International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: Nayak VSP,
Manjunathachari K (2025) Design and analysis
of the triple band circular quarter mode
substrate integrated waveguide (QMSIW) 1 x
2 MIMO antenna. International Journal of
Microwave and Wireless Technologies, 1-20.
https://doi.org/10.1017/S1759078725102286

Received: 2 February 2025
Revised: 22 August 2025
Accepted: 4 September 2025

Keywords:

Circular Quarter Mode Substrate Integrated
waveguide (CQMSIW); Multi Input Multi
Output (MIMO); sub-6 GHz 5 G Applications

Corresponding author:
V. Shiva Prasad Nayak;
Email: svadthya@gitam.edu

© The Author(s), 2025. Published by
Cambridge University Press in association
with The European Microwave Association.
This is an Open Access article, distributed
under the terms of the Creative Commons
Attribution licence (http://creativecommons.
org/licenses/by/4.0), which permits
unrestricted re-use, distribution and
reproduction, provided the original article is
properly cited.

CAMBRIDGE

UNIVERSITY PRESS

Design and analysis of the triple band circular
quarter mode substrate integrated waveguide
(QMSIW) 1 x 2 MIMO antenna

V. Shiva Prasad Nayak (® and K. Manjunathachari

Department of EECE, GITAM (Deemed to be) University, Hyderabad, India

Abstract

This paper presents the design and analysis of the Triple band Circular Quarter Mode Substrate
Integrated Waveguide (QMSIW) 1 x 2 MIMO antenna for sub-6 GHz 5 G wireless appli-
cations. The antenna operates at three distinct frequencies those are 3.57GHz, 4.41GHz and
5.43 GHz respectively. The 3.57 GHz used to operate for WiMAX, 5 G, and Fixed Wireless
Access, the 4.41 GHz, is often used for specific satellite uplink/downlink operations, Radar
Systems and the third one 5.43 GHz is used for Wi-Fi, DSRC, and WLAN systems. The pro-
posed architectural design underwent simulation utilizing electromagnetic (EM) tools to the
extract results, followed by antenna fabrication and measured results, it was observed that there
is a close match between the simulation, measured results and validated results. The mea-
sured, simulation gain values are 5.092dBi,4.98dBi at 3.57 GHz, 4.51dBi,4.6dBi at 4.41 GHz
and 3.075dBi,3.06dBi at 5.43 GHz frequency, while also demonstrating satisfactory isolation
between the ports, quantified as being less than —15 dB. The characteristic parameters of the
MIMO antenna, including a diversity-gain (DG) surpassing 9.95 dB (>9.95 dB), alongside
an envelope-correlation-coefficient (ECC) of less than 0.0001, Mean effective gain (MEG) lies
between — 3 dB to — 4 dB, among any two radiating elements at every operational frequency,
indicate that the antenna has been meticulously designed.

Introduction

As a backbone to modern wireless communication, antennas are widely used for signal trans-
mission and reception. In Recent days, antennas are designed for Sub-6 GHz applications to play
an important role in high-speed connectivity and enabling reliable. The sub-6 GHz frequencies
have a variety of applications like WiMAX applications, 5G, and Fixed Wireless Access, satel-
lite uplink/downlink operations, Radar Systems, and WLAN systems, etc. and also enabling
advanced applications like driverless vehicles, virtual reality and smart cities. These bands offer
a balance between data rate and coverage, making them essential for indoor and wide-area
communication systems [1, 2].

The operational frequency bands encompass 3.3 to 3.6 in China and India, 3.4 to 3.8 GHz
in the UK, 3.45 to 3.7 GHz in the United States, 4.4 to 4.9 GHz in Japan, and 4.8 to 5 GHz in
China, all of which fall under the sub-6 GHz category; moreover, the Federal Communications
Commission (FCC) has allocated several additional bands, including 24 GHz, 28 GHz, 37 GHz,
39 GHz, 47 GHz, 60 GHz, and 79 GHz [3-5], all of which are designated as unlicensed
bands available for public access. The increasing prominence of these frequency bands can be
attributed to advancements in high throughput, minimal latency, reduced power consumption,
cost-effectiveness, and shorter operational ranges.

