path on the ground plane, as 
shown in (Fig. 10a,b), respectively. However, the impedance bandwidth was reduced.

Ant. 4
In the final step, an L-shaped stub was connected to the microstrip feed of the modified elliptical patches, as 
indicated in (Fig.  5e). Its size and location were optimized to tune the higher resonance and the wideband 
behaviour of 950 MHz from 4.65 to 5.6 GHz, and at 3.5 GHz, the bandwidth is 400 MHz (3.3–3.7 GHz). Finally, 
a circular decoupling ring was placed between the modified elliptical patches, further enhancing the isolation by 
5 dB. Finally, we could achieve more than 25 dB port isolation at 3.5 and 5.2 GHz.

Wearable MIMO antenna’s current distribution
Figure 11a, b show the current distributions of the pocket-integrated MIMO textile antenna at 3.5 and 5.2 GHz, 
respectively. It can be viewed that at 3.5 GHz, the current density is high around the merged ground slots and 
the top patch’s vertical slit because both contributes to this resonance, as shown in (Figs. 5b, c and 6). Also, the 
decoupling ring shows high current density at 3.5 GHz because it contributes to further isolation enhancement 
at this resonance, as shown in Fig. 6(b) (plot of Ant. 4). In contrast, the top elliptical patch’s modified curved edge 
and ground slits show high current density owing to their involvement in the higher resonance 5.2 GHz tuning 
and good impedance matching.

Bending analysis of the designed MIMO antenna at different radii
Effect of bending on S-parameters
Wearable antennas function on the human body, which experiences different bending radii due to body 
movements. This section evaluated the effect of different bending radii (in both the horizontal and vertical 
planes) on the antenna’s S-parameters.

We have considered three different bending radii to analyse the antenna’s performance: 8, 10, and 12 mm, 
as shown in (Fig. 12a–c). The antenna’s bending curves the current’s path, and as the antenna experiences more 
bending, a lower side shift of the resonating frequency shift was observed.

Fig. 10.  Fourth step (Ant. 3) of the MIMO antenna evolution’s current distributions at (a) 3.5 GHz and (b) 
5.4 GHz.
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As shown in Fig. 12a, when the bending radius was 8 mm, the MIMO antenna’s resonating frequencies were 
shifted to a little lower side at 3.32 GHz (as shown in Fig. 13a) with port isolation > 26 dB (Fig. 13b). However, 
the higher resonance was at 5.7 GHz with wideband due to the curved current path on the MIMO antenna.

On the other hand, when the bending radius was increased from 8 mm, 10 mm and 12 mm, as indicated 
in (Fig. 12b,c), the lower resonating frequency was shifted to a slightly higher side of 3.45 GHz, as presented 
in (Fig. 13b,c). However, at 10 mm and 12 mm bending radius, the modified current path creates two merged 
resonances and wideband behaviour covering the Wi-Fi 5.2 GHz frequency band, as explained in (Fig. 13b,c).

Fig. 13.  S-parameters of the MIMO antenna in X-axis bending (a) S11/S22 (b) S12/S21.

 

Fig. 12.  Bending of MIMO antenna along the X-axis at different radii of (a) 8 mm, (b) 10 mm, and (c) 12 mm.

 

Fig. 11.  The current distribution of wearable MIMO antenna at (a) 3.5 GHz and (b) 5.2 GHz.
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Figure 14a–c indicates the MIMO antenna bending along the Y-axis, and its corresponding S-parameters are 
given in (Fig. 15a,b). For a maximum bending of 8 mm, the lower resonance frequency is shifted to 3.3 GHz, 
whereas at 10 and 12 mm bending, the lower resonance frequency is at 3.45 GHz. However, owing to the curved 
geometry, the higher resonance frequency experiences multiple merged resonances and creates a wideband. The 
isolation of the MIMO antenna is > 25 dB, and the proposed textile MIMO antenna works well in both frequency 
bands (3.5 and 5.2 GHz) and can withstand frequency shifts.

