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Abstract
For forthcoming wireless applications, a small and highly decoupled complementary split ring
resonators (CSRR)–loaded co-planar waveguide (CPW)–fed antenna for dual-band applica-
tions is investigated. The low-profile antenna consists of a CSRR-loaded rectangular radiating
element with a truncated bottom, giving a wideband performance over the frequency ranges
of 5.28–5.52 GHz and 6–7.2 GHz. The antenna has been printed on a widely used FR4 sub-
strate measuring 7.5 × 10.5 × 1.6 mm3 in volume. This research’s suggested antenna is turned
into a 4 × 4 multi input multi output (MIMO) construction using a 25 × 25 mm2 printed
circuit board. Individual antennas were isolated by nearly 20 dB without using a decoupling
device. The antenna has been built, and the measured and simulated results correspond well.
Computing envelope correlation coefficient (ECC), channel capacity (CC), and channel capac-
ity loss (CCL) further validates the antenna’s performance (−).The antenna has an overall gain
of around 2.54 dBi and a radiation efficiency of approximately 89% throughout the relevant
spectral range, which is much better for wireless applications. The suggested antenna’s omni-
directional emission pattern makes it a potential contender for future wireless and cellular
applications.

Introduction

Wireless communication has grown nearly linearly since the start of the 21st century. The
vehicle-to-vehicle communication, autonomous vehicles, and health care applications are
examples of mobile communication systems that are regarded as industry standards. Wi-Fi
or Bluetooth networks, GPS, satellite communication, and other technologies serve as various
foundations for modern wireless communication systems. In an effort to fit as many operations
into a single device as feasible, researchers and engineers have a propensity tomergemany tasks
into one. This is done to create devices that are both compact and clever. It is inconceivable to
imagine a wireless communication system without an antenna. So, antennas need to be made
in a way that lets them work well for many different applications at the same time. Because of
this pattern, there has been a big rise in interest in multiband or broadband printed antennas in
the last few years. Since multiband antennas can keep their different frequencies from interfer-
ing with each other, the front end of a system that uses them can be made simpler. Traditional
ways to get multiband frequency response include stacking patches, using antennas with defec-
tive ground planes [1–5], making slots in patches [6–8], and using fractal configuration, among
other things. In multilayer patch antennas, radiating elements at the bottom are fed, while all
other patches work as “parasitic patches.”This makes the connection between the two resonant
patches weak, which lets them work at two different frequencies. Long and Walter [9] were the
first scientists to talk about the results of experiments with this kind of setup.The biggest prob-
lem with this kind of layout is that it might be hard to get all of the layers to line up right. The
layout of parasite patches is also a big problem that needs to be solved. Adding a slot to the patch
is another option that could be used to reach the goal of getting multiple frequency bands. Most
of the time, the resonance frequency of slots is different from that of the patch. Adding a slot
could cause an extra resonance to happen. The latest trend in building multiband patch anten-
nas is to use fractal geometry. Fractal patch antennas can use many different fractal shapes to
get the best performance.

In the past, many multi input multi output (MIMO) antenna systems with a single band
[10–17] and dual band [18] were made for a wide range of wireless uses: a wideband MIMO
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Figure 1. (a) Structure of Single antenna element,
(b) Schematic representation of proposed CPW
antenna, (c) structure of CSRR.

antenna for wireless LAN applications [19], two concentric slot-
based MIMO for 4G/5G mobile phones [20], complementary split
ring resonators (CSRR)–loadedmultiband antennas with high iso-
lation and higher order mode suppression [21, 22]. Compared to
the standard patch antennas, these designs are smaller and can
work over a wider range of frequencies. The biggest problem with
fractal geometries is that it might be hard to make the complicated
shapes with a lot of accuracy. Using metamaterials is a better way
to make patch antennas that can work with more than one band.
Researchers from different places have come up with different
models for multiband patch antennas that are based on metamate-
rials. presents a study in which the authorsAn introductory phrase
seems to be missing in the sentence “presents a study in which the
authors put split ring resonators on a printed dipole (SRR). In [23],
the authors showed a different way to make multiple resonance
patch antennas with split ring resonator printed over top of the
antennas. Onemore report of amultiband dipole wasmade in [24].
The authors used CSRR to make multiband work. In [25], a CLRH
transmission line–based antenna is suggested. Depending on how
it is being used, it can vibrate at different frequencies. Within the
scope of this study, a new way to make multiband antennas is pro-
posed by putting metamaterial CSRR into the antenna’s structure.
A patch antenna with CSRR on it is held up by the ground plane.
This is what the antenna is made out of. CSRRs can make more
than one resonant frequency, depending on how big they are and
how far apart they are. There are three bands on this antenna, and
two of them can be used for wireless local area networks and fixed
satellite services.

