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Abstract

:

This article describes the development of a compact microstrip bandpass filter (BPF) for multiple wireless communication utilizations. The proposed bandpass filter consists of metamaterial unit cells that are symmetrical in shape. The design process involves the placement of four symmetrical split-ring resonators (SRRs) on the top plane of the BPF. It exhibits improved filter characteristics through the implementation of these SRRs. The filter was modeled and fabricated and its performance was evaluated using a Vector Network Analyzer. The designed bandpass filter shows a 5 GHz bandwidth covering the frequency band spanning from 1 to 5.2 GHz, with a quality factor value of 1.85 across 1.9 GHz, 3.3 across 3.3 GHz and 5.1 across 5.1 GHz. The metamaterial analysis was carried out using ANSYS ELECTRONIC DESKTOP. The proposed filter measures 20 × 18 × 1.6 mm3, which is significantly smaller than current filters. The designed bandpass filter occupies 50% of the space of a conventional filter. The designed bandpass filter exhibits a distributed surface current of 84 A/m, and 94 A/m across the wide- and narrow-band operating frequency. The simulated and measured results indicate that the suggested metamaterial filter is well-suited for multiband wireless applications like GPS (1.57 GHz), WLAN (2.4, 3.6, and 5.2 GHz), Wi-MAX (2.3, 2.5, and 3.5 GHz), and ISM (2.5 GHz).
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1. Introduction


