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Abstract ─ This paper presents the design, optimization, 

fabrication, and measurement of the compact high gain 

microstrip antenna with a split ring resonator and set of 

inverted-F slots along with a matching stub for sub-6 

GHz5G applications. In this investigation, different 

iterations are visualized by incorporating inverted F 

slots, a split ring resonator, and a matching stub in the 

transmission line. The advantages of each incorporated 

structure are analyzed, and a hybrid antenna consisting 

of the combination is proposed as a final antenna 

configuration with the optimum results. The proposed 

final design attains compactness and multi-band 

operation. Impedance matching is improved by using the 

stub matched technique at the feed line. The designed 

antenna shows the resonances at precisely 2.1 GHz, 3.3 

GHz, and 4.1GHz. The proposed antenna is suitable for 

mobile cellular communication such as the LTE band 

(2.1 GHz), n78 band (3.3 GHz), and n77 band (4.1 GHz) 

of 5G bands. The gain retrieved from each band attains 

more than 5 dB value. 

 

Index Terms ─ Fifth generation (5G), inverted F-slot, 

Split Ring Resonator (SRR), stub matching. 
 

I. INTRODUCTION 
In the 21st century, wireless communication and 

networking devices require multiple operating frequencies 

due to the rapid increase in the demand of users. This 

demand for multi-band operated antennas needs to cater 

to compactness in dimensions while maintaining the 

performance characteristics. These reasons are sufficient 

for going to the design of a multi-band antenna. 

Multiband antennas are becoming an eye of sight for 

researchers in applications with a need for downward 

compatibility and adequate facilities. With the rise of 

LTE and demand for 5G technology, there is always  

a need for multi-band antennas. High data rate and 

increasing users for data transmission systems have 

motivated researchers to develop multi-band antennas. 

In recent years, researchers have made various efforts  

to get the multi-band operation by using patch antennas. 

A patch antenna with a T-shaped slit on the radiating 

aperture has shown a multi-band operation with operating 

frequencies at 3.92 GHz and 5.82 GHz of C band, and 

7.88 GHz and 11.35 GHz of X band of microwave 

spectrum [1]. A planar MIMO antenna structure 

integrated with mm-wave has been discussed [2] for 

future V2X applications. This phased array antenna 

structure is used in LTE/sub-6 GHz 5G and the 

miniaturization was achieved using a gap capacitor and 

inter digital capacitors. Further, a multi-band antenna 

array structure suitable for smart phones operating in 

LTE bands 42/43/46 has been presented using two 

diverse open slots on a T-shaped slot antenna [3]. Sub-6 

GHz has taken the interest of researchers in designing the 

antenna, radio frequency circuits, and spatial filters [4]. 

A simple single feed design is proposed for a multi-band 

antenna with defected ground substrate structure [5].  

A compact slot antenna with the 3 L-shaped slots and  

the ground plane for three operating frequency bands is 

proposed in [6]. A compact F-shaped slot antenna 

showing multi-band frequency is proposed, and its 

application area is focused on WLAN, Wi-MAX, and X 

band applications [7]. In [8], the design of a four-band 

antenna is presented, and the structure involves a T-

shaped feed patch, an inverted T-shaped stub, and two E-

shaped stubs. Further investigations have been done in 

designing a partial slotted ground antenna for wideband 

applications [9]. Further in [10], patch antennas for  

sub-6 GHz 5 G communications have a T slot on a 
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rectangular patch and a defective ground structure. A 