Here, we have presented aminiaturized four-port CSRR-loaded
MIMO antenna for 5.5 and 6.5 GHz applications. The con-
text of the article is broken into four phases. Phase 1 discusses
designmethodology and analysis with constructional details of the

Table 1. Various dimensional parameters of proposed antenna.

Parameters L W L1 W1 L2 W2 L3 W3

Values (mm) 25 25 10.435 7.5 3.3 2.64 1.02 1.4

L4 W4 L5 W5 L6 W6 L7 W7 L8 L9

4.2 2.03 4.9 4 3 2.5 2 0.15 0.245 0.245

antenna. Various simulated results including S-parameters, para-
metric study, current distribution, and polarization diversity have
been explained in detail in Phase II of the paper. Then Phase
III focuses on measured results with fabricated prototype of the
proposedMIMO antenna. Finally, variousMIMOparameters have
been taken into account and analyzed in detail with suitable graphs
in Phase IV.

Main contributions of this research could be stated as follows:

1. A miniaturized dual-band MIMO antenna presented with
overall size 25 × 25mm2, which is significantly small and highly
suitable for IoT applications.

2. Individual antenna contributes to total area of size
10.485 × 7.5 mm2, with wideband operations ranging from 6.1
to 6.9 GHz (second band).

3. With this small volume of size, the proposed antenna is able to
offer substantial isolation better than 25 dB, thereby enhancing
other overall MIMO performance.

4. In addition, a decouplingmechanismhas not been included and
because of this, the general configuration of the antenna has
been kept as simple as possible.

5. Polarization diversity has been achieved after placing antenna
elements over different corners of the substrate.
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Figure 2. (a) Sii of Antenna 1-4, (b) Sij of 4-port CSRR loaded antenna.

Figure 3. Evolution of 4-port CSRR loaded antenna.

Design and investigation of MIMO antenna

The proposed four-port CSRR-loaded wideband truncated
co-planar waveguide (CPW) antenna for dual-band applications
is illustrated in Fig. 1(a). The proposed four-port truncated
antenna is designed on 25 × 25 mm2 widely used FR4 substrate
with thickness 1.6 mm. As the proposed antenna employs CPW
structure, the ground plane has been printed on top side of the
substrate with dimension 2.64 × 3.3 mm2. The proposed antenna
consists of truncated rectangular radiator of size 7.5 × 5.47 mm2,
which is fed by 1.4 × 4.98 mm2-sized feeding element. At the
center of the truncated radiator, rectangular-shaped CSRR slot is
etched to produce additional resonance. Structure and dimension
detail of the four-port antenna are illustrated in Fig. 1(a), and
constructional details of Antenna 1 is depicted in Fig. 1(b).

All CSRR-loaded antennas are positioned at four corners of the
substrate in order to achieve high isolation and pattern diversity
features. The dimensional details of CSRR structure are depicted
in Fig. 1(c). CSRR structure ismade up of rectangular strip of width
1 mm with outer and inner square ring area of L6 × W5 mm2 and

L7 × W6 mm2, respectively. Both the outer and inner rings have
space at edges of size W7 mm. Table 1 listed the values of various
dimensions of the single-element truncated Wi-Fi 6E antenna ele-
ments. All dimensions have been finalized after performing para-
metric analysis usingKeysight’sAdvancedDesign SystemSoftware.
All the values given in Table 1 measures in millimeters.

It is observed that all the antenna elements in the MIMO sys-
tem cover dual-band frequency spectrum spanning from 5.28 to
5.52 GHz and 6.1 to 6.9 GHz, respectively, over 10 dB impedance
bandwidth as shown in Fig. 2(a). On the other hand, transmis-
sion coefficient of four-port antenna system is shown in Fig. 2(b).
Isolation among antenna system is achieved up to 12.5 dB by plac-
ing each antenna in orthogonal fashion. One more advantage with
orthogonal placement is that it is not necessary to concentrate on
decoupling mechanism.

