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Abstract

:

In this paper, a novel kind of mode composite transmission line (MC-TL) is proposed, and a dual-band power divider with a large frequency ratio using this novel MC-TL for 5G communication systems was developed. The proposed MC-TL was developed using spoof surface plasmon polaritons (SSPPs) and a corrugated substrate-integrated waveguide (CSIW) transmission line, which supports both a surface plasmon mode and TE10 mode, independently. The surface plasmon mode operates in the grooves of the surface metal layer, while the TE10 mode works in the substrate between two metal layers. These two parts can transmit different modes at independent frequencies. This structure can be used in dual-band transmission lines with a high frequency ratio. The characteristics and design of the MC-TL (SSPPs and CSIW) are analyzed and illustrated. The MC-TL was fabricated and measured to demonstrate its performance. Moreover, based on the proposed MC-TL, a dual-band power divider with a large frequency ratio (operating at 3 GHz and 28 GHz simultaneously) was also designed and fabricated. It can cover the frequency of a fifth-generation communication system perfectly. The measured outcomes align closely with the simulated results, demonstrating robust agreement and showcasing excellent transmission capabilities.
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1. Introduction


Modern developments in 5G wireless communication systems require highly integrated, geometrically compact radio frequencies, microwave circuits, and modules featuring broadband and multi-band functionalities. The most widely used frequency bands for commercial wireless communications such as mobile phones and wireless Internet connectivity are allocated in the low microwave frequency ranges of up to 6.0 GHz [1], covering popular bands of 900 MHz, 1.9 GHz, 2.45 GHz, 3.5 GHz, and 5.8 GHz. Within the advancing realm of fifth-generation (5G) wireless communication networks, operational frequencies may extend to 28 GHz, 35 GHz, and even up to 57–71 GHz [2]. Consequently, a significant disparity in frequency arises between existing and upcoming wireless communication infrastructures. In recent years, many high-performance dual-band power dividers, filters, and antennas have been developed as key components of RF systems [3,4], but a very large frequency ratio is difficult to use, so the frequency ratio of most research results has been less than 3, which does not meet the requirements of a 5G system.



In acknowledging the noted apprehensions, an innovative mode composite waveguide (MCW) was introduced and validated in [5]. This structure integrates an inner rectangular metallic core with an outer rectangular metallic sheath. Over the past few years, substrate-integrated waveguides (SIWs) have garnered considerable attention due to their compactness and minimal signal loss [6]. An interior conductor functions as an SIW, facilitating the transmission of high-frequency signals, while the external enclosure and the surrounding surface of the inner conductor collectively serve as a substrate-integrated coaxial line, supporting a TEM mode at low frequencies. A dual-band antenna has been implemented to support 5.8 and 30 GHz simultaneously by integrating an annular-ring antenna element and SIW slot antenna element [7]. This structure uses two layers of substrate and uses slots to couple energy from the SIW to a microstrip line. The ports are in the form of microstrip lines.



Nevertheless, in the current MCW configuration, the complexity remains high due to the multilayer PCB process, making integration with other planar circuits arduous and impeding the utilization of the SIW segment for antenna designs. Thus, researchers are compelled to devise a single-layer planar transmission line to expose the SIW to the surrounding air. Consequently, a fresh composite transmission line, dubbed the dual-mode composite microstrip line (DMCMS), has been introduced, merging an SIW with a microstrip line and designating the SIW as the thick conductor strip within the microstrip line [7]. An SIW and CPW have also been combined as a new transmission line. While the SIW has a cutoff frequency, the bandwidth of the coplanar waveguide transmission covers both low and high frequencies. This feature can meet the requirements of a high frequency ratio [8].



The utilization of substrate-integrated waveguide (SIW) technology represents a highly favorable strategy in the creation of transmission structures within a high-frequency microwave circuit design, owing to its minimal losses, straightforward architecture, and seamless compatibility with additional planar circuits. As a structure for microwave transmission on onboard media, SIWs are widely used in communication, radar, satellite communication, microwave sensor, and RFID and RF front-end design applications. A wide range of low-cost and high-performance SIW circuits and antennas have been developed [9,10,11,12,13].



SIWs can also be combined with spoof surface plasmon polaritons (SSPPs). SSPPs are slow waves that propagate along the interface of an air–metal surface in the terahertz and microwave frequencies [14,15,16,17]. SSPPs are two-dimensional electromagnetic fields that are highly localized, propagate along metal–dielectric interfaces, and decay exponentially into adjacent media. Owing to the advantages of confined electromagnetic fields in subwavelength scales, SSPPs have some potential applications.