Antennas operating at distinct frequencies are used for distinct applications, to improve tech-
nological advancement. As a part of wireless communication technology, the use of a single
antenna for multiple purposes has become the most popular in today’s world. Since antennas are
important to modern day communication gadgets, A number of multi-band antenna systems
have been designed and developed to accommodate specific applications in a single device. But
multi-purpose antennas undergo coupling issues which affect antenna performance. In order to
overcome this problem, research on dual and triple-band antennas has boomed in recent times.
Moreover, integrating slots on patch for dual band and triple band frequencies enables multipur-
pose applications but is always challenging due to fixed frequency requirements, where antenna
dimensional adjustments impact overall antenna performance, especially in case of triple-band
scenarios [6].

Due to smaller wavelengths at high frequencies and tight tolerances in high frequency
antenna applications the use of microstrip antenna devices is not efficient. Hence waveguide
devices are chosen at higher frequencies. But the manufacturing process of waveguide devices
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Figure 1. Design evaluation of circular QM-SIW.

Bottom View

Figure 3. Parameter representation Circular QM-SIW.
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Figure 4. Fabricated prototype.

Table 1. Parameters used in this antenna

Parameter Value (mm) Parameter Value (mm)
w 27 Wi 16

L 335 L¢ 115
Wi, 54 W, 0.75

[ 8815 wl=w2=w3=L, 0.5

W, 175 L 43

a 21 W, 3

d/s 1/1.6 W,y 1

is very difficult. Hence a new concept called substrate integrated
waveguide (SIW) was introduced. SIW is a transformation between
microstrip, and dielectric filled waveguide (DFW) and is trans-
formed to SIW by interconnecting the patch and lower metallic

ground planes with periodic arrays of metallic vias through the
dielectric substrate [7, 8].

The slot antenna is perfect for wireless usage since it is lighter,
smaller, and simpler to fabricate than the other types of antennas,
such as the array and horn antennas. SIW technology has enabled
the implementation of SIW slot antennas [9]. The design features
are further improved by moving to cavity-backed antennas, which
have smaller size, better bandwidth, and moderate gain.

A new concept, QMSIW has been proposed, with a view
for attaining size minimisation. The SIW can be divided into
two halves, by including a symmetric magnetic wall to inter-
sect the SIW structure transversely. Each half forms an Half-
Mode Substrate Integrated Waveguide (HMSIW) structure [2],
then HMSIW can be divided into two halves, by including a sym-
metric magnetic wall to intersect the SIW structure transversely.
Each half forms an QMSIW structure, which is in principle able to
support quarter-guided wave modes coils. Each quarter forms an
QMSIW structure, which is in principle able to support quarter-
guided wave modes coils. As a result, one-quarter of the orig-
inal structure is maintained, which leads to a size reduction of
75% in comparison to the traditional SIW cavity which is shown
in Fig. 1.

Multiple Input Multiple Output (MIMO) technology has com-
pletely changed the face of wireless communication systems. It
forms the core of recent and future higher generations of wire-
less communication systems, namely 3G, 4G, 5G, and 6 G [10-12]
Now, 5G has been launched worldwide with a promise to pro-
vide higher data rates, lower latency with huge capacity, favour-
ing the exchange of information in real time. Therefore, MIMO
antennas with diverse capabilities are in demand and have been
utilized by several researchers [13-17]. Basically, the MIMO
antenna should be capable enough to serve several simultaneous
applications to maintain compact size of the system. Therefore,
the integration of MIMO technology with multiband capabil-
ity gives a striking solution to this limitation of MIMO anten-
nas. Apart from MIMO capability, microstrip technology can
also provide multiband performance. The use of this technology
also provides ease of integrating antennas with a communication
system.

