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A Novel Miniaturized C-Band Bandpass Filter
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Abstract—A novel miniaturized bandpass filter (BPF) is proposed, which is based on a stepped-
impedance resonator (SIR) and cross-coupling theory. This filter has the characteristics of small size
and high out-of-band rejection. The filter consists of four 1/2 wavelength stepped-impedance resonators
and two 1/4 wavelength short-circuit microstrip resonators. By designing a new kind of structure, the
cross coupling is realized between the second and fifth resonators, and two transmission zeros are
introduced out of band. Zero-degree feeding is realized due to the symmetry of the structure and
feeding position, which adds two other transmission zeros outside the band. Four transmission zeros
are introduced outside the passband of the filter, which greatly increase the out-of-band rejection of
the filter. The passband of the filter is 3.2 GHz—4.2 GHz, and the out-of-band rejection at 2.6 GHz and
4.8 GHz reaches —60 dB. The size of the filter is only 7.2mm * 8mm (0.21), * 0.24),), which realizes
the miniaturization of the filter.

1. INTRODUCTION

As a frequency selective device for separating signals from different frequencies, filters are widely used
in various communication systems such as satellite communication [1], Wi-Fi [2], ship electronics [3],
and communication base stations [4]. In recent years, the demand for filters in communication systems
is developing towards miniaturization, low cost, and high performance [5-7]. The filter is miniaturized
mainly from three aspects: (1) miniaturized resonator, (2) compact structure, (3) new materials or
processes. Miniaturized resonators are the basis of realizing the miniaturization of filters, such as
capacitor loaded resonators and step impedance resonators (SIR) [8-10], all of which can achieve
smaller size than traditional resonators. SIR was first proposed by Japanese scholars in 1980. It has
the advantages of miniaturization and controllable parasitic passband, and has been widely used [9].
In [10], a novel bandpass filter by loading a SIR is presented, which reduces the size by 38% compared
with the conventional hairpin-line filter with the same technical specifications. Although the filter size
in the reference is smaller than that in the traditional filter structure, there is still the possibility of
improvement in size and suppression. Due to the flexible and adjustable high-order harmonics of SIR,
in recent years, researchers often use its multimode resonance to design UWB filters or multi passband
filters. However, these filters generally do not have enough out of band suppression [11,12]. Besides,
hairpin structure, folded structure, and defective ground structure are also critical for designing compact
and miniaturized filters. With the development and maturity of new materials and processes such as thin
film process [13], low-temperature co-fired ceramics (LTCC) [14], and micro-electromechanical systems
(MEMS) [15], they provide more flexible design methods for the miniaturization of filters. However,
both LTCC and MEMS have higher production costs and lower yields.

In this paper, a compact bandpass filter is designed with a Cascaded Quadruplet (CQ) topology
composed of four folded SIRs and two short-circuit resonators, which achieves miniaturization and high
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out-of-band rejection. CQ topology successfully achieves two finite transmission zeros (TZs) in the
upper and lower sidebands of the filter by proper electric coupling and magnetic coupling. The coupling
matrix of the filter is obtained through the filter synthesis theory. The related curve between the coupling
coeflicient and the distance of each resonator is obtained by the HFSS software simulation. Combining
symmetrical structure and feeding position, a miniaturized filter with four transmission zeros and high
out-of-band rejection is successfully realized. Finally, the filter is processed on a 0.254 mm-thickness
Alumina ceramic substrate which has a loss tangent tan § of 0.002 and relative dielectric constant &, of
9.8 by thin film technology. The measured results of the filter are very similar to the simulation ones.
Compared with other filters, this filter has smaller size and higher out-of-band rejection.

2. DESIGN OF 6-ORDER CROSS-COUPLED BANDPASS FILTER

The technical specifications of the filter to be designed are as follows. Passband frequency range:
3.2 GHz4.2 GHz (Fractional bandwidth: 27%); In-band flatness: 1dB; In-band insertion loss: 2dB;
In-band standing-wave ratio: 1.5; Out-of-band rejection: 30dB @ 2.8 GHz & 4.6 GHz; 40dB @ 2.6 GHz
& 4.8 GHz.

2.1. Filter Topology and Coupling Matrix

It is obvious that the key problem to design the filter is the conflict of the wide bandwidth and high
rejection. Comparing the characteristics of Chebyshev, Butterworth and elliptic function filter models,
Chebyshev model is chosen to design the filter. According to Chebyshev model, the filter order is
calculated as follows:
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where n is the order of the filter, Lag the out-of-band rejection, ¢ the ripple factor, and (g the
stopband frequency. Combining in-band flatness and standing-wave ratio, the ripple factor ¢ is selected
as 0.01. In this case, n > 7.13. The filter designed by Chebyshev model needs at least eight orders
to meet the high out-of-band rejection. This is disadvantageous to the miniaturization of the filter.
The generalized Chebyshev function model is considered to design the filter. Generalized Chebyshev
function model has the same in-band and edge characteristics as traditional Chebyshev model [16].
Compared with Chebyshev model, which can only generate transmission zero at infinity, generalized
Chebyshev model can generate transmission zero at finite frequency, and transmission zero does not
require symmetry about passband. This can greatly increase the out-of-band rejection of the filter and
realize the high-performance filter with fewer resonators. Considering the specific design index of the
filter, the sixth-order generalized Chebyshev model is proposed to design the filter.