In [18], SSPPs and SIWs were used as two different frequency input terminals of an antenna. With the good isolation of SSPPs and an SIW, two transmission lines (TLs) can share the same antenna and can obtain a result that the frequencies do not interfere with each other. Recently, there have been many studies that combine SSPPs and an SIW into a filter, since SIWs have high-frequency passing characteristics, and SSPPs have low-frequency passing characteristics. However, all these structures [19,20,21] have SSPPs inside the SIW, and obtained only bandpass filters.



SIW substrate metallization vias direct current from the upper surface conductor to the lower surface conductor, and it is not appropriate to place SSPP structures on both sides of the SIW. The corrugated SIW (CSIW) [22], as a member of the SIW family, has a similar physical structure to that of SSPPs. A CSIW achieves TE10-type boundary conditions by replacing vias with quarter-wavelength microstrip stubs arranged in ripples at the waveguide edges. The CSIW changes the structure of the metallized vias so that the SSPP structure is integrated on both sides of the top surface conductor. For these reasons, a single-layer mode composite transmission line is proposed in this paper that combines SSPPs with a CSIW.



In this paper, Section 2 introduces and discusses the principles of Hybrid SSPPs and the CSIW structure. Section 3 provides the MC-TL design. Section 4 discusses the simulation and measurement of the MC-TL, and the results are analyzed appropriately. In Section 5, a dual-band power divider based on the MC-TL is proposed, which can work in both low-frequency passbands and high-frequency passbands as a so-called dual-band power divider. Then, the measured results are presented, showing agreement with the simulation results.




2. Principle of Hybrid SSPPs and CSIW Structure


2.1. The Transition from SIW to CSIW


Figure 1 shows the electric field distribution of the substrate-integrated waveguide and the structure where the metallized through-holes are replaced with different forms of open stub lines, including a SIW TL, double-layer open-stub line substrate-integrated waveguide, double-layer open-stub line substrate-integrated waveguide with increased distance of each branch, and single-layer open-stub line substrate-integrated waveguide. They operate in TE10 or quasi-TE10 mode. As shown in Figure 1a, the SIW is composed of two rows of metallic via holes on the substrate, which can make the current flow from the upper surface of the dielectric substrate to the lower surface, where r0 is the diameter of the metallic via holes, and d_v is the hole spacing. The fundamental mode in the SIW is TE10 mode, and the dispersion relationship is [23]
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(1)




where β is the propagation constant of the TE10 mode, ωs is the center distance of two metallized vias at relative positions on both sides of the dielectric substrate, and εr and μr are the relative permittivity and permeability.



TE10 is limited to the inside of the SIW due to the metal columns connecting the top and bottom metal layers. When we consider the metallic via hole as a short path between the top and bottom metal layers, the hole can be replaced with a short segment that simultaneously opens on the upper and lower layers of the substrate, as shown in Figure 1b. In the so-called double-layer open-stub line substrate-integrated waveguide, the TE10 mode is still working in the substrate, between the top and bottom metal layers, which is the same place and mode as in the SIW. The TE10 mode is still working when changing the distance between the open-stub, as shown in Figure 1c. When the distance between adjacent open stubs becomes larger, the working mode of TE10 does not change. As shown in Figure 1d, when the bottom open stub is changed into ground metal, the working mode of TE10 does not change with it. It can be seen that the structure of the CSIW, which is changed from SIW, is similar to the structure of the SSPPs. In Figure 1, there is some electromagnetic energy at the end of the open stub, which is caused by the periodicity of the microwave circuit; it cannot be avoided, but it can be set outside the operating frequency.




2.2. Dispersion Analysis of SSPPs


In investigating the characteristics of the multilayered composite transmission line (MC-TL) formed by merging spoof surface plasmon polaritons (SSPPs) and the composite substrate-integrated waveguide (CSIW), our initial focus is on analyzing the dispersion properties of the MC-TL unit cell. Figure 2 shows diagrams of the top-down views of the MC-TL and its individual unit cell.