Effect of bending on the peak gain of the MIMO antenna
The bending of the MIMO antenna changes its physical form, changing the current distribution along the 
antenna elements. This can alter the electromagnetic fields around the antenna and modify its radiated power 
and gain of the antenna. Here, peak gain of the MIMO antenna is examined in the bending in both planes 
(horizontal and vertical) along the X-axis bending, as illustrated in Fig. 12, antenna’s peak gain changed due to 
the modified current distribution and radiation properties. It can be seen from Fig. 16a that at all the radii of 
bending along the X-axis, the lower resonance (3.5 GHz) showed more gain (9.5 dBi to 12.7 dBi) than the non-
bending state (8.3 dBi). Whereas at the Wi-Fi band of 5.2 GHz, peak gain is 11, 12.5, and 12.95 dBi for bending 
radius of 8, 10, and 12 mm, respectively. Similarly, bending the wearable MIMO antenna along the Y-axis also 
causes more gain than the non-bending state. And, at the 5.2 GHz Wi-Fi, this MIMO antenna experiences a gain 
of 11.5, 12.4, and 13.32 dBi, respectively, as shown in (Fig. 16b).

Effect of bending on the efficiency of the MIMO antenna
Here, we have discussed the effect of bending on the antenna’s efficiency at 8, 10, and 12 mm radii.

Figure 17a, b shows that as the bending increases, efficiency reduces rapidly. In the X-plane, with a 12 mm 
bending radius, efficiency at 3.5 GHz is 68%. Whereas, at 10 mm and 8 mm bending radii, efficiency is 62 and 

Fig. 15.  S-parameters of the MIMO antenna in Y-axis bending (a) S11/S22 (b) S12/S21.

 

Fig. 14.  Bending of MIMO antenna along the Y-axis at different radii of (a) 8 mm, (b) 10 mm, and (c) 12 mm.
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59%, respectively. In the Y-plane, at 12 mm bending radius efficiency at 3.5 GHz is 70%, and at 10 mm and 8 mm 
bending radii, efficiency is 66 and 60%, respectively.

Effect of maximum bending on S-parameters
In this section, we have discussed the effect of a wearable MIMO antenna’s maximum bending (along the X-axis 
and Y-axis), current distributions, and corresponding S-parameters in Figs. 18 and 19, and Fig. 20, respectively. 
The extreme bending radius at which the MIMO antenna doesn’t perform well is 5  mm radius. Figure  20a 
shows that the bending of the MIMO antenna shifts the lower resonance of 3.5 to 3.35 GHz and 3.3 GHz for 
X-axis and Y-axis bending, respectively. However, the upper resonance of 5.2 GHz has disappeared. Also, the 
isolation between the antenna elements has deteriorated and caused strong coupling, as given in (Fig. 20b). 
The reason for these changes is the deformation of the antenna geometry. It introduces a capacitance CB due 
to the closeness of two opposite sides of the MIMO antenna, as shown in (Fig. 19a,b). This capacitance has a 
large value as compared to the larger bending radius due to the reduced distance between the opposite sides of 

the ground planes. We know that the capacitance is opposite to the frequency, i.e. Xc= 1
/

2π fC . This large 

Fig. 17.  Efficiency of the MIMO antenna when bending along the (a) X-axis and (b) Y-axis.

 

Fig. 16.  Peak gain of the MIMO antenna when bending along the (a) X-axis and (b) Y-axis.
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Fig. 19.  Current distributions indicate strong coupling of fields from the ground plane in extreme bending of 
the proposed MIMO antenna (a) along the X-axis (b) and Y-axis.

 

Fig. 18.  Extreme bending of the proposed MIMO antenna at 5 mm bending radius along the (a) X-axis (b) 
Y-axis.
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value capacitance detunes the higher frequency band, as shown in (Fig. 20a,b). The poor isolation in the extreme 
bending scenario is due to the strong coupling between the antenna elements due to the closeness of the opposite 
edges of the MIMO antenna, as shown in (Fig. 19a,b).

