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Abstract—A very compact low temperature co-fired ceramic (LTCC)
dual-band filter is designed based on the proposed novel cross-
coupling structure in this paper. A six-pole dual-band filter with
four transmission zeros is synthesized using an analytical procedure.
By incorporating the proposed novel cross-coupling structure and
analyzing the coupling characteristic, the dual-band filter is realized
with canonical topology in multilayer LTCC. It is demonstrated by
the simulation and experiment that the proposed dual-band filter has
both compact size and good selectivity.

1. INTRODUCTION

Filters with multiple passbands and high selectivity are required due
to the demand for efficient utilization of more and more frequency
channels in modern satellite systems. A dual-mode canonical
waveguide filter with dual-passband is presented in [1], but with large
size, heavy weight and high cost. A triple-passband Chebyshev filter
and a dual-passband quasi-elliptic filter on the basis of substrate
integrated waveguide (SIW) technology were demonstrated in [2]. A
compact SIW filter was presented in [3] with the type of evanesced-
mode, while [4] presented the design method of a type of in-line-
pseudo-elliptic SIW filters. These filters usually occupy a large
circuit area because of the planar arrangement of the resonators.
As multimedia satellite communication requires components with low
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weight, small size and high reliability, multilayer low-temperature co-
fired ceramic (LTCC) technology has been considered as an attractive
solution [5-15]. LTCC band-pass filters were introduced in [5-9] while
dual band filters implemented in LTCC technology were proposed
in [10,11]. Design approaches for realizing very compact and low-
profile unbalanced LTCC filters were presented in [12]. Antennas
were also envisaged in this technology, a Bluetooth antenna being
implemented in LTCC technology [13]. Support vector regression
(SVR) method for LTCC multilayer interconnect modeling was
introduced also in [14]. Finally, a LTCC receiver front-end module
integrating 9 building blocks was proposed in [15].

In this paper, a dual-band filter with compact size and high
frequency selectivity is developed with the multilayer LTCC technology
for satellite application. In [2], a structure including a magnetic
coupling post-wall iris and a balanced line with a pair of metalized
via-holes is placed between SIW resonators to realize the electric
coupling. However, it is not suitable for multilayer LTCC technology
as the ground etched structure will have effects on other resonators.
A novel cross-coupling architecture is proposed for the realization of
canonical type dual-band filter on multilayer LTCC. It is realized by
two etched slots in the top metal layer of two coupled resonators.
Two passbands from 19.0-19.7 GHz and 20.4-21.1 GHz are obtained
with four transmission zeros resulting from the proposed novel cross
coupling structure. The whole size of the filter is 9.8 x4.35 x 0.576 mm?3.

2. FILTER DESIGN

2.1. Circuit Synthesis

The dual-band filter is synthesized by the following two steps. Firstly,
an analytical procedure [16] is used to determine the poles and zeros
of the transfer function of the dual-band filter. The procedure for
finding the equal-ripple response starts with the initial guess of a set
of poles and zeros in each frequency band. The values of transmission
zeros and poles are updated to have an equal-ripple performance in
each passband and stopband. Poles and zeros of the six-pole dual-
band filter with in-band return loss of 20dB are determined to be
Sp1 = —j0.9131, Spo = —370.6466, Sp3 = —70.3873, Sps = j0.3873,
Sps = 70.6466, Sy = j0.9131; Z,1 = —51.4916, Z,» = —;j0.6837,
Zp3 = j0.6837, Zps = j1.4916. Then generalized coupling matrix of
the low-pass prototype circuit can be obtained by method described



Progress In Electromagnetics Research, Vol. 135, 2013

0 o N

A N
5] 3
;

&
<3
L

Magnitude of S ,, and S,, (dB)

-3 -2

0 1

-1
Normalized Frequency

2

Figure 1. Synthesized S param-
eters of the dual-band filter.
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Figure 2. Coupling schematic of

the dual-band filter.

in [17):
0 0.7776 0 0 0 0.1545]
0.7776 0 0.3859 0  —04197 0
| 0 0385 0  —03728 0 0
0 0  —03728 0 03859 0 | (1)
0  —04197 0 0.3859 0 0.7776
0.1545 0 0 0 0.7776 0

Ry =Ry = 0.6686

The synthesized S parameters of the dualband filter are shown in
Fig. 1. After the coupling matrix is obtained, a corresponding coupling
schematic is built in Fig. 2, where the dashed lines and solid lines mean
opposite coupling characteristics.

