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Abstract — In this paper, a miniaturized bandpass fil-
ter based on low temperature co-fired ceramic (LTCC)
technology is proposed. The miniaturization is achieved
by two double folded substrate integrated waveguide
(DFSIW) resonant cavities. By interconnecting LTCC
three-dimensional structure, the resonant cavities can be
stacked vertically. Compared with the conventional SIW
filter, the size is reduced by 75.6%. The experimental
results show that the low insertion loss and good selec-
tivity are achieved. The proposed miniaturized bandpass
filter is promising for 5G application.

Index Terms — Bandpass filter, double folded substrate
integrated waveguide, folded waveguide resonator, low
temperature co-fired ceramic (LTCC), resonant cavity.

L. INTRODUCTION

In modern satellite and mobile communication sys-
tems, there is a growing demand for low insertion loss,
compact and easy-to-integrate bandpass filters. However,
the conventional rectangular waveguide filter in C-Band
has the dimensional limitation, which is difficult to inte-
grate with planar circuits. A number of literatures have
been studied on the nature of substrate integrated waveg-
uide (SIW) cavities for the design of miniaturized fil-
ters [1H2]], but the size reduction cannot satisfy the rapid
development of modern wireless communication sys-
tems.

Nowadays, low temperature co-fired ceramic
(LTCC) technology has been widely used in the design
of compact components because of its high-density
packaging and 3-D integration. It can be seen as the
further miniaturization for compact filter processing on
the basis of printed circuit board (PCB) technology [3]].
In [4]], a vertical LTCC rectangular waveguide bandpass
filter with compact size and 2.1 dB insertion loss is
proposed by using dielectric cavities. In [5], a multilayer
SIW filter based on LTCC technology is designed, which
uses a vertical structure to reduce the size. Although the
LTCC technology with building the resonant cavities
vertically can reduce its planar area, the size of the
cross-section is still quite large and the insertion loss
rises as the stacks increase.
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To further reduce the cross-section of filters, the
folded substrate integrated waveguide (FSIW) technol-
ogy had been introduced [6]. The folding technology
could effectively apply to design the compact struc-
ture in LTCC. Some miniaturized bandpass LTCC fil-
ters were proposed [7H8]], which used the FSIW cav-
ity to realize half the planar size of the structure. For
earing more miniaturization spaces, a double folding
substrate integrated waveguide (DFSIW) was applied to
design three-order Chebyshev bandpass filters [9]. How-
ever, the insertion losses were quite large for realistic
applications.

In the LTCC process, well-designed circuits and
materials are important parts of key issues to cut down
losses. For a single layer SIW cavity, the filtering cir-
cuits were optimized by etching different sizes of slots
[10], which formed three resonance cavities and led to
the minimum loss of 1.913 dB. In [[L1], a bandpass SIW
filter using U-shape slots is proposed, and an electro-
magnetic band gap (EBG) was put into the structure to
enhance the filtering performance and reduce the loss,
which was only 1.42 dB at the center frequency. The one-
layer structures are easily optimized to lower the loss, but
hybrid coupling effects occur between cells, which may
cause the loss difficult to control for a folding filter with
multiple layers.

In [12], a new type of H-plane FSIW filter is pre-
sented. Multi-layer FSIW resonators and I/O sections
were linked by the evanescent SIW sections, which elim-
inated the loss of extra vias. But the lowest insertion loss
was 2.6 dB. In the meantime, silver as the conductor was
used in the construction of SIW cavities, which had the
practical impacts on the loss control [13]]. Although these
attempts on the loss reduction based on LTCC had a few
progresses, the passband loss was still relatively high and
there is few recent research combined with the folding
technology. Thus, it is quite a challenge to design a FSIW
bandpass filter using LTCC technology in C-Band with
compact size and very low loss.

In this paper, a compact bandpass filter with low
insertion loss is proposed. The filter is designed with
DFSIW resonant cavity, and achieved greater miniatur-
ization with the LTCC packaging process in C-Band.
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Based on the field distribution characteristics of SIW C05 000000000000 00000000
TE 101 mode, the magnetic coupling is adopted between : {
adjacent SIW resonators. In order to meet the test 5 H
requirement, the ground coplanar waveguide (GCPW) is e :
used to design the feed line. The fabricated and measured = d 4
results are well matched. e 4
IL. FILTER DESIGN % .
A. Filter geometry g p —
The three-dimensional structure of the filter is & ’
shown in Fig. [T] (a). The filter consists of metal layers, : ) L . 9
substrate layers, and via arrays as vertical sidewalls. The © wot[ i X
top and bottom metal layers connect the GCPW as feed- Poccoocooo L

ing lines of the filter, which is shown in Fig. 1| (b). The
input and output GCPWs are orthogonal to avoid inter-
actions. Two double-folded SIW resonators are vertically
placed, which are coupled through a slot in couple layer.
Figure [I] (c) shows the construction of this layer. The
metal layer 2 and metal layer 4 are coupling layers of the
DFSIW resonator, which are shown in Fig. E] (d). There
is a right-angle slot in each metal layer, which is close to
the sidewall.

Ferro-A6 is used as substrates in the structure,
which has the dielectric constante, = 5.9and loss tan-
gent tanf = 0.002, respectively. The thickness of each
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Fig. 1. Design structure of the filter: (a) 3-D view, (b) the

}G » /—>substrate
top view of feed part, (c) couple layer, and (d) the top

~>——metal layer2
_>——couple layer view of a DFSIW resonator.