Metamaterials are materials that have been artificially created and exhibit desirable physical features that are not present in regular materials [1]. They have the unusual ability to display reversed Doppler effects, inverse Snell’s law, and a negative refractive index. Metamaterial inclusions have modest sizes regarding their resonance wavelength. The first particle for the use of metamaterial was the split-ring resonator (SRR) [2]. The properties of symmetry for split-ring resonators play an important role in helping us find useful characteristics of the metamaterials [3]. To achieve metamaterial characteristics in a certain frequency range, the metamaterial can be built using split-ring resonators (SRRs) or other equivalent geometries [4]. These devices are commonly referred to as fundamental resonators for the construction of small microwave circuits. The miniaturization of SRRs can be performed by utilizing the structures’ well-known sub-wavelength effect [5]. A split-ring resonator (SRR) can serve as the basis for constructing a negative permeability stopband structure [6]. Numerous studies [7,8,9] have shown that split-ring resonators can be used to create bandpass and band-stop filtering structures. Complementary split-ring resonators (CSRRs) were used to construct a stopband microstrip line in 2004 by Falcone et al. [10]. The relatively narrow band response of the SRR in comparison to the CSRR has also been shown [11]. The use of complementary split-ring resonators in the design of filters with broad and deep stopbands is becoming more common [12,13,14,15]. Bandpass filters have also been created based on open-loop resonators and DGS methods [16,17,18,19]. The performance of band-stop filters has been improved significantly by this technique. A band-reject filter must be used to suppress erroneous signals. Xiao et al. [20] proposed a dual- and tri-band band stop filter by cascading U-shaped DGS [20]. A brand-new N-ring SRR unit cell for multi-band metamaterials was put forth by Turkmen et al. in [21]. The concentric split rings that make up the multi-band resonator come in N various sizes—each of the N resonance frequencies produced by the N-ring results in magnetic resonance. Actually, by altering the design parameters of each ring resonator, it is possible to obtain variations in each resonance response. A small microstrip bandpass filter based on an SRR is proposed in this study by adjusting the geometrical characteristics of each ring resonator, as well as the design parameter. A quad-band bandpass filter, with the implementation of metamaterial, is designed for Wi-MAX and WLAN applications with a compact size of 8.1 mm × 19.2 mm, having FR-4 as a substrate layer [22]. A known SRR is placed in the designed waveguide bandpass filter to reduce the size of the filter, which operates across 6.5 GHz. The purpose of this work is to cut the length of the planned resonant iris waveguide bandpass filter in half. An electromagnetic study revealed that reducing the filter length does not affect the S-parameters or passband [23]. In [24], the reported planar and integrated W-band front-end module was constructed and measured in conjunction with other active chips. Approximately 28.5 dBm of transmitted power and approximately 7.5 dB of receive noise are measured, demonstrating the practicality of such a W-band Tx/Rx module [24]. The proposed SRR design comprises three SRRs on which the filter is attached. The HFSS software was used to create this (v. 15.0). For the substrate material, a material with a dielectric constant of 4.36 and a loss tangent of 0.01 was employed. The height of the substrate varied while the dimension of 4.9 × 2.9 remained constant. When compared to the other design, the findings for the BPF on SRR with increased substrate height showed superior outcomes and better return loss characteristics [25]. This work designs and demonstrates a small UWB bandpass filter based on an aperture-backed quintuple-mode resonator, with an approximate fractional wavelength. The inter-digital coupled system has a bandwidth of 110% due to the capacitive end stubs positioned symmetrically. The frequency selectivity of a single-section stub has been used successfully in the creation of a wideband bandpass filter. To characterize the resonance behavior of the suggested quintuple, odd and even-mode analysis is performed. The filter layout’s overall bandwidth is seen to range from 3.11 to 10.63 GHz. Additionally, characteristics include minimal insertion loss (0.8 dB), a wide stopband (11.27–20 GHz), and uniform group delay (0.6 ns) [26]. This paper presents a design concept for microstrip two-band filters with first/second passbands of Nth/2nd order based on square loop resonators and short-circuited stubs. The ABCD parameters are used to define the design approach for a two-band filter with cascaded unit filter cells in a theoretical model. The computational efficiency of the design process is demonstrated, and the computed results agree with the simulated outcomes. Based on the positioning of the cascade-connected unit filter cells in the horizontal axis, a reconfigurable filtering property in terms of transmission zeros is achieved, particularly in the second passband. Prototypes of two-band filters with a 2nd/4th order in the first/second passband are built and tested. Insertion losses in the first/second passband for TBFSLR#1 and TBFSLR#2 are around 0.63 dB/0.96 dB and 0.59 dB/0.83 dB, respectively, according to measured data. TBFSLR#1 and TBFSLR#2 have total surface areas of 26.0 mm, 9.0 mm and 24.4 mm, 16.8 mm, respectively. Bandpass filters with a low insertion loss, good selectivity or flat group delay, compact size, low radiation loss, and adjustable filtering features are presented. The designed filters are appropriate for use in sub-6 GHz 5G applications [27]. Microwave bandpass filters are essential in radio frequency for suppressing out-of-band emissions, which are required in today’s wireless communication. This research looks at the various materials and procedures used to make microwave bandpass filters. Different resonator designs, defective ground structure approaches, and dielectric material types used in the design are all investigated. Microwave bandpass filters, which are utilized in wireless communication systems across a wide range of frequency bands, contain important properties for managing frequency response in the pass and stop bands. To ensure crisp transitions at cutoff frequencies, compactness, high selectivity, low insertion loss, increased fractional bandwidth, and high return loss, the best performance of microwave band pass filters is evaluated using optimization methodologies. A study found that using the correct fabrication techniques and materials increases the performance of microwave bandpass filter designs, making them more useful in the development of wireless communication systems [28]. This research proposes and designs a low-profile and highly selective microstrip band-pass filter for 5G mid-band-frequency applications that support commercial 5G networks. A series of square loop ring resonators work in tandem with the T-shaped feed lines in the outer resonator in this filter design. With the use of a FR4 substrate in the design process, the overall filter size is reduced to around 13 × 13 × 1.6 mm3. The intended filter is simulated using the IE3D moment-based electromagnetic simulator. The filter projects an insertion loss of about 0.1 dB and a return loss of about −27 dB with a bandwidth of about 400 MHz, indicating a quality factor of 9 over a frequency range of 3.4–3.8 GHz with a center frequency of 3.6 GHz. The designed filter is built and evaluated with a network analyzer. The measured results support the simulated filter design’s good response [29].