2.2. Coupling Structure
2.2.1. LTCC Cavity Resonator

The cavity resonator is formed by LTCC substrate with metal outer
surfaces and via arrays as vertical sidewalls, which is shown in Fig. 3.
The resonator has a length of L and a width of W. KEach via has
a diameter of d and is separated from its neighboring by a center-
to-center spacing s. The resonance frequency of the TE;19 dominant
mode can be determined [18].

Co 1 4 1
e \| W2y L2

fo= (2)
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where
d2
Wegp = W —
olf 0.95s
d2
L.g = L —
olf 0.95s

co is the light velocity in vacuum and e, the relative permittivity of
LTCC substrate.

2.2.2. External Coupling with CPW Feeding

The filter is excited by 50-2 CPW structure. The external quality
factor is analyzed based on TEj19 SIW cavity resonator with 50-2
CPW as its input/output. The coupling is controlled by the length
l, of the coupling slot with a fixed coupling slot width and a fixed
post-wall iris width. Fig. 4 shows the calculated (). dependent on the
length of I, [19].

2.2.8. Electric Coupling in Different Layer by Rectangular Aperture

To efficiently couple two adjacent cavities in different layers, a
rectangular aperture can be placed at the center of two cavities.
The coupling coefficient can then be extracted by using the following
relation [19]:
f3—ff
k=+ (3)
i+ 1t

where fo and f; stand for the high and low resonant frequencies of the
two coupled resonators, respectively.

As the electric field is a maximum in the center of the cavity, the
electric coupling can be achieved with this coupling structure, where
we can define k as positive. Fig. 5 shows the relationship between the

Figure 3. LTCC cavity resonator.
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the external quality factor Q. and the coupling coefficient k£ and the
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coupling coefficient k& and the aperture length P The main couplings
Mo, Mas, Mys and Msg in Fig. 2 are realized with this structure.

2.2.4. Magnetic Coupling in the Same Layer by Inductive Iris

The inductive window composing of vias are used to control the
coupling of the cavities at the same layer. The coupling strength is
controlled by the separation of the vias. The wider the separation, the
stronger the coupling can be. As the magnetic field has a maximum
around the cavity wall, the magnetic coupling can be achieved which
can be defined as negative. Fig. 6 shows the relationship between the
coupling coefficient k and the via distance d, The main coupling Msy
and the cross coupling Moy in Fig. 2 are realized with this structure.
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2.2.5. Electric Coupling in the Same Layer by the Proposed Novel
Structure

As indicated in Fig. 2, electric coupling in the same layer is needed.
In [2], a structure including a magnetic coupling post-wall iris and
a balanced line with a pair of metalized via-holes is placed between
SIW resonators to realize the electric coupling. However, it is not
suitable for multilayer LTCC technology as the ground etched structure
will have effects on other resonators. A novel coupling structure in
multilayer LTCC is proposed in this paper. It is realized by two etched
slots in the top metal layer of two coupled resonators, shown in Fig. 7.
If we replace the symmetry plan of the coupled resonators with an
electric boundary, we can get f., that is resonator frequency with
electronic wall. If with a magnetic boundary, we can get f,,,, which
is resonator frequency with magnetic wall. As mentioned in [19], if the
frequency shifts of f. or f,, with respect to their individual uncoupled
resonant frequencies are in the same direction, the resultant coupling
coeflicients will have the same signs, if not the opposite signs. We can

Figure 7. The structure of the proposed novel coupling structure.

