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A tunable low pass filter (TLPF) based on the tuning of input/output impedance was presented in this letter. The TLPF mainly consisted of improved quarter-wavelength stubs. The input/output impedance of the improved quarter-wavelength stubs can be tuned in a certain range. The design procedure of this TLPF was derived from the filters based on the quarter-wavelength transmission stubs. Through the tuning of the input/output impedance of the transmission lines, the cut-off frequency of the TLPF can be adjusted in a certain range. The TLPF has relatively good designability and can be easily changed to meet other performance levels. Finally, a TLPF was designed, fabricated, and measured. The measured results verify the effectiveness of the design method.
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INTRODUCTION
As a key component in wireless communication systems, the filter can suppress the interference signal at the outband. A tunable filter can be applied to reconfigurable communication systems and has been widely studied [1–13]. The cut-off frequency of the tunable low pass filter (TLPF) can be adjusted according to the actual application which can be applied in a variety of communication systems with different parameters and has been studied widely [6–13]. The design methods of the TLPF can be summarized into three types. Firstly, some resonators with a special structure can realize a TLPF [6–9]. In this method, due to the particularity of the resonator structure, it was difficult to realize a TLPF to meet other requirements. Secondly, through the tuning of parameters, such as dielectric constant and permeability of the substrate, can also realize a tunable low pass filter [10, 11]. But in this method, the tuning range was relatively small. Thirdly, the improvement of the low pass prototype can also realize a TLPF [12, 13]. In this method, the change of the cut-off frequency can be achieved through the tuning of the capacitors or inductors in the LPF. It is difficult to achieve a tunable inductor in an LPF. Therefore, it is difficult to realize a wide tuning range for the cut-off frequency. Therefore, there are few studies on TLPFs with a larger cut-off frequency tuning range and better designability simultaneously.
Starting from the low pass filter equivalent circuit based on quarter-wavelength stubs, this letter attempts to achieve a TLPF based on the tuning of the input/output impedance of the transmission line in the equivalent circuit model. At the same time, the cut-off frequency tuning range of the TLPF can also be expanded. The resonators of the TLPF mainly consisted of step impedance lines loaded with tunable reactance at the connections of the high and low impedance lines and the open ends. The improved quarter-wavelength line between the resonators was mainly achieved with the transmission lines parallel to tunable reactances. Through the tuning of the tunable reactances loaded in the improved quarter-wavelength lines, the cut-off frequency of the TLPF can also be tuned in a certain range. Compared with the traditional TLPF that achieves frequency tuning by adjusting the electrical length of the resonators [11–13], by inserting the step impedance lines and the transmission lines parallel to tunable reactances, the tuning range of the TLPF can be further expanded.
Analysis of the Equivalent Circuit of the TLPF
The equivalent circuit of the TLPF is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The equivalent circuit of the TLPF.
In Figure 1, the open end stubs represent capacitance. The transmission lines between open end stubs represent inductance. The tuning of the electronic length θ can achieve the tuning of the cut-off frequency. But it was difficult to achieve the tuning of the electronic length θ for the transmission lines between open end stubs.
According to the design method of low pass filters based on quarter-wavelength transmission lines, in addition to the electrical length tuning, the cut-off frequency of the low pass filter can also be tuned in a certain range through the adjusting of the characteristic impedance Z of the transmission lines. The simulated results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The tuning of the low pass filter.
In Figure 2, only through the tuning of the characteristic impedance can the cut-off frequency of the low pass filter be tuned from 430 to 670 MHz. The relative bandwidth of tuning was 43.6%. Beyond this range, the ripple and return loss performance in the passband of the low pass filter will deteriorate sharply.
Obviously, the combination of the characteristic impedance tuning and electronic length θ tuning of the transmission lines can achieve a wider cut-off frequency tuning range.
