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Abstract
The edge-fed monopole 5G antenna described in this article is intended for 
sub-6 GHz applications, with a specific focus on the n77 (3.7 GHz), n78 (3.5 GHz), 
and n79 (4.5 GHz) frequency bands. A novel methodology is employed to develop 
the antenna, which consists of binary operations on three patches (Patch1, Patch2, 
and Patch3), with their dimensions optimized for 3.5 GHz, 3.7 GHz, and 4.5 GHz, 
respectively. In order to generate an initial U-stub, Patch2 is subtracted from 
Patch1 followed by Patch3. Through the utilization of a coupling limb, Patch3 
and the U-stub establish mutual current coupling. To remove extra bandwidth and 
maintain a gain more than 5 dBi, the antenna is parasitically loaded with a split-
ring resonator (SRR) in a partial  ground plane. The resultant antenna functions 
within the frequency range of 3.13 GHz to 5.06 GHz, exhibiting a maximum gain 
of 5.71 dBi and a maximum efficiency of 99.55%. By reducing its dimensions 
by 12.676% in comparison to a traditional rectangular patch antenna operating at 
3.5  GHz (0.416λ0 × 0.423λ0 × 0.0186λ0), the overall dimensions are as follows: 
0.416λ0 × 0.369λ0 × 0.0186λ0. It is worth noting that λ0 is computed at 3.5  GHz. 
The RLC equivalent circuit is validated using ADS software, and antenna prototype 
measurements accord with simulated outcomes generated by HFSS and CST 
software.
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1  Introduction

In the present time, 5G and 6G emerging technologies demand 5G antennas 
for numerous applications. The 5G bands are divided into sub-6  GHz and 
high-frequency millimeter (mm) waves. The lower frequencies are named as 
FR1(450  MHz to 7.275  GHz) while the higher frequencies mm-waves known 
as FR2 (> 24  GHz) [1, 2]. In the initial stage of 5G sub-6  GHz, 3.3–3.4  GHz, 
3.4–3.6 GHz, and 4.8–5 GHz are deployed and the 3.3–3.6 GHz band becomes 
popular among all and named as n78-band. Chen et  al. have proposed and 
investigated a compact Γ-shaped base station antenna for a 5G n78-band [2]. 
Varshney et al., have proposed a transformer-fed miniaturized antenna with a high 
radiation efficiency of 95.37% with a lower gain of 2.92 dBi. It is specifically 
suitable for sub-6 GHz n78 band [1]. Further, an enhanced patch size antenna with 
a frequency reconfigurable action antenna was proposed for wide-range coverage 
of wireless applications along with lower applications. Consequently, these yields 
interferences with other applications. The lower gain and limited bandwidth of 
this antenna limits its applications [3–5]. The enhanced patch size of the antenna 
makes these antennas constrained to use for 5G applications. Hence these 5G 
antennae require band eliminations to minimize interferences [5]. For use in 
the higher frequency band, it is necessary to miniaturize the size of the antenna 
[1, 6]. The gain of the antenna maintained above 5 dBi by converting single 
element miniaturized 5G antenna into multiple input multiple output antennas 
(MIMO) [6, 7]. There are several methods available to maintain the bandwidth 
of the antenna like introduction of slots, parasitic loading with metamaterials, 
split ring resonator (SRR) triplets, complementary split ring resonators (CSRR), 
stub loading, frequency selective surface and multi-layered antennas [3, 5, 6, 
8, 9]. The reduction of antenna size is possible without a miniaturizing process 
is that to design any antenna at a higher frequency and then transform their 
performance parameters to use at lower frequencies [10]. Most of the antennas 
are designed specifically for n78 applications in 5G sub-6 GHz FR1 bands [1, 2, 
6, 11]. Since the design of metamaterial to work as SRR. It is essential to design 
an SRR for maintaining antenna gain as well as to control the bandwidth. The 
SRR performance parameters (effective permittivity, permeability, and refractive 
index) are estimated using standard equations [8, 9, 12, 13].