S, (dB)

Figure 5. S, results for different stages of the proposed
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Figure 6. Reflection Coefficient.
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The suggested method discusses the circular QMSIW 1 x 2
MIMO antenna to function under sub 6 GHz 5G applications.
The section 2 discusses the conversion processes of QMSIW and
their simulation results and validation results and also emphasis
the discussion of the results of 1 x 2 MIMO-based antenna and
parameters like DG and ECC are reported in section 3, and the
analysis, conclusions, and future scope of this work are described
in further sections.

The proposed 1 x 2 MIMO antenna has been designed and
optimized to appeal as follows.

1. For sub-6 GHz 5G Applications, the proposed Circular Quarter
Mode Substrate Integrated Waveguide (QMSIW) 1 x 2 MIMO
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Figure 7. VSWR.

antenna has been developed utilizing a substrate loaded
with one octagonal and two circular slots loaded on the
patch and one rectangular slot is loaded on the ground
plane.

. The designed antenna is portable in size, easier to build, com-

paratively weightless and budget friendly.

. Operating at three different frequencies 3.57 GHz, 4.41 GHz

and 5.43 GHz with improved return loss.

. Attained gain 4.98dBi at 3.57 GHz, 4.6dBi at 4.41 GHz, 3.06dBi

at 5.43 GHz and stable radiation patterns.

. Attained ECCisbelow 0.0001 (ECC < 0.0001), DG is more than

9.995dB (DG > 9.95 dB) and MEG lies between —3dB to -4 dB
for all operating frequency bands.
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Figure 9. S, for different values of bottom side
Frequency (GHZ) rectangular slot width (Lp).
Quarter mode substrate integrated waveguide (QMSIW) The Fig. 2 represents the design evaluation of the proposed

Figure 1 illustrates the design evaluation of the proposed design to antenna and their design steps are as follows

achieve the size reduction and Fig. 1a shows the circular-shaped

SIW cavity-backed antenna. It can be split into two parts either Stage 1: Design a circular shaped SIW fed by microstrip
horizontally or vertically for size reduction as named as circular Stage 2: Convert STW to HMSIW by cutting horizontally by two parts
half-mode SIW (CHMSIW) represented in Fig. 1b and further split Stage 3: Extend the substrate of HMSIW. .

into two parts named as circular Quarter Mode STW (CQMSIW) Stage 4: Convert HMSIW to QMSIW by cutting vertically two parts

Stage 5: Insert Quarter shape of circle in QMSIW

Stage 6: Load Quarter shape octagonal loaded in top of the substrate and
before to circle slot

Stage 7: Load Quarter shape circle slot loaded in top of the substrate and

antenna represented in Fig. 1c. The material used for developing
proposed design is FR-4 with a dielectric constant of 4.4 with a
thickness of 1.6 mm. The electromagnetic tool is used employed to

assess the antenna performance in terms of S;;, gain, surface cur- before to octagonal slot
rent, voltage standing wave ratio (VSWR), and far-field radiation Stage 8: Finally, introducing rectangular slot in bottom of the substrate for
pattern accuracy improvement

https://doi.org/10.1017/51759078725102286 Published online by Cambridge University Press
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The Fig. 3 shows a parametric representation of the proposed
design where the left side indicates the top view and the right
side indicates the bottom view. The microstrip feed line used in
this design and has 50ohms characteristics impedance. In the
top view, two circle slots are loaded in the middle of the sub-
strate and an octagonal slot is loaded in between two circular
slot and rectangular slots are loaded in the back side of the pro-
posed antenna and their dimension is 27 x 33.5 x 1.6 mm?>.
The Fig. 4 represents the printed prototype in which the right
side belongs to the bottom view and the left side belongs to
the top view. Table 1 intensifies the parameters used in this
design.

The SIW cavity is cylindrical in nature, so the design frequency
and working principle can be calculated from the solution of the

https://doi.org/10.1017/51759078725102286 Published online by Cambridge University Press
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Figure 11. S, for different values of width (W).

wave equation in a cylindrical cavity with few modifications due to
the discontinuous sidewall. If we neglect the leakage of the sidewall,
the resonant frequency of the TM,,,, mode of a cylindrical cavity,
having radius (a) and height (d), is represented in eq. 1 [18].

