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Abstract

In this paper, a simple and compact coplanar waveguide (CPW)-fed four coexisting inverted-
L-shaped radiating elements based wideband (ILW) multi-input and multi-output (MIMO)
antenna has been presented for wearable wireless applications. The 50Ω CPW feed structure
has been used to excite the four inverted-L-shaped radiators in a wide square slot of the pro-
posed four-port wearable MIMO antenna. The four diagonal strips are extended from the cor-
ners of the wide square slot to form a square split ring structure in the center, which
suppresses the coupling of electromagnetic waves among coexisting compact quad inverted-
L-shaped radiators. The proposed ILW wearable MIMO antenna achieves a wide −10 dB
simulated impedance bandwidth of 58.18% (3.9–7.1 GHz) and more than 30 dB isolation
along with much reduced envelope correlation coefficient (<0.0002), high diversity gain
(>9.9 dB), and specific absorption rate lower than 1W/kg in the entire operational band.
The simulated results are in good agreement with the measured ones. This ensures its utility
for several wearable wireless applications in the C-band that comprises WLAN (5 and 5.2
GHz), Wi-MAX (5.5 GHz), and ISM band (5.8 GHz) applications.

Introduction

Owing to significant advantages of multi-input and multi-output (MIMO) technologies
because of their exceptional properties in improvement of signal quality, system reliability,
channel capacity, and to achieve higher data rate [1], a plethora of wearable applications in
the fields of medical, defense, and sports have emerged requiring the use of wearable
MIMO antennas to meet the desirable radiation requirements [2]. Since MIMO systems
involve the use of multiple-radiating elements, it is therefore desirable to develop a very com-
pact wearable MIMO antenna with wideband, high gain, and minimum coupling of electro-
magnetic (EM) waves among the nearly coexisting radiating elements along with a
negligible impact of EM wave radiation over the human body [3].

Several MIMO antennas have been proposed by researchers. For instance, a compact four-
element MIMO slot antenna [4] of size 26 × 26 × 0.8 mm3 with four slots in the ground plane
achieved narrow 10 dB return loss (RL) bandwidth (BW) of 3.5% (5.6–5.8 GHz) along with
15.4 dB isolation and envelope correlation coefficient (ECC) <0.01, whereas a coplanar wave-
guide (CPW)-fed monopole MIMO antenna [5] of size 13.7 × 36.2 × 15.2 mm3 using parasitic
patches has been proposed to enhance the 10 dB RL BW of 19.13% (5.2–6.3 GHz) with 22 dB
isolation and ECC <0.004. Furthermore, a three-element MIMO antenna [6] of size 48 × 29 ×
1.6 mm3 using a printed dipole antenna with common ground, radiates with 10 dB RL BW of
16.28% (5.5–6.2 GHz) with 15 dB isolation and ECC <0.003, and a slotted patch MIMO
antenna [7] of size 52 × 50 × 1.6 mm3 using an L-shaped slotted patch, backed with a rectangu-
lar patch on truncated ground, radiates with 10 dB RL BW of 22% (4.9–6.1 GHz) with 15 dB
isolation and degraded ECC <0.1. Meanwhile, a textile-based four-port L-shaped slotted
MIMO patch antenna [8] of size 110 × 97 × 1.4 mm3 has been proposed using spring type iso-
lation strips to achieve 10 dB RL BW of 39.2% (4.1–6.1 GHz) with 27 dB isolation and ECC
<0.1. Therefore, it is desirable to develop a simple, compact, and wideband wearable MIMO
antenna with good radiation performance with minimum coupling among closely located
radiating elements and a low specific absorption rate (SAR) to cover ISM band applications.

