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This paper presents the design and development of a compact tri-band rectangular monopole 
antenna tailored for Wireless Local Area Network (WLAN), Wireless Avionics Intra-Communications 
(WAIC), and Worldwide Interoperability for Microwave Access (WiMAX) applications. The antenna 
integrates an Open Complementary Split-Ring Resonator (OCSRR) etched onto the radiating patch 
and employs an offset microstrip feed to enhance impedance matching and multiband performance. 
Fabricated on an FR4 substrate (27.84 mm × 23.25 mm × 1.6 mm), the antenna achieves resonances 
at 3.16 GHz, 3.82 GHz, and 5.41 GHz. The OCSRR introduces a resonance at 3.16 GHz by exhibiting 
negative permittivity, verified through the Nicolson-Ross-Weir (NRW) method. Ground plane reduction 
and offset feeding contribute to additional resonances and bandwidth enhancement. The antenna 
demonstrates strong agreement between simulated and measured results, with reflection coefficient 
of − 19.83 dB, − 17.9 dB, and − 55.73 dB, and impedance bandwidths of 180 MHz, 190 MHz, and 
2750 MHz, respectively. Radiation patterns remain stable across all bands, with peak gains of 2.19 dBi, 
2.27 dBi, and 2.82 dBi. The proposed antenna offers a low-profile, high-performance solution for next-
generation wireless systems requiring compact size, multiband operation, and reliable performance.
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Modern wireless communication systems demand far more high data rates, small device size, and consistent 
multiband performance than they did years ago. As WLAN, WiMAX, WAIC, RADAR, and 5G/6G systems 
continue to expand rapidly, antennas able to support multiband and wideband operations have become 
absolutely essential for providing high-speed, effective communication1,2. Thus, a key field of research to fulfil 
the changing needs of modern wireless technologies is the construction of small, efficient, and reasonably priced 
multiband antennas3–5. Using slots6, defected ground structures (DGS)7, fractal geometries8, and metamaterial-
inspired designs such split ring resonators (SRR), complementary split ring resonators (CSRR), and electric-
LC (ELC) resonators9–12 various antenna structures have been investigated to achieve multiband performance. 
These techniques frequently suffer from complex geometry, higher fabrication difficulties, large physical 
dimensions, and lower gain even if they have been successful in some situations13,14. Particularly small resonator 
structures such as the open complementary split-ring resonator (OCSRR), metamaterials present a possible 
substitute by allowing multiband operation with reduced electrical size and improved control of electromagnetic 
properties15–18. Since Wi-Fi (IEEE 802.11a/n/ac/ax), wireless avionics intra-communications (WAIC), WLAN, 
and future 5G services19–21 make extensive use of the 5 GHz frequency range, it was chosen as the design focus 
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for this work. To support the high throughput and dependability of these applications, antennas running in the 
5 GHz range must be highly efficient, have wide bandwidth, and produce steady radiation patterns. Moreover, 
reaching multiband operating around the 5 GHz region improves spectrum use and device flexibility.

Metamaterials are structures with dimensions smaller than the wavelength of electromagnetic waves, and thus 
exhibit unconventional electromagnetic properties, such as negative values of parameters like ε (permittivity), 
µ (permeability), and η (impedance). Metamaterials have attracted significant attention from academics in 
recent decades due to their exceptional electromagnetic characteristics. These distinctive characteristics enable 
researchers to create innovative electromagnetic devices and components. The distinctive characteristics arise 
from its arrangement rather than its components. A key research gap still exists in obtaining compact, planar 
antennas that simultaneously offer multiband resonance, large impedance bandwidth, and simple fabrication 
without compromising gain or radiation properties22,23, despite much study. These distinctive electromagnetic 
properties have a constructive effect on the propagation of electromagnetic waves24–27. The metamaterial must 
meet the requirement of having a unit cell size equal to P<ʎg/4. The many types of metamaterial structures 
commonly employed in antenna design for purposes such as impedance matching, size reduction, bandwidth 
enhancement, gain improvement, and directivity enhancement include SRR (Split Ring Resonator), S-shaped, 
CSRR (Complementary Split Ring Resonator) and ELC (Electric-LC)28–32. Conventions may fall short in 
combining minimal reflection coefficient in the 5  GHz range and down with compactness and multiband 
operation.

The major research challenges in this domain include:

•	 Achieving multiband resonance while maintaining compact antenna size,
•	 Ensuring efficient impedance matching across all operating bands,
•	 Maintaining high gain and stable omnidirectional radiation patterns,
•	 Simplifying the antenna structure to facilitate easy fabrication.

