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Abstract

A compact bandpass filter (BPF) with wide stopband performance is proposed
and implemented on Si-based integrated passive device (IPD) technology. A
modified topology consisting of a novel Pi-section and two capacitors are
introduced in this BPF. The Pi-section topology can achieve a band-pass
performance and generate four transmission zeros out-of-band. These two
capacitors can improve the in-band matching and also widen the stopband.
The proposed BPF with a compact size of 1.0 mm X 0.5mm X 0.3 mm is
fabricated using Si IPD technology and measured by on-wafer probing. It
shows that the insertion loss is less than 1.75 dB, the return loss is better than
18 dB in the 5G band, and the upper stopband suppression level is better than
17.5dB up to 18 GHz. The simulated and measured results of the proposed
BPF are in reasonably good agreement.
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1 | INTRODUCTION

Bandpass filters (BPFs) with compact size, high
frequency selectivity, low cost, wide stopband and
higher integration are vital in modern wireless
communication.'”® BPFs based on different technol-
ogies have been reported, such as stepped-impedance
stubs,* coupling structure,” and electromagnetic
bandgap® on LTCC technology, coupled line Resona-
tor on CMOS technology,” and Pi-section,' stepped-
impedance multimode resonator® and electric and
magnetic coupling resonators’ on IPD technology.

In LTCC technology,” " the large chip size and
complex fabrication process affect the massive pro-
duction yield of the BPF. These filters based on the
coupled line resonators also have large chip size and
therefore they are only suitable for millimeter wave
band.”® IPD technology™®'® has advantages over

bandpass filter (BPF), high out-of-band rejection, Pi-section, transmission zero

LTCC technology in the chip size and high out-of-
band rejection performance. The BPF with high
rejection and small size is still a hot topic. Many
studies in different technologies have been reported to
widen the BPF stopband, including lump method,’
coupled line,? and multimode resonators.® However,
all these BPFs require a large electrical size to
improve the out-of-band rejection.

In this work, a compact 5G BPF with wide upper
stopband is fabricated using Si IPD technology to
overcome the issues mentioned above. A modified
topology based on a novel Pi-section is introduced to
generate three transmission zeros in the out-of-band. A
main capacitor and a grounded capacitor are added to
this topology to improve the in-band matching and
widen the stopband. The proposed BPF is of compact size
of 1.0mm X 0.5mm X 0.3 mm, and its upper stopband
suppression level is better than 17.5dB up to 18 GHz.
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2 | DESIGN AND ANALYSIS

The proposed BPF topology with wide upper stopband is
shown in Figure 1. It consists of a novel Pi-section and
two capacitors, Cy and Cy. The proposed novel Pi-section
topology consists of three transmission-zero resonators.
The modified transmission-zero resonator with Cs in the
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FIGURE 1 Proposed bandpass filter topology.
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main branch is shown in Figure 2A. From Figure 2B, this
resonator with Cs in the main branch can achieve a
band-pass performance with two transmission zeros. The
traditional one without Cs can only generate a transmis-
sion zero at the upper band. Another modified
transmission-zero resonator with grounded C, in the
shunt branch is shown in Figure 2C. From Figure 2D, the
traditional one without C, can only generate one
transmission zero in DC, while the modified resonator
with grounded C, can generate a transmission zero in the
lower band.

To analyze how the transmission zeros are generated
by the modified transmission-zero resonator, the ABCD
matrix of its two ports network can be implemented here.
For the modified transmission-zero resonator in the main
branch, one has
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FIGURE 2 Simulated results of traditional versus modified transmission-zero resonators. (A) Traditional (without Cs) versus modified
(with Cs) resonators in the main branch. (B) Simulated results of the traditional (without Cs) versus modified (with Cs) resonators in the
main branch. (C) Traditional (without C,) versus modified (with C,) ground resonators. (D) Simulation results of traditional (without C,)

versus modified (with C,) ground resonators.
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where w is the transmission frequency of the filter. The S
parameter S;, related to the ABCD matrix is given as
follow:

2(AD — BC)
S = . 2)
A+ B/Zy+ CZy+ D

When S;, =0, the values of w can be determined as

w1 = 0
W, = [C*GCso 3
L,CsCs

where C4=0.57 pF, C5=0.63 pF, and L, =2.7nH in the
proposed modified resonator. The two transmission zeros
are in DC and 5.59 GHz, respectively.

For the modified transmission-zero resonator in the
shunt branch, one has

1 0
(2 5)=( O)=[reromes | o

1—w?LiC,

~—

According to Equation (1), the value of w can be
determined as

w = LGy, (5)

where C;=1.93pF, C,=3.53pF, and L, =1.9nH. The
transmission zero is at 1.95 GHz.

The performance of the novel Pi-section topology, which
consists of three transmission-zero resonators, is herein
analyzed. Three modified transmission-zero resonators are
introduced in the Pi-section topology, as shown in Figure 3A.
It includes two modified transmission-zero resonators in the
shut branches and one modified resonator in the main
branch. As shown in Figure 3B, two transmission zeros are
generated in the lower band, and one transmission zero is

(A)

FIGURE 3

located in the upper band. Moreover, two poles can be
generated in the passband. And it is possible to move one of
the transmissions zero to a lower frequency point to further
increase the suppression level. However, to obtain a better
roll-off coefficient, these two transmission zeros of the low
frequency are designed closer to the passband.

Based on the analysis above, the ABCD matrix can be
given as follows:

(2 5)=0 5 =k 7 2= )

Y, 1
1+ TaCe + Y27 TaCe +Z1 + G
Y, s
_ JoCs
- VY v Y
h+ TGy + Wz, T + Y27, + TG
YiYs
+ s +Y + 1
(6)
where
Y = Jjw(C+ Cy — w?L,C,Cy)
1= 1—w?L,C,
Z1 — 1 — w3L,Cs

j(u(C4 + Cs5— CUsz C4Cs) ’

Y, = jw(C7+C8;CU2L3C7C8).

