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ABSTRACT Since the probe coupling for cavity filters is unsuitable for ceramic-filled cavity filters, a novel
capacitive cross-coupling structure is proposed to improve stopband suppression by introducing transmission
zeros. This structure is implemented by first etching a coupling window on the silver-plated layer on the
ceramic surface between two resonant cavities and then placing an isolated metal strip in the window. This
structure enjoys high design freedom. Thus, the coupling coefficient between the two cavities is readily
adjusted. Moreover, the structure has the advantages of a compact size and simple fabrication and tuning
processes. For validation, a ten-pole ceramic-filled cavity filter for 5G applications is designed and evaluated.
The proposed cross-coupling technology is used to introduce a pair of symmetrical transmission zeros at the
band skirts to increase the frequency selectivity. The measured results are consistent with the simulated ones.

INDEX TERMS Capacitive cross-coupling, ceramic-filled filter, stopband rejection, transmissions

zeros (TZs).

I. INTRODUCTION
Stopband suppression has always been a major concern for
filter design. In the past few decades, the cross-coupling tech-
nology has been popular due to its ability to obtain prescribed
transmission zeros (TZs) close to the band edge for higher
selectivity without increasing the number of resonant units
[1]-[6]. It also has the advantages of low insertion loss, small
size, low cost, etc. [7]-[11]. In [11], the multipath coupling
technique was used to explain the principle of the TZs gener-
ated in the cascade triptych (CT) and cascade quadruple (CQ)
topologies. According to the principle, either capacitive or
inductive coupling can be introduced between nonadjacent
cavities as the cross-coupling to achieve the TZs, when the
main coupling channel is coupled through the magnetic field.
The capacitive cross-coupling can produce a pair of symmet-
rical TZs in the upper and lower skirts in a CQ filter. For the
CT case, either inductive or capacitive coupling can produce
one TZ beyond the passband.

There have been a lot of cross-coupling techniques pub-
lished for different types of filters. For inline cavity filters,
the method in [12] to obtain the capacitive coupling was
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by simply rotating the third resonator. In [13], an approach
of distributed cross-coupling was designed with an aperture
connecting the orthogonal coaxial cavity filters. Its capacitive
coupling was realized by the discs coupled to the port. There
were some difficulties existing in the techniques, including
hardly controllable coupling coefficients, and deficient TZs
in both sides of the passband.

For folded cavity filters, the cross-coupling was usually
implemented by capacitive-coupling probes [14]-[19]. The
common difficulties encountered in probe-coupling tech-
niques are in-band response degrading, unguaranteed cou-
pling precision, and so on. For waveguide cavity filters,
although this kind of structure was simple, the coupling
coefficient is not precisely controllable, the accuracy of man-
ufacturing was not guaranteed, and much tuning work was
required in post-processing [18]. For filters based on printed
circuits [19], the coupling patch and strip were used to gen-
erate the TZs. The precision is significantly improved.

With the commercialization of 5G communication tech-
nology, ceramic-filled cavity filters have become the main-
stream solution for the usage of filters in 5G applications.
The ceramic-filled cavity filters have the advantages of small
size, lightweight, low cost, and low-temperature drift. So far,
studies on the implementation of capacitive cross-coupling
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for ceramic-filled cavity filters are insufficient. Little work
on this subject can be founded in publications. The rel-
evant researches most close to the subject were about
cross-coupling methods used in dielectric-loaded resonator
filters, or about designs of the dielectric filter without usages
of cross-coupling [20]-[30]. For the dielectric-loaded res-
onator filter, the aforementioned cross-coupling techniques
could principally be used to achieve the needed TZs because
its resonator cavity space been only occupied partly by
dielectrics. But for the case of ceramic-filled cavity filters,
each resonator cavity space is fully occupied by dielectrics,
no space left for other structures intervened to implement
cross-coupling.