The Open Split Ring Resonator (OSRR) and its twin component are additional metamaterial structures that 
possess a compact electrical size. An Open Split Ring Resonator (OSRR) is the unenclosed variant of the Split 
Ring Resonator (SRR). Figure 1a and b illustrate the OSRR topology and its corresponding circuit diagram. 
Similarly, Fig. 1c and d illustrate the OCSRR architecture and its equivalent circuit. The series LC circuit is the 
equivalent circuit of OSRR. A split-ring resonator (SRR) is modified by opening it and then applying duality 
to create an open complementary split-ring resonator. The terminal refers to the metallic area that establishes 
an electrical connection between the slot rings and facilitates capacitive interaction within the slots. Hence the 
OCSRR is an open parallel resonant frequency as illustrated in Fig. 1d, and the resonant frequency of OCSRR 
equal to

	
f0 = 1

2 Π
√

Cc L0
� (1)

The capacitance Cc is almost equivalent to the capacitance of the CSRR with the same dimension, whereas 
the inductance Lo is larger than four times the inductance of the CSRR. Therefore, the electrical dimensions 
of the OCSRR will be halved in comparison to the CSRR. The resonant frequency is equivalent to half of the 
CSRR resonant frequency. Because of the tiny electrical dimension of OCSRR, it is possible to create a high-
performance multiband antenna without increasing its size. However, the exploration of OSRR and OCSRR for 
achieving multiband functioning in antenna design is limited.

This article presents the design of a compact tri-band rectangular monopole antenna for multiband wireless 
applications. The OCSRR and decreased ground structure enable the proposed antenna to resonate at multiple 
frequencies. The OCSRR is responsible for generating the supplementary oscillation at a frequency of 3.16 GHz. 
The permittivity characteristic is obtained using the NRW approach and verified using the quasi-static analysis 

Fig. 1.  Topologies and equivalent circuits of OSRR and OCSRR structures: (a) OSRR geometry, (b) equivalent 
circuit of OSRR, (c) OCSRR geometry, and (d) equivalent circuit of OCSRR.
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of OCSRR. The report includes both data to confirm that the presence of OCSRR is responsible for the 3.16 GHz 
resonating bands. The antenna properties, including Gain, Current direction, E plane, and H plane, remain 
consistent with typical rectangular antennas due to the patch always being rectangular in shape. The suggested 
OCSRR inspired rectangular printed antenna is well-suited for multiband wireless applications due to its 
compact size, stable radiation properties, excellent gain, and easy fabrication.

The main contributions of this work are as follows:

•	 A novel compact tri-band antenna design utilizing an offset feed and OCSRR loading,
•	 Demonstration of negative permittivity behaviour in the OCSRR using waveguide S-parameter extraction,
•	 Systematic parametric study to optimize the critical dimensions affecting resonance,
•	 Validation of the proposed design through both simulation and experimental results,
•	 Comparison with state-of-the-art antennas to highlight the superior performance in terms of bandwidth, size, 

and multiband capability.

Furthermore, this text explores the development of the proposed rectangular antenna inspired by OCSRR. It 
includes an in-depth analysis of the process for extracting permittivity, conducting a parametric study, and 
establishing the equivalent circuit for the antenna. Section 3 presents a comprehensive review of the simulated 
and measured results to validate the proposed design, while Sect. 4 offers the concluding remarks of the article.

Materials and methods
Design of OCSRR inspired rectangular printed antenna
The rectangular printed antenna presented is fabricated on a substrate composed of FR4, a material with a 
dielectric constant of 4.4. Figure 2 illustrates the many stages of the antenna design process carried out using 
CST software. The antenna undergoes three stages of development. The geometric structure of the rectangular 
printed antenna, inspired by OCSRR, is illustrated in Fig. 3. The corresponding parameter values may be found 
in Table 1.

The Ant A, which is a rectangular monopole, is powered by a 50 Ω microstrip feed and functions at a frequency 
of 5 GHz. Next, the concept of offset feed is introduced during the second stage of evolution in order to obtain 
optimal impedance matching. Ant B is designed with a shortened ground length of 3 mm. The Ant B is utilized 
to produce dual-band resonance at frequencies of 5.5 and 3.82 GHz. Next, the suggested framework is created 
by incorporating the OCSRR developed at a frequency of 3.12 GHz in the area with the highest surface current. 
The dimensions of the antenna are 27.84 mm x 23.25 mm x 1.6 mm, where each size is a fraction of the free space 
wavelength (ʎ0) at a frequency of 5 GHz (f0). Specifically, the dimensions are 0.464 ʎ0 × 0.3875 ʎ0 × 0.0267 ʎ0. This 
rectangular printed antenna, based on the OCSRR design, operates at three specific frequency bands: 3.16 GHz, 
3.82 GHz, and 5.41 GHz.