Designing base station antennas that cover all three bands while maintaining 
optimal performance is challenging because to the requirement for a voltage 
standing wave ratio (VSWR) of less than 1.5 (S11 < − 14  dB). Therefore, 
broadening impedance bandwidth is imperative. The wider bandwidth results in a 
lowering of the antenna gain [2, 6, 11, 14], and a higher gain results in the narrow 
bandwidth [1, 7]. Therefore, it is a challenging task to cover all the popular (n77, 
n78, and n79) 5G sub-6  GHz bands and reject other bands. Maintaining the 
antenna, gain above 5 dBi while controlling bandwidth is another big task in this 
5G area. Most available literature antennas are available to cover only n78 bands.
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The main bands of the lower frequency range 5G communication are 
n77(3.3–4.2  GHz), n78(3.2–3.8  GHz), and n79(4.4–5.0  GHz) bands. This 
research is primarily concerned with the coverage of three bands. Therefore, 
the antenna must have a lower frequency at 3.2 GHz and an upper frequency at 
5.0 GHz. Therefore, the following are the main objectives of the proposed work;

•	 To design a Sub-6 GHz antenna in a lower FR-1 frequency range (1 GHz to 6 GHz) 
of 5G communications to cover n77, n78, and n79 bands with bandwidth from 2 to 
5 GHz.

•	 The primary objective of this research is to investigate the parasitic loading impact 
of stubs and develop metamaterial designs. This work attempts to enhance the 
performance of the antenna by utilizing mutual coupling and parasitic loading 
of SRR and U-stubs to increase parameters such as gain, bandwidth, impedance 
matching, and radiation characteristics.

•	 This manuscript describes the development of a 5G antenna designed to operate 
within the frequency range of 3.2  GHz to 5.0  GHz. The antenna is intended 
to support the primary 5G frequency bands known as n77, n78, and n79. The 
antenna’s bandwidth ranges from 3.13 GHz to 5.06 GHz, making it appropriate for 
these frequency bands. The design procedure entails use HFSS and CST software to 
create the antenna construction and incorporate a metamaterial Split Ring Resonator 
(SRR) to ensure a gain of at least 5 dBi and regulate the bandwidth within the FR-1 
sweep.

 The research is organized in the following manner:

1.	 Section 2: Describes the design and development of the microstrip edge-fed 
antenna structure. It covers the design of the metamaterial SRR, the impact 
of parasitic loading caused by a U-stub, adjustments to the patch, and the 
consequences of parasitic loading on the ground structure with SRR.

2.	 Section 3: Focuses on the fabrication of the designed antenna and its performance 
parameters detailed analysis and validation. It also explains the RLC equivalent 
circuit derived from the simulated design and verifies it using ADS software. 
Additionally, this section compares the performance parameters of the proposed 
antenna with similar existing recently published antennas.

3.	 Section 4: Concludes the proposed antenna’s features, limitations, applications, 
and prospects.

 This organization provides a comprehensive overview of the antenna design, 
fabrication process, performance analysis, and comparison with existing antennas. It 
emphasizes the distinctive attributes and contributions of the proposed antenna while 
exploring its possible applications and avenues for future investigation.
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2 � Material and Methods

2.1 � Antenna Design

The proposed Sub-6  GHz antenna is developed on FR-4 Material of thickness 
1.6 mm at a design frequency of f0 = 3.5 GHz. The used FR4 substrate is lossy with 
loss tangent (tanδ) 0.02.

2.2 � Design Equations

Basic general rectangular patch antenna (RPA) design Eqs.  (1–11) are used to 
evaluate the patch dimensions at 3.5 GHz (patch 1), 3.7 GHz (patch 1), and 4.5 GHz 
(patch 1) [15–18].

