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ABSTRACT: An innovative ceramic filter is presented in this paper. The filter is composed of six tuning apertures, coupling channels,
and a six-blind-hole coupling structure. The six blind holes are divided into two groups: one situated between the first and second
cavities to induce inductive coupling, and the other positioned between the second and third cavities to facilitate capacitive coupling.
Employing this structure facilitates the formation of a cascade quadruple (CQ) coupling unit among the 1, 2, 3, and 4 resonant cavities,
thereby introducing two transmission zeros. Subsequently, an analysis of the influences of the depth and spacing of each blind hole on
the coupling coefficients is presented. Finally, to further validate the theory, the filter tailored for base station applications was designed
and implemented. The measurement results demonstrate a center frequency of 3.5 GHz with a bandwidth of 200 MHz. In the passband,
the insertion loss was below 1.2 dB, and the return loss surpassed 19 dB. The test outcomes align closely with the simulation, confirming

the reliability of the design.

1. INTRODUCTION

ith the development of 5G communication technology, a

large number of microwave base stations need to be built.
Ceramic filters have been widely concerned in recent years due
to their light weight, compact size, high ()-factor, and stable
performance. Miniaturization and high performance are two
issues that need special attention in filter design [1-10]. In the
design of ceramic medium filters, capacitive coupling is widely
employed because it can form a cascade quadruple (CQ) struc-
ture in conjunction with inductive coupling, introducing trans-
mission zeros to enhance the filter’s selectivity while reducing
its size and weight [11-19]. The authors in [16] first proposed a
capacitive coupling structure composed of a single-blind hole.
Due to its structural simplicity, the design has been widely
adopted in the field. The required performance can be achieved
by merely adjusting the depth of the hole, although high preci-
sion in manufacturing is necessary. In another literature [18],
stepped through-holes are employed which consist of two cylin-
drical holes with different radii. The depth of the larger cylin-
drical hole is greater than half the height of the filter. The inner
wall of the larger cylindrical hole is coated with metal, while
the smaller cylindrical hole is not coated. The coupling coef-
ficients can be conveniently adjusted by varying the depth of
cylindrical holes. As reported in [19], the authors designed a
ten-order ceramic waveguide filter that used a microstrip elec-
trical coupling structure. The design features a square notch
between resonators with added metal lines. While some elec-
tromagnetic leakage is present, this approach offers a novel per-
spective on filter design. In [13], the authors proposed a nega-
tive coupling structure with conical through-hole consisting of
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a cylindrical hole and a conical hole. The coupling bandwidth
can be adjusted flexibly by altering the coated area of the con-
ical hole and the depth of the cylindrical hole, addressing the
defect of limited electric coupling bandwidth range. However,
this design exhibits relatively higher insertion loss.

In this paper, a six-cavity ceramic waveguide filter is de-
signed based on two pairs of three-blind-hole coupling struc-
tures. One group is capacitive coupling while the other sgroup
realizes inductive coupling. The capacitive or inductive cou-
pling can be achieved by adjusting the relative depths of the
central blind hole (%) and the two side blind holes (A, ), thus
generating two transmission zeros to ensure that the filter has a
high selectivity.

2. DESIGN AND ANALYSIS

Firstly, a six-blind-hole coupling structure is introduced, shown
in Figure 1(a) which has wide out-of-band rejection characteris-
tics. The filter incorporates six tuning holes, wherein resonators
1 and 2 are coupled by an inductive three-blind-hole. Simul-
taneously, a capacitive three-blind-hole structure realizes the
coupling of resonators 2 and 3. The coupling through-slots are
strategically employed among the remaining resonators to meet
the required coupling coefficients. The overall size of the filter
is 30.6 mm x 16.8 mm X 6 mm.

The CQ structure composed of resonators 1, 2, 3, and 4 with
tuning holes in the middle can introduce two transmission ze-
ros which significantly enhances the out-of-band rejection and
debugging accuracy. Six tuning holes increase the convenience
of later tuning.