The key objective of this research is to develop a metamaterial-unit cell-loaded compact bandpass filter (BPF) structure with improved quality factors and characteristic parameters to support multiple wireless communication systems. The designed bandpass filter is created utilizing an FR-4 substrate with a thickness of 1.6 mm. The proposed BPF is constructed by implementing four symmetrical split-ring resonators on its front plane. The proposed filter requires a compact dimension of 20 × 18 × 1.6 mm3, which is significantly smaller. The designed bandpass filter features a low insertion loss, a high reflection coefficient, a stopband attenuation of −40 dB, and a ripple factor of 0.01 dB using the Chebyshev type-1 analog approximation method. The suggested filter has a linear phase response, a short group delay, and a high-quality factor value.



The proposed bandpass filter with the implementation of metamaterial over FR-4 substrate having the dielectric constant value of 4.3. By the implementation of the symmetry metamaterial in the proposed microstrip bandpass filter the filter characteristics are enhanced with compact size and with minimum power consumption.




2. Proposed Bandpass Filter Design Approach


In Section 2, the metamaterial’s design and its analysis, considering permittivity, permeability, and the refractive index, are discussed. Furthermore, the design approach of a metamaterial bandpass filter and its equivalent circuit is presented and discussed.



2.1. Metamaterial Design


Initially, a single metamaterial with an equivalent circuit was designed and analyzed. Figure 1a shows the proposed metamaterial unit cell. The designed metamaterial unit cell geometry has two similar shapes when a central line passes through it. Hence, the inner and outer ring geometries of the unit cell metamaterial is symmetrical in its shape along its axis. The proposed metamaterial has the outer ring dimension of 2 × 2 mm2 with a slit gap of 0.6 mm. Similarly, the inner rings of the unit cell structure the dimension of 1.4 × 1.4 mm2 with a slit gap of 0.35 mm. The gap in a split-ring resonator takes the gap capacitor into account. Every gap creates a series capacitance in the SRR example, but the second split-ring resonator, which is split opposing the first split-ring resonator, generates a significant capacitance by taking into account the little gap between the two SRRs. Series capacitances are created, and for the building of an equivalent circuit, the inductance that will occur in the loop is also taken into account. Due to their negative permittivity and negative permeability, the SRR unit cells are mounted on the top side of the microstrip filter to enhance the filter’s performance metrics. The proposed metamaterial shows multi-bands by optimizing the dimensions of the unit cell. The overall unit cell has multi-frequency values and performs well in terms of insertion and reflection coefficients. Figure 1b depicts the proposed metamaterial’s equivalent circuit. The inductance, capacitance, and resonating frequencies are determined using the following equations.



The total capacitance of the split-ring resonator (SRR) is calculated by Equation (1):


   C T  =  1   C S  +  C G  +  C C     



(1)







The rectangular SRR’s inductance in its loop is computed using Equation (2):


   L T  = 0.0002 l ( 2.303   log   10     4 l  c  − γ ) u H  



(2)







Hence, for a rectangular wire loop, the constant γ = 2.853 and the length ‘l’ and thickness c. are in mm.



The SRR’s resonant frequency is determined using Equation (3):


   w 0  =  1    (  L S  + 4  L M  ) (  C S  +  C G  +  C C  )      



(3)




where CC = coupling capacitance, CG = gap capacitance, CS = surface capacitance, LM = mutual inductance, and LS = self-inductance, CT = total capacitance, w0 = resonating frequency, and LT = Total inductance.




2.2. Metamaterial Analysis along with Proposed Bandpass Filter


The metamaterial analysis along with the intended bandpass filter design is presented in the flow chart format and indicated in Figure 2. The steps are summarized point-wise and given below.



	
Design specification was considered for the filter design as per the desired applications.



	
Simulation was performed using a commercially available electromagnetic tool (ANSYS ELECTRONIC DESKTOP, Version 19.2).