Step 1: The width of the patch antenna is given by the equation:

where:
c: velocity of light is 3 × 108 m/s,
Er : Dielectric constant of the substrate.
f0: design frequency of antenna.
Step 2: Effective Dielectric constant of the RPA is determined as:

Step 3: The effective length is at the design frequency:

Step 4: Extension length of the RPA computed with this equation:

The length “L" of the PRA is calculated as:

Step5: Radiation box Calculation:

(1)WP =
C

2f0

√

2

Er + 1

(2)Ereff =
Er + 1

2
+

Er − 1

2
[

1
√

1 +
2h

WP

]

(3)Leff =
C

2f0
√

Eeff

(4)ΔL = 0.412h
(Eeff+0.3)(

WP

h
+ 0.264)

(Eeff−0.258)(
WP

h
+ 0.8)

(5)LP = Leff − 2ΔL

(6)λ =
c

f0
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where, 

Step6: Feed calculations:

Step7: Width and Length of the substrate:

The proposed edge-fed monopole antenna consists of a patch designed at 
4.5  GHz, U-stubs generated from the binary subtraction of the patches that are 
designed at 3.5 GHz and 3.7 GHz respectively, and a coupling arm in the main radi-
ating patch as shown in the front view of Fig. 1a. The bottom of the antenna con-
sists of a reduced ground whose length (LG) is less than λg

4
 , and width (LG) is equal 

to the substrate width that is parasitically loaded with the metamaterial single unit 
SRR as illustrated in Fig. 1b. The antenna patch structure is designed using a novel 
binary operation method to achieve the desired bandwidth below − 10 dB. The tri-
metric view of the proposed antenna structure is shown in Fig. 1c. The dimensions 
parameters of the antenna are marked in Fig. 2a, b and their values are showcased in 
Table 1.

2.3 � Antenna Design Development

The antenna structure is developed through seven steps, each illustrated in Fig.  3 
with the front view of the patch and the bottom view of the ground.

1.	  Step 1: Initial Design

•	 The antenna patch is designed for 3.5  GHz with the entire bottom surface as 
ground.

•	 This configuration yields a narrow bandwidth from 5.14 GHz to 5.26 GHz.

2.	  Step 2: Ground Reduction

(7)λg =
λ

√

Ereff

(8)Eeff =
Er + 1

2
+

Er − 1

2
[

1
√

1 +
2h

w

]

(9)Feed length, LF =
λg

4

(10)Substrate width,WS = 3h +WP + 3h

(11)Substrate length, LS = LF + LP + 3h
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Fig. 1   Antenna Structure a front view, b rear view, and c trimetric view

Fig. 2   Antenna dimensions parameters a top patch, and b bottom ground
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Table 1   Dimensions of the proposed antenna

Parameter Dimension (in mm) Parameter Dimension (in mm) Frequency (GHz)

WS 35.686 LS 31.688
WF 3.0 LF 10.037
WP 20.286 LP 15.38 4.5 (Inner Patch)
WP1 24.67 LP1 18.87 3.7(Middle Patch)
WP2 26.082 LP2 19.988 3.5 (Outer Patch)
Wcoup 0.8 LCoup 4.8
WC 0.706 M123 0.153
WG 35.686 LG 8.2
Rin 1.797 Rout 4.797
g 2.0 d 1.0
W 1.0 h 1.6

Fig. 3   Step by step Antenna structure development
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•	 To create a wideband antenna, the ground plane is reduced towards the feed.
•	 This step broadens the bandwidth but increases reflection losses.

3.	 Step 3: Substrate Length Reduction

•	 The substrate length is reduced, which further increases reflection but 
miniaturizes the antenna to 12.676% of its original size.

4.	 Step 4: Patch Modification

•	 Without altering the reduced substrate size, a 3.7  GHz rectangular patch is 
subtracted from the 3.5 GHz patch, creating a U-stub.

•	 Additionally, a 4.5  GHz rectangular patch is attached to the feed, improving 
the reflection coefficient below -10  dB and widening the bandwidth, although 
antenna gain decreases.

5.	 Step 5: Patch Position Adjustment

•	 To further improve the reflection coefficient and bandwidth, the 4.5 GHz patch is 
moved closer to the port.

