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Abstract

A two-element textile antenna with high isolation and polarization diversity is presented for
5 G communications, wearable technology and biomedical cancer detection applications. The
flexible material is used with an orthogonally placed microstrip-feed radiator antenna respon-
sible for polarization diversity. High isolation and low correlation are achieved between
antenna elements with defected ground-based on diagonal and open-stubs, which perturbs
the surface current and facilitates the achievement of circular polarization. The 10 dB imped-
ance bandwidth (|S11|) of a two-element antenna varies from 3.3 to 4.3 GHz with more than
24 dB isolation (|S21|). The envelope correlation coefficient (ECC) and channel capacity loss
(CCL) of multi-input and multi-output (MIMO) antenna parameters are less than 0.2 and
0.35 bits/s/Hz respectively, which validates the diversity performance of the antenna.

Introduction

Applications of flexible antennas have been increasing in recent wireless communication tech-
nology, therefore, these antennas are required for communication applications in portable
devices, gadgets, smart clothes, microwave imaging, real-time health monitoring, biomedical,
sports, and short-distance communication from one device to another [1]. The compact and
wearable antenna is preferred to establish connectivity in portable devices to enhance life effi-
ciency and real-time monitoring as well as internet connectivity between devices and sensors.
Textile substrate antennas are a strong choice due to low cost, flexibility, and easy inclusion
in wearable devices as well as fabrication in the garment. The wireless system requires a multi-
input and multi-output (MIMO) antenna with recently introduced 5G communication and
increased demand for data rate and channel capacity, while the antenna also will further increase
the channel capacity of the system if it is circularly polarized [2]. Although designing a MIMO
antenna for wearable gadgets is a challenging problem in itself but it is very important for wear-
able devices to have a compact antenna with minimum distance between antenna elements in
the limited space, this increases the mutual coupling, which affects the antenna performance [3].

In the literature, many single-element [4–6] and two-element antenna [7–12] designs are
studied for wearable and biomedical applications with textile or flexible material. In [4], a dual-
band, s-shaped single element textile antenna with co-axial feed based on two open stubs in the
ground is used for ISM band and on-body communication. In [5], E-shaped etched on the rect-
angular radiator with the partial ground using textile material for ISM and medical communi-
cation is presented. In [6], flexible and single element, fractal microstrip antenna with the
defected ground and a meandering line is designed for ISM bands and on-body applications,
where size miniaturization and bandwidth enhancement is achieved. The MIMO antenna fulfills
the requirement of present communications but the demand of compact size is a complex
approach as antenna edge to edge distance affects the correlation and isolation which in-turn
affects the MIMO antenna performance. Many complex decoupling technologies are discussed
in the literature to diminish the surface current moving from one port to another port and
improve the isolation. A two-element antenna with the rectangular-shaped radiator is accom-
plished on jeans material with partial ground [7], where I-shaped decoupling structure dimin-
ished the surface current and reduced the mutual coupling between antenna elements. In [8],
a switch-based reconfigurable MIMO antenna with the partial defected ground is used which
can be applicable on wideband frequencies and wearable applications. In [9], the two-element
textile antenna is designed for medical and wearable communication, where T-shaped with
three rings decoupling structure enhanced the isolation between antenna elements. In [10], a
two-element antenna based on the dual-ring shaped radiator for UWB wearable application
is used where isolation between elements is improved with two symmetric inverted U-shaped
decoupling structures in the ground. In [11], open-stub is etched in the rectangular radiator
to achieve the ISM band, where the unconnected ground is used in a two-element flexible
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antenna and an inverted U-shaped parasitic stub is used to dimin-
ish the mutual coupling. In [12], the dual-polarized two-element
textile antenna is used with a meander-line decoupling structure
for wearable applications. In [13], a single element planer antenna
is designed for dual-band wearable applications. In [14], CPW-fed
monopole antenna is designed with circular ground and Kapton
substrate for multiband wireless communication applications. In
the above discussion, it is revealed that to reduce the mutual coup-
ling in the textiles or wearable MIMO antenna, where port isolation
is increased by increasing the distance between the two elements as
well as by unconnected ground, thereby increasing the size of the
antenna.