Effect of waterproofing on MIMO antenna’s performance
It is a well-known fact that humidity and sweat can cause the antenna to detune due to the water content absorbed 
in the fabric. Since water has a high dielectric constant (εr = 80), it will deteriorate the antenna’s performance. To 
avoid such situations, wearable antennas can be waterproofed. Plastic waterproof materials have a low dielectric 
constant (εr = 2) and can keep the antenna free from detuning due to the moisture from sweat/humidity. Figure 21 
shows the S-parameters due to the waterproofing layer, and it can be seen that the lower value of the waterproof 
plastic layer did not impact much; the antenna still covers both the resonating frequency bands well.

Effect of human body size on MIMO antenna’s performance
This section discusses the impact of human body size on the S-parameters of the proposed MIMO antenna. 
In the proposed work, we have considered the average human chest size and radius of approximately 100 mm. 
We can observe from Fig. 22a that the 50 ohm impedance is slightly shifting to the lower side for smaller body 
sizes. However, as the human body size increases, the amount of fat increases and the effect of its low dielectric 
properties causes the antenna to resonate at slightly higher frequencies and cause impedance curves to shift to 
a higher side. However, in both cases, the antenna effectively covers the reported 3.5 and 5.2 GHz frequency 
bands with close to the 50 ohm impedance. The gain of the MIMO antenna is impacted by the larger body sizes, 
as shown in (Fig. 22b). When the human body chest phantom size is smaller than the average standard size 

Fig. 21.  Effect of waterproofing on the S-parameters of the proposed MIMO antenna.

 

Fig. 20.  S-parameters of the MIMO antenna in maximum bending (along the X-axis and Y-axis) (a) S11/S22 (b) 
S12/S21.
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(100 mm), the MIMO antenna experience improved gain values of 10.1 and 9.7 dBi at 60 and 80 mm radius of 
cylindrical chest phantom, respectively, at 3.5 GHz. On the other hand, when the chest radius becomes 120, 140, 
and 160 mm, gain values become 8.6, 7.72, and 6.4 dBi, respectively, at 3.5 GHz. At higher resonance, at 60 and 
80 mm chest radius, gain is 13.8 and 13.1 dBi, respectively, slightly higher than the standard chest size of 100 mm 
(proposed). The minimum gain value at the chest phantom radius of 160 mm is 11.2 dBi, which is almost 2 dBi 
less than the proposed MIMO antenna’s gain. Here, we can notice that the proposed MIMO antenna works well 
at different chest sizes of the human body with optimum gain values.

Effect of multiple fabric layers on MIMO antenna’s radiation patterns
In this section, we have evaluated the effect of the thickness or layers of clothes on the antenna’s radiation 
patterns. The clothes’ layers/thickness impact the E-plane and H-plane gains, as shown in (Fig. 23). When the 
thickness of the fabric is 2 mm and 4 mm, the H-plane co-polarized gain in the boresight direction becomes 6.2 
and 6.5 dBi, respectively. However, the 6 mm cloth thickness caused little improvement and caused it 7 dBi, in 
boresight direction, at 3.5 GHz. But, as the thickness is 8 mm, the co-polarized gain drops and becomes 3.88 dBi. 
It can also be noticed that in the E-plane, the gain is more directive at thick-layer fabrics, as depicted in (Fig. 23).

Effect of bending on MIMO antenna’s radiation patterns
The bending of the MIMO antenna changes its physical form, changing the current distribution along the 
antenna elements. This can alter the electromagnetic fields around the antenna and modify its radiated power 
and directional properties, as depicted in (Fig. 24). The antenna experiences tilt in the radiation patterns (at 10 
and 12 mm bending radii). Still, more bending causes an unstable radiation pattern (at 8 mm bending radii), as 
shown in (Fig. 24a–d). Not only tilted radiation patterns but gain also drops quickly (6 and 4.3 dBi in H-plane 
and E-plane, respectively) as the bending radii reduce to 8 mm at 3.5 GHz resonance. At 5.2 GHz resonance, the 
H-plane and E-plane’s maximum values are 5.5 and 8.45 dBi at 8 mm bending radii.

