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ABSTRACT

In this article, we present the research results on the designing and manufacturing method of
a high-power harmonic filter applied in the X-band transmitter system. The harmonic filter utilizes
Waffle-iron filters and quarter-wavelength converters on the waveguide. As a result, the loss and
ripple within the passband are improved, while meeting the requirements of cutting off high-order
harmonics. Based on the application of microwave theory and simulation software tools, the
research team have calculated, designed and manufactured a harmonic filter that meets all the
requested specifications for application in X-band transmitter systems: Loss < 0,12dB@3,9-
9,6GHz; Reflection coefficient < -200B@8,9-9,6GHz,; Frequency selectivity < -40dB@2nd

harmonic, 3rd harmonic, 4th harmonic.
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1. INTRODUCTION

The development of radio technology increasingly demands advanced design techniques and
manufacturing technology for microwave components. One of these essential components is the
microwave filter. The filter plays a crucial role in this system, functioning to eliminate unwanted
frequency signals while allowing desired frequency signals to pass through. Harmonic filters are
among the critical components of radar systems [3]. As we can see in the block diagram of a
semiconductor radar system [3], it is evident that several filters are used to perform various
functions. For instance, in the receiver, a harmonic filter is placed before the low-noise amplifier
to eliminate high-order harmonic components. In the transmitter, a harmonic suppression filter is
positioned at the output of the power amplifier to select the required frequency and eliminate
unwanted high-order harmonic components. Additionally, it must meet the requirements of low
loss and high power handling capability.

Today, there are many different types of filters used for radar applications, such as SAW filters,
microstrip filters, coaxial cavity filters, and waveguide filters. Microstrip filters have the
advantages of small size, low cost, and ease of fabrication [1]. However, their main drawback is
high insertion loss because their quality factor (Q factor) is significantly lower than that of other
types. Coaxial cavity filters offer many advantages, such as low loss and compact size, but they
are challenging to manufacture at high frequencies [2]. Waveguide filters have the benefits of low
loss and high power handling capability; however, their size is much larger compared to other
filters [3]. The Waffle-iron filter, invented by Seymour B. Cohn at the Stanford Research Institute
in 1957 [9], is based on the corrugated waveguide filter design. Waffle-iron filters are used when
both wide passbands with low insertion loss and wide stopbands are required. They are particularly
effective at suppressing high-order harmonics [5]. Some authors have focused on the study of low-
pass filter design, for example the filter of F.Teberio [10] is a Waffle-iron low-pass filter with a
bandwidth of 10,7 GHz to 11,7 GHz, Insertion loss less than 0.15 dB, stopband from 17 GHz to
21 GHz.

This paper presents the research results on the design and fabrication of a harmonic filter based
on the Waffle-Iron waveguide structure due to its wide passband, low loss, broad stopband, and
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high power handling capability. Utilizing microwave theory and software simulation tools, the
paper will outline the design method for a harmonic filter for X-band radar systems.

2. PROBLEMS

2.1. Synthesis of B. Cohn's corrugated waveguide filter model

B. Cohn's method involves initially designing a corrugated waveguide filter to create the
necessary stopband, replacing the guided wavelength, Aq, with the free-space wavelength, 0. When
the horizontal slot width (forming the folds) is determined, identical vertical slots are placed to
achieve TEM filtering, and b (the distance between two opposite ridges in a corrugated waveguide
filter) is reduced to b’ to compensate for the reduction in parallel capacitance at the discontinuity.
The calculation of virtual impedance is based on a circuit model as shown in figure 1, where
transmission lines with alternating impedances Z; and Z» represent the sections of reduced and full
height (of 5’ and b), with corresponding lengths | and /". The parallel capacitance C, compensates
for the transition effect, and C; compensates for the capacitance between two adjacent folds.
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Figure 1. Cohn's corrugated waveguide filter model.

The synthesis method does not directly involve the circuit model but instead uses the design
charts published in [4], which provide dimensions for each specific stopband frequency. The
synthesis process (based on the equations and diagrams in [5]) is carried out as follows:
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Figure 2. Definition of frequencies fo, f., f1, f.. and f. for Waffle-iron filters.

1. Select the upper cutoff frequency, fc, and the upper stopband frequency, f..

2. Select the frequencies f1 and f., based on the rule of thumb: f; > 1,43f; and f.. = 0,8f>.

3. Select »” and I/b values.

4. Using the selected values in Step 3, as well as 11/, to determine bo/A1 and b/A;1 from figure
7.04-5 [5]. Then, calculate bo, b, and I. Repeat Steps 2 through 4 until the appropriate values of b
and | are found.

