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Abstract

A compact, two-element textile MIMO antenna is designed with enhanced isolation by using
modification in the ground, open-ended slots along with shorting pins. Maximum 27.8 dB
isolation is achieved in two-element antennae, where the edge-to-edge distance is kept at
0.19 λ0 which is less than the conventional half wavelength. The Y-shaped decoupling and
shorting pins improve the isolation up to 14 dB and can mitigate the current moment between
the two ports effectively. The open slots in the ground are enhancing the mutual impedance
and shift the operating band of the antenna toward the lower frequency band and thus size
miniaturization is also achieved. The textile antenna achieves a 10 dB impedance bandwidth
from 4.24 to 5.38 GHz with more than 21.1 dB isolation in the entire band. The phantom
wrist model and bending analysis are carried out with the textile antenna to validate the
on-body effects of the antenna in wearable and 5G applications.

Introduction

In modern-day communication, the wireless body area network (WBAN) is a promptly devel-
oping technology due to larger application areas specifically in wellness, security, and sports
[1]. The IoT and 5G communication will further enhance the demand for compact wearable
antennas for applications related to lifestyle [2].

The high data rate, enhanced channel capacity and low latency are the vital requirements
for an expeditious communication system where the MIMO antenna fulfills these require-
ments compared to a single-element antenna. The antenna should be compact in size for
wearable and portable devices where the antenna can be easily accomplished in these devices
with minimum space. Maintaining the isolation in the compact antenna is an arduous task for
researchers and endeavors are being done to achieve high isolation in compact MIMO anten-
nas. The diverse technologies and structures are being proposed for decoupling to enhance the
port isolation based on the stubs [3–8], neutralization line [9], meta-surface [10], meander line
[11, 12], metamaterial [13], slots [14, 15] and EBG [16] where these decoupling structures are
placed between antenna elements which increase the antenna size as well as impractical in
wearable and portable application due to complex and rigid structure.

In [3], circular radiators are designed for UWB flexible antenna whereas in the ground
E-shaped decoupling structures are accomplished for isolation enhancement. In [9], the
MIMO antenna is presented with two circular radiators and a neutralization line is designed
in between radiators which are responsible for isolation enhancement. In [4], a combination of
I and T-shaped stubs are incorporated in the bottom plane to diminish the surface current
between rectangular-shaped radiators. In [10], a meta-surface is proposed using SRR to
improve isolation between two radiators where the SRR unit cell is demonstrating the meta-
material characteristics. In [5], a planar-modified T-shaped metallic stub is incorporated
between two circular radiators to diminish the surface current. In [11], a T-stub along with
two rectangular rings is accomplished in the ground plane and a meander line between radia-
tors is used to improve the isolation. In [6], isolation is enhanced in a miniaturized antenna
with an open stub and T-shaped decoupling structure in the ground. In [13], metamaterial-
inspired structures are used in the ground plane as well as in the top plane to enhance the
isolation of wearable antennas. In [12], the ground plane is reformed with a zig-zag shape
and the meander line between multiple slot radiators is used for isolation enhancement of flex-
ible antenna. In [7], inverted U-shaped decoupling is used to mitigate the surface current
between the modified S-shaped radiators where the antenna is designed with the unconnected
ground. In [8], two arc-shaped radiators are used in a flexible MIMO antenna with circular
polarization where the modified T-shaped decoupling is used to alleviate the correlation
between radiators. In [14], a two-element antenna is designed for smartwatch applications
where antenna positioning and slots in the ground plane are responsible for improved isola-
tion. In [16], two H-shaped EBGs with metamaterial characteristics is used for isolation
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enhancement of the UWB antenna. In [15], a four-port orthogon-
ally placed MIMO antenna is designed for 5G (Sub-6 GHz) appli-
cations. The slots in the ground plane and multiple shorting pins
are diminishing the surface current movement and isolation
enhancement is achieved. In [17], a simple decoupling is dis-
cussed by increasing the ground plane vertically between the

two radiating elements which enhances the isolation of the
MIMO antenna. In [18], a two-port MIMO antenna is discussed
with textile material based on reference [17] where the
edge-to-edge distance between antenna elements is kept high.

