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Abstract

:

In this paper, multi-band bandstop filters (BSFs) based on mixed electric and magnetic coupling resonators are proposed. These proposed structures include a multimode resonator based on symmetrical open-circuit branches, including upper- and lower-branch filter circuits. Through this design, the center frequencies of the stopbands can be flexibly and autonomously adjusted. In addition, the filters proposed in this paper have excellent characteristics, such as miniature dimensions and abrupt roll-off skirts. Finally, these tri-band to sext-band bandstop filters were fabricated and the measured results agreed well with the simulated ones. The proposed structures can be applied in the fields of communication, information, and coal automation.
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1. Introduction


In recent years, bandstop filters have begun to play a more essential role in modern wireless communication systems; miniaturized and high-performance multi-band bandstop filters can better suppress the interference between the spectrum signals of wireless communication systems and improve the anti-interference ability of communication systems. Therefore, with the rapid development of communication systems, it is important to study multi-band bandstop filters with compact structures, superior performance, good anti-interference abilities, and high reliability.



Nowadays, there are many studies available on bandpass filters [1,2,3], but few reports on bandstop filters. Compared with multi-band bandpass filters, the traditional design of a multi-band bandstop filter has relatively fewer controllable modes, which increases the difficulty of the design of multi-band bandstop filter circuits. Therefore, the stopbands of the current multi-band bandstop filters are mainly concentrated in the dual bands. In [4,5,6,7,8,9,10,11,12,13,14], different techniques are presented to achieve the multi-band bandstop frequency response. For example, in [4,5,6,7,8,9], various researchers used different methods to implement dual-band BSFs. In [4], Liu L achieved a dual-band BSF based on a parallel stub-loaded resonator, and high rejection in the stopband was achieved. In [5], Faisal M employed a multimode dual-band bandstop response using a quarter-wavelength coupled-line structure. In [6], Dhakal R produced a dual-band BSF based on a meandered-line. In [7], BSFs were proposed based on phase shifters by Qiu L L. In [8], Zuo X realized a BSF with open-circuit stubs. In [9], Zhu Y employed a novel dual-band bandpass-to-bandstop filter using shunt PIN switches loaded on the transmission line.



Similarly, in [10,11,12,13], tri-band bandstop filters were implemented in different ways. In [10], Yang H investigated tri-band bandpass (BP)-to-bandstop (BS) filters. In [11], Chen W Y developed a tri-band bandpass filter designed based on a stub-loaded stepped-impedance resonator (SIR). In [12], Ning H proposed dual- and triple-band BSFs by adopting a spiral resonator. In [13], Min X achieved a compact triple-band bandstop filter using folded symmetric stepped-impedance resonators. Also, in [14], Luo J proposed a miniaturized sext-band bandstop filter based on tree-shaped branches loaded onto asymmetric multimode resonators. However, the design of high-performance BSFs [15,16,17,18,19] that can be flexibly and autonomously adjusted needs to be further investigated.



In this paper, multi-band bandstop filters (BSFs) based on mixed electric and magnetic coupling resonators are proposed, including a multimode resonator based on symmetrical open-circuit branches proposed with upper- and lower-branch filter circuits. In the second part of this paper, we discuss how the equivalent circuits of tri-stopband to quint-stopband filters were designed using electronic design automation software, and the electrical size of the bandstop filters was obtained. Then, according to these dimensions, the filter parameters with good performance were modeled using three-dimensional finite-element electromagnetic software. Through the simulation and optimization of this software, the filter parameters with good performance were obtained. Finally, the filter parameters were compared with the measured ones. Through the design of these tri-stopband to quint-stopband filters, a design method was summarized, and then, for the third part of the paper, a sext-bandstop filter was used to verify the proposed design method. Through this design, the center frequencies of the stopbands can be flexibly and autonomously adjusted. Additionally, the proposed filters have excellent properties, such as miniature dimensions and abrupt roll-off skirts. We found a good agreement between the full-wave simulation and measurement results.