•	  This step results in a further reduction in gain.

6.	 Step 6: Mutual Coupling Arm Addition

•	 A mutual coupling arm is attached between the patch and the U-shaped stub.
•	 This modification enhances both the gain and the bandwidth of the antenna.

7.	 Step 7: Metamaterial Loading

•	 A single unit metamaterial Split Ring Resonator (SRR) is added to the ground.
•	  This eliminates the extra bandwidth below − 10 dB and maintains the antenna 

gain above 5 dBi.

The step-by-step development of the antenna is summarized in Table 2.
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1.	 Metamaterial SRR Design and Effective Parameters of SRR

 The metamaterial split ring resonator antenna SRR is designed in such a way that 
it resonates at a frequency of 3.5 GHz. The outer radius of the ring is 4.797 mm 
with the width and gap between rings equal to 1.0mm [3, 5]. The designed SRR 
will work as a parallel resonating circuit and it gives a resonating frequency of 3.5 
GHz with an equivalent capacitor of 0.18pF and an inductor value is 11.5137nH. 
The simulated metamaterial SRR S-parameters magnitudes and phases are shown 
in Fig. 4a and b. The changes in reflection coefficients magnitudes and phases are 
observed at a frequency of 3.34 GHz. Since both the SRR and Complementary 
SRR (CSRR) have the same design equations for resonating frequencies. The 
SRR and CSRR are differentiated/identified by their permeability/permittivity 
values. If metamaterial has negative permittivity (Re ( �eff ) ) values (ENG) then 
it behaves as SRR whereas when the permeability (Re ( �eff ) ) is negative (MNG) 
then the metamaterial falls into the category of CSRR [9]. If both the values are 
found negative then the metamaterial is said to be double negative (DNG). The 
permittivity and permeability plots of the metamaterial SRR are shown in Fig. 4c 
and d. It is observed that the permittivity plot is negative and the permeability 
plot is positive at the resonating frequency. This guarantees that the metamaterial 
will properly behave like an SRR. The refractive index plot of the SRR is 
represented in Fig.  4e. The effective permittivity, effective permeability, and 
effective refractive index of the SRR are evaluated using the standard equations 
[5, 12, and 13].

2.	 Reduced Ground and SRR Parasitic Loading

 Initially, the radiating patch of the antenna has ground over the entire bottom 
surface. It suffers with higher reflections and narrow -10  dB bandwidth from 
4.98 GHz to 5.06 GHz. This has radiation patterns main lobe in the perpendicular 
direction of the radiating patch and a negligible minor lobe on the ground side. 
Consequently, the antenna has a unidirectional radiation pattern. Then ground is 
reduced in length towards the feed side. This will result in a wider bandwidth 
from 3.17  GHz to 5.42  GHz and a bidirectional radiation pattern with a gain 
of 4.70 dBi. This wider bandwidth not only covers n77, n78, and n79 but also 
covers some other 5G bands, which causes interference with the main bands. 
Therefore, it is essential to control the bandwidth within the limit that can cover 
only n77, n78, and n79 bands of Sub-6  GHz Applications. To achieve this the 
extra bandwidth can be eliminated by introducing either SRR or CSRR without 
disturbing the antenna gain and other parameters [5]. The parasitic loading of 
ground with single unit SRR reduces the bandwidth from 3.13 GHz to 5.06 GHz 
and maintains a gain of more than 5 dBi. The effect of ground length reduction 
and SRR parasitic loading in the ground on the reflection coefficient are illustrated 
in Fig. 5 and showcased in Table 3.