	
The simulation was performed for the metamaterial unit cell, where Floquet mode analysis was performed in order to obtain metamaterial characteristics (i.e.,) permittivity, permeability, and the refractive index.



	
The analyzed metamaterial was integrated with a microstrip line filter.



	
The proposed bandpass filter with the integration of metamaterial was simulated.



	
Once the desired frequency was as per the specification, we prototyped the filter and measured the filter characteristics using VNA.







2.3. Permittivity of the Metamaterial


Resonator S-parameters serve as the foundation for the characterization methods of metamaterial structures. Metamaterials can be described using a variety of techniques that have been developed. Due to the accuracy of the calculation, the Nicolson–Ross–Weir approach is utilized in this section. The equations referred to by (4)–(7) serve as the foundation for this method, as referred from [30,31,32].



The permittivity of the metamaterial was calculated using Equations (4) and (5):


V1 = S21 + S11



(4)






V2 = S21 − S11



(5)




where S11 is the reflection coefficient value and S21 is the insertion loss value of the proposed bandpass filter.



By considering Equations (4) and (5) in Equation (6), the permittivity of the metamaterial was evaluated.


   μ  e f f   =  2  j  K 0  d     1 −  V 2    1 +  V 2     



(6)




where




	
µeff is the permittivity of the metamaterial.



	
V1 = S21 + S11.



	
V2 = S21 − S11.








The negative permittivity value simulated by an ANSYS electronic desktop is shown in Figure 3. Figure 3 depicts the suggested metamaterial’s negative permittivity value, which spans from −0.5 to −2.8.




2.4. Permeability of the Metamaterial


By considering Equations (4) and (5) in Equation (7), the permeability of the metamaterial was evaluated:


   ε  e f f   =  2  j  K 0  d     1 −  V 1    1 +  V 1     



(7)




where εeff is the permeability of the metamaterial, K0 is wave number, and d is the substrate thickness.



Figure 4 depicts the ANSYS electronic desktop simulation of the SRR unit cell’s negative permeability value. Figure 4 depicts the suggested metamaterial’s negative permeability value, which spanned from −0.5 to −2.8.




2.5. Metamaterial Refractive Index


This is defined as the square root of permittivity and permeability of the metamaterial and is presented by Equation (8):


Refractive index = square root (Permittivity × Permeability)



(8)







A simulation of the negative refractive index value of the SRR unit cell was performed using ANSYS electronic desktop. Figure 5 depicts the suggested metamaterial’s negative refractive index value, which ranged from −0.5 to −2.8.




2.6. Metamaterial Bandpass Filter Design Approach


This work proposed and characterized a small metamaterial-inspired bandpass filter utilizing ANSYS electronic desktop. Figure 1 and Figure 6 show the optimized dimensions of the filter as well as the SRR unit cells. The bandpass filter had a 50-ohm impedance and was composed of FR-4, which had a dielectric constant of 4.3. It had a thickness of 1.6 mm. The recommended band pass filter’s order, LC equivalent model, and its iterations were built using the Chebyshev type 1 approximation with a ripple factor of 0.01 dB.



Figure 6 depicts the suggested bandpass filter with four metamaterials integrated onto the top layer of the bandpass filter, which improves the filter’s performance and also resonates at multi-band frequency modes.



Utilizing the Formula (9), the filter’s center frequency was determined:


   f c  =  c  2 L    ε r       



(9)




where fc is the central frequency, L is the inductance of the device, and εr is the effective dielectric constant.



The following formula determines the suggested microstrip filter width and length.



Utilizing the Formula (10), the microstrip bandpass filter’s dimensions were determined:


  W =  c  2  f c      (  ε r  + 1 )  2       



(10)







The microstrip bandpass filter width was determined to be 20 mm using Equations (9) and (10) above.



The following equation was used to calculate the microstrip bandpass filter’s effective dielectric constant:


   ε  e f f   =   (  ε r  + 1 )  2  +   (  ε r  − 1 )  2    [ 1 + 12  h W  ]   − 0.5    



(11)







It was determined that the microstrip band pass filter’s effective dielectric constant had a value of 4.3 using Equation (11).