However, in wearable applications, it is considered more effect-
ive to minimize the effective area of the antenna, so that the
antenna can be easily embedded in the working space and reduce
its space by incorporating battery and sensors in the devices.
Antenna elements are placed orthogonally and in a different
plane to keep the compact size, less complexity in MIMO antenna
with high isolation (|S21|), which can be easily accomplished in any
device. In portable and wearable applications the direction of EM
waves is not fixed as devices can change the physical position
with time in this case, the polarization diversity improves the per-
formance of the MIMO antenna and receives the EM waves from
different directions. MIMO antenna also fulfills the present and
future wearable and portable application where more than one sen-
sor is used therefore multiple signals can be transmitted and
received at the same time. Circular polarized (CP) MIMO antennas
improve the MIMO antenna performance and improve the channel
capacity in a multipath environment over the linear polarized (LP)
antenna [2]. This two-element antenna is designed for wearable
and biomedical application at 5G communication, where the nov-
elty and major technical contributions are discussed below:

(1) The two-element antenna is designed on low-cost and flexible
textile jeans material.

(2) The two-element antenna is designed for 5G communication,
wearable technology and biomedical applications for 3.3 to
4.3 GHz.

(3) Both two elements radiate LHCP/RHCP waves in the entire
operating band whereas it helps to improve the channel cap-
acity of the system when compared to LP antenna [2].

(4) The antenna step-feed is placed orthogonal and it provides
the diversity performance as well as receives and radiates
the EM waves from different directions.

(5) Open-stubs and diagonal strips play an important role to
obtain the CP waves and improve the isolation (|S21|) between
antenna elements, which is more than 24 dB.

(6) The two-element antenna is analyzed on a human female
breast model, which provides the SAR values for the detection
of malignant tissues.

In this paper, a two-element textile diversity/MIMO antenna is
designed with step-feed, open-stubs, and diagonal stub in the
ground for isolation enrichment, where 3.3 to 4.3 GHz operating
bandwidth (|S11|) is achieved with isolation (|S21|) more than 24
dB and left-hand circular polarization (LHCP) and right-hand
circular polarization (RHCP) in the entire operating band. The
proposed two-port CP diversity antenna is designed to be part
of the wearable application, covering the frequency band of 5G
communication with high port isolation (|S21|) on flexible mater-
ial, diversity performance, low envelope correlation coefficient
(ECC) with circular polarization in the entire operating band.

Design of two-element antenna

The proposed two-element, textile, CP antenna and its fabricated
prototype are represented in Figs 1(a) and 1(b).

The copper tape of 0.057 mm thickness is used as a conducting
element whereas jeans material (loss tangent (tan δ) = 0.025) with
permittivity (εr) of 1.7 and thickness (t) of 1 mm is used as a sub-
strate. The width (Ws) and length (Ls) of the substrate are 31 × 31
mm2. The dimensions of the circularly polarized textile antenna
are depicted in Table 1. The proposed antenna evolution is dis-
cussed in five steps, which are illustrated in Fig. 1(c). In step-1,
two orthogonally placed microstrip step-feed is accomplished
with the defected ground. The impedance bandwidth (|S11|) and
isolation (|S21|) are achieved from 3.2 to 4.8 GHz and 11 to 15
dB respectively, as depicted in Figs 1(d) and 1(e). In step-2,
width W1 is increased with symmetrically open stub on both
sides in the ground, which perturbs the surface current in the
ground and supports circular polarization. The axial ratio in
Fig. 1(f) reveals that the width (W1) and open stub in the ground
shift the axial ratio in the operating band close to 3 dB whereas it
is less than 3 dB at 3.2 GHz. The impedance bandwidth (|S11|)
varies from 3.6 to 4.4 GHz in this step with isolation (|S21|)
more than 13.5 dB. In step-3, a diagonal stub is accomplished
in the ground to diminish the surface current between ports,
which improves more than 5 dB isolation (|S21|) along with
axial ratio as illustrated in Fig. 1(f). The impedance bandwidth
(|S11|) of the antenna is achieved from 3.3 to 4.3 GHz with isola-
tion (|S21|) more than 18.5 dB. In step-4, two symmetric L-shaped
open-stubs are incorporated between the ports to further enhance
the isolation (|S21|) and axial ratio. The impedance bandwidth
(|S11|) is obtained from 3.4 to 4.4 GHz with 18.4 to 21.9 dB isola-
tion. In step-5, impedance matching is enhanced with a rectangu-
lar slot introduced in the ground behind the step feed, which
improves the impedance bandwidth (|S11|) and isolation (|S21|)
of the two-element antenna. The impedance bandwidth (|S11|)
of the antenna varies from 3.3 to 4.3 GHz with more than 24
dB isolation and the less than 3 dB axial ratio is achieved in the
entire operating band.