Evolution stages of the proposed antenna is illustrated in Fig. 3.
Initially, the proposed antenna consists of a rectangular element
as main radiator named here as Reference Antenna 1. As depicted
in Fig. 4, Reference Antenna 1 has single-band resonance ranging
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Figure 4. Reflection Co-Efficient of Evolution stages.

from 5.8 to 7 GHz over 10 dB impedance bandwidth. The bottom
edges of the Reference Antenna 1 has been truncated as shown in
Fig. 3 (Reference Antenna 2), which improves impedance match-
ing beyond 25 dB with same frequency of operation as Reference
Antenna 1. CSRR structure has been incorporated as slot at the
center of Reference Antenna 2 to get additional resonance at
5.3–5.6 GHz with reflection coefficient less than 10 dB.

Parametric analysis

When L4 = 3.2 as a result of L4’s impact on the frequency of oper-
ation at the intended spectrum, changes have been seen in both
bands as illustrated in Fig. 5(a). It should come as no surprise that as
the length of the antenna rose, the frequency of operation dropped.
Similar responses were seen when the feed length (L5) was grad-
ually increased from 3.9 to 5.9 mm in increments of 1 mm. On
the other hand, the impedance matching of the antenna in dual-
band response is determined, as illustrated in Fig. 5(b), by the feed
length.

Finally, the length of the ground plane (L2) is changed from
1.3 to 4.3 mm, and it is seen that when L2 is decreased, both the
lower band responses and the higher band responses are entirely
impaired as shown in Fig. 5(c). Surface current visualizations
demonstrate the unique roles played by various CSRRs in rela-
tion to various resonances. For low frequency band, maximum
current distribution is observed over top edge of radiating patch
along with edges of CSRR as shown in Fig. 6(a). However, at
6.5 GHz, the overall length of electrical path is completely shrunk
by attaining maximum current only around inner edge of CSRR
as shown in Fig. 6(b). When Antenna 1 is excited, the surface
current distributions are as shown in Fig. 7(a) and (b), respec-
tively, at frequencies of 5.5 and 6.5 GHz. It is clear that when
antenna 1 is stimulated, the other antennas are virtually entirely
isolated, which results in an improvement in isolation ofmore than
20 dB.

A simulated three-dimensional radiation pattern is shown in
Figure 8. This pattern contributes to an understanding of the
polarization variety. When Antenna 1 (aligned on the x-axis) is
triggered, the greatest amount of radiation travels in the direc-
tion of +y for both bands. However, when Antenna 2 (aligned
on the y-axis) is stimulated for both bands, the highest radiation

Figure 5. Parametric Study on parameters (a) L4, (b) L5, (c) L2.

occurs in the positive x direction.The same scenario is observed for
Antenna 3 and Antenna 4 as well. Therefore, polarization diversity
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Figure 6. Surface Current distribution of Antenna 1 at
(a) 5.5 GHz, (b) 6.5 GHz.

Figure 7. Current distribution of MIMO antenna at (a) 5.5 GHz,
(b) 6.5 GHz.

Figure 8. 3-D Radiation pattern of Proposed antenna.

may be accomplished by positioning the antennas in amanner that
is distinct from one another relative to one another, which results
in improved isolation.

Measured results and discussions

It has been successfully accomplished to manufacture the
prototype of the suggested four-port CSRR-loaded truncated
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Figure 9. Fabricated prototype of CSRR loaded MIMO
antenna.

antenna, and it has been successfully accomplished to test the
usual antenna parameters in practice. Both the top and bottom
views of the manufactured antenna are shown in Fig. 9. During
measurements, 50-ohm terminator is used at all SMA connectors
except at the antenna for which measurement is to be carried out.
Using Keysight’s Firefox Network Analyzer, S-parameters, also
known as reflection and transmission coefficient, are measured
and displayed in the manner seen in Fig. 10(a) and (b). It is
profusely clear that the findings of the measurements have a
strong correlation with the results of the simulations, which
encompass two desirable bands of operations. There is often very
little fluctuation in the findings of the measurements, and this
is typically because of variations in the dielectric constant of the
substrate as well as conducting losses caused by the effects of
soldering.