_ C an ? qm\?
ﬁ_znm\/(a> +(%) )

where X, tells the Py, zero of the ng, order Bessel function of the

first kind. For the fundamental TM;, mode, in the context of a

circular SIW cavity, the resonant frequency can be articulated as
2.405C

Joro = 21la\/1i,€,

2)
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Figure 12. S, for different values of first circle width
(Wy).
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Figure 13. S, for different values of octagonal slot
width (W,).

The frequency of resonance achieved is calculated to be 3.2 GHz
when the parameter a (representing the radius of the cavity) is
assigned a value of 18.15 mm. The diameter (d) and spacing (s)
between the adjacent metallic via are two key parameters of the
SIW of the metallic via is represented in eq. 3 [2, 8].

Ag
dégandSQZd (3)
The reflection coefficient of the proposed design for different
stages is represented in Fig. 5 over the frequency range 3 to 6 GHz.
Final proposed antenna as good accuracy comparing with all the
stages and resonates at 3.57 GHz, 4.41 GHz and 5.43 GHz respec-
tively. The S;; of the proposed antenna is shown in Fig. 6 over
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the frequency range 3 to 6 GHz and it is operated in three fre-
quencies i.e. 3.57 GHz, 4.41 GHz, 5.43 GHz and their S,; values
are — 23.66 dB — 25.44 dB, — 16.10 dB. The operating bandwidth of
the proposed design is 110 MHz at 3.57 GHz resonant frequency
(3.52 GHz to 3.63 GHz), 100 MHz at 4.41 GHz resonant frequency
(4.36 GHz to 4.46 GHz), 150 MHz at 5.43 GHz resonant frequency
(5.35 to 5.50 GHz) concerning — 10 dB baseline and well suited to
operate in WLAN, Wi-MAX, Wi-Fi, radar systems and sub-GHz
5 G Applications.

The Fig. 7 represents the VSWR of the proposed design and
produces three resonant frequencies 3.57 GHz, 4.41 GHz and
5.43 GHz respectively, has VSWR of 1.141, 1.118 and 1.367. The
VSWR results (2:1 ratio) matched with S;; result. The paramet-
ric variation of SIW Width S, result is revealed in Fig. 8 over
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the range of frequencies 3 to 6 GHz. The three values are taken
for analysing the performance of the S;; and those are 20.5 mm,
21 mm, 21.5 mm, represented by green, red and blue colours.
The change in SIW width will affect the accuracy and resonant
frequency. The best value chosen is 21 mm and has better accu-
racy and operated in three frequencies 3.57 GHz, 4.41 GHz and
5.43 GHz.

The parametric variation of bottom side rectangular slot width
Si; result is revealed in Fig. 9 over the range of frequencies 3 to
6 GHz. The three values are taken for analysing the performance
of the S;; and those are 0.4 mm, 0.5 mm, 0.6 mm, represented by
green, red and blue colours. The change in bottom side rectangular
slot width will affect the change in second resonant frequency. The
best value chosen is 0.5 mm.

https://doi.org/10.1017/51759078725102286 Published online by Cambridge University Press

The parametric variation of strip length (L) S;; result is
revealed in Fig. 10 over the range of frequencies 3 to 6 GHz. The
three values are taken for analysing the performance of the S,
and those are 4.1 mm, 4.3 mm, 4.5 mm, represented by green, red
and blue colours. The accuracy was found to be varied by chang-
ing L, were observed at all three resonant frequencies and the
best value chosen is 4.3 mm. The parametric variation of substrate
width (W) S;; result is revealed in Fig. 11 over the range of fre-
quencies 3 to 6 GHz. The three values are taken for analysing the
performance of the S;; and those are 26 mm, 27 mm, 28 mm, rep-
resented by green, red and blue colours. There is a drastic change
in the accuracy, resonant frequencies while changing the width of
SIW(W) and also found that increasing the W will increase the
accuracy as well as resonant frequency moving toward left that
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is decreasing the resonant frequencies and the best value chosen
is 27 mm.