2. Filter Design Procedure


Multi-frequency bandstop filters implemented with open-branch multimode resonators are not only more compact in their structures, but also have a higher stopband attenuation amplitude between their stopbands.



Figure 1 shows the flow diagram for the implementation scheme of a tri-band bandstop filter, and in Figure 1, TL means transmission line, IOS means impedance λ/4 open stub, and CLS means coupling line stub. In Figure 1a, the input and output feeds are directly connected to obtain a full passband response. In Figure 1b, an open branch is added. Due to the virtual ground effect introduced by the open branch, the signal cannot be directly transmitted from the input port to the output port, that is, the RF and microwave signals are all reflected and form a stopband. If the open branch is loaded in the middle of the input and output feeds, and the coupling branch is added to the open branch, the dual-frequency stopband response can be obtained, as shown in Figure 1c. The stopband center frequencies are expressed as f1 and f2.



According to the previous theoretical analysis, the tri-band multimode resonator based on symmetrically coupled branches proposed in this section is shown in Figure 2, which includes coupling branches (Zc1, k1, θ1) (Zc2, k2, θ2) and transmission branches (Z1, θ1) (Zn, θn). Z, k, and θ represent the characteristic impedance, coupling coefficient, and equivalent electrical length of the microstrip coupling line, respectively. In particular, the coupling branches marked by red dashed lines in Figure 2 are added to add a passband out-of-band transmission zero to each stopband.



Figure 3 shows the |S21| parameter response curve of the tri-band bandstop filter. As can be seen from the figure, when the coupling branches marked with the dotted red line are not loaded, each pair of out-of-band transmission zeros is one; when the coupled branches marked with the dotted red line in Figure 3 are loaded, each pair of out-of-band transmission zeros becomes two. In this way, the 10 dB bandwidth of the stopband can be adjusted more flexibly and the in-band characteristics of the stopband can be improved.



Here, f1 is used to represent the center frequency of the first stopband, and similarly, the center frequency of the second and third stopbands is represented by f2 and f3, respectively. In Figure 4, L1 represents the length of the transmission branch (Z1, θ1). We can adjust L1 to obtain the frequency curves shown in Figure 4a. It can be seen that with the increase in the parameter L1, the center frequencies f1, f2, and f3 of the first, second, and third stopbands all move to the low-frequency band, and the speed of f2 moving is significantly faster than that of f1 and f3. Similarly, in Figure 2, Lc1 represents the length of the coupling branch (Zc1, k1, θ1). By adjusting the Lc1 parameter, the frequency curves shown in Figure 4b can be obtained. It can be seen that with the increase in Lc1, the f1 basically remains unchanged, while the center frequencies f2 and f3 move to the low band, and the speed of f2 moving is obviously faster than that of f3. Therefore, the stopband center frequency can be adjusted by adjusting L1 and Lc1.



Similarly, as shown in Figure 5, the attenuation amplitude of the first stopband is represented by SA1, and the attenuation amplitude of the second and third stopbands is represented by SA2 and SA3, respectively. In Figure 2, Sc1 represents the coupling spacing of the coupling branch (Zc1, k1, θ1), that is, Sc1 is related to the coupling coefficient k1. If we adjust the parameter size of Sc1 so that Sc1 increases from 0.1 mm to 0.6 mm, the attenuation amplitude change curve shown in Figure 5a can be obtained. It can be seen that with the increase in the Sc1 parameter, the attenuation amplitude of the first stopband decreases, while the attenuation amplitudes of the second and third stopbands increase. Among them, the attenuation amplitude value of the first stopband SA1 decreases from 19 dB to 10 dB, the attenuation amplitude value of the second stopband SA2 increases from 38 dB to 46 dB, and the attenuation amplitude value of the third stopband SA3 increases from 45 dB to 59 dB. Similarly, in Figure 2, Sc2 represents the coupling spacing of the coupling branch (Zc2, k2, θ2), that is, Sc2 is related to the coupling coefficient k2. If we adjust the parameter size of Sc2 so that Sc2 increases from 0.1 mm to 0.6 mm, the attenuation amplitude change curve shown in Figure 5b can be obtained. It can be seen that the attenuation amplitudes of the three stopbands increase with the increase in the Sc2 parameter. Among them, the attenuation amplitude value of the first stopband SA1 increases from 19 dB to 30 dB, the attenuation amplitude value of the second stopband SA2 increases from 38 dB to 50 dB, and the attenuation amplitude value of the third stopband SA3 increases from 45 dB to 56 dB. It can be seen that by adjusting the coupling patch Sc1 and the coupling patch Sc2, the attenuation amplitudes of different stopbands of the tri-band bandstop filter also change correspondingly. Therefore, the stopband attenuation amplitudes can be flexibly controlled by adjusting the relevant parameters reasonably.



