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ABSTRACT: In this paper, a novel miniaturized broadband dielectric waveguide (DW) bandpass filter (BPF) with wide stopband response
is proposed. The proposed BPF is composed of two square DW resonators operating in TM;o; mode. By etching a coplanar waveguide
(CPW) resonator on a silver-plated metal surface in the middle of the two DW resonators, an additional resonant mode is introduced,
thereby broadening the bandwidth of the filter while retaining the inherent advantages of the DW structure. Simultaneously, the CPW
resonator creates a new coupling path that enables cross-coupling and introduces a controlled transmission zero (TZ). The position of the
TZ can be adjusted to suppress the second harmonic of the filter, ensuring effective stopband performance. For verification, a DW BPF
with center frequency of 5 GHz and a fractional bandwidth of 11.4% was designed, fabricated, and measured. The measured results are
in excellent agreement with the simulated ones. Specifically, the upper stopband of the filter extends to twice of the center frequency

(10 GHz), demonstrating the wide stopband characteristics of the filter.

1. INTRODUCTION

iltering circuits play an important role in the radio frequency

front ends of the wireless communication systems. Printed
circuit board (PCB) microstrip resonators have been popular
in filter circuit designs for decades due to their advantages of
compact size and light weight [1-4]. However, microstrip fil-
ters show the disadvantage of relatively high insertion loss (IL)
because of the low external quality factor of the microstrip
resonator. Furthermore, both metal coaxial resonators and di-
electric resonators have garnered significant attention from re-
searchers, primarily attributable to their high unloaded quality
factors. Metal coaxial resonators have been widely applied in
bandpass filters (BPFs) designs for base stations [5—7], while
dielectric resonator filters have been employed in satellite and
base station applications [8, 9]. However, the size of the circuits
of the metal coaxial cavity occupies tremendous volume, and
the size of the DR-loaded metal cavity filter is generally large
due to the metal shielding box. This results in poor space effi-
ciency. For applications in 5G communication systems, BPFs
are required to have low IL, light weight, and small size [10].
Additionally, broadband response and wide stopband charac-
teristics are key development directions for 5G base station
filters. Accordingly, dielectric waveguide resonators (DWRs)
have received increasing attention due to their high Q-factor,
high relative permittivity, low IL, good temperature stability,
and compact size [11, 12, 14-18,21,22].

In [11] and [12], electrical coupling is introduced by inte-
grating a PCB with a DWR, and electromagnetic hybrid cou-
pling is used to generate transmission zeros (TZs). However,
the introduction of an additional PCB structure leads to signif-
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icant degradation of IL and dimensional performance. In [14]
and [16], traditional magnetic coupling is used between DWRs,
and cross-coupling is introduced to generate TZs. However,
these approaches generally result in narrow bandwidths and rel-
atively poor bandstop performance. Therefore, it is necessary
to study DWR filters that meet the requirements of broadband
operation, wide stopband, and miniaturization simultaneously.

This work proposes a novel DWR filter using coplanar
waveguide (CPW) technology. A CPW resonator is formed by
etching slotlines on a silver-plated layer positioned in the mid-
dle of the two DWRs, creating an additional resonance and in-
troducing cross-coupling. This design broadens the bandwidth
of the filter without increasing its size. Moreover, the cross-
coupling creates a controllable TZ in the upper band, and a wide
stopband effect is achieved by adjusting TZ position to suppress
the second harmonic. To validate the design, a miniaturized
broadband DWR filter with a wide stopband response was fab-
ricated and measured. The results demonstrate excellent per-
formance and meet the requirements of applications such as 5G
and satellite communication.

2. RESONATOR AND MODE ANALYSIS

Figure 1(a) shows the structure of a silver-plated square DWR
with dimensions of @ X a X h, using a dielectric with a relative
permittivity of 20.3 and a loss tangent of 1.5 x 1074,

The electric filed (E-field) distribution of the TM;¢; mode
in the DWR is shown in Fig. 1(b). The frequency of modes can
be calculated by [13]

o = g (22 + ()]
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FIGURE 1. (a) 3D view of the square DWR. (b), (c) and (d) are E-field
distributions of TM o1, TM201 and TM¢, mode, respectively.
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FIGURE 2. Resonant frequency versus length of the DWR.

where c is the speed of light; ¢, is the relative permittivity; a
and b are the length and width of DWR, respectively. TMjq;
and TM, modes are the higher-order modes of DWR, with
their F-field distributions shown in Figs. 1(c) and (d). The fre-
quency of the modes can be calculated by formula (1). These
two modes are a pair of degenerate modes which together form
a second harmonic. Fig. 2 illustrates the relationship between
the length of DWR and the resonant frequency variation for
each mode. The center frequency of the proposed filter can
be adjusted by changing a. Additionally, the frequency of the
second harmonic is determined to serve as a reference for sub-
sequent wide stopband design.