It is necessary to determine the appropriate filter topology before synthesizing the coupling matrix
of the filter. For a six-order filter, if Cascade Triangle (CT) topology is used to generate two transmission
zeros, all six resonators need to participate in cross coupling [16]. This increases the difficulty of
structural design. This paper adopts the topological structure shown in Fig. 1. Resonators 2, 3, 4, and
5 form a CQ topology, and resonators 1 and 6 are coupled with the feeding point and CQ structure
to form the whole filter structure, but resonators 1 and 6 do not participate in cross coupling. The
principle that the CQ structure can generate transmission zeros is analyzed below.

To achieve a wide bandwidth of 27%, it is necessary to introduce enough coupling strength which
can be achieved by increasing the coupling length as long as possible. For microstrip coupling, when the
coupling length is greater than 1/4 % A4, the magnetic coupling is the main coupling which is realized
by inductance [17]. The signal will undergo a —90° phase shift when being transmitted by magnetic
coupling. In the resonator, when the resonant frequency is greater than the transmission frequency, the
signal will have a phase shift of +90°. On the contrary, when the resonance is less than the transmission
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Figure 1. Topological structure of sixth-order = Figure 2. Cross-coupled CQ topology.
cross-coupled filter.

frequency, the signal will have a phase shift of —90° [16]. The CQ topology of filter cross-coupling and
the corresponding signal phase shift is shown in Fig. 2. Resonator 2 and resonator 5 can be realized
by electric coupling or magnetic coupling, and their specific phase shift effects on signals are shown in
Table 1. It can be concluded from the analysis in the table that only when resonator 2 and resonator 5
are electrically coupled, the CQ topology can generate a transmission zero in the upper and lower
stopbands of the filter passband. The position of the transmission zero point is determined by the
coupling strength of resonator 2 and resonator 5.

Table 1. CQ topological phase change of electric/magnetic cross coupling.

transmission f>rf f>f
route phase shift phase shift
Electric cross 2—+3—>4—5 —90% =907 = 90" =90 —90% + 907 —90° + 90

coupling (490°) —90° = 4507 —90°" = —90°

PHng 255 +90° +90°

. —90° — 90° — 90° —90° 4+ 90° — 90°

M 2 4
Cojgﬁlztlc(fgasf) I R T +90° — 90° = —90°

PHng 255 —90° —90°

After the order and topology of the filter are determined, the coupling matrix is extracted by

combining the technical indexes of the filter (centre frequency 3.7 GHz, fractional bandwidth 27%). It
is proposed to introduce two transmission zeros through cross coupling at 2.7 GHz and 4.6 GHz. Using
the synthesis theory of cross-coupled filter [18-22], the coupling matrix M and external Q) value of the

sixth-order cross-coupled filter are obtained.

[0 02282 0 0 0 0 ]
02282 0 01624 0  —0.018 0
Vo | 0 01624 0 01720 0 0
| o 0 01720 0 01639 0
0 —0.018 0 01639 0 02283

0 0 0 0 0228 0

The external Q value Q.s = Q. = 3.68.

2.2. Derivation of Physical Size of Filter

The filter is cross-coupled by CQ structure composed of four SIRs, and the whole filter structure is
formed by coupling with two other 1/4 %\, short-circuit resonators. The basic structure of SIR is shown
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Figure 3. Basic structure of SIR. Figure 4. Structure of the proposed miniaturized

BPF.

in Fig. 3. The resonance condition can be expressed as:

= é = tan 6, tan (2)
A

where Rz is the impedance ratio. It is defined as Ry = g—f When the selected impedance ratio is

less than 1, the size of the SIR can be smaller than that of the uniform impedance resonator, which is

beneficial to the miniaturization design of the filter.