This paper illustrates a simple and compact design of wideband CPW-fed quad co-located
inverted-L element-based wearable MIMO radiator with a square split ring structure in the
center of a wide square slot. In order to minimize the coupling among the four co-existing
proposed inverted-L-shaped quad antennas, four diagonal strips are bent to form a square-
shaped split ring structure. Thus, a higher degree of isolation has been achieved as compared
with antennas reported in the literature [4–8] for WBAN applications. The proposed antenna
has been designed and simulated by Ansys HFSS (Version 16.2) 3D-Electromagnetic simulator
and measured using an Agilent E5071C network analyzer. In Section “Antenna design and
radiation mechanism,” the design of the proposed inverted-L-shaped radiating elements

, 810 816. https://doi.org/
10.1017/S1759078722000940

15

https://doi.org/10.1017/S1759078722000940 Published online by Cambridge University Press

https://www.cambridge.org/mrf
https://doi.org/10.1017/S1759078722000940
https://doi.org/10.1017/S1759078722000940
mailto:singh.saurabh19@mmmut.ac.in
https://orcid.org/0000-0002-4797-2689
https://doi.org/10.1017/S1759078722000940


based wideband (ILW) wearable MIMO antenna and its radiation
mechanism is discussed. Section “Results and discussion” com-
pares the simulated and measured radiation characteristics of
the proposed ILW wearable MIMO antenna. Section
“Performance on human body” discusses the study of radiation
performance of fabricated prototype of the proposed ILW wear-
able MIMO antenna on human body. Finally, conclusion is pro-
vided in the last section.

Antenna design and radiation mechanism

Antenna design

The proposed ILW wearable MIMO antenna of size 30 × 30 × 1mm3

has been designed on a foldable polyimide substrate (εr = 3.5 and
tan δ = 0.027). The 50Ω CPWs with inverted-L-shaped feed stubs
are used to excite the four-port MIMO wearable antenna. The
design geometry of the proposed ILW wearable MIMO antenna
with its optimized parameters is shown in Fig. 1.

The evolution process of the proposed ILW wearable MIMO
antenna has been illustrated through three stages namely, stage
1, stage 2, and stage 3, as indicated in Fig. 2 and its simulated
magnitude of S-parameters of four-port MIMO antenna system
are depicted in Fig. 3. Initially, a wide square slot is excited by
four CPW-fed inverted-L-shaped feed stubs in stage 1 as indicated
in Fig. 2. The antenna designed in stage 1 radiates in the 6.8–7.5
GHz band for simulated RL ≥10 dB and isolation >8 dB as shown
in Fig. 3. Next, in stage 2, thin rectangular strips are diagonally
extended from the vertices of the square slot to decouple EM
waves among quad inverted-L-shaped radiating elements as
shown in Fig. 2.

In stage 2, the designed antenna radiates in the 4.8–6.0 GHz
band for simulated RL ≥10 dB and isolation >17 dB as shown
in Fig. 3. In stage 3, a thin rectangular strip is folded and modified
in the form of a square split ring structure in the center of wide
square slot as shown in Fig. 2. The diagonal rectangular strips
and folded thin rectangular strip have been optimized to strip
length IL = IH = 8.5 mm to achieve the high degree of isolation

among the four ports. The antenna in stage 3 radiates in the
3.9–7.1 GHz band for simulated reflection coefficient |S11|≤
−10 dB and transmission coefficients |S12|≤−22 dB and |S13|≤
−30 dB as shown in Fig. 3.

The length of inverted-L-shaped radiator (Leff) which is used
to feed wide square slot is calculated using equation (1) as follows:

Leff = LR +WR ≈ 0.23
c

fc
�����
1r,eff

√ (1)

where εr,eff≈ ((εr + 1)/2), fc = 5.5 GHz is a center frequency of
operational band (3.9–7.1 GHz), Lr and Wr are specified dimen-
sions as indicated in the caption of Fig. 1.

Radiation mechanism

The isolation improvement among radiating elements of can be
explained using electric-field distributions of the four-port ILW
wearable MIMO antenna by excitation at port P1, as shown in
Figs 4(a)–4(c). It can be observed from Fig. 4(a) that strong EM
wave coupling between port P1 and ports P2, P3, and P4 has
been reduced by extending four diagonal metallic strips from ver-
tices of the square slot as shown in Fig. 4(b).

The isolation is further enhanced by modifying the diagonal
metallic strips of stage 2 into a square split ring structure in the
center of square slot as shown in Fig. 4(c). The electric-field dis-
tribution of Fig. 4(c) shows that the coupling between port P1 and
other ports P2, P3, and P4 is greatly reduced and thus improves
isolation significantly.

Fig. 1. Design geometry of ILW wearable MIMO antenna with top and side views (L =
30, W = 30, LR = 2, Wf = 2.7, g = 0.3, IH = 8.5, IL = 8.5, WR = 6.3, W3 = 11.6, W2 = 4, a = 2, b =
1) (unit: mm).