The parametric variation of first circle width (W,) S;; result is
revealed in Fig. 12 over the range of frequencies 3 to 6 GHz. The
three values are taken for analysing the performance of the S;;
and those are 0.4 mm, 0.5 mm, 0.6 mm, represented by green, red
and blue colours. The accuracy was found to be varied by chang-
ing W, were observed at all three resonant frequencies and also
found variations in first resonant frequency. The best value chosen
is 0.5 mm.

The parametric variation of octagonal circle width (W,) S,
result is revealed in Fig. 13 over the range of frequencies 3 to 6 GHz.
The three values are taken for analysing the performance of the S,
and those are 0.4 mm, 0.5 mm, 0.6 mm, represented by green, red

https://doi.org/10.1017/51759078725102286 Published online by Cambridge University Press
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Figure 17. S, for different values of extended
substrate length (Wy).

and blue colours. The accuracy was found to be varied by chang-
ing W, were observed at all three resonant frequencies and the best
value chosen is 0.5 mm. The parametric variation of second circle
slot width S;; result is revealed in Fig. 14 over the range of fre-
quencies 3 to 6 GHz. The three values are taken for analysing the
performance of the S,; and those are 0.4 mm, 0.5 mm, 0.6 mm, rep-
resented by green, red and blue colours. The accuracy was found
to be varied by changing W were observed at all three resonant
frequencies and the best value chosen is 0.5 mm.

The parametric variation of insert feed width S;; result is
revealed in Fig. 15 over the range of frequencies 3 to 6 GHz. The
three values are taken for analysing the performance of the S;; and
those are 0.7 mm, 0.75 mm, 0.8 mm, represented by green, red and
blue colours. The accuracy was found to be varied by changing Ws
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were observed at all three resonant frequencies and the best value
chosen is 0.75 mm.

The parametric variation of extended substrate width (W)
width S, resultis revealed in Fig. 16 over the range of frequencies 3
to 6 GHz. The three values are taken for analysing the performance
of the S;; and those are 2.5 mm, 3.0 mm, 3.5 mm, represented by
green, red and blue colours. The accuracy was found to be varied by
changing W, were observed at all three resonant frequencies and
also observed variations in third resonant frequency and the best
value chosen is 3.0 mm.

The parametric variation of extended substrate width (Wy)
width S;; result is revealed in Fig. 17 over the range of frequencies 3
to 6 GHz. The three values are taken for analysing the performance

https://doi.org/10.1017/51759078725102286 Published online by Cambridge University Press
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Figure 19. S, for different microstrip feed width (Wy).

of the S;; and those are 0.5 mm, 1.0 mm, 1.5 mm, represented by
green, red and blue colours. The accuracy was found to be varied by
changing W, were observed at all three resonant frequencies and
also observed variations in second and third resonant frequency
and the best value chosen is 1.0 mm.

The parametric variation of microstrip feed length S;; result
is revealed in Fig. 18 over the range of frequencies 3 to 6 GHz.
The three values are taken for analysing the performance of the
S1; and those are 11 mm,11.5 mm, 12 mm, represented by green,
red and blue colours. The accuracy was found to be increased
by the feed length with few variations were observed at sec-
ond and third resonant frequency and the best value chosen is
11.5 mm.
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Figure 21. Surface Current. A. 3.57 GHz b. 4.41 GHz. C. 5.43 GHz.

The parametric variation of the microstrip feed width S;; result
is revealed in Fig. 19 over the range 3 to 6 GHz. The three val-
ues are taken for analysing the performance of the S;; and those
are 1.5 mm,1.6 mm, 1.7 mm, represented using different colours
those are green, red and blue colour. The accuracy was found to
be increased by the feed width with few variations observed at the
first and second resonant frequency and the best value chosen is
1.6 mm.