wideband antenna, with gain enhancement using FSS 

based spatial filters, is presented for operation in less 

than 6 GHz of frequency [11]. A compact reconfigurable 

3-D slot antenna suitable for 5G mobile application is 

offered with a metal casing [12]. In [13], a dual multi-

band planar inverted F antenna system is proposed in 

which the bandwidth is enhanced by using a specific 

configuration of slots. A design of an inverted F slot 

antenna structure has claimed to be easily integrated into 

handheld devices or printed on WLAN card is proposed 

[14]. In [15], a new planar inverted-F antenna with a very 

large bandwidth starting from 817 MHz to 11.5 GHz is 

proposed as an alternative for high performance mobile 

phones and also intended to cover the major part of the 

mobile phone frequencies as well as the ultra-wideband 

(UWB) frequency range. The research on multi-band 

antennas has been extended in which a dual-band 

antenna consisting of a rectangular patch fed by the 

coaxial probe feeding technique and a ground plane 

loaded with two rectangular strip slots and one elliptical 

slot is proposed [16]. Further, a compact triple-band 

microstrip antenna, with a rectangular stub connected to 

the feed line, is proposed for tri-band applications [17]. 

The proposed antenna covers 2.1-2.8 GHz, 3.3-4.0 GHz, 

and 5.5-5.8 GHz. A triple-band microstrip antenna 

consisting of a slotted rectangular patch with the defected 

ground is designed for triple-band operation at 1.2 GHz, 

2.45 GHz, and 5.6372 GHz [18]. In [19], the PIFA is 

proposed employing a rectangular split-ring resonator 

structure exhibiting multi-band characteristics and 

suitable for mobile applications. 

In this paper, a design of multi-band antenna is 

recommended by incorporating fractal slots, inverted F-

slots, and split ring resonator. The antenna shows multi-

band behavior with an adequate value of gain and finds 

its applications in sub-6 GHz applications. 

The manuscript is organized as follows. The antenna 

geometry is described in Section II. Section III is devoted 

to measuring and validating the results, and finally, the 

conclusion is briefed in Section IV. 

 

II. ANTENNA GEOMETRY 
This section presents the design and the 

optimization of an inverted-F slot microstrip antenna for 

sub-6 GHz band in 5G application. In this investigation, 

an inverted-F slot on the antenna patch is designed to  

get the multi-band operations with a higher order of 

miniaturization. Impedance matching is improved by 

using a stub matched technique at the feed line. The 

designed antenna shows a perfect resonance at 2.1 GHz, 

3.3 GHz, and 4.1 GHz of the frequency with a good 

reflection coefficient. The gain of each band is more than 

5dB. These three frequencies are chosen for LTE (2.1 

GHz), n77 band of 5G (3.3 GHz), and n78 band of 5G 

(4.1 GHz), respectively, as per ITU-NR and department 

of telecommunications (DOT), Government of India 

proposal for 5G applications [20]-[21]. The proposed 

antenna geometry considers a square fractal aperture 

with microstrip line feeding. The feeding is optimized 

with stub matching to improve the reflection coefficient 

characteristics and provide operability in the 5G 

applications. The square aperture of the antenna is first 

optimized by the combination of inverted-F slots at  

the diagonal corner to improve the performance of the 

antenna. A split ring slot is dogged just after the feed 

line, which cooperatively improves the radiation 

characteristics of the designed antenna. The proposed 

antenna demonstrates three resonance bands, the first 

one is at 2.1 GHz, and the second one is at 3.3 GHz, 

while the third one is at 4.1 GHz of frequency. Typically 

gain at each resonance is enhanced to more than 4 dB 

and with a good radiation pattern. The combined fractal 

and slotted configuration realize multi-band operation 

applicable for the mobile communication system. The 

proposed antenna is suitable for mobile cellular 

communications such as LTE band (2.1 GHz) and 5G-

NR (3.3 GHz and 4.1 GHz) communication bands. A 

compact microstrip inverted-F slotted fractal antenna for 

mobile and 5G-NR applications is presented. In this 

investigation, the inverted-F slot on the antenna aperture 

is analyzed to demonstrate multi-band mobile operations 

with a higher order of miniaturization. The impedance 

matching is improved by using a stub-matched technique 

with offset feeding. The substrate chosen for this design 

is RT-duroid (RT 5880) substrate, having a dielectric 

constant value of 2.2, and a loss tangent of 0.009. 