Fig. 2. Evolution stages of the proposed ILW wearable MIMO antenna.

Fig. 3. Comparison of simulated S-parameters (magnitude) of evolution stages of the
proposed ILW wearable MIMO antenna.
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Results and discussion

The Ansys HFSS (Version 16.2) simulation tool is used to design
and simulate the proposed four-port ILW wearable MIMO
antenna The Agilent E5071C network analyzer is used to measure
the radiation performance of fabricated ILW wearable MIMO
antenna as shown in Fig. 5.

S-parameters and radiation pattern

The reflection coefficient of an excited port of the proposed four-
port ILW wearable MIMO antenna is measured while keeping
other ports terminated with matched loads. The measured and
simulated magnitude S-parameters (reflection/transmission coef-
ficients) of the proposed four-port ILW wearable MIMO antenna
are compared in Fig. 6. It is observed from Fig. 6 that the pro-
posed ILW wearable MIMO antenna achieves simulated 10 dB
RL BW of 58.18% (3.9–7.1 GHz) with excess of 30 dB isolation
in the whole frequency band whereas measured 10 dB RL BW
of 54.54% (4–7 GHz) with excess of 30 dB isolation in the entire
frequency bands. It has been also observed from Fig. 6 that there
are some variations among measured results and simulated ones
at certain frequencies which may be due to fabrication inaccur-
acies and material uncertainties.

Figures 7(a)–7(c) illustrate the comparison of the simulated
and measured radiation patterns (E and H planes) for radiating
element 1 of the proposed ILW wearable MIMO antenna at dif-
ferent frequencies 4.5, 5.8, and 6.5 GHz, respectively. It can be
observed from Fig. 7 that the copolar radiation of ILW wearable
MIMO antenna excited by port P1 in the E-plane is bidirectional
whereas its copolar radiation in the H-plane is nearly omnidirec-
tional at all specified frequencies.

The peak absolute gain of the proposed antenna is 4.4 dBi and
peak realized gain is 4 dBi and radiation efficiency of 93% at the
frequency 5.8 GHz. Figure 8 shows the comparison of measured
and simulated efficiency of the proposed ILW wearable MIMO
antenna. It is observed from Fig. 8 that the measured and simu-
lated radiation efficiencies of the proposed ILW wearable
MIMO antenna are in excess of 85% in the entire operational
band.

The proposed ILW wearable MIMO antenna can also be used
for high beam efficiency transmission requirements in which it
is essential to enhance the power radiation to the maximum
over an arbitrary zone of visible space in the presence of produc-
tion conditions and constraint on the beam efficiency as dis-
cussed in [9].

MIMO diversity performance

The study of the diversity performances in wearable MIMO
antenna is critically important apart from its previously discussed
radiation characteristics. The diversity performance of the pro-
posed four-port ILW wearable MIMO antenna has been studied
using two key parameters such as ECC and diversity gain (DG).
The ECC estimates the amount of signal fading in view of correl-
ation among different wireless communication channels.

The ECC is determined by equation (2) [6] using radiation
method as mentioned below:

ECC =
��4p

0 [F1(u, f)∗F2(u, f)]dV
∣∣∣ ∣∣∣2��4p

0 |F1(u, f)|2dV
��4p

0 |F2(u, f)|2dV
(2)

Fig. 6. Comparison of measured and simulated magnitude S-parameters of the pro-
posed ILW wearable MIMO antenna.

Fig. 4. Simulated electric-field distributions of the proposed ILW wearable MIMO
antenna at frequency 5.8 GHz: (a) stage 1, (b) stage 2, and (c) stage 3.

Fig. 5. Measurement setup for testing of the proposed ILW wearable MIMO antenna:
(a) transmitting antenna (horn antenna) and (b) receiving antenna (fabricated proto-
type of the proposed ILW wearable MIMO antenna).
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Fig. 7. Comparison between measured and simulated radiation patterns of the proposed ILW wearable MIMO antenna at different frequencies: (a) 4.5 GHz, (b) 5.8
GHz, and (c) 6.5 GHz.

Fig. 8. Comparison of measured and simulated efficiency of the proposed ILW wear-
able MIMO antenna.