Ant A is a printed seed antenna on a FR4 substrate. It consists of a rectangular patch with a width of wp and 
a length of lp. The other side of the substrate has a full ground with a width of ws and a length of ls. Ant A is 
constructed via Eqs. 2–5. The antenna design exhibits resonance at a frequency of 5 GHz, and its operational 
bandwidth spans from 4.87 GHz to 5.08 GHz.

Fig. 2.  Design evolution stages of the proposed tri-band antenna: (a) Ant A—basic rectangular monopole, (b) 
Ant B—offset-fed monopole with reduced ground, and (c) Ant C—final design with OCSRR integration.
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W = c

2fr

√
2

ϵ r + 1
� (2)

	
L = c

2fr
√

ϵ eff
− 2∆ L� (3)

Parameter Ws Ls
Wp Lp x Lg

Dimension (mm) 27.84 23.25 18.24 13.75 0.3 3

Parameter y x1 x2 Wf Lf z

Dimension (mm) 1 3.5 2.7 2 4.75 3.5

Table 1.  Tri-band offset feed OCSRR resonator etched rectangular monopole parameters. All dimensions are 
in millimeters.

 

Fig. 3.  Front and back views of the proposed tri-band offset-fed rectangular monopole antenna with OCSRR 
and its parameters.

 

Fig. 4.  Comparison of simulated return loss (|S11| in dB) for Ant A, Ant B, and the proposed tri-band antenna, 
showing the impact of offset feeding and OCSRR loading.
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∆ L = 0.412h

(ϵ eff + 0.3)
(ϵ eff − 0.258)

(
W
h

+ 0.264
)

(
W
h

+ 0.8
) � (5)

The variables in the equation are defined as follows: ccc represents the speed of light, fr​ denotes the resonance 
frequency, h is the height of the dielectric substrate used in the design, and ϵeff​ is the effective dielectric constant 
of the substrate. Shifting the feed to the left enhances impedance matching, which is crucial for the antenna’s 
performance. Reducing the size of the ground plane improves the impedance bandwidth at 5 GHz and introduces 
an additional resonance at 3.8 GHz. This careful adjustment significantly impacts the antenna’s functionality, 
making it more versatile.

Ant B exhibits dual-band resonance at frequencies of 3.8 GHz and 5.7 GHz, demonstrating its capability to 
operate effectively in multiple bands. The OCSRR (Open Complementary Split Ring Resonator) is specifically 
designed to function at 3.14 GHz and is strategically placed in the area with the highest surface current. This 
optimal positioning generates an additional resonance at 3.16 GHz, enhancing the antenna’s overall performance. 
The final design of the OCSRR-based rectangular printed antenna is engineered to operate in three distinct 
frequency bands: 3.16 GHz, 3.82 GHz, and 5.41 GHz. The antenna covers frequency ranges of 3.14 to 3.30 GHz, 
3.79 to 3.93 GHz, and 4.15 to 7.01 GHz, with reflection coefficient values of -19.17 dB, -17.18 dB, and − 55.8 
dB, respectively. These low reflection coefficient values indicate excellent impedance matching and minimal 
reflection, crucial for efficient antenna operation.

Fig. 5.  Parametric analysis of ground plane length on return loss performance, highlighting the optimal 
ground length for multiband operation.

 

Fig. 6.  Waveguide simulation setup in CST for extracting S-parameters of the OCSRR using PEC and PMC 
boundary conditions.
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Figure 4 illustrates the reflection coefficient values for different design stages of the OCSRR-based rectangular 
printed antenna. The inclusion of OCSRR resulted in the clear observation of a new resonance at 3.16 GHz, 
significantly improving the antenna’s performance. Additionally, the impedance in all other resonating bands 
was reasonably matched, confirming the effectiveness of the design adjustments. Shifting the feed to the left 
greatly improves impedance matching in the proposed antenna design because of the improved ground structure 
and asymmetric surface current distribution resulting from the OCSRR etching. The OCSRR’s insertion and the 
ground size decrease produce a distorted current distribution throughout the patch, therefore concentrating 
the strongest surface currents away from the geometric centre. The feed point lines more closely to the area of 
optimal surface current by shifting the feed towards the left, therefore ensuring that the local input impedance 
naturally fits the 50 feed line. Without extra matching networks, this change reduces reflection losses and 
improves power transfer efficiency. Furthermore, by essentially stimulating several resonant modes, the leftward 
offset not only enhances impedance matching at the principal resonant frequency (around 5  GHz) but also 
generates an extra resonance at 3.82 GHz. As so, the antenna achieves effective multiband operation covering 
3.16 GHz, 3.82 GHz, and 5.41 GHz bands with enhanced impedance bandwidth. The comprehensive analysis 
and iterative design process ensure that the proposed antenna meets the desired specifications and performs 
reliably across the specified frequency bands.