The width and depth of the grooves are denoted as wp and lp, respectively. The period of the SSPPs element is represented by d, while the substrate thickness is indicated as h. Both the top and bottom metal layers have a thickness of t. In this paper, t = 0.018 mm. It should be noted that the impact of t on the electric field distribution is negligible. Research has demonstrated that periodic metallic grooves can sustain and propagate a surface plasmon mode in microwave frequencies when wp and lp are significantly smaller than the operational wavelength. The dispersion relationship of these SSPPs is documented in [24].
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where β is the propagation constant of the SSPPs mode, and k0 = ω/c. The dispersion curve of this SSPP was also analyzed using Ansys HFSS, as shown in Figure 3. Figure 3a shows the dependence of dispersion relations for the fundamental SSPPs mode on an lp ranging from 1 to 6 mm while keeping a = 6 mm, wp = 0.4 mm, d = 1.6 mm, and h = 0.508 mm. h is the thickness of the dielectric substrate, which does not change The substrate is a Taconic RF-35 substrate. It can be observed that the curves exhibit decreased upper cutoff frequencies as the groove depth lp increases. As shown in Figure 3b,c, when a = 6 mm, lp = 3.5 mm, the wp and d will also affect the cutoff frequencies. The smaller the values of wp or d, the higher the cutoff frequency will be. The cutoff frequency is almost unaffected by a at a low-frequency passband, as shown in Figure 3d, where the rest of the other parameters are fixed at wp = 0.4 mm, d = 1.6 mm, and lp = 3.5 mm. Based on this phenomenon, we can combine SSPPs and a CSIW, and obtain the conclusion that the TE10 mode does not affect the surface plasmon mode.



The dimensions of the substrate-integrated waveguide and the length of the quarter-wavelength open-circuit stub line were computed with respect to the high-frequency passband. Subsequently, the width and spacing of the open-circuit stub lines were established considering the characteristics of the spoof surface plasmon polaritons (SSPPs). Finally, in order to realize a composite mode transmission line composed of the volume elements of the SSPPs and CSIW excited simultaneously from the microstrip line ports, a microstrip line with step transitions of open-stub lines and tapering lines was investigated. The low-pass frequency was up to 5 GHz, as shown in Figure 3, and lp should be set first. When the length of lp is determined, the low-frequency passband of this structure is narrow, and with big discontinuity in the circuit. So, in the input direction, grooves are used in the form of steps to realize the impedance matching, as shown in Figure 4. As can be seen from the figure, the whole circuit has a symmetrical structure that adopts coaxial input; the length of the feed port is Lm1, and the width is Wm1. Then, the circuit is followed by the conical microstrip line for impedance matching. The length of the wide side of the microstrip line is Wm2 and its length is Lm2, and the lengths of the open-stub lines are Lp2 and Lp1 and their widths are Wp2 and Wp1, respectively. The distance between the open-stub lines is d.





3. MC-TL Design


To achieve a suitable operating frequency for 5G communication, it is essential to create a dual-band transmission line (TL) system functioning within the ranges of 3 GHz to 5 GHz and 25 GHz to 30 GHz. Given that the surface plasmon polariton (SSPP) mode exhibits low-pass characteristics and the TE10 mode showcases high-pass traits, we devised SSPPs for operation between 3 GHz and 5 GHz and a CSIW for utilization at 25 GHz to 30 GHz.



With the help of HFSS 2023 software, using the wave port to excite the MC-TL, as shown in Figure 1d, S21 can be obtained, as shown in Figure 5. It can be seen that the lower cutoff frequency of the filter is determined by lp2 and a at a high-frequency passband. While increasing the width of the CSIW a makes the lower cutoff frequency of the high-frequency passband shift to the left, as a decreases, the operating frequency will increase and a much larger frequency ratio will be obtained, such as how a SIW does.



In this MC-TL structure, the low-frequency passband is determined by the length, width, and period of the grooves, as seen in Figure 3. Meanwhile, the high-frequency passband is determined by the width of the CSIW and the length of the first two grooves, as seen in Figure 5.



As shown in Figure 6a, in the low-frequency passband, lp2 can affect the insertion loss when lp1 = 4 mm; lp1 affects the cutoff frequency of the low-frequency passband when lp2 = 2 mm, as shown in Figure 6b.



After the high-frequency passband and low-frequency passband are settled, Wp1, Wp2 can be used to adjust the return loss in the low-frequency passband, as shown in Figure 7. Wp1 affects the amplitude characteristics in the passband more when Wp2 = 1.0 mm, lp1 = 4 mm, and lp2 = 2 mm, while Wp2 affects only the first pole in the passband when Wp1 = 1.2 mm, lp1 = 4 mm, and lp2 = 2 mm. This shows that the unified grooves affect the low-frequency passband much more than the step part.