Substrates of low tangent losses will minimize dielectric 

losses, but these substrates are costly. The chosen height 

of the substrate is 1.57 mm and using this moderate thicker 

substrate, conductor losses may also be minimized, 

thereby influencing the antenna's performance. This RT-

duroid substrate is although expensive, but at the same 

time, enhances the performance in terms of reflection 

coefficient and gain. The aim in choosing this 

specification is to design a multi-band antenna with  

good gain, reflection coefficient, and directive radiation 

property. The design is proposed to find its scope in  

the modern wireless mobile communication system. 

Primarily the physical dimensions are determined using 

the equations given below [22].   

The width of the patch, Wp, is given as: 

 WP=  
c

2f
√

2

(εr+1)
, (1) 

where c, f and 𝜺r denote the velocity of light, the resonant 

frequency andthe relative permittivity, respectively. 

The length of the patch, Lp, is given as: 

 LP= Leff  - 2∆L, (2) 

where ∆L denotes the extended effective length. The 

effective length, Leff, is given as below:  

 Leff = 
c

2f√εeff
. (3) 
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The effective dielectric constant, εeff, of the substrate, 

is given as: 

 εeff  = 
εr+1

2
+

εr-1

2
√[1+

12h

𝐖𝐩
], (4) 

where h denotes the thickness of the substrate. By 

considering the normalized extension, the actual length 

of patch, Lp, is given as:  

 𝐋𝐏 =   
𝐜

𝟐𝐟
(

𝛆𝐫+𝟏

𝟐
+

𝛆𝐫−𝟏

𝟐
√[𝟏 +

𝟏𝟐𝐡

𝐖
])

−
𝟏

𝟐

− 𝟐∆𝐋. (5) 

The design flow of the proposed antenna has gone 

through little iteration. A conventional rectangular patch 

is implemented on the top surface of dielectric substrate 

wherein a fully conductive ground is considered. In the 

first iteration, fractal slots are engraved at the opposite 

boundaries along the length of the patch for making the 

design a fractal slot based rectangular patch antenna 

(FSRPA). Fractal slot is derived from the self-identical 

and broken irregular pieces, belonging to a family of 

intrinsic geometrical structures [23]. The geometrical 

layout along with the dimensional parameters is 

illustrated in Fig. 1 (a). A fractal slot carved on the edge 

along the length of the antenna produces different 

frequency bands owing to its repeating geometry 

structure. The microstrip patch antenna embedded with 

the modified fractal design exhibited a dual frequency 

response. This antenna provides resonance at various 

frequencies in the band due to its fractal design. In the 

next step of the design iteration, a dual inverted plane F 

slot is introduced on the radiating patch (DIFRPA). The 

DIFRPA consists of F-slots structures that lie opposite  

to each other as demonstrated in Fig. 1 (b). However,  

the design of Fig. 1 (a) produces the multi resonance 

characteristic, but the performance is not good in terms 

of reflection coefficient for the specified bands. This 

shortcoming leads to the second design. The second 

design of Fig. 1 (b) also illustrates the three well 

distinguishable bands, but the second band doesn’t  

give a good reflection coefficient. Moreover, the three 

bands are still not falling precisely as per the specified 

frequency. The objective of exact resonance at a specific 

frequency enables the structure of the third design.  

The third design of Fig. 1 (c) consists of stub matching 

(SMRPA) helps to achieve triple-band operation with the 

narrow bandwidth. The improvement is required in the 

third design for better matching impedance between the 

source and the antenna. This inverted F structure is also 

used in controlling the frequency and to enhance the gain  

by improving impedance matching and reducing the 

backward radiation [24]-[26]. 

 

 
(a) 

 
(b) 

 
(c) 
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Fig. 1. Design evolution steps of the proposed antenna, 

(a) FSRPA, (b) DIFRPA, (c) SMRPA, and (d) SRRRPA. 
 