We used Formula (12) to determine the microstrip band pass filter’s length.


   L  e f f   =  c  2  f c     ε  e f f        



(12)







Equation (12) was used to calculate the length of the microstrip bandpass filter, which was determined to be 18 mm.




2.7. Estimation of Lumped Values of the Proposed Bandpass Filter


Now that we know that with this parameter, we can determine the L and C component values. The Formulas (13)–(16) can be used to compute the bandpass filter’s lumped values.



For series L and C values,


   L K  =   L  K 1   Z 0     f 0  Δ    



(13)






   C K  =  Δ   f 0   L   K 1     Z 0     



(14)







Inductance and capacitance values in terms of shunt:


   L K  =   Δ  Z 0     f 0   C   K 1       



(15)






   C K  =    C   K 1       f 0  Δ  Z 0     



(16)




where f0 is the central frequency, ∆ is the fractional bandwidth, and Z0 is the input impedance value.




2.8. Proposed-Bandpass-Filter Equivalent-Circuit Extraction Process


Figure 7 presents the flow chart for the equivalent-circuit extraction process. The process to extract the equivalent circuit of the suggested BPF structure is summarized below:




	
The equivalent circuit was extracted using commercially available software, i.e., (ANSYS ELECTRONIC DESTOP).



	
Initially, we had to open the project in ANSYSY ELECTRONIC DESKTOP.



	
Then, in the project, i.e., (Proposed Work) open insert the filter design, we had the analog approximation technique, in which we had four categories of passbands, topology, approximation, prototype, and technology.



	
Bandpass must be included in the passband, idea lumped must be included in the topology, and GEN CHEBYSHEV TYPE-1 approximation approaches with a ripple factor of 0.05 dB must be included in the approximation technique.



	
Finally, we had to insert the order of the filter, the lower frequency, and higher frequency; there, we obtained the final equivalent circuit extraction.








Figure 8a shows the suggested bandpass-filter equivalent circuit, from 1 to 5.2 GHz. The equivalent circuit extraction was carried out by considering the flow process in Figure 7. The equivalent circuit is a combination of lumped elements (i.e.,) capacitance and inductance. Finally, Figure 8b states the return loss value of the proposed filter by considering the simulated value and RLC value. It states that there was a minute deviation between the simulated return loss value and RLC return loss value, which was in an acceptable range. The graph was drawn using the origin Pro software (v.2023).





3. Discussion on Results of the Proposed BPF


This section deals with the proposed bandpass filter characteristics like return loss, insertion loss, group delay, and phase delay field distribution of the filter.



3.1. Stating the Parametric Analysis by Changing the Physical Parameters


The parametric analysis states the optimization of the proposed bandpass filter. To minimize the size of the filter for compactness and also improve the performance of the filter. The optimization of the filter was carried out by altering the physical parameters of the filter (i.e.,) width, and length. The metamaterial optimization was also performed to enhance the filter characteristics.



Figure 9a states the S11 value of the filter by altering the BPF substrate width. The substrate of the designed BPF, with a width of 18 mm, showed better return loss across the operating frequency than the substrate with widths of 19 and 20 mm. Similarly, Figure 9b shows the BPF’s return loss value, with a substrate length of 20 mm, which shows multi bands with enhanced return loss values compared to the substrate with 19 and 18 mm lengths. Finally, Figure 9c,d states the return loss value of the designed BPF by optimizing the outer and inner length of the metamaterial by considering the values of 2 mm and 1.4 mm to obtain various applications with an enhanced return loss value.




3.2. Return Loss


The suggested BPF-measured and -simulated return loss values are shown in Figure 10. The proposed filter operates across various applications like GPS (1.57 GHz), WLAN (2.4, 3.6 and 5.2 GHz), Wi-MAX (2.3, 2.5 and 3.5 GHz), and ISM (2.5 GHz), with a return loss value of −10 dB. The designed BPF showed a bandwidth of 5 GHz across the operating frequency from 1 to 5.2 GHz. The measured results were in good coherence with the simulated results for both the first and second operating frequencies.