1—w*L;Cy

When S;, =0, the transmission zeros can be obtained.
Three transmission zeros are located at 1.88, 2.31, and
5.35 GHz, respectively.

As shown in Figure 4, the proposed BPF can achieve
three transmission zeros. Two of them are located in the
lower band and the third one is located in the upper
band. From the simulation, it shows that the impedance
match in the passband can be improved and there are
three poles when C, is added. The two modified
transmission-zero resonators in the shut branches can
generate two transmission zeros and two transmission
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Simulated results of the modified novel Pi-type bandpass filter. (A) Topology and (B) simulated S-parameters.
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FIGURE 4 Simulation results of the proposed BPF with or without Cy and C,y. (A) Simulated S, and (B) simulated S;;.

poles. Besides, the modified transmission-zero resonators
in the main road can generate one transmission zero and
can generate one transmission pole by cascade C.
Moreover, when the grounded C,, is added, the out-of-
band rejection can be greatly improved in the upper band
and the out-of-band suppression performance can be also
improved in the lower band at the same time. Without Cy
and C;,, the locations of the transmission zeros are
impacted, and the out-of-band suppression performance
becomes worse by comparison to the proposed topology
with Cy and C,o. Therefore, the proposed Pi-section
topology can achieve the bandpass performance, in
which Cy can improve impedance match in the passband
and the out-of-band suppression performance can be
improved by adding the grounded Cjp.

3 | FABRICATION AND
EXPERIMENTAL RESULTS

The proposed BPF is fabricated in Si-based IPD
technology. Figure 5A shows the cross-section view of
the used Si-based IPD technology. The Si substrate layer
has a thickness of 250 um, a relative dielectric constant er
of 11.69, and a loss tangent tand of 0.003. The oxide layer
is of a thickness of 0.1 um, a relative dielectric constant er
of 3.9, and a loss tangent tand of 0.01. The Si-based IPD
technology includes three Cu metal layers, that is, M1,
M2, and M3 with thicknesses of 2, 6, and 8um,
respectively. The inductors are fabricated on the M3
layer. The MIM capacitors are fabricated on the M1 and
M2 layers, which are separated by a dielectric layer of a
relative dielectric constant er of 7.46 and a loss tangent
tand of 0.002.

The proposed BPF is simulated and its GDS layout is
generated by the full-wave electromagnetic simulator,

UltraEM, from Faraday Dynamics.'> The micrograph of
the fabricated Si-based BPF is shown in Figure 5B. The
layout size of the fabricated BPF chip is 1.0 mm X 0.5 mm
(0.043 Ag X 0.0215 Ag). Compared to the circuit level
simulation, the electromagnetic level simulation can
achieve four transmission zeros generated in the out-of-
band. This extra transmission zero is generated outside
the high band due to the influence of the parasitic
parameters in the layout. The simulated and measure-
ment results of the proposed BPF are compared in
Figure 5C. A good agreement between the simulated and
measured results is observed.

The fabricated BPF is measured on-chip using the
Keysight N5244A PNA-X vector network analyzer and
Cascade summit-11000 probe station. And we applied
the SOLT de-embedding method during the measure-
ment process, which is based on a 12-item error model
and can reduce the impact of system errors on the
measurement results. From the measured results, the
insertion loss is less than 1.75dB, the return loss is
better than 18 dB in the 5G Sub-6G band, and the upper
stopband suppression level is better than 17.5dB up to
18 GHz (4.8 fy). As shown in Figure 5, the first parasitic
passband in the upper transition band is at around
19.5 GHz.

Table 1 summarizes the performance of the designed
BPF. It is observed that the proposed BPF can achieve a
compact size (relative to the maximum wavelength) in
comparison with other designs. The proposed BPF has
lower insertion loss compared with those from refer-
ences 1 and 4. The proposed BPF can achieve a wider
stopband compared with those from references 4, 5, 7
and 10. It is worth mentioning that the quoted on-chip
BPF designs are more used in the mm-wave band and 77
band, while this proposed design has more advantages in
the 5G sub-6G band.
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FIGURE 5 (A) Si IPD layer stack-up, (B) micrograph of the proposed BPF, and (C) EM simulated and measured results of the

proposed BPF.

TABLE 1 Performance of the proposed BPF versus other BPFs.

Insertion Upper
Ref. Jo (GHz) loss (dB) Size (mm?) TZs stopband (dB) Process
1 3 1.77 1.63 X 0.62 3 20/34.6f, GaAs IPD
4 3.5 1.35 6.1 X 6.8 5 20/2.2f LTCC
5 0.976 1.96 57X 3.4 3 30/2.46f, LTCC
7 30 1.66 0.11 X 0.086 2 25.4/2.3f CMOS
10 1.56 0.38 0.800 X 0.988 2 17.4/3.2fy GaAs IPD
This work 3.75 1.75 1.0 X 0.5 4 18/4.8f, Si-based IPD

Abbreviations: BPF, bandpass filter; IPD, integrated passive device.

4 | CONCLUSION

A compact BPF with high out-of-band rejection has been
designed and fabricated on the Si-based IPD technology.
By introducing a modified resonator, a BPF topology
based on a novel Pi-section has been proposed. The
working principles of this modified resonator and the
proposed BPF have been further investigated. A
grounded capacitor has been introduced in the proposed
BPF to achieve wide stopband performance. The
proposed BPF has been measured by on-wafer probing
with GSG probes. The simulated and measured results of

the proposed BPF are in reasonably good agreement. This
proposed BPF with high out-of-band performance has a
good potential to be utilized in 5G communication
systems.
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