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A Compact Four-Element Modified Annular Ring Antenna
for 5G Applications

Chinnathambi Murugan* and Thandapani Kavitha

Abstract—The article presents a low-profile quad-port dual-band printed antenna designed for 5G
applications. The antenna is printed on a 58.6mm×58.6mm FR4 substrate with a thickness of 0.8mm.
It operates in the 5G spectrum between 3.3 and 3.8GHz, specifically in the n77 band, with a 10 dB
bandwidth impedance. This flexible operating range allows the antenna to cover future frequency
bands essential for 5G applications. The design of the antenna focuses on minimizing the distance
between antenna components, which results in a significant improvement in isolation performance,
greater than 14 dB. This improved isolation allows for a high radiation efficacy of 85% and an overall
gain of approximately 4.8 dBi over the operating range. To evaluate the Multiple-Input Multiple-Output
(MIMO) performance of the proposed antenna, the researchers developed additional MIMO metrics,
including channel capacity, the Envelope Correlation Coefficient (ECC), and Channel Capacity Loss
(CCL). These metrics help assess the antenna’s ability to handle multiple signals and maintain good
performance in MIMO systems. This study shows that the proposed antenna is suitable for a wide
range of applications operating over multiple frequency bands. This makes it a promising candidate
for 5G applications, as it covers the necessary frequency range and offers good MIMO performance.
The antenna’s low profile and compact size also make it suitable for various compact and portable 5G
devices.