Fig. 1. (a) Dimensions associated with the Top plane (b) dimensions associated with
the bottom plane of the proposed MIMO antenna (c) front view of hardware proto-
type (d) back view of hardware prototype of textile MIMO antenna (e) development
steps of textile antenna (f) obtained variations in |S11| (g) obtained variations in |
S12| associated with the all design steps (h) surface current distribution without
shorting pins in the textile MIMO antenna (i) surface current distribution with shorting
pins in the textile MIMO antenna at 4.94 GHz frequency ( j) designed equivalent circuit
model of textile MIMO antenna using QUCS tool and (k) obtained variations in s-para-
meters through the simulation work (HFSS) and from the designed EC model (QUCS).

Fig. 1. Continued.
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Due to less ground height, defects in ground and higher edge dis-
tance between elements, isolation enhancement is achieved in the
antenna but found unstable at lower frequencies.

According to the literary analysis of WBAN and portable
applications, the textile MIMO antenna is designed with the fol-
lowing technical contributions.

(a) The compact antenna is designed with a flexible textile
material having a physical size of 24 × 24 mm2.

(b) The Y-shaped decoupling and shorting pins with the para-
sitic element between two radiators improves the isolation
up to 14 dB.

(c) The open-ended slots generating the miniaturization prop-
erty in the MIMO antenna where the electric length of
MIMO is 0.3λ0 × 0.3λ0.

(d) The SAR analysis is carried out using the phantom wrist
model which assures the minimum radiation effects and it
can be used in wearable applications.

Designing of MIMO antenna

The proposed textile MIMO antenna is designed with flexible
jeans material. The dimensions of the MIMO antenna are
shown in Figs 1(a) and 1(b) whereas the hardware prototype is
demonstrated in Figs 1(c) and 1(d). The substrate material is hav-
ing dielectric constant (εr) of 1.7 and a loss-tangent (tan δ) of
0.022 with 1 mm of thickness. The dimensions details of two
port antennae in mm are as follows: AW = 2.7, AH = 15, PW = 3,
PL = 14.5, JW = 24, JL = 24, r = 0.5, Ds = 2.75, D1 = 5.5, D8 = 6, D2

= 1, D5 = 5, D3 = 1, D12 = 5.5, D6 = 2, D10 = 6.5, D4 = 9, D7 = 2,
D9 = 3.5, D11 = 9.

The five evolution steps are considered in the designing of
two-port textile antenna as illustrated in Fig. 1(e). The 10 dB
impedance bandwidth (IBW) of all evolution steps are illustrated
in Fig. 1(f) and the isolation (|S12|) improvements are depicted in
Fig. 1(g).

In step 1, two microstrip feed are used as a radiator with a par-
tial ground of height 6.5 with 2.7 mm feed width to achieve 50Ω

Fig. 1. Continued.
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impedance matching. The obtained 10 dB IBW is varying from
4.78 to 5.1 GHz with maximum isolation of 9.2 dB. In step 2,
the ground plane is increased vertically [17] and the operating
bandwidth shifts from 5.75 to 6.08 GHz whereas the maximum
|S12| is achieved up to 16 dB. In step 3, the ground plane is modi-
fied into a Y-shaped structure to diminish the surface current
effectively between antenna elements and to enhance the isola-
tion. The |S11| in this step varies from 4.75 to 6 GHz whereas
|S12| varies from 19.1 to 20.85 dB. In step 4, two symmetric open-
ended slots are created in the ground to advance the impedance
matching in the antenna and the existing 10 dB IBW shifts toward
the lower frequency thus miniaturization property is obtained in
the presented work. The |S11| varies from 4.25 to 5.26 GHz and
|S12| is varying from 19.1 to 23.3 dB. In Step 5, two shorting
pins are introduced with parasitic elements which increase the
electric extent of the ground plane and diminish the current
movements effectively between antenna elements. A parasitic
element is integrated with a radiator and connected with a ground
plane using two shorting pins which modify the lumped elements
and facilitate the movement of surface current from the ground
plane toward the parasitic element through shorting pins. With
the combination of shorting pins and parasitic elements in the
textile MIMO antenna, up to 8 dB isolation improvement is
achieved. The final 10 dB IBW is obtained from 4.24–5.38 GHz
with 27.8 dB maximum port isolation. The current distribution
effects without shorting pins and with shorting pins are shown
in Figs 1(h) and 1(i), which demonstrates the working of shorting
pins by amending the current movements from the ground plane
toward the parasitic element and diminishing the current associ-
ation between the two ports.