According to the equivalent transmission line model of the symmetric open-branch multimode resonator, the parameter values of the branches of the tri-band bandstop filter can be calculated using circuit simulation software, so as to obtain the initial size of the filter. These branches are rationally arranged, and the circuit design layout of the microstrip tri-band bandstop filter is obtained as shown in Figure 6.



Then, the filter circuit is modeled in 3D full-wave electromagnetic simulation software according to the design layout, and all of the branches are set to the initial size. Through simulation optimization, a filter circuit meeting the requirements is obtained. Finally, the optimized filter is fabricated and measured. The microstrip structure on the surface of the tri-band stopband filter circuit is made of a copper foil material, and the dielectric substrate is a Rogers TMM10 plate whose thickness h = 1 mm, relative dielectric constant εre = 9.2, and tanδ = 0.0022. The obtained parameters of the fabricated tri-band bandstop filter are as follows (unit: mm): L1 = 2.87, Lc1 = 16.36, Lc2 = 0.58, Ln = 6.80, Sc1 = 0.17, Sc2 = 1.39, Wn = 1.03. The final processed filter is shown in Figure 6. The figure does not specifically mark that the width of each branch W = 0.10 mm.



By measuring the filter circuit through the Agilent vector network analyzer, a comparison curve of the simulation and test data for the tri-band bandstop filter, as shown in Figure 7, can be obtained. It can be considered that the simulated and measured S-parameter amplitude–frequency characteristic curves are in good agreement, thus verifying that the design method proposed in this section is correct, effective, and feasible. The test results show that the three stopband center frequencies of the filter are 1.91 GHz, 3.59 GHz, and 5.71 GHz, respectively. The 10 dB stopband bandwidths are 52.35%, 13.37%, and 10.52%, respectively, and the corresponding stopband attenuation values are 49.95 dB, 29.45 dB, and 44.71 dB, respectively.



Through an analysis of the above results, it can be seen that the center frequency of each stopband based on the symmetric open-branch multimode resonator is controllable, and the attenuation amplitude between each stopband is easy to adjust. In the multi-frequency design process of this section, there are two ways to increase the number of stopbands. One is to increase the number of stopbands by increasing the number of symmetric open branches in the upper-branch filter circuit, and the other is to increase the number of stopbands by increasing the lower-branch filter circuit below the line of the monograph microstrip. These two methods can be used individually or in combination to realize the multi-frequency design of symmetric open-branch multimode resonators.



The quad-band multimode resonator proposed in this section is composed of the tri-band multimode resonator filter circuit discussed in the previous section cascaded with an open branch (Z2, θ2), and the remaining parts are as follows: the coupling branches (Zc1, k1, θ1) (Zc2, k2, θ2) and the transmission branches (Z1, θ1) (Zn, θn) remain unchanged, as shown in Figure 8.



Figure 9 shows the circuit design layout of the microstrip quad-band bandstop filter proposed in this section. Based on the design method of the multi-band bandstop filter proposed, the initial size of the quad-band bandstop filter can be easily calculated through circuit simulation software, and then the filter circuit can be modeled according to the design layout using three-dimensional full-wave electromagnetic simulation software. All of the components are set to the initial size, and a filter circuit meeting the requirements is obtained through simulation optimization.