In short, this structure consists of radiating patches 

parallel to a ground that is joined to the ground by a 

shorting plate to resonate at a quarter wavelength. The 

impact of the inverted-F slot over the fractal slot-loaded 

square patch antenna is to bring the first resonance at 2.2 

GHz and the second resonance at 3.0 GHz. The designed 

antenna also demonstrates the third band around 4.2 GHz 

of frequency and thus results in multiple resonances in 

sub-6 GHz band, as shown in the reflection coefficient 

plot depicts in Fig. 2. This design brings the first band at 

2.2 GHz. The second band also comes to be at 3.3 GHz, 

but its resonance is not good, and the radiation is near to 

-10 dB. The third band is exciting at 4.2 GHz with a poor 

reflection coefficient. Implementation of multiple slots 

improves the multi-band response, but it degrades the 

impedance characteristics. Stub matching technique has 

been investigated to improve the impedance response at 

multiple resonances. Analysis has been carried out using 

different stub size and position. It has been observed that 

the change in stub dimension gives considerable order 

flexibility in impedance tuning without disturbing the 

original resonances. It is realized the stub length (Ls) of 

8.9 mm and width (Ws) of 2.5 mm meet the appropriate 

reflection coefficient response. The comparison of the 

reflection coefficients obtained from all four designs is 

shown in Fig. 2. This design brings the first band at  

2.2 GHz. The second band also comes to be at 3.0 GHz, 

but its resonance is not good and the radiation is near to 

-10 dB. The third band is exciting at 4.2 GHz with a 

reflection coefficient near -10 dB. The introductions of 

stub matching improve the three bands' overall reflection 

coefficient and precisely position the three bands at the 

desired and specified frequency. 

In the last step, a tiny split ring slot is implemented 

on the patch of the antenna aperture making 4th iteration 

as split ring resonator based rectangular patch antenna 

(SRRRPA). This is done to improve the impedance 

matching of the antenna further to get it excited at the  

specified frequencies. The position of this slot is just at 

the junction point of feed line and radiating patch. The 

final proposed antenna design, i.e., SRRRPA is loaded 

with fractal slots, inverted F slot and split ring, and a  

stub matching technique to achieve a fine tuning in the 

impedance profile. All these structures are plane in 

nature with easily etched on the patch, and the structure 

of the final designed antenna is shown in Fig. 1 (d).  

As per Fig. 2, the reflection coefficient curve of the 

SRRRPA demonstrates that all the three bands are well 

distinguished, and they are resonating strictly at 2.1 GHz, 

3.3 GHz, and 4.1 GHz of the frequency with a reflection 

coefficient of -28 dB, -21 dB, and -24 dB respectively. 

The dimensional parameters for the proposed SRRRPA 

are enumerated in Table 1. 
 

 
 

Fig 2. Reflection coefficient of various antenna 

configurations. 
 

Table 1: Dimensional parameters of the SRRRPA 

Parameter Value 

Substrate height (hs) 0.01 λmid 

Patch length, Lp 0.46 λmid 

Patch width, Wp 0.46 λmid 

Feed length (Lf) 0.23 λmid 

Feed width (Wf) 0.04 λmid 

Upper arm of F slot, fl 0.19 λmid 

Lower arm of F slot, fl1 0.12 λmid 

Fractal slot, a 0.02 λmid 

Fractal slot, b 0.007 λmid 

Gap between F slot, c 0.03 λmid 

Distance of f slot, e 0.04 λmid 

Width of base of F slot, g1 0.03 λmid 

Width of arm of F slot, g2 0.02 λmid 

Length of stub, Ls 0.09 λmid 

Width of stub, Ws 0.02 λmid 
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Where λmid is the middle wavelength corresponding 

to 3.1 GHz. The comparative analysis of the variation of 

the peak gain along the operating frequency bands is 

illustrated in Fig. 3. Figure 3 depicts that the antenna  

has a good gain response of more than 5 dB in the entire 

zone of its operating frequency for the final design of 

SRRRPA. The values of the peak gain of SRRRPA at the 

three bands are 5.4 dB at 2.1 GHz, 6.4 dB at 3.3 GHz, 

and 5.1 dB at 4.1 GHz. 

 

 
 

Fig. 3. Peak gain of various antenna configurations. 