3.	 Parametric Effect of Current Mutual Coupling



	 Sensing and Imaging           (2024) 25:38 

1 3

   38   Page 14 of 28

 The current coupling between the patch and U-shaped stub is dependent upon the 
Three parameters namely the distance between the coupling arm and U-shape stub, 
also on the length (Lcoup.) and width (Wcoup.) of the coupling arm. The length of the 
coupling arm and the mutual coupling distance (M123) are correlated to each other the 
variation in one automatically changes the other parameter. The parametric effect of 

Fig. 4   Performance parameters of SRR a Magnitude (in dB) of S-parameters, b Phases (in dB) of 
S-parameters, c Permittivity Plot, d Permeability Plot, and e Refractive Index plot
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the variation in coupling distance coupling length and coupling with are showcased in 
Table 4 And their effect on the reflection coefficient is displayed in Fig. 6a and b. The 
mutual coupling distance (M123) or coupling length of the arm Is varied in a step size of 
0.153 mm while keeping the coupling width of the arm constant and equal to 0.8 mm. 
This parametric change in the coupling distance effect on the reflection coefficient is 
shown in Fig. 6a. On the other hand, when the coupling width of the arm Is varied in a 
step size of 0.2 mm while keeping the coupling distance constant equal to 0.153 mm. 
This parametric change effect on the reflection coefficient is shown in Fig. 6b.

Fig. 5   Effect of modifications in Ground

Table 3   Effect of ground

Ground Resonant 
frequency 
(GHz)

Reflection 
coefficient 
S11(dB)

Bandwidth (GHz) Gain (dBi)

Full ground 5.02 − 12.86 4.98–5.06 5.33 (unidirectional)
Reduced ground 3.30,

3.88,
4.82

− 28.38,
− 23.81,
− 14.74

3.17–5.42 4.70 (bidirectional)

Reduced ground with SRR 3.24,
4.0

− 20.94,
− 20.79

3.13–5.06 5.14 (bidirectional)
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3 � Results and discussions

The following section deals with the antenna measurement and their validation 
by comparing the simulated antenna parameters. It also describes the electrical 
equivalent circuit of the antenna as well as the comparison of the similarly existing 
recently published antennas.

A.	 Fabricated Antenna Prototype

 The proposed antenna designed using CST and HFSS software is fabricated 
using photolithography UV exposure and a chemical etching process. The 
antenna is fabricated on a piece of low-cost FR4 substrate material of thickness 
1.6  mm. The fabricated antenna prototype model print view and rear view are 
shown in Fig.  7a and b. The reflection coefficient of the antenna is measured 
using the Vector Network Analyzer (VNA) and the radiation pattern and gain of 

Fig. 6   Parametric of mutual coupling

Fig. 7   Antenna prototype model a Front View, and b Rear View



	 Sensing and Imaging           (2024) 25:38 

1 3

   38   Page 18 of 28

the fabricated antenna are measured using the anechoic chamber. The measured 
reflection coefficient of the antenna is then compared with the simulated HFSS 
and CST software reflection coefficient for their validation. All three reflection 
coefficients are found in the shape agreements and these plots have nearly the 
same resonating frequency and − 10 dB bandwidth. The shape of the measured 
reflection coefficient is a little distorted as compared to the simulated reflection 
coefficients. The possible reason for this error is either defects in the soldering 
of the 50Ω SMA connector or a dimensional error of the fabricated antenna. 
These errors also result in deviation in the resonant frequencies and their − 10 dB 
bandwidths. The measured and simulated reflexive coefficient of the proposed 
antenna is shown in Fig. 8.

B.	 Antenna Gain and Radiation Efficiency

 The comparison between simulated and measured antenna gains is presented in 
Fig. 9. All three gain curves exhibit similar shapes. The CST-simulated antenna 
achieves a peak gain of 7.2 dBi at 3.5 GHz, while the HFSS-simulated antenna 
peaks at 5.40 dBi. The measured antenna demonstrates a peak gain of 6.8 dBi. 
The shape of the HFSS-simulated antenna gain closely resembles that of the 
measured antenna, validating its performance.