The equivalent circuit (EC) model of the MIMO antenna is
designed using the QUCS tool with the help of lumped compo-
nents as shown in Fig. 1( j) and the comparison of obtained
results of s-parameters using QUCS model and the simulated
values of HFSS tool is depicted in Fig. 1(k). In the circuit, a 50
Ω feed line is connected with the inductor (LF1) and capacitance
(CF1) for port 1 whereas LF2 and CF2 are for port 2. A resonant
network is created using parallel capacitance, inductance and
resistance (CR1, LR1, R1) for port 1 and similarly CR2, LR2
and R2 for port 2. To signify the effects of shorting pins and
inductance, LS (inductance) is connected with the ground plane
and finally, the effect of the parasitic element is obtained with
the help of parallelly connected LG, CG and RG lumped compo-
nents. The values of all these components are given in Table 1.

Parametric study of MIMO antenna

To insight into more possibilities in the antenna results, the per-
taining dimensions of the antenna are examined. First, the width
of the parasitic stub (Pw) is changed from 1 to 5 mm to observe
the changes in the s-parameters. The impedance matching of
the antenna remains almost same with a minor variation in the
resonance frequency. The change in the width of parasitic affects
the isolation between ports meaningfully. The optimum results
are obtained with the parasitic width of 3 mm as depicted in

Fig. 2(a). The spacing between shorting pins is also amending
the movement of current and when the distance between two
shorting pins is altered, it is changing the isolation as well as
impedance matching of the MIMO antenna. The variations lead
to the response of |S12| above 20 dB which is undesirable. The
2.75 mm spacing is producing the most suitable output in the
antenna as shown in Fig. 2(b). While reducing the length of open-
ended slots leads to the sifting of |S11| toward the higher

Table 1. Values of the lumped component in EC model.

LF1 & LF2 0.40118nH CR1 & CR2 3.5396pF LG 2.0725nH

CF1 & CF2 18.6009pF LR1 & LR2 0.30843nH CG 3.64512pF

LS 0.078163nH R1 & R2 42.368 Ω RG 6.9938 Ω

Fig. 2. (a) Variations in s-parameters while changing the width of parasitic stub
(b) Variations in s-parameters while altering the spacing between shorting pins
(c) Variations in s-parameters while changing the length of open-ended stubs in
the proposed textile MIMO antenna.
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frequency. The length of open-ended slots (D1) is finalized at 5.5
mm considering the total length of the available ground plane.
The variations in s-parameters are depicted Fig. 2(c).

Wearable analysis

To investigate the on-body effects of textile antenna radiations,
the wearable analysis is conducted using the three-layered (skin,

Fig. 3. (a) Proposed phantom model for textile antenna (b) variations in S-parameters with the different phantom distances (c) variations in S-parameters with the
different phantom distances. (d) the variations in the average value of SAR (e) 3D radiation patterns of the textile MIMO antenna in the presence of phantom model.

Table 2. The tissue characteristics of the human phantom model at 4.9 GHz

Tissue
Loss

Tangent
Conductivity

(S/m)
Relative

Permittivity

Fat 0.1718 0.2360 5.038

Muscle 0.2906 3.9357 49.67

Dry Skin 0.3052 2.9836 35.855

International Journal of Microwave and Wireless Technologies 1447

https://doi.org/10.1017/S175907872300020X Published online by Cambridge University Press

