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ABSTRACT: In this paper, a six-order cross-coupled ceramic dielectric waveguide filter (CDWF) based on equilateral triangle resonators
is introduced. It is composed of a regular hexagonal cavity, which is divided into six equilateral triangular blocks. The filter exhibits
two transmission zeros outside the passband that ensure its out-of-band suppression greater than 45 dB. Measured results show that the
insertion loss is less than 1 dB and the return loss more than 16 dB within the operating frequency range of 3.4-3.6 GHz. The ceramic
dielectric used here has a dielectric constant of 20.3 and a thickness of 5 mm. Thus, it has the advantages of compact size and excellent
frequency selectivity.

1. INTRODUCTION bandwidth of 200 MHz, out-of-band suppression > 45 dB, and

ith the rapid development of 5G communication and the two out-of-band transmission zeros at 3.28 and 3.72 GHz.

continuous innovation of ceramic dielectric process in re-
cent years, ceramic dielectric waveguide filters (CDWFs) are 2. ANALYSIS AND DESIGN
playing an important role in modern wireless communication
systems because of their high temperature stability, corrosion
resistance, compact size, and light weight. As a result, CD-
WFs have gained increasingly interest and industry research [ 1—
6]. Compared to other structures, rectangular CDWFs are the
most widely used due to their relatively mature technology. At
present, the block is usually separated into several interconnect-
ing independent resonators by rectangular [1], T-shaped [2], or
cross holes [3] isolation windows. The couplings among these
resonators are also achieved through these holes. In addition, to
facilitate mediation of the single-cavity frequency towards the
center frequency, a coupling blind hole is often introduced. Al-
though rectangular CDWFs have some advantages, their sizes
are relatively large. Therefore, many scholars have attempted
to study other structures. For example, the authors in [4] pro- y
posed a CDWF based on isosceles right-angled triangular res-
onators which was proved to be miniaturized and suitable for
high power applications. In[5], a 5-order CDWF was presented
base on cylindrical dielectric resonators, which possesses the
advantages of small insertion loss, small size, and good rejec-

Currently, the exploration and design for dielectric waveguide
filters are mainly focused on single-cavity resonator and the op-
timization of coupling topology. In this paper, a compact filter
is designed with six equilateral triangular resonators.

Firstly, a Cartesian coordinate system of a equilateral trian-
gular waveguide with its cross-section as depicted in Fig. 1 is
established.
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FIGURE 1. Equilateral triangular dielectric waveguide.

tion out of passband. Additionally, [6] concerns a CDWF com- Given that the side length of this equilateral triangle is de-
posed of 90-degree sectorial resonators, which exhibits excel- noted as a, its height as /7, and the radius of the inscribed circle
lent property, for example, a high () value and miniaturization. as b, we can get

In this paper, a CDWEF is designed routinely using equilat-
eral triangular resonators. By introducing coupling windows H = @ a=3b (1)

from the center to six corners on a whole hexagonal ceramic 2
dielectric block, a hexagonal sixth-order cross-coupled dielec-
tric waveguide filter is realized. The designed filter exhibits
the following performance metrics: insertion loss < 1dB, re-
turn loss > 16 dB, a center frequency of 3.5 GHz, operational

Now, translate and rotate the coordinate system to (x/, y").
Referring to [7], for the TM wave, E, can be defined by Equa-
tion (2).
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FIGURE 2. Distribution of electromagnetic fields. (a) Magnetic field. (b) Electric field.
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where [, m, n, p, g, and r are integers, and the boundary condi-
tions on two sides are taken into account.
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it can be inferred that [, m, and n must adhere to the following
relationship.
l+m+4+n=0 %)
Rotating (z, y) coordinates counterclockwise by 30 degrees,
then moving the coordinate origin, as shown in Figure 1, we
can obtain formula (6)

V3 1
! = — —_—
r = 5 T+ 2y+ 2b
v (6)
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If we apply the three coordinates u, v, and w in [8],
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Bringing the (7) into (2) will lead to

Ez =Sin23—7;l (g —I—b) Cosw(m—g?)(’v—w)
+ sin 3:@ (g + b) COSW (8)
—I—sinQ;T—bn (g +b> cos m(l —W;)b(v—w)
kz%m:ﬁm ©)
3b 30

k is the wave number.