Fabrication and measurement
In the proposed work, the fabrication technique to realize the textile antenna used a flexible adhesive copper 
sheet (24 mm wide and 0.065 mm thick) and a cutting plotter to shape and cut the patch and the ground plane29. 
This is a widely used, cost-effective, and time-saving fabrication technique. Also, an antenna with copper tape 
material demonstrates improved radiation efficiency and gain30.

Measurement of S-parameters of the proposed pocket-integrated compact and dual-band 
MIMO antenna
The reported antenna is created on the denim textile, and its prototype is given in (Fig. 25). The antenna’s top has 
two modified elliptical antenna elements with L-shaped stubs and a decoupling ring to improve their isolation, 
as indicated in (Fig. 26a). A slot-loaded ground plane is at the backside of the MIMO antenna, as shown in 
(Fig. 26b), and the VNA (vector network analyzer) used to measure S-parameters is shown in (Fig. 26c). The 
fabricated prototype of the proposed compact dual-band MIMO antenna is seamlessly integrated with the shirt’s 
pocket.

When the MIMO antenna is integrated outside the pocket, as presented in (Fig.  26a), the low resonant 
frequency shifts to the lower side, as shown in (Fig.  27a); in this situation, simulated and measured values 
of the MIMO antenna are 3.3 GHz and 3.43 GHz, but it still effectively covers the sub-6 3.5 GHz frequency 
band. However, the upper-frequency band resonates at 5.6 GHz in the HFSS simulator and at 5.3 GHz during 
measurement. The reason for this change is the large actual human body size in measurement compared 
to the multi-layer canonical phantom used in the simulator because it is not possible to simulate the actual 
human body-sized phantom in the simulator. The heterogeneity and complexity of the human body’s dielectric 
properties cause frequency shifts. Also, fabrication tolerances and measurement depth inside the phantom/pork 

Fig. 22.  Effect of human body size on (a) Impedance and (b) Gain of the proposed MIMO antenna.
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are crucial factors affecting the antenna’s response during measurements. We have carefully considered these 
factors in our proposed work to avoid inconsistencies. It can be noted that it shifted to a higher side than the 
inside pocket antenna due to the fabric layer on the top of the antenna’s copper, as shown in (Fig. 27a). The port 
isolation in both cases is quite good (≈ 25 dB), as shown in (Fig. 27b).

Fig. 23.  Simulated radiation patterns at different thickness of the layers (2, 4, 6, 8 mm): (a) H-plane (at 
3.5 GHz), (b) E-plane (at 3.5 GHz), (c) H-plane (at 5.2 GHz), (d) E-plane (at 5.2 GHz).
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Far-field measurement
A comparison between gains during simulation and measurement is indicated in (Fig. 28 and in Table 2). At 3.5 
and 5.2 GHz frequencies, radiation patterns in the H-plane and E-plane at ϕ = 0˚ are close to omnidirectional, as 
illustrated in (Fig. 28a–d). This textile MIMO antenna is radiating outside chest due to the boresight pattern in 
both simulated and measured state.

Fig. 24.  Simulated radiation patterns at different thickness of the layers (2, 4, 6, 8 mm): (a) H-plane (at 
3.5 GHz), (b) E-plane (at 3.5 GHz), (c) H-plane (at 5.2 GHz), (d) E-plane (at 5.2 GHz).
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Simulated vs measured efficiency
The maximum simulated radiation efficiency of the MIMO antenna is 72 and 71.6% for the 3.5 GHz and 5.2 GHz 
frequency bands, respectively. The radiation efficiency measured is slightly lower owing to the small human 
chest (Table 3) and the heterogeneity of the human body, which causes losses. We can observe from Fig. 29 that 
the measured maximum values of the radiation efficiency are 63.4 and 68.1%, respectively.

