K7 thugt diéu khién & Dién tiv

A designing solution for bandpass filter
using TE dual-mode resonator in waveguides

Trinh Xuan Tho®” Nguyen Ngoc Phuong*, Nguyen Thi Thu Trang?, Vu Chi Thanh*

YInstitute of Radar, Academy of Military Science and Technology;

2Academy of Military Science and Technology.

*Corresponding author: xuantho6482@gmail.com.

Received 15 December 2021; Revised 04 January 2022; Accepted 14 February 2022.
DOI: https://doi.org/10.54939/1859-1043.j.mst.77.2022.30-38

ABSTRACT

The article presents a design for a bandpass filter using TE dual-mode resonator. The design
is based on the general scatting matrix of each discontinuity in the structure. Different
propagation modes in the same waveguide section are used to represent the matrices to facilitate
the design. On the basis of ultra-high frequency theory and simulation software tools, the
authors have calculated the design of a 4™ order bandpass filter using the resonances, TE,; and
TE;, with two symmetrical transmission zeros.
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1. INTRODUCTION

Filters play a critical role in the transceiver system of radio communication systems in general
and radar systems in particular. Bandpass filters are one of the essential components of today’s
radars. Many different types of filters are used for radar applications, such as microstrip filters,
coaxial resonant cavity sets, waveguide filters, and bandpass filters using lumped elements. The
microstrip filter has the advantages of small size, low cost, and easy fabrication. The main
disadvantage of this filter is its high insertion loss because its Q-factor is significantly lower than
that of other types [6]. The coaxial resonant cavity filter has many advantages, such as low loss,
compact size. However, it has the disadvantage of medium power and is difficult to fabricate at
high frequencies [5]. The waveguide filter has the advantages of low loss, high power, but the
size of the waveguide filter is much larger than that of other filters. It is suitable for use at the
output of transmitters. To reduce the waveguide filter size, there are two main methods, and the
first is to use multimode theory to create multimode coupling filters. Another approach is to use
a dielectric resonator to create a waveguide filter. The application of single-cavity multimode
theory to design filters was proposed in 1951. After that, Atia and Williams proposed a relatively
complete dual-mode waveguide filter design theory in 1971 [8]. Dual-mode filters are created
using perturbations placed in the cavity to produce degenerate modes [1-3]. The TM dual-mode
waveguide filter can achieve a compact structure by using unique modes to propagate
electromagnetic waves. Compared with the TE dual-mode waveguide filter, the thickness of the
waveguide filter is further reduced. In addition, the TM N-cavity dual-mode filter can realize 2N
transmission zeros. TE dual-mode waveguide filters and coupling between resonant modes in a
single cavity are also cross-coupling with resonant modes of adjacent cavities. Therefore, they
can achieve the characteristic of the elliptic function filter, and TE dual-mode N-cavity can
realize 2N-2 transmission zeros.

This paper studies a filter design solution using TE dual-mode because it has the advantages
of low loss, high-frequency selectivity, and smaller size than conventional waveguide filters.
Based on ultra-high frequency and simulation software theories, the paper will present a solution
to design a bandpass filter using TE dual-mode for the frequency band between 11.9 GHz and
12.1 GHz.
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2. PROBLEM

2.1. Coupling matrix of a TE dual-mode bandpass filter

Filters that use TE dual-mode resonant cavities, such as those shown in fig. 1, are often
represented by a set of cross-coupled resonances, as shown in figure 2 [1-3]. Resonance is
understood as the singular solutions of cavity structures, vertically and horizontally polarized
resonances for such as the filters in fig.1.
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Figure 1. The geometric shape of a dual-mode resonant cavity.

Although the circuit in figure 2 can accurately depict the filter principle using TE dual-mode,
it does not accurately describe the electromagnetic field inside the cavities. It is based on the
cavity’s modes. That is, each mode is considered a cavity. In addition, the symmetry of the
perturbation cavity is different from that of the empty cavity. In short, the solutions of Maxwell’s
equations for a cavity and a cavity with perturbation are different.
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Figure 2. Coupling scheme of a dual-mode filter for odd (a) and even (b) number of cavities.
Assume the coupling matrix M is based on the coupling scheme in fig. 2, where M;; is the
coupling coefficient between the i and j" resonant cavities, the diagonal elements on the

coupling matrix represent the frequency displacement. T is the (2N+2)x(2N+2) transformation
matrix.
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where P is a 2Nx2N real orthogonal matrix.