1. INTRODUCTION

The development of technology prepares the way for the technologies of the next generation, which
will have considerable needs in terms of both capacity and mobility. This will be the case since the
development of technology paves the way. The preparation that is provided by the advancement of
technology will make this a possibility in the future. These applications have a need for a wide bandwidth
since they have to operate over a number of different frequency bands [1–3]. Cognitive Radio, often
known as CR, is an innovative strategy that is presently being developed with the intention of resolving
the problem of idle and under used airwaves [4]. This is because a significant chunk of the spectrum
is often not used to its full potential. By making use of the spectrum that is currently under utilised
by the primary user at that moment, CR is able to increase the efficiency of the spectrum and reduce
the danger that it will become crowded [5]. Because of this, it is able to control access to the spectrum
in a manner that is not only effective but also efficient for a broad variety of wireless applications.
The term “dynamic spectrum management” refers to another name for this method [6]. It is necessary
for the antennas that are used in a CR system to be organised in a Multiple-Input Multiple-Output
(MIMO) configuration. This is done so that the system’s dependability, data rates, and range can all
be improved. The use of cognitive radio devices that are underpinned by MIMO [7–9] makes it feasible
for users to establish reliable wireless connections with one another. This results in a very high degree
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of efficient use of the spectrum. In addition to this, it guarantees a high quality of service for a large
number of different wireless technologies, such as wireless local area networks (WLAN), 5G, and a big
number of other wireless technologies [10]. In recent years, there has been a meteoric rise in the number
of standards for wireless communication, one of which is the very powerful LTE system [11–18]. The
ability to compress an increasing number of functions into a single wireless device is the major driver
behind this trend. The other key factor is the miniaturisation of electronic components. Because there
is an inverse relationship between the antenna size and the frequency at which it functions, one of the
obstacles in the process of designing is to construct a miniature MIMO antenna system that is capable of
supporting numerous LTE bands. This is one of the challenges because there is an inverse link between
the antenna size and the frequency at which it operates. This is of utmost significance for the lower
frequency bands that have a range less than 1GHz, such as the LTE 700 band. In order to go forward,
this is one of the difficulties that has to be conquered first. With the assistance of cognitive radio and
MIMO [19–21], the Internet of Things (IoT) has gained popularity due to the vast use it has in a range of
sectors, such as the medicine, transportation, transportation, and tracking industries, amongst others.
This widespread application has contributed to its rise in popularity. As a direct result of this, the
rates of acceptance for technologies such as cognitive radio and multiple-input multiple-output (MIMO)
have grown. RFID takes use of very high frequency bands (ranging from 5.72GHz to 5.87GHz), very
high bandwidths (ranging from 840MHz to 960MHz), radio frequency and microwave ranges (ranging
from 2.4GHz to 2.48GHz), as well as other ranges of frequencies to varying degrees, depending on the
application [22]. The range of ultra-high bandwidths starts at 840MHz and goes up to 960MHz. An
intelligent RFID system should be compatible with a wide range of different wireless protocols, and its
antennas should be able to handle several bands and strands of communication simultaneously. These
two facets are equally significant portions of the whole. Because engineers have designed several antennas
for a wide variety of applications throughout the course of history, the complexity of the communication
networks has steadily risen over time. This is a direct cause of the rise in complexity. Because of the
miniaturisation of electronics, it is now required to create a large number of very tiny antennas on a
very small footprint. This is because footprints are becoming smaller and smaller. This is done to
accommodate the requirements of the newly developed technology. Despite their diminutive size, these
antennas should provide excellent performance over a wide range of frequency bands [3, 7]. On the
other hand, the fact that portable devices have gotten substantially more compact in size has resulted
in constraints that are significantly more stringent in terms of both efficacy and bandwidth than they
were in the past. There have been a number of distinct creative antenna designs designed for portable
devices, and these designs are now available. In particular, more recent editions of the LTE Standards
demand that the antenna performs throughout a broad frequency spectrum, which includes as low as
700MHz to as high as a few gigahertz [10, 13, 21, 22]; this range is referred to as the LTE Frequency
Range. The primary challenge is in the design of the antenna, which must take into account both the
high frequencies and low frequencies in order to function properly. This is because the antennas have
to be larger so as for them to perform efficiently at lower frequencies. Because of this, it is impractical
to use these antennas in portable electronics because of their size requirements. Additional difficulties
arise when the antenna parts are put on the same substrate. These difficulties include the coupling
between two antennas and current localization. This occurs anytime the various parts of the antenna
are assembled on a single substrate. When you merge the individual components of the antenna, you are
simultaneously confronted with two challenges. It is seen in [11–18] how MIMO antennas may be used
with the LTE standard. Because they are compatible with such a wide number of frequencies, these
antennas are ideal for the use with a wide variety of technologies, include 4G LTE, GSM 900, WLAN,
and others. This makes them very versatile in their use. The use of distributed grounding systems
(DGSs) and through holes in the aforementioned antennas have the effect of changing the impedance
matching of MIMO antennas, which subsequently in turn has an influence on the performance of the
antenna. This is one of the drawbacks associated with the design of antennas in such a manner. To
guarantee that there can be as little coupling as is physically feasible, the ground is stretched, and
slots are carved into it. This is done in order to meet the requirements. As additional branches and
ground extensions are added to the circuit, the complexity of the circuit rises, which also leads to the
introduction of parasitic resonances. It was shown in the research publications cited [23–31] that single-
input, single-output (SISO) designs had the potential to function as CR antennas. When it is set up in



Progress In Electromagnetics Research C, Vol. 137, 2023 171

such a manner, the antenna system will often have both a broadband and a narrowband antenna in its
component parts. The degree of complexity that is involved with the design has grown as a direct result
of the need of an external tuning circuit in order to tune the narrowband antenna. Because of their
close proximity to one another, the numerous components that make up the antenna have a negative
impact on the performance of the antenna overall. When it comes to specific types of antenna designs,
a stepper motor is essential in order to be able to change the reconfigurable antenna. This makes a
significant contribution to the overall cumbersome nature of the system. Additionally, it is unable to
detect frequencies that are lower than 1GHz, thus the detecting range is slightly constrained as a result.
This is one of the reasons that the detecting range is somewhat restricted. Because it has the potential
to considerably enhance channel capacity, the setup of MIMO CR [32–38] is seeing a considerable surge
in demand.

This article focuses on the design and development of a broad-band MIMO antenna for 5G
applications. Each radiating component in the MIMO system resonates between 3.3 and 3.8GHz
with significant isolation better than 15 dB. The enhanced isolation offers considerable performance
of the proposed antenna system in terms of radiation efficiency, ECC, total active reflection coefficient
(TARC), and channel capacity, which results in that the antenna proposed in this research could be a
suitable candidate for 5G applications.