 

III. MEASUREMENT VALIDATION 
The final antenna design of SRRRPA is fabricated 

using RT-duroid (Rogers 5880) as dielectric substrate 

with a height of 1.57 mm. In the fabrication process, a 

photographic film of the antenna is carved out initially, 

and then it is glued to the substrate. The patch and the 

ground of the substrate are copper cladding. In the next 

stage, the antenna is etched out with a chemical solution. 

Finally, the fabrication of the antenna is done by a 

computerized mechanical etching process. In this process, 

necessary care was taken to align the ground slit exactly 

below the stub-matched transmission line. Figure 4 shows 

the photograph of the fabricated antenna.  

The reflection coefficient of the fabricated antenna 

is measured using a vector network analyzer and is 

validated by comparing it with the simulated results.  

The gain and the radiation pattern are measured in an 

anechoic chamber. The measured values of the reflection 

coefficient with frequency and the simulated results  

are shown in Fig. 5. The reflection coefficient of the 

fabricated antenna is measured using a vector network 

analyzer and validated by comparing it with the simulated 

results. The gain and the radiation are measured in an 

anechoic chamber. As demonstrated, the experimental 

analysis follows the resonance characteristics precisely 

the same as that of the simulation work with a very 

nominal deviation. The experiment analysis validates the 

claimed resonances at 2.1 GHz, 3.3 GHz, and 4.1 GHz of 

the frequency with reflection coefficient -19 dB, -17 dB, 

and -18 dB, respectively. The plot for gain response  

is shown in Fig. 6, and it depicts that the measured  

peak gain at three bands is 4.6 dB, 5.5 dB, and 4.1 dB, 

respectively. The E-plane and H-plane plot for all the 

resonance frequencies (both measured and simulated) 

are shown in Fig. 7, respectively. The radiation pattern 

of the E-plane demonstrates that the measured results  

are in accordance with the simulated design work. The 

maximum radiation intensity is towards the principal 

lobe of the antenna, and the back lobe is almost null.  

It depicts the directive nature of the radiation. The 

measurement of H-plane results reveals that the radiation 

intensity is concentrated more towards the main lobe. 

The main lobe is dominating with almost no presence of 

back lobe radiation. The radiation pattern also clearly 

shows the directive nature of the radiation. 

 

 
 

Fig. 4. Prototype of the SRRRPA. 
 

 
 

Fig. 5. Simulated versus measured reflection coefficient 

of the SRRRPA. 
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With these viable performances, it claims its 

efficient application in the three chosen bands of 

frequencies. Table 2 summarizes the results, which show 

the matching between the simulated and experimental 

results. In this section, a comparison of the converged 

design is presented with a couple of other research work 

on sub-6 GHz of frequency, summarized in Table 3. where 

λmid is the wavelength at the middle of the frequency,  

i.e., between the highest and the lowest frequency of 

operation in the multi-band operation. 
 

 
 

Fig. 6. Simulated and measured gain of the SRRRPA. 

 

Table 2: Comparison between simulated and measured 

results 

Freq. Parameter Simulated Measured 

2.1 GHz 

Reflection 

coefficient 
-27.5 dB -19.7 dB 

VSWR 1.1 1.09 

Gain 4.5 dB 4.5 dB 

Bandwidth 200 MHz 230 MHz 

3.3 GHz 

Reflection 

coefficient 
-20.5 dB -17.5 dB 

VSWR 1.28 1.21 

Gain 6.4 dB 5.5 dB 

Bandwidth 170 MHz 190 MHz 

4.1 GHz 

Reflection 

coefficient 
-24.1dB -19.6 dB 

VSWR 1.2 1.18 

Gain 4.3 dB 4.1 dB 

Bandwidth 200 MHz 220 MHz 

 

 
(a) 

 
(b) 

 
(c)  

 

Fig. 7. Normalized radiation patterns of the SRRRPA: 