Fig. 26.  Proposed antenna measurement is (a) visible position, (b) hidden position, and (c) VNA 
measurement.

 

Fig. 25.  Fabric fabricated textile MIMO antenna prototypeated prototype of the antenna: (a) modified 
elliptical patch elements and (b) ground plane with continuous slots.
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Envelope correlation coefficient (ECC) and diversity gain (DG)
The correlation between the antenna elements defines the diversity of the MIMO antenna, and ECC is used to 
estimate it. In a given MIMO antenna system, it identifies the correlation between the nth and the mth radiating 
elements and they should not have any correlation. But practically, ECC < 0.5 is the upper limit. The ECC is 
estimated using Eq. (2)31,

	
ECCnm =

|
∫ 2π

0

∫ π

0

[
XP R.Eθ nE∗

θ mpθ + XP R.Eφ nE∗
φ mpφ

]
dΩ |

2

∫ 2π

0

∫ π

0 [XP R.Eθ nE∗
θ npθ + XP R.Eφ nE∗

φ npφ ] dΩ ×
∫ 2π

0

∫ π

0 [XP R.Eθ mE∗
θ mpθ + XP R.Eφ mE∗

φ mpφ ] dΩ
� (2)

In Eq. (2), the cross-polarization ratio XPR is the average power along coordinates θ(pV) and φ(pH). Eθn and 
Eφm are the complex envelopes along θ and φ direction of the field patterns. The power is fed to the port of nth 
elements with others at 50 Ohm matched termination.

XPR = pV/pH = 1 and pθ and pφ = 1/4π, where pθ and pφ are the probability distribution of incident power 
antenna in θ and φ directions, respectively. As indicated in Fig. 30a, in the 3.5 and 5.2 GHz bands, the maximum 
values of simulated ECC are 0.006 and 0.002, respectively. The measured values in the 5G sub-6 3.5 GHz and 
Wi-Fi 5.2 GHz bands are 0.015 and 0.013, respectively. Therefore, it can be noted that all the values (simulated 
and measured) of ECC are below the standard value of ECC, which is 0.5.

Likewise, diversity gain (DG) is crucial in evaluating the performance of the MIMO system. The DG estimates 
the effect of the diversity scheme on transmitted power. Preferably, it must be 10 dB, which indicates the zero 
correlation amongst the elements of the MIMO antenna, and estimated by using Eqs. (3),

	 DG = 10
√

1 − (ECC2) � (3)

Figure 30b shows the diversity gain’s simulated and measured values are close to 10 dB.

Total reflection coefficient (TARC)
The total active reflection coefficient (TARC) links the total incident power to the total radiated power of the 
MIMO system. To compute TARC, different ports of the multi-antenna system are fed with different signal 
phases varying from 0 to 1800, with a step size of 300. We have considered the equations mentioned32 to evaluate 
TARC. Figure 31 shows that the behaviour of the MIMO antenna is unaffected by the signal’s phase change.

Channel capacity loss (CCL)
Channel capacity loss (CCL) is a crucial parameter for MIMO systems that predicts the maximum information 
that can be transmitted with minimum losses in the communication channel. A MIMO system’s standard 
channel capacity loss value is less than 0.4 bits/s/Hz. In our proposed work, we can observe that the values of 
CCL for the proposed frequency bands are below 0.3 bits/sec/Hz, as shown in (Fig. 32).