3.3. Insertion Loss


Figure 11 states the measured and simulated insertion loss value of the designed BPF. The designed BPF operates across various applications like GPS (1.57 GHz), WLAN (2.4, 3.6 and 5.2 GHz), Wi-MAX (2.3, 2.5 and 3.5 GHz), and ISM (2.5 GHz), with an insertion loss value in the −0.5 to −0.8 dB range. The measured result showed good coherence with the designed results with both the first operating frequency and the second operating frequency.




3.4. Group Delay


A propagation delay through a filter measured on the signal’s envelope is referred to as a group delay. The proposed bandpass filter showed the group delay value in the range of 0.5 ns (min) to 2.8 (max) across the operating frequency. The measured result showed in Figure 12 is in good agreement with the simulation result for both the first operating frequency and second operating frequency.




3.5. Designed BPF Phase Response


The phase response of a filter describes how the filter influences the phase of the input signal as it goes through the filter.



Figure 13 shows the phase response of the designed BPF across the operating frequency. The designed BPF showed a linear phase response.




3.6. Surface Current Distribution


The surface current distribution provides an intuitive perspective on how the current flows, which is critical for high-speed design. Actually, for a microstrip structure, the radiation on the surface and its flow can be visualized for a better understanding of the filter characteristics. Figure 14a–c shows the surface current distribution of the designed BPF at 1.9 GHz, 3.3 GHz and 5.2 GHz, respectively. The designed BPF shows the maximum distribution of current across the transmission line, i.e., (98 A/m), and the minimum current distribution across the SRR, i.e., (84 A/m). From Figure 14a–c, it can be clearly observed that the maximum current distribution occurs across the transmission line, which is indicated by the red color, and minimum current distributions occur across the metamaterial structure.




3.7. E-Field Distribution


The electric field concept is also essential for understanding the self-propagation of the electromagnetic waves. The E-field distributions of the designed BPF at 1.9 GHz, 3.3 GHz and 5.2 GHz are presented in Figure 15a–c. The filter showed the maximum E-field distribution across the transmission line and the first ring of SRR, i.e., (727 V/m), and minimum current distribution across the SRR, i.e., (618 V/m). From Figure 15a–c, it is clearly observed that the maximum E-field distribution was experienced across the transmission line and outer ring of the metamaterial structure, which is indicated in a red color. On the other hand, the blue color indicates the minimum E-field distribution across the inner ring of the metamaterial.




3.8. H-Field Distribution


A magnetic effect is caused by moving electric charges and an electric field is caused by stationary charges. Figure 16 represents the H-field distribution of the designed BPF for the 1.9 GHz, 3.3 GHz and 5.2 GHz operations. The designed BPF showed the maximum H-field across the transmission line, i.e., (29 A/m) and minimum current distribution across the SRR, i.e., (33 A/m). From Figure 16a–c, it is clearly observed that the maximum magnetic-field distribution was experienced across the transmission line, which is indicated in the red color. On the other hand, the blue color indicates the minimum magnetic field distribution across the metamaterial structure.




3.9. Designed BPF Prototype Model


Figure 17 states the prototype model of the designed BPF. The designed BPF is fabricated over an FR-4 substrate, with a dielectric constant value of 4.3 and a loss tangent value of 0.02. The proposed bandpass filter consists of SRR on the top layer of the filter for a wide range of applications. The bandpass filter was studied in full using ANSYS ELECTRONIC DESKTOP, which produces highly accurate simulation results. The obtained value showed great accuracy with the measured results.



Table 1 shows the comparative study of the proposed bandpass filter with the existing literature survey. Table 1 reveals that the proposed bandpass filter showed a higher filter performance in terms of return loss, insertion loss, and group delay when compared with refs [33,34,35,36,37,38,39]. Similarly, the proposed design showed multiband applications under the sub 6 GHz frequency band when compared to previous studies reported in the performance comparison Table.