0.08

0.06

0.04

coupling coefficient K

0.02

Figure 8. Relationship between the coupling coefficient K as function
of d.
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find that the frequency shifts of f. in the proposed structure is in the
same direction with the case of the electric coupling in different layer by
rectangular aperture. Thus, we can achieve electric coupling through
the proposed novel structure. Fig. 8 gives the coupling coefficient K,
as function of d. The novel coupling structure in this paper has etches
only in the top metal of the SIW structure, which can be implemented
in multilayer LTCC to realize electric coupling. The cross coupling
Mg in Fig. 2 is realized with this structure.

2.3. Filter Design in LTCC

The configuration of the six-pole dual-band filter in LTCC is shown
in Fig. 9(a). The cavity resonators 1 and 6 locate in layer 1, the
resonators 2 and 5 locate in layer 2 and the resonators 3 and 4 locate
in layer 3. The main couplings Mia, Mog, Mys and Msg are realized
by rectangular apertures in the common metal layers with the vertical
structure, which is electric coupling. The mail coupling M3, and the
cross coupling Mys are realized by inductive irises in the same layer,
which are magnetic coupling. According to the synthesized matrix,
we need electric coupling for Mig, which cannot be realized just by
the inductive irises. We proposed a novel cross-coupling structure
as analyzed in Section 2.2 to realize M1g. Each metal layer and via
positions are shown in Figs. 9(b) to (e). After optimization in ansoft
HFSS [20], we can get the critical designed parameters: [} = lg =
4.89mm; lp =I5 = 4.95mm; I3 = Iy = 4.92 mm; [, = 3.09 mm;
d =5.5mm; dis = dsg = 1.85mm; do3 = dy5 = 1.4mm; d3y = 1.6 mm;
d16 =2.75 mim; d25 = 1.65 mm.

3. EXPERIMENT RESULTS AND DISCUSSION

The dual-band filter was fabricated by LTCC technology on the
substrate with relative dielectric constant 5.9 and loss tangent 0.002.
The thickness of each layer is 0.192mm. A photo-graph of this filter
is shown in Fig. 10. Furthermore, the proposed filter exhibits a size of
1.2974 x 0.57)y, where A, is the wavelength of a 50-{) microstrip line
at the centre frequency. Fig. 11 shows the simulated and measured
responses of the filter. A dual-band filter from 19.0-19.7 GHz and
20.4-21.1 GHz with good out-of-band rejection can be achieved. A
pair of transmission zeros are observed at 18.5 GHz and 22.5 GHz and
another pair of transmission zeros are produced in the stopband. The
measure in-band insertion and return loss are better than 2.4dB and
11.2dB, respectively.
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Figure 9. The geometry of the dual-band filter. (a) 3D configuration.
(b) Layer 1. (c) Layer 2. (d) Layer 3. (e) Layer 4.

Table 1 shows the performance comparison of the proposed dual-
band filter with some published single-band and dual-band LTCC
filters. The insertion loss of the proposed LTCC filter is smaller and
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Table 1. Comparison of similar LTCC filters.

Ref. Order | Insertion loss Circuit size

6] Single-band 3 5dB 5Ag X 2y
7] Single-band | 4 32dB | 0.57\, x 0.56)
8] Single-band 2 2.09dB 1.27Xg x 0.71),
9] Single-band 4 2.4dB 144X, x 0.79,
[10] 1st Dual-band 3 4.5dB 112X x 0.9,
[10] 2nd | Dual-band 4 4.8dB 0.93\4 x 0.88)\,
This work | Dual-band 6 2.4dB 1.29M; x 0.57)g

the size is comparable to those in [7] and [10]. The proposed filter has
two passbands, while with the insertion loss and size comparable to
those in [8] and [9].

4. CONCLUSION

This paper has described design method of a dual-band canonical filter
in LTCC for satellite application. By incorporating the proposed novel
cross-coupling structure, the dual-band filter is designed and fabricated
with multilayer LTCC technology. It has been found theoretically and
experimentally that the proposed filters have very good selectivity, low
insertion loss and compact size.
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