The adopted topology is visually represented in Figure 1(b),
where resonators 2 and 3 are capacitively coupled denoted by a
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FIGURE 1. The six-cavity filter. (a) Structure diagram. (b) Topology structure.
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FIGURE 2. (a) Top view of three-blind-hole. (b) Inductive coupling. (c) Capacitive coupling.
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2.1. Design of Six-Blind-Hole and The Coupling Through-Slots

As illustrated in Figure 2(a), the depth of the central blind hole
is denoted as h, while the other two blind holes are labeled as
h..,, and the distance between three blind holes is defined as a,,.

To ascertain the type of the three-blind-hole coupling, the
two-mode extraction method [9] can be employed, as depicted
in Equation (1), and f, represents the resonant frequency of the
main mode when the middle section is the ideal electric wall,
while f,,, is the resonant frequency of main mode as the mid-
dle section is the ideal magnetic wall. The k values can be ex-
tracted using electromagnetic simulation software [20] with the
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where £ > 0 represents the inductive coupling, and k¥ < 0
denotes the capacitive coupling.

Table 1 categorizes the parameter changes of inductive and
capacitive coupling. Figure 3(a) shows the simulation results
when hy, = 2.0, 2.5, 3.0mm, a, = 1.6 ~ 2.8mm, and
hyp, = 3 mm remains constant, which corresponds to Scheme 1
in Table 2. Similarly, Figures 3(b) ~ (d) match Scheme 2 ~ 4
in Table 2. Simulation results indicate that the three-blind-hole
structure manifests inductive coupling when hy < hy, < H/2,
shown as in Figure 2(a). We can note from Figure 2(b) that
it will present capacitive coupling as h, > hl, (hl > H/2,
hi, < H/2), here 4mm < h!, < 5.2mm.
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TABLE 1. Design proposal.

Inductive coupling Capacitive coupling
Scheme 1 Scheme 2 Scheme 3 Scheme 4
az (mm) 1.6 ~2.8 1.6 ~2.8 ay (mm) | 1.6 [ 2.1 26 22
hs (mm) | 2.0 [ 25 [ 3.0 1.0 h. (mm) 4.0 ~ 5.2 4.0 ~ 5.2
R (mm) 3.0 20 [ 25 ] 3.0 | hj (mm) 3.0 1.0 [ 2.0 [ 3.0
(@)0.09 (b)o.0s
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FIGURE 3. Simulated coupling coefficient of the three-blind-hole. (a) Scheme 1. (b) Scheme 2. (c¢) Scheme 3. (d) Scheme 4.

L and W are used to denote the length and width of the cou-
pling through-slot in Figure 4(a). Figures 4(b) and 4(c) indicate
that the decrease in the coupling coefficient is caused by the in-
crease of L and W.

2.2. Design of Feed Structure and Tuning Holes

The classic coaxial feed method is employed for both input and
output ports. The extent of coupling between the source or load
and the neighboring cavities is quantified by the ). value. Q.
is calculated by using the group delay method [13] with the
following equation:

2

where T,y 1S the maximum group delay at resonance, and wy
represents the angular frequency corresponding to the maxi-
mum group delay.

In Figure 5(a), Hr and H), are used to denote the depth of
the tuning aperture and the feeding depth of the probe. The
initial depth of the tuning aperture Hy is set to 2.77 mm when
the main mode resonance frequency is at 3.5 GHz. By changing
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Hr, the relationship between the center frequency fo and Hp
is obtained as shown in Figure 5(b). It can be seen that as Hp
increases, the resonant frequency will decrease.

It can be observed from Figure 5(c) that ). decreases when
H,, increases.

2.3. Design of Six-Cavity Ceramic Waveguide Filter

First, the Filter Designer 3D software [21] can be used to se-
lect the appropriate topology and normalized coupling matrix
M based on the specifications in Table 2. The formula for cal-
culating the relative bandwidth is as follows:

fa—fi

FBW =
fo

3)

where fo = 3.6 GHz and f; = 3.4 GHz respectively corre-
spond to the upper and lower frequency points of the passband
where the attenuation is 3 dB. Thereby FBW is calculated as
0.0571. The actual coupling matrix K is equal to M multiply-
ing FBW. That is

K=M x FBW
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TABLE 2. The technical specifications.