5. Use figure 7.04-6 [5] to calculate G parameter, and use equation (1) to find | . Repeat Steps
2 through 5 until a value |’ is found, that can satisfy the following equation:
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6. Use equation (2) to calculate the height of the main guiding bar, br, to optimize the Waffle-
iron filter, and use equation (3) to calculate the peak distances b’’. Repeat step 2 to 6 until a value

of b’ is found, that can satisfy equation (3).
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Figure 3. Waffle-iron filter’s model and dimensions.
2.2. Calculate the Matching Elements in the waveguides

The proposed structure involves a transition in the waveguide height from bg to b, as shown in
figure 4. To avoid reflection from the direct transistion, the authors use a quarter-wavelength section
between these two parts. The height b; of this section is calculated using the following equation:

by = /by X by 4)
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Figure 4. Equivalent cirucit of the waveguide transistion region.
In [6], mathematical equations have been provided to calculate the inductance due to the step
discontinuities. Figure 4 shows the side view of the symmetrical step transitions along the axis in
the proposed design and the corresponding equivalent circuits.
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The impedance of an air-filled waveguide with a width of a and a height of b is given by the

formula:
z= o] ©
where,

Uo IS the permeability in vacuum,
&g is the vacuum permittivity,

-1
Ag = (,//1—2 — (Za)—z) is the effective wavelength inside the waveguide,

Ao = c¢/f is the wavelength in free space.

From [1] we receive:
1 _ bo

_=a1=1_61 (6)

Yo by
Here, §; << 1, so:
By _ 2b; [61]? 2in( 2/51 b1
o= [ ™
To compensate for these inductive values, the positions of the width transistions must be shifted

towards the source, and the length of the matching element is reduced from the original value of
Ag/4 [7]. The new length of the matching element is:

[ _match = (A¢l4) + Xo — X1 (8)
where:
Dol
Xo = 079
B 720 B
0 0
-1 /Yl -1 /Yl
@y = tan v + tan v
0/ _ 0
/Y1 1 /Y1 +1
P14
X1 = 19
B 72B0 B
1 1 0
-1 /v, -1 /v, -1 v,
@, = tan 7 + tan 7 + 2tan 7
1/ _ 1 0
v, — 1 [o+1 /y, +1

2.3. Design method for Harmonic Filter on waveguides

Based on the synthesis theory of Cohn's corrugated waveguide filter and the calculation of
matching elements in the waveguide transmission line, the authors have proposed a method for
calculating and designing a harmonic filter using Waffle-iron filters, including the following steps:

- Based on the required parameters of the filter to be designed, specifically from the stopband
requirements and the selectivity within the stopband, calculate the number of filters and the
requirements for the Waffle-iron filter. The wider the stopband required, the more Waffle-iron
filters need to be used in series. The structure of the Waffle-iron filter depends on the selectivity
requirements within the stopband,;

- From the requirements for the Waffle-iron filter, calculate the design parameters as outlined
in section 2.2;

- Calculate the matching elements from the Waffle-iron filter to the standard waveguide as
described in section 2.3. The number of quarter-wavelength elements depends on the passband
requirements and the reflection coefficient within the passband;
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- To optimize high power handling capability, the authors have proposed rounding the corners
of the elements in the Waffle-iron filter. This is because the simulations showed that the electric
field strengths is greatest at the edges of the elements in the Waffle-iron filter.

The optimization simulation process is carried out using CST Studio Suite software.
3. DESIGN, MANUFACTURING AND RESULTS

3.1. The design requirements for the harmonic filter
The requirements for the filter to be designed are as follows:

Passband 18,9 +9,6 GHz;
Passband insertion loss :<0,2dB;
Passband reflection coefficient :<-20dB;
Stopband 17 + 40 GHz;
Attenuation stopband :<-40 dB.

3.2. Calculation and optimization simulation

Based on the filter’s stopband criteria, the authors decide to use two Waffle-iron filters. The
first Waffle-iron filter has 5 rows and 4 columns, with frequencies fi=12,5 GHz and f.= 24 GHz.
The second Waffle-iron filter also has 5 rows and 4 columns, with frequencies f;=19 GHz and f.
= 38 GHz. The dimensional parameters of the Waffle-iron filters were calculated using B. Cohn’
corrugated waveguide filter synthesis method as described in section 2.1. After calculating the
dimension parameter by, the impedance matching elements were calculated to match the standard
WR90 waveguide (22,86 x 10,16 mm). To ensure the passband reflection coefficient requirements
are met, two quarter-wavelength sections were used, with these dimensions calculated based on
the formulas in section 2.2.

The calculated results were input into CST Studio Suite software for optimization simulation
of the filter’s characteristics. In the simulation model, the authors used an elliptical cylindrical
model with rounded tops to enhance power handling capability. During the simulation, mechanical
parameters br, bm;, bms,, Im were optimally adjusted to achieve the best results. Table 1 presents
the mechanical parameters of the filter after optimization. The 3D model and the optimized filter
characteristics are shown in figure 5.

Table 1. Parameter value after optimaztion simulation of the filter.

