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Abstract

A low-loss miniaturized bandpass filter is presented using 3D glass-based RDL
packaging technology. A new topology consisting of one modified Pi-section
and one modified T-section is introduced to generate three transmission zeros
which can achieve the high out-of-band rejection. A combination of 2D planar
inductors and high-Q 3D inductors is used to achieve low insertion loss and
minimize the filter size. In addition, one grounded resonator at input terminal
is introduced to generate an extra transmission zero in the low end. The pro-
posed bandpass filter covering 3.3-4.2 GHz is fabricated with a compact size of
1.6 mm x 0.8 mm x 0.25 mm. It exhibits an insertion loss of less than 1.0 dB
at a center frequency of 3.75GHz and a return loss of better than 14 dB. The
proposed design has a 3 dB fractional bandwidth of 37.6%. Its out-of-band
rejection is better than 20 dB at the low frequency band from DC to 2.0 GHz
and better than 19 dB at the high frequency band from 5.0 to 9.0 GHz. The

simulated and measured results of the proposed BPF are in reasonably good
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1 | INTRODUCTION

To satisfy the ever-increasing requirements of emerging wireless communication systems, advanced RF/microwave pas-
sive devices are needed. Specifically, bandpass filters (BPFs) with compact size, low insertion loss and high out-of-band
rejection have become critical for radio frequency (RF) front-end modules.**

In low temperature co-fired ceramics (LTCC) technology, there are some effective methods to enhance the
out-of-band rejection of a bandpass filter by adding transmission zeros (TZs). A design based on a novel compact 3D
dual-mode step impedance resonator (SIR) was proposed.* Moreover, the controllable transmission zeros can be also
generated by stepped-impedance stubs (SISs) to obtain high selectivity.’ In addition, a LTCC broadband bandpass filter
using coupling lines with open/short-circuit stubs was also reported.® However, the LTCC filter has low process consis-
tency and usually a large size.

Integrated passive device (IPD) technology adopts wafer manufacturing process and has merits of small size, low
cost, high consistency, and high integration level.””'® Source-load coupling was introduced to produce an additional
pair of transmission zeros located on both sides of the passband and a Pi-section circuit was designed to obtain TZ at
the upper sideband.®'®'® Controllable filter circuit was introduced to improve out-of-band rejection and extend the
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upper stopband.”'* A compact and high-order on-chip wideband BPF on stepped-impedance MMR was presented on
GaAs-based IPD technology.'® However, the insertion loss of the above designs is not particularly favorable.

In this work, a compact IPD bandpass filter is designed using 3D glass-based RDL (Redistribution Layer) packaging
technology to overcome the issues mentioned above. It introduces a new topology based on the cascade of the modified
T-section topology and the modified Pi-section topology. In order to improve out-of-band rejection and selectivity at
low frequencies, one grounded resonator consisting of the inductor and capacitor connected in series to ground is intro-
duced to generate one extra transmission zero in the low end. The proposed bandpass filter is fabricated and measured.
It can achieve a compact size of 1.6 mm x 0.8 mm x 0.25 mm, an insertion loss less than 1.0 dB at the center frequency
and a return loss better than 14 dB. The proposed BPF can achieve a competitive performance compared with the exis-
ting works.

2 | DESIGN AND ANALYSIS
2.1 | Proposed BPF topology

As shown in Figure 1A, the proposed bandpass filter consists of a modified T-section (structure A), a modified Pi-
section (structure B), and a grounded resonator (structure C). The modified T-section with high-pass characteristic as
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FIGURE 1 (A) The schematic of proposed BPF. (B) Proposed lumped T-section. (C) Proposed lumped Pi-section. (D) Simulated results
of the lumped BPF. The elements of the proposed lumped BPF are as follows: C; = 0.402 pF, C, = 0.384 pF, C; = 0.528 pF, C, = 0.131 pF,
Cs = 0.318 pF, Cy = 0.507 pF, C; = 0.870 pF, Cs = 0.226 pF; L; = 7.580 nH, L, = 2.568 nH, L; = 1.453 nH, and L, = 1.397 nH.
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shown in Figure 1B, is introduced to achieve high out-band rejection at the low frequency range. In this modified
T-section topology, a source-load coupling capacitor C, is connected at both ends of the traditional T-section. It can gen-
erate an extra TZ at low end and improve out of band rejection at this low end.