Figure 5 presents a comparison of the simulated reflection coefficientfor various ground lengths. It is evident 
that a ground length of 3 mm, along with an offset feed, achieves excellent impedance bandwidth matching and 
introduces a new frequency band. The parametric analysis of the antenna, with a diminished ground length of 

Fig. 8.  Extracted permittivity characteristics of the OCSRR using the NRW method, confirming negative 
permittivity near 3.16 GHz.

 

Fig. 7.  Simulated reflection (S11) and transmission (S21) coefficients of the OCSRR, showing resonance at 
3.16 GHz.
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3 mm, demonstrates a substantial effect on its electromagnetic performance. The complete ground structure 
demonstrates inadequate impedance matching, with S11 remaining over − 10 dB throughout the operational 
band. When the ground is diminished to 3  mm, a significant enhancement in the reflection coefficient is 
observed, attaining values below − 20 dB around 5 GHz, signifying improved resonance and energy coupling. 
The introduction of offset feed, combined with the 3 mm reduced ground, significantly improves performance, 
attaining a deep resonance below − 50 dB around 5.5 GHz and augmenting the operational fractional bandwidth. 
This arrangement enhances gain performance by reducing ground plane length, which improves radiation 
efficiency and decreases surface wave losses. The integration of diminished ground and offset feed results in a 
modest elevation of the resonant frequency due to modified current pathways, while simultaneously broadening 
the bandwidth by decreasing the Q-factor.

Analysis of the OCSRR and its permittivity extraction
The OCSRR is etched onto a rectangular radiating element in the suggested final arrangement, resulting in an 
additional resonance at 3.16 GHz. The SRR resonant frequency can be determined using Eq. 

	
fcsrr = c

2Π

√
3(x2 − x1 − w)

Re (ϵ r) x3
1

� (6)

The resonant frequency of the Open Complementary Split Ring Resonator (OCSRR) is exactly half of the 
resonant frequency of the Conventional Split Ring Resonator (CSRR). This relationship arises from the unique 
structure and properties of the OCSRR, which is designed to exhibit resonances that are harmonically related to 
those of the CSRR.

Fig. 10.  Parametric analysis of ring width (x) on return loss, showing its influence on impedance matching.

 

Fig. 9.  Parametric analysis of outer ring radius (x1) on return loss.
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Mathematically, the resonant frequency fOCSRR​ of the OCSRR can be determined using the formula: fOCSRR 
= 0.5×fCSRR.

Here, fCSRR​ represents the resonant frequency of the CSRR. By halving this value, we obtain the resonant 
frequency of the OCSRR. This relationship is fundamental in the design and analysis of metamaterial structures 
and allows for precise tuning of the resonant frequencies to achieve desired electromagnetic properties.

	
focsrr = c

4Π

√
3(x2 − x1 − w)

Re (ϵ r) x3
1

� (7)

In the context of the electromagnetic structure being discussed, the variables are defined as follows: x2 represents 
the radius of the outer ring slot, x1 represents the radius of the inner ring slot, and w represents the width of 
the ring. These variables play a crucial role in determining the resonant frequencies of the Split Ring Resonator 
(SRR) and the Open Complementary Split Ring Resonator (OCSRR).When specific values are assigned to these 
variables, such as x1(inner slot radius) as 2.7 mm and x2 (outer slot radius) as 3.5 mm, we can apply Eqs. 6 and 7 
to calculate the resonant frequencies of the SRR and OCSRR. Substituting these values into the equations yields 
a resonant frequency of 6.28 GHz for the SRR and a resonant frequency of 3.14 GHz for the OCSRR.

Fig. 12.  Equivalent circuit model of the proposed tri-band antenna including OCSRR elements, modelled 
using parallel RLC branches.

 

Parameter Values simulated Optimal value Observation

x1 3.3 mm, 3.5 mm, 3.7 mm 3.5 mm Improved S11 matching at 3.16 GHz

x 0.2 mm, 0.3 mm, 0.4 mm 0.3 mm Stable S11 across bands

y 0.75 mm, 1.00 mm, 1.25 mm 1.0 mm Improved S11 matching at 3.16 GHz

Table 2.  Optimum values of OCSRR and its observations.