[A1]2x2 0 .- 0
p=| v Vade o0 @
0 0 o [An]axz

Here, A; is the eigenvector of the submatrix representing the modes in the i" cavity, and N is
the number of resonant cavities. l.e., that it’s a 2N-order filter, as shown in fig. 2, when the
resonator is tuned synchronously, the coupling matrix of the i cavity can be expressed in the
following form:

M3i-1,2i
M, = [ : ] 3
St My 2 0 ®)
The eigenvalues of this matrix are:
Ay = £Mp;iq 5 4)
Normalized eigenvectors, given by the matrix A, are as follows:
1 1
4= (5)
VZ V2

From (5), we can see that the partial diagonalization, corresponding to a rotation, is equal to
459, Suppose this rotation is applied to the original coupling matrix, with the coupling structure
given in fig. 2. In that case, the two new resonances are polarized along the symmetry plane of
the cross-section. For a square cavity with a perturbation, the eigenmode resonances have a wall
of electric and magnetic fields along the plane of symmetry. The plane of symmetry is the
diagonal containing the coupling perturbation when only one angular step is used. When two
identical angular steps are used, as shown in fig. 3(a), both diagonals are planes of symmetry.
Using diagonalization, we get the new coupling matrix as follows:

[M]" = [T][M][T]" (6)
We can see that the new coupling matrix has the following characteristics:
1) The diagonal elements are A;,
2) Between two modes in the same physical cavity, there is no coupling.

It should be noted that due to the discontinuity, i.e., when the coupling elements interfere with
the symmetry of the characteristic modes p and g, the modes in the consecutive cavities are cross-
coupled. Fig. 3(a) and fig. 3(b) show the topology for the coupling matrix, transformed by (6).

a)
Figure 3. a) The polarization modes in the cavities that have perturbation;

b) Topology of the coupling matrix.
The scheme in fig. 3b contains information about the load of the diagonal modes due to
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perturbation. This is reflected in the resonant frequencies of the diagonal elements of the
coupling matrix (6). However, using this scheme to describe the resonance between the coupling
elements between the cavities is imprecise. Therefore, an equivalent circuit is required to
accurately model and design a dual-mode filter, which allows accurate load calculation. It has
been done in a propagation-based model [4]. Fig. 4 depicts the structure diagram of a bandpass
filter using dual-mode resonance.
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Figure 4. Structure diagram of the 4™ order dual-mode bandpass filter.

2.2. Calculations and design a bandpass filter using TE dual-mode resonator

Based on the theory in Section 2.1, the research team then proposed the steps to calculate and
design a bandpass filter using TE dual-mode resonator. These are explained in the example of a
4™ order bandpass filter with a square waveguide and corner perturbations. The same steps can
be used to design a higher-order filter.

The ideal coupling matrix for a filter with the required specifications can be obtained by
analysis or optimization. Through either of these two methods, it is possible to get the coupling
matrix. In general, the ideal coupling matrix has the following form:

[OMmo 000]

0 M 0 M 0 0
M = | 12 23 | 7
0 0 My O My 0 (7)
lo My, 0 My, 0 My
0 0 0 0 My 0l
where, M;; is the coupling factor.
Using the matrix transformation formula (6), we have
[0 My, M, 0 0 0]
M(,)1 _/11 0 M13 M{4 0
M, 0 A M,; Mj;, O
0 Mj; Mp; —A2 0 My
0 M, My, 0 A My
L 0 O 0 My, M, 0 |

The calculation and design steps are as follows:
Step 1: Determine the size of the perturbation and the waveguide part

In this step, we need to determine the depth d of the perturbation and the length L of the
sguare waveguide on either side of the perturbation.

