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A compact dual-band bandpass filter (BPF) with wide out-of-band suppression based on a hybrid coupling
technique is proposed. This BPF consists of two hybrid spiral coupled resonators, in which the electrical coupling
and magnetic coupling between resonators can generate two transmission paths for dual bands. This dual-band
BPF has wide out-of-band suppression. Moreover, its passband frequency and bandwidth can be readily
controlled. To illustrate its working principle, an equivalent circuit with even- and odd-mode analysis is pre-
sented. This dual-band BPF is fabricated using a silicon integrated passive device (IPD) technology. The fabri-
cated dual-band BPF has a compact size of 1.6 mm x 0.54 mm x 0.23 mm and is measured. The measured results
show that this dual-band BPF can generate two bands at 2.45 GHz and 6.15 GHz. In addition, more than 20 dB of
suppression is achieved from 7.8 to 20 GHz (8.16fp). The simulated and measured results exhibit good

agreements.

1. Introduction

With development of wireless communication systems, dual-band
BPFs are widely used in wireless communication systems to provide
capability of multiple operating bands and reduce the size of the RF front
end. Dual-band BPFs with high performance, such as low loss, compact
size, and large power capacity have been reported in many works with
various design methods and configurations [1-15].

Dual-band BPFs using cavity structures, such as rectangular and
circular waveguides [1,2], can achieve low loss and high-power per-
formance, but the size is relatively large. To reduce the size, the cavity
filter has adopted multimode design [2] or dielectric resonator [3].
Moreover, printed circuit board (PCB) can achieve multi-layer structures
and have a much smaller size than cavities, and thus many dual-band
BPFs were designed using multi-layer planar structures such as micro-
strips [4], substrate integrated waveguide [5,6] and substrate integrated
suspended line [7]. There are two main approaches to improve
out-of-band suppression of dual-band BPFs. One is to improve
out-of-band suppression by introducing transmission zeros [8,9], and
the other is to achieve a wider stopband [10-12].

Dual-band BPFs based on the PCB process achieve tradeoffs in size
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and performance. To further reduce the size, many dual-band BPF de-
signs have used the low-temperature cofired ceramic (LTCC) process
[13,14]. These works reported compact dual-band BPFs with various
degrees of performance and size reduction. In addition, the small size of
mobile devices makes system in package (SiP) an inevitable trend. The
design based on the integrated passive device process is much more
compact and thinner compared to LTCC, and thus more favorable for
integration in SiP [15]. As a consequence, the IPD technology becomes
the most popular in recent years [16,17].

In this letter, a compact dual-band BPF with wide out-of-band sup-
pression based on a hybrid coupling technique is presented. This BPF
consists of two hybrid spiral coupled resonators, in which the electrical
coupling and magnetic coupling between resonators can generate two
transmission paths for dual bands. Meanwhile the passband frequency
and bandwidth can be readily controlled, and the proposed filter can
achieve wide out-of-band suppression. The filter has a compact struc-
ture. To illustrate the working principle, an equivalent circuit with even-
and odd-mode analysis is discussed. The proposed dual-band BPF is
fabricated using a silicon IPD process. The fabricated dual-band BPF
shows a competitive performance compared with the state-of-the-art
works.
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Table 1
Comparison of the proposed BPF with other recent works.
Ref. fo/f1 (GHz) Rej (dB)/Stopband IL (dB) FBW (%) Size (}»g) Tech
[10] 8/11.4 20/2.34 fo 2.26/3.07 3.01/2.46 1.66 x 1.31 PCB
[11] 2.44/3.5 20/2.23 fy 2.07/2.21 4.98/2.7 0.45 x 0.19 PCB
[13] 3.32/5.17 - 1.38/1.53 25.5/14.2 0.31 x 0.16" LTCC
[16] 35/70 - 3/3.3 32.9/22.4 0.31 x 0.14" CMOS
[17] 28/50 - 0.58/3.29 39.5/5 - GaAs
This work 2.45/6.17 20/8.16 fo 2.78/3.65 28.6/15.2 0.048 x 0.0162 HRS
25/7.96 f,
FBW: Fractional Bandwidth, 3 dB bandwidth; A;: The guide wavelength at fo; HRS: High Resistivity Silicon. +: Calculate from the data given.
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Fig. 1. Proposed dual-band IPD bandpass filter. (a) Stack-up of the applied
silicon based IPD technology. (b) Circuit topology. (c) 3D view of layout.