In this paper, a capacitive cross-coupling structure is pro-
posed for ceramic-filled cavity filters. The proposed structure
is implemented on the silver-coated surface of the ceramic fil-
ter. It owns a simple fabrication process, and excellent tuning
flexibility and accuracy. It is applicable to mass production
and capable of achieving adjustable TZs as well. With the
proposed structure, a ten-pole ceramic-filled filter suitable for
5G applications is designed and fabricated for performance
examination.

In Section II, the capacitive coupling principle of the pro-
posed structure is explained by analyzing the field distri-
bution in and between each resonant cavity. Moreover, the
method to identify the coupling characteristic of the struc-
ture is given by the equivalent circuits for cross-coupling.
The technique of generating TZs based on the proposed is
discussed in Section III. The fabrication and measurement of
the filter prototype are presented in Section IV. Finally, the
conclusions are given in Section V.

Il. CAPACITIVE CROSS-COUPLING PRINCIPLE OF THE
PROPOSED STRUCTURE
A. THE COUPLING STRUCTURE AND ITS PRINCIPLE
A capacity-loaded miniaturized quasi-A / 4 coaxial cavity res-
onator is shown in Fig. 1 (a). The cavity consists of a ceramic
body with silver-coated surfaces. The inner conductor is
implemented by the silver-coated circular blind holes embed-
ded in the ceramic bulk. This configuration has excellent
compatibility with general fabrication and processing tech-
nologies for ceramic blocks. The EM field distributions of
the resonator fundamental mode are shown in Fig. 1 (b). The
bottom end of the center inner conductor is shorted. The gap
between the top end of the inner conductor and the metallic
silver surface introduces capacitive loading to the resonator
[31]-[33]. As a result, the electric field concentrates within
the gap intensely. A circumferential magnetic field encircles
the inner conductor and aggregates at the shorted end [34].
As we know, the probe-based capacitive-coupling buried
inside cavities is unsuitable for solid ceramic filters. There-
fore, a novel capacitive coupling structure is hereby proposed,
as shown in Fig. 2. The capacitive coupling is implemented
on the surface of the silver-plated ceramic. An isolated metal
strip for coupling is placed within a window etched on the
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FIGURE 1. (a) Implementation of the resonant cavity. (b) The field
distribution of the resonant cavity.

Ceramic with
silver plating

Ceramic without
silver plating

Resonator 1 5
Iris  Resonator 2  Inner conductor

FIGURE 2. Implementation of the proposed cross-coupling structure.

silver surface. It is located on the top outside surface of the
capacity-loaded end of the resonators, where the concen-
trated gap electric fields are mainly normal to the coupling
strip. Therefore, the strip plays a role of the capacitive-
coupling substructure connecting the two cavities to be cou-
pled. Besides, for the convenience of the structure stability
and fabrication feasibility, the originally apart two nonadja-
cent resonators to be coupled are cut-through with ceramic to
hold the etched coupling window. Therefore, accompanied by
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FIGURE 3. (a) Coupled resonance circuit with electric coupling. (b) An
alternative form of the equivalent circuit using an admittance inverter
J = oCp to represent the coupling structure.

the cutting through, an additional inductive coupling channel
is introduced by the inter-cavity opening (iris) under the strip.
It is obvious that the width of the iris should be small to
ensure the capacitive coupling predominates. With the pro-
posed composite structure, the coupling strength is readily
adjusted by varying the dimension of the strip, which supports
the flexible design of TZs.

B. IDENTIFICATION OF COUPLING CHARACTERISTICS OF
THE PROPOSED STRUCTURE

The presented cross-coupling structure is a combination of
both capacitive and inductive parts. The metal strip mainly
introduces electric coupling, whereas the openings in the
cavity wall (iris) leads to magnetic coupling [35]. Therefore,
the dimensions of the structure may influence its coupling
characteristics and performance. Hereon the equivalent cir-
cuit for two coupled resonators is used to identify the cou-
pling characteristic of the structure with different dimensions.
For the case of two capacitive-coupling resonant cavities,
its equivalent circuit is shown in Figs. 3 (a) and 3 (b) [36].
The capacitive coupling can be represented by an admittance
inverter, / = wC,,. Since the circuit is in a symmetric
form, the odd-even mode can be used to analyze the coupling
characteristics. The frequencies of the odd and even modes,
respectively, are

foa =1/ (22/LC+Cp) ()
for =1/ (27/LC = C) @)
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FIGURE 4. (a) Coupled resonance circuit with magnetic coupling. (b) An
alternative form of the equivalent circuit using an impedance inverter
K = oLm to represent the coupling structure.