Two-dimensional radiation pattern of CSRR-loaded antenna is
presented as shown in Fig. 11(a–d) at 5.5 and 6.5 GHz for phi = 0∘

and phi = 90∘. It shows that the proposed antenna yields bidirec-
tional radiation pattern for co-polarization of both the resonance
and achieves cross-polarization less than 30 dB for required bands
of operation. Furthermore, it is noticed that both simulated and
measured patterns are well correlated with each other.

Figure 12 demonstrates that the CSRR-loaded antenna obtains
a significant gain of roughly 2–2.3 dB across the operational
bandwidth. This demonstrates that the suggested antenna is very
appropriate for future wireless applications.

MIMO performance

When it comes to determining how isolated one channel is from
the others in a communication systemwith several channels, enve-
lope correlation coefficient (ECC) is a crucial statistic to use.When
the value is lowered, the antenna demonstrates a betterMIMOper-
formance. The ECCs that were generated in order to assess the
performance of the proposed MIMO antenna using the observed
S-parameters and equation (1) are shown in Fig. 13(a).

ECC =
∣Smm*Smn + Snm*Snn∣2

(1 − |Smm|2 − |Smn|2) (1 − |Snm|2 − |Snn|2)
. (1)

All of the ECC values in the frequency ranges that are accept-
able are lower than 0.035 as shown in Fig. 13(a), which indicates
that the performance is rather satisfactory overall.When compared

Figure 10. Measured (a) Reflection Co-Efficient, (b) Transmission Co-Efficient.

to a single antenna, the signal-to-noise ratio of the system may be
improved with the use of diversity scenario, which is provided by a
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Figure 11. Two-Dimensional Radiation Pattern of antenna 1.

Figure 12. Gain of the proposed antenna.

MIMO antenna. The diversity gain (DG) is a measure that may be
used to determine the level of improvement in the signal-to-noise
ratio. The answer to the question of how to ascertain the outcome

of DG’s calculation using ECC may be found in equation (2) and
plotted in Fig. 13(b).

Diversity Gain (i, j) = √1 − ECCi,j (2)

In addition to this, we analyze the channel capacity loss (CCL),
which is often referred to as CLL of the MIMO antenna. CLL is
an essential data transmission rate parameter that is computed
mathematically using equation (3).

Channel Loss (CL) = − log2 det (𝜑R ) (3)

𝜑R = ⎡
⎢
⎣

p11 ⋯ p14
⋮ ⋱ ⋮
p41 ⋯ p44

⎤
⎥
⎦

(4)

where
pii = 1 − ((Sii2) + (Sij2))

pij = − (Sii*Sij + Sji*Sjj) for i, j = 1,2,…,4.

The calculated and observed CCL of the suggested antenna is
shown in Fig. 13(d). The whole spectrum maintains an acceptable
CLL value of less than 0.4 bits/sec/Hz, which is consistent with the
results of CLL simulations and guarantees adequate data transmis-
sion rates in MIMO systems. Furthermore, channel capacity (CC)
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Figure 13. (a) Envelope Correlation Co-efficient, (b) Diversity Gain, (c) Calculated Channel Capacity Loss, (d) Channel Capacity.

is an important parameter to be calculated to validate the MIMO
performance. Therefore, CC has been calculated from simulated
efficiencies of individual antenna elements by considering 20 dB
signal-to-noise ratio environment.

For ideal single input single output antenna, CC is around 5.57
bps/Hz, whereas for ideal 4 × 4 MIMO antenna, it is around 22.28
bps/Hz. It is calculated that CC for the proposed CSRR-loaded
four-port antenna is around 16.68 bps/Hz over required band of
operation as illustrated in Fig. 13(d). In conclusion, it is evident
that the constructed antenna beats all essential MIMO measures,
such as ECC, DG, CLL, and CC.