2. Design and analysis
2.1. Structure of dual-band BPF

A silicon IPD process is herein used for fabrication of the proposed
dual-band BPF. Fig. 1(a) shows stack-up of the silicon IPD process, in
which metal layer M1 is of aluminum and thick metal layers TM1 and
TM2 are of copper. The additional metal-insulator-metal (MIM) layer is
placed between M1 and TM2. In addition, the height of the silicon
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Fig. 2. Schematic of the proposed dual-band BPF. (a) Overall equivalent cir-

cuits model. (b) Even-mode equivalent circuit model. (¢) Odd-mode equivalent
circuit model.

substrate is 250 pm. The relative dielectric constant of silicon substrate
is 11.7, and the dielectric loss tangent is 0.003.

The circuit topology of the proposed dual-band BPF is shown in Fig. 1
(b), in which the filtering response of lower passband mainly depends on
the filtering channel A, while the higher passband is realized by the
filtering channel B. Each channel has two resonators, and there is an
electromagnetic (EM) coupling between the two resonators.

The layout of the proposed dual-band BPF is shown in Fig. 1(c). The
main structure consists of two spiral resonators placed symmetrically. C;
and L; denote the self-capacitance and self-inductance of the spiral
resonator, respectively. Co represents the capacitive coupling between
the end of the spiral resonator and the ground. Cs represents the bypass
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Fig. 3. Circuit simulated TPs frequency, while C,, is swept from 0.075 to 0.095
pF and M is swept from 0.85 to 1.2 pF, L; =7 nH, L, = 8 nH, C; = 0.09 pF, Cy =
0.15 pF, C3 = 0.1 pF and C4 = 0.1 pF.

capacitance between the middle line and the ground. Ly denote the
inductance of the high-frequency resonant path. C4 represents the
bypass capacitance between the pad and the ground. The loaded
capacitor Cy can be used to control the resonant frequency without
adding much extra area since the physical size of the capacitor is much
smaller than that of the inductor.

2.2. Analysis of dual-band BPF

To illustrate the working principle, an equivalent circuit model is
given in Fig. 2(a). The even- and odd-mode analysis method is applied
here due to the symmetrical topology. Fig. 2(b) and (c) show the even-
and odd-mode circuits, respectively. The admittances of the even- and
odd-mode circuits are denoted as Yip, and Yiy,, respectively, which can
be obtained as follows:

1 , . . 1 .
Yine = {Qm +jwCy )//](1)C2 + jwCs } //ja)_Lz + jwCy (D

1 . . . 1 .
Yino = ij JrJfUC'l) //jo(Cz + 2Cp) +chs]//ijz +joC,
2

Then the scattering parameters of the two-port network can be
expressed as [17]:

YS - Yine Yirw

(Yo + Yine) (Yo + Yino) ®

sll =

Yo(Yine — Yino)
So1 = 4
27 (Yo + Yine) (Yo + Yino) @

where Y, is the load admittance. For the proposed resonator with two
ports, it is possible to find the transmission pole (TP) by solving S1; = 0.
Considering the coupling between two resonators, the mixed coupling
coefficient kx between every two adjacent resonators can be represented
by Ref. [18]:
kxzke-i-km:g:—&-i—vl[ (5)
where M and Cy, denote the magnetic and electrical couplings, respec-
tively. By tuning the values of M and Cy,, the bandwidth of the dual-band
BPF, which is related to the coupling coefficient, can be adjusted.

To understand the effects of electrical and magnetic couplings on the
TPs distribution, Fig. 3 shows how the frequency response of TPs varies
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Fig. 4. Circuit simulated Sy of the dual-band BPF. (a) C; is swept from 0.08 to
0.12 pF. (b) C, is swept from 0.13 to 0.17 pF (L, = 7 nH, L, = 8 nH, L3 = 1 nH,
Cm = 0.08 pF, C3 = 0.1 pF and C4 = 0.1 pF)

with different values of C, and M. With increasing Cp,, the coupling is
strengthened and the distance between the two poles in the low-
frequency passband increase. On the other hand, the two poles in the
high-frequency passband are unchanged. It indicates that the high-
frequency passband is not controlled by the electrical coupling. With
increasing M, the coupling is strengthened and the distance between the
two poles in the low-frequency passband decreases and the bandwidth
narrows. On the other hand, the distance between the two poles of the
high-frequency passband increases. It indicates that the magnetic
coupling can control the two passbands and have opposite effects on the
two passbands. Therefore, carefully adjusting the values of C,, and M can
adjust the bandwidth of the high and low frequency passbands,
respectively.