The capacitive coupling coefficient is defined as

ke = (12— ta) [ (s +12) )

For a pair of coupled microwave resonators, the above cou-
pling coefficient could be obtained through the eigenmode
solver in Ansys High Frequency Structure Simulator (HFSS).

It can be seen from the formulas (1) and (2) that the
resonant frequency of the odd mode is lower than that of the
even mode for the capacitive-coupling case.

For the case of two inductively-coupled resonators, its
equivalent circuit is similar and as shown in
Figs. 4 (a) and 4 (b) [36]. Its inductive coupling can be rep-
resented by an impedance inverter, K = wL,,. The resonant
frequencies of the odd and even modes, respectively, are

foa =1/ (272 = 1)C) )
fo =1 / (zm/(L n Lm)c) )

The inductive coupling coefficient is defined as

ki = (f = 12) [ (P +52) ©

It can be seen from formulas (4) and (5) that the resonant
frequency of the even mode is lower than that of the odd mode
for this case.

The above analysis tells us that the resonance frequencies
of odd and even modes can be used to characterize the cou-
pling structure.
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FIGURE 5. (a) The ten-pole filter without a cross-coupling structure.

(b) The S-parameters of the ten-pole filter without a cross-coupling
structure.

1ll. DESIGN OF TZs WITH THE PROPOSED
CROSS-COUPLING STRUCTURE

A. DESIGN OF A CERAMIC-FILLED CAVITY FILTER

A ten-pole ceramic-filled cavity filter is designed for 5G
applications. The simulation model and filtering performance
of the filter without a cross-coupling structure are shown in
Figs. 5 (a) and 5 (b), respectively. The in-band insertion loss
(IL) and return loss (RL) are —2.2 dB and —20 dB, respec-
tively. Stopband suppression cannot meet the requirement
of the 5G communication system. To enhance the stopband
suppression, we can set the proposed capacitive coupling
structure between the sixth and ninth cavities to introduce
TZs. The simulation model and topology of the filter are
presented in Figs. 6 (a) and 6 (b), respectively. The dashed
line in Fig. 6 (b) shows the capacitive coupling route and solid
lines show the inductive coupling ones.

B. PARAMETRIC ANALYSIS

The proposed cross-coupling structure contains both capac-
itive and inductive coupling channels. The coupling char-
acteristics could be easily overturned through dimensional
changes. In the following, we will first study the influence of
the strip dimension changes on the coupling characteristics
with a constant width of the iris. After that, the affections of
iris width changes will be considered with the constant strip
dimensions.
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FIGURE 6. (a) The ten-pole filter with a cross-coupling structure. (b) The
topological structure of the ten-pole filter.

TABLE 1. The research scheme of the coupling structure size (The
electrical length at 2.6 GHz).

Scheme 1 Scheme 2 Scheme 3 Scheme 4
1.7x107 -
a(l) 710 8.7x10° | 87x10° | 87x107
X
1.7x107 -
b(4) 8.7x107° 72 8.7x107° 8.7x107°
1.7x10
1.7x107 -
c(4) 2.6x107 2.6x107 , 2.6x107
3.4%10"
5 5.2x107 -
d(1) 8.7x107 8.7x107 8.7x107 0X13

Ceramic without silver plating

Ceramic with silver plating

| a I

\ 4
[

Xw
A 4
y < 7

FIGURE 7. The size parameters of the cross-coupling structure.