Design of TLPF Based on Tunable Input/Output Impedance
For a transmission line, it was very difficult to adjust the characteristic impedance. But the tuning of the input/output impedance can be realized through inserting a tunable reactance parallel to the transmission lines. The feature of the input/output impedance tuning was similar to the tuning of the characteristic impedance. Therefore, the tuning of the input/output impedance of the transmission lines can be adopted to achieve a TLPF.
The schematic of the designed TLPF is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The schematic of the designed TLPF.
In Figure 3, the transfer matrix can be derived as follows.
[image: image]
In Eq. 1, Z1 and Z3 are the port impedances of the stepped impedance line loaded with tunable capacitors at the open ends of the first/fourth and second/third sections, respectively. Z2 and Z4 are the total input impedance of the quarter-wavelength transmission line parallel to the tunable capacitors Cc1 and Cc2, respectively. The expression of Z2 was as follows:
[image: image]
Substituting Eq. 2 into Eq. 1, the transmission matrix of the entire TLPF can be obtained and T21 was the transmission characteristic of the filter. The calculation method of Z4 was similar to that of Z2.
Through the tuning of the capacitors Cc1 and Cc2, the tuning of the input/output impedance can be realized. The size of the schematic in Figure 3 was optimized (ws1 = 1.6 mm, ls1 = 10.7 mm, ws2 = 1.5 mm, ls2 = 13 mm, ws3 = 6.8 mm, ls3 = 21 mm, ws4 = 3 mm, ls4 = 11 mm, wc1 = 0.7 mm, lc1 = 63 mm, wc2 = 0.8 mm, lc2 = 94 mm). With the tuning of Cc1 and Cc2, the simulated transmission performance of the TLPF is shown in Figure 4.
[image: Figure 4]FIGURE 4 | The curve of transmission performance with Cc.
From Figure 4, the cut-off frequency of the tunable LPF can be tuned from 220 to 404 MHz providing Cc tuning from 1 pf to 8 pf. The return loss of the passband was less than −10 dB. Beyond this frequency tuning range, the return loss of the tunable filter in the passband will deteriorate sharply.
Fabrication and Measurement of TLPF Based on Tunable Input/Output Impedance
To verify the effectiveness of the design method described in this letter, a TLPF with seven resonators was designed, fabricated, and measured. The Logers 4350b substrate was selected to realize this TLPF. The dielectric constant of this substrate was 3.48 and thickness was 40 mm. In order to expand the tuning range of the filter further, tunable capacitors were introduced at the connection of the high and low impedance lines. In order to obtain a larger tuning range, the size of the TLPF in this letter has been optimized. The layout of the TLPF is shown in Figure 5. The dimensions of the TLPF were the same as the ones in Figure 3. The fabricated TLPF is shown in Figure 6.
[image: Figure 5]FIGURE 5 | The layout of the TLPF.
[image: Figure 6]FIGURE 6 | The fabricated TLPF. The measured performance is shown in Figure 7.
Due to the insertion of capacitors at the connections and open ends of the high and low impedance lines, the cut-off frequency tuning range of the TLPF was expanded compared to the situation with only input and output impedance tuning. As seen in Figure 7, the cut-off frequency of the TLPF can be tuned from 220 to 440 MHz, the relative bandwidth tuning range was 66.7%. The return loss of the TLPF was better than 10 dB. The insertion loss was better than 0.5 dB.
[image: Figure 7]FIGURE 7 | (A) The measured performance of the TLPF (220 MHz). (B) The measured performance of the TLPF (440 MHz).
The TLPF proposed in this article has good designability and can be designed into a TLPF that meets other performance requirements easily the comparison between the proposed TLPF and the references (Table 1).
TABLE 1 | Comparison between the proposed TLPF and the references.
[image: Table 1]CONCLUSION
A tunable low pass filter adopting tunable input/output impedance technology was presented. Through the tuning of input/output impedance of the quarter-wavelength resonator, the cut-off frequency of the TLPF can be tuned in a certain range. The design of the TLPF based on variable input/output impedance can be generalized to other types of filters and filter designs with other properties.
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