This modified T-section circuit can be equated to two subnetworks. As in Figure 1B, where y,;, ,,, 5, and ), are
the parameters of the admittance matrix of the traditional T-section. Thus, the admittance matrix of the modified
T-section circuit is:

v joCas+yy,  —joCs+y,

. / . ; ) (1)
—]COC4 +y21 ]CUC4 +y22

where o is the angular frequency. The corresponding S parameters can be obtained as with the following equation:

—2Y1,Y,
Sp=——7-—, 2
12 Y (2)
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Once the frequency of S, = S,; = 0 is determined, the finite transmission zero frequency position is:
Y12 =Yz = —jwCs+Y), = —jwCs+y, =0. (4)
The ABCD matrix of the traditional T-section is expressed as:
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According to Equation (4), the location of the transmission zero in the filter can calculated as:
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Herein, it is assumed that C, = 0.384 pF, C; = 0.528 pF, C, = 0.131 pF, and L, = 2.568 nH. The TZ frequency is
then obtained as f; =2.02 GHz. As shown in Figure 2B, the TZ position moves from 2.3 to 1.8 GHz when the value of
capacitor C, is increased from 0.1 to 0.2 pF. By increasing the value of C, can enhance the out-of-band rejection at lower
frequencies and attenuates the out-of-band rejection at higher frequencies.

The modified Pi-section with low-pass characteristic as shown in Figure 1C, is introduced to achieve high out-band
rejection at the high frequency range. In this modified topology, Cs and Cg are connected in parallel with L; and Ly,
respectively. It can generate two TZs at the high end and improve out of band rejection at this high end.

In order to analyze the modified Pi-section circuit, the ABCD matrix of the two-port network can be written as:

{A B]_ 1 o} [1 jZl] 1 o] [1 sz}_ 1—wCrZ, JZ, +jZ, —joCrZ1Z,
C D| |jwCs 1]10 1 ||jowC; 1]10 1 | |jwCs+jwC;—jw*CsCrZ1 14 w*CsC721Z> — wCsZy —wCsZy —wCrZ, |’

(8)
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where Z; = oL = ,where w is the angular frequency. The corresponding S parameters can be obtained

as with the following equation:

2(AD - BC)

S = , 9
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According to (8) and (9), the TZ frequencies f, and f; can be calculated as

w) 1 1 w3 1 /1
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Herein, it is assumed that Cq = 0.507 pF, Cg = 0.226 nH; L; = 1.453 nH, and L, = 1.397 nH. The two TZ frequen-
cies are obtained as f, = 5.864 GHz and f; = 8.957 GHz, respectively.

In addition, in order to improve the out-of-band suppression of the lower stopband and also improve the impedance
match in the passband, L, and C; are connected in series to the ground at the input terminal. This newly added struc-
ture can generate an extra transmission zero at 2.88 GHz (where it is assumed that L, = 7.580 nH and C; = 0.384 pF),
thereby improving out-of-band suppression at the low frequency end from 2 to 3 GHz. As shown in Figure 2A, the TZ
position can be moved from 3.3 to 2.6 GHz when the value of capacitor C; is increased from 0.3 to 0.5 pF. Increasing
the value of C; moves this transmission zero to a lower frequency position to further increase the suppression level.
However as shown in Figure 2A, in order to obtain a better roll off coefficient, this transmission zero of the low fre-
quency are designed closer to the passband.

2.2 | High-Q 3D glassed-based inductor

The cross-sectional view of the 3D packaging technology is composed of RDL and glass substrate as shown in Figure 3.
This RDL consists of two metal layers M1 and M2. As shown in Figure 4A, a 2D planar inductor with 2.5 turns is
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FIGURE 2 (A) Simulated frequency response curves of the lumped BPF with changed values C;. (B) The lumped BPF Simulated
frequency response curves of the lumped BPF with changed values C,.
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FIGURE 3 Cross-sectional view of the 3D glass-based RDL packaging technology.
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FIGURE 4 (A) Planar 2D inductor structure (Dimensions: W = 15, S = 10 unit: pm). (B) 3D inductor structure. (Dimensions: d, = 100,
d, =178, d, = 70, d, = 15 unit: pm). (C) Comparison of simulated inductance and Q factor between the planar 2D inductor structure and
3D inductor structure.

designed on RDL. On the other hand, a 3D inductor with higher Q factor is used to improve the selectivity near the fil-
ter passband. This 3D inductor with four turns consists of three parts on M1, BM1 and TGV, respectively, as shown in
Figure 4B.

The simulated inductances and Q factors of the 2D planar inductor and the high-Q 3D inductor with the similar
dimension of 370 pm x 250 pm is compared in Figure 4C. It shows that the Q factor of this 3D inductor is 21%-58%
higher than that of the 2D planar inductor, while the inductances of both inductors are similar. Therefore, using
high-Q 3D inductor can reduce the insertion loss of the designed filter. Since the 2D planar inductor and the 3D induc-
tor are not located on the same metal layer, they can be realized one on top of the other, and thus a mixed use of 2D
planar inductor and high-Q 3D inductor can make the filter design more compact.