Y

It is shown in Table 1 that we set four rounds of parameter
scanning schemes to analyze strip dimension affections. In
each scheme, we scan only one parameter within a certain
range while keeping others constants. As shown in Fig. 7,
a and b are the slot widths between the metal strip and window
edges, respectively; ¢ and d are the width and length of the
metal strip, respectively.
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The influence of the slot widths a and b on the odd and
even modes is shown in Figs. 8 (a) and 8 (b). The resonant
frequency of the odd mode approaches that of the even mode
as the width of the slot increases. When the odd mode has a
lower resonant frequency than the even mode, coupling turns
from inductive to capacitive. When the slot widths @ and b
are in the range of 0.005A to 0.014A, capacitive coupling
dominates. Hence, the slot widths a and b can be set as the
same value to simplify the design.

The influence of the metal width ¢ and length d on the
odd and even modes is shown in Figs. 9 (a) and 9 (b). When
the even mode has a higher resonant frequency than the odd
mode, the coupling is capacitive. In this case, the width of
the metal strip is in the range of 0.023A to 0.026A, and the
length of the metal strip is in the range of 0.084A to 0.122A.
Thus, the length of the metal strip is flexible. It can be used
for tuning.

The influence of the iris width on the odd and even modes
is shown in Fig. 10. When the width of the iris is at the range
of 0.0354 to 0.0554, the capacitive coupling is still ensured.
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FIGURE 9. (a) The influence of the metal strip width on the frequency of
the even and odd modes. (b) The influence of the metal strip length on
the frequency of the even and odd modes.
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FIGURE 10. The influence of the iris width on the frequency of the even
and odd modes.

The transition between inductive and capacitive coupling is
presented in Table 2.

C. INFLUENCE OF THE STRUCTURE POSITION ON THE
COUPLING CHARACTERISTICS

When the cross-coupling structure is offset along the y-axis
as shown in Fig. 11 (a), the influence of the strip length on the
odd and even modes is shown in Fig. 11 (b), which shows that
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FIGURE 11. (a) Offset cross-coupling structure along the y-axis. (b) The
influence of the strip length on the odd and even modes.

TABLE 2. Transition between inductive or capacitive coupling (The
electrical length at 2.6 GHz).

Inductive Capacitive
a 0.002 4 -0.004 1 0.005 1 -0.014 4
b 0.002 4 -0.004 1 0.005 4 -0.014 4
c 0.009 4 -0.023 1 0.024 4 -0.026 4
d 0.07 4 -0.083 4 0.084 4 -0.122 4
w 0.056 4 -0.085 1 0.0354 -0.055 4

the coupling is capacitive if the length of the metal strip is in
the range of 0.096A to 0.13A. The simulation results tell us
that only a longer metal strip may ensure capacitive coupling
if the structure moves along the y-axis. This conclusion coin-
cides with the physical property of the sparse electric field
distributions at the location of the coupling structure.

When the cross-coupling structure moves along the x-axis,
as seen in Fig. 12 (a), the simulation results in Fig. 12 (b)
show that the capacitive coupling can be still ensured if the
offset distance is less than 0.013. As the structure position
changes, the transition between the inductive and capacitive
coupling is shown in Table 3.

D. OPTIMAL DESIGN OF THE STOPBAND TZs

The filter with the capacitive cross-coupling structure in
Fig. 6 (a) is designed and optimized. The optimized design
is implemented in HFSS and CST. The tuning method of the
resonance frequency and coupling coefficients are shown in
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TABLE 3. The influence of the position on coupling characteristic (The
electrical length at 2.6 GHz).

Inductive Capacitive
Off along y-axis 0.069 1 -0.095 1 0.096 1 -0.13 1
Off along x-axis >0.014 4 <0.013 4

TABLE 4. The frequency responses of the different strip lengths.