 

Fig. 11.  Parametric analysis of slot spacing (y) on return loss.
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fOCSRR = 1

2π
√

LOCSRRCOCSRR

	
fOCSRR = 1

4π
√

LCSRR · CCSRR
= 1

2fCSRR

	
⇒ fOCSRR = 1

2 · 6.28 GHz = 3.14 GHz

Figure 6 illustrates the waveguide configuration used to obtain the S parameters of the Open Complementary 
Split Ring Resonator (OCSRR) within the CST simulation environment. The waveguide setup includes Perfect 
Electric Conductor (PEC) and Perfect Magnetic Conductor (PMC) boundary conditions, ensuring accurate 
simulation results. Upon stimulation by an electromagnetic wave entering through the input port, the OCSRR’s 
reflection and transmission coefficients are determined, as presented in Fig. 7. The passband characteristic of 
the OCSRR is identified at a frequency of 3.16 GHz, corroborated by calculating the resonant frequency using 
Eq. 6. These characteristics define the operational frequency range of the OCSRR, spanning from 3.14 GHz to 
3.30 GHz. This analysis provides valuable insights into the OCSRR’s performance and behaviour, crucial for 
designing and optimizing the proposed antenna.

Figure 8 shows the negative permittivity of OCSRR, which was determined using the NRW method as 
described in reference27.

	 V1 = S21 + S11� (8)

	 V2 = S21 − S11� (9)

	 S11 = re (S11) + j (im (S11))� (10)

Fig. 13.  Simulated equivalent circuit of the proposed antenna in ADS, representing tri-band behavior.

 

Freq (GHz) R (ohm) L (pH) C (pF)

3.22 33.78 82.54 29.6

3.85 41.56 59.11 28.9

5.45 57.1 74.75 11.4

Table 4.  Resistor (R), inductor (L), and capacitor (C) values for each resonating frequency.

 

Freq (GHz) Zr (real) (Ω) Zim (Imag) (Ω)

3.22 33.78 1.67

3.85 41.56 1.43

5.45 57.1 2.56

Table 3.  Real and imaginary impedances.
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	 S21 = re (S21) + j (im (S21))� (11)

	
µ = 2

jKOd
∗ 1 − V2

1 + V2
� (12)

	
ϵ = 2

jKOd
∗ 1 − V1

1 + V1
� (13)

The code is executed using MATLAB. The negative permittivity is determined by analyzing the S11 reflection 
characteristics and S21 transmission characteristics of the specified OCSRR, which are obtained by simulation 
and extracted from the CST software. The OCSRR being considered has a negative permittivity at a frequency 
of 3.16 GHz.

Parametric analysis of OCSRR
The optimal values of the critical parameters of the OCSRR are determined by parametric analysis in CST 
software. The final proposed structure undergoes parametric analysis. The radius of the outer ring (x1) is 

Fig. 15.  Comparison of reflection coefficient between OCSRR and various CSRR configurations.

 

Fig. 14.  Comparison of reflection coefficient between CST full-wave simulation and ADS circuit model, 
validating the equivalent circuit.
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changed incrementally from 3.3 to 3.7 mm, with a step size of 0.2 mm. Figure 9 displays the simulated reflection 
coefficientplot for several values of x1. Upon examination of the figure, it is evident that x1 = 3.5 mm exhibits 
favourable impedance matching throughout all resonant bands, with a noticeable frequency shift occurring in 
the 3.16 GHz region. Therefore, it may be inferred that the OCSRR is accountable for the frequency of 3.16 GHz.

Subsequently, the diameter of the ring, denoted as x, is augmented from 0.2 to 0.4  mm. The resulting 
simulated reflection coefficient values are then compared in Fig. 10. The increment is performed in increments of 
0.1 mm, and it is noteworthy that at x = 0.3 mm, there is optimal impedance matching across all resonant bands. 
The OCSRR causes a change in frequency. Figure 11 illustrates the comparison of reflection characteristics for 
various values of y. The value of y has been incremented from 0.75 to 1.25 mm in increments of 0.25 mm. This 
change has also impacted the 3.16 GHz band, indicating that the presence of OCSRR is responsible for this 
frequency band. The value y = 1 mm exhibits excellent impedance matching across all resonant bands without 
compromising bandwidth. As a result, it is selected for the final production. Tabl2 2 preents the optimum values 
of the OCSRR and it observations (Table 2).