As depicted in Figure 8, the capacitive reactance equivalence of the transition structure within the open-stub line plays a significant role in determining the transmission poles of the high-frequency passband. Moreover, the impedance matching between the transition structure and the open-stub line is primarily influenced by the first-order characteristics of the open-stub line.



The transition from the microstrip to substrate-integrated waveguide (SIW) facilitates the seamless conversion of the quasi-TEM mode of the microstrip into the TE10 mode of the CSIW. In incorporating a graded length of grooves on either side of the CSIW transition, impedance matching is achieved to efficiently convert the quasi-TEM mode of the microstrip to the surface plasmon polariton (SSPP) mode. It is crucial that the length of the impedance matching section Lm2 corresponds to a quarter wavelength of the low-pass frequency to ensure optimal performance.



The width Wm2 at the joint between the microstrip line and the MC-TL is chosen so that the impedance between the two structures is matching. The traditional microstrip lines are used to connect the input–output 50 Ω microstrip lines as their broadband virtue, where Wm1 is set to meet the impedance of the microstrip line equal to 50 Ω. The 2.92 mm coaxial connector, which is also 50 Ω, is also considered in the design.



In order to improve the impedance matching and TL performance, we carried out parameter optimization and set the optimized geometric parameters as listed in Table 1. All optimization parameter values were obtained by first setting reasonable initial values on the basis of formulas, and then by setting the value range of parameter values conducive to the target optimization function of electromagnetic simulation software HFSS.



The electric field distribution of the MC-TL is also illustrated in Figure 9 for comparison purposes. As depicted in Figure 9a, it becomes evident that within the low-frequency passband, the microwave signal solely propagates through the SSPP structure. The energy is highly localized and primarily travels along the interface between air and metal, resembling natural surface plasmon materials. As shown in Figure 9b, within the high-frequency passband, the microwave signal propagates through the substrate connecting both top and bottom metal layers, functioning similarly to a CSIW [22].



As shown in Figure 10 and Figure 11, the characteristic of the proposed MC-TL structure with seven grooves remains basically the same as the structure with three grooves. Of course, with more grooves, it is clear that the waves are better settled. In increasing the length of the MC-TL, that is, in increasing its transmission phase, its working characteristics are kept unchanged.




4. Simulation and Measurement of MC-TL


The proposed MC-TL was fabricated using a Taconic RF-35 substrate with a relative permittivity of εr = 2.2 and a thickness of h = 0.508 mm, and a loss tangent tanδ = 0.0018. The properties of the proposed TLs were verified through an experimental measurement using a vector network analyzer N5244A.



The fabricated MC-TL is depicted in Figure 12, while the simulated and measured frequency response of the MC-TL can be observed in Figure 13. The operational bandwidth of the MC-TL spans from 3.0 to 5.2 GHz, exhibiting a return loss below −18 dB and an insertion loss under 0.3 dB, as illustrated in Figure 13a. Remarkably, the measured results align closely with the simulated outcomes. In Figure 13b, both the measured and simulated performances of the MC-TL within its high-frequency passband are presented. Within this range, namely from 23 to 40 GHz (the maximum measuring range of our instrument), a return loss below −15 dB can be achieved. However, it should be noted that above this frequency threshold, specifically beyond approximately 33 GHz, resonance occurs due to the periodicity of the microwave circuitry known as the SSPP structure, which also leads to slight radiation and consequently worsens the insertion loss.



As per the aforementioned report, the bandwidth of the MC−TL spans across both existing mobile communication systems and a future 5G mobile communication system within its lower and higher frequency passbands.



With this configuration, the MC−TL was energized and concluded to use the microstrip line. Consequently, it can be readily incorporated with other planar microwave circuits owing to the adaptable nature of the microstrip line.



Table 2 outlines a contrast between various types of mode composite transmission line transition structures to showcase the MC-TL’s superiority.




5. Dual-Band Power Divider Based on MC-TL


The geometry of the proposed MC-TL power divider is shown in Figure 14. The power divider based on the MC-TL can work in both low-frequency passbands and high-frequency passbands, and is hence called a dual-band power divider. The size of it is 22.34 mm × 45.18 mm.