SAR analysis
When designing an antenna for wearable applications, SAR is a vital parameter. It gives details of the quantity 
of absorbed power by biological tissues during the antenna’s on-body functioning. Corresponding to FCC and 
ICNIRP standards, the biological tissue of 1 gm and 10 gm cube must not absorbed power > 1.6 and 2.0 W/kg, 
respectively. Figure 33 describes the 1 gm/10 gm SAR values at 3.5 GHz and 5.2 GHz. When 0.5 W of input 
power is equally fed to both of the MIMO antenna’s ports, the 1 gm/10 gm SAR values at 3.5 and 5.2 GHz are 
0.034/0.057 and 0.026/0.0132 W/kg. Table 4 indicates that the recommended wearable textile MIMO antenna 
has significantly minimal SAR values, demonstrating its harmless use for wearable applications. Here, a total 
input power of 0.5 W (0.25 W on each port) is fed to the MIMO antenna, which estimates SAR values relatively 
smaller than the standard values. Also, the wearable devices require power in the range of µW to mW (< 200 
mW)33, and our proposed antenna can easily handle power of 500 mW. Consequently, it concludes the safety of 
the human body while communicating with external devices.

Fig. 27.  Simulated Vs measured S-parameters of the proposed antenna (a) reflection coefficients and (b) 
transmission coefficients.
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Link budget analysis (for hidden and visible positions of the wearable antenna)
This work shows the proposed wearable antenna communicating in hidden and visible positions. Figure 34 shows 
the communication set-up for the antenna hidden inside the shirt’s pocket, and Fig. 35 shows the corresponding 
link margin. Figures 36 and 37 also show the communication setup and the corresponding link margin for the 
antenna placed outside the shirt’s pocket. The external antenna considered in both communications has a gain of 
5 dBi, and other parameters to evaluate the link margin are given in (Table 5). A communication link is estimated 

Fig. 28.  Simulated Vs measured radiation patterns: (a) H-plane (at 3.5 GHz), (b) E-plane (at 3.5 GHz), (c) H-
plane (at 5.2 GHz), (d) E-plane (at 5.2 GHz).

 

Scientific Reports |         (2025) 15:5061 21| https://doi.org/10.1038/s41598-025-86605-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 31.  Total active reflection coefficient (TARC) of proposed MIMO antenna at different phases of input 
signal.

 

Fig. 30.  Comparison of simulated and measured (a) ECC and (b) DG.

 

Fig. 29.  Simulated Vs radiation efficiency of the MIMO antenna.

 

Frequency (GHz) Simulation (chest phantom) (dBi) Measured (on human chest) (dBi)

3.5 8.3 7.9

5.2 13.0 12.2

Table 3.  Simulated and measured peak gain values.

 

Scientific Reports |         (2025) 15:5061 22| https://doi.org/10.1038/s41598-025-86605-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Frequency (GHz)

Average 
SAR (on 
chest 
phantom)

1 g 10 g

3.5 0.034 0.057

5.2 0.026 0.013

Table 4.  Maximum average SAR values (1/10 gm) at 0.5 W of input power.

 

Fig. 33.  Average SAR distribution in the phantom: (a) 1 g at 3.5 GHz, (b) 10 g at 3.5 GHz, (c) 1 g at 5.2 GHz, 
(d) 10 g at 5.2 GHz.

 

Fig. 32.  Channel capacity loss (CCL) of the proposed MIMO antenna.
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to send biological signals from the textile MIMO antenna to an external antenna. The Friis transmission equation 
determines the link margin, as explained in34. The link margin versus the transmitter-receiver (Tx–Rx) distance 
graph is plotted (given in Figs. 35 and 37) using equations of the link margin35.

Figure 34 shows the setup for the hidden communication (the MIMO antenna is inside the pocket). Here, 
the MIMO antenna’s peak gain at 3.5 GHz and 5.2 GHz is 8.3 and 13.0 dBi, respectively. The link margin for 
this setup is shown in Fig. 35a; at 3.5 GHz, the maximum and minimum values of the link margin are 85.0 dB 
at 5.2 GHz and 67.7 dB at 3.5 GHz, respectively, at 100 m. Figure 35b shows the link margin when the external 
antenna is at non-line-of-sight 900. This condition considers polarization mismatch losses and causes reduced 
communication distance, as shown in (Fig. 35b). In this state, at 3.5 GHz, polarization mismatch losses are more 
than 5.2 GHz, as shown in Table 5; due to this, for a 10 Mbps data rate, at 3.5 GHz, up to 26 m communication 

Fig. 36.  Link budget calculation in the visible communication: Between wearable textile antenna integrated 
outside the pocket and external antenna.

