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In this paper, a novel dual-wideband balanced bandpass filter (BPF) based on branch-line structure is proposed. For analysis, the equivalent circuits of differential-mode (DM) and common-mode (CM) of the filter are built based on the even- and odd-mode method. With a proper synthesis design of DM bisection, dual passbands with a multi-order filtering response can be obtained. Additionally, three open-circuited stubs are centrally loaded on the CM bisection and six controllable transmission zeros are therefore generated. Thus, two stopbands are formed and then a favorable CM suppression within DM passbands is obtained. For demonstration, a third-order dual-wideband balanced BPF is designed with two passbands operating at 2.54 and 4.62 GHz. Good agreement between the simulated results and measured results is obtained, which verifies the validity of the proposed design method.
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INTRODUCTION
Benefiting from the better anti-interference and robustness to unwanted and inevitable interference, such as electromagnetic noise, crosstalk, and the other different noise sources, e.g., coupled noise from adjacent circuitry and environmental noise, balanced microwave filters have been attracted much attention and widely used in modern high performance microwave transceivers in past few years [1].
Much efforts have been paid to the desired performances for these circuits of high selectivity and low insertion loss (IL) of differential-mode (DM) filtering function while high common-mode (CM) noise suppression [2]. However, these works are mainly focus on the single DM passband design with desired CM rejection level. The evolving of various modern communication systems providing multi-functional services, multi-band differential filters installed in versatile multimode RF architectures became new requisites [3].
In relation to the satisfied differential BPFs with multi-band characteristics, various technologies and topologies have been proposed, such as planar microstrip resonant structures [4–6], substrate integrated waveguide (SIW) technologies [7], slotline topologies [8], and 3-dimensional dielectric resonators [9]. In the meantime, considering for the circuit miniaturization, microstrip multimode resonant structures, such as the stepped impedance resonators [4], stub loaded resonators [5], and coupled-lines structures [6], are adopted to construct multiband differential BPFs. In addition, some more compact multimode resonators as well as the composite right/left transmission line structure are used for further reducing the circuit size [10]. However, the bandwidths of DM response in above works are narrow case with the relative bandwidths less than 10%, which can not meet the needs of broadband communicate scenarios. To our best knowledge, only one balanced filter with dual-wideband has been publicly reported [11]. However, the filter is constituted by slot-line structure, which needs the dual-layer microstrip process and increases the complexity in fabrication.
A newly dual-wideband balanced bandpass filter based on branch-line structure is proposed in this paper. Through the systematic design and optimization, two desirable wideband DM frequency responses with a good CM suppression within the DM passbands is achieved. The results of electromagnetic (EM) simulation verify the effectiveness of the design method.
DESIGN METHOD OF DUAL-BAND BANDPASS FILTER
Figure 1A portrays the basic topology of the cascaded nth-order dual-band BPF with J inverter, as demonstrated in [12]. Bn (i = 1, 2, 3…) indicates the shunt resonator. The adopted dual-band resonator is shown in Figure 1B, which constructed by shunting two open-circuited branch-lines and one shorted-circuited branch-line [13]. Y and θ indicate the corresponding characteristic admittance and electrical length. The below-line two open- and shorted-circuited branch-lines have same electric length θL. Two center frequencies of dual passbands are indicated as f1 and f2. Imposing the presented dual-band resonator into Figure 1A and replaces Bi, the circuit model of dual-band filter with series dual-band resonators is therefore obtained in Figure 2. All marked electric lengths are determined at f1. Note that the first and last admittance inverter can be removed by making J0 = 1/Z0, where Z0 is the terminal characteristic impedance.
[image: Figure 1]FIGURE 1 | (A) Topology of the classical nth-order dual-band filter with dual-band J inverter (B) The adopted dual-band resonator.
[image: Figure 2]FIGURE 2 | Topology of the dual-band filter with dual-band resonator.