3 | FABRICATION AND MEASUREMENT

The proposed IPD BPF design is fabricated using the 3D RDL-based packaging technology on glass substrate. The glass
substrate has thickness of 230 um, a relative dielectric constant ¢, of 4.4, and the loss tangent tané is 0.0073. Resistive
losses will have an effect on the S-parameter performance like insertion loss and attenuation, but not the transmission
zero position. It provides three metal layers (Cu) including M1, M2, and BM1 with thicknesses of 5, 5, and 7 pm, respec-
tively. The MIM capacitors are fabricated on the M1 and M2 layers, which are separated by a dielectric layer of a rela-
tive dielectric constant ¢, of 6.8.

The proposed filter layout is shown in Figure 5A, in which L,, L,, and L, are implemented as planar 2D inductors,
and L; is implemented as a 3D inductor. The high-frequency TZ near the passband is generated by the resonator com-
posed of L; and Cg. Moreover, a mixed use of 2D planar inductor and high-Q 3D inductor is adopted to reduce the size
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FIGURE 5 (A) Chip layout 3D view. (B) Micrograph of the proposed BPF. (C) Simulated and measured results of the proposed BPF.

and the insertion loss. Note that increasing the Q factor of Ly can improve the selectivity of the passband and reduce
the insertion loss.

The GDS layout of the proposed filter is generated by the full-wave electromagnetic simulator, UltraEM, from Fara-
day Dynamics.'” The micrograph of the proposed BPF design is shown in Figure 5B, respectively. The layout size of the
fabricated BPF chip is 1.6 mm x 0.8 mm x 0.25 mm. The electrical size of the filter can be calculated as
0.042 2 x 0.021 g

The fabricated BPF is measured on-chip using the Keysight N5244A PNA-X vector network analyzer and Cascade
summit-11 000 probe station. We applied the SOLT de-embedding method during the measurement process, which is
based on a 12-item error model and can reduce the impact of system errors on the measurement results. The simulated
and measurement results of the proposed BPF are compared in Figure 5C. The simulation results are in good agreement
with the measured ones. From the measurement results, the insertion loss at the center frequency of 3.75 GHz is less
than 1.0 dB, the return loss is better than 14 dB and the measured BPF with a 3-dB fractional bandwidth (FBW) of
37.6%. The measured results show that its out-of-band rejection is better than 20 dB at the low frequency band from DC
to 2.0 GHz and better than 19 dB at the high frequency band from 5.0 to 9.0 GHz. There are some slight frequency off-
sets between the simulation results and the measurement results, due to the processing error of the dielectric constant
of the capacitor layer SiN.

Table 1 summarizes the performance of the designed BPF. It is observed that the insertion loss performance of the
proposed BPF is much better in comparison with other prior designs except.'> The proposed BPF can achieve a more
compact size compared with those from.>®%!*'> Moreover, this proposed filter exhibits more TZs compared
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TABLE 1 Comparison of the proposed BPF with several reported BPF.

Ref. Jo (GHz) Insertion loss (dB) Size (M%) x 1074 Return loss (dB) TZs 19-dB rejection Process
5 3.50 1.35 7%x8 12.8 5 2.2 fo LTCC

6 3.03 2.00 9.8 X 7.9 15 4 29 fo LTCC

7 3.75 1.50 1.3 x 0.9 16 5 8.3/ HRS

16 2.45 2.60 1.13 x 0.69 15 3 5.7 fo HRS

9 343 2.73 2.7 x 1.5 17 2 29 f GaAs
10 3.35 2.05 1.675 x 0.67 19 3 12 fo GaAs
14 8.60 2.10 23.36 x 11.63 10 1 1.6 fy Glass
15 4.20 0.96 34 X 2.6 20 3 1.9 fo Glass
This work 3.75 1.00 2x1 14 4 2.4 f Glass

Note: Ao, the wavelength in air at fo; TZs, transmission zeros near the passband.

with,”'%1*71® thereby significantly improve the high suppression in the wide upper stopband. The proposed BPF is suit-
able for integrating with 5G radio frequency front-end systems.

4 | CONCLUSIONS

In this work, a miniaturized BPF design with low insertion loss has been presented and fabricated using the 3D glass-
based RDL packaging technology. A new topology consisting of a modified Pi-section cascaded with a T-section was
introduced to generate three transmission zeros and can achieve the high suppression in the wide upper stopband. A
combination of 2D planar inductors and high-Q 3D inductors has been utilized to reduce insertion loss and achieve
chip miniaturization. In addition, connecting the inductor and capacitor in series to the ground can generate one extra
transmission zero in the low end. The proposed BPF has been measured by on-wafer probing with GSG probes. The
measurement results are in accordance with the simulated results. The filter has a bandwidth range of 3.3-4.2 GHz. It
has an insertion loss of less than 1.0 dB at the center frequency and a return loss of better than 14 dB. The size of the
fabricated BPF is miniaturized to 1.6 mm x 0.8 mm x 0.25 mm, which is suitable for 5G RF frontend system integrated
circuits.
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