Based on the Wilkinson power divider [25], a single resistor was utilized to achieve isolation between the two output ports. The distance from the resistance to the bifurcation corresponds to one-quarter of both the surface plasmon mode and TE10 mode wavelengths. After optimization using Ansys HFSS, the power divider’s geometry parameters were obtained; these are presented in Table 3, encompassing a total of 29 optimized parameter values. Figure 15 displays a photograph of the prototype. Subsequently, with an installed resistor value of 28 Ω, the power divider underwent testing using the vector network analyzer N5244A. Figure 16 illustrates simulated and measured reflection coefficients, transmission coefficients, and the isolation between each output port.



From Figure 16a, it is evident that S11 remained below −15 dB within the frequency range of 2.8 GHz to 4.2 GHz, while S21 measured at −3.7 dB and S23 stayed below −15 dB across this same frequency range. As shown in Figure 16b, S11 maintained levels below −15 dB from 27.6 GHz to 29.7 GHz; meanwhile, S21 recorded −5.97 dB, and S23 remained below −17 dB throughout all operating frequencies.



The variation in the isolation performance stems from discrepancies between the resistance location during manual welding and its simulated position. On the other hand, the insertion loss is primarily a result of the microstrip line utilized as a transition line from the coaxial line to the multilayered composite transmission line (MC-TL). At a high frequency, the insertion loss caused by the microstrip line will be more and more obvious. When a discontinuous structure such as a corner is realized by the microstrip line, the radiation of the quasi-TEM in the air will increase again, which will increase the insertion loss of the circuit. This is why MC-TLs are demanded, to replace microstrip lines and realize miniaturization in high frequency ratios.



In Table 4, the proposed dual-band power divider is compared with previously reported dual-band power dividers. It can be seen that the composite mode transmission line dual-passband power divider proposed in this paper adopts fundamental mode transmission on two different transmission lines and uses a unified port for excitation, with a larger frequency ratio, and has better application prospects.




6. Conclusions


This study introduced a new MC-TL designed for 5G communication systems, merging SSPP and CSIW methodologies in an exceptionally compact single-layer structure. Additionally, a dual-band power divider utilizing the MC-TL was developed as a specific application, allowing independent operation within distinct frequency bands. The SSPP part supports the surface plasmon mode as its fundamental mode, while a TE10 mode signal is transmitted in the CSIW part. The single-layer composite structure and mode-separation characteristics of the MC-TL make it a possible application for multifunction and multi-band microsystems. The characteristics were analyzed for the MC-TL, and the dual-band power divider was fabricated based on a possible application of the MC-TL, which demonstrates the feasibility and practicality of the proposed MC-TL. Meanwhile, the top conductor of the structure was isolated from the ground at the DC permitting integration of active devices at the open edge. The prospective usage of the MC-TL appears bright, given its ability to amalgamate the characteristics of SSPPs and a CSIW for the creation of compact, versatile microwave circuits in multi-band microwave and millimeter-wave systems.



By incorporating a spoof surface plasmon (SSPP) mode structure onto a conventional substrate-integrated waveguide (SIW) power divider, a unique configuration was established, enabling the power divider to operate simultaneously at both 3 GHz and 28 GHz. This innovative design functions in surface plasmon (SP) mode at 3 GHz and in TE10 mode at 28 GHz. Notably, the frequencies of both the upper and lower bands are individually adjustable, allowing for an expanded frequency ratio range between the bands. To validate this concept, a prototype power divider was fabricated, capable of accommodating the frequency requirements of fifth-generation communication systems. Through extensive simulation and experimental testing, the implemented design successfully delivered the anticipated outcomes. It must be noted that in the actual device, how the different bands are coupled/separated from the proposed structure is still a challenging problem to solve.
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Figure 1. Simulated E-field distribution. (a) SIW TL. (b) Double-layer open-stub line substrate-integrated waveguide. (c) Double-layer open-stub line substrate-integrated waveguide with increased distance of each branch. (d) Single-layer open-stub line substrate-integrated waveguide. 
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Figure 2. Configurations of MC-TL. (a) Top view. (b) Three-dimensional structure of the unit cell. 
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Figure 3. Dispersion relations for the fundamental SSPP mode of the MC-TL. (a) With different lengths of groove lp. (b) With different widths of branch wp. (c) With different periods of branch d. (d) With different widths of CSIW a. 
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Figure 4. Schematic of the configuration of the proposed MC-TL. 
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Figure 5. Simulated transmission coefficients (S21) of the MC−TL in high-frequency passband: (a) with different lengths of lp2; (b) with different widths of the CSIW. 
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Figure 6. Simulated transmission coefficients (S21) of the MC−TL with different lengths of lp1 and lp2: (a) low-frequency passband; (b) high-frequency passband. 
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Figure 7. Simulated return loss of the low-frequency passband of the MC−TL: (a) with different Wp1 values; (b) with different Wp2 values. 
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Figure 8. Simulated return loss of the high-frequency passband of MC−TL (a) with different Wp1, (b) with different Wp2. 
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Figure 9. Open-stub substrate-integrated waveguide large-frequency ratio composite mode transmission line field diagrams: (a) low-frequency passband; (b) high-frequency passband. 
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Figure 10. Simulated E-field distribution with three grooves: (a) at 4 GHz; (b) at 27 GHz. 
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Figure 11. Simulated E-field distribution with seven grooves: (a) at 4 GHz; (b) at 27 GHz. 
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Figure 12. Photograph of the fabricated MC-TL. 
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Figure 13. Simulated and measured S-parameters of MC-TL: (a) low-frequency passband; (b) high-frequency passband. 
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Figure 14. Schematic of (a) the proposed dual-band power divider and (b) the SSPP part. 
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Figure 15. Photograph of the fabricated dual-band power divider. 
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Figure 16. Simulated and measured S-parameters of dual-band power divider: (a) low-frequency passband; (b) high-frequency passband. 
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Table 1. Dimensions of the proposed structure (UNIT: millimeter).
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	a
	Lp1
	Lp2
	Wp1
	Wp2
	d
	H





