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Abstract—This paper presents a novel quintuple-mode wideband filter based on a circular Substrate
Integrated Waveguide (SIW) cavity. To implement this filter, a pair of two metallic perturbation
vias loaded around the diameter resonator line is used. An Elliptic Dielectric Resonator (EDR) was
introduced in the middle of the cavity to shift certain resonant modes and restrain the higher-order
modes. The optimal dimensions and dielectric permittivity of the EDR are investigated. A single STW
resonator filter has been designed, manufactured, and measured as an experimental example to verify
the proposed design. Simulation and measurement results agree with 51.7% of fractional bandwidth at
10.1 GHz central frequency, with one transmission zero (TZ) at the lower frequency side and four TZs
at the upper side.

1. INTRODUCTION

With the evolution of wireless communication systems and the advent of 5G, the wideband (WB) filters
and ultra-wideband (UWB) filters are highly demanded in practice, due to their significant application
in high rate communication systems and supporting multiple adjacent narrow bands transmission.
Recently, the multiple-mode resonator (MMR) approach becomes an important key to reduce the
filter size and to improve the filtering performance, which was firstly proposed by [1]. Various
research studies on multi-mode filters based on different configurations have been done to extend the
filtering bandwidth [2-9]. The multiple-mode stub-loaded resonators in [2,3] exhibit good wideband
performances with a very compact size. However, the transmission-line based resonators generally have
a high conductor loss as well as low power-handling capability. Moreover, a new class of metal cavity
wideband MMR filter was proposed in [4]. In this filter, the wideband MMR is achieved by using
an off-centered perturbation approach instead of a traditional corner-cut configuration. Despite the
simplicity of the filter structure, it does not provide enough fractional bandwidth. In [5], a quintuple-
mode wideband filter was proposed. The implementation of this filter is based on three perturbation
oriented metallic cylinders with two coupling probes in a single circular waveguide cavity. This proposed
filter provided a fractional bandwidth of 36%. To improve the fractional bandwidth, the authors in [6]
proposed a novel design of a quintuple mode filter based on a pair of metallic shorting pins, which were
inserted into a rectangular cavity. This design has achieved a fractional bandwidth of 70%. Future
telecommunication systems not only require high bandwidth but also consider a low cost design with
high selectivity and compact size. All these requirements make Substrate Integrated Waveguide (STW)
an appropriate technology. For the implementation of multi-mode filters on SIW resonators, different
designs have been proposed in [7-9]. A wideband SIW filter with compact size using U-shape slot
on the metallic plate of an SIW cavity to produce five resonant modes was investigated in [7]. The
proposed fifth-order passband filter was implemented on two SIW cavities and provided 42% fractional
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bandwidth. In [8], a novel quintuple-mode was designed based on modified quarter mode substrate
integrated waveguide (QMSIW). The filter can achieve only 22.5% fractional bandwidth. In [9], the
authors suggested a very simple quintuple-mode filter design by introducing an elliptic metallic post
in the middle of an SIW rectangular cavity. The proposed filter provided five reflections and two
transmission zeros at the upper frequency side with fractional bandwidth up to 60%. However, this
filter had a very narrow stopband rejection.

This paper proposes a novel SIW multi-mode cavity to design a compact wideband SIW filter with
a selective response. To implement the proposed resonator, four metallic vias and an Elliptic Dielectric
Resonator (EDR) are introduced in a circular SIW cavity to excite five resonant modes.

2. DESIGN AND SIMULATION

2.1. Cavity Structure and Electric Field Distribution in Eigen Modes

Figure 1 shows the layout of the proposed quintuple-mode resonator. The resonator consists of a
circular SIW cavity with a radius R = 15 mm implemented on a Rogers 5880 substrate with a dielectric
permittivity €,; = 2.2 and thickness h = 0.787mm. Two mechanisms of mode perturbation are
introduced in the cavity. Firstly, to excite the five resonant modes, a pair of two metallic vias is
loaded around the cavity diameter line (AA’) with (0,¢) = (20°, 10.9 mm) as shown in Figure 1(a). The
electric field patterns of the five degenerate modes are shown in Figure 2, which are a pair of perturbed
T Mo (named as TM{,, and TME ), TMaig, and a pair of perturbed T Mgz (named as T Mgy, and
T Mgi)-
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Figure 1. The proposed quintuple-mode resonator design. (a) Geometry of circular SIW cavity loaded
with metallic vias and EDR. (b) Configuration of the EDR.