The article has been divided into five different parts in order to make it easier to understand the
topics that have been suggested for further investigation. The first and second sections focus on an
overview of the structure of the MIMO antenna as well as the results that underpin the creation of
a design for a single antenna. The surface current distribution and subsequent discussion are covered
in Section 3. The investigation of radiation characteristics and MIMO performance are covered under
Sections 4 and 5, respectively.

2. ANTENNA DESIGN AND DISCUSSIONS

The construction of the prospective quad-port MIMO antenna is shown in Figure 1(a), along with the
particular dimensions of the antenna. All of the proposed MIMO system’s antennas have been placed in
one of the four corners of an FR4 substrate that is 0.8mm thick and has a dielectric constant (ξr) of 3.5
and a tangential loss (δ) of 0.02. Because the complete MIMO antenna system is printed orthogonally
on a surface measuring 58.6mm × 58.6mm, mutual coupling between the antennas is significantly
reduced. The total dimensions of a single antenna in the MIMO design are 24mm × 22.65mm, which
are substantially small for compact 5G devices.

A single antenna in the MIMO system consists of two octagon-shaped circular annular ring of

(a)
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(b)

(c)

Figure 1. (a) Overall structure of 4-port MIMO system. (b) Detailed structure of individual antenna.
(c) Equivalent circuit of the proposed antenna.

radius R1 = 7mm and R2 = 6mm, respectively, and fed by a feeding terminal of dimension (W2×L2)
2mm×6.75mm as shown in Figure 1(b). Then, two rectangular strips of size (W1×L1) 9.5mm×5mm
are formed to be a ground plane at front side of the substrate. Figure 1(c) provides equivalent circuit
of the proposed antenna and its different passive components values. The equivalent circuit consists of
a feeding circuit as well as resonance circuits at the desired band of operation.

3. RESULTS AND DISCUSSIONS

The scattering parameters of a quad-port MIMO antenna are shown in Figures 2(a) and (b). The
transmission coefficient and reflection coefficient are two of the scattering parameters that are being
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(a) (b)

(c) (d)

Figure 2. Scattering parameters. (a) Reflection coefficient. (b) Transmission coefficient. Parametric
analysis when altering (c) L1, (d) L2.

discussed here. The antenna that has been proposed spans the spectrum from 3.3 to 3.8GHz throughout
the impedance bandwidth of 10 dB, as can be seen in Figure 2(a). The spectrum that is covered
accommodates a variety of applications, such as those that use the LTE band 42 (3.4–3.6GHz) and
New radio band 78 (3.3–3.8GHz) frequencies. In order to demonstrate that the suggested multi-
band antenna has appropriate reflection phenomena, all of the occupied spectrum must fall within
the bandwidth of 10 dB impedance. Figure 2(b) provides a visual representation of the isolation that
exists among the antennas. Over the whole working spectrum, it has been shown that the inter-port
isolation among radiating components is greater than 14 decibels. Even after moving antennas such
that they are physically closer to one another, a reasonable increase in isolation may still be obtained
because of orthogonal configurations. The reflection and transmission coefficients of an antenna are
both more than enough for it to function throughout the 5G and WLAN spectrums. The effect of
improved isolation is an improvement in the overall performance of the MIMO antenna in regard to
MIMO attributes including ECC, TARC, and CCL.



174 Murugan and Kavitha

(a) (b)

(c) (d)

Figure 3. (a) Front and (b) back view of the proposed antenna, measured (c) reflection coefficient, (d)
transmission coefficient.

The effects of parameters L1 (ground plane length) and L2 (length of the feeding terminal) are
plotted in Figures 2(c) and (d), respectively. It is observed that L1 influences impedance matching of
the antenna over the operating spectrum as illustrated in Figure 2(c) whereas L2 influences shifting of
the operation frequency as shown in Figure 2(d). The prototype of the proposed antenna is illustrated
in Figures 3(a) and (b). The measured s-parameters in terms of reflection and transmission coefficients
are depicted in Figures 3(c) and (d) respectively, and it is observed that measured outcomes are well
matched with simulated results.