A detailed comparison is provided in Table 2 to evaluate how
the proposed antenna stands apart from other MIMO antennas
discussed in the literature. A total of six features have been taken
into account and compared with existing antennas. It has appar-
ently been shown that the overall dimension of the proposed
antenna is very small in comparison with other antennas. Our
antenna occupies a total area of 25 × 25 mm2, with an individual
antenna size of 10.485 × 7.5 mm2, which is significantly smaller
than any other antenna in the literature. It is obvious that isola-
tion is themajor concernwhile designingMIMOantennas because

the distance between antenna elements should be as great as pos-
sible. The greater the separation between antenna elements, the
better the isolation, and vice versa. Even after placing antenna ele-
ments in a small area, the proposed MIMO antenna is still able to
offer isolation better than 25 dB. In addition to that, no decou-
pling mechanism has been incorporated for enhancing isolation.
Then, most of the antennas described in the literature are able to
offer single-band operation, whereas the proposed CSRR-loaded
antenna provides dual-band resonance at 5.5 and 6.5GHz.Thepro-
posed MIMO antenna has ECCs less than 0.1 and an overall gain
of around 2.5 dB in the desired band of operation.The above com-
parison enables us to understand how the antenna presented in this
work stands out from other works in the literature.

Conclusion

A very compact CSRR-loaded four-port antenna for dual band
(5.5/6.5 GHz) applications has been successfully investigated. The
major advantage of the proposed antenna is found on its overall
reduced dimension of size 25 × 25 mm2 with enhanced isola-
tion beyond 25 dB. The antenna design process is explained in
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Table 2. Performance measure of proposed MIMO antenna with existing antennas.

S. No.

MIMO
antenna
size

MIMO antenna
size in terms of
wavelength (𝜆)

Individual
antenna

size (mm2)

Individual
antenna size
in terms of

wavelength (𝜆)
Isolation
(dB)

Operating
frequency (GHz)

Dual band
achieved ECC Gain (dB)

[10] 60 × 90 0.49𝜆 × 0.735𝜆 17 × 21 0.138𝜆 × 0.1715𝜆 18 2.45 No NA 0.55

[11] 100 × 50 0.816𝜆 × 0.408𝜆 18 × 14 0.147𝜆 × 0.1143𝜆 10 2.45 No NA NA

[12] 61 × 61 0.498𝜆 × 0.498𝜆 – – 28 2.45 No <0.3 3.8

[13] 60 × 60 0.49𝜆 × 0.498𝜆 – – 22 2.45 No <0.4 3.4

[14] 42 × 42 0.77𝜆 × 0.77𝜆 22 × 16 0.403𝜆 × 0.293𝜆 10 5.5 No NA 5

[15] 140 × 120 1.09𝜆 × 0.94𝜆 15.5 × 8 0.121𝜆 × 0.062𝜆 15 2.35 No NA NA

[17] 40 × 40 0.446𝜆 × 0.446𝜆 27 × 18 0.3015𝜆 × 0.201𝜆 10 3.35 No NA 7.9

[19] 50 × 50 0.408𝜆 × 0.408𝜆 – – 17.5 2.45 No <0.5 2.1

[20] 100 × 60 0.703𝜆 × 0.422𝜆 15 × 8 0.1055𝜆 × 0.056𝜆 NA 2.119 and 17.55 Yes 0.04 8

[21] 60 × 60 0.49𝜆 × 0.49𝜆 22 × 17 0.179𝜆 × 0.138𝜆 17 0.875, 1.75,
1.82, 2, 2.45

Yes <0.05 −2

[22] 52 × 52 0.676𝜆 × 0.676𝜆 20 × 20 0.26𝜆 × 0.26𝜆 20 3.4 and 3.9 Yes <0.5 6

Proposed 25 × 25 0.54𝜆 × 0.54𝜆 10.485 × 7.5 0.22𝜆 × 0.1625𝜆 25 5.5 and 6.5 Yes <0.1 2.2−2.5

detail with evolution stages of the antenna followed by paramet-
ric analysis. Increased isolation is achieved by placing all antenna
elements over different corner of FR4 substrate, thereby achieving
pattern diversity. In order to validate the performance, the pro-
posed antenna is fabricated and various parameters are measured,
which reveals that measured parameters are well correlated with
simulated results. Furthermore, MIMO parameters such as ECC,
CCL, DG, and CC have been computed from the simulated and
measured results. It is noticed that ECCs of MIMO antenna is
lower than 0.1 over the operating spectrums with CC loss below
0.4. Then, diversity gain around 9.5 dB is achieved with CC of
16.68 bps/Hz.The results clearly show that theMIMOantenna pre-
sented in this article could be a viable choice for various wireless
applications.

Competing interest. There is no conflict of interest between authors.
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