Figure 2. Electric field distributions in circular SIW resonator loaded with four metallic vias for five
distinct modes: (a) TMi,,, (b) TM3,, (¢) TMaig, (d) T My, (€) TMy-

As a second perturbation, an EDR with metalized top and bottom layers is integrated into the
middle of the resonator. Elliptic-shape is chosen to match with the electric field alignment of the five
resonant modes.
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To define the EDR effect in the cavity, the variation of the five resonant frequencies versus the
EDR geometry and permittivity is studied. The EDR dimensions are taken as Rpyinor = 0.6 * Ryajor-
Figure 3(a) represents the variation of the mode chart for the exciting modes on the function of Ruyajor,
where €9 = 6.15. Obviously, when Ryajor = 0mm (the cavity perturbed only by the four metallic vias),
TZ supposes to appear between T]Wf10 and T Mo1g, and another TZ separates T M&QO and TM(?QO. The
increase of Ryajor enables to delete the TZs, which gives the possibility to implement the band-pass
filter. On the other hand, when Rpajor is less than 3.7mm, the EDR influences only modes 4 and
5, because they reach their maximum in the center of the cavity. Meanwhile, modes 1, 2, and 3 have
reached its minimum so remain unchanging. Furthermore, if Rpajor takes a greater value, the EDR effect
on all modes and the resonant frequencies decrease with the increase of Rmajor. Figure 3(b) shows the
effect of the EDR permittivity on the mode chart of the five resonant modes, where Ry ajor = 2.8 mm.
It can be observed that when €9 takes values between 4.5 and 10, T M{,, is sandwiched between TME,
and T Mg, and there are no TZs separate the five resonant modes.
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Figure 3. (a) Mode chart for the five resonant frequencies versus the size Rmajor- (b) Resonant
frequency variation of the five modes with the EDR permittivity.

In the proposed concept, the EDR is used to delete the undesirable TZs by shifting mode TM(}20
between T]Mf10 and T'Ma19. Following the EDR parametric optimization, the radius Rpyajor should be
sandwiched between 2mm and 4 mm, and the dielectric permittivity €, takes values between 4.5 and
10.

The EDR substrate is chosen as Arlon ad 600 with a dielectric permittivity of €. = 6.15 and
Rajor = 3.15mm. The new electric field distribution of the quintuple-mode cavity loaded is plotted in
Figure 4. As we provided earlier in the new field distribution, mode TMol20 becomes the third mode
while mode T'Ms19 becomes the fourth mode.

(b)

Figure 4. Electric field distributions in EDR-loaded the perturbed SIW cavity for five distinct modes:
(a) TMfyg, (b) TM?yg, (c) TMgsg, (d) TMano, (€) TMgy.
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To verify our concept, the simulated transmission coefficients |S2;| of the proposed quintuple-mode
resonator with and without EDR are compared in Figure 5. Obviously, the use of the EDR allows
the implementation of a quintuple mode filter with wide passband, as well as to improve the stopband
rejection, and four TZs can appear at the right side when we use an appropriate EDR.
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Figure 5. Simulated transmission coeflicient of the proposed quintuple-mode resonator with and
without EDR.

To estimate the factor of the four vias positions on the frequencies of the resonant modes, Figure 6
shows the simulated magnitude of |Sa;| with different ¢ values. It is observed that the resonant
frequencies fa, f1, and f5, which are representing by TM%,,, T Ma1g, and T Mg, modes respectively,
decrease with the increase of ¢, while f1 and f3 remain almost the same. This is because the perturbation
vias are located where the electric fields of T My, and T Mg, are relatively weak. Thus, the operating
bandwidth can be effectively adjustable and controllable.
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Figure 6. Simulated transmission coefficient of the proposed quintuple-mode filter with varied ¢.

2.2. Quintuple-Mode SIW Filter

To demonstrate the performance of the proposed quintuple-mode cavity, a single cavity-filter based on
this resonator is investigated. The basic structure of this filter is shown in Figure 7. To excite the five
resonant modes a coplanar waveguide (CPW) transition with two slot lines is used. The CPW extends
into the SIW resonator, and the two slot lines are divided toward the metallic perturbation vias to
achieve a better energy transmission, considering that the energy is concentrated between the metallic
perturbation vias (Figure 4).

In most cases, a multi-mode filter can be modeled by a transversal coupling matrix [M] which is
based on the global Eigen-modes of the perturbed cavity [10]. In this method, the entry modes can be
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Figure 8. (a) Topology of the quintuple-mode filter, (b) S-parameters of the proposed filter synthesized
by matrix [M] and full-wave simulation.

lossy or lossless modes for better filter modeling [11]. Figure 8(a) depicts the coupling scheme of the
proposed quintuple-mode SIW filter. In this diagram, modes 2, 3, 4, 5, and 6 generate the passband
response of the quintuple-mode filter. To provide the wideband filter, the higher and lower order
resonant modes must be taken into consideration. The first node corresponding to the fundamental
mode is T'My19. Modes 7, 8, and 9 are three higher orders lossy modes, corresponding to the frequencies
14.5, 15.2, and 16.1 GHz, respectively.