Analysis of circular polarization and surface current of
two-element antenna

In this section, axial ratio, surface current and radiation character-
istics are analyzed to understand the antenna performance. It is
clear from the previous section that the defected ground with
open-stubs as well as the position of feed perturbs the surface cur-
rent, which enhances the isolation (|S21|) and axial ratio (dB) for
achieving the CP band. The obtained 3 dB axial ratio covers the
entire operating band. The vector analysis of surface current is
investigated at 0°, 90°, 270° and 360° phase in 3.8 GHz as depicted
in Fig. 2(a). It is revealed that the direction of the current vectors
in the ground is clockwise as well as anti-clockwise which vali-
dates LHCP and RHCP in the antenna. The surface current at
3.8 GHz in port-1 is excited and is represented in Fig. 2(b),
where the open-stubs mitigate the surface current moving from
one port to another in a clockwise and anti-clockwise direction,
which improves the isolation (|S21|), and reduce the mutual coup-
ling of the antenna. The 3D radiation pattern at 3.8 GHz is illu-
strated in Fig. 2(c), the figure reveals the diversity performance
of the two-port antenna and its ability to transmit and receive
the EM waves from different directions.
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Fig. 1. Textile two-element antenna (a) prototype design (b) hardware (c) design steps (d) |S11|/|S22| of design steps (e) |S12|/|S21| of design steps (f) axial ratio (dB) in
different steps.
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Simulated and experiment results

The CP and two-element antenna is measured on Anritsu
MS2025B VNA to verify the simulation results obtained from
HFSS 13.

The 10 dB impedance bandwidth (|S11|) varies from 3.3 to 4.3
GHz while the isolation (|S21|) is more than 24 dB as depicted in
Fig. 3(a), where the measured results are close to simulated results
that validate the results. A minor deviation is found between
simulated and measured results due to some irregularities in sol-
dering and fabrication. The realized gain (dB) of the antenna var-
ies from 3 to 3.45 dB and less than 0.5 dB gain variation is
achieved in all operating bandwidths as illustrated in Fig. 3(b).
The axial ratio (3 dB) is illustrated in Fig. 3(c), which reveals
that less than 3 dB measurement and simulated results are
achieved. The measured and simulated E and H components
(radiation pattern) of an antenna are 90 degrees out of phase at
0°, 90°, 180° and 270° degree which validates the circular polariza-
tion behavior of the antenna. The radiation efficiency (%) is
achieved more than 90 in the entire operating band. In this
paper, equation (1) is used to calculate the transmission efficiency
[13] of the proposed CP antenna where the Tx antenna or Rx
antenna is analyzed with a variation of 10 mm over a distance
of 10 to 50 mm at 3.8 GHz. The analysis of transmission