3. ANALYSIS AND DESIGN OF THE PROPOSED FILTER

The magnetic field (M-field) distribution of the square DWR
operating in TMjo; mode is depicted in Fig. 3(a). Magnetic
coupling is effectively introduced by connecting the two TM;
resonant cavities through the coupling window, where the M-
field is the strongest.

As depicted in Fig. 3(b), a novel cross-coupling structure is
proposed by etching two slotlines on the silver-plated layer to
form a CPW resonator. This CPW resonator connects the cen-
tral regions of the two DWRs, where the E-field is maximized.
The CPW resonator functions as an additional resonator to form
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a third-order filter with two DWRs, thereby expanding the op-
erating bandwidth of the filter without increasing its size. This
design results in a more compact filter structure. Fig. 3(c) il-
lustrates the EM-field distribution of the entire filter operating
in TMo; mode after connecting two square DWRs through the
coupling window and further loading the CPW resonator. Mag-
netic coupling is successfully introduced by connecting the two
square DWRs through the coupling window, where the M-field
is the strongest in the TMo; mode. Meanwhile, electric cou-
pling is introduced between the two resonant cavities via the
loaded CPW structure, achieving mixed EM coupling.

Figure 4 illustrates the topology of the proposed DWR fil-
ter. The CPW is connected to the maximum FE-field in the
two DWRs, thereby establishing electric coupling between the
DWR and CPW resonator. Additionally, magnetic coupling
between the two DWRs is achieved through the coupling win-
dow, which facilitates cross-coupling. This cross-coupling in-
troduces a TZ into the response of the filter.

The use of the CPW structure does not degrade the inherent
advantages of DWR. As shown in Fig. 5, when the DWR filter
operates in the fundamental TM,o; mode, the current direction
around the CPW is essentially parallel to the slotlines, resulting
in minimal current interruption. Consequently, there is negligi-
ble radiation loss and no degradation of the structural shielding
or quality factor.

As a design procedure, a third-order BPF at the center fre-
quency of 5 GHz was synthesized. It exhibits a return loss (RL)
of 20dB, a TZ at 8 GHz, and a fractional bandwidth (FBW) of
11.4%. The coupling matrix M of the proposed filter can be
synthesized as

S 1 2 3 L
S 0 0558 0 0 0
1 0558 0 0.482 —0.658 0
[M]=1 4 0 0.482 0 0.482 0 &
3 0 —0.658 0.482 0  0.558
L 0 0 0 0558 0

where the negative values represent the inductive couplings,
and the positive values are the capacitive couplings.

The external quality factor (). of the DWR TM;y; mode
can be determined based on the desired FBW using for-
mula (3) [19].

1

@ = FRw . ar2,

3)
Figure 6(a) illustrates the trend of the external quality factor Q.
of the resonant mode in relation to the length h; of the feed-
ing probe. As the length h; increases, (). gradually increases.
Therefore, the Q. of the TM;¢; mode can be easily controlled
to obtain the desired value.

In order to achieve the regulation of the TZ position, the pa-
rameters related to the cross-coupling are analysed next. The
effect of the coupling window size on the coupling coefficients
k for primary and cross coupling is shown in Figs. 6(b) and (c).
In the coupled structure, the coupling window length d and
width w have significant impacts on the coupling strength be-
tween the resonators. Specifically, as the coupling window
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FIGURE 3. (a) M-field distribution of the TM;o; mode of the square DWR. (b) Structure of the proposed third-order DWR filter. (c) EM-field
distribution of the overall filter operating in TM;; mode after connecting two square DWR through the coupling window and further loading the

CPW structure.

Main-couping \ 2 Cross-coupling
+
Q) o I
\S/ - \I,‘/
N CPW
‘\7 /‘ resonator . DWR

FIGURE 4. Coupling topology of the filter.

FIGURE 5. Surface current of a DWR working in TM ;.

length d increases, the coupling strength between the resonators
weakens, which results in a monotonic decrease in the coupling
coefficients. Conversely, when the width of the coupling win-
dow w increases, the energy coupling between the resonators
is enhanced, thereby leading to an increase in the coupling co-
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efficients. By controlling the size of the coupling window, the
inter-cavity coupling coefficients can be easily adjusted.

The position of the TZs introduced by cross coupling can be
controlled by the coupling strength between the resonators. The
frequency of the TZ can be approximated by [20]

K

fz:fO |ke|

“4)

where f, is the frequency of the TZ; fy is the centre frequency
of the filter; k,, and k. are the magnetic and electric coupling
coefficients of the filter, respectively. In Fig. 6, kj, and k»3
denote the electric coupling between the CPW resonators and
DWRs, and ki3 denotes the magnetic coupling between the
DWRs. From the figure, it can be seen that when the length
of the coupling window d increases, the decrease of the electric
coupling coefficient is much larger than the magnetic coupling
coefficient, thus the f, in formula (4) gradually increases, and
the TZ moves to the high frequency; when the width of the cou-
pling window w increases, the increase of the electric coupling
coefficient is much larger than the magnetic coupling coeffi-
cient, thereby the f, in formula (4) gradually decreases, and
the TZ moves to the low frequency. Therefore, the coupling
coefficients between the resonators, and consequently the po-
sition of the TZ, can be controlled by adjusting the size of the
coupling window.