For resonator 1 (R1) in Figure 2, five variables, YU1, θU1, YS1, YO 1, and θL1 are used to meet the requirements of the resonant frequencies and slope parameters at the two passbands. According to the classic filter synthesis method [14], it can be written as the following simultaneous equations:
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where α is the ratio of f2 to f1, b1, b2 are the susceptance slope parameters at the resonance frequencies, gi (i = 0,1,2…) is the low-pass prototype value, and Δ1, Δ2 are the relative bandwidths of two passbands, respectively. In addition, the inverter is required to be the same at f1 and f2, so 1/sin2θL1 = 1/sin2αθL1 is obtained. The same synthesis method is also applied to design the other resonators in Figure 2.
By solving the Eqs 1–5, a very useful solution is found, i.e., when b2 = αb1, there is
[image: image]
At this time, all uncertain variables can be ascertained based on the desired specifications. Moreover, two parallel open- and short-circuited branch-lines can be equivalent to a short-circuited branch-line in the case of YS1 = YO 1, as the diagram shown in Figure 3A.
[image: Figure 3]FIGURE 3 | (A) Parallel equivalent diagram of open-circuited and short-circuited branch-lines (B) TLM of a third-order dual-band filter.
Based on the above analysis, a third-order transmission line model (TLM) of dual-band filter is obtained from transformed the Figure 2 and depicted in Figure 3B. Among them, the upper open-circuited branch-line and the below short-circuited branch-line constitute a new dual-band resonator. From the view of structure, it can be regarded as a stepped-impedance resonator. Thus, the overall circuit of Figure 3B is composed by three shunting resonators and two intermediate cascaded transmission lines (TLs). The intermediate cascaded TL is used to behave as the admittance inverter J0 in Figure 2 and equal to quarter-wavelength at fm, where fm is the average frequency of two passbands, i.e., (f1+f2)/2. The characteristic admittance Yj is equal to 0.02 S both for realization of J0 and a good impedance matching to signal ports.
Besides, αΔ2/Δ1 = 1 is obtained from the condition of b2 = αb1 and 5) and then, it is known that Δ2 is positively correlated with Δ1. Thus, two relative bandwidths of two passbands to be chosen in the later design need to meet this relationship. To further investigation, the variations of Δ1 versus the ZU1 (1/YU1) and ZL1 (1/YL1) at three different frequency ratios α are portrayed in Figure 4, based on Eqs 1–6. It is observed intuitively that Δ1 is increasing monotonically as either ZU1 or ZL1 is enlarged. However, the required ZU1 has a smaller value when frequency ratios α is larger in the case of realizing the same Δ1, as shown in Figure 4A, while ZL1 remains basically unchanged, as depicted in Figure 4B. Moreover, note that ZL1 will becomes a ultra small value when Δ1 is chosen to be a minor value, resulting in a very wide microstrip line and such that enlarge the circuit size. These imply that the proposed structure is more suitable and convenience in designing of larger frequency ratio and a wide bandwidth of dual-band balanced filter.
[image: Figure 4]FIGURE 4 | Calculated parameters of Figure 3B at different frequency ratios (A) The relationship between Δ1 and characteristic impedance ZU1(B) The relationship between Δ1 and characteristic impedance ZL1.
IMPLEMENTATION OF DUAL-WIDEBAND BALANCED BANDPASS FILTER
Based on the analysis in Design Method of Dual-Band Bandpass Filter Section, a third-order dual-wideband balanced BPF is proposed and its TLM is shown in Figure 5A. The desired two passbands are working at 2.52 and 4.65 GHz, respectively.
[image: Figure 5]FIGURE 5 | (A) TLM of the proposed third-order dual-wideband balanced BPF (B) Its DM equivalent circuit.
Differential-Mode Bisection
Since the filter is symmetrical about the red dashed line AB, even- and odd-mode analysis method can be used. With the excited by pair of DM (with respective to odd-mode) signals, the symmetry plane A-B behaves as an ideal electric wall, and then its DM equivalent circuit can be obtained, as depicted in Figure 5B. Observing the equivalent circuit of DM bisection, it is found that it has the same configuration with the TLM of Figure 3B. Therefore, the above presented method can be used to design the DM bisection.