Coupling Strip Length d (mm) 123 12.88 133
TZs (GHz) 24927 | 2.5/2.69 | 2.5/2.68
Return Loss (dB) -20 -20 -20
Insertion Loss (dB) -2.38 -2.14 -2.78

Figs. 13 (a), 13 (b) and 13 (c). The optimized parameters are
a = b = 0.013A, ¢ = 0.035A, and d = 0.12A. The length
and width of the filter are 0.46A and 0.19, respectively.
The height is 0.051. The frequency responses are shown in
Fig. 14. A pair of symmetrical TZs are introduced at the band
skirts to increase the frequency selectivity. The first and tenth
cavities are connected to improve structural robustness.

The frequency selectivity can be optimized by adjusting
the length of the metal strip, as shown in Fig. 15. The longer
length of the metal strip is, the stronger suppression of the
stopband becomes. However, this could affect the in-band
response. The frequency responses obtained with different
strip lengths are shown in Table 4. Both the in-band response
and stopband selectively should be considered.
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FIGURE 13. (a) The influence of the post height on frequency. (b) The
influence of the iris width on coupling coefficient. (c) The influence of the
strip length on cross-coupling coefficient.

IV. FILTER FABRICATION AND MEASURED RESULTS

For validation, the ten-pole ceramic-filled cavity filter was
fabricated, as shown in Fig. 16 (a). The fabrication accuracy
of the ceramic block and silver plating are 0.01 mm and
0.02 mm, respectively. The permittivity and loss tangent of
the ceramic are 20.5 and 1.4 x 104, respectively. The hard-
ware tuning is based on the vector network analyzer (VNA)
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FIGURE 15. Frequency responses of ten-pole ceramic-filled cavity filter
with different lengths of coupling strips.

and the software CST. The S-parameters are obtained by
the VNA. The CST presents the tuning guide after loading
the S-parameters. The tuning law presented in Figs. 13 (a),
13 (b) and 13 (c) is applied.

The tuning for individual cavities is implemented by
drilling the notches of each cavity, i.e., the inner con-
ductor. The tuning of the inductive coupling is done
by adjusting the width of the iris through machining.
The solid structure makes the tuning process irreversible.
However, the proposed capacitive cross-coupling struc-
ture enjoys superior tuning flexibility. The dimension of
the silver-plated strip is adjusted through etching and
printing.

The center frequency and bandwidth of the filter are
2.6 GHz and 160 MHz, respectively. The worst in-band RL
and IL of the filter are —19 dB and —2.2 dB, respectively.
The frequencies of two symmetric TZs are 2.5 and 2.69 GHz,
respectively. The measured and simulated S-parameters of the
ten-order filter are presented in Fig. 16 (b). The results are
consistent, thus verifying the design. A comparison between
the capacitive cross-coupling for cavity filters with the state-
of-the-arts is shown in Table 5. It reveals that this filter has
the merits of higher selectively, wide bandwidth and compact
size.
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TABLE 5. The comparison of state-of-the-art cavity filters with cross-coupling.

Ref [13] [17] [18] [26] This work
Technology Orthogg::iltgoaxial Coaxial Cavity Waveguide Cavity Dieleéterlivci-tl}f)aded CeraCI:i]ci;yﬁlled
Cross-coupling Aperture Rotated Rod Inline Probe U-shape Probe Metal Strip
Order 3 4 4 4 10
/o (GHz) 2.14 2.02 10 2.595 2.595
FBW (%) 0.7 0.7 0.4 1.9 6.2
IL (dB) N/A 0.72 0.8 0.4 22
RL (dB) 25 23 20 20 20
Stopband Rejection >35dBupto 1.1 f, >30dB up to 6.3 f, >30 dB up to 1.47 f, >30dBup to 1.4 £, >40dBupto?2 f,
Unloaded Q 2700 3400 7300 3000 1400
Size (1) 0.19*0.19%0.57 0.67*0.57*0.2 1.27%1.27*3.13 0.47%0.47*0.15 0.46%0.17%0.05

A ten-pole ceramic-filled cavity filter has been designed and
fabricated for 5G applications. The measured results agree
well with the simulation results.
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