Furthermore, the HFSS-designed simulated radiation efficiency is compared 
with the CST-designed simulated radiation efficiency, showing good agreement 
from 3.2 GHz to 5.4 GHz. The CST antenna achieves a maximum radiation effi-
ciency of 99.55%, whereas the HFSS simulated antenna achieves 91.43% at the 
design frequency of 3.5 GHz. These radiation efficiency comparisons are depicted 
in Fig. 10.

Fig. 8   Reflection coefficients
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A comprehensive comparison of measured and simulated antenna performance 
parameters is presented in Table 5.

C.	 Antenna Radiation Patterns

 The antenna is proposed to cover 5G Sub-6  GHz n77 (3700  MHz), n78 
(3500  MHz), and n79 (4500  MHz) bands. Therefore, for the validation of the 
antenna radiation patterns in the E-plane and the H-plane are evaluated at their 
central frequencies at 3.5 GHz 3.7 GHz, and 4.5 GHz respectively in the anechoic 
chamber of frequency 43 GHz. The simulated and measured E-plane and H-plane 
radiation patterns at the central frequencies are compared and found in good 
agreement as illustrated in Fig. 11.

D.	 Current Distribution

 The current coupling between the patch and the U-shaped stub is dependent 
on three parameters: the distance between the coupling arm and the U-shaped 
stub, as well as the length (Lcoup.) and width (Wcoup.) of the coupling arm. The 
length of the coupling arm and the mutual coupling distance (M123) are corre-
lated to each other; the variation in one automatically changes the other param-
eter. The maximum current is coupled to SRR at 3.5  GHz while the minimum 
current magnitude is coupled to SRR at 4.5 GHz. The magnitude of current cou-
pling in the U-shaped stub and coupling arm decreases as the frequency increases 
from 3.5 GHz to 4.5 GHz. The magnitude of current density distributions of the 
proposed antenna at the center frequencies 3.5  GHz, 3.7  GHz, and 4.5  GHz of 
the n77, n78, and n79 bands are indicated in the top and bottom surfaces of the 

Fig. 9   Simulated and measured antenna gains
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antenna as displayed in Fig. 12a–c respectively. The red color in Fig. 12 corre-
sponds to the maximum magnitude while the blue color corresponds to the mini-
mum current.

E.	 Electrical Equivalent Circuit

 The designed S-parameter plot of the proposed antenna exhibits a single passband 
with two resonant frequencies at 3.24 GHz and 4.0 GHz, each displaying minimum 
reflection coefficient values. At these resonant frequencies, the impedance values 
are (45.87—j7.60) Ω and (58.18–j5.57) Ω, respectively. The reactive components at 
these frequencies are negligible, resulting in two-series RLC resonances in parallel 
arms.

Fig.10   Antenna radiation efficiency

Table 5   Simulated and measured antenna performance parameters

Mode fr
(GHz)

S11
(dB)

− 10 dB BW
(GHz)

Peak Gain
(dBi)

Maximum
Rad. 
Efficiency 
(%)

HFSS Simulated 3.23,
4.022

− 21.16,
− 20.77

3.13–5.06 5.71 99.55

CST
Simulated

3.40,
3.84

− 18.42,
− 24.12

3.30–5.01 7.14 91.43

VNA (MS46122B) Measured 3.355,
3.466

− 23.26,
− 25.30

3.18–4.83 6.75 –
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Fig. 11   Radiation patterns a E-Plane@3.5  GHz, b H- Plane@3.5  GHz c E-Plane@3.7  GHz, d H- 
Plane@3.7 GHz, e E-Plane@4.5 GHz, and f H- Plane@4.5 GHz
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A 50Ω termination serves as the source, with frequency ranging from 2 to 
6 GHz in 0.02 GHz increments. Initially, the overall equivalent circuit parameters 
(R, L, and C) underwent assessment using general series and parallel RLC 
resonance circuit analysis. These parameters were further refined using ADS 

Fig. 12   Magnitude of Current densities distributions a at 3.5 GHz, b at 3.7 GHz, and c at 4.5 GHz
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software for validation. The specific RLC parameter values, both evaluated and 
fine-tuned, are elaborated in Table 6.