Two DM passbands of the desired dual-wideband balanced BPF carrying Chebyshev filtering response with 0.01 dB ripple property are centered at 2.52 and 4.65 GHz with the corresponding relative bandwidth of 47.6 and 25.8%, respectively. Based on the analysis and design formulas in the previous section, the electric parameters are determined as: Y1 = 0.0048 S, Y2 = 0.019 S, Y3 = 0.0096 S, Y4 = 0.038 S, Yj = 0.02 S, θ1 = θ2 = θ3 = θ4 = 63.26° (@f1), and θ1 = 90° (@fm).
Simulated by ADS software, the obtained results of the DM bisection is portrayed as the red lines in Figure 6. It is seen that the center frequency and relative bandwidth of two passbands are 2.57 GHz (@ 47.5%) and 4.6 GHz (@ 27.0%), respectively, which agree with the design specifications.
[image: Figure 6]FIGURE 6 | TLM simulations of DM bisection and CM bisection without loaded stubs.
Common-Mode Bisection
Similarly, when the even-mode signal is excited, the center line AB is virtually open-circuited and the symmetric plane acts as the magnetic wall, thus the CM equivalent circuit is obtained as shown in Figure 7. Three green TL stubs (Ys1&θs1, Ys2&θs2, Ys3&θs3) loaded at center portion are used to improve the CM suppression within the DM passbands. Because the CM and DM bisections are separated from the same TLM, so the branch lines in Figure 7 are quickly determined and maintain the same size as DM bisection except for the 3 TL stubs.
[image: Figure 7]FIGURE 7 | CM equivalent circuit of the proposed balanced filter.
The simulated frequency response of CM bisection with removed the stubs as depicted the blue dashed line in Figure 6. It can be observed that the CM suppression within the DM passbands are not good and needs to be enhanced. The following is to discuss the effect of attached stubs. When only loading two stubs on the below branch lines of the first and the third resonator, the influence of the CM response is discussed and the corresponding results are shown in Figure 8. As illustrated in Figure 8A, two extra transmission zeros (TZs), fa1 and fb1, are produced when two stubs are identical and, they are respective located at two DM passband, compared with the case of without stubs. Moreover, the location of TZs can be adjusted by varying the characteristic admittance. Furthermore, two more TZs, fa2 and fb2, are created when the characteristic admittance of these two stubs are unequal, which widen the stopbands of CM response. Besides, the bandwidth of dual stopband can be tuned by changing the characteristic admittance.
[image: Figure 8]FIGURE 8 | Simulated results of CM bisection with loading two stubs on the first and third resonator (A) Two identical stubs (B) Two different stubs.
Similarly, two additional TZs, fa3 and fb3, can be generated when the third stub is loading on the below branch line of the middle resonator, as portrayed in Figure 9A. Thus, six TZs in total can be provided for enhancing the CM suppression with the help of installing extra stubs on the proposed resonator. To investigate the generate mechanism of TZs, a circuit model is built as depicted in Figure 9B. Based on the basic TL theory, when Zin = 0, TZ is created. Thus, the frequency of six TZs can be expressed as.
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[image: Figure 9]FIGURE 9 | (A) The CM responses with varied Ys3 of the CM circuit when Ys1 = 0.01 S and Ys2 = 0.0067 S (B) The TLM of TZ generation.
It can be seen from Eqs 7–9 that when the DM bisection has been designed, the position of the TZs fa1, fb1 is only decided by Ys1 and, the position of fa2, fb2 is related to Ys2, and fa3, fb3 are determined by Ys3. Therefore, the position of the TZs can be independently controlled by adjusting the characteristic impedance of the loading stubs. As a result, the dual-stopband for CM suppression can be easily designed to satisfy the required specifications.
