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This paper proposed a balanced tri-band bandpass filter (BPF) with high selectivity based on substrate integrated waveguide (SIW) technology. The tri-band filtering response and multiple transmission zeros (TZs) are attained by elaborately merging cascaded quadruplet (CQ) topology and split topology. The proposed balanced tri-band bandpass filter is designed, which integrates high selectivity differential-mode (DM) transmission and good common-mode suppression by cleverly placing TE102-mode SIW cavity on the symmetric plane. To verify the proposed concept, a prototype of balanced tri-band BPF operating at 9.33, 9.67, and 10.02 GHz has been implemented. Measured results show eight TZs at out of DM passbands and more than 35 dB CM suppression within the DM passbands, which agree well with the simulated results.
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INTRODUCTION
In recent years, balanced circuits are widely used because of their ability of noise suppression and low electromagnetic interference [1]. Specially, balanced bandpass filters (BPFs) with different transmission structures, such as microstrip [2, 3] and patch resonator [4] have attached much attention recently [2]. presents a new fourth-order balanced dual-band bandpass filter (BPF) based on four coupled bi-section half-wavelength (λ/2) stepped-impedance resonators (SIRs) [3]. presents a balanced filter by centrally-loaded half-wavelength resonator. In [4], a novel dual-band balanced BPF is constructed based on patch resonators and meandered slotlines (MSLs). Unfortunately, at high frequencies, these structures which can achieve good CM suppression suffer from high insertion loss and radiation.
To solving this problem, substrate integrated waveguide (SIW) technology which exhibits its inherent advantages of compactness, low insertion loss at high frequency, and high power capacity is widely employed in microwave and millimeter-wave devices [5–8]. To take advantage of these superiorities, some SIW balanced BPFs have been investigated [9–11]. In [9], a dual-band balanced BPF is designed based on 10 cascaded cavities in planar, while its frequency selective is poor. To improve frequency selectivity, both source-to-load and cross-couplings are introduced by implementing four resonant modes in two cavities to design a balanced dual-band SIW BPF [10]. In addition [11], presents another dual-band differential BPF with controllable differential-mode (DM) center frequencies, and high common-mode (CM) suppression. Although the above designs have many advantages in some aspects, they are limited to dual-band case and cannot meet the multiband requirement in the multi-standard wireless system. As far as the author is concerned, there are few design for multi-band SIW balanced BPF, let alone the one with compact size high frequency selectivity.
In this paper, a balanced tri-band SIW BPF with high selectivity is proposed for micro-and millimeter-wave multi-standard application. By intelligently combining CQ topology with splitting topology, the tri-band filtering response and high selectivity can be achieved simultaneously. Meanwhile, the flexible DM transmission and CM rejection characteristics are obtained with reasonable arrangement of SIW cavity and the resonant modes. The measured results are in good agreement with simulated ones which show the advantage of high selectivity.
BALANCED TRI-BAND FILTER DESIGN
Figure 1 depicts the physical configuration of the proposed balanced tri-band BPF. The design consists of a group of SIW cavities with almost same structures in the top and bottom layers. There is a common ground layer between the two layers. Each layer consists of two resonant TE102-mode cavities and four resonant TE101-mode cavities. The two resonant TE102-mode cavities are coupled with each other, and each resonant TE102-mode cavity is cascaded with two resonant TE101-mode cavities, respectively. Circular and rectangular coupling slots are etched on the common ground layer for signal coupling transmission. The balanced BPF is externally fed by the 50 Ω microstrip lines. Figure 2 shows the electric and magnetic field distributions of the TE102-mode in SIW cavity. Obviously, the electric field distribution in the single SIW cavity is odd symmetric with respect to the symmetrical plane (T-T′). The filed characteristic can be fully explored to realize a balanced SIW cavity with DM transmission and CM suppression.
[image: Figure 1]FIGURE 1 | Physical configuration of proposed balanced tri-band BPF. (A) 3-D view, (B) top layer, (C) middle layer, (D) bottom layer.
[image: Figure 2]FIGURE 2 | Field pattern of TE102-mode in single SIW cavity.
The work mechanism of this design under the DM and CM excitation will be analyzed below. The main structure of the design is composed of four resonant TE102-mode cavities, and the four cavities are arranged according to the CQ topology. Therefore, when the DM signals are injected from the input ports (P1 and P1′) placed at the symmetrical sides of the A-A′ plane, TE102-mode will be excited in resonant cavity 1 (R1). Then, the signal will be transmitted to resonant cavity 2 (R2) in the form of magnetic coupling and excites TE102-mode through the coupling window. Afterwards, the signal in R2 is transmitted to the resonant cavity 3 (R3) in the form of magnetic coupling through the rectangular coupling slots etched in the common ground layer. Subsequently, it is delivered to the resonant cavity 4 (R4) in the form of magnetic coupling through the coupling window. It is worth noting that two circular coupling slots are etched at the middle metal layer with the position where the electric field intensity distribution is strongest in order to achieve electrically coupled transmission between R1 and R4. Finally, the DM signal is obtained by the differential output port (P2 and P2′) in the R4. In addition, each TE102-mode resonator carries two TE101-mode resonators for desired triple-band response. It is worth mention that eight transmission zeros (TZs) are produced in the design of the triple-band response. Among them, the six TZs between the passbands are introduced due to the band-stop resonator while the other two TZs of the stopband on the third passband are caused by cross coupling. When signals at input pairs are CM ones, it is obvious that the CM signal can be converted to two out-of-phase signals which will cancel with each other out through these TE102-mode balanced SIW cavities, thus resulting in the high CM suppression.