Waffle-iron | (5x4) Waffle-iron 11 (5x4) Waveguide transition
No | Parameter | Value | No | Parameter Value | No | Parameter Value
1 | I'(mm) 2,85 1 | I'(mm) 2,1 1 | b(mm) 10,16
2 | I (mm) 2,7 2 | I (mm) 2,3 2 | a(mm) 22,86
3 | br(mm) 2,8 3 | br(mm) 2,8 3 | bo(mm) 2,8
4 | b (mm) 1,65 4 | b (mm) 1,6 4 | bmy (mm) 3.9
5 | b(mm) 8,5 5 | b(mm) 6 5 | bmz(mm) 7,3
6 | lo(mm) 3,0 6 | lo(mm) 3,0 6 | Im(mm) 11,3

From the simulation results, we can see that all parameters meet the technical requirements of
the filter. The electric field simulation results show that, with an input power of 1 W at a frequency
of 9,2 GHz, the maximum electric field strengths is 19373,9 VV/m. Therefore the filter has a power
handling capacity at 9,2 GHz, calculated by formula (9), up to 13,85 kW. From the electric field
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simulation results in table 2, we can see that the filter model with rounded corners significantly
improves power handling capability.

Pnax = (%)2 P; )

where, Ey is the breakdown electric field strength in air, which has a value of 22,8 k\V/cm RMS (or
30 kV/cm peak [5]).
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a) 3D model and electric field simulation results of the harmonic filter.
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Hinh 5. 3D model and simulation results of the harmonic filter.
Table 2. Comparing the power handling capability of the harmonic filter.
Hamonic filter without Harmonic filter with rounded
No Parameter _
rounded corners corners r = 0,3 mm
1 | Frequency (GHz) 9,1 9,2 9,3 9,1 9,2 9,3
2 | Input power (W), Py, 1 1 1 1 1 1

Maximum electric
3 | field strengths (V/m 34348,9 | 34600,7 | 34728,2 | 19286,9 | 19373,9 | 19434,7
RMS), Epax

Maximum power
handling (W), Pax
3.3. Manufacturing and testing results

After the simulation, parameters were evaluated and found to meet the requirements, the
authors generated technical drawings and used CNC machines to fabricate the filter from
aluminum, with the interior of the waveguide plated with silver. The fabricated harmonic filter is
shown in figure 6.

4 4405,99 | 4342,10 | 4310,28 | 13974,8 | 13853,8 | 13763,7
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From the measurement results of the fabricated filter parameters, shown in figure 7, it can be

seen that:

- Insertion loss in the frequency range of 8,9 to 9,6 GHz is: < 0,12 dB;

- Reflection in the frequency range of 8,9 to 9,6 GHz is: < -25 dB;
- The measured parameters are consistent with the simulation results in the frequency

range of 8 GHz to 12 GHz.

"

-

Figure 6. The fabricated harmonic filter.
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Figure 7. Simulation results and measurement results of the filter response.

The simulation and measurement results of the designed harmonic filter are compared with
some other filters in table 3. It clearly shows the advantages of the designed harmonic filter such
as: wide stopband, low loss and high maximum power handling capability.

Table 3. Comparing the parameters of filters.

Zalotarev | Waffle-lron | Harmonic

No Parameter Unit | Low-Pass | Low-Pass | Filter of this
Filter [10] Filter [9] | paper

1 | Passband GHz 9+126 10,7 + 11,7 89+9,6

2 ggizk;?nudm insertion loss in 4B 0.3 0.15 0,12

3 | Minimum return loss in passband dB 18 20 25

4 | Stopband GHz 14 + 24 17+21 17 + 40

5 | Minimum attenuatin in stopband dB 40 60 50

6 | Maximum power handling kW - - 13,763
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4. CONCLUSIONS

The paper presents the calculation and design method for a harmonic filter using Waffle-iron
filters and quarter-wavelength converters on a waveguide. The simulation and fabrication results
show that the filter parameters fully meet the requirements for low loss, high power and are
applicable in X-band radar transmitter systems. These research and experimental results provide a
foundation for extending the research to design and fabricate harmonic filters on waveguides for
different frequency bands.
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TOM TAT

_ Thiét ké bg lgc trigt hai cong suat cao
trén ong dan séng sir dung cho hé thong phat dai ra da

Bai bao trinh bay két qud nghién citu phuong phdp thiét ké, ché tao bg loc triét hai cong

sudt cao ing dung trong hé thong phat ciia dai ra da bang X. Bo loc tri¢t hai si dung cac
bg loc Waffle-iron va chuyén déi mét phan tur buréc song trén ong dan song. Do vdy, ton hao
va do mdp mo trong ddi thdng cua bé loc diroc cdi thién, dong thoi,  dap vmg dwot yeu cau
Cat dwot C&c hai bdc cao. Trén co so vng dung ly thuyét siéu cao tan va cac cong cu phan
mén tinh toan md phong, nhom tac gia da tinh todn thiét ké ché tao bé loc triét hai dat chi
tiéu kj thudt 1zng dung trong hé thong phdt ra da bang X: Ton hao < 0,12dB@8,9-9,6GHz;
Hé so phan xa < -20dB@8,9-9,6GHz,; Pé chon loc tan sé < -40dB@hai bdc 2, hai bdc 3,
hai bdc 4.
Tir khoa: Bo loc Waffle-iron; B loc triét hai; B loc thong thap.
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