After well designed, the characteristic admittance of centrally loaded stubs are: Ys1 = 0.013 S, Ys2 = 0.0067 S, Ys3 = 0.005 S. Six TZs from the simulation of TLM located at 2.000, 2.370, 2.790, 4.380, 4.800, and 5.170 GHz, respectively, which agree well with the corresponding calculated results of 1.996, 2.367, 2.793, 4.378, 4.804, 5.175 GHz.
Conduction on Microstrip Configuration
To clarify the overall design procedure, the crucial step of designing the proposed dual-wideband balanced bandpass filter is organized and given in Figure 10. Based on the discussion and determined electric parameters above, the microstrip model of the proposed dual-wideband balanced BPF is built and the layout is shown in Figure 11. The adopted substrate is Rogers 4003C with relative dielectric constant of 3.38, thickness of 0.813 mm, and loss tangent of 0.0027. The final dimensions are well optimized by em software and indicated in Figure 11. Note that the stepped-impedance feeding structure is employed to reduce the return loss of DM passband.
[image: Figure 10]FIGURE 10 | The design process of the proposed balanced filter.
[image: Figure 11]FIGURE 11 | Layout of the designed dual-wideband balanced BPF.
The EM simulated results is shown in Figure 12. As drawn by red solid lines, the center frequencies of two DM passbands are 2.54 and 4.6 GHz with the relative bandwidths of 45.2 and 26.6%, respectively. The return loss in the two passbands is better than 21 dB. The simulated CM response is indicated by blue solid line. It is observed that the CM stopbands can cover the corresponding DM passband completely, leading to the maximum and minimum CM suppression within the DM passband are 68 and 15.1 dB for the first passband and 56 and 15.4 dB for the second passband, respectively. Some deviations, both including the dimensions and results, are attributed to the parasitic effect of microstrip structure.
[image: Figure 12]FIGURE 12 | EM Simulated and measured frequency response of the designed dual-wideband balanced BPF.
Measurement of the Fabricated Filter
For verification, the designed dual-wideband balanced BPF is fabricated on the copper board with microstrip line process. The photograph is presented in Figure 13 and it occupies 45.9 × 55.1 mm2 with the feeding lines excluded.
[image: Figure 13]FIGURE 13 | Photograph of the fabricated dual-wideband balanced BPF.
The fabricated filter is measured by four-port network analyze of CETC 3671E. The measurements are portrayed as dashed-lines in Figure 12. As illustrated, the first DM passbands is measured at 2.54 GHz with covering 2.03–3.05 GHz and the second one is measured at 4.61 GHz with encompassing 4.1–5.12 GHz. The maximum IL within two passbands is 1.4 and 1.95 dB. Besides, the measured CM suppression within two DM passbands are better than 20 dB except at the edge of the passband and CM suppression has the minimum level of 15.3 dB.
In addition, Table 1 summarizes the comparison of the proposed filter with other dual-band balanced/differential filters that have been publicly reported. It reveals that the proposed filter is superior to other filters in terms of bandwidth of DM passband. However, the circuit size of the designed filter needs to be reduced compared with the ones of these reported works, and the insertion losses are relative large when compared with the ones demonstrated in [8, 9]. Besides, it is still observed from Figure 12 that the selectivity of the lower side-band of the first passband and the upper side-band of the second passband is not good. Some methods for TZ generation, such as adopting coupled-line structure and signal interference technique, can be further researched to improve the selectively. Meanwhile, the magnetic coupling or the microstrip-slotline conversion structure can be adopted to widen the scope of CM suppression in further studies.
TABLE 1 | Comparison of some previous dual-band balanced/differential filters.
[image: Table 1]CONCLUSION
A newly third-order dual-wideband balanced BPF is developed based on branch-line resonant structure in this work. The comprehensive design method of DM bisection with multi-order filtering response is presented. Besides, the attached stubs on the center plane of the CM bisection are well analyzed for dual-stopband property and such that enhancing the CM suppression. The proposed design method and filtering structure are validated well by the measured results.
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