https://doi.org/10.1017/S175907872300020X


Fig. 4. Experimental analysis of (a) s-parameters (b) realized gain of the textile antenna (c) simulated radiation efficiency of the textile antenna (d) the normalized
radiation patterns at 4.90 GHz in x-z, y-z and x-y plane (e) antenna bending in the x-direction at different diameters (f) obtained |S11| (g) obtained |S12| at the dif-
ferent bending diameters (h) antenna positioning at different body parts (i) obtained |S11| ( j) obtained |S12| at different on body positions.
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Fig. 4. Continued.
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fat and muscles) phantom wrist model. To analyze the antenna
parameters under the presence phantom model, the width of
the muscles layer, fat layer and skin layer is considered 10, 5
and 2mm individually [18]. To examine the effect of the phan-
tom model upon the antenna, it is kept behind the textile antenna
at a standard distance of 20 [18] and 15 mm [19] respectively.
On-body effect of the antenna is also observed by conducting
the SAR analysis using the phantom model. The phantom
model with antenna is illustrated in Fig. 3(a), where the s-para-
meters of the textile MIMO antenna in the presence of the phan-
tom model at the different distance are depicted in Fig. 3(b). Small
variations in s-parameters are observed in the textile antenna due
to the coupling effect between the phantom model and the
MIMO antenna, specifically at the higher frequencies. The rea-
lized peak gain is illustrated in Fig. 3(c) in the presence of the
phantom model and up to 1 dB variations are observed at higher
frequencies in the MIMO antenna. The SAR analysis is conducted
using standard 0.01-Watt input power on 1 g standard human tis-
sue. The material characteristic at 4.9 GHz of the human phantom
model is given in Table 2 [20]. The maximum value of average
and local SAR is obtained at 0.27 and 0.086W/kg where it is
under the permissible limit of SAR. The variations in the average
value of SAR are depicted in Fig. 3(d). The 3D radiation pattern of
the textile MIMO antenna in the presence of the phantom is
depicted in Fig. 3(e).

Results and discussion

The HFSS-13 EM software is used to design and simulate the pro-
posed two-port textile MIMO antenna and experimental results
are completed using a vector network analyzer (Anritsu
MS2025B). The antenna s-parameters are demonstrated in
Fig. 4(a) where 10 dB |S11| varies from 4.24–5.38 GHz with
more than 21.1 dB isolation. The realized gain is illustrated in
Fig. 4(b) where the simulated value of realized gain varies from
2.01 to 5.6 dB and the measured results have less than 0.6 dB var-
iations. These deviations occur due to the environmental issues
and losses associated with higher frequencies. The simulated
radiation efficiency is obtained more than 92.5% as depicted in

Fig. 4(c). The normalized radiation patterns of the proposed tex-
tile antenna are investigated at 4.90 GHz frequency at port 1 (port
2 is terminated with 50Ω matched load) for all three planes and
illustrated in Fig. 4(d) where the stable radiation is obtained in the
end-fire direction. The comparative analysis of the proposed tex-
tile MIMO is done in Table 3 with recent works and reveals that
the physical size of the antenna is compact with satisfactory
MIMO parameters and can be used with wearable and portable
devices within the limited space.

The bending analysis is carried out in the proposed textile
MIMO antenna to validate the bending scenarios using the
cylindrical foam substrate with different diameters as depicted
in Fig. 4(e). The bending effects on s-parameters are shown in
Figs 4(f) and 4(g) where minor variations are observed in the |
S11| and isolation |S12| when the bending curvature is decreased
from 25 to 10 cm. The resonant frequency shifts toward the
lower frequency as the bending curvature is decreased.

Further, to analyze the wearable application, the on-body posi-
tioning of the proposed antenna is fixed at different body parts as
illustrated in Fig. 4(h) and its s-parameters are shown in Figs 4(i)
and 4( j). The reflection coefficients are analyzed by positioning
the textile antenna at the helmet, cap, wrist, chest, and shoes.
The minimal variations are found in s-parameters when the
antenna is positioned at the cap, chest and wrist whereas the
s-parameters changed slightly when the antenna is kept on
shoes and helmets.