Fig. 9. Comparison of measured and simulated ECC and DG of the proposed ILW
wearable MIMO antenna.
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where FM(θ, f) = radiation field of the proposed ILW wearable
MIMO antenna at excited port M;

M = 1, 2, 3, 4, ….
The DG of wearable MIMO antenna is calculated using ECC

by equation (3) [10] as given below:

DG = 10
�������������
1− (ECC)2

√
(3)

Figure 9 shows the good match between the measured and
simulated ECC and DG parameters of the proposed ILW wear-
able MIMO antenna. It is clear from Fig. 9 that the value of
ECC is significantly small (ECC <0.0002), whereas the DG is
sufficiently high (DG >9.9) for the proposed ILW wearable
MIMO antenna in the entire operational frequency band.
This shows that the proposed ILW wearable antenna has
good MIMO performance in the whole frequency band of
operation.

Table 1 illustrates the comparison of radiation characteristics
of the proposed four-port ILW wearable MIMO antenna with
other reference antennas. It is clear from Table 1 that the
designed and fabricated ILW wearable MIMO antenna has com-
pact and simple structure with wider BW, higher isolation, very
low ECC, and better radiation performance for WBAN
applications.

Performance on human body

Human body loading

This section illustrates the performance of wearable MIMO antenna
with human body WBAN applications. Therefore, the radiation char-
acteristics of the fabricated four-port ILW wearable MIMO antenna
have been measured and validated through experiments by placing
the fabricated wearable MIMO antenna on various body parts such
as arm, chest, and leg as depicted in the inset of Fig. 10.

The measured magnitude S-parameters of the proposed ILW
wearable MIMO antenna at different portions of human body are
depicted in Fig. 10. While the proposed wearable MIMO antenna
placed on chest, leg, and arm, it is observed from Fig. 10 that the
RL BW remained unchanged as 54.54% (4–7 GHz) and the isolation
was also in excess of 20 dB throughout the entire operational fre-
quency band under all conditions. Figure 11 shows the radiation
pattern of the proposed ILW wearable MIMO antenna in the pres-
ence and in the absence of the human body model. It seems from
Fig. 11 that the radiation pattern of the proposed antenna is more
directive in the presence of human body model.

SAR evaluation

The SAR evaluation for ISM band application is very useful to
protect human body from harmful EM radiations. So, it is

Fig. 10. Measured magnitude S-parameters of the proposed ILW
wearable MIMO antenna on various portions of human body.

Table 1. Comparison of radiation performance of the proposed ILW wearable MIMO antenna with reference antennas

Ref. antenna Size (mm3) RL BW (%) Operating freq. (GHz) Isolation ECC

[11] 36.9 × 11.4 × 1.6 2.9 5.8 23 0.1

[12] 126 × 70 × 4.2 9.1 5.8 30 0.001

[6] 48 × 29 × 1.6 16.3 5.8 15 0.003

[13] 51.7 × 38.4 × 14.5 39.3 6 15.5 0.005

Proposed ILW 30 × 30 × 1 54.5 6 30 0.0002
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necessary to maintain low SAR throughout its operational band.
The SAR is dependent on ρ (mass density in kg/m3), σ (conduct-
ivity in S/m), and E (electric-field intensity in V/m), given as
below [14]:

SAR = s|E|2
r

(4)

The proposed antenna with three-layer human tissue models
[14] are shown in Fig. 12 for analyzing the SAR performance.
The simulated SAR of the proposed ILW wearable MIMO
antenna is 0.95W/kg, which is significantly less than 1.6W/kg
(permissible SAR as per the FCC guideline). Therefore, the
ILW wearable MIMO antenna is suitable for WBAN applications.

Conclusion

The compact wideband CPW-fed inverted-L-shaped wearable wide
slot MIMO antenna has been designed, fabricated, tested, and pre-
sented. A square split ring structure with diagonal copper strips is
employed for providing high degree of isolation between four ports.
The proposed ILW MIMO antenna achieved a measured− 0 dB

impedance BW of 54.54% (4–7 GHz) with more than 30 dB isola-
tion along with a very small ECC <0.0002, high DG >9.9, and SAR
<1.6W/kg in the entire operational frequency band. This confirms
that the proposed ILW wearable MIMO antenna is a good candi-
date for C-band/ISM band applications.
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