The two passband frequencies can be controlled by C; and C,
respectively. As shown in Fig. 4(a), with the increase of capacitor Cj, the
high-frequency band moves to the lower frequency, whereas the low-
frequency band is virtually unchanged. As shown in Fig. 4(b), with the
increase of capacitor Cy, the low-frequency band moves to the lower
frequency, whereas the high-frequency band is virtually unchanged. The
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Fig. 5. 2-D layout of the dual-band BPF layout. (Dimensions: wl = 11, w2 = 10, w3 = 23, s1 = 11, s2 = 10, s3 = 23, s4 = 10, L1 = 200, d1 = 95, d2 = 116, d3 = 207,
d4 = 377, d5 = 540, d6 = 1600, d7 = 85. Unit: pm).
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Fig. 6. Current distribution at (a) 12.5 GHz. (b) 17.5 GHz.

2-D layout and key dimensions of the proposed dual-band BPF are
shown in Fig. 5. It should be noted that due to the limitation of the
minimum line width of the process, it is difficult to achieve the

Fig. 7. Die photograph of the proposed dual-band filter.

capacitance value required by Cp, even if the distance s4 between the
two spiral coupled resonators adopts the minimum value. Therefore,
adding an extra trace of length L1 to provide additional capacitance,
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Fig. 8. Comparisons between the EM-simulated and measured results.

adjusting the value of L1 can adjust the size of Cy,, which plays a role in
the layout optimization.

As shown in Fig. 2(a), C3, C4 and Ly in the circuit form a n-type low
pass filter circuit, which can improve the out-of-band suppression of the
dual passband filter in the high frequency band. The current distribution
of the dual-band filter is shown in Fig. 6. At the frequencies of 12.5 GHz
and 17.5 GHz, the current is mainly distributed in the spiral structure
composed of C3, C4 and Ly. Due to its low-pass filtering characteristics,
its out-of-band suppression characteristics at 10 GHz-20GHz are
improved.

3. Fabrication and measurement

The proposed silicon IPD dual-band BPF design is fabricated and
measured to evaluate its performance. The proposed dual-band BPF
includes two ground-signal-ground (G-S-G) feeding structures. Fig. 7
shows the final layout of the fabricated dual-band BPF chip with a size of
1.6 mm x 0.54 mm, i.e., 0.0a48 Ay x 0.0162 Aq. This BPF is simulated by
UltraEM [19] and is measured by on-wafer probing using the Keysight
N5247A vector network analyzer. The results of EM simulation and
measurement are compared in Fig. 8. Good agreement between simu-
lated and measured results is clearly observed. Specifically, for the lower
passband, the measured center frequency is 2.45 GHz, and the 3-dB
bandwidth is from 2.1 GHz to 2.8 GHz (FBW is 28.6 %) with the
insertion loss of 2.78 dB. For the upper passband, the center frequency is
6.15 GHz, and the 3-dB bandwidth is from 5.7 GHz to 6.64 GHz (FBW is
15.2 %) with the insertion loss of 3.65 dB. In order to achieve a narrower
bandwidth of the two passbands, the two poles in the passbands are
merged into one pole by adjusting the coupling. The simulation results
show that the proposed filter can achieve a good the insertion loss, but
due to the manufacturing tolerance and the loss tangent parameters in
the actual processing, the measured insertion loss performance deteri-
oratesFor the stopband, the stopband ranges from 7.82 GHz to 20 GHz
(8.16f) with a suppression of >20 dB, and from 8.5 GHz to 19.5 GHz
(7.96fp) with a suppression of >25 dB. Compared to the previous de-
signs, as shown in Table 1, it can be observed that the proposed
dual-band BPF has more compact size, high selectivity rejection and
wide stopband compared with other designs.

4. Conclusion

In this letter, a miniaturized dual-band BPF based on hybrid coupling
technique has been proposed. Using the theoretical analysis of hybrid

Microelectronics Journal 151 (2024) 106304

coupling technique, combined with circuit and electromagnetic simu-
lations, its passband frequency and bandwidth can be easily controlled.
The proposed filter achieves the out-of-band rejection of better than 20
dB up to 8.16 times the center frequency. Furthermore, the fabricated
dual-band BPF has a compact size of 1.6 mm x 0.54 mm x 0.23 mm. The
proposed BPF with the compact size and wide stopband rejection is a
promising candidate for the potential applications of Wi-Fi 6 commu-
nication systems.
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