MIMO parameters

To achieve better diversity performance, high isolation and less
correlation are vital necessities in the MIMO antenna. The enve-
lope correlation coefficient (ECC) signifies the association
between radiating elements and it also provides the analysis that
how radiation patterns are affecting each other when they are
operating alongside. ECC is calculated using far-field analysis
with equation (1) [21] considering the practical applications.
The value of ECC is below the level of 0.5 as shown in Fig. 5(a).
The XPR given in equation (1) is the cross-discrimination ratio
between horizontal and vertical polarized power where Eθ, and

Table 3. Comparative analysis of the proposed wearable antenna with another recently published works

References Material

Physical
Size
(mm2)

Electric Length
of Antenna

Operating
Band (GHz)

Isolation
(dB)

Gain
(dB)

Edge
Distance
in term λ0 Decoupling Technology ECC

Proposed Jeans 24 × 24 0.3 λ0 × 0.3 λ0 4.24-5.38 >21.1 5.6 0.19 λ0 Shorting Pins <0.008

[3] Jeans 50 × 35 0.3 λ0 × 0.21 λ0 1.83- 13.82 >21 4.38 0.01 λ0 Inverted U-shaped stub <0.059

[9] Jeans 30 × 50 0.32 λ0 × 0.53 λ0 3.2-8.5 >22 2.7 0.07 λ0 Defected ground <0.12

[4] Jeans 70 × 40 0.4 λ0 × 0.24 λ0 1.83-8 >21 3.54 0.04 λ0 T and I-shaped stub <0.01

[11] Felt 76 × 37 0.5 λ0 × 0.25 λ0 2-6.23 >21 2.88 0.08 λ0 T-shaped Stub and
rectangular ring

<0.01

[13] Jeans 100 × 60 0.8 λ0 × 0.48 λ0 2.4-5.8 >20 4.8 0.11 λ0 Metamaterial <0.04

[12] Jeans 97 × 60 0.3 λ0 × 0.48 λ0 1.5-6.1 >25 5 0.06 λ0 Meander line in Ground
and front plane

<0.1

[7] Rogers
5880

28 × 25 0.21 λ0 × 0.2 λ0 2.3-2.6 >30 0.5 0.03 λ0 U-Shaped parasitic stub in
ground

<0.025

[8] Textile
(εr = 1.34)

42 × 32.5 0.5 λ0 × 0.4 λ0 3.6-13 >18 5.7 0.4 λ0 Extended Inverted L stubs in
ground

<0.02
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Ew, are the field components respectively and θ is varying from 0°
to 180° and w is varying 0° to 360 °. The diversity gain is calculated
by using equation (2) [22] and illustrated in Fig. 5(b) and it is close
to 10 dB. The value of the total active reflection coefficient (TARC)
implies the incident power at the angle of θ and its effect upon
radiated power. It is also useful in determining the bandwidth
and efficiency in a better way. To calculate the TARC equation
(3) [22] is used and it is illustrated in Fig. 5(c). The higher data
rate in the MIMO antenna can be achieved with the improved
channel capacity and by minimizing the losses in channels.
Equation (4) [22] is used to calculate the channel capacity loss
(CCL) and in the equation, ψR represents the correlation matrix.
Figure 5(d) demonstrates the obtained CCL and the obtained
value is below 0.5 bits/sec/Hz.

re =

2p
0

�
p
0
�
(XPR Eu1E∗

u2Pu + Ew1E∗
w2Pw)

( )
dV

∣∣∣
∣∣∣2

2p
0

�
p
0

�
(XPR Eu1E∗

u1Pu + Ew1E∗
w1Pw)dVx∗

2p
0

�
p
0

�
(XPR Eu2E∗

u2Pu + Ew2E∗
w2Pw)dV

(1)

DG = 10
������������
1− |ECC|2

√
(2)

TARC =
������������������������������������
(|S11 + S12e ju|2 + |S22e ju + S21|2)

√
��
2

√ (3)

CCL = − log2 det (c
R) (4)

Conclusion

The proposed two-port textile MIMO antenna is designed using a
flexible jeans substrate. The antenna is miniaturized with the help
of two open-ended slots in the ground plane where a Y-shaped
decoupling structure and two shorting pins with parasitic stubs
effectively improve the isolation up to 27.8 dB. The antenna is
examined using the wrist phantom model and an acceptable
value of SAR is achieved for WBAN applications. The MIMO
parameters of the two-port antenna are under the permissible
limit and can be proficient for 5G, WLAN and wearable
applications.
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