Finally, the optimized filter is fabricated and measured. The surface microstrip structure of the quad-band bandstop filter circuit is made of a copper foil material, and the dielectric substrate is a Rogers TMM10 plate, whose thickness h = 1 mm, relative dielectric constant εre = 9.2, and tanδ = 0.0022. The obtained parameter sizes for the fabricated quad-band bandstop filter are as follows (unit: mm): L1 = 2.87, L2 = 1.51, Lc1 = 16.57, Lc2 = 0.58, Ln = 5.88, Sc1 = 0.17, Sc2 = 1.39, Wn = 1.03. The final processed filter is shown in Figure 10, and its circuit size is 0.11 λg × 0.10 λg, where λg is the guided wavelength of the first stopband, and the corresponding stopband center frequency is 1.81 GHz. The branch width W = 0.10 mm, which is not specifically marked in the figure.



By measuring the filter circuit through the Agilent vector network analyzer, the quad-band bandstop filter simulation and test data comparison curve shown in Figure 10 can be obtained. It can be considered that the simulated and measured S-parameter amplitude–frequency characteristic curves are in good agreement, thus verifying that the design method proposed in this section is correct, effective, and feasible. Through testing, it can be observed that the four stopband center frequencies of the filter are 1.81 GHz, 3.41 GHz, 5.69 GHz, and 6.84 GHz, respectively. The 10 dB stopband bandwidths are 46.41%, 15.84%, 8.79%, and 11.11%, respectively, and the corresponding stopband attenuation values are 52.64 dB, 33.72 dB, 46.37 dB, and 49.73 dB, respectively.



Through the theoretical analysis above, it can be concluded that the design method of the multiband stop filter obtained in this section increases the number of stopbands by increasing the number of symmetric open branches on the upper-branch filter circuit structure, or by adding a lower-branch filter unit. For example, the quad-band bandstop filter proposed in this section increases the number of stopbands by increasing the number of symmetrical open branches on the upper-branch filter circuit structure.



The quint-band bandstop filter proposed in this section will increase the number of stopbands by adding a lower-branch filter unit. As shown in Figure 11, the quint-band multimode resonator proposed in this section is based on symmetric open branches. It consists of upper- and lower-branch filtering circuits, where the upper branch is consistent with that in the filter circuit of the quad-band multimode resonator in the previous section, the coupling branches (Zc1, k1, θ1) (Zc2, k2, θ2), and the transmission branches (Z1, θ1) (Zn, θn). The open branch (Z2, θ2) remains unchanged, and the lower-branch filter circuit contains the coupling branches (Zc3, k3, θ3) (Zc4, k4, θ4) and the transmission branch (Z3, θ3).



Figure 12 shows the circuit design layout of the quint-band bandstop filter proposed in this section. Based on the multi-band bandstop filter design method proposed in this section, the initial size of the quint-band bandstop filter can be easily calculated through circuit simulation software, and then the filter circuit is modeled according to the design layout using three-dimensional full-wave electromagnetic simulation software. All of the components are set to the initial size, and a filter circuit meeting the requirements is obtained through simulation optimization. Finally, the optimized filter is processed and measured. The surface microstrip structure of the quint-band bandstop filter circuit is made of a copper foil material, and the dielectric substrate is a Rogers TMM10 plate, whose thickness h = 1 mm, relative dielectric constant εre = 9.2, and tanδ = 0.0022. The parameter sizes of the quint-band bandstop filter obtained through this process are as follows (unit: mm): L1 = 2.87, L2 = 1.51, L3 = 5.18, Lc1 = 16.57, Lc2 = 0.58, Lc3 = 10.88, Lc4 = 2.66, Ln = 6.80, Sc1 = 0.17, Sc2 = 1.39, Sc3 = 0.15, Sc4 = 3.05, Wn = 1.03. The final processed filter is shown in Figure 12. The branch width W = 0.10 mm, which is not specifically marked in the figure.