Table 1. Dimensions of different geometrical parameters

Parameter Ls Ws W1 L1 W2 L2

Values (mm) 31 31 4.5 4 3 22.627

Parameter W3 L3 W4 L4 W5 L5

Values (mm) 1.5 10 2 6.5 2.6 3

Parameter W6 L6 W7 L7 W8 L8

Values (mm) 6.5 5 6 20 1.414 7.2

Parameter W9 Wf W10

Values (mm) 2.5 2.6 2.7

Fig. 2. Textile two-element diversity antenna (a) CP behaviors analysis form surface current (b) surface current when port-1 is excited (c) 3D radiation pattern.
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Fig. 3. Textile two-element diversity antenna (a) simulated and measured s-parameters (b) realized gain (dB) (c) axial ratio (dB) (d) radiation efficiency (%)(e)
Transmission coefficient (S21) at 3.7 GHz with Rx antenna distance varies from 10 to 50 mm (f) Measurement set-up (g) and (h) normalized radiation pattern at
3.8 GHz (i) Measurement of antenna on the human body ( j) |S11| and |S12| analysis of antenna on the human body (Simulated and measured).
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coefficient (|S31|) in dB at different distances is shown in Fig. 3(e).
The Antenna-1 is the Tx antenna and Antenna-3 is the Rx
antenna because the Antenna-1 and antenna-2 are accomplished
in transmitter antenna where in Ref [13] paper, Antenna-1 is the
transmitter and antenna-2 is the Rx antenna. The fractional vari-
ation of transmission efficiency from 10to 50 mm is 2.94% while
for 20 to 50 mm is 11.3%, which makes it appear that the antenna
can work effectively with minimum variation in transmission
efficiency.

h = (|S31|2)× 100% (1)

In design, both antenna elements are the same, therefore
measurement is done in Ant-1 and another element is termi-
nated with a matched load of 50 Ω in an anechoic chamber
where the distance from reference antenna to under test
antenna is 3 meter as depicted in Fig. 3(f), ridge type horn
antenna used as a reference antenna with more than 11 dB
gain at operating bandwidth. The LHCP and RHCP normalized
radiation patterns at 3.8 GHz in the xz and yz planes are illu-
strated in Figs 3(g) and 3(h), where a stable radiation pattern
is observed.

The two-port antenna is analyzed on the chest, wrist, thigh
and shoes at 20 mm distance from the antenna where foam pad-
ding is used to separate the antenna from the human body
which does not affect the s-parameter as depicted in Fig. 3(i).
The simulation analysis is conducted on the human wrist phan-
tom model. The electrical characteristics of the human wrist
phantom model is taken from Ref [15] and the thickness of
skin, fat, and muscle are used 2, 5, and 10 mm with 50 mm ×
50 mm dimensions. The distance of the phantom model from
an antenna is 20 mm to remove the coupling effect as well as
a minimum effect on the isolation of the antenna. The mea-
sured and simulated results of |S11| and |S12| parameters are illu-
strated in Fig. 3( j), where small variation is found in impedance
bandwidth (|S11|) and isolation is higher than 20 dB in all
on-body measurements. The antenna elements are orthogonally
placed in the design; therefore, the antenna provides the pattern
diversity, which can be observed from the radiation patterns.
The diversity performance of the antenna is also determined
from the MIMO parameters, therefore ECC and diversity gain
(DG) are analyzed with radiation pattern from equations (2)
to (3) [16] whereas total active reflection coefficient (TARC)
and channel capacity loss (CCL) are extracted from the

simulated and measured s-parameter and computed from equa-
tions (4) to (5) [3].

ECC =
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CCL = − log2 det (c
R) (5)

The ECC represents a correlation of the radiation pattern of
antenna elements and its practical accepted value should be less
than 0.5 where DG should be higher for practical applications. The
extracted simulated and measured ECC and DG is < 0.2 and close
to 10 dB respectively, therefore good diversity performance of the
two-port textile antenna is achieved as depicted in Figs 4(a) and 4
(b). The TARC andCCL ofMIMOantenna parameters are extracted
from equations (3) and (4), where the correlation matrix at receiving
end is represented by ψR. The results reveal that the minimum vari-
ation is observed in the measured value of the TARC at different
phase angles whereas measured and simulated CCL is less than
0.35 bits/sec/Hz in the entire operating band (Figs 4(c) and 4(d)).
The CCL is less than the accepted value of 0.4 bits/sec/Hz [3].
Table 2 represents the comparative analysis with recently published
textile or flexible single element and two-element antenna. The ana-
lysis reveals that the proposed antenna is compact, low cost and flex-
ible with low ECC. The diversity performance and CP is achieved in
the entire operating band, however, it can be a good candidate for the
5G, wearable and biomedical applications.