The reflection coeflicient for different values of back side slot
width (Wy) is shown in Fig. 20 and three values are chosen to
fix the best value of Wy, which are 17 mm, 17.5 mm and 18 mm
respectively. The change in Wy, will affect the antennas second res-
onant frequency and also accuracy of the first and third resonant
frequency. As Wy, is increasing second frequency moving to left
side and it is improving reflection coeflicient. Hence, the optimistic
value chosen Wy, is 17.5 mm. The surface current of the antenna
is shown in Fig. 21 where Fig. 21a, 21b and 21c portray the sur-
face current of the antenna operated at 3.57 GHz, 4.41 GHz and
5.43 GHz respectively. At, 3.57 GHz the current is more on the
patch, at 4.41 GHz the current is more at the octagonal slot and

https://doi.org/10.1017/51759078725102286 Published online by Cambridge University Press

Frequency (GHz)

at 5.43 GHz, the surface current is more at the octagonal slot and
outer circular slot. In all three frequencies, the current flow is high
at the top of the feed point.

The Fig. 22 shows that the comparison of S, in terms of simu-
lated and measured results and as observed compromised results.
There is a slight deviation at resonant frequency at 5.6 GHz due to
little bit deviations occurred while etching, filling the copper in the
holes of the antenna. The measured antenna resonates at 3.57 GHz,
4.41 GHz and 5.6 GHz and their S,; values are — 23 dB, — 26 dB
and — 15 dB.

1 X 2 MIMO antenna

A 1 x 2 MIMO antenna was realized by co-locating a CQMSIW
loaded with quarter part octagonal, two-quarter circle on the
dielectric substrate. The two radiating elements were arranged in
180" phase differences as shown in Fig. 23 with a gap distance of
G,, where the left side structure describes the top view and right-
side structure describes bottom view of the structure. The top and
bottom views of the fabricated prototype are shown in Fig. 24, and
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Figure 24. Fabricated Prototype.

Figure 25. Measurement of proposed design using VNA and anechoic chamber.
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Figure 27. S,, values for different values of G,

their dimensions are 54 mm x 33.5 mm x 1.6 mm. The Fig. 25 shows
the measured photographs of the antenna where left side indicates
VNA setup and right side indicates anechoic chamber.

The S-Parameter of the 1 x 2 MIMO antenna is shown in Fig.
26 over the frequency range 3 to 6 GHz. The 1 x 2 is arranged in a
symmetric Configuration hence, the S;; and S,,, S;, and S,; result
are equal. The isolation between the ports is less than (< —15 dB)
in simulation results.

The S, result for different values of G, are reported in Fig.
27. The three different values are chosen to evaluate the best iso-
lation value of the 1 x 2 array. It is observed that increasing
Gp will give better isolation results affecting the accuracy of the
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reflection coefficient. From the iteration, the best value chosen is
0 mm.

The comparison of simulation measured S;,/S;, results are
revealed in Fig. 28. The S;; results are observed that almost same
results in-terms of simulation, measured results except third res-
onant frequency with respect to —10 dB reference line. The small
result fluctuations occurred due to etching the slot. Copper filled
in the vias during the fabrication process. There is a compro-
mised results observed in isolation between the ports and the
values is less than —15 dB in all the operating frequency band. The
Fig. 29 represents the comparison of simulation, measured results
in terms of cross and co polarization of the proposed antenna.
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Figure 29. Co and Cross polarization.

The Fig. 29a, Fig. 29b and Fig. 29c shows that E-field and H-
field pattern of the proposed antenna at three frequencies those
are 3.57 GHz, 4.41 GHz and 5.5 GHz respectively. There is close
match between the patterns is observed and radiates bi-directional
radiation pattern and well suited the all-commercial wireless
applications.