Equivalent circuit of OCSRR inspired rectangular monopole
Figure 12 displays the analogous circuit of the rectangular printed antenna, which is inspired by the OCSRR. Z0 
and lf represent the characteristic impedance (50 Ω) and electrical length of the transmission line, respectively. 
Rf denotes the resistance that is associated with losses. The Rrm, Crm, and Lrm elements are utilized to depict the 
rectangular monopole antenna. The elements COCSRR and LOCSRR are utilized to symbolize the OCSRR that is 
etched in the rectangular monopole. The inductance, LOCSRR, is caused by the conductive metal region located 
between the slots. The capacitance, COCSRR, arises from the capacitance across the slots. The resonant frequency 
of an OCSRR is equivalent to

	
f0 = 1

2 Π
√

COCSRR LOCSRR
� (14)

Representing the suggested microstrip patch antenna as a parallel combination of a resistor (R), an inductor 
(L), and a capacitor (C), one can obtain the resonant behaviour of the antenna. The equivalent circuit model 
of the antenna is made of three separate parallel RLC branches, each matching to one of the resonances since 
the antenna is made to run at three different resonant frequencies. These RLC circuits emulating the multi-
resonant character of the antenna are linked in parallel.The circuit-level representation was developed using 
Advanced Design System (ADS) software to precisely depict this behaviour. Full-wave simulations carried out 
with CST Microwave Studio allowed one to recover both real and imaginary components of the input impedance 
at each resonance. These impedance values are given in Table 3 and form the basis for lumped circuit parameter 
computation.

Using the conventional resonance relationships, the lumped component values—resistance (R), inductance 
(L), and capacitance (C)—for each resonant branch were calculated: Q = 2πfrCR and fr = (1/2π(LC)^(1/2)), The 
resonance frequency is fr; the quality factor is Q. The component values were computed methodically using these 
formulas and the CST-derived impedance values; they are compiled in Table 4.

From your Table 3, for the 3.22 GHz band (close to 3.16 GHz), the extracted values are:L = 82.54 pH.

•	 L = 82.54 pH.
•	 C = 29.6 pF.

Fig. 16.  Comparison of reflection coefficient between conventional centre feed and offset feed.
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f = 1

2π
√

LC
= 1

2π
√

(82.54 × 10−12)(29.6 × 10−12)
= 3.24 GHz

This also agrees closely with the measured value of 3.16 GHz, verifying the actual physical resonance based on 
your extracted lumped parameters.The whole equivalent circuit was built and simulated within ADS using these 
computed R, L, and C values (Fig. 13). The simulated S-parameters derived from this circuit model were then 
matched with those from the CST full-wave simulations and the recorded experimental data. Figure 14 shows a 
clear link between the CST Model and the circuit model. Moreover, the resistance values were precisely changed 
to get ideal impedance matching at every resonant frequency, therefore guaranteeing correct emulation of the 
performance of the antenna over the designated ranges.

The Open Complementary Split Ring Resonator (OCSRR) surpasses the Conventional CSRR in both 
theoretical and simulation contexts. The OCSRR oscillates at half the frequency of the CSRR due to its open 
configuration. The equation fOCSRR = 0.5 × fCSRR demonstrates this. When x1 = 2.7 mm and x2 = 3.5, the CSRR 
operates at a frequency of 6.28 GHz, whereas the OCSRR functions at 3.14 GHz. Th use of OCSRR introduces 
a resonance at 3.16 GHz. This indicates that OCSRR is superior for contemporary antenna applications due to 
its small design, enhanced impedance matching, and multi-band functionality. The simulation of CSRR various 
configuration presented in Fig. 15 also indicates the OCSRR will have lower resonant frequency due to increase 
in the effective capacitance, which is the result of split.

The Open Complementary Split Ring Resonator (OCSRR) surpasses the Conventional CSRR in both 
theoretical and simulation contexts. The OCSRR oscillates at half the frequency of the CSRR due to its open 
configuration. The equation fOCSRR = 0.5 × fCSRR demonstrates this. When x1 = 2.7 mm and x2 = 3.5, the CSRR 
operates at a frequency of 6.28 GHz, whereas the OCSRR functions at 3.14 GHz. Th use of OCSRR introduces 
a resonance at 3.16 GHz. This indicates that OCSRR is superior for contemporary antenna applications due to 
its small design, enhanced impedance matching, and multi-band functionality. The simulation of CSRR various 
configuration presented in Fig. 15 also indicates the OCSRR will have lower resonant frequency due to increase 
in the effective capacitance, which is the result of split.