4. Conclusions


In this article, a multiband bandpass filter was designed and fabricated with compact size for various wireless communication applications. The proposed bandpass filter showed improved performance due to the proper placement of four identical metamaterial structures in the form of symmetrical split-ring resonators. The proposed filter had dimensions of 20 × 18 × 1.6 mm3, which was significantly compact when compared with the existing literature. The suggested bandpass filter had a bandwidth of 5 GHz. The filter was designed and the prototype was also built for validation analysis on the Vector Network Analyzer and had good impedance matching. Simulations and measurements proved that the proposed metamaterial filter is well suited for specific wireless applications such as GPS (1.57 GHz), WLAN (2.4, 3.6, and 5.2 GHz), Wi-MAX (2.3, 2.5, and 3.5 GHz), and ISM (2.5 GHz).
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Figure 1. (a) Rectangular metamaterial unit cell, and (b) equivalent circuit. 
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Figure 2. Metamaterial analysis with proposed bandpass filter in commercial software. 
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Figure 3. Permittivity of the metamaterial. 
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Figure 4. Permeability of the metamaterial. 
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Figure 5. Refractive index of the metamaterial. 
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Figure 6. Metamaterial bandpass filter: (a) front plane (b) back plane. 
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Figure 7. Flow chart process of the equivalent circuit extraction. 
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Figure 8. Equivalent circuit of the proposed bandpass filter: (a) wideband (i.e.,) 1 to 5.2 GHz, and (b) return loss value of the proposed BPF. 
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Figure 9. (a–d) Parametric analysis of the proposed bandpass filter by changing the physical parameter. 
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Figure 10. The return loss of the designed BPF. 
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Figure 11. Designed BPF insertion loss. 
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Figure 12. Proposed BPF group delay value. 
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Figure 13. Designed-BPF phase response. 
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Figure 14. Designed BPF-surface current distribution: (a) 1.9 GHz, (b) 3.3 GHz, and (c) 5.2 GHz. 
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Figure 15. Designed-BPF E-field distribution: (a) 1.9 GHz, (b) 3.3 GHz, and (c) 5.2 GHz. 
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Figure 16. Designed-BPF H-field distribution: (a) 1.9 GHz, (b) 3.3 GHz, and (c) 5.2 GHz. 
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Figure 17. Designed BPF prototype model: (a) top view, (b) bottom view; (c) measurement setup. 
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Table 1. Comparative study of bandpass filters with proposed bandpass filter.
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	Reference
	Resonating Frequency (GHz)
	S11 (dB)
	S12 (dB)
	BW (GHz)
	GD (ns)
	Applications





	[33]
	2.4/5.8 and 2.5/3.4
	<−10
	<0.1
	0.5
	NA
	WLAN/Wi-MAX



	[34]
	2.5/5.8
	<−10
	<1.24
	0.8
	1.32, 1.85
	Wi-Fi



	[35]
	3.5/5.5
	<−25
	<0.1
	0.5, 0.15
	1.68, 1.89
	Wireless communication application



	[36]
	2.4/5.2
	<−25
	1.43, 1.34
	Narrow bandwidth
	2.45/2.14
	Wi-Fi, WLAN



	[37]
	2.4/5.2
	<−25
	0.3, 0.7
	Narrow bandwidth
	1.47/1.95
	Wi-Fi, WLAN



	[38]
	1.8/4.1
	<−16
	1/1.2
	1.8/0.5
	0.4, 0.6
	GSM, Fixed satellite application



	[39]
	4.59
	<−12
	0.2
	4.77
	0.5
	WLAN, Wi-Fi, Bluetooth



	Proposed Filter
	1.9/3.3/5.2
	<−15
	<0.1
	5
	0.5/2.8/1
	GPS, Wi-Fi, WLAN, ISM, Wi-MAX







S11 = return loss. S12 = insertion loss. BW = bandwidth. GD = group delay.
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