Simulated analysis of breast cancer detection

In this section, simulation analysis is investigated on the human
female breast model and standard parameters of skin, fat, glandu-
lar tissue, as well as a tumor cell, are used [15]. The proposed

Fig. 3. Continued.
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antenna is placed in the broadside direction at a 5 mm distance
from the model for maximum power penetration. The differences
in the local and average SAR values are detected in the female
breast model at 1W incident power on 1 g tissues with an 8 mm
tumor radius. The average and local (maximum and minimum)
SAR (W/Kg) of the skin, fat, glandular, and tumor cell are
depicted in Table 3. The analysis focuses on two major outcomes,

according to the first finding, where the difference between the
local and average of SAR are achieved with and without the
tumor tissue, which can be analyzed in the practical situation
with the tumor-affected breast and normal breast. In the second
finding, there is a significant difference in the SAR of the
tumor tissue and surrounding glandular tissue, so that the
tumor tissue can be easily detected from the breast. The local

Fig. 4. Textile two-element diversity antenna (a) ECC (b) DG (c) TARC (d) CCL.

Table 2. Comparison analysis of proposed antenna with existing antenna

Reference No of elements Size Material Bandwidth (GHz) Isolation ECC CP

[4] 1 60 × 30 Felt 2.45 and 5.8 NA NA No

[5] 1 30 × 20 Denim 2.4 NA NA No

[6] 1 39 × 39 Rogers 5880 2.36–2.55 NA NA No

[7] 2 40 × 70 Jeans 2.4–8.0 >22 <0.01 No

[8] 2 35 × 30 Jeans 3.11–5.15, 4.81–7.39 >19.5, 21 < 0.18 No

[9] 2 76 × 37 Felt 2.00–6.23 >29.26 <0.01 No

[10] 2 50 × 35 Jeans 1.83–13.82 >21 dB <0.39 No

[11] 2 28 × 25 Rogers 5880 2.45 >30 0.025 No

[13] 1 15 × 14 Kapton polyimide 2.5 /4.5 NA NA No

[14] 1 70 × 70 Kapton substrate 1.2, 2.0, 2.6 and 3.4 NA NA No

Proposed 2 31 × 31 Jeans 3.3 to 4.3 >24 <0.2 Yes
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and average SAR with and without tumor is illustrated in Fig. 5.
The analysis reveals that the proposed two-port antenna can be
used in biomedical cancer detection applications.

Conclusion

The two-element circularly polarized textile antenna is presented
for 5G, wearable, and biomedical applications. The isolation
(|S21|) between radiators is enhanced by open slots and diagonal

stubs in the ground whereas defected ground perturbs the surface
current and is responsible for full band CP. The polarization diver-
sity of orthogonally placed radiators is investigated where ECC and
DG are under acceptable limits. The antenna operating bandwidth
(|S11|) covers the 5G n47, n77, and n78 bands where its application
can be found for wearable and cancer detection. The two-port
MIMO antenna can be modified further in the eight-port and
sixteen-port MIMO antenna for future work with compact size.

Conflict of interest. The author(s) declare none.

Table 3. SAR(average) and SAR(Local)Values of Tissue types at 3.8 GHz

SAR(average) SAR(Local)

With Tumor Without Tumor With Tumor Without Tumor

Skin Max 10.72 10.89 17.76 18.50

Min 0.0158 0.0165 0.0014 0.00202

Breast Fat Max 15.50 18.14 27.53 27.90

Min 0.0020 0.00212 0.0025 0.00214

Glandular Cell Max 5.12 27.90 10.09 14.12

Min 0.023 0.00214 0.0018 0.00129

Tumor Cell Max 16.63 – 47.95 –

Min 11.40 – 1.73 –

Fig. 5. Analysis of female breast model at 1W power on glandular tissue (a) local SAR with tumor (b) local SAR without tumor (c) average SAR with tumor (d)
average SAR without tumor.
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