The Fig. 16 demonstrate that the offset feed creates excitation asymmetry, facilitating enhanced coupling 
between the feed and the resonant structure. This design stimulates supplementary modes, optimises surface 
current distribution, and reduces the Q-factor, consequently augmenting bandwidth. In contrast to traditional 
feeding methods, the offset feed markedly enhances impedance matching, attaining deeper resonance and a 

Fig. 17.  Surface current distribution at resonant frequencies: (a) 3.16 GHz, (b) 3.82 GHz, (c) 5.41 GHz, and 
(d) return loss comparison between Ant A and the proposed antenna.
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broader bandwidth around 5 GHz. This enhancement is essential for contemporary multiband and wideband 
antenna applications, providing superior performance without modifying the antenna’s physical dimensions.

Result and discussion
The figure labelled as Fig. 17 displays the current distribution at the resonating band. It is evident from the 
figure that the surface current reaches its highest value when centred at the OCSRR at a frequency of 3.16 GHz. 
The distribution of surface current clearly indicates that the OCSRR is accountable for the 3.16 GHz frequency, 
whereas its impact on the 3.82 GHz frequency is insignificant. The surface current is uniformly distributed across 
the entire antenna at a frequency of 5.41 GHz. Figure 8 shows that the OCSRR exhibits a negative permittivity at 
a frequency of 3.14 GHz, indicating that it possesses the characteristics of an ENG metamaterial. Therefore, we 
can infer that the engraved OCSSR is responsible for the frequency of 3.16 GHz. Furthermore, the validation is 
conducted by analysing the OCSRR, as outlined in Sect. 2.2.

Figure 17ddisplays the simulation return loss plot of Ant A and the planned OCSRR inspired rectangular 
Antenna. The graphic shows that a single band Ant A has been improved to function at three different frequency 
bands, with a wide range of impedance and good matching in all of these bands. The achievement is made 
possible with the use of a smaller ground, feeding the element at a different position, and incorporating an 
OCSRR at the radiating element. Figure 18 presents a comparison between the measured E-plane and H-plane 
with their corresponding simulated values. A consistent radiation pattern is achieved throughout all resonant 
bands. The E plane exhibits a dipole pattern in the shape of an eighth, while the H plane displays a radiation 
pattern that is omnidirectional. Figure 19 displays the image of the created antenna. The antenna that was created 
is evaluated using the VNA Anritsu S820E. The antenna under test (AUT) was set on a precision-controlled 
rotating positioner for radiation pattern and gain measurements; a standard calibrated horn antenna was the 
transmitting antenna. Maintaining a 1.5-meter distance between the AUT and the transmitting antenna, the far-
field condition matching the highest working frequency of the antenna was satisfied. High-performance radio-
frequency absorption materials lined the chamber walls so precisely as to simulate free-space circumstances. To 
enable exact angle scans in both the E-plane and the H-plane, all measurements were automated and timed with 
the positioner and the VNA.The obtained measurements are then compared to the simulated results, which are 

Fig. 18.  Measured and simulated radiation patterns in E-plane and H-plane at (a) 3.16 GHz, (b) 3.82 GHz, and 
(c) 5.41 GHz.
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Fig. 20.  Comparison of simulated and measured return loss (|S11| in dB) for the proposed antenna.

 

Fig. 19.  Photographs of the fabricated antenna prototype and the anechoic chamber measurement setup.
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Fig. 21.  Measured and simulated gain of the proposed antenna at 3.16 GHz, 3.82 GHz, and 5.41 GHz.

 

Ref. no. Procedure used L * W (mm2) Centre frequency (GHz)
Analysis of equivalent 
circuit

Verification 
of 
metamaterial 
property

2 Hexagonal patch, fractal 75 × 75 1.575, 5.9,7.2 Not presented NA
8 Triangular patch, slot 30 × 28 1.6, 2.8, 5.7,9.6 Not presented NA
9 Cresent shape patch 31 × 35 11.30, 18.07, 20.72 Not presented NA

11 Fractal, L shape slot and SRR 30 × 24.8 3.3, 5.5, 7.3,9.9 Not presented Not 
Presented

12 U slot 30 × 40 1.8, 2.4,3.5 Not presented NA
13 SRR 22 × 24 2.48, 3.49 Not presented Not presented

24 QWSIW, fractal, CSRR 23 × 20.5 Between 4.96 to 5.88 (tunable by 
rotating the CSRR) Not presented Not presented

25 CSRR and reduced ground 20 × 25 4.5, 8 Not presented Not presented
27 Slot, ELC, Koch Fractal 40 × 40 1.5, 3.5, 5.4 Not presented Not presented
26 ELC 35 × 35 3.77, 5.4 Not presented Not presented
33 Slot 18.65 × 14 10 Not presented Presented
34 DRA 50.01 × 50.01 5.8 Presented Not presented
35 Fractal, CSRR 35.94 × 38.97 3.62, 7.82 and 10.58 Not presented Not presented