Based on the above analysis, Figure 3 describes the schematic coupling topology and equivalent DM topology for the proposed balanced tri-band BPF. In the topology, the white circles S+ and S− represent balanced input pairs P1 and P1′ while the white circles L+ and L− represent the output pairs P2 and P2′, respectively. Besides, the black circles indicate the TE102-modes while the gray circles describe the TE101-modes. The black dashed lines represent electrical coupling while the black solid lines denote magnetic coupling. Its equivalent two-port filter DM topology of the balanced tri-band BPF is shown in Figure 3B. The DM transmission performance is the same as the topology exhibited in Figure 3A.
[image: Figure 3]FIGURE 3 | Topologies of proposed balanced tri-band BPF. (A) Four-port schematic topology, (B) Equivalent two-port DM topology.
A tri-band balanced BPF is designed with the targeted specifications as follows:
1) Passband 1: 9.17–9.47 GHz (CF: 9.40 GHz, BW: 300 MHz);
2) Passband 2: 9.58–9.77 GHz (CF: 9.69 GHz, BW: 190 MHz);
3) Passband 3: 9.89–10.26 GHz (CF: 9.98 GHz, BW: 370 MHz)
4) TZ1: 9.1 GHz;
5) TZ2: 10.3 GHz;
6) In-band return loss: 20.0 dB.
So the required coupling coefficients and resonator frequencies can be calculated with well-established synthesized method [12] as follows, K1,2 = K3,4 = 0.062,K1,4 = −0.048,K2,3 = 0.079, K1,5 = K2,7 = K3,9 = K4,11 = 0.0356, K1,6 = K2,8 = K3,10 = K4,12 = 0.03418, Qe = 12.56, f01 = f02 = f03 = f04 = 9.7049 GHz, f05 = f07 = f09 = f011 = 9.8338 GHz, f06 = f08 = f010 = f012 = 9.51588 GHz, respectively. The resonator frequencies can be extracted by the size of SIW cavities through eigenmode simulation. While the required internal coupling, external quality factor can be extracted in the following,
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where f0i and f0j represent the resonant frequencies of different cavities (R1,R2,R3,R4,R5,R6,R7,R8,R9,R10,R11,R12) respectively, Kij represents the coupling coefficient between the SIW cavity resonators, and τS11 (ω0) represents the S11 group delay corresponding to the resonant frequency point which can be obtained through simulation.
Firstly, the initial parameters of the SIW cavity are determined according to the above analysis. Then, the desired results of the balanced tri-band BPF can be optimized by High Frequency Structure Simulator (HFSS). The final parameters of the proposed balanced tri-band BPF are: a1 = 14.4, a2 = 14.4, b1 = 15, b2 = 26.9, b3 = 16.3, b4 = 15, b5 = 16.3, w1 = 6.2, w2 = 6.4, w3 = 6.3, w4 = 6.4, w5 = 6.5, w6 = 6.5, w7 = 6.2, w8 = 6.4, w9 = 6.3, w10 = 6.4, w11 = 6.5, w12 = 6.5, ls1 = 4.5, ls2 = 4.5, ws1 = 0.65, ws2 = 0.65, lx1 = 8.4, lx2 = 23.9, lx3 = 24, lx4 = 3.2, wx1 = 2, wx2 = 4, R1 = 2.4 (units: mm).
RESULTS AND DISCUSSION
The proposed balanced tri-band BPF is fabricated on RT/Duroid 5880 substrate with thinkness of 0.508 mm, εr = 2.2, and tanδ = 0.0009. Figure 4 shows the photograph of the fabricated balanced tri-band BPF. The designed circuit has a compact size of about 2.88λg × 1.44λg without the feeding lines, where λg is the guided wavelength at 9.33 GHz. The simulated and measured S-parameters are illustrated in Figure 5. In the DM response, the DM passbands centered at 9.33, 9.67, and 10.02 GHz, with BW1 = 290 MHz and BW2 = 185 MHz, BW3 = 363 MHz respectively. The measured in-band minimum insertion losses (ILs) are 1.5, 1.95 and 1.42 dB while the input return losses (RLs) are better than 15 dB. The eight TZs can be observed at 9.15, 9.48, 9.53, 9.57, 9.78, 9.81, 9.87, and 10.32 GHz. The in-band CM suppression is greater than 35 dB.
[image: Figure 4]FIGURE 4 | The photograph of the fabricated circuit.
[image: Figure 5]FIGURE 5 | Simulated, and measured S-parameters of proposed balanced tri-band BPF.
Comparison of the proposed balanced tri-band BPF with other works is shown in Table 1. It is apparent that our work exhibits many advantages in terms of high selectivity, higher CM suppression and realizes a lower insertion loss.
TABLE 1 | Comparisons with previous works.
[image: Table 1]CONCLUSION
A high selectivity balanced tri-band BPF based on SIW technology has been presented. Results indicate that it presents the function of tri-band DM transmission, integrating high CM suppression and high selectivity. The simulated and measured results have been given with good circuit performance. With all these good properties, we believe the balanced tri-band BPF design can be well implemented for a wide range of micro- and millimeter-wave applications.
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