 

Fig. 35.  Link margin for hidden communication of the proposed wearable textile MIMO antenna to the 
external antenna (a) when polarization losses are not considered (b) when polarization losses are considered 
(at α = 900).

 

Fig. 34.  Link budget calculation in hidden communication: Between wearable textile antenna integrated inside 
the pocket and the external antenna.
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distance is possible for 60 dB link margin. The polarization mismatch losses are calculated from the equation 
given36.

Figure  36 shows the setup for visible communication (when the MIMO antenna is attached outside the 
pocket). Here, the peak gain of the antenna at 3.5 and 5.2 GHz is 8.8 dBi and 13.4 dBi, respectively. The link 
margin for this setup is illustrated in Fig. 36; at 3.5 GHz, the maximum and minimum values of the link margin 
are 85.4 dB at 5.2 GHz and 68.2 dB at 3.5 GHz, respectively, at 100 m, as shown in (Fig. 37a). Figure 37b depicts 
the non-line-of-sight communication between the wearable and external antennas.

The graphs of Figs. 35 and 37 demonstrate that this wearable MIMO antenna can successfully communicate 
easily 100 m and 26 m and withstand additional path losses of more than 67 and 60 dB, respectively. In both cases 
(hidden and visible), the proposed wearable MIMO antenna’s communication capability is almost the same, 
making it suitable for both communications.

Conclusion
A compact, textile MIMO antenna is proposed in the 5G sub-6 3.5 GHz and Wi-Fi 5.2 GHz bands. Due to its ultra-
compact size, it integrates inside and outside the shirt’s pocket and supports hidden and visible communication 

Transmitter

Frequency (GHz) 3.5/5.2

Gt1 Antenna gain (dBi) (Hidden) 8.3/13.0

Gt2 Antenna gain (dBi) (Visible) 8.8/13.4

Pt Transmitter power (dBm) 16

EIRP (dBm) 24.3/29.0

EIRP (dBm) 24.8/29.4

Receiver

Gr Receiver antenna gain (dBi) 5

To Ambient temperature (K) 293

Boltzmann constant 1.38E−23

No
Noise power density (dB/
Hz) −203.9

ν Linear Axial Ratio 11.4/5.4

ep
(dB)

Polarization loss α = 0°/ 90°
0.04/ 20

0.15/14.68

Signal quality

Br Bit rate (Mbps) 0.250, 1, 10

Eb/No Ideal PSK (dB) 9.6

Gc Coding gain (dB) 0

Gd Fixing deterioration (dB) 2.5

Table 5.  Link budget parameters for hidden and visible communication.

 

Fig. 37.  Link margin for visible communication of the proposed wearable textile MIMO antenna to the 
external antenna (a) when polarization losses are not considered. (b) when polarization losses are considered 
(at α = 900).
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with the external antenna. This MIMO antenna has a comparatively high gain of 8.3 and 13.0 dBi at 3.5 GHz 
and 5.2 GHz, respectively. Owing to the MIMO configuration and high gain, it can communicate more than 
100 m of distance. We have also tested this MIMO antenna on different bending radii (both horizontally and 
vertically) and found it works efficiently. The proposed MIMO antenna exhibits low ECC values due to high 
channel isolation between the modified elliptical patch of the MIMO antenna. When equally fed at both ports, 
the SAR values of the proposed MIMO antenna are way below the standard values, which makes this antenna 
harmless for wearable applications. Therefore, the proposed compact wearable MIMO antenna with sufficient 
impedance bandwidths, decent gain, low ECC, good TARC, acceptable CCL values, and SAR values is suitable 
for 5G sub-6 3.5 GHz and Wi-Fi 5.2 GHz hidden and visible communications.

@ The Author(s) 2024.
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