The filter uses an alumina ceramic substrate with a relative dielectric constant of 9.8, loss tangent of
0.002, and thickness of 0.254 mm. The bottom layer of the substrate is the ground of the filter, and the
top layer is the microstrip line with a special shape and different impedances. The filter is processed by
thin film processing technology. Under the thin film process, the minimum line width and line distance
of the microstrip can reach 0.01 mm, which is beneficial to the design of wide-band filters requiring strong
coupling. The novel structure of the filter is shown in Fig. 4. For the convenience of structural design,
the impedance ratio Ry of resonator 2 is assigned to 0.33, and then Z; = 71.48€) and Zs = 23.590)
are selected. The impedance ratio Rz of resonator 3 is assigned to 0.5, and then Z; = 61.56 2 and
Zy = 30.78 ) are selected. Based on the resonance condition of formula (2) and the center frequency
of 3.7 GHz, the dimensions of two resonators are derived as follows: Ws = 0.85mm, W3 = 0.1 mm,
Wy = 0.58mm, Wy = 0.15mm, L; = 2.56mm, Ly = 245mm, Ly = 1.24mm, Ly = 1.29mm,
Ly =24mm, Lg = 2.15mm, S = 0.06 mm. Resonator 1 and resonator 6 are short-circuit microstrip
lines with a length of 8.02mm and a width of 0.2 mm, which are coupled with the SIRs. For the same
resonant frequency, the length of the short line with a via-hole is half of the open line length without a
via-hole, which is conducive to the miniaturization of the filter.

After determining the size and shape of each resonator, the coupling distance between each resonator
and the feeding position should be calculated so that the design of the whole filter can be completed.
To calculate the coupling distance, the common method is to extract the related curve between the
coupling coefficient and the distance between two resonators by means of the intrinsic simulation of
HFSS software, and then calculate the coupling distance by combining the synthesized coupling matrix.
The calculation formula of coupling coefficient is as follows:

Nl
i+ 13

Ry

(3)
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Figure 5. Curve of coupling coefficient changing with coupling distance.

where f; and fo are the first and second eigenmode frequencies of the coupled resonator. Besides that,
f1 and fo meet the formula fo = \/f1 * fo, where fy is the centre frequency of the filter. Taking the
coupling distance between the resonators as a variable, the scanning parameter simulation is carried
out. The related curve between the coupling coefficient and the spacing of each resonator is shown in
Fig. 5.

Combining the coupling matrix with the curve of coupling coefficient and distance in Fig. 5, we get
S12 = 0.13mm, S93 = 0.23mm, S34 = 0.11 mm, S35 = 0.23 mm. Because of the cross coupling between
resonator 2 and resonator 5, the energy coupled from resonator 2 to resonator 3 becomes less. It is
necessary to fine-tune Seo3 and finally get Soz = 0.21 mm.

The position of the input and output of the filter affects its external quality factor [23]. In order to
determine the relationship between the required external quality factor and the feeding position, full-
wave simulation analysis is carried out by using HFSS software. The relationship between the group
delay of S1; and external quality factor Q). is as follows.

2Qe
- — 4
S11 (f 0) fo ( )

Substituting external quality factor and center frequency, we get 7g,,(fo) = 630ns. Taking the
the feeding position [ as a variable, the group delay is simulated, and the values of the group delay at
different [ values are obtained. The simulation results are shown in Fig. 6.

According to the above figure, when [ = 2.35 mm, the group delay of centre frequency meets the
design value. At this point, all the structural parameters of the filter have been determined. The
simulation results by HFSS software are shown in Fig. 7.

It can be seen from Fig. 7 that the passband of the filter is 3.2 GHz—4.2 GHz, and the in-band
flatness is 0.3dB. The out-of-band rejection at 2.6 GHz is —70dB, and the out-of-band rejection at
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Figure 7. S parameters of filter simulation.

4.8 GHz is —60dB, which is much higher than the index requirement of —40dB. The designed filter
generates four transmission zeros, two of which are generated by cross coupling structure, and the other
two are generated by zero-degree feeding structure. The generation of transmission zeros is explained
structurally below.

The CQ topology is cross coupled to generate transmission zeros at 2.68 GHz and 4.58 GHz.
Electromagnetic coupling of CQ topology is shown in Fig. 8. The serial numbers 1, 2, 3, 4, 5, and
6 represent resonators. Resonators 2, 3, 4, and 5 form a cross coupling structure. Resonators 2 and
3, 3 and 4, 4 and 5 are coupled through long lines, mainly magnetic coupling. Resonators 2 and
5 are capacitively coupled through microstrip lines, mainly electrical coupling. Combined with the
analysis of the influence of electromagnetic coupling on signal phase shift in Table 1, two transmission
zeros will be formed in the upper and lower stopbands of the filter. The position of the transmission
zeros is determined by the coupling strength between resonators 2 and 5, that is, the spacing between
resonators 2 and 5. In the paper, the coupling matrix is synthesized under the condition of introducing
transmission zeros at 2.7 GHz and 4.6 GHz, and the coupling coefficients are obtained. The structure
size of cross coupling can be determined by the relationship curve between coupling coefficient and
coupling spacing in Fig. 5. The simulation results show that the transmission zeros are 2.68 GHz and
4.58 GHz, which are very close to the theoretical value.
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Figure 9. Typical zero-degree feeding structure.