36
Double-layered FSS-backed 
miniaturized microstrip antenna with 
dipole strip array reflector

12.7 × 12.7 3.5 and 5.7 Presented Presented

37 TFSA + FSS + reflector 30 × 30 3.15–4.20 and 4.38–7.03 Presented Presented

OCSRR inspired 
rectangular antenna 
(proposed)

Offset feed, OCSRR 27.84 × 23.25 3.16, 3.82, 5.41 Presented Presented

Table 6.  Comparison between various antenna in the literature and tri-band offset feed OCSRR resonator 
etched rectangular monopole.

 

Simulated Measured

Centre frequency 
(GHz)

Operating band 
(GHz)

Reflection 
coefficient 
(dB)

Impedance 
bandwidth (MHz)

Centre frequency 
(GHz)

Operating band 
(GHz)

Reflection 
coefficient 
(dB)

Impedance 
bandwidth 
(MHz)

3.22 3.14 to 3.30 − 19.71 160 3.16 3.07 to 3.25 − 19.83 180

3.85 3.79 to 3.89 − 17.67 100 3.82 3.73 to 3.92 − 17.9 190

5.45 4.15 to 7.00 − 60.725 2850 5.41 4.10 to 6.85 − 55.73 2750

Table 5.  Measured vs. simulated results.
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displayed in Fig. 20. The results exhibit a little discrepancy caused by fabrication fault and the soldering of the 
SMA connector.

In Table 5, measured values are compared with the simulated results, and in Table 6, the OCSRR inspired 
rectangular printed antenna is compared with the antenna which ispreviously available in the literature.

Figure 21 displays the measured and computed gain of the rectangular printed antenna inspired by OCSRR. 
At frequencies of 3.16, 3.82, and 5.41 GHz, the maximum peak gains are observed to be 2.19, 2.27, and 2.82 dBi, 
respectively.

The obtained three bands of the proposed antenna offer significant advantages across various RF applications. 
The 3.07 –3.25  GHz band (180  MHz) covers parts of the 3.1–3.3  GHz range, which is utilized in WiMAX, 
early 5G trials, and defense communication systems. This band provides excellent propagation characteristics, 
making it ideal for urban and indoor wireless networks. The 3.73 –3.92 GHz band (190 MHz) falls within the 
3.5–3.8 GHz C-band, a globally important frequency range for 5G mid-band deployments. It offers a strong 
balance between coverage and capacity, and is widely used for 5G New Radio (NR) across various regions. 
Finally, the 4.10 –6.85 GHz band (2750 MHz) encompasses several crucial frequencies, including the unlicensed 
5 GHz Wi-Fi bands (e.g., 5.15–5.85 GHz), sub-6 GHz 5G bands, and the ISM band (Industrial, Scientific, and 
Medical), along with supporting fixed satellite services, radar systems, and some military applications. The wide 
bandwidth of this band supports high data rate transmission, making it ideal for high-throughput applications 
such as video streaming, industrial automation, and advanced sensing systems.

Conclusion
A rectangular monopole with an open complementary split resonator is proposed. The tiny structure resonates 
at three frequencies. Resonating frequencies are 3.16, 3.82, and 5.41 GHz. It is found that measured reflection 
coefficient, gain, E-plane, and H-plane radiation pattern findings match simulated results. Parametric analysis 
identifies essential OCSRR dimensions and presents results. The OCSRR’s negative permittivity is extracted 
using waveguide extraction. The negative permittivity at 3.14 GHz is verified by OCSRR resonant frequency 
calculation in Sect.  2.2. The proposed OCSSR-inspired rectangular printed antenna has an impedance 
bandwidth of 180 MHz (3.07 –3.25 GHz), 190 MHz (3.73 –3.92 GHz), and 2750 MHz (4.10 –6.85 GHz). The 
consistent radiation pattern, reasonable gain, simple construction, compactness, and tri-band properties make 
the suggested structure appropriate for wireless applications such RADAR, long-distance radio communication, 
WLAN, WAIC, and WiMAX.

Data availability
The datasets generated during and/or analysed during the current study are presented in the article.
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