For TM waves, [, m, and n cannot be zero, otherwise E, =
0. Consequently, for the lowest wave mode of TM wave (m =
n = 1) we can get

_471'
= _a\/§7

It can be obtained from A = # that the resonant frequency

Er

A=3b=H (10)

of TM11 is
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Thus

c
0= —— 11
0~87fTM11w/5r ( )
where ¢, is the dielectric constant, and c is the light speed in

free space.

Subsequently, the analysis of the electromagnetic field dis-
tribution of the equilateral triangle resonator was conducted
through simulation modeling, as depicted in Fig. 2, revealing
that the main mode is TM;;.

Then, a single-cavity structure was designed as illustrated in
Fig. 3. A blind hole with a diameter of d; and a depth of h,, was
excavated at the center of the equilateral triangular waveguide
mentioned above. The thickness of the dielectric block is h.

Www.jpier.org



Progress In Electromagnetics Research C, Vol. 152, 253-258, 2025

PIER C

Resonator

Blind H()IC\ 1

Frequency (GHz)

—=— Spurious Frequency
| \—=— Resonator Frequency

17 18 19 20

a (mm)

16

FIGURE 4. Curve of resonant frequency and spurious frequency with
side length of the resonator.

Based on the center frequency of 3.5 GHz, the side length a
can be calculated as 20 mm. However, considering the impact
of blind holes, a should be slightly shortened to about 17.5 mm.
As shown in Fig. 4, when a is around 17.2 mm, the resonant
frequency is closest to the center frequency. Once a exceeds
17.2 mm, the resonant frequency changes dramatically, eventu-
ally causing the fundamental mode to overlap with higher-order
modes.

The thickness of the ceramic embryo / and the depth of the
tuning blind hole h; largely influence the resonant frequency of
the filter. In Fig. 5, the resonant frequency does not vary much
while the parasitic frequency drops sharply as the thickness of

0 1.016 0 0
1.016 0.029 0.877 0
0 0.877  0.03 0.635
0 0 0.635  0.016
M= 0 0 0 —0.689
0 0 —0.067 0
0 0 0 0
0 0 0 0

3. SIMULATION AND MEASUREMENT

Based on the above analysis, the model is built in the
microwave simulation software for parametric simulation
HFSS [13]. The relative dielectric constant of the ceramic
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the dielectric (h) increasing. When = 5 mm, the single-cavity
resonant frequency converges most closely to the target center
frequency. It is worth mentioning that the blind hole should
not be too deep. Otherwise, it will be more difficult to adjust
the resonance frequency. Fig. 6 shows the relationship between
the resonant frequency and spurious frequency with the depth
of the resonant blind hole (k). Obviously, with the increase
of h1, the spurious frequency is quite stable, while the resonant
frequency changes significantly, and the two frequency curves
coincide when the blind hole depth is equal to 2.4 mm. So h;
is mainly determined by the resonant frequency, which is about
2.3 mm.

In Fig. 7, the entire hexagonal ceramic dielectric block is
divided into six resonators by six slots with different lengths
li2 = l56, l23 = ly5, and the lengths of l34 and [14 are differ-
ent. The widths of all these slots are £ = 1 mm. Six resonant
blind holes are set in the middle vertical line of the triangle at

a distance of L = 10 mm from the center of the hexagon with
different depths hy ~ hg and same diameter d; = 3 mm. Atthe
same time, there are six coupling blind holes with the same di-
ameter do = 2 mm, different depths (h,,,) and locations from
the center of the filter. The position of each coupling hole is
located at the center from the endpoint of the middle slot to the
hexagonal vertex [9].

In Fig. 8, the input and output ports are coaxial feed. Two
feeder holes are respectively set in the opposite positions di-
rectly underneath resonator 1 and resonator 6. Their depths can
be used to change the magnitude of the input-output coupling.

Higher out of band rejection with a lower number of
elements may be achieved by introducing finite frequency
transmission zeros [10]. The coupling topology structure of the
filter is shown in Fig. 9. The negative coupling of resonators
3 and 4 is realized by the slot and the deep blind hole between
them, while positive couplings of other remaining resonators
are due to other slots and the shallow blind holes between 1
and 2, 2 and 3, 4 and 5, and so on. The coupling properties can
be transformed by adjusting the depth of the coupling blind
holes [11]. Thus, a sixth-order cross-coupling topology is
realized [12]. The final coupling coefficients are shown in (12).