Figure 7 shows the simulated responses that vary with the
length d and width w of the coupling window. In Fig. 7(a), as
d increases, the TZ moves to a higher frequency. In Fig. 7(b),
as w increases, the TZ moves to a lower frequency. This result
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FIGURE 6. (a) Q. versus the length h; of the feeding probe and coupling coefficients &k versus (b) the length d of the coupling window and (c) the

width w of the coupling window.
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FIGURE 7. (a) Simulation S>; with different coupling window lengths d and (b) widths w of the coupling window.

proves the correctness of the cross-coupled TZ control method.
By appropriately adjusting the position of the TZ, the second
harmonic of the filter can be effectively suppressed, thereby
achieving wide stopband performance.

4. FILTER IMPLEMENTATION AND RESULTS

To verify the proposed theory, a miniaturized broadband wide
stopband BPF with a center frequency of 5 GHz is simulated,
processed, and measured. The filter was designed by etching
a CPW resonator on a silver-plated surface positioned between
two square DWR resonators.
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Figure 8 illustrates the configuration and physical prototype
of the designed BPF. The DWR uses a silver-plated ceramic
with a permittivity €, = 20.3. Insert the 50 2 SMA feed probe
into the two feed blind holes at the bottom of the DWR to per-
form external coupling feeding of the filter. The parameters of
the filter were optimised to achieve the stated objectives, and
the final geometry obtained was: a = 9.1, h = 3, d = 2.9,
w=3.5,p, =0.5,h; =1.8,¢c=85w; =0.73and s = 0.34
(unit: mm), where p,, is the offset of the feed port from the cen-
ter of the square DWR. The simulated and measured results of
the proposed miniaturized wide stopband DWR filter are ob-
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TABLE 1. Measured results in comparison with previously BPFs.

Ref. fo (GHz) | Filter Order | IL (dB) RL (dB) | FBW (%) Circuit Size (A;) Rejection Level Type
315 x 0.315 x 0.4
[10] 2.7 4 0.26 20 12 0315 0.315 >0.405 20/1.2f, DR
(0.0423)
0.47 % 0.23 x 0.07
[11] 26 4 0.6 20 6 e 30/1.23f, | DWR4PCB
(0.0076)3)
0.41 % 0.32 x 0.07
[12] 3.45 4 0.8 19 29 X hos 201.1fo | DWR+PCB
(0.0092)3)
42 % 0.21 x 0.
[14] 35 4 <1 > 18 5.7 042 > 0.21 > 0.05 20/ < 1.260 DWR
(0.0044X3)
29 % 0.13 x 0.1
[17] | 3.99/4.33 2 0.56/024 | >14 | 2/2.54 029 > 0.13 > 0.13 2011235 DWR
(0.004923)
0.36 x 0.15 x 0.05
This work |  4.98 3 0.63 20 13 e 2012, DWR
(0.0027)3)

B

4 5

FIGURE 8. Photograph of the manufactured DWR BPF with wide stop-
band using CPW resonator.

tained by using Ansoft HFSS and a vector network analyzer
(VNA).

After fine-tuning the parameters, the final simulated and
measured results are shown in Fig. 9. The measured result ac-
cords well with the simulated result. The passband ranges from
4.65 GHz to 5.3 GHz, with center frequency at 4.98 GHz and
FBW of 13%. The measured in-band RL is better than 20 dB,
and the in-band IL is only 0.63 dB. The stopband rejection level
of 20dB up to 2f is achieved. Due to the inevitable dimen-
sional deviation in processing and the sensitivity of the TZ to
the filter dimensions, the position of the measured TZ deviates
slightly from the simulation results, which reduces the stopband
rejection effect of the filter. Table 1 displays the comparisons
with other dielectric filters. The results show that the proposed
DWR filter achieves a wider bandwidth and broader stopband
performance with the smallest circuit size.

5. CONCLUSION

In this paper, a novel broadband miniaturized DWR BPF with
a wide stopband response is proposed. By etching two slotlines
on the silver-plated metal surface located between two square
DWRs, a CPW resonator is formed. The CPW resonator intro-
duces a new pole in the passband without increasing the size of
the filter, thereby broadening the bandwidth while enabling the
miniaturization of the filter. Additionally, the cross-coupling
of the filter is realized through the introduction of the CPW
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FIGURE 9. EM simulated and measured results of the proposed minia-
turized wide stopband BPF.

resonator, which generates a controllable TZ in the upper fre-
quency band. By adjusting the position of the TZ, the second
harmonic is effectively suppressed, resulting in good stopband
performance. Finally, a miniaturized broadband wide stopband
DWR BPF with center frequencies of 5 GHzand FBW of 11.4%
is designed and fabricated. The simulated and measured results
of'this filter are compared to verify our proposed structure. The
filter has direct application potential in 5G infrastructure, satel-
lite communications, and military applications.
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