The filter circuit is measured using the Agilent vector network analyzer, and a comparison curve of the simulation and test data for the quint-band bandstop filter, as shown in Figure 13, can be obtained. It can be considered that the simulated and measured S-parameter amplitude–frequency characteristic curves are in good agreement. The test results show that the central frequencies of the five stopbands of the filter are 1.83 GHz, 2.52 GHz, 3.50 GHz, 4.19 GHz, and 5.72 GHz, respectively. The 10 dB stopband bandwidths are 21.86%, 31.87%, 9.71%, 17.90%, and 7.52%, respectively. The corresponding stopband attenuation values are 45.06 dB, 43.91 dB, 24.53 dB, 32.86 dB, and 34.75 dB, respectively.



Through the above analyses and research, the design and exploration of tri-band to quint-band bandstop filters are realized, and their simulated and measured S-parameter amplitude–frequency characteristic curves are in good agreement, indicating that the design method proposed in this section is correct and effective, and the design scheme is feasible. Therefore, the design method is summarized as follows:




	(1)

	
According to the number of stopbands of the filter being designed and the location of the center frequency of each stopband, determine whether to use a single-branch filter structure or a double-branch filter structure to achieve the number of stopbands. Considering the circuit topology characteristics, it is recommended that if there are four stopbands or less, the single-branch filter structure can meet the needs of the passband; if there are five stopbands or more, it is recommended to add a lower-branch filter structure.




	(2)

	
If it is a single-branch filter structure, the number of open-circuit branches to be loaded is determined according to the number of stopbands, and the equivalent impedance and equivalent electrical length of each branch are derived according to the stopband center frequency. The initial physical size of each symmetrical open-circuit branch is calculated using full-wave analysis simulation software.




	(3)

	
If it is a double-branch filter structure, determine the number of open branches to be loaded according to the number of stopbands, take into account the circuit topology characteristics, reasonably arrange the number of open branches to be loaded by each branch filter structure, and then determine the initial physical size of the symmetric open branches of each branch filter structure as described in the previous step.




	(4)

	
Whether it is a single-branch filter structure or a double-branch filter structure, after connecting the obtained filter structure with the input and output feeders, some changes will occur in both the stopband center frequency position and the electrical performance inside and outside the band. Therefore, it is also necessary to conduct modeling in three-dimensional full-wave electromagnetic simulation software, and then adjust the circuit parameters. The simulation curve of the S-parameter amplitude–frequency characteristics is then obtained. Finally, the multi-band bandstop filter is obtained through fabrication and measured.










3. Results and Comparisons


According to the design method for multi-band bandstop filters summarized above, this section will complete the experimental study of the sext-band bandstop filter.




	
First of all, the number of target stopbands designed according to the needs of the filter is six, and the central frequency of each stopband is 1.80 GHz (GSM), 2.45 GHz (WLAN and WIFI), 3.50 GHz (WiMax), 4.00 GHz (digital microwave relay communication system), 5.20 GHz (WLAN), and 5.80 GHz (WLAN). Three stopbands each are realized through the upper-branch filter structure and the lower-branch filter structure, and finally six stopbands are obtained. The sext-band multimode resonator based on symmetrically coupled branches proposed in this section is composed of an open-circuit branch (Z4, θ4) cascaded to the lower branch of the quint-band multimode resonator in the previous section, and the remaining parts are as follows: the coupling branches of the upper branch (Zc1, k1, θ1) (Zc2, k2, θ2), the transmission branches (Z1, θ1) (Zn, θn), the open branch (Z2, θ2), the coupling branches of the lower branch (Zc3, k3, θ3) (Zc4, k4, θ4), and the transmission branch (Z3, θ3) all remain unchanged, as shown in Figure 14.



	
Then, according to the determined stopband number and stopband center frequency position, the equivalent impedance and equivalent electrical length of each limb are derived, and then the initial physical size of the sext-band bandstop filter is calculated using circuit simulation software. The circuit design layout of the sext-band bandstop filter, as shown in Figure 15, is obtained according to the reasonable layout of each branch.



	
Finally, after each branch is coupled with the input and output feeds, some changes will occur in both the stopband center frequency position and the electrical performance inside and outside the band. Then, the filter circuit can be modeled according to the design layout in the three-dimensional full-wave electromagnetic simulation software, and all branches are set to the initial size. Finally, the optimized filter is fabricated and measured.








The surface microstrip structure of the sext-band bandstop filter circuit is made of a copper foil material, and the dielectric substrate is a Rogers TMM10 plate, whose thickness h = 1 mm, relative dielectric constant εre = 9.2, and tanδ = 0.0022. The parameter sizes of the sext-band bandstop filter obtained through this processing are as follows (unit: mm): L1 = 2.87, L2 = 1.51, L3 = 5.18, L4 = 4.92, Lc1 = 16.57, Lc2 = 0.58, Lc3 = 10.88, Lc4 = 2.66, Ln = 6.80, Sc1 = 0.17, Sc2 = 1.39, Sc3 = 0.15, Sc4 = 3.05, Wn = 1.03. W = 0.10 mm for each branch’s width, which is not specifically marked in the diagram of the final processed filter shown in Figure 15. Its circuit size is 0.21 λg × 0.11 λg, where λg is the guided wavelength of the first stopband, and the corresponding stopband center frequency is 1.83 GHz.



By measuring the filter circuit through the Agilent vector network analyzer, the comparison curve of the simulation and test data for the sext-band bandstop filter, as shown in Figure 16, can be obtained. As can be seen from Figure 16, there is some modest variation between the simulated results and the measured results due to the inhomogeneity of the substrate’s dielectric constants, manufacturing tolerance, and SMA connections. It can be considered that the simulated and measured S-parameter amplitude–frequency characteristic curves are in good agreement. The six stopband center frequencies of the filter are 1.83 GHz, 2.43 GHz, 3.59 GHz, 4.12 GHz, 5.19 GHz, and 5.77 GHz, respectively. The 10 dB stopband bandwidths are 21.82%, 32.92%, 8.91%, and 13.63%, respectively. The corresponding stopband attenuation values of 6.92% and 5.86% were 47.63 dB, 43.69 dB, 27.14 dB, 26.59 dB, 33.19 dB, and 38.87 dB, respectively.




4. Conclusions


In this paper, the multi-frequency bandstop filters implemented by loading open branches onto multimode resonators are not only more compact in the size of their structures, but they also have higher levels of stopband attenuation between the stopbands. The proposed mixed electric and magnetic coupling resonators, including the multimode resonator based on symmetrical open-circuit branches, include upper- and lower-branch filter circuits. Through this design, the center frequencies of the stopbands can be flexibly and autonomously adjusted, and the measured results agree well with the simulated ones. Furthermore, the proposed filters have excellent characteristics, such as miniature dimensions and abrupt roll-off skirts.
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Figure 1. The realization process for a bandstop filter. (a) Full passband response; (b) single stopband; (c) double stopband. 






Figure 1. The realization process for a bandstop filter. (a) Full passband response; (b) single stopband; (c) double stopband.



[image: Electronics 13 01552 g001]







[image: Electronics 13 01552 g002] 





Figure 2. The tri-band equivalent model. 
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Figure 3. |S21| parameter response curve of a tri-band BSF. 
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Figure 4. Frequency curves: (a) L1; (b) L2. 
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Figure 5. Different attenuation amplitudes SA: (a) Sc1; (b) Sc2. 
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Figure 6. Tri-band bandstop filter design layout. 
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Figure 7. The |S11| and |S21| of the tri-band BSF. 
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Figure 8. The quad-band equivalent model. 
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Figure 9. Quad-band bandstop filter design layout. 
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Figure 10. The |S11| and |S21| of the quad-band BSF. 
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Figure 11. The quint-band equivalent model. 
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Figure 12. Quint-band bandstop filter design layout. 
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Figure 13. The |S11| and |S21| of the quint-band BSF. 
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Figure 14. The sext-band equivalent model. 
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Figure 15. The suggested sext-band BSF structure. 
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Figure 16. The |S11| and |S21| of the sext-band BSF. 
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