The zero-degree feeding structure is the cause of the other two zeros. Fig. 9 shows a typical structure
of zero-degree feeding. In the symmetrical structure, the phase shift difference between path 1 and path
2 is 0 degrees. Through the microwave network analysis, the transmission zero will be generated when
01 = m/2 or #3 = w/2. Similar symmetrical structures can also generate transmission zeros [24,25].
The symmetrical structure and feeding position of the filter designed in this paper meet the zero-degree
feeding condition, so two transmission zeros are generated at 1.67 GHz and 5.14 GHz. It improves the
out-of-band rejection of the filter additionally.

Due to the existence of multimode resonant frequency of microstrip resonator, there is a spurious
passband in the upper stopband of the filter, and its frequency range is 7.12 GHz to 7.9 GHz. With the
help of eigenmode simulation of HFSS software. The secondary resonant frequency of each resonator is
extracted. The secondary resonant frequencies of resonators 1, 2, and 3 are 10.75 GHz, 11.18 GHz, and
7.56 GHz respectively. The coupling of the second harmonic of each resonator forms the first spurious
passband of the filter from 7.12 GHz to 7.9 GHz. Although there is a spurious passband, the out of band
suppression of the filter below 6.75 GHz is greater than —40dB.

2.3. Measurement and Analysis

In order to assure the accuracy of the designed values, thin film process is used to manufacture the
filter. The physical diagram of the filter is shown in Fig. 10, and the size of the filter is 7.2 mm * 8 mm.
The filter is tested with Anritsu 3680V test fixture and vector network analyzer.

The simulated and measured results of filter are shown in Fig. 11. As shown in Fig. 11, the
simulation results are very conformable with the test results. The measured curve shows that the
passband of the filter is 3.2 GHz—4.15 GHz. The insertion loss of the centre frequency is 2dB, and the
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Figure 11. Comparison between simulated and measured results of filter.

standing wave ratio is 1.5. Out of band, the filter realized four transmission zeros as in the simulation
results. The measured out-of-band rejections at 2.6 GHz and 4.8 GHz are —68 dB and —60 dB. Although
there is a slight difference between the measured and the simulation results, due to the processing error
which leads to the increase of the distance between resonators.

Considering that the filter will be micro-assembled in a conductor with other RF chips, we test the
filter separately in the conductor box again, which is closer to the actual use. Fig. 12 shows the filter
micro-assembled in the conductor box. During the test, a metal cover plate is covered on the top of
the box. The measured results of the filter assembled in the conductor box are shown in Fig. 13. The
measured out-of-band rejections at 2.6 GHz and 4.8 GHz are —62dB and —55dB. Comparing the two
measured results, the filter shows less out of band attenuation when it is enclosed in a conductive box.

Compared with the previous works [26-30], the BPF designed in this paper has excellent out-of-
band rejection with small size. There is main parameters comparison in Table 2. It can be seen from
the table that the fractional bandwidth of the filter in this paper is wider than other filters, but its size
is generally smaller than that of the filters in the literature. Especially for a wide fractional bandwidth
of 27%, more resonators are needed theoretically. This makes it more difficult to miniaturize the filter.
The paper further illustrates the superiority of the filter in miniaturization.
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Table 2. Comparison of various BPF.

Reference  fy/GHz FBW TZs Out-of-band Rejection (dB)

Size

[6] 24 15% 2 —30 0.37Ag % 0.26),
[10] 35  57% 4 —40 0.4\, * 0.35),
[26] 86  93% 1 —55 0.75)g % 0.68),
27] 4025 162% 0 —30 0.52), % 0.22),
28] 20  15% 2 —20 0.35Ag * 0.4),
[29] 102 182% 2 —50 0.79A, * 1.33),
[30] 13 8% 0 —20 0.79A, % 1.33X,
This Work 3.7  271% 4 —60 045, * 0.8),

3. CONCLUSION

A novel miniaturized bandpass filter with high out-of-band rejection is proposed. Transmission zeros
are introduced through cross coupling of SIRs, and the technical specifications are achieved with fewer
orders than traditional Chebyshev filters. With the help of HFSS software, the structure size and feed
point position of the filter are derived. Because the symmetrical design of the filter structure and the
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feeding position meet the zero-degree feeding condition, two extra transmission zeros are introduced
outside the band, which greatly increases the out-of-band rejection of the filter. It is found that the
measured results are very conformable with the simulation results. Compared with the bandpass filters
of the same type in recent years, the filter in this paper has wider bandwidth, smaller size, and higher
out-of-band rejection. The final size of the filter is only 7.2mm * 8 mm (0.21), % 0.24),), which realizes
the miniaturization design of the filter.
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