The surface current of the 1 x 2 MIMO antenna is shown in
Fig. 30, which portrays the antenna surface current operated at
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3.57 GHz, 4.41 GHz and 5.43 GHz respectively. At 3.57 GHz, the
current is more on patch in the portl and port2; at 4.41 GHz the
current is more at the octagonal slot in the portl and port2 and
at 5.43 GHz the surface current is more at the octagonal slot and
outer circular slot in the portl and port2. In all three frequen-
cies, the current flow is high at the top of the feed point. The Fig.
31 shows the comparison of gain results where blue colour indi-
cates simulated results and red colour indicate measured results.
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The simulated, measured gain values are 4.98dBi, 5.092 dBi, at
3.57 GHz resonant frequency, 4.6dBi, 4.51dBi at 4.41 GHz resonant
frequency and 3.06dBi, 3.075dBi at 5.5 GHz resonant frequency.
The average gain value is around 4.5dBi in both cases that is sim-
ulation, measured results and well suited operate the applications
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6.0

Figure 31. Gian in dB.

like WLAN, WiMAX, Sub 6-GHz, Wi-Fi and fixed wireless access
etc.,

The efficiencies of the proposed antenna are represented in Fig.
32 and the blue colour, red colour are indicating radiation and total
efficiency. The radiation, total efficiency values are 78%, 76% at


https://doi.org/10.1017/S1759078725102286

16

100 L | L 1 1 1 i 1

V. Shiva Prasad Nayak and K. Manjunathachari

Radiation Efficiency
i Total Efficiency

90 4

80

70

Efficiency (%)

Top View

Bottomview

60
50 : T 2 T T T T T T T
3.0 3.5 4.0 4.5 5.0 5.5 6.0
Frequency (GHZ) Figure 32. Efficiencies of the antenna.
. Gp
_~Decoupling Stub —
. ° ® HH .
© ° s |1 &, ;
° ° ® ., ®
L] L) g i L/
° ° ° " °
o ° N ' e
* L A 'K °
o % o H “s
° y ..'o o'.. ' ..'0
e L) *® X e
'
"
L)
HH

Figure 33. 1 x 2 MIMO antenna with decoupling stub.

3.57 resonant frequency, 81.02%, 71.5% at 4.41 GHz resonant fre-
quency and 74.1%, 72.89% at 5.43 GHz resonant frequency. This
is well suited to operate a wireless application like sub 6 GHz 5 G
Applications.

Improvement of isolation at 3.5 ghz

The isolation between the portsis — 15 dB at 3.57 GHz resonant fre-
quency and introduces stub between ports to improve the isolation
[14] and as represented in Fig. 33. Figure 34 represents the compar-
ison of the S;,/S,; results with and without stub and as observing
there is an improvement in S,, results and observed good isola-
tion that is less than — 20 dB at first resonant frequency and also
observed small variations at other resonant frequencies also.

MIMO Parameters

The ECC, DG and MEG parameters are general parameters to val-
idate the MIMO antenna and their measured result is discussed in
preceding sections
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Envelope correlation coefficient (Ecc)

The quantity of similarity between the antenna ports with respect
to radiated signals is notated as ECC. It computes the similarity
or correlation and similarity of the signal envelopes other than the
magnitude or phase of signals themselves [14-16].

The ECC value is represented in equation 4 and the ideal value is
zero but in practical situations, the tolerable value of ECC is below
0.5. The comparison of simulation measured 1 x 2 MIMO array
ECC is shown in Fig. 35 and observed close match at operating fre-
quency band. From the Fig. 35, observed that ECC value is less than
0.0001 for all the operating frequencies with respect to simulation,
measured results.

- .12
S11812 + 82,8
ECC — 11912 T 922921 (4)

(1= 1802l = 82l") (1= (812l — [82I")

Diversity gain (Dg)

DG is another essential feature to evaluate the performance of the
MIMO antenna and is expressed in terms of ECC as represented
in the equation 5 [14-16]. If the DG is 10 dB, the SNR or BER will
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increase by tenfold equated to a single-antenna system. Figure 36
represent the 1 x 2 HM-SIW based MIMO antenna simulation,
measured results and observed close match between simulation,
measured results. The DG value is more than 9.995 dB across the
operating frequency band.