M
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The external coupling Mg;, My;, and the diagonal elements M;; are calculated by using the coupling
matrix synthesis methods for Chebyshev filtering functions [12] using the software MATLAB code.

Figure 8(b) shows a comparison between the reflection coefficients (|S11]) and transmission
coefficients (]|S21]) of the full-wave simulation calculated using Ansoft HFSS and the results obtained
from the coupling matrix [M]. As shown in this figure, the two simulations are in good agreement.

As in this work, the EDR will be integrated manually in the cavity during the fabrication. Hence,
the dimension of the elliptic hole introduced in the cavity must be greater than the EDR diameters to
facilitate the installation process. That causes some errors of the air gap between the cavity and the
EDR, as shown in Figure 9, which requires a detailed uncertainty analysis. The air gaps appear in the
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Figure 10. (a) S-parameters of the proposed filter with varied g. (b) S-parameters of the proposed
filter versus g and Rpajor-

metal plates of the cavity and between the EDR dielectric and the main dielectric of the SIW cavity.
To eliminate the conductor air gaps effect, an adhesive copper tape is added after the integration of
the EDR on the top and bottom layers. Meanwhile, to estimate the air gap impact between the EDR
dielectric and principal SIW cavity dielectric, the S-parameters variations with various distances of air-
gap representing by the factor g are plotted in Figure 10(a), while Ryajor is fixed at 3.3 mm. Obviously,
the first three modes change their frequencies with the increasing in g. That effect on the return loss
is up to 12.3dB when g = 1 mm. Therefore, to decrease the air gap impact it is sufficient to shift the
resonant modes at their initial frequencies using the EDR. Figure 10(b) shows the appropriate EDR
radius (Rmajor) for different air gap dimensions to keep the return loss less than 21 dB.

3. FABRICATION AND MEASUREMENT

To validate the design concept, a prototype filter has been fabricated. Photographs of the fabricated
circuit are shown in Figure 11. The optimized parameters of the fabricated filter are as follows:
R; = 15.6mm, Ry = 16.5mm, w; = 2.6 mm, wy = 4.2mm, wy = lmm, [; = 4mm, I = 3.4mm,
p = 1mm, (0,t) = (17°, 10.9mm), g = 0.3mm, Ryajor = 3.35 mm, and Ryjnor = 2.1 mm, ¢ = 10.5°.
Figure 12 illustrates the simulated and measured frequency responses of the proposed filter. Obviously,
they are in good agreement with each other. The measured and simulated fractional bandwidths (FBWs)
with insertion loss better than —3 dB are about 51.7% around the center frequency (FC) of 10.1 GHz.
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Figure 11. Photography of the fabricated quintuple-mode filter. (a) Top view, (b) bottom view.
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Figure 12. S-parameters of the proposed filter.

The simulated return loss (RL) is greater than 21.4dB, and the minimum insertion loss (IL) is 0.33 dB.
On the other hand, the minimum measured insertion and return losses in the passband are 1.1 dB and
17.2 dB, respectively.

Table 1 demonstrates a comparison study of the performance of the present work with recently
quintuple-mode filters. Through this comparison, the proposed quintuple-mode filter provides a high
filtering performance, in terms of better return loss and high bandwidth (51.7%).

Table 1. Comparison with others reported quintuple-mode filters.

, IL | RL FC | FBW | Left | Right
Filters Technology
(dB) | (dB) | (GHz) (%) TZs | TZs
[6] single metal cavity <0.65| 10 5.8 70 1 3
[13] multiple-stub-loaded resonator | < 1.8 | 12.5 2.4 25.8 1 3
[7] SIW <11 12 10 48 0 0
8] QMSIW <175| 135 | 80 92 2 2
[This work] SIW <11 | 172 10.1 51.7 1 4
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4. CONCLUSION

In this paper, a compact wideband passband filter on a single circular SIW resonator is investigated
by using an elliptic dielectric resonator (EDR) loaded in the cavity center. Five resonant modes are
produced in the desired passband. Transmission zero in the lower frequency side and four TZs in
the upper frequency side are generated for better filtering selectivity and to improve the out-of-band
rejection. The proposed design is fabricated with standard PCBs technology. It has been demonstrated
with experimental results that the proposed filter shows an excellent performance in terms of bandwidth,
losses, and compact size for wireless communication systems.
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