First, the length t¢ of the perturbation is determined through the practical value, specifically
based on the width of the tuning screw. Then use electromagnetic simulation software such as
CST to determine the dimensions in fig. 5. The depth, d determines the distance between the two
resonant frequencies, while the length L will change both frequencies.
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Figure 5. Setting up the electromagnetic field simulation for the eigenmode
of the dual-mode resonance cavities.
Step 2: Determine the size of the coupling window between the dual-mode resonant cavities

Fig. 6 shows the geometry of the coupling window between two dual-mode resonant cavities.
It consists of two identically symmetrical rectangular windows positioned with a distance o from
the longitudinal centerline of the resonator. This type of coupling is the most suitable for
resonant cavities with a square cross-section. It is more convenient to use vertically and
horizontally polarized propagation modes in the design due to their cross-sectional symmetry.
The distance o mainly controls the combination of vertical polarization modes on both sides,
while the horizontal polarization mode is controlled primarily by b,. It is due to the magnetic
field distribution of the two modes. As the distance o increases, the magnetic field of the
longitudinally polarized mode decreases while that of the transversely polarized mode remains
almost constant in that direction.

On the other hand, increasing the b, dimension leads to stronger magnetic coupling between
horizontally polarized propagation modes while having virtually no effect on the coupling
between vertically polarized propagation modes. It means that the coupling for both modes can
be controlled almost independently.

To design a coupling window between two dual-mode resonant cavities, the process is similar
to that in the design of a conventional cross-coupling window. The general scattering matrix of
the scheme was extracted by EM simulation. When placed in a uniform waveguide, the vertically
and horizontally polarized propagation modes on both sides of the coupling window, TE;, and
TE,,, remain separated.

oJH—

I
4]
-

Figure 6. Coupling scheme between two dual-mode resonant cavities.
Step 3: Define the input coupling window

In this step, we define the input coupling window model and size. Unlike the coupling
window of a dual-mode resonant cavity, the input coupling window represents a geometrically
and electrically asymmetrical discontinuity. Fig. 7a shows the geometry of the input coupling
window and the propagation modes on both sides. The modes on the right can be implemented as
horizontal and vertical polarization modes or cross-polarized modes, TE;, and TE,,, while the
input rectangular waveguide on the left only supports a propagation mode TE;, in the frequency
band of interest.
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Figure 7. @) EM simulation diagram for an input coupling window; b) Equivalent circuit for an
input coupling window with vertical polarization mode; c) Equivalent circuit diagram for an
input coupling window with horizontal polarization mode.

Due to the symmetry, the vertical and horizontal polarization of the modes is not coupled

across the coupling window. The following 3x3 scattering matrix relates the incident and
reflected fields on both sides of the discontinuity:

by, S11v S1zw 0 ay1
bya| = |S210  S220 0 Ay2 9)
th 0 0 ej((P33+7T) apo

where a;, b; are feature vectors of the incident and reflected waves at the i port. It is easy to
show that the field of the cross-polarized modes is related to the input modes as follows:

by S11v S12w 0 ay1
by | = R1 [S210 Saaw 0 Ry | Qw2 (10)
bq 0 0 elfl@sstm) Qpo
where R, is the transformation matrix:
1 0 O
o L1
R1 = \/E \/7
0 1 -1
I’ 2 V2l

The coupling window exhibits asymmetric discontinuity for the vertical mode, which the
equivalent circuit can model in fig. 7b. On the other hand, the horizontally polarized mode
propagates only in the square waveguide portion, while it does not propagate in the input
rectangular waveguide. This means that the coupling window and input waveguide represent the
load impedance for horizontal mode, as shown in fig. 7c. This reactance can be controlled by the
vertical dimension of the input window.

The circuit in fig. 7b is an impedance inverter. The characteristic impedance parameter of the
inverter in the diagram of fig. 7b is calculated according to the following formula:

Ko = \/%BAMM (11)
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Agl_AQZ

where, B; =
go

The coupling coefficient of the longitudinal mode to the input waveguide is determined by
the a; dimension and it has little effect on b; dimension. On the other hand, the horizontal mode
load, ¢33, depends mainly on b;.

To determine those, we start with a square coupling window and resize it until the required
value of the coupling factor is reached. The thickness of the coupling window we choose to be
fixed at 1 mm.

After fixing the input coupling window and phase shift (¢, and ¢,,,) for the longitudinal
mode, the waveguide section’s dimensions, L, and L,,, in fig. 4 are determined as follows:

A

Ly=L+2% (12)
A

Ly =L+2%% (13)

When all design parameters have been determined, except horizontal mode’s load, ¢33. Using
the condition of phase equilibrium of the two modes, the required value can be obtained as:

Y33 = P2+ Ppy — Ppp (14)
3. RESULT AND DISCUSSION

3.1. Filter’s requirements

The design of the 4™ order bandpass filter using TE dual-mode is done with technical
parameters according to table 1.