The equivalent circuit of the proposed antenna is illustrated in Fig. 13, while 
Fig. 14 presents a comparison of the reflection coefficient (S11) plots. These plots 
exhibit excellent alignment at the resonance frequencies..

F.	 State-of-the-Art of the Proposed Antenna

 The comparative analysis of the proposed antenna with recent literature is presented 
in Table 7. This work is observed to result in miniaturization, improved radiation 
efficiency, and gain at the intended frequency.

An 85.33% miniaturized antenna proposed in reference [1], is specific to 
only the n78 band and has a lower gain of 2.92 dBi [1]. The antenna presented 
in reference [14], has a maximum gain of 7.95 dBi with narrow bandwidth from 
3.40 to 3.60  GHz. Therefore, it is partially suitable for the n78 band only [14]. 
The antenna proposed in reference [11], has a maximum gain of 8.4 dBi with wide 
bandwidth from 3.12 to 3.90 GHz. Therefore, it is suitable for the n78 band only 
[11]. An antenna described in reference [2], is specific to only 5G n78 band and has 
a peak gain of 8.2 dBi [1]. The antenna published in reference [20], is a compact 
2 × 2 MIMO antenna, that covers 5G sub-6 GHz n77, n78, n79, wi-fi5, and wi-fi6 
with lower gain and wide bandwidth [20]. In these published antennas either gain 
is higher or narrower bandwidth [2, 6, 11, 14] or wider bandwidth with lower 
antenna gains [1, 7]. Therefore, it is challenging to achieve wider bandwidth and 
higher gain or maintain the antenna gain above 5 dBi. The interference reduction 
with wider bandwidth is also one more challenging aspect. The bandwidth control 
and maintaining gain above 5dBi with reduced interference with other applications 
like Wi-Fi5 and Wi-Fi6 is achieved by introducing a metamaterial (MTM) split ring 
resonator (SRR). The parasitic loading of SRR in the proposed work maintains the 
gain of the antenna above the 5 dBi and eliminates the extra bandwidth by proper 
placing of the SRR in the ground surface of the antenna [5].

The accuracy of the design is validated by the measurement results. The proposed 
design is compared with related works in the literature. It is clear that the proposed 
miniaturization technique provides considerable gain and covers important most 
popular Sub-6 GHz bands.

4 � Conclusion

The low-cost designed antenna performance parameters have been analyzed and 
improved by parasitic loading of U-stubs, SRR, and current mutual coupling arms 
between the patch and U-stubs. The extra bandwidth and gain of the antenna are 
controlled by parasitic loading of the antenna ground with metamaterial SRR. The 
parasitic loading of SRR improves the gain and reduces the −  10  dB bandwidth. 
The Sub-6  GHz (FR1 frequency range of 5G) fabricated and designed antenna 
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Fig. 13   RLC electrical equivalent circuit of the proposed antenna

Fig. 14   RLC circuit reflection coefficients validation

performance parameters in terms of their reflection coefficients, − 10 dB BW, radia-
tion Patterns, gain, efficiency, and current distributions are compared and they found 
in excellent agreement that validate the antenna. The manually generated electri-
cal equivalent RLC circuit of the antenna is validated using the ADS software. The 
proposed antenna is a therefore suitable choice for the 5G FR1 frequency bands n77 
(3.3–4.2 GHz), n78 (3.3–3.8 GHz), n79 (4.4–5.0 GHz), and additionally suitable for 
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other bands n48 (3550–3700 MHz), Wi-MAX(3.5 GHz), Wi-Fi/WLAN (3.6 GHz, 
4.9 GHz, 5 GHz) applications. In the future, the antenna can be converted into 2 × 2 
or 4 × 4 MIMO/Array structures easily. Moreover, the antenna can easily be fre-
quency reconFig.d by introducing an RF PIN diode (BAR 64-02  V) between the 
coupling arm and U-stubs. The measured results agreement confirm its suitability 
for low-power compact electronic gadgets.
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