4. SURFACE CURRENT DISTRIBUTION

The functioning of the antenna in terms of surface current distribution will be covered in this section.
When antenna 1 is stimulated at the desired band of operation (3.4 & 3.8GHz), the current flow through
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antenna 1 does not disrupt the rest of the components due to the orthogonal arrangements of antenna
elements as shown in Figures 4(a) & (b). As a result, a reasonable decrease in mutual coupling is
accomplished at or above 14 dB. Electric field distribution is provided in Figures 4(c) & (d).

(a) (b)

(c) (d)

Figure 4. Surface fields of MIMO antenna at (a) 3.4GHz, (b) 3.7GHz, E-Field distribution (c) 3.4GHz,
(d) 3.7GHz.
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5. RADIATION PERFORMANCE

Figures 5 and 6 show the simulated two-dimensional radiation patterns of an antenna at O = 0◦ and
90◦ for resonances at 3.4 and 6.5GHz, respectively. E-Phi (co-polarization) at all frequencies displays
enough radiation for both O = 0◦ and 90◦, as is plainly observable. In contrast, E-theta (cross-
polarization) at 3.5GHz exhibits cross polarization lower than 19 dB, and at 6.5GHz, it is observed to
be 3 dB. The reason for degradation in the cross polarisation between the two resonances of operation is
the variation in isolation over the two bands of operation. As discussed earlier, the isolation at low-band
(3.4GHz) is better than 17 dB, which influences cross polarization, causing cross polarization lower than
19 dB. On the other hand, the isolation at higher bands drops to a value of 13 dB, which degrades the
performance of an antenna after attaining cross-polarization of 12 dB.

(a) (b)

Figure 5. Radiation pattern of antenna 1 at E-Plane. (a) 3.4GHz, (b) 3.7GHz.

(a) (b)

Figure 6. Radiation pattern of antenna 1 at H-Plane. (a) 3.4GHz, (b) 3.7GHz.
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6. MIMO PERFORMANCE

As is evident from Figure 7(a), all of the estimated ECCs for the various conceivable antenna
configurations have values that are lower than 0.1, which means that they satisfy the criteria that
are considered acceptable. In light of the fact that a higher diversity gain is accompanied by a lower
ECC value, it is possible to draw the conclusion that the proposed quad-port antenna array offers
improved diversity performance. Figure 7(b) shows the radiation efficiency of antenna 1 over the dual
operating frequencies. It is noticed that the antenna exhibits maximum efficiency up to 90% and 65%
from 3.2–3.8GHz and 5.2–6.86GHz, respectively. The reason for such degradation in efficiency in the
higher band is poor isolation between the elements of the proposed MIMO antenna system. Additionally,
we investigate the channel capacity loss of the MIMO antenna, which is more often referred to as CLL.
It is able to derive the important data transmission rate feature that is referred to as CLL by using
Equation (1) and Equation (2) [47].

Channel Loss (CL)=− log2 det
(
φR
)

(1)

(a) (b)

(c) (d)

Figure 7. (a) ECC. (b) Efficiency. (c) CCL. (d) Gain.
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Figure 8. Channel capacity of the proposed
antenna.

Figure 9. MEG of the proposed antenna.

(a)

(b)

Figure 10. (a) Design evolution of the proposed antenna. (b) Reflection coefficient of the various
stages of design evolution.
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φR=

 ECCii . . . ECCij
...

. . .
...

ECCji . . . ECCjj

 (2)

where,

ECCii = 1−
((
S2
ii

)
+
(
S2
ij

))
ECCij = −

(
S∗
iiSij+S∗

jiSjj

)
for i, j = 1, 2 . . . 4

The channel capacity of the designed antenna is estimated to be 21 bps/Hz over the operating
spectrum as depicted in Figure 8, and it is found using Equation (3).

C = log

[
det

(
I +

SNR

N
HHT

)]
(3)

I = Identity matrix, SNR = Signal to Noise Ratio, H = Hermitian matrix, HT = Hermitian Transpose.
The mean effective gain of the proposed antenna defines how antenna performs, when EM waves

propagate in an isometric medium. Figure 9 shows that the proposed antenna exhibits mean effective
gain (MEG) lower than 3 dB as required for MIMO antenna system.