\ / j ~~>——smetal layer4

0.00 1.66 0.00 1.23
0.00 0.00 1.23 0.00

& e > —bottom layer Table 1: Units for magnetic properties
- = - via . s
iy > Variable Value Variable | Value (mm)
S (mm)
(a) d 0.15 p 0.3
ll 8 w1 04
l2 6 w2 0.6
13 5.15 w3 0.2
l4 1.74 W4 0.5
L4
+—>
- I
dielectric layer is 0.2 mm. The parameters of the filter
are shown in Table[T]
l 3 =ilia = The coupling matrix of the designed filter operating
at 4.9 GHz is shown in Equation @:
S 1 2 L
\ A S 0.00 1.23 0.00 0.00
(b) M=1{1 123 0.00 1.66 0.00 )
2
L

Fig. 1. Continued
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B. DFSIW cavity design

The TE 9; mode in the SIW cavity is similar to the
corresponding mode of conventional rectangular metal
waveguides. Therefore, the SIW cavity size can be deter-

mined by [14]

2 2
< mm nmw
Tnon = V& \/(aeff> +(beff) @

2 2
—a— - = L 3
Gelf =47 0.95p 7 0.95p’ )

in which ¢y is the speed of light. The a.rs and b,r are
the effective width and length of the SIW cavity, and its
value can be obtained by the formula (3). Here, d and
p represent the diameter of the metallized vias and the
distance of adjacent vias, a and b represent the actual
width and length of the SIW cavity, respectively. When
the resonant frequency of the SIW cavity is 4.9 GHz, the
conventional SIW cavity size is 17.82x17.82x 0.2 mm°.
In the conventional TE ¢; mode of the SIW res-
onator, the strongest electric field is distributed in the
center of cavity, and the magnetic field distribution
reaches maximum at the edge. Figure [2] shows the E-
field and M-field distributions in the TE y; mode of the
designed DFSIW resonator. It can be observed that the
electric field is the strongest along the right-angle slot,
and the magnetic field is centrally distributed at the end
of the slot. Through the folding technology, the positions
of field distributions are changed, but the TE9; mode is
still maintained by the DFSIW resonator. As the folding
structure is achieved through the SIW folded twice along
the right-angle slot, each side of the DFSIW resonator is
reduced by half. The thickness of one DFSIW resonator
is double that of the SIW cavity. Therefore, the size of
designed cavities is theoretically 8.91x8.91x 0.4 mm?>.

and

C. DFSIW filter coupling structure

The magnetic coupling mode is adopted between the
folded resonant cavities. The slot in the coupling layer
is placed near the sidewall. Due to the manufacturing
limitations, the position of the coupling slot is 0.65 mm
from the vias. By adjusting the position and size of the
slot, the coupling strength can be controlled. In Fig. [3]
the relationship between the length of slot and coupling
coefficient is shown. When the length of the coupling
slot increases, the coupling coefficient rises. To meet the
requirement of the filter, the length of the coupling slot
is chosen as 6 mm.

The insertion loss in the passband mainly consists of
the dielectric and conductor loss. To reduce the conduc-
tor loss, silver is used to form the metal layer due to its
low conductivity. The excellent LTCC processes ensure
that each metal layer is only 0.008 mm, and the thickness
of the whole dielectric layer is 0.8 mm.
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Fig. 2. Field plot: (a) Electric field distributions of a quar-
ter DFSIW cavity and (b) magnetic field distributions of
a quarter DFSIW cavity.
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Fig. 3. Coupling coefficients and slot length.



II1. SIMULATION AND TESTING

The designed filter is simulated by high frequency
structure simulator (HFSS), and the actual size of the
structure is 8.8x8.8x0.816 mm?>. The simulated values
of the DFSIW cavity are consistent with the theoretical
ones. The filter is fabricated by multi-layer LTCC tech-
nology, and the production is shown in Fig. ] (a). The
experimental test was completed at the State Key Labo-
ratory of Millimeter Wave in Southeast University. The
sample was tested in an Agilent E§363B vector network
analyzer, and the platform is shown in Fig.[d](b).

Figure [5] shows that the simulated and fabricated
results are well matched. The measured center frequency
is 4.95 GHz, with insertion loss of 1.17 dB. The 3 dB
passband ranges from 4.57 GHz to 5.12 GHz, with a
relative bandwidth of 11%. In addition, the return loss is
better than 10 dB over the range of 4.48-5.36 GHz. Com-
pared with the simulation, the test results have 0.05 GHz
center frequency shift, which may be caused by parasitic
inductance.

(b)

Fig. 4. (a) Fabricated filter and (b) test platform.
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Fig. 5. Simulated and measured S parameters.

Table 2: Comparison of the proposed filter with other fil-
ters

Ref. fo (GHz) IL (dB) Size (lﬁ)
(8] 5 3.48 0.72x0.37
[15] 4.97 22 1.28x1.30
This work 4.9 1.17 0.35x0.35

In Table 2] the performance of the designed filter is
compared with other SIW filters. From the comparison
results, the filter designed in this paper has a lower inser-
tion loss and a smaller size.

IV. CONCLUSION

In this paper, a novel DFSIW bandpass filter based
on LTCC technology is demonstrated. The structure and
the coupling principle of DFSIW resonators are well
described, which achieve 75.6% size reduction compar-
ing with the conventional SIW filters. Meanwhile, the
LTCC filter is fabricated and measured at C-band with
very low insertion loss. The great size reduction is real-
ized by the double folding resonators, and low-loss band-
pass performance is achieved by the well-designed cou-
pling position through LTCC technology. The proposed
filter has the extensive application in the sub-band of 5G
systems.
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