	6
	5
	1.6
	1.2
	1.2
	2.5
	0.508



	Lm1
	Lm2
	Lm3
	Wm1
	Wm2
	W
	t



	1.4
	13.73
	17.38
	1.1
	3.8
	10
	0.018










 





Table 2. Comparison of different mode composite transmission line transition structure.
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Ref.

	
Transmission Line Type

	
Substrate

Layer

	
Feeding Technique

	
Operating Frequencies (GHz)




	
Low Band

	
High Band






	
[5]

	
MCW

	
3

	
Joint feeding

	
8–10.3

	
27–37




	
[6]

	
DMCMS

	
2

	
Joint feeding

	
3.5–12

	
35.6–41.6




	
[7]

	
SIW-MS

	
2

	
IMS

	
5–6.4

	
29.2–30.9




	
[8]

	
SIW-CPW

	
2

	
Joint feeding

	
3–10

	
25–40




	
This work

	
SSPPs-CSIW

	
1

	
IMS

	
2.95–5.5

	
23.7–32











 





Table 3. Dimensions of the dual-band power divider (Unit: millimeter).
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	Lm1
	Lm2
	Lm3
	Lm4
	Wp1
	Wp2
	Wp3
	Wp4
	Wp5
	Lr





	4
	14.8
	14.3
	3.93
	0.64
	0.83
	1.2
	0.86
	0.54
	5.5



	Lp1
	Lp2
	Lp3
	Lp4
	Lp5
	Wm1
	Wm2
	Wm3
	Ws
	Ls



	0.55
	2.28
	6.0
	1.03
	2.17
	1.1
	5.26
	2.06
	0.39
	9.72



	d1
	d2
	d3
	d4
	d5
	d6
	d7
	a
	Rp
	



	9.25
	4.13
	0.2
	2.7
	9
	9.6
	1.34
	6.0
	4.51
	










 





Table 4. Comparison with previous dual-band power dividers.
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	Ref.
	f1/f2 (GHz)
	Frequency Ratio
	Isolation (dB)

A/B
	Insertion Loss (dB)
	Method





	[26]
	0.98/1.98
	2.02
	14.8/16.7
	0.6
	two-section impedance transformer



	[27]
	2.46/3.54
	1.44
	18/22
	1.4
	microstrip transition



	[28]
	2.45/4.44
	1.81
	15/15
	1.2
	novel dual-band resonator



	[29]
	2.4/3.5
	1.46
	\
	0.6
	evanescent mode technique



	[30]
	1.8/4.775
	2.65
	18/22
	0.55
	dual-band Π-section transformation



	[31]
	1.5/2.4
	1.6
	10/10
	0.8
	double-sided parallel strip line



	This work
	3.5/28.65
	8.19
	15/17
	0.7
	MC-TL







Note: The A/B of isolation (dB) means that the isolation in the low-frequency passband is better than A, and B means that the isolation in the high-frequency passband is better than B.
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