Design Parameters Indicators
fo (GHz) 3.5
FBW (%) 5.7
IL (dB) <1.2
RL (dB) > 16
Group Delay (ns) < 20 within 3.4 GHz ~ 3.6 GHz

near-end out-of-band suppression (dB)

> 25 within 3.3 ~ 3.35 GHz and 3.65 ~ 3.7 GHz

far-end out-of-band suppression (dB)

> 51 within 3.2 ~ 3.3 GHz and 3.7 ~ 3.8 GHz
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FIGURE 4. (a) The diagram of the coupling through-slot. (b) The relationship between coupling coefficient and L. (c) The relationship between

coupling coefficient and W.
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The single-cavity model is initially established in the HFSS
simulation software. Based on the previously determined topol-
ogy structure and the actual coupling matrix K, appropriate
coupling structures are selected to establish the overall model.
In this work, six-blind-holes and a coupling through-slot are
adopted as the coupling structure of the filter, while the input
and output ports utilize coaxial feeding. Subsequently, the ini-
tial dimensions of the coupling structure and feeding structure
are determined based on the calculated actual coupling matrix
K.
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The filter debugging applies the parameter extraction
method. Initially, S-parameters are extracted from HFSS and
imported into Filter Design 3D to generate the error matrix.
Subsequently, the filter geometry is adjusted based on the error
matrix until the ideal coupling matrix K is achieved. Figure 6
illustrates the optimized physical dimensions. The specific
parameters are outlined in Table 3.

3. FILTER FABRICATION AND MEASUREMENT

Figure 7 shows photos of the fabricated filter. The ceramics
have a relative permittivity of 20.3 and a loss tangent of 1.4 x
10~%. The accuracy is 0.02 mm on the outer surface, and the
depth of the hole is 0.03 mm.

The filter was characterized using the ZNB40 network ana-
lyzer, as depicted in Fig. 8(a). The center frequency is 3.5 GHz,
bandwidth 200 MHz, and return loss > 19dB. The inser-
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FIGURE 5. (a) The diagram between the source or load and the resonator. (b) The relationship between resonance frequency and Hr. (c) The

relationship of Q. and H,,.

Symbol | Value | Symbol | Value | Symbol | Value
Hry 2.66 L1 7.65 hm 2.30
Hro 2.71 L2 1.10 gz 2.20
Hrs 2.75 L3 2.96 h 4.42
Hry 2.56 L4 9.49 hi 0.80
Hrs 2.52 Hpy 2.00 ay 2.40
Hrs 2.64 Hps 2.00

w 1.50 hs 1.00

TABLE 3. Parameters of the filter (in mm).
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FIGURE 7. The manufactured six-cavity ceramic waveguide filter. (a) Top surface view. (b) Bottom surface view.

tion loss remains < 1.2dB within 3.4 ~ 3.6 GHz. Further-
more, within 3.2 ~ 3.3GHz and 3.7 ~ 3.8 GHz, the fil-
ter demonstrates remarkable suppression (> 55 dB). Within
3.3 ~ 3.35GHz and 3.65 ~ 3.7 GHz, the suppression effects
are > 28 dB. It is shown in Figure 8(b) that the in-band group
delay is < 20 ns.
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Upon comparing the simulation and test results, it is evident
that they are relatively consistent, affirming the feasibility and
accuracy of the design. However, there is a discrepancy be-
tween the measured values of return loss and insertion loss and
the simulated results, primarily due to computational errors in
the simulation software, limitations in manufacturing precision,
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FIGURE 8. The experimental and simulation results. (a) S-parameters. (b) Group delay.

TABLE 4. The comparison between designed filter and other 5G base station filters.

Ref. [19] [13] [14] [22] [23] [11] This work
Order 10 8 6 6 6 6 6
fo (GHz) 2595 | 35 | 35 | 3458 | 35 35 3.5
FBW (%) 6.2 5.7 5.7 5.7 6.56 5.7 5.7
IL (dB) <22 <2 <2 <12 <2 <12 <12
RL (dB) >20 | >19 | >17 | >175 | >16 | > 17 > 19
Group Delay (ns) <30 | <25 | £20 <20 <20 | €20 <20
near-end out-of-band suppression (dB) | > 40 >39 | >215 > 20 > 25 > 25 > 28
far-end out-of-band suppression (dB) >65 | 263 | >20 > 17 >45 | > 51 > 55
Volume (cms) 6.996 | 4.788 | 15.6 11.063 | 4.967 | 3.162 3.084
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