The proposed antenna has been proven to be effective in
combating fading, with less interference and other impairments,
reliability, leading to improved signal quality, and overall system
performance. The DG and ECC are correlated to each other in
an inversely proportional relation, indicating that and that indi-
cates decreasing ECC will increase the value of diversity gain
(10, 11].
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5.5 6.0

Figure 35. Frequency Vs ECC.

DG =10v1 — ECC (5)

Mean effective gain (meg)

This is used to measure the gain of the antenna in a desired direc-
tion ranging from — 3 dB < MEG < -12 dB [14-16]. The formula
is used to find the MEG is in equation 6. Figure 37 represents
the MEG between the ports and observed that it lies under the
value -3 dB to —4 dB over the operating frequency band and
also observed close match between simulation, measured results
at every operating frequency. The ratio of MEG1/MEG2 is equal
to 1 due to symmetry deign used in the proposed MIMO design
(811 =85 &Sy =Spn).
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Where,
2 2
Pii P
Channel capacity loss (Ccl) pi=1— <\S,—,-|2 + \S,-jlz) 9)
Another parameter of to evaluate the performance of MIMO
antenna, which tells us the loss occurred during channel. The , 5
acceptable value is less than 0.4bits/sec and the equation 7 repre- pjj=1— (|Sjj| + 18| ) (10)
sents the formulae of CCL
CCL = —log, det (%) ?) @i =1—(8;*S; +5; *S;) (11)
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Table 2. Comparison of the proposed work with similar literature
Resonant
Techniques Frequency
Ref No. Size (mm?3) No. of Ports used (GHz) Gain in (dBi) Isolation ECC DG
[19] 67.5 x 45x 1.6 2 HMSIW 3.51 5.2 <-15dB <0.006 9.95
[20] 21.5 x43x 1.6 2 Elliptical patch 3.5 2.36 <-15dB <0.006 9.998
[21] 31x55x1.6 2 Frog shaped 3.5 <-15dB <0.006 9.96
patch
[22] 15x15x 6 2 T-shaped 3.5/5 3 <-15dB <0.01 9.6
monopole and
T-shaped slot
[23] 45 x45x 1.59 2 Defected L 3.7/4.8 5.8 <-15dB <0.03 9.95
shaped strip
and T shaped
stub
Proposed 54 x 33.5 x1.6 2 Circular 3.57/4.4/5.4 4.98/4.6/3.1 < -20dB < 0.001 9.995
Work shaped QMSIW

load with slots

p=1-— (S * Sij+ S * Sii) (12)

The comparison of simulation measured results of CCL as
shown in Fig. 38 and observed close match results at every oper-
ating frequency. The CCL value is less than 0.3 bits/sec at every
operating frequency.

Table 2 represents the comparison of the proposed 1 x 2 MIMO
QMSIW antenna with similar literature in terms of size, tech-
nique used in the design, operating bands, number of elements,
gain in dBi, efficiency, ECC, DG. The results show that the pro-
posed antenna has achieved moderate gain, size miniaturization,
broad bandwidth and good efficiency as compared to existing lit-
erature and also observed acceptable MIMO parameters for better
isolation.
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Conclusion

The quarter mode circle shaped SIW 1 x 2 MIMO antenna loaded
quarter two circular slots, octagonal slot in top view and the rect-
angular slot in bottom view has been introduced for tri-band sub
6 GHz applications. The microstrip feed with 50 ohms impedance
is used; the dimensions are 54 mm x 33.5 mm x 1.6 mm. The sim-
ulated using EM tool, FR-4 material is used for printing the design
with a height of 1.6 mm, measured and validated by comparing
both simulations and measured results. The 1 x 2 MIMO array has
good isolation between the ports that is < — 15 dB. The gain of
the antenna is 4.98dBi at 3.57 GHz, 4.6dBi at 4.41 GHz, 3.06dBi at
4.9 GHz, stable radiation patterns at all resonant frequency and well
suited to operate wireless applications. The ECC value is < 0.0001,
MEG value is lies between — 3 dB to — 4 dB and the DG is around
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9.95 dB, which shows that MIMO antenna has maintained good
radiation between radiating elements.
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