Table 1. Technical requirements of a bandpass filter using TE dual-mode resonator.

No | Specification Unit Value

1 Central frequency GHz 12

2 Bandwidth MHz 200

3 Reflection loss dB >20

4 Transmission zeros MHz 11840/12160

3.2. Calculation and design for the bandpass filter

Based on the required parameters in table 1, using the optimization method of calculating the
coupling matrix on Matlab software, we get the ideal coupling matrix and the parameter S
response of the filter as shown in fig. 8.

Using (6), we transform the ideal coupling matrix to:

0 0.7193  0.7193 0 0 0
| 0.7193 —0.8325 0 0.2608 —0.5519 0 |
M,=I 0.7193 0 0.8325 —0.5519  0.2608 o |
| 0 0.2608 —0.5519 -0.8126 0 0.7193|
l 0 —0.5519 0.2608 0 0.8126 0.7193

0 0 0 0.7193 0.7193 0

Based on the values in the new coupling matrix obtained after the calculation, we calculate
the physical dimensions of the filter. First, we choose the cross-sectional size of the rectangular
waveguide as a, = 16.93 mun, the length of the perturbation t, = 3mm. Using CST software
[7] to simulate and optimize the parameters of the perturbation, such as the depth d and cavity
length L. Then determine the coupling window dimensions. The results after the optimization
simulation and calculation is shown in table 2. The 3D model of the filter is shown in fig. 9. The
results of the optimization simulation of the filter are shown in fig. 10.
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Figure 8. Calculation results of the coupling matrix and parameter S response of the filter.
Table 2. The results after optimization simulation for a bandpass filter using TE dual-mode.

No |Parameter Value No | Parameter Value No |Parameter Value
(mm) (mm) (mm)

1 ao 16.94 5 b, 7.89 9 a 22.86
2 t, 3 6 a, 5.06 10 b 10.16

3 t 1 7 b, 5.38 11 Ly 6.52

4 a, 9.97 8 0 2.09 12 L, 7.68

13 d 1.88

= =
\ o |
=

Figure 9. 3D model for a bandpass filter using TE dual-mode.
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Figure 10. Simulation result for the bandpass filter using TE dual-mode.

Tap chi Nghién cieu KH&CN quén sw, Sé 77, 02 - 2022 37



K7 thugt diéu khién & Dién tiv

From the simulation results, we can see that all parameters of in-band loss, out-of-band
interception, and reflection loss of the waveguide bandpass filter meet the required specifications
of the filter. The simulation design results and the required response are relatively consistent.

4. CONCLUSION

The paper presented the steps to calculate and design a bandpass filter using the resonance of
TE dual-mode on waveguides based on theoretical calculations of the filter parameters combined
with CST simulation to calculate the optimal physical values for the filter. A 4™ order bandpass
filter using TE dual-mode resonance on the waveguide has been designed and simulated. The
results meet the strict requirements of in-band loss, reflection loss, and especially the accuracy of
the out-of-band cut-off. The results of this study are the basis for expanding the research, design,
and manufacture of filters on waveguides with strict out-of-band cut-off requirements for
applications in receiver systems and radar systems.
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and Technology project, number 002/2019/HD-DT-RD.
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TOM TAT

Vé mét phwong phap thiét ké bd loc thong dai sir dung
cOng hwéng ciia mode TE kép trén ong dan song

Bai bao trinh bay két qua nghién ciru thiét ké bg loc thong dai sur dung cong huong ciia
mode TE kép. Tl hiét ké dira trén ma trdn tan xq tong quat cia fing diém gian dogn trong
cau triic. Cde mode lan truyén khdc nhau trong cing mét phan ong dan song duwoc s
dung dé biéu dlen cdc ma trdn nham tgo dzeu kién thudn loi cho viéc thiét ké. Trén co s Iy
thuyét siéu cao tan va cac cong cu phan mém tinh todn mé phong, nhém tdic gia da tinh
todn thiét ké bé loc théng ddi béc 4 sir dung cong huong TEy, Va TE,o voi hai diém khong
truyén dan doi xing.

Tir khéa: Bo loc thong dai; Mode TE kép.
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