0 0 0 0
0 0 00025 0
0 0 0 0
0658 0 0 0
0.031 0621 0 0 (12)
0.697 0031 0844 0
0 0773 0032 1.016
0 0 1017 0

dielectric material used by the filter is 20.3. Finally, the
optimized dimensions of the filter are denoted in Table 1.
Figures 10(a) and 10(b) depict photographs of the processed
filter. The filter has 6 tuned blind holes and 6 coupling adjust-
ment holes on the front, which are located on different circular
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FIGURE 5. Curve of resonant frequency TM11¢ and spurious frequency FIGURE 6. Curve of resonant frequency and spurious frequency with

with different dielectric thickness h.

depth of resonant blind hole.
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FIGURE 7. Schematic structure of the filter. (a) 3D Model. (b) Top view.
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FIGURE 8. Coaxial probe. (a) 3D structure. (b) Side view. (c) Connection structure.
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FIGURE 9. Topology structure.
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arcs. On the reverse side, there are two input/output apertures
with SMA interfaces welded. The entire surface is silver-plated
to facilitate signal isolation.

Figure 10(c) shows the actual performance test of the filter
using a vector network analyzer. As the filter is very compact,
the gap between the input and output ports is very small, so a
transition line needs to be connected between the transmission
line and the filter, which will have some influence on the test
results of the filter’s performance.
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TABLE 1. Filter geometry.

Parameter | Length (mm)
a 17.2
h 5.0
L 10.0
di 3.0
da 2.0
h1 = hg 2.3

Parameter | Length (mm)
ha = hs 2.1
hs = ha 2.3
lis 12.6
li2 = 56 8.7
loz = lys 9.1
l34 8.0

TABLE 2. Comparison of various Indicators.

Ref [14] [15] [16] [17] | This work
Order 8 6 6 6 6
FBW (%) 5.7 5.7 5.7 6.56 5.7
IL (dB) <2 | <2 | <12 ] <2 <1
RL (dB) >19 | >17 | >175 | > 16 > 16
out-of-band suppression >63 | >20 > 17 > 45 > 45
(dB)
Volume (mm?) 4788 | 15600 | 11063 | 4967 3843

FIGURE 10. Physical object and testing. (a) Top view. (b) Bottom view. (c) VNA.
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FIGURE 11. Simulated and measured results.

We can see from Fig. 11 that the designed six-cavity CDWF
has a bandwidth of 0.2 GHz centered at 3.5 GHz. Within the
frequency range of 3.4 GHz to 3.6 GHz, there are six poles, and
the return loss exhibits suppression greater than 16 dB. Mean-
while, it contains two transmission zeros occurring at 3.28 GHz
and 3.72 GHz out of the band, respectively, in which case, the
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filter achieves out-of-band suppression of > 45dB in the fre-
quency ranges of 3 ~ 3.3 GHz and 3.7 ~ 4 GHz, ensuring that
the filter has a good selectivity.

There are a bit difference between the simulated and actual
measured results. This can be attributed to the ideal metal wall
boundary conditions set in HFSS, while actual manufacturing
uses a surface silver plating process. Furthermore, this dis-
crepancy is also associated with processing accuracy and man-
ual polishing. The proposed filter occupies a small size of
3843 mm>.

Table 2 indicates the comparison of the designed filter and
other ones [14-17]. It can be seen that our designed filter is
more compact and has smaller insertion loss when working at
the same center frequency.

4. CONCLUSION

Based on the equilateral triangular structure resonator, a posi-
tive hexagonal sixth-order CDWF is proposed in this paper. It
has compact size and excellent insert loss. In order to verify
the feasibility of the design, detailed derivations of the dimen-
sions of the equilateral triangular resonator are carried out. The
results prove that the filter has good application prospects and
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important research value, and it will lead to new design possi-
bilities in CDWFs. The proposed filter is suitable for the use in
5G base stations due to its simple structure, compact size, and
excellent performance.
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