(a) 2.1 GHz, (b) 3.3 GHz, and (c) 4.1 GHz. 
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IV. CONCLUSION 
In this manuscript, the design of the multi-band 

antenna, to be operated in sub-6 GHz 5G spectrum,  

is presented consisting of three bands of operating 

frequency. The compact microstrip antenna loaded with 

an inverted-F slotted fractal stub matching structure is 

suitable for applications in LTE-A and 5G-NR mobile 

technology. In the design process, investigation on 

fractal slots and inverted- F slot on the antenna patch is 

analyzed to demonstrate multi-band behavior with a 

higher order of precision. The symmetrical fractal lies  

at the edge of the length, whereas inverted-F slots are 

opposite to each other.  The exact frequency resonance 

is controlled by these specified structures. A stub-

matched technique along with SRR slot in the feeding  

is used to improve the impedance matching. The three 

resonating bands are precisely at 2.1 GHz, 3.3 GHz, and 

4.1 GHz. The proposed antenna configuration shows a 

good gain response up to 6.4 dB. The antenna exhibits 

good impedance bandwidth up to 400 MHz and also 

shows the enhanced gain of more than 5 dB at all three 

bands. The proposed antenna is suitable for future mobile 

communication systems to cover up the integration of  

5G with the existing LTE technology. The precise 

resonating frequency is highly recommended for the 

upcoming industry application of 5G technology. 

 

Table 3: Comparison of the proposed SRRRPA with the state of art literature 

Ref. 
Resonant 

Frequencies (GHz) 

Substrate 

Material 

Bandwidth 

(GHz) 

Peak 

Gain 
Size 

[3] 3.5, 5.5 FR4 with 𝜺r=4.4 
3.400-3.800, 5.150-

5.925 
13 dB 

2.30λmid × 1.22λmid × 

0.01λmid 

[5] 2.4, 5.2, 5.8, 26 
Rogers RT5880 

with 𝜺r = 2.2 

2.450-2.495, 5.0-6.3, 

23-28 

4.72 dB at 

5.8 GHz 

1.52λmid × 1.52λmid × 

0.02λmid 

[8] 
1.57, 2.45, 3.5, 

5.2 
FR4 with 𝜺r=3.5 

1.575-1.665, 2.4-

2.545, 3.27-3.97, 

5.17-5.93 

5.02 dB at 

3.5 GHz 

0.6λmid × 0.2λmid × 

0.01λmid 

[9] 3.3, 3.8 FR4 with 𝜺r=4.4 3.3-4.2, 3.3-3.8 
2.5 dB at 

3.5 GHz 

0.42λmid × 0.18λmid × 

0.01λmid 

[10] 6, 10, 15 FR4 with 𝜺r=4.4 5-7, 9-10.8, 14-15 
5.85 dB at 

15 GHz 

0.61λmid × 0.4λmid × 

0.1λmid 

[27] 0.9, 1.8, 2.4 FR4 with 𝜺r=4.4 
0.88-0.91, 1.79-1.83, 

2.39-2.42 

2.12 dB at 

1.8 GHz 

0.23λmid × 0.08λmid × 

0.0.008λmid 

[28] 2.45, 3.5, 4.65 FR4 with 𝜺r=4.4 
2.42-2.48, 3.3-3.7, 

4.45-4.85 

3.68 dB at 

4.65 GHz 

0.38λmid × 0.55λmid × 

0.01λmid 

[29] 1.422, 1.791, 2.467 FR4 with 𝜺r=4.4 
1.409-1.437, 1.723-

1.911, 1.858-2.045 

3.276 dB at 

1.422 GHz 

0.21λmid × 0.16λmid × 

0.009λmid 

[30] 2.43, 3.3, 6.1 FR4 with 𝜺r=4.4 2.39-2.48, 3-3.7, 5-7 
5 dB at 

3.5 GHz 

0.40λmid × 0.50λmid × 

0.02λmid 

Proposed 

antenna 
2.1, 3.3, 4.1 

Rogers RT5880 

𝜺r = 2.2 

2-2.4, 3.3-3.6, 

4-4.4 

6.4 dB at 

3.3 GHz 

0.46λmid × 0.46λmid × 

0.01λmid 
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