Mean Effective Gain (MEG) = 0.5

(
1−

N∑
i=1

|Sij |

)
(4)

The anticipated and reported channel capacity loss brought on by the suggested antenna is seen in
Figure 7(c). A CLL value that is acceptable for the full bandwidth is maintained and is less than 0.3

Table 1. Design and performance comparison of the proposed antenna with existing antennas.

Reference

No.

Antenna

Structure

(mm3)

Frequency

of operation

(GHz)

Dimension

of the single

antenna

(mm3)

Efficiency

(%)

Gain

(dBi)

[39] Monopole
0.698–0.96,

1.7–2.7
65× 52× 1.6 NA 1

[40] Monopole
0.698–0.96,

1.427–2.7
33× 10× 55 > 60 2.8

[41] Monopole
0.617–0.96,

1.71–5
60× 39.8× 15 > 50 −3

[42] Monopole
0.917–0.96,

1.71–5,
60× 36× 15 > 45 −2

[43] Monopole
0.7–0.96,

1.71–6
84× 68× 0.17 NA 3.9

[44] Monopole
0.72–0.96,

1.6–4
70× 60× 1.6 NA 1.5

[45] PIFA
0.617–0.96,

1.71–6
55× 50× 28 > 45 −2.5

[46] Nefer Ant 0.698–6 80× 60× 30 NA −3

Proposed

Work

Defected

Ground

Structure

3.3–3.8, 35× 30.65× 1.6 > 80 4.8
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and 0.39 bits/sec/Hz for low and high bands of resonance. This number assures that the proposed wide-
band MIMO antenna will achieve adequate data transmission rates and is consistent with the results of
CLL simulations. Realized gains of the proposed antennas 1 and 2 are illustrated in Figure 7(d). It is
observed that, for low-band, maximum gain is achieved up to 4.8 dB, and for high-band it is obtained
up to 4 dB. This is significantly acceptable for 5G antennas.

7. DESIGN EVOLUTION

The stepwise design of the proposed antenna is illustrated in Figure 10(a), and its corresponding
performance is depicted in Figure 10(b). It is observed that changes in the structure of the radiating
element influence reflection coefficient of the antenna.

The findings of an overview among the results of the proposed antenna as well as that of the
existing antennas that were detailed in the earlier research are shown in Table 1. It would seem
that the proposed antenna outperforms existing designs with respect to of antenna structure, working
frequency, dimensions of the antenna, efficiency, gain, as well as application scope. These factors are
all taken into consideration. According to the numerous sources [39–46], it was found that the total
dimensions of the individual antenna were significantly smaller than those of the other antennas. This
was observed after comparing the overall measurements of the individual antenna to those of the other
antennas. The proposed antenna exhibits its superiority by achieving a gain of approximately 4 dB
while simultaneously retaining a radiation efficiency of up to 85% across the board for all of the working
spectrums. This indicates the antenna’s ability to perform over a wide range of frequencies. The findings
of this comparison suggest that the antenna that has been described may turn out to be an excellent
option for the use in wireless applications that include more than one band.

8. CONCLUSION

The research reveals that a compact quad-port dual-band printed antenna is suitable for 5G applications.
The MIMO antenna, which is printed on FR4, measures 58.6mm × 58.6mm. The antenna presented
in this study is very flexible in its operation, covering the vast majority of currently used and future
frequency ranges for 5G applications. The designed antenna maintains a minimal amount of space
between its different parts, yet manages to increase isolation performance (by more than 14 dB). This is
true whether or not there is physical separation between the antenna’s individual parts. These advances
in isolation allow antennas to have an overall gain around 4.8 dBi across the appropriate operating band
and a radiation efficiency as high as 85%. Because of how thoroughly the area was sealed off, this
was finally doable. In order to verify the MIMO performance of the proposed antenna, several MIMO
metrics such as ECC, TARC, CCL, and channel capacity have been calculated. Additional research
indicates that the given antenna